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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, mos
probably, the two types of changes are decoupled. The interpretation considered the key role played by the capping ligand in the optical
response of nanocrystals to the lanthanide ions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction known that the photoluminescence (PL) of quantum dots is
strongly sensitive to the surface propertj&5]. Therefore,
Semiconductor nanocrystals (NCs) doped with lanthanide the interaction of lanthanide’s with the nanocrystal surface
ions have attracted a lot of interest in recent years due tois expected to modify the emission properties. There are
their various optical applicationfl-8]. These materials  several reports on the photoluminescence response of quan-
combine the confinement properties of the nanostructuretum dots to various metal ions, mostly silent spectroscopic
and interesting surface chemistry, with the electronic species, which act either as activators or quenclieé$ &nd
properties of the core-incorporated ions. In case of CdS references herein). In contrast, similar studies employing
or ZnS nanocrystals, substantial differences between thelanthanide ions are very few, despite their potential use as
chemical and physical properties of lanthanides vers#é Cd luminescent probes for surface interactions.
or Zr?* ions prevent the successful incorporation of the  The effect of lanthanide’s in a colloidal system of surface-
luminescent lanthanides into the nanocrystals f@d]. As capped CdS and ZnS nanocrystals was recently studied by us
a consequence, the lanthanides are most probably distributedh terms of the changes induced by the nanocrystal type onthe
on the nanocrystals surface, bound to the capping ligand orPL dynamics of the terbium idi 3,14] The results indicated
dispersed in the outer matrix containing the nanocrystals.  that the terbium photoluminescence dynamics was strongly
From an applications point of view, the surface-bound influenced by the nanocrystal type, and were explained on
lanthanides might negatively affect the desired properties of the basis of the coordination modes of the thiosalicylic acid
the doped semiconductor nanocrysf@k They can, how- with the Cd* and Zrf* ions on the nanocrystals surface. In
ever, provide useful information on the various interactions this work, the reverse effects, namely the changes induced by
occurring at the nanocrystals surfafel-14] It is well terbium doping on the optical properties of the thisoaslicylic-
capped CdS nanocrystals, were scrutinized. The experimen-
* Corresponding author. Tel.: +40 1780 42 90; fax: +40 14231791,  talmethods made use of absorption and steady-state emission
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ered the optical properties of the lanthanide ion, the capping SH
ligand, and the semiconductor NCs as separate components
as well as through their interdependencies.

COOH
2. Experimental
Scheme 1. Functional structure of the TSA molecule.
2.1. Synthesis
place the strongly bound water molecules. In contrast; Cd
The highest purity terbium chloride (99.99%) was pur- ions at the nanocrystals surface are expected to bind both to
chased from Sigma-Aldrich. Working solutions of terbium- the —SH and —COOH of the TSA9].

TSA complexes were prepared in deionised water (Milli- Fig. 1presents the absorption and PL spectra of terbium-
pore). The terbium concentration was adjustedolD > M TSA complex under 290 nm excitation. The PL spectrum dis-
and the TSA concentration was varied between® and plays a broad, TSA-related PL emission centred on 400 nm,

10~* M. Series of aqueous colloidal CdS solutions were pre- with the strongest 490 nm and 545 nm terbium PL transitions
pared using previously published meth¢tig]. Starting with superimposed on the red tail of TSA emission. The sensitisa-
a0.075 M solution of TSAin 1 M Tris, CdS{olutions were tion of the terbium PL in aregion characterised by a negligible
titrated to reach a 2:1 molar ratio of TSA:€dn a final vol- terbium absorbance, compared to that of the ligdd. (2),

ume of 2 mL at pH = 10.4. To these TSA:metal complexes, an indicates the coordination of terbium to the —COOH group
appropriate volume of sulfide as 1 M pwas added with  of TSA [14].

