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This work reports the photophysical properties of 1-thioglycerol capped hydrophilic terbium cation
incorporated (doped) zinc sulfide [Zn(Tb)S] nanoparticles, which have been post-synthetically modified
using Pb?* [Zn(Tb)S/Pb] under ambient conditions with [Zn(Tb)S] : [Pb®*] = 1:107>-1: 10, essentially
providing a scenario with low to heavy co-doping and ultimately the possibility of forming a material of
different chemical identity. The effects of selected concentrations of [Zn(Tb)S] : [M"*] =1:1and 1:1072
have also been evaluated for the post-synthetic addition of Hg?*, Cd?*, Ca*, Mg?®*, Na* and K*. The
broad zinc sulfide nanoparticle and sharp Tb®* emission have different dependence on the relative
reactant concentration, with cation identity playing a significant role. The underlying photophysical
processes have been rationalized based on the interplay among the (i) cation exchange, (ii) modification
of the structural properties of the nanoparticles without necessarily exchanging the cations and (iii)
emission enhancement of terbium dopants. In cases where Tb>" emission is apparent, all the
nanoparticles studied demonstrate an optical antenna effect, thus accessing a lower Tb®* concentration
regime compared to in bulk environments. The results presented provide an avenue for the detection of
heavy metal ions in general and Pb?* in particular, with a limit of detection that is at least in the range of
sub-ppm, using either the broad ZnS or sharp Tb>* emission, respectively. This strategy provides an
avenue to combine (i) the extremely sensitive and easily accessible analytical technique of
photoluminescence spectroscopy, (i) post-synthetic modification reactions in semiconductor
nanoparticles that can be performed with less experimental demand, (iii) time-gated measurement
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of CdSe nanoparticles under ambient conditions. Moreover, the
authors also demonstrated the reversibility of the exchange
reaction through the reformation of CdSe nanoparticles by
treating the Ag,Se nanoparticles with a large excess of Cd>". This
study follows an increasing number of contributions in this
field from various research groups, including those from Alivi-
satos and co-workers. For example, the usefulness of cation
exchange reactions in nanomaterials has been demonstrated in
the formation of CdS-Ag,S nanorods via partial exchange,®
creation of CdS-Cu,S nanorods via a formation process that is
different compared to that for CdS-Ag,S nanorods,® synthesis of
CdSe/CdS nanorods to PbSe/PbS nanorods through Cu,Se/Cu,S
assembly,” synthesis of group III-V (InP, InAs, GaP, and GaAs)

Introduction

The post-synthetic modification of preformed semiconductor
nanoparticles opens a broad field with the potential to tune the
physical properties of nanomaterials.* Among various possibil-
ities, cation exchange reactions through the post-synthetic
modification of semiconductor nanoparticles offer a versatile
avenue to generate and access novel nanoparticles that might
otherwise be hard to synthesize directly.>® In a seminal study,
Alivisatos and co-workers* demonstrated the synthesis of Ag,Se
nanoparticles via the simple addition of Ag” salt to a dispersion
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nanocrystals from cadmium pnictide nanocrystals,® trans-
formation of CdSe (core)-CdS (pod) to Cu, ,Se (core)-Cu,S
(pod),® sequential formation from CdSe to Cu,Se to ZnSe,*
transformation of Cu,Te to CdTe," accessing Cu,SnSe; and
SnSe through treating Cu, ,Se with Sn*" and Sn*",
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respectively,’> doping Cu®" or Ag" or Au*" with InAs nano-
particles™ and exchange of Ln*" for Ln"**, which appears earlier
in the periodic table, in LnF; nanoparticles.** These studies
collectively indicate the wide diversity of exchanging the
cationic component in semiconductor nanoparticles with
another cation that often differs in size and/or charge. Addi-
tionally, the cation exchange reaction in semiconductor nano-
particles is faster compared to the corresponding bulk phase
reactions, enabling the easy accessibility of these reactions in
routine chemical laboratories.

