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Abstract

The effects of terbium ion addition on the optical spectra of CdS nanocrystals capped with thiosalicylic acid were investigated by means
of absorption and steady-state photoluminescence spectroscopy. Upon terbium addition, the CdS absorption was modified around the first
exciton peak while the CdS photoluminescence experienced selective enhancing and quenching processes. The results indicated that, most
probably, the two types of changes are decoupled. The interpretation considered the key role played by the capping ligand in the optical
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. Introduction

Semiconductor nanocrystals (NCs) doped with lanthanide
ons have attracted a lot of interest in recent years due to
heir various optical applications[1–8]. These materials
ombine the confinement properties of the nanostructure
nd interesting surface chemistry, with the electronic
roperties of the core-incorporated ions. In case of CdS
r ZnS nanocrystals, substantial differences between the
hemical and physical properties of lanthanides versus Cd2+

r Zn2+ ions prevent the successful incorporation of the
uminescent lanthanides into the nanocrystals core[9,10]. As
consequence, the lanthanides are most probably distributed
n the nanocrystals surface, bound to the capping ligand or
ispersed in the outer matrix containing the nanocrystals.

From an applications point of view, the surface-bound
anthanides might negatively affect the desired properties of
he doped semiconductor nanocrystals[9]. They can, how-
ver, provide useful information on the various interactions
ccurring at the nanocrystals surface[11–14]. It is well

∗

known that the photoluminescence (PL) of quantum do
strongly sensitive to the surface properties[15]. Therefore
the interaction of lanthanide’s with the nanocrystal sur
is expected to modify the emission properties. There
several reports on the photoluminescence response of
tum dots to various metal ions, mostly silent spectrosc
species, which act either as activators or quenchers ([16] and
references herein). In contrast, similar studies emplo
lanthanide ions are very few, despite their potential us
luminescent probes for surface interactions.

The effect of lanthanide’s in a colloidal system of surfa
capped CdS and ZnS nanocrystals was recently studied
in terms of the changes induced by the nanocrystal type o
PL dynamics of the terbium ion[13,14]. The results indicate
that the terbium photoluminescence dynamics was stro
influenced by the nanocrystal type, and were explaine
the basis of the coordination modes of the thiosalicylic
with the Cd2+ and Zn2+ ions on the nanocrystals surface
this work, the reverse effects, namely the changes induc
terbium doping on the optical properties of the thisoaslicy
capped CdS nanocrystals, were scrutinized. The exper
tal methods made use of absorption and steady-state em
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ered the optical properties of the lanthanide ion, the capping
ligand, and the semiconductor NCs as separate components
as well as through their interdependencies.

2. Experimental

2.1. Synthesis

The highest purity terbium chloride (99.99%) was pur-
chased from Sigma-Aldrich. Working solutions of terbium-
TSA complexes were prepared in deionised water (Milli-
pore). The terbium concentration was adjusted to 2× 10−5 M
and the TSA concentration was varied between 10−5 M and
10−4 M. Series of aqueous colloidal CdS solutions were pre-
pared using previously published methods[17]. Starting with
a 0.075 M solution of TSA in 1 M Tris, CdSO4 solutions were
titrated to reach a 2:1 molar ratio of TSA:Cd2+ in a final vol-
ume of 2 mL at pH = 10.4. To these TSA:metal complexes, an
appropriate volume of sulfide as 1 M Na2S was added with
vortexing to achieve an S2−/metal ratio of 1.0. After thorough
mixing, the samples were sealed and incubated for 60 min at
room temperature. Terbium ions were added to the solutions
of TSA-stabilized CdS NCs with the following values for
the TSA/terbium concentration ratios: sample 0: no terbium;
sample 1: 240/1; sample 2: 120/1; sample 3: 60/1.
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Scheme 1. Functional structure of the TSA molecule.

place the strongly bound water molecules. In contrast, Cd2+

ions at the nanocrystals surface are expected to bind both to
the –SH and –COOH of the TSA[19].

Fig. 1presents the absorption and PL spectra of terbium-
TSA complex under 290 nm excitation. The PL spectrum dis-
plays a broad, TSA-related PL emission centred on 400 nm,
with the strongest 490 nm and 545 nm terbium PL transitions
superimposed on the red tail of TSA emission. The sensitisa-
tion of the terbium PL in a region characterised by a negligible
terbium absorbance, compared to that of the ligand (Fig. 1),
indicates the coordination of terbium to the –COOH group
of TSA [14].

