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Abstract
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We describe a novel method for creating luminescent lanthanide-containing nanoparticles in
which the lanthanide cations are sensitized by the semiconductor nanoparticle’s electronic
excitation. In contrast to previous strategies, this new approach creates such materials by addition
of external salt to a solution of fully formed nanoparticles. We demonstrate this post-synthetic
modification for the lanthanide luminescence sensitization of two visible emitting lanthanides
(Ln), Tb3+ and Eu3+ ions, through ZnS nanoparticles in which the cations were added postsynthetically as external Ln(NO3)3·xH2O salt to solutions of ZnS nanoparticles. The postsynthetically treated ZnS nanoparticle systems display Tb3+ and Eu3+ luminescence intensities
that are comparable to those of doped Zn(Ln)S nanoparticles, which we reported previously (J.
Phys. Chem. A, 2011, 115, 4031–4041). A comparison with the synthetically doped systems is
used to contrast the spatial distribution of the lanthanide ions, bulk versus surface localized. The
post-synthetic strategy described in this work is fundamentally different from the synthetic
incorporation (doping) approach and offers a rapid and less synthetically demanding protocol for
Tb3+:ZnS and Eu3+:ZnS luminophores, thereby facilitating their use in a broad range of
applications.
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Introduction
Because of their unique luminescence properties,1–10 lanthanide cations (Ln3+) are of
considerable interest for a broad range of applications; including telecommunications,
energy conversion, bio-analysis, and biological imaging applications. Their 4f-4f transitions
appear as sharp emission bands that are distributed over the visible and near-IR spectral
regions, and their wavelength maxima do not shift upon change of external conditions, such
as temperature, pH, or biological environment. Because of their minimal overlap and
‘fingerprint’ character,9 these luminescence bands are attractive candidates for use in
*
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multiplex assays. Because the lanthanide luminescence is long-lived (microsecond to
millisecond time domain), time-gated luminescence measurements offer a method to
discriminate the emission from nanosecond-lived background species, thus providing an
improved signal-to-noise ratio and more sensitive detection. Unlike organic fluorophores,
lanthanide luminescence is highly resistant to photobleaching, thereby offering promise for
imaging applications.11
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To exploit Ln3+ luminescence in applications, challenges posed by their small oscillator
strength and non-radiative relaxation pathways7 must be overcome. Because of the electricdipole forbidden nature of the f-f transitions, the molar extinction coefficient of the Ln3+
ions are typically extremely small, ≤ 10 M−1cm−1.12–14 To circumvent this limitation and
more efficiently excite the lanthanide ions, workers use organic chromophores and/or
semiconductor materials as sensitizers that absorb incident photons and transfer the
excitation energy nonradiatively to excite the Ln3+ ions.15, 16 This indirect excitation of
Ln3+ ions leads to the same well-defined and long-lived luminescence emission.2, 17–29
Doping of Ln3+ ions into an inorganic nanoparticle antenna provides an excellent strategy
for both sensitizing the Ln3+ emission and increasing its quantum yield by protecting it from
high frequency vibrational overtones of –OH, –NH, and –CH stretches, which can strongly
quench the luminescence.30, 31 The superior promise of inorganic materials over organic
chromophores as antennae derives from this feature. While the benefits of increasing the
excitation efficiency and decreasing the nonradiative rates are well appreciated, the
advantage of using a high number density of lanthanide ions is less well appreciated.
Because detection sensitivity in an application depends directly on the number of photons
emitted, using polymetallic lanthanide molecules and materials is a promising strategy for
maximizing the number of photons per unit volume.32–34 In contrast to organic dyes the
luminescence of Tb3+ and Eu3+ doped ZnS nanoparticles exhibit little self-quenching of the
Ln3+ emission, thereby supporting the strategy of creating materials with a high density of
Ln3+ ions. For these three reasons, inorganic nanoparticle hosts represent a very promising
strategy for improving the efficiency of lanthanide ion luminescence.
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Some previous studies have discussed the external addition of metal ions into nanoparticles
from salt solution.35–41 For example, Alivisatos and coworkers35 showed that it is possible
to produce Ag2Se nanoparticles by adding Ag+ ions to a solution of CdSe nanoparticles, and
Banin and coworkers36 have demonstrated the doping of InAs nanoparticles with Cu2+, Ag+,
and Au3+ through cation exchange. Murphy and coworkers37 compared the luminescence
properties of Mn2+-doped ZnS nanoparticles with those for which the Mn2+ ions were added
externally (post nanoparticle synthesis) and found that the luminescence was different.
Cation exchange reactions in lanthanide fluoride nanoparticles were first reported by van
Veggel and coworkers,38 however the host does not act as an antenna in this case. Chen and
coworkers39 have added Tb3+ ions externally (post-synthesis) to ZnS nanoparticles in AOT
[sodium bis(2-ethylhexyl)sulfosuccinate] reverse micelles and have observed enhanced Tb3+
emission; however, their study considers Tb3+ ions located on or near the surface of the
nanoparticles.35, 38, 40, 41 In contrast to previous work, our current study compares the
photophysical properties of the post-synthetically treated ZnS nanoparticles with those that
have Ln3+ synthetically incorporated (doped). Sensitization of Tb3+ and Eu3+ luminescence
is analyzed by studying the evolution of the ZnS nanoparticle spectra as Tb3+ or Eu3+ nitrate
salts are added externally to their solutions, which are denoted as ZnS/Ln salt (where the
slash indicates a post-synthesis Ln3+ salt addition), and by comparing those spectra to the
synthetically incorporated Zn(Ln)S systems (the use of parentheses indicates that Ln3+ was
added during the synthesis of the nanoparticle). The generality of this approach is illustrated
by performing the same post-synthetic salt addition strategy to commercially purchased CdS
nanoparticles. Finally, the asymmetry ratio and luminescence lifetime of Eu3+ cations are
used to assess the relative contributions of core and surface localized Eu3+ ions.
J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2014 July 11.
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The post-synthetically treated nanoparticles present a major advantage over the
corresponding synthetically incorporated (doped) counterpart. For example, it is possible to
synthesize Tb3+ and/or Eu3+ incorporated nanoparticles starting from one batch of undoped
nanoparticles, whereas to prepare the corresponding doped systems requires two separate
syntheses. Thus the novel post-synthetic protocol described in the present work reduces the
synthetic effort, loss of yield, and other risks significantly. This advantage allows the
synthesis of large amounts of luminescent-based materials when the synthesis of lanthanide
based molecular complexes often requires multistep reactions which can require ‘manmonths’ of effort.