Besides the occurrence of cation exchange reactions in the
post-synthetic modification of appropriate semiconductor
nanoparticles, other processes may also accompany this sort of
chemical manipulation. For example, Murphy and co-workers
have shown different photophysical properties in synthetically
Mn doped Zn(Mn)S nanoparticles and the corresponding post-
synthetically modified undoped ZnS nanoparticles.”® Chrys-
ochoos and co-workers demonstrated modification of the
surface properties of CdS nanoparticles when Cu®* was added
post-synthetically.’® Norris and co-workers studied CdSe nano-
particles with post-synthetic modification using AI**, In** and
Ag' and discussed that the outcome of this chemical tuning
depends on the dopant identity."”™® Moreover, these authors
demonstrated a change in n- to p-type doping with low and high
Ag" dopant amounts, and this was correlated to the dopant site
being interstitial and substitutional, respectively. Towards
a similar end, with regard to the post-synthetic modification of
semiconductor nanoparticles, we previously demonstrated the
operation of an optical antenna effect in sensitizing Tb** and
Eu’®" photoluminescence when corresponding nitrate salts were
added to a dispersion of ZnS nanoparticles in chloroform.*
Based on the hypothesis of surface sites being less symmetric
compared to core sites, a comparison of the Eu®" asymmetry
ratio, luminescence lifetime and lifetime distribution indicates
an enhanced surface related contribution in the post-
synthetically treated nanoparticles compared to the correspond-
ing synthetically incorporated counterparts. In summary, the
post-synthetic modification of semiconductor nanoparticles
opens up the possibility of cation exchange, or in cases where
such exchange of cations is not feasible, the process may simply
tune the surface properties of the nanoparticles, or the externally
added cation may reside in the interstitial position of the nano-
particles, thereby tuning the properties of the nanoparticles.
However, a systematic investigation of the photophysical prop-
erties of post-synthetically modified semiconductor nano-
particles as a function of the relative concentration of reactants is
not evident in the literature. Investigating such reactant
concentration dependent emission properties in semiconductor
nanoparticles is the primary objective of the present study, with
the cation identity playing a role in the underlying processes.

This study is organized as follows. Initially, Zn(Tb)S nano-
particles of a fixed concentration were treated post-synthetically
with various concentrations of Pb** to assess the feasibility of
a cation exchange reaction of Zn** : Pb>" and Tb** : Pb** pairs in
the investigated nanoparticles. This is followed by similar
experiments using selected relative reactant concentrations of
various other cations (Hg>", Cd**, Ca®*", Mg*>", Na*, and K").
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Finally, the usefulness of combining post-synthetic modifica-
tion of semiconductor nanoparticles and photoluminescence
spectroscopy has been evaluated for the detection of heavy
metal ions in general and Pb*" in particular.

Materials and methods
Chemicals

1-Thioglycerol(3-mercapto-1,2-propanediol) (90+%), thiourea
(99%), lead nitrate (99%), mercuric nitrate (99%), cadmium
nitrate (99%), calcium nitrate (99%), magnesium nitrate (99%),
sodium nitrate (99%), potassium nitrate (99%) and terbium
acetate hydrate (99.9%) were purchased from Alfa Aesar. Zinc
acetate dihydrate (98%), acetone, methanol and DMF (N,N-
dimethyl formamide) were purchased from Merck. Coumarin
153 (C153) was purchased from Sigma Aldrich. Argon gas was
purchased from Hindustan Gases and Welding. All chemicals
were used as purchased without additional purification. The
water used in all experiments was obtained from a Millipore
system with a resistivity of 18.2 MQ cm at 25 °C.

Nanoparticle synthesis

The synthesis of hydrophilic ZnS nanoparticles was based on
a report by Sarma and co-workers®* for undoped ZnS nano-
particles with additional modifications for terbium incorpo-
rated ZnS [Zn(Tb)S] nanoparticles.?* Briefly, 1.98 mmol of zinc
acetate hydrate, 1.56 mmol of thiourea, 0.22 mmol of terbium
acetate hydrate and 50 ml DMF were loaded into a 100 ml three
neck round bottom flask. The solution was degassed under
vacuum at room temperature for a period of 30-45 minutes. The
reaction was performed under an argon flow and 2.72 mmol of
1-thioglycerol was injected into the solution with the reaction
temperature slightly elevated from room temperature. The
reaction temperature was then increased to 140 °C and the
solution was refluxed for eight hours. The reaction was stopped
by removing the heat source. The nanoparticles were purified
through the addition of acetone to the as-synthesized material
followed by centrifugation at 4000 rpm for 20 minutes to collect
the precipitate. The purification procedure was repeated two
times and then the precipitate was dried. The purified nano-
particles were dispersed in water for the electronic spectroscopy
measurements.

Post-synthetic modification

For the post-synthetic modification of the nanoparticles, lead
nitrate [Pb(NO;),] solutions of varying concentrations were
added to a known concentration® (as judged by the molar
extinction co-efficient of the nanoparticles) of Zn(Tb)S nano-
particles in a volume/volume manner and this was kept over-
night at room temperature to generate the Zn(Tb)S/Pb
nanoparticles. The ratio of [Zn(Tb)S] : [Pb**] was varied from
1:10° to 1: 10. For the precipitation of the post-synthetically
modified nanoparticles, acetone was added to the dispersion
and this was centrifuged for 15 minutes at 3000 rpm. A similar
procedure was adopted for the corresponding reactions with
M"™ (Hg*", Cd*", Ca**, Mg?*,Na" and K*), with1: 1and 1: 107>

n
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nominal concentrations of Zn(Tb)S and M™, respectively, to
generate the Zn(Tb)S/M nanoparticles. To perform the reverse
post-synthetic modification from the sample with [Zn(Tb)
S]:[Pb*] = 1:1, 10 times the amount of Zn** precursor that
was initially used to make the Zn(Tb)S nanoparticles was added
and the Tb*" content was maintained at a 10% doping content.