3.1. Absorption

Illustrated inFig. 2 are the absorption of undoped (sam-
ple 0) and terbium doped (samples 1–3) CdS nanocrystals.
The absorption peak at∼360 nm is typical for the CdS NCs
with a∼3 nm size and the onset is at 420 nm. With increasing
terbium concentration, there is a clear tendency for dampen-
ing of the 360 nm centred peak (Fig. 2, left inset). A weaker
spectral feature at about 336 nm can also be noticed in the
valley of the absorption spectrum. Assuming a Gaussian in-
homogeneous broadening mechanism, the deconvolution of
the absorption spectra shows, in addition to peaks at 274 nm,
3
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.2. Characterization

UV–vis absorption spectra were recorded on a Pe
lmer double-beam spectrophotometer (Lambda 3)

rolled by PECSS software. Steady-state, excitation an
pectra were recorded on a Perkin-Elmer LS50B spect
rimeter run by FLDM software at room temperature. Em
ion spectra were recorded using bandpass filters at app
te wavelengths to minimize scattering and secondary
ions. The aqueous solutions of terbium-doped CdS
ere stable for more than 4 months under air storage i
ark at room temperature.

. Results and discussion

Bifunctional ligands used to passivate nanocrystals
he benefit of two functional groups that may contrib
o surface, chemical and optical properties. One funct
roup, for example, can bind to and protect the nano

als surface, and the other can be used to manipulat
urface for desired properties. Alternatively, both functio
roups may contribute together to the overall surface p
rties. Among bifunctional ligands, thiosalicylic acid i
identate representing both ‘hard’ and ‘soft’ donors with
oxylic (–COOH) and thiol (–SH) groups in the 1, 2 positi
Scheme 1). [18].

In water, only the –COOH group of TSA is considere
ind the ion, since sulphur chelators are not expected to
36 nm and 360 nm, a fourth peak centred at 389 nm (Fig. 2,
ight inset). Thus, what initially appeared to be a dam

ig. 1. Absorption, excitation and photoluminescence spectra of ter
SA complex. The PL excitation spectrum was measured at 545 nm (

ine); photoluminescence spectrum of terbium-TSA complex was obt
t 290 nm lamp excitation.
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Fig. 2. Dependence of UV–vis absorption spectra of CdS nanocrystals on
terbium concentration. Vertical arrow indicates the location of the excitation
wavelength (380 nm). Left inset: dependence of the absorbance intensity in
the 360 nm region on terbium concentration. Right inset: Gaussian decon-
volution of the absorption spectrum of undoped CdS nanocrystals.

ing of the 360 nm absorption peak was assigned to spectral
redistribution within absorption from 350 to 450 nm.

Accordingly, the ratio of the 389 nm to 360 nm peak inten-
sities increases with terbium concentration as follows: 0.42
in sample 0 (no terbium), 0.51 in sample 1, 0.62 in sample
2 and 1.10 in sample 3. The width of the 360 nm peak was
slightly changed while the width of 389 nm peak increases
from 34 nm in sample 0 to 55 nm in sample 3. As a result, the
absorption onset was shifted to the red with almost 20 nm in
sample 3 (Fig. 2).

The contribution of terbium absorption cannot account for
the observed changes given the∼1 to 105 ratio of the absorp-
tion coefficients of terbium and CdS NCs in the 350–450 nm
range[20,21]. We therefore interpret the observed changes
in CdS absorption to be due to a process that involves the
surface carboxyl group of TSA, which is interacting with
and depends on the terbium concentration. The absorption
properties are difficult to change through the modification of
surface properties in a size range (∼3 nm) where confinement
effects arise, Therefore, the increased terbium concentration
could be causing a change in the size distribution of CdS
nanocrystals, as evident by the presence of an absorption
shoulder centred on 389 nm. Another source of altered ab-
sorption spectra could be the reduction, even in few percents,
of the nanocrystal surface charge upon terbium binding to the
TSA [22].
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Fig. 3. Photoluminescence spectra of undoped (sample 0) and terbium-
doped CdS nanocrystals (1–3) obtained under 380 nm excitation wavelength.
The dotted lines represent the Gaussian deconvolution of the PL spectrum of
the undoped CdS nanocrystals (sample 0), and of the terbium PL spectrum
of sample 3 (see text). Top inset: dependence of the CdS PL on the terbium
concentration. Bottom inset: dependence of the CdS integrated absorbance
(�) and PL (�) measured between 350 and 450 nm and 400 and 700 nm,
respectively on terbium concentration. Values were scaled to arbitrary units
for comparison purposes.

width components (14–16 nm) were readily attributed to the
492 and 545 nm centred terbium transitions while a third,
broader emission of ca. 60 nm width was assigned to the CdS
emission.