Sensitizing Ln3+ Luminescence with II–VI Semiconductor Nanoparticles
General Characterization

NIH-PA Author Manuscript

High resolution Transmission Electron Microscopy (HRTEM) images were obtained using a
JEOL-2100 CF instrument operating between 120 kV and 200 kV. A TEM image and the
corresponding EDS data for Zn(Tb)S nanoparticles are shown in Figure 1. The EDS data
were collected with a micron scale spot size and demonstrate the presence of terbium.
Various other researchers have also presented experimental observations on doping nanosized ZnS materials with Tb3+ 39, 42 and Eu3+ 43–51 cations. The size distribution of the
Zn(Tb)S nanoparticles were calculated using the Image J software and found to be 3.7 ± 0.7
nm in average diameter.
Absorption spectra of ZnS nanoparticles show a band centered around 295 nm (see Figure
S1 in the supporting information). A simple estimation for the size of the nanoparticle based
on the method proposed by Brus52 gives a value of 3.3 nm diameter and is consistent with
the TEM measurement. The dependence of the exciton band position on ZnS nanoparticle
growth time was shown previously.31 Peng and coworkers have also demonstrated growth
time dependent absorption spectra for ZnS nanoparticles.53
Luminescence Spectra for ZnS Nanoparticle Tb(or Eu) Salt Solutions
Figure 2 presents the steady-state excitation and emission spectra of ZnS/Tb salt, ZnS/Eu
salt, and ZnS solutions. Under λex = 300 nm excitation, solutions of ZnS nanoparticles show
a broad emission band (panels b and d, black) with an apparent maximum at ~420 nm,
which is qualitatively consistent with previous work and is assigned to emission arising from
various defect states of the nanoparticles.31 The panels a and c (black curve) show the ZnS
excitation spectra at two different emission wavelengths.
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ZnS/Tb Salt (Strategy I, 0.1% water, see Materials and Methods section)—Upon
addition of Tb3+ nitrate salt to ZnS nanoparticle solutions, prominent sharp Tb3+
luminescence bands appear with well-defined maxima located at ~490 nm (5D4→7F6), ~545
nm (5D4→7F5), ~585 nm (5D4→7F4), and ~620 nm (5D4→7F3). (Figure 2, panel b). The
Tb3+ emission of the ZnS/Tb salt is similar in intensity to the synthetically incorporated
Zn(Tb)S system31 (see Table 1). By monitoring the sharp emission band centered at ~545
nm (Tb3+ emission) and scanning the excitation wavelength, a broad excitation profile
which resembles that of the ZnS excitation spectrum is evident (Figure 2, panel a); however
the band at ~285 nm is strongly enhanced for the ZnS/Tb salt solution which implies that it
is more efficient in sensitizing the Tb3+ emission. In order to evaluate the stability of the
lanthanide containing nanoparticles, corresponding spectra were acquired over many days
and weeks; even in samples that are ~2.5 months old, no degradation of the lanthanide
centered luminescence is evident. These data indicate that the sensitization of the Tb3+
luminescence operates through the electronic excitation of the ZnS nanoparticles in the 285
nm region; the ZnS nanoparticle acts as an antenna.
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ZnS/Eu Salt (Strategy I, 0.1% water, see Materials and Methods section)—
External addition of Eu3+ ions to a ZnS nanoparticle solution generates Eu3+ luminescence
bands, which appear at ~590 nm (5D0→7F1), ~616 nm (5D0→7F2), and ~700 nm
(5D0→7F4) (Figure 2, panel d). The ZnS/Eu salt system displays a luminescence efficiency
that is similar to the synthetically incorporated Zn(Eu)S system (see Table 1). Monitoring
the sharp emission signal at 616 nm (Eu3+ emission) and scanning the excitation wavelength
generates a broad excitation profile that closely resembles that of the ZnS excitation
spectrum; however the band near 300 nm is enhanced over that for the pure ZnS. These data
show that the ZnS nanoparticle absorbance sensitizes the Eu3+ luminescence (Figure 2,
panel c), similar to the situation observed for the ZnS/Tb salt system described above.
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ZnS/Eu Salt (Strategy II; no water, see Materials and Methods section)—Figure
3 compares the steady-state emission spectra of Eu3+ luminescence bands in a chloroform
solution of Eu(NO3)3 with that for a ZnS/Eu salt solution, after subtraction of the intrinsic
ZnS nanoparticle emission. The two solutions have the same concentration of Eu ions, and
the spectra are scaled to unity for the Eu(NO3)3 solutions in order to simplify the
comparisons. These data demonstrate that the solutions containing ZnS nanoparticles
generate ~10 times more intensity for the Eu3+ luminescence.54 To better quantify the
increase in Eu3+ luminescence which results from the ZnS nanoparticle’s antenna effect,
control experiments were performed in which the Eu(NO3)3 was dissolved in chloroform
containing TOP/TOPO/octadecene/tetracosane/0.1% water (the amount of these compounds
were adjusted to closely mimic the synthetic conditions) and ZnS nanoparticles were added.
The amount of ZnS nanoparticles in the solution was systematically varied and quantified by
measuring the absorbance at 300 nm both before and after their addition. Figure 3b plots the