vortexing to achieve ar’S/metal ratio of 1.0. After thorough

mixing, the samples were sealed and incubated for 60 min atg 1 Absorption

room temperature. Terbium ions were added to the solutions

of TSA-stabilized CdS NCs with the following values for lllustrated inFig. 2 are the absorption of undoped (sam-

the TSA/terbium concentration ratios: sample 0: no terbium; ple 0) and terbium doped (samples 1-3) CdS nanocrystals.
sample 1: 240/1; sample 2: 120/1; sample 3: 60/1. The absorption peak at360 nm is typical for the CdS NCs
o with a~3 nm size and the onset s at 420 nm. With increasing
2.2. Characterization terbium concentration, there is a clear tendency for dampen-
. . ~ing of the 360 nm centred peaki@. 2, left inset). A weaker
UV-vis absorption spectra were recorded on a Perkin- spectral feature at about 336 nm can also be noticed in the
Elmer double-beam spectrophotometer (Lambda 3) con-y|ley of the absorption spectrum. Assuming a Gaussian in-
trolled by PECSS software. Steady-state, excitation and PL,omogeneous broadening mechanism, the deconvolution of
spectra were recorded on a Perkin-EImer LS50B spectroflu-pe absorption spectra shows, in addition to peaks at 274 nm,
orimeter run by FLDM software at room temperature. Emis- 336 nm and 360 nm, a fourth peak centred at 389Fia. @,

sion spectra were recorded using bandpass filters at appropri-right inset). Thus, what initially appeared to be a dampen-
ate wavelengths to minimize scattering and secondary emis-

sions. The aqueous solutions of terbium-doped CdS NCs
were stable for more than 4 months under air storage in the
dark at room temperature.
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3. Results and discussion

Bifunctional ligands used to passivate nanocrystals have
the benefit of two functional groups that may contribute
to surface, chemical and optical properties. One functional
group, for example, can bind to and protect the nanocrys-
tals surface, and the other can be used to manipulate the
surface for desired properties. Alternatively, both functional
groups may contribute together to the overall surface prop- . —— . . . .
erties. Among bifunctional ligands, thiosalicylic acid is a 200 250 300 350 400 450 500 550 600
bidentate representing both ‘hard’ and ‘soft’ donors with car- wavelength (nm)
boxylic (-COOH) and thiol (-SH) groupsin the 1, 2 positions Fig. 1. Absorption, excitation and photoluminescence spectra of terbium-

(SCheme )' [18]‘ . . TSA complex. The PL excitation spectrum was measured at 545 nm (dotted
In water, only the —COOH group of TSA is considered to |jine): photoluminescence spectrum of terbium-TSA complex was obtained
bind the ion, since sulphur chelators are not expected to dis-at 290 nm lamp excitation.

absorbance(a.u.)
intensity(a.u.)
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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
ing of the 360 nm absorption peak was assigned to spectralfor comparison purposes.

redistribution within absorption from 350 to 450 nm.

~ Accordingly, the ratio of the 389 nm to 360 nm peak inten- yidth components (14—16 nm) were readily attributed to the
sities increases with terbium concentration as follows: 0.42 492 and 545nm centred terbium transitions while a third,

in sample O (no terbium), 0.51 in sample 1, 0.62 in sample proader emission of ca. 60 nm width was assigned to the CdS
2 and 1.10 in sample 3. The width of the 360 nm peak was gmission.
slightly changed while the width of 389 nm peak increases Considering the above, as well as the shapes of the PL
from 34 nm in sample 0 to 55 nm in sample 3. As aresult, the spectra of terbium-doped CdS nanocryst&ig(3), we de-
absorption onset was shifted to the red with almost 20 nm in ¢jded to extract the CdS-related PL spectra in presence of
sample 3Kig. 2). _ _ terbium ions. First, the shape of the undoped CdS PL was
The contribution of terbium absorption cannot accountfor pest fitted with three Gaussians centred on the blue (480 nm),
the observed changes given thi to 1 ratio of the absorp- green (530 nm) and red (600 nm) spectral regions, with the
tion coefficients of terbium and CdS NCs in the 350-450 nm green contribution as the dominant emission (57B4.(3),

range[20,21} We therefore interpret the observed changes \hjle the blue and red emission accounted for 26% and 7%
in CdS absorption to be due to a process that involves thefom the total PL intensity, respectively.