Considering the above, as well as the shapes of the PL
spectra of terbium-doped CdS nanocrystals (Fig. 3), we de-
cided to extract the CdS-related PL spectra in presence of
terbium ions. First, the shape of the undoped CdS PL was
best fitted with three Gaussians centred on the blue (480 nm),
green (530 nm) and red (600 nm) spectral regions, with the
green contribution as the dominant emission (57%) (Fig. 3),
while the blue and red emission accounted for 26% and 7%
from the total PL intensity, respectively.

The blue and red emission accounted for 26% and 7%
from the total PL intensity, respectively. Second, assuming
that the PL spectra of terbium-doped nanocrystals were the
algebraic convolution of the CdS-related PL and terbium-
related PL, the CdS-related PL spectra in samples 1–3 were
obtained using a two-steps Gaussian deconvolution: (1) the
terbium-related PL was deconvoluted from the PL spectrum
of terbium-TSA to obtain the peak values, widths and rela-
tive intensities, and (2) the peak values of the CdS-related
PL were allowed to vary few nm around values obtained for
sample 0. The agreement between the multi-Gaussian profile
and the experimental PL curve was good in all samples. A
small deviation of the fitted curve from the experimental data
w ectra
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t
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As shown inFig. 3, the asymmetric PL profile of terbium
ree sample begins at the absorption tail (∼390 nm) indicat
ng band-edge emissions, and it extends up to the red r
ca. to 700 nm) with a maximum at 518 nm. Upon terb
ddition, a superimposed structure related to the terbium

ransitions is observed in addition to the broad CdS e
ion. From the difference spectrum (not shown), two na
as attributed to the differences between terbium PL sp
nduced by distinct coordination environments in CdS
SA solutions[13,14]. This is reflected in the increased

ensity of the hypersensitive transition5D4–7F6 relative to
hat of5D4–7F5 of terbium from 0.4 in TSA, to 0.48 in sam
le 1, 0.54 in sample 2 and 0.62 in sample 3. This trend s

hat the environment of terbium ions in the CdS nanocry
olution is more distorted than in the TSA solution, and
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Scheme 2. Schematic representation of the TSA-capped CdS nanocrystals
in presence of terbium ions.

the interaction between terbium and –COOH group on the
nanocrystal surface intensifies with terbium concentration.

The deconvolution results also indicate that upon terbium
addition, the blue emission of CdS centred on 480 nm is en-
hanced by 20% and 25% in samples 1 and 2, respectively,
while it is quenched by almost 60% in sample 3 relative to
the same emission in the undoped sample. The intensity of the
green component centred on 530 nm was slightly modified in
the range of±5%, while the intensity of the red component
centred on 600 nm remained basically unchanged with ter-
bium addition. The latter emission was assigned a distinct
temporal behaviour from the blue-green PL with measured
lifetimes of up to 10�s and with dependency on the emis-
sion wavelength[14]. Due to the increase and decrease of
the blue component PL intensity, the CdS-related PL spectra
were shifted to the blue (by 1 nm in sample 1 and 5 nm in
sample 2) and to the red by 8 nm in sample 3 (Fig. 3, bottom
inset), respectively.