X-ray diffraction

X-ray powder diffraction was performed using a PANalytical
X'pert PRO diffractometer, operated at a generator voltage of
45 kV and current of 40 mA with Cu Ko radiation (2 = 0.154 nm)
within a 26 scan range of 10° to 80°.

Electron microscopy measurement

Transmission electron microscopy (TEM) was performed using
a JEOL, JEM-2100 model operated with an acceleration potential
of 200 kv. The TEM samples were prepared by placing a small
amount of the nanoparticle dispersion on a carbon coated copper
grid followed by drying to remove the excess dispersion. Energy
dispersive X-ray spectra (EDS) were collected using a Zeiss model
EVO 18 scanning electron microscopy (SEM) instrument.

Photoluminescence spectroscopy

The photoluminescence spectra were collected using a Horiba
Fluorolog 3-22 luminescence spectrometer. The emission
spectra were collected through exciting the samples at 280 nm
and the excitation spectra were collected through monitoring
the nanoparticle or Ln®" emission at the appropriate wave-
lengths. The spectra were collected with an excitation and
emission spectral resolution of 4 nm each. A long pass filter was
used to remove the harmonic peak of the excitation source. The
solutions used for acquiring the luminescence spectra were
prepared so that the absorbance at 280 nm was ~0.4. The
luminescence spectra were corrected for the absorbance at the
excitation wavelength. All measurements were performed at
room temperature.

The relative quantum yields (®,) of the broad ZnS nano-
particle emission and sharp Tb*" emission were calculated
separately by comparison to the quantum yield of coumarin 153
(C153) dissolved in methanol (@, = 0.42 (ref. 24)) using eqn (1),

Ar(xr)lex(mnﬁj Lona (V)dV
o= : o
(pr AX(AX)ICX(AX)TIK‘Z J IC"LT(V)dV

0

where the subscripts x and r refer to the sample and reference,
respectively, A is the absorbance at the excitation wavelength (2),
I« is the intensity of the excitation light at the same wavelength,
7 is the refractive index (n = 1.333 for water and 7 = 1.327 for
methanol) and I.,,(7) is the luminescence intensity as a function
of wavenumber 7. The Tb** emission was extracted from the
experimentally observed Zn(Tb)S nanoparticles emission spec-
trum by interpolating a baseline that corroborates with the ZnS
nanoparticles emission only. For example, to obtain the Tb**
emission band centered around 545 nm, first the experimen-
tally observed emission spectrum of the Zn(Tb)S nanoparticles
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was interpolated with two data points in the wavelength range
520-570 nm, and this was further interpolated with data points
having 1 nm data intervals, the same as that which was used for
the experimental spectrum acquisition. A similar protocol was
adopted to extract the other Th*" emission bands centered at
490, 585 and 620 nm. This interpolated background contribu-
tion was subsequently subtracted from the experimentally
observed emission spectrum of the Zn(Tb)S nanoparticles to
extract the separate contribution of the broad and sharp ZnS
nanoparticles and Tb*" emission, respectively.

Results and discussion

Fig. 1 (panels a-d) shows images of samples where the Zn(Tb)S
nanoparticles have been treated with varying concentrations of
Pb>* post-synthetically. While the Zn(Tb)S nanoparticles appear
white to naked eye (panel a), gradual addition of Pb>" transforms
the color of the nanoparticles to off-white (panels b and c) and
eventually brownish (panel d). This color change clearly indicates
that the identity of the Zn(Tb)S nanoparticles changes via the
post-synthetic modification with Pb*>" under ambient conditions,
further suggesting the formation of a lower band gap material.

The corresponding electronic absorption spectra are shown
in panels e-h of Fig. 1. The Zn(Tb)S nanoparticles show char-
acteristic absorption in the ultraviolet spectral range, which is
consistent with higher band gap values. On increasing the
concentration of Pb>", the absorption contribution in the visible
spectral region In the sample with [Zn(Tb)
S]: [Pb*"]=1: 10, the signature in the ultraviolet spectral range
changes dramatically and concomitantly the contribution from
visible absorption increases. This gradual change in the elec-
tronic absorption behavior of the samples is reflected in their
color and can be perceived visually.

increases.