change in the Eu3+ emission, scaled to the intensity without ZnS nanoparticles, as a function
of the solution’s absorbance change (ΔA) at 300 nm. These data reveal a correlation
between the increase in the Eu3+ 5D0→7F2 luminescence band centered at ~616 nm and the
increase in absorbance at 300 nm (Figure 3, panel b). These data establish that the ZnS
nanoparticles can increase the luminescence of Eu3+ ions by at least 60 times. Further
control experiments are described in the supporting information (see Table S1). These
findings show that the observed Eu3+ luminescence signal originates from a transfer of
excitation energy from the ZnS nanoparticles to Eu3+; i.e., ZnS nanoparticles act as an
antenna for Eu3+ in these systems.
Luminescence Spectra for Zn(Ln)S Doped Nanoparticles in Ln Salt Solutions
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Zn(Tb)S/Tb Salt (Strategy I; 0.1% water, see Materials and Methods section)—
Figure 4 (top panels) shows steady-state excitation and emission spectra of the Zn(Tb)S
(black and red curves) and Zn(Tb)S/Tb salt (blue curve) solutions. As a control, the spectra
of Zn(Tb)S nanoparticles were collected with ~0.1% water added to the chloroform solution
(red curve), and they reveal little effect of the water on the excitation and emission spectra.
Table 1 reports the relative Tb3+ band centered quantum yields. The excitation spectra of the
Zn(Tb)S (Figure 4a, λem=545 nm, the Tb3+ centered emission) reveal a prominent feature at
~275 nm, which is different from that of ZnS (see Figure 2 and Figure S3 left panel in the
supporting information) and indicates a change in the ZnS electronic transition because of
the Tb3+ ion incorporation. The emission spectra of Zn(Tb)S and Zn(Tb)S/Tb3+ (Figure 4b)
show prominent Tb3+ bands like those shown in Figure 2b for ZnS/Tb3+; see discussion of
Figure 2b for band assignment.
Zn(Eu)S/Eu Salt (Strategy I, 0.1% water, see Materials and Methods section)—
Figure 4 (bottom panels) depicts steady-state excitation and emission spectra of the Zn(Eu)S
(black and red curves) and the Zn(Eu)S/Eu salt (blue curve) solutions. Addition of 0.1%
water to the Zn(Eu)S solution (red curve) results in some small changes in the spectra. The
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Zn(Eu)S/Eu3+ solutions show some increase in the Eu3+ emission over that observed for
Zn(Eu)S solutions, however the effect is less dramatic than in the case of Tb3+. The
excitation spectrum, obtained by monitoring the Eu3+ centered emission, reveals a
prominent feature at ~275 nm, which is different than that found for the ZnS and ZnS/Eu3+
salt solutions (see Figure 2c; also see Figure S3 (right panel)). This result is similar to that
observed in the Zn(Tb)S/Tb salt system. The similarity of the excitation spectral changes for
Zn(Eu)S and Zn(Tb)S suggests that it arises from changes in the ZnS electronic transition
because of the creation of localized defects (Eu3+ and Tb3+ dopant sites).
Luminescence Spectra for CdS Nanoparticles in Ln Salt Solutions
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The generality of the post-synthetic salt addition for sensitizing Ln3+ emission was tested by
replacing the ZnS nanoparticles with CdS nanoparticles. CdS nanoparticles were chosen
because of our previous work with Cd(Ln)S doped nanoparticles and their luminescence
sensitization efficiency.31 Experiments were undertaken in which Tb(III) nitrate or Eu(III)
nitrate were added separately to solutions of the commercially available oleic acid capped
CdS nanoparticles (see Figure 5). Note that the capping ligand for the CdS nanoparticles is
different from that used in the synthesis of ZnS nanoparticles. A comparison of the observed
Tb3+ (Eu3+) luminescence intensities reveals an enhanced Tb3+ (Eu3+) luminescence signal
in the presence of CdS nanoparticles (black curves, Figures 5b and 5d), than for the Tb3+
(Eu3+) in chloroform salt solutions (red curves, Figures 5b and 5d). The overlap of the
Eu3+ 5D0 → 7F1 transition at ~590 nm and 5D0 → 7F2 transition at ~616 nm is caused by
the wider slit widths, which were needed to acquire the weaker signals in these time-gated
spectra (see Materials and Methods section). The excitation spectra (black curve), reveal two
bands centered at around 300 nm and 360 nm. The 360 nm band in the excitation spectra
coincides with the first exciton band of the CdS absorption spectrum (red curve),
demonstrating that the CdS nanoparticles act as an antenna for sensitizing the Tb3+ and Eu3+
luminescence. In addition, the excitation spectrum for the CdS/Eu salt solutions display
significant band intensities in the region of 300–360 nm, where no direct excitation of Eu3+
bands occurs, see Figure S4 in the supporting information. Both the Tb3+ and Eu3+
excitation spectra have a dominant peak in the 300 nm range, which demonstrates that
higher energy photons are more efficient at sensitizing the lanthanide emission. Collectively,
the measurements described above demonstrate that it is possible to sensitize the
luminescence of Tb3+ and Eu3+ cations by the post-synthetic addition of the corresponding
nitrate salts to solutions of the II–VI sulfide nanoparticles.