surface carboxyl group of TSA, which is interacting with  The blue and red emission accounted for 26% and 7%
and depends on the terbium concentration. The absorptionfrom the total PL intensity, respectively. Second, assuming

properties are difficult to change through the modification of that the PL spectra of terbium-doped nanocrystals were the
surface properties ina size range3(nm) where confinement  gigepraic convolution of the CdS-related PL and terbium-

effects arise, Therefore, the increased terbium concentrationyg|ated PL, the CdS-related PL spectra in samples 1-3 were
could be causing a change in the size distribution of CdS gptained using a two-steps Gaussian deconvolution: (1) the

nanocrystals, as evident by the presence of an absorptionerpjum-related PL was deconvoluted from the PL spectrum
shoulder centred on 389 nm. Another source of altered ab-of terbjum-TSA to obtain the peak values, widths and rela-

sorption spectra could be the reduction, even in few percentsitive intensities, and (2) the peak values of the CdS-related
of the nanocrystal surface charge upon terbium binding to the p|_ ere allowed to vary few nm around values obtained for

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.

TSA[22]. sample 0. The agreement between the multi-Gaussian profile
and the experimental PL curve was good in all samples. A
3.2. Photoluminescence small deviation of the fitted curve from the experimental data

was attributed to the differences between terbium PL spectra

As shown inFig. 3, the asymmetric PL profile of terbium-  induced by distinct coordination environments in CdS and
free sample begins at the absorption taiBO0 nm) indicat- TSA solutiong[13,14] This is reflected in the increased in-
ing band-edge emissions, and it extends up to the red regiortensity of the hypersensitive transitié®,—'Fg relative to
(ca. to 700 nm) with a maximum at 518 nm. Upon terbium that of°D4—'Fs of terbium from 0.4 in TSA, to 0.48 in sam-
addition, a superimposed structure related to the terbium PLple 1, 0.54 in sample 2 and 0.62 in sample 3. This trend shows
transitions is observed in addition to the broad CdS emis- that the environment of terbium ions in the CdS nanocrystal
sion. From the difference spectrum (not shown), two narrow solution is more distorted than in the TSA solution, and that
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T coordination sphere on the CdS surface is expected to in-
o Y@ °‘Y© Ly & crease its PL quantum efficiency due to better passivation.
“5 [ o & @L o With increasing terbium concentration, competition between
‘ P s s

NG surface the lanthanide ion and the surface®Cibn for the carbonyl

oxygen of free TSA molecules is likely to result in more of

[ S\(;’;j/ S\éd/ S\Cf,/ Ny the electropositive terbium coordinating with the carbonyl.
| | | | | This may explain the quenching of the CdS PL in sample 3
NN (up to 20% in terms of overall PL decrease), with the ma-
ca  ca Cacd jority of terbium ions bound to the TSA surface ligafid).
S core The intricate nature of interactions between the TSA and CdS

surface on the one hand, and TSA and terbium ions on the
Scheme 2. Schematic representation of the TSA-capped CdS nanocrystalpther, was already evidenced using time-resolved lumines-
in presence of terbium ions. cence spectroscop¥3]. The PL lifetimes of terbium in CdS
NCs solution were longer than those measured in TSA so-

the interaction between terbium and —COOH group on the lution [13], and were explained by an increased protection
nanocrystal surface intensifies with terbium concentration. of terbium ion against water molecules. It is possible that