X-ray diffraction

XRD patterns of the synthesized Zn(Tb)S nanoparticles show
features at 26 = 28.5°, 47.5° and 56.2° corresponding to the
(111), (220) and (311) planes of cubic zinc sulfide [The Joint
Committee on Powder Diffraction Standards (JCPDS) card
number: 05-0566], see Fig. 2. The typical bands of terbium
sulfide were not overtly visible in the obtained profile of the
Zn(Tb)S nanoparticles. The XRD patterns of the nanoparticles
with [Zn(Tb)S] : [Pb*>*] = 1 : 1 show major bands at 20 = 25.3°,
30.3°,43.0°,50.9°, 53.4°,62.5°, 68.5° and 70.9° corresponding to
the (111), (200), (220), (311), (222), (400), (331) and (420) planes
of cubic lead sulfide [JCPDS card number: 05-0592] strongly
indicating that addition of Pb®>" to the Zn(Tb)S nanoparticles
leads to cation exchange of Zn>* with Pb>". It is worth noting
that some bands at 26 = 34.1°, 56.4° and 59.1° were left unas-
signed by us, and through a process of comparison of all the
XRD peaks of terbium sulfide, we concluded that these bands
are of non-noticeable contributions.

Electron microscopy

The transmission electron microscopy (TEM) images of the
Zn(Tb)S nanoparticles and the particles which resulted from the

RSC Adv., 2018, 8, 18093-18108 | 18095
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Fig.1 Images of the nanoparticles with various compositions are presented in panels (a)-(d), clearly showing a change in color due to the post-

synthetic modification of the Zn(Tb)S nanoparticles using Pb*. The photographs were taken with an Olympus digital camera (model: E-PL1). The
corresponding electronic absorption spectra are shown in panels (e)-(h).
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Fig. 2 XRD profiles of the Zn(Tb)S nanoparticles and the sample with
[Zn(Tb)S] : [Pb2*] = 1: 1 are shown.
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post-synthetic treatment of the Zn(Tb)S nanoparticles with
a nominal [Zn(Tb)S]:[Pb*] = 1:1 are presented in panels
a and e of Fig. 3. The corresponding size distributions are
shown in panels b and f. Collectively, these show the formation
of particles that are spherical in shape with average diameters of
3.0 £ 0.5 nm and 3.9 £ 0.6 nm, respectively, before and after
Pb”>* treatment. This suggests that the post-synthetic modifica-
tion of the Zn(Tb)S nanoparticles with the given composition
results in particles with a marginally increased size. The high
resolution transmission electron microscopy (HRTEM) images
shown in panels c and g of Fig. 3 identify different inter-planar
distances that are correlated with the (111) and (200) planes of
ZnS and PbS, respectively [JCPDS card numbers: 05-0566 and
05-0592 for ZnS and PbS, respectively]. Further support of this
comes from the selected area electron diffraction (SAED)
patterns, shown in panels d and h, identifying the different
planes of ZnS and PbS, respectively. These measurements
clearly identify the formation of a material of different chemical
identity via the post-synthetic modification of the Zn(Tb)S
nanoparticles with Pb>".

The data presented in Fig. 3, while identifying the particle
morphology with crystal information for the two extremes, does
not directly shed light on the behaviour of the intermediate
samples that have been prepared with various amounts of post-
synthetically added Pb**. To address this, corresponding elec-
tron microscopy experiments were undertaken with the samples

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The TEM images, size distributions, HRTEM images and SAED patterns of the Zn(Tb)S and post-synthetically modified Zn(Tb)S nano-
particles with [Zn(Tb)S] : [Pb>*] = 1: 1 are shown in panels (a) and (e), (b) and (f), (c) and (g), and (d) and (h), respectively.
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having [Zn(Tb)S]:[Pb>*] = 1:10 * and [Zn(Tb)S]: [Pb*] =
1:1072 and the data are shown in Fig. 4. For these two
samples, particle diameters of 3.0 £+ 0.5 and 3.2 + 0.4, respec-
tively, were observed. Moreover, the HRTEM and SAED patterns
of these samples only reveal characteristic crystal planes that
could be correlated with cubic zinc sulfide. This suggests that
within the detection capability of the electron microscopy
measurements performed in the present work, the formation of
lead sulfide is not apparent using these reactant concentration
ratios and Pb®" is present as a dopant entity in the Zn(Tb)S
nanoparticles. However, to this end, we note that elemental
mapping would better address any specific and minor alter-
ations in the Zn(Tb)S crystal during the post-synthetic modifi-
cation of the nanoparticles. In general, elemental mapping of
lanthanide incorporated semiconductor nanoparticles would
reveal more detailed structural information with regard to the
dopant spatial location in the semiconductor nanoparticles,
however, the smaller dimension of the materials studied
(~3 nm in diameter) has restricted our efforts so far in
obtaining elemental mapping using the available TEM facilities.