Assessing the Role of Core versus Surface Sites in Sensitizing Eu3+
Luminescence
NIH-PA Author Manuscript

The data and the analyses provided above do not allow for the determination of the
lanthanide ions’ location in the nanoparticle; i.e., in the bulk of the ZnS (or CdS)
nanoparticle or near its surface. The determination of the precise location of dopant ions in a
host nanoparticle lattice is a significant challenge and few researchers have addressed this
issue. Sarma and coworkers55 have used a spectral shape analysis of luminescence bands to
determine the location of dopant Mn2+ ions in CdS nanoparticles of different sizes. Other
strategies for the identification of surface related species rely on the modification of dopant
properties with changes in the surface ligand coating of the nanoparticles and/or the
synthesis of core-shell materials. Van Veggel and coworkers56 have explored these methods
by analyzing how Eu3+ band intensities are altered in Eu3+ doped LaF3 nanoparticles. Our
work distinguishes surface localized lanthanide ions from core localized lanthanide ions by
analyzing the excited state decay rate of the Eu3+ centered emission and the relative
luminescence intensities of the Eu3+ bands, which are sensitive to the symmetry of the local
coordination environment.
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Although the intra-configurational 4f-4f lanthanide luminescence bands are shielded, several
transitions are sensitive to the environment and some of them are considered to be
hypersensitive.9 For Eu3+ the 5D0→7F2 transition (centered at ~616 nm), which is of
electric dipole character and is forbidden in a perfectly octahedral environment, becomes
more allowed and has higher oscillator strength in a less symmetric environment.9 In
contrast, the 5D0→7F1 transition of the Eu3+ ion (centered at ~590 nm) is an f-f magnetic
dipole transition that is largely insensitive to the environment around the Eu3+ ion. Thus the
intensity ratio of the 5D0→7F2 transition to the 5D0→7F1 transition is a parameter that can
be used to gauge the asymmetry around the Eu3+ ions. The higher the value of this intensity
ratio, the more asymmetric is the electronic environment around the Eu3+ ions.a By
postulating that surface sites are more asymmetric than core sites, the intensity ratio can be
used to assess the relative contribution of core and surface bound Eu3+ ions to the overall
emission.
For this analysis, the asymmetry parameter AS is defined as
(1)
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where the band intensities are integrated over frequency ν. The AS values are reported in
Table 2, and the values in parentheses indicate the number of independent measurements.
The error in the AS determination arises predominantly from the error in sample preparation
and reflects the difficulty in adding a precise and reproducible amount of salt to the
chloroform solutions.57 For the systems investigated here, the post-synthesis addition of
Eu3+ ions, either the ZnS/Eu3+ or Zn(Eu)S/Eu3+ nanoparticle solutions, causes an increase
in the average asymmetry of the Eu3+ coordination environment, in comparison to the
Zn(Eu)S system (a ratio of ~5.5 compared to one of ~4.6).
The data presented in the Table 2 display some clear trends. First, the addition of a small
amount of water (~0.1% v/v) causes a small change in the asymmetry parameter for the
Zn(Eu)S system; however it still lies within the margin of error and the dominant effect is a
decrease in the overall quantum yield ΦF (see Table 1). Second, the ZnS/Eu salt and
Zn(Eu)S/Eu salt solutions have higher asymmetry ratios than the Zn(Eu)S solutions. The
increase in the asymmetry parameter can be explained by postulating that more of the Eu3+
ions reside near (or on) the surface of the nanoparticles and these coordination environments
are more asymmetric. Third, the free Eu3+ in chloroform has the lowest asymmetry ratio
among the different systems studied in the present work.
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Luminescence Lifetime Measurements
A comparison between the luminescence decay curves obtained for the Tb3+ and Eu3+ salts
in chloroform and those measured for the ZnS/Tb salt and ZnS/Eu salt solutions (strategy I,
0.1% water) reveals that the average emission lifetime of the Tb3+ and Eu3+ luminescence is
greatly lengthened in the presence of ZnS (see Figure 6). The average lifetime obtained for
the Tb3+ and Eu3+ salts in chloroform were found to be in the range of ~250 and ~125
microseconds respectively, whereas the addition of ZnS nanoparticles caused a millisecond
lifetime component to become apparent. The lifetime decay profiles for the nanoparticle
solutions are well described by a bi-exponential decay law with a shorter lifetime component
of ~500 µs (for both ZnS/Tb salt and ZnS/Eu salt) and a longer millisecond timescale
component of 2.4 ms for ZnS/Tb salt and 1.5 ms for ZnS/Eu salt. Previous literature