The deconvolution results also indicate that upon terbium the decrease of CdS surface charge upon terbium addition
addition, the blue emission of CdS centred on 480 nm is en- also influences the nanocrystals PL. According26], the
hanced by 20% and 25% in samples 1 and 2, respectively,negative charge of the carboxyl groups of mercaptoacetate-
while it is quenched by almost 60% in sample 3 relative to capped CdS nanocrystals was found to play a positive role
the same emission in the undoped sample. The intensity of thein the hole-trapping processes of the these nanocrystals. This
green component centred on 530 nm was slightly modified in was corroborated by a quick comparison with steady-state ex-
the range oft5%, while the intensity of the red component periments on terbium-doped TSA-capped ZnS NCs obtained
centred on 600 nm remained basically unchanged with ter- with an identical synthesis procedytiet]. The results indi-
bium addition. The latter emission was assigned a distinct cated only a slight modification of ZnS PL in the presence of
temporal behaviour from the blue-green PL with measured terbium ions.
lifetimes of up to 1Qus and with dependency on the emis- A minimal decrease in the negative surface charge of ZnS
sion wavelengtfj14]. Due to the increase and decrease of nanocrystals is expected, given the relatively weak affinity of
the blue component PL intensity, the CdS-related PL spectrathe —COOH group for Z# compared to C& [27], which
were shifted to the blue (by 1 nm in sample 1 and 5nm in causes the ZnS surface to be more densely packed with car-
sample 2) and to the red by 8 nm in samplé-&)( 3, bottom boxyl groups than in CdS NCs. As a result, in contrast with
inset), respectively. the CdS nanocrystals, the ZnS-related PL shows only amono-

There is little correlation between the terbium-induced tonic and uniform decrease with terbium concentration with
changes of emission and absorption properties of the CdSa maximum quenching of ca. 5% in samplé&g8y 4). Steady-
nanocrystals. This is illustrated iig. 3, where the above  state optical spectroscopy on the terbium-doped thiosalicylic
changes are expressed in terms of dependency of the Cd®apped ZnS nanocrystals is still in progress.
emission maxima (top inset), the integrated CdS absorbance, An alternative source for the quenching of CdS PL could
and PL in the 350-450 nm and 400—700 nm regions (bottom arise from the energy transfer from the CdS surface to nearby
inset) on the terbium concentration. It is well known that, be-
sides size effects that dominate the absorption properties, the 160
surface interactions dramatically influence the PL properties
of nanocrystal$15,23,24] Therefore, the interaction modes
of the TSA with the CdS surface, as well as with terbium, ions 120
are essential for understanding the emission behaviour. The
proposed surface structure of TSA-capped CdS nanocrystals
in the presence of terbium ions is illustrateddoheme 2

The TSA molecule binds on the CdS surface as a dou-
bly [SCsH4COOF~ chelating ligand, binding to the neigh- 40
boring surface cadmium atoms through both the thiol group
and one of the oxygen atoms of the carboxylic acid group ) , )
[19]. The maximum number of TSA capping ligands needed 400 450 500 550 600
for the coverage of nanocrystal surface is thus decreased, wavelength(nm)
and some TSA molecules exist momentarily as free ligands _ _ :
. . . Fig. 4. Photoluminescence spectra of undoped (sample 0) and terbium-
in solution. Accordlng to Dancf3], the Carbonyl Oxyge_n doped ZnS nanocrystals (samples 1-3) obtained under 310 nm excitation
from the free TSA ligands and the primary thiol that binds \avelength. Inset: difference PL spectra of terbium-doped (sample 3) and
cadmium forms a second coordination sphere. This secondundoped ZnS nanocrystals.
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terbium ions. Based on our previous analysis of terbium PL concentrations, as well as combining steady-state and time-
excitation spectra in TSA and CdS solutiqtig] this possi- resolved spectroscopy, will enable a deeper understanding of
bility was neglected. Also, an apparent quenching due to thethe interaction mechanisms between chalcogenide nanocrys-
inner filter effect was ruled out due to the negligible absorp- tals and multifunctional ligands. Bifunctional ligands having
tion of terbium ions at 380 nm. The mechanism behind the roles in both passivation of nanocrystals and coordination to
activation effect, namely the terbium-induced enhancing of lanthanide ions will be explored further.

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
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