To summarize, both the Zn(Tb)S and PbS nanoparticles that
have been prepared using [Zn(Tb)S] : [Pb>*] = 1 : 1 form cubic
phases. The lattice parameters for the ZnS cubic phase are a =
b=c=5.406 A, a = 8 = v = 90° and for the PbS cubic phase the
corresponding values are a = b = ¢ = 5.936 A, « = § = y = 90°.
These values indicate an increase in the volume of the nano-
particles upon transformation via cation exchange. As shown in
Fig. 3, the diameter of the nanoparticles increases marginally
following the post-synthetic modification of the Zn(Tb)S nano-
particles. This observation is in corroboration with the expected
trend based on the crystal parameters.

Elemental composition

Energy dispersive X-ray spectroscopy (EDS) was used to deter-
mine the elemental composition of the synthesized nano-
particles. EDS is known to provide quantitative information on
the elemental composition in nanomaterials."* While the
elemental composition determined from the EDS measure-
ments does not identify the absolute concentrations of the
elements, it does provide the relative concentrations of the
components. Representative EDS spectra are shown in panels
a and b of Fig. 5, with the spectral profiles for the other systems
shown in Fig. S1 (ESIf). The elemental compositions of the
nanoparticles as a function of [Pb>*] are summarized in panel ¢
of Fig. 5. The corresponding atomic percentage values and
related information are tabulated in Tables S1 and S2.1 The EDS
of the investigated Zn(Tb)S nanoparticles reveals the charac-
teristic bands of Zn, Tb and S (panel a). With a gradual increase
in [Pb®"], the post-synthetically modified nanoparticles show
a marginal increase in the Pb®" content. However, the amount
of Zn, Tb and S remains appreciable. Post-synthetic modifica-
tion of the Zn(Tb)S nanoparticles with a nominal [Zn(Tb)
S]:[Pb>] = 1: 1 leads to a disappearance and marginal pres-
ence of the Zn and Tb bands, respectively, in the EDS, with
a concomitant appearance of a Pb signature (panel b). This
suggests that the cation exchange reaction of the Zn**: Pb>*

18098 | RSC Adv., 2018, 8, 18093-18108
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pair is more facile compared to that of the Tb®" : Pb*" pair. In the
case where [Pb®"] has been further increased to [Zn(Tb)
S]:[Pb*'] = 1: 10, the complete disappearance of the Tb band
occurs as well, with the signature of Pb being the sole cationic
ingredient in the nanoparticles. This, along with the presence of
an S band in the EDS, suggests the cation exchange of both Zn**
and Tb*" with the post-synthetically added Pb** and the forma-
tion of PbS nanoparticles with this relative concentration ratio.
Many previous reports on cation exchange reactions have used
a stoichiometric excess of the incoming cation compared to the
outgoing cation in order to make the cation exchange reaction in
semiconductor nanoparticles reach completion.**>*® This can be
visualized with the concept of a limiting reagent. The relative
concentrations of [Zn(Tb)S]:[Pb*'] = 1:107°-1:10 cover
scenarios ranging from a low to heavy amount co-doping and
ultimately the formation of a material of different chemical
identity. In this kind of reaction, any change in charge mismatch
in the cationic components could be observed through the
formation of appropriate defects and role of the surface capping
ligands of the nanoparticles. On the other hand, any deviation in
the size of the cations might be associated with a lattice distor-
tion, as has been discussed by Banin and co-workers* for doping
Cu**, Ag* and Au®" in InAs nanoparticles and by Chen and co-
workers?” for doping Eu** in TiO, nanoparticles. In the following
section, the impact of post-synthetic modification of Zn(Tb)S
nanoparticles as a function of [Pb**] has been studied using
photoluminescence spectroscopy (vide infra).

Photoluminescence spectra of the Zn(Th)S/Pb nanoparticles

Based on the trend observed in the EDS measurements, it could
be expected that the photoluminescence properties of the
Zn(Tb)S nanoparticles as a function of [Pb**] would be nearly
independent up to [Zn(Tb)S]: [Pb**] = 1: 1, following which
a change in the spectral properties would be visible due to the
formation of PbS nanoparticles via cation exchange. However,
the experimentally observed trend has been found to have
additional contributions that deviate from the spectral outcome
predicted with this simplistic expectation. The following text
first presents the data from photoluminescence spectroscopy
measurements, and the roles of various processes in deter-
mining the spectral outcome are discussed.