aThe intensity ratio of the Eu3+ bands results from the spatial arrangement of coordinating units (ligands) and their electronic
character (chemical nature).
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examples of luminescence lifetime values for well protected Tb3+ and Eu3+ molecular
complexes are 1.3 ms and 0.78 ms respectively.58 A comparison of the longer lifetime
components obtained in the presence of nanoparticles with those from molecular complexes
and ions in solution reveals that ZnS nanoparticles are better at protecting the Tb3+ and Eu3+
cations from non-radiative decay processes arising from the solvent.
The two different lifetime components could originate from two different environments in
the ZnS nanoparticles; namely, the lanthanide ions in the core correspond to the millisecond
timescale component and the lanthanide ions located near the ZnS surface correspond to the
500 µs component. In order to more clearly see the trend in the amplitudes of the lifetime
components, the decay traces were best fit by fixing the lifetime components. Table 3
summarizes the lifetime decay parameters of the Eu3+ band centered luminescence decays
for the different cases, with lifetimes fixed at 500 µs and 1.5 ms. The average lifetime values
for the fitting with fixed lifetime parameters were calculated according to equation 2,
(2)

The corresponding value calculated from freely varying all parameters in the fitting
procedure were calculated according to equation 3,
(3)
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The average difference between <τ>vary and <τ>fix lifetime values was found to be less than
2%. This comparison shows that the fitting by fixed lifetime parameters provides an
acceptable parameterization of the decay profile. The Eu3+ lifetime parameters in Table 3
reveal that the amplitude of the short lifetime (0.5 ms) component in the ZnS/Eu salt and
Zn(Eu)S/Eu salt is only higher by ~5–10% as compared to the Zn(Eu)S system.
In order to further characterize the Eu3+ band centered luminescence decays, the decay
curves were fit by a distribution of lifetimes for the Zn(Eu)S and Zn(Eu)S/Eu salt solutions
(see Figure 7). Comparison of the lifetime distribution shows that for the Zn(Eu)S/Eu salt
solutions, the shorter lifetime components are more prevalent than for the Zn(Eu)S
solutions. The increase in the amplitude of the shorter lifetime components in the Zn(Eu)S/
Eu salt solutions is consistent with an enhancement of surface related Eu3+ population and
corroborates the trend of an increased amplitude for the shorter lifetime component in the
double-exponential decay fitting analysis (see Table 3).

Conclusion
NIH-PA Author Manuscript

This work presents and demonstrates a novel strategy to create Tb3+ and Eu3+ luminophores
by post-synthetic, external addition of Tb3+ and Eu3+ salts to solutions of II–VI
semiconductor nanoparticles (ZnS and CdS). The lanthanide luminescence in the externally
added salt systems is demonstrated to be similar and of comparable intensity to the
corresponding synthetically incorporated systems with the ZnS nanoparticles acting as an
antenna.31 Photophysical characterization, based on the analysis of the asymmetry ratio and
the luminescence decay, reveals a small but discernible enhancement of the surface related
contribution to the luminescence of the post-synthetically treated systems, as compared to
the corresponding synthetically incorporated (doped) system. These data indicate that the
distribution of lanthanide ions in the ZnS nanoparticles show a small preference for surface
localized sites for the post-synthetic addition, as compared to the synthetically doped ZnS.
Similar post-synthetic salt addition experiments with CdS nanoparticles reveal an increase in
Tb3+ and Eu3+ luminescence in the presence of nanoparticles, as compared to the free salt
case, suggesting that this approach is broadly applicable. The lanthanide luminescence
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sensitization that is found by post-synthetic salt addition offers a rapid and less synthetically
demanding approach to sensitize the Tb3+ and Eu3+ luminescence, facilitating the scope of
their applications.