There is little correlation between the terbium-induced
changes of emission and absorption properties of the CdS
nanocrystals. This is illustrated inFig. 3, where the above
changes are expressed in terms of dependency of the CdS
emission maxima (top inset), the integrated CdS absorbance,
and PL in the 350–450 nm and 400–700 nm regions (bottom
inset) on the terbium concentration. It is well known that, be-
sides size effects that dominate the absorption properties, the
s rties
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coordination sphere on the CdS surface is expected to in-
crease its PL quantum efficiency due to better passivation.
With increasing terbium concentration, competition between
the lanthanide ion and the surface Cd2+ ion for the carbonyl
oxygen of free TSA molecules is likely to result in more of
the electropositive terbium coordinating with the carbonyl.
This may explain the quenching of the CdS PL in sample 3
(up to 20% in terms of overall PL decrease), with the ma-
jority of terbium ions bound to the TSA surface ligand[13].
The intricate nature of interactions between the TSA and CdS
surface on the one hand, and TSA and terbium ions on the
other, was already evidenced using time-resolved lumines-
cence spectroscopy[13]. The PL lifetimes of terbium in CdS
NCs solution were longer than those measured in TSA so-
lution [13], and were explained by an increased protection
of terbium ion against water molecules. It is possible that
the decrease of CdS surface charge upon terbium addition
also influences the nanocrystals PL. According to[26], the
negative charge of the carboxyl groups of mercaptoacetate-
capped CdS nanocrystals was found to play a positive role
in the hole-trapping processes of the these nanocrystals. This
was corroborated by a quick comparison with steady-state ex-
periments on terbium-doped TSA-capped ZnS NCs obtained
with an identical synthesis procedure[14]. The results indi-
cated only a slight modification of ZnS PL in the presence of
terbium ions.
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urface interactions dramatically influence the PL prope
f nanocrystals[15,23,24]. Therefore, the interaction mod
f the TSA with the CdS surface, as well as with terbium,
re essential for understanding the emission behaviour
roposed surface structure of TSA-capped CdS nanocr

n the presence of terbium ions is illustrated inScheme 2.
The TSA molecule binds on the CdS surface as a

ly [SC6H4COO]2− chelating ligand, binding to the neig
oring surface cadmium atoms through both the thiol g
nd one of the oxygen atoms of the carboxylic acid g

19]. The maximum number of TSA capping ligands nee
or the coverage of nanocrystal surface is thus decre
nd some TSA molecules exist momentarily as free lig

n solution. According to Dance[25], the carbonyl oxyge
rom the free TSA ligands and the primary thiol that bi
admium forms a second coordination sphere. This se
A minimal decrease in the negative surface charge of
anocrystals is expected, given the relatively weak affini

he –COOH group for Zn2+ compared to Cd2+ [27], which
auses the ZnS surface to be more densely packed wit
oxyl groups than in CdS NCs. As a result, in contrast

he CdS nanocrystals, the ZnS-related PL shows only a m
onic and uniform decrease with terbium concentration
maximum quenching of ca. 5% in sample 3 (Fig. 4). Steady
tate optical spectroscopy on the terbium-doped thiosal
apped ZnS nanocrystals is still in progress.

An alternative source for the quenching of CdS PL co
rise from the energy transfer from the CdS surface to ne

ig. 4. Photoluminescence spectra of undoped (sample 0) and te
oped ZnS nanocrystals (samples 1–3) obtained under 310 nm exc
avelength. Inset: difference PL spectra of terbium-doped (sample 3
ndoped ZnS nanocrystals.
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terbium ions. Based on our previous analysis of terbium PL
excitation spectra in TSA and CdS solutions[14] this possi-
bility was neglected. Also, an apparent quenching due to the
inner filter effect was ruled out due to the negligible absorp-
tion of terbium ions at 380 nm. The mechanism behind the
activation effect, namely the terbium-induced enhancing of
the CdS PL (up to 15% in term of overall PL increase) is not
yet clear. A strong increase of the CdS PL when exposed to
very dilute solutions of lanthanide�-diketonate complexes
was explained by the interaction of the lanthanide complexes
with cadmium vacancies on the nanocrystal surface[11].
However, the nanocrystals in that study were not capped,
so a similar explanation in our system is not feasible. More,
upon enhancement the emission maxima of CdS nanocrys-
tals were shifted to the blue (top inset,Fig. 3), contrary to
the expected size dependency of the nanocrystals PL. Since
upon addition of the greatest amount of terbium (sample 3)
caused the intensity of the CdS PL to decrease below the value
of the undoped sample (Fig. 3), the activation process most
likely co-exists with that of quenching in all samples. The
observed terbium-induced changes of the CdS NCs photo-
luminescence are therefore described by a complex balance
between activation and quenching processes, with the pre-
dominance of the activation process in samples 1 and 2, and
of quenching process in sample 3. This behaviour is in sharp
contrast with the effects induced by terbium addition on the
T that
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a
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concentrations, as well as combining steady-state and time-
resolved spectroscopy, will enable a deeper understanding of
the interaction mechanisms between chalcogenide nanocrys-
tals and multifunctional ligands. Bifunctional ligands having
roles in both passivation of nanocrystals and coordination to
lanthanide ions will be explored further.
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