The photoluminescence excitation and emission spectra of
the Zn(Tb)S nanoparticles with post-synthetic modifications,
through adding Pb*>" solutions with various [Pb>], are pre-
sented in Fig. 6. Exciting the nanoparticles at 280 nm, the
Zn(Tb)S nanoparticles reveal a characteristic broad emission
band at 400 nm that is intrinsic to ZnS based materials and has
been correlated to sulfur related vacancies.'>*** Additionally,
the Zn(Tb)S nanoparticles show characteristic sharp emissions
of Tb*" at 490, 545, 585 and 620 nm that arise from the °D, —
’F, [n = 6-3] transitions, respectively. These observations are
consistent with our previous studies.******** The broad and
sharp emissions of ZnS and Tb**, respectively, in the Zn(Tb)S
nanoparticles behave almost independently. It is worth noting
that there exists million-fold differences between the radiative
rates of the nanoparticles and Tb** intrinsic population decay

n
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Fig. 4 The TEM images, size distributions, HRTEM images and SAED patterns of the post-synthetically modified Zn(Tb)S nanoparticles with
[Zn(Tb)S] : [P =1:10"*and 1 : 1072 are shown in panels (a) and (e), (b) and (f), (c) and (g), and (d) and (h), respectively. To calculate the size
distribution only non-agglomerated particles were considered.

kinetics. While the photoluminescence lifetimes of the ZnS In the case where the Zn(Tb)S nanoparticles have been
nanoparticles are in the range of nanoseconds, these are in the treated post-synthetically with Pb** of various concentrations,
order of milliseconds for the Th** emission. a non-monotonous trend has been observed in the emission
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Fig.5 Panels (a) and (b) show the EDS spectra of the Zn(Tb)S and post-synthetically modified Zn(Tb)S nanoparticles with [Zn(Tb)S] : [Pb?*1=1:1,
respectively. Panel (c) shows the elemental composition of the Zn(Tb)S nanoparticles with various Pb2* concentrations that have been added

post-synthetically.

behavior. A comparative summary of the relative intensities of
the broad ZnS based nanoparticles emission centered at 400 nm
and sharp Tb** emission as a function of [Pb**] is presented in
Fig. 7. The broad ZnS nanoparticles based emission decreases
dramatically in the post-synthetically modified nanoparticles
with [Zn(Tb)S]: [Pb>"] = 1:1 and 1: 10, with respect to the
corresponding intensity in the Zn(Tb)S nanoparticles. The
[Zn(Tb)S] : [Pb*>*] < 1 : 1 could be categorized differently. In the

cases with [Zn(Tb)S]:[Pb*>] = 1:107'-1:10"° the broad
emission is significantly lowered. It is noticeable that even when
this ratio is 1:10™*, the emission decreases by a distinguish-
able extent. On the other hand, with this ratio being 1 : 107" this
emission is comparable in magnitude to that observed in the
Zn(Tb)S nanoparticles. Similar analysis for the sharp Tb**
emission reveals a decreased emission in the 1:1 and 1: 10

cases with respect to that observed in the Zn(Tb)S
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Fig. 6 Photoluminescence excitation (Aeyy = 400 nm and 545 nm) and emission (Aex = 280 nm) spectra of [Zn(Tb)S] : [Pb?*] with various
concentrations of Pb?* are shown, with the numbers in each panel indicating the nominal [Zn(Tb)S] : [Pb?*]. The concentration of the Zn(Tb)S
nanoparticles was 0.3 mM. The intensity at the peak position of the Zn(Tb)S nanoparticles has been normalized to unity and all other spectra have

been presented with respect to this band.
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Fig. 7 Plots of the relative intensities of the broad and sharp emission of the ZnS nanoparticles (panel a) and Tb>* (panel b), respectively, are
shown, where the Zn(Tb)S nanoparticles were modified post-synthetically using Pb?* with various concentrations. For the quantum yield
calculations, the broad emission band of ZnS centered around 400 nm was used and for Tb®>* emission all four experimentally observed emission
bands centered around 490, 545, 585 and 620 nm, respectively, originating from °D, — ’F, [n = 6-3] were used. The values reported are
generally the average and standard deviation from three independent measurements.

nanoparticles, whereas in the 1:107%-1: 102 cases the Tb*"
emission gets enhanced. In the 1: 10~ " case, any change in the
Tb*" emission compared to that observed in the Zn(Tb)S
nanoparticles is not evident. Clearly, competitive factors play
a role and these factors are discussed in the following text. The
data presented in Fig. 7 as average and standard deviation
include variation from the independent synthesis of the Zn(Tb)
S nanoparticles and subsequent post-synthetic modification.
For [Zn(Tb)S]:[Pb>] = 1:107*-1:10"°, the trend in Tb>*
emission did not result in a trend with quantitative agreement
and hence these data are not included. In these two samples,
unfortunately we could not generate reproducible data. The
non-reproducibility of the Tb** emission quantum yield might
be associated with the difficulty in controlling the subtle elec-
tronic interactions between Tb*" and the small amount of post-
synthetically added Pb** from the post-synthetic treatment with
an aqueous dispersion of the Zn(Tb)S nanoparticles prepared
independently.