Materials and Methods
Chemicals
Trioctylphosphine [TOP] (90%), trioctylphosphine oxide [TOPO] (90%), zinc stearate
(tech.), and octadecene (90% tech.) were purchased from Sigma-Aldrich-Fluka, St. Louis,
MO. Tetracosane (99%) was purchased from Acros. Chloroform was purchased from J. T.
Baker, Phillipsburg, NJ. Toluene was purchased from Fisher Scientific, Pittsburgh, PA.
Sulfur was purchased from Fisher Scientific, Pittsburgh, PA. Terbium (III) nitrate (99.9%),
lanthanum (III) nitrate (99.99%), and lutetium (III) nitrate (99.9%) were purchased from
Strem, europium (III) nitrate (99.99%) was purchased from Aldrich, and gadolinium (III)
nitrate (99.99%) was purchased from Alfa Aesar, Ward Hill, MA. In all cases, hydrated
lanthanide salts were used. n-Hexane and 1-octanol were purchased from Acros, and ethyl
acetate was purchased from EMD, Gibbstown, NJ. Argon gas was purchased from Valley
National, Pittsburgh, PA. All chemicals were used as purchased without additional
purification.
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ZnS Based Nanoparticle Synthesis
All ZnS nanoparticle systems were synthesized using a non-coordinating solvent system
consisting of octadecene and tetracosane. Zinc stearate and lanthanide nitrate salts were used
as cation precursors, and elemental sulfur served as the anion precursor. Tetracosane (4.0 g),
octadecene (3.0 mL), TOPO (1.7 g), and 0.68 mmol of zinc stearate were loaded into a three
neck, round-bottom flask and refluxed at 300 °C while stirring under nitrogen. The
lanthanide stock solution (0.12 mmol lanthanide nitrate dissolved in trioctylphosphine) was
injected after approximately ~2 h of heating and allowed to stir within the reaction mixture
for 1 hour. The sulfur stock solution (sulfur powder dissolved in 2.5 mL octadecene) was
injected ~1 h after the lanthanide stock solution injection. After 20 minutes of growth, the
reaction was quenched by removal of the heat source and all of the reaction mixture was
collected. The resulting nanoparticles were then re-dispersed in chloroform for spectroscopic
analysis.
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Pure (not incorporating lanthanides) ZnS nanoparticles were prepared using the methods
described above; however, the zinc stearate precursor was increased to 0.80 mmol, and the
lanthanide stock solution preparation was omitted. For purification of nanoparticles, solid
raw material from the synthesis was dissolved in chloroform. To this solution, methanol was
added drop wise until a precipitate formed. The precipitate was isolated by centrifugation
and was used for TEM measurements.
CdS Nanoparticles
CdS nanoparticles with oleic acid as capping ligand, size ~2.3 nm, were purchased from NN
Labs as a solution in toluene and were used as received.
Sample Preparation
To prepare the solutions for the external addition experiments with the ZnS nanoparticles,
two different strategies were used. In strategy I, a known (maintaining the weight ratio of
Ln3+ ions to the total weight of the synthesized nanoparticles) and quantitative amount of
Ln3+ salt was added to the nanoparticle solution. The externally added salts were dissolved
by adding a small amount of water (~0.1% v/v). Incorporation of a small amount of polar
solvent to dissolve the externally added salt is a well-known procedure described in the
J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2014 July 11.
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literature.35 In strategy II, Eu3+ salt was sonicated in chloroform for approximately one
week at ~40–45 °C. The resulting suspension was filtered and an additional amount of
chloroform was added to the filtrate to obtain a total volume of ~3 mL. Synthesized ZnS
nanoparticles were added to this solution. In this way, the solution contains a quantifiable
(that is, the total amount of Eu3+ in the solution does not change before and after addition of
ZnS nanoparticles) but uncertain amount of Eu3+ ions in the solution (the extremely low
value of molar extinction coefficient of Eu3+ ions in chloroform prevented the determination
of its exact amount by UV-Vis absorption technique). Supplementary water was not added
to these solution preparations of the solutions described under strategy II. It is to be noted
that the exact amount of Eu3+ ions in these samples does not impact the conclusions in a
significant way; as long as the total amount of Eu3+ ions remains fixed. This experiment
reveals the role of ZnS nanoparticles for the sensitization of Eu3+ luminescence in these
systems.
For performing experiments with CdS nanoparticles, a comparison was made between the
respective lanthanide bands’ luminescence in the presence and in the absence of
nanoparticles. The samples were dissolved in toluene. Lanthanide salts were introduced into
the solutions from a methanol stock solution with 0.1% (v/v) methanol content.
Steady-state Optical Measurements
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Steady-state absorption spectra were obtained with a Perkin-Elmer Lambda 9 or an Agilent
8453 UV-visible spectrophotometer. Steady-state excitation and emission spectra were
recorded using either a Jobin Yvon Horiba Fluorolog-322 or a Jobin Yvon Horiba
Fluoromax-3. No significant differences were observed by comparing results obtained from
these two instruments. In all cases, spectra were corrected for excitation and emission
response (lamp, detector, and monochromators). Time-gated spectra were collected in a
Cary Eclipse fluorometer. A quartz 1-cm pathlength cuvette was used for all spectroscopic
experiments. All measurements were performed at room temperature. Steady-state spectra
were acquired with excitation and emission slits of 4 nm and 4 nm respectively. The steadystate spectra were acquired with long pass filters that eliminated the excitation light. For
time-gated measurements, the spectra were acquired with excitation and emission slits of 20
nm and 20 nm respectively. For the acquisition of time-gated spectra, the filter arrangement
was adjusted from the software by selecting the “Auto” option to eliminate the excitation
light.
Quantum Yields
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Absorption spectra were recorded on a Perkin-Elmer Lambda 9 spectrometer that was
coupled to a personal computer using software supplied by Perkin-Elmer. Relative quantum
yields were calculated by scaling the emission intensities to the value for the synthetically
incorporated Zn(Ln)S system, whose quantum yield was set to unity. All spectra were
corrected for the excitation and emission instrument responses. The quantum yield values
were calculated using equation 4:
(4)