The photoluminescence excitation spectra (Fig. 6) of the
different studied nanoparticles monitoring the broad emission
band centered at 400 nm, in the cases where emission is
prominent, reveal a broad band centered around 280 nm, which
has been assigned to the band gap transition of the Zn(Tb)S
nanoparticles. Excitation spectra were also acquired, moni-
toring the Tb®* emission at 545 nm. These spectra provide
information about the electronic structures that are responsible
for generating the Tb*>* emission. The relevant spectral profile
for the Zn(Tb)S nanoparticles reveals a broad band centered
around 280 nm and most remarkably this profile is devoid of
significant contributions from direct 4f-4f sharp excitation
bands, suggesting the operation of an optical antenna effect.
Moreover, in the post-synthetically modified nanoparticles
(wherever Th** emission is evident), the corresponding spectral
profile conserves the general feature of broadness, suggesting
the operation of an optical antenna effect to sensitize the Tb**
luminescence in the nanoparticles studied.

It has been argued that with the variation of reactant
concentration from [Zn(Tb)S]: [Pb*] = 1:107°-1: 10, it is
possible to access scenarios that involve low to heavily co-doped

This journal is © The Royal Society of Chemistry 2018

nanoparticles without significant contributions from ternary
mixtures. Given the formation of a ternary mixture, (i) distinct
terbium sulfide and lead sulfide phases should have been
observed in the HRTEM and SAED patterns and (ii) the photo-
luminescence excitation spectrum, upon monitoring the Tb**
emission at 545 nm, would have more contribution from the
direct sharp intra-configurational 4f-4f bands due to the
contribution from more surface related terbium atoms in the
nanoparticles. As none of these effects have been clearly
observed we exclude the possibility of formation of a ternary
mixture at least in the relative reactant concentrations studied
and emphasise the importance of the formation of co-doped
nanoparticles.

The trend in the photoluminescence spectra combined with
the elemental composition as determined from the EDS has
been rationalized by the following processes.

(a) Cation exchange. Determining the emission of the
Zn(Tb)S nanoparticles as a function of [Pb**] provides an
opportunity to assess the cation exchange of Zn®": Pb** and
Tb>" : Pb>* pairs. For the nanoparticles with higher [Zn(Tb)
S] : [Pb*], the characteristic broad ZnS based nanoparticles and
sharp Tb*" emission were both found to be present, suggesting
that a lower relative [Pb>"] with [Zn(Tb)S] : [Pb*"] = 1:107° is
unable to alter the composition of the Zn(Tb)S nanoparticles to
a significant extent. With this reactant ratio being 1 : 10~*, the
broad emission decreases by ~30% in intensity, compared to
that observed in the Zn(Tb)S nanoparticles. With a gradual
increase in the relative amount of Pb**, the broad emission
characteristic of the ZnS based nanoparticles centered around
400 nm disappears significantly at around a nominal [Zn(Tb)
S]: [Pb**] 1:10°-1:10"" and eventually with further
increase in [Pb**] to around a nominal [Zn(Tb)S] : [Pb>']=1:1
the characteristic sharp Tb>" emission bands almost disappear,
as evident from Fig. 6 and 7. The Tb*" emission disappears
completely with a nominal [Zn(Tb)S]:[Pb*"] = 1:10. It is
remarkable to note that both the ZnS nanoparticle centered
broad emission around 400 nm and the characteristic sharp
Tb*" emission bands at 490, 545, 585 and 620 nm were found to
be absent in the emission spectrum in cases with a nominal

RSC Adv., 2018, 8, 18093-18108 | 18101
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[Zn(Tb)S] : [Pb>*] = 1 : 10. This suggests that the post-synthetic
modification of the Zn(Tb)S nanoparticles with Pb>* results in
a complete displacement of the Zn** and Tb*>" from the nano-
particles, albeit with a greater ease for the Zn**: Pb*>" pair
compared to the Tb*" : Pb®>" pair. These findings are qualita-
tively consistent with the EDS measurements (vide supra). To
summarize, the post-synthetic treatment of the Zn(Tb)S nano-
particles with Pb>" having a nominal [Zn(Tb)S] : [Pb*'] = 1 : 10
or even 1 : 1 results in a complete or near complete (see Table
S1t) displacement of Zn** and Tb**, with the formation of PbS
nanoparticles (vide supra).