where the subscript r denotes the reference and x denotes the sample; A is the absorbance at
the excitation wavelength (λ), I is the intensity of the excitation light, η is the refractive
index (η = 1.446 in chloroform), and D is the measured integrated luminescence intensity.
For the ZnS/Ln3+ systems studied, the lanthanide quantum yields were determined by
integrating over the narrow Ln3+ emission bands, with the nanoparticle’s broad band steady-
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state emission subtracted. The integration was performed over all the Tb3+ and Eu3+
luminescence bands that were visible in the steady-state mode.
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Asymmetry Ratios
Asymmetry ratios for the Eu3+ ions were calculated by subtracting the nanoparticle’s
emission contribution from the total steady-state emission spectrum. Typically the region of
interest in the spectrum was first interpolated with three data points to establish a baseline.
This baseline was then plotted with a 1-nm resolution and subsequently subtracted from the
acquired experimental spectrum. This process assumes that two adjacent Eu3+ bands are
always separated by a zero baseline. Because of the presence of experimental noise, the
subtraction process sometimes resulted in the generation of some small negative values. In
such occurrences, the intensity was set to zero. The respective bands were integrated on the
wavenumber scale and the ratios were then calculated.
Lifetime Measurements
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Luminescence lifetime measurements on the Tb3+ and Eu3+ signals were performed by
excitation of solutions in 1-cm quartz cuvettes using an Nd-YAG Continuum Powerlite 8100
laser (354 nm, third harmonic) as the excitation source. Emission was collected at a right
angle to the excitation beam, and wavelengths were selected by a monochromator (Spectral
Products CM 110). The signal was monitored using a Hamamatsu R928 photomultiplier
tube, collecting the signal output with a 500 MHz bandpass digital oscilloscope (Tektronix
TDS 620B). Signals from ~ 2000 flashes were collected and averaged. Typically, all decay
traces were collected with 2 ms/division of the oscilloscope. Luminescence lifetimes were
averaged from multiple (at least three) measurements. Experimental luminescence decay
curves were imported into Origin 8.0 and analyzed using the Advanced Fitting Tool. In all
cases, the first 200 µs data points were systematically removed and the time axis was shifted
to zero before fitting. This procedure removes any fast contribution in the decay trace that
could originate from scattering of the excitation light or the nanosecond lived nanoparticle
emission. However, this preliminary data treatment results in the loss of early time(< 200 µs)
information. Luminescence lifetime distributions were calculated using the Edinburgh’s
FAST decay analysis software. The distribution curves have been generated with 200
logarithmically spaced time points.
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Figure 1.

The upper right panel shows an HRTEM image of Zn(Tb)S nanoparticles. An energy
dispersive X-ray spectrum (EDS) of doped ZnS which labels the metal peaks is shown. Note
that Cu most likely comes from the mounting assembly.
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Figure 2.
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Representative steady-state excitation and emission spectra of ZnS/Tb salt and ZnS/Eu salt
solutions are shown and compared to those for ZnS solutions. The nanoparticles were
dissolved in chloroform: for the corresponding lanthanide salts, 0.1% water (v/v) was added
to the nanoparticle containing chloroform solution. In each panel, the ZnS nanoparticle’s
emission (black curve) is normalized to unity at the maximum signal intensity and the ZnS/
Tb (or Eu) salt spectra (red curve) are shown with respect to it by scaling to the same optical
density at the excitation wavelength. Figure S2 in the supporting information presents the
subtracted excitation spectra.
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Figure 3.

Representative steady-state emission spectra of Eu3+ containing systems with and without
ZnS nanoparticles are shown in panel a. The experiments were performed by dissolving the
salt in chloroform - see experimental section. Panel b shows a plot of how the 5D0→7F2
Eu3+ luminescence band intensity increases upon addition of ZnS nanoparticles to a ~50 µM
overall concentration of Eu(NO3)3 solution in chloroform (see text for additional details).
The relative intensity values are scaled with respect to the corresponding intensity value
without the ZnS nanoparticles, which is normalized to unity at the maximum intensity.
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Figure 4.
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Representative steady-state excitation and emission spectra are shown for the Zn(Tb)S and
Zn(Eu)S nanoparticle solutions in chloroform (black curve), for the Zn(Tb)S and Zn(Eu)S
nanoparticle solutions in chloroform with 0.1% water (red curve), and for the Zn(Tb)S/Tb
salt and Zn(Eu)S/Eu salt solutions in chloroform with 0.1% water (blue curve). For clarity,
an enlarged part of the Eu3+ emission bands is shown in the inset of panel d. The excitation
spectra for the Zn(Tb)S and Zn(Eu)S nanoparticles (black curve) were scaled to unity at the
maximum intensity (~275 nm), and the other spectra are plotted with respect to it. The
emission spectra were normalized to unity for the Zn(Tb)S and Zn(Eu)S nanoparticles at the
peak of the broad, blue emission band (~420 nm); the red and blue curves were scaled with
respect to the black curve in each panel. The spectra are corrected for optical density at the
excitation wavelength.
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Figure 5.
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Time-gated normalized excitation and relative emission spectra of CdS/Tb salt and CdS/Eu
salt systems are shown; the excitation spectra in panels (a) and (c) are compared to the
absorption spectrum of the pure CdS nanoparticles. The samples were dissolved in toluene
with an overall total lanthanide cation concentration of approximately 50 µM. The emission
intensities in the presence of CdS nanoparticles were scaled with respect to the
corresponding value in the absence of the nanoparticles, for which the emission intensity
was normalized to unity at the band maximum.
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Figure 6.

Examples of Tb3+ and Eu3+ band-centered luminescence decay traces and their fits by a
double-exponential decay law are shown for solutions with and without ZnS nanoparticles.
The adjusted R2 values for the ZnS/Tb salt, Tb salt, ZnS/Eu salt, and Eu salt fits are 1.00,
0.90, 1.00, and 0.91 respectively. For pure lanthanide salts, the decays were acquired by
dissolving them in chloroform. The ZnS/Tb and ZnS/Eu salt solutions were prepared in
chloroform with 0.1% (v/v) water. Samples were excited at 354 nm and the emission was
collected at 545 nm (Tb3+) and 616 nm (Eu3+).
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Figure 7.

Luminescence lifetime distribution of the Zn(Eu)S and Zn(Eu)S/Eu salt systems studied. In
each case, the area under the curve has been normalized to unity.
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Comparison of Quantum Yields in Different Systems Studied.a
Chloroform Solutions

Relative ΦF (Ln3+)

Zn(Tb)S

1

Zn(Tb)Sb

0.93 ± 0.03

ZnS/Tb saltb

1.2 ± 0.2

Zn(Tb)S/Tb saltb

2.5 ± 0.3

Zn(Eu)S

1

Zn(Eu)Sb

0.77 ± 0.05

ZnS/Eu saltb

0.9 ± 0.2

Zn(Eu)S/Eu saltb

1.3 ± 0.2

a

All values were calculated relative to the value found for the synthetically incorporated Zn(Ln)S system at a sample absorbance of 0.2 at 300 nm.
Its value was normalized to unity.

b

Solutions include 0.1% water.
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Asymmetry Parameter Values for Eu3+ in Different Systems Studied.a
Chloroform Solutions

∫ Iem[5D0 − 7F2] dν / ∫ Iem[5D0 − 7F1] dν

Pure Eu salt

3.7 ± 0.2 (2)a

Zn(Eu)S

4.8 ± 0.1 (4)a

Zn(Eu)Sc

4.6 ± 0.2 (4)a

ZnS/Eu saltb,c

5.5 ± 0.6 (5)a

Zn(Eu)S/Eu saltb,c

5.6 ± 0.1 (3)a

a

The numbers in the parenthesis indicate the number of independent measurements used to calculate the average and standard deviation values.

b

The europium (III) nitrate.xH2O salt was used for the experiments.

c

Samples dissolved in chloroform with 0.1% water.
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0.59 ± 0.01

Zn(Eu)S/Eu salt

0.5

0.5

0.5

τ1 (ms)c

0.41 ± 0.01

0.46 ± 0.04

0.51 ± 0.03

a2

1.5

1.5

1.5

τ2 (ms)c

Luminescence lifetime components were kept fixed in the fitting process.

c

λem = 616 nm, Eu3+ 5D0→7F2 transition.

b

Samples were dissolved in chloroform with 0.1% water.

a

0.54 ± 0.04

0.49 ± 0.03

Zn(Eu)S

ZnS/Eu salt

a1

System

0.91

0.96

1.01

<τ>fix (ms)

Luminescence Lifetime Parameters for Different Eu3+ Systems Studied.a, b
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