In short, the emission spectra with gradually increasing
concentrations of Pb>* allow identification of a trend that
gauges the cation exchange reaction in the Zn(Tb)S nano-
particles. The potential candidates for the exchange pairs in the
system investigated are Zn>" : Pb** and Tb*" : Pb**, respectively.
The observations presented provide a foundation for photo-
luminescence based detection of Pb*>* through monitoring the
characteristic emission signatures related to ZnS and Tb*" in
the post-synthetically modified Zn(Tb)S nanoparticles. More-
over, the results obtained in the present work indicate that it is
possible to access PbS, Pb(Tb)S, and Zn(Tb)(Pb)S through post-
synthetic modification of Zn(Tb)S nanoparticles via the addi-
tion of Pb>" solutions of various concentrations. This enables
the tracking of photoluminescence characteristics from low to
heavy co-doping and eventually the formation of a material of
different chemical identity.

Another important avenue that is related to the cation
exchange reaction in semiconductor nanoparticles is the
reversibility of the reaction.* In order to evaluate the possibility
of such a reverse reaction, experiments have been undertaken in
which the PbS nanoparticles, formed via the treatment of
[Zn(Tb)S] : [Pb**] = 1 : 1, were exposed to excess Zn** and Tb*".
Visually, the material changes color from brown to off-white
suggesting a transformation in the composition of the material.
Images of the materials along with the relevant photo-
luminescence excitation and emission spectra of initial Zn(Tb)
S, PbS formed from the treatment of [Zn(Tb)S] : [Pb>"] = 1:1 (A),
and (A) exposed to excess Zn>" and Tb>" precursors are shown in
Fig. 8. The A/ZnPb sample clearly shows the broad blue and
sharp emission of ZnS and Tbh*", respectively. This suggests that
it is indeed possible to attain reversibility in the underlying
cation exchange reaction. However, it is worth noting that the
broad blue profile is red shifted in the reformed Zn(Tb)S
nanoparticles, compared to that in the initial Zn(Tb)S nano-
particles. A difference in surface reconstruction might have
a role in this spectral shift. Moreover, a comparison of the
emission quantum yield in the initial and reformed Zn(Tb)S
nanoparticles reveals a decrease of emission by 1.3 and 3.4
times for the ZnS and Tb** emission, respectively, upon the
reverse cation exchange reaction.

To this end, it is worth including the aspects related to cation
exchange in semiconductor nanoparticles involving Zn(Tb)S
and Pb>" as the reactant nanoparticles and post-synthetically
added cation, respectively. Various previous studies revealed
mechanistic insight about this fascinatingly fast reaction in
semiconductor nanoparticles.>*” Firstly, the exchange process
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does not affect the anionic network of the nanoparticles
significantly, as is evident from the EDS data of the samples
investigated. Secondly, as discussed above, based on the elec-
tron microscopy measurements we could not detect any faceted
characteristics nor could we observe the partial exchange of
cations. Thirdly, the efficiency of a cation exchange reaction is
dependent on the solubility product constant of metal sulfides
and the standard reduction potential of M"*/M couples. A lower
and higher value of these, respectively, would result in efficient
cation exchange. Considering these physical parameters, it is
justifiable to explain the cation exchange of component cations
of Zn(Tb)S nanoparticles using either Pb**, Hg*>" or Cd*" sepa-
rately (vide infra). Fourthly, the reversible nature of the exchange
reaction could be rationalized using the hard soft acid base
(HSAB) theory, especially from the hardness values of a given
moiety. For example, the hardness values of Zn>*, Tb*", Pb*",
C¢HsOH and C¢HsSH are 10.88, 14.35, 8.46, 4.8 and 4.6,
respectively.®® In this tabulation, the values for CcH;OH and
Ce¢H5SH are included to closely mimic the value for 1-thio-
glycerol, the value of which was not accessible to us directly.
Nonetheless, these values indicate that it would be possible to
replace softer Pb>" from PbS nanoparticles to reform Zn(Tb)S
nanoparticles through reverse cation exchange.

(b) Modification of structural properties. It is worth noting
that the EDS measurements (Fig. 5) reveal cation exchange in
the nanoparticles with [Zn(Tb)S] : [Pb**] = 1 : 1. However, even
with [Zn(Tb)S] : [Pb**] =1 : 10™*, the broad emission of the ZnS
nanoparticles has decreased intensity, compared to that
observed in the Zn(Tb)S nanoparticles. Considering the pres-
ence of an appreciable amount of zinc and sulfur in these
nanoparticles, the decrease of emission in these cases is not
straightforward. It has been anticipated that the decreased blue
emission in these cases is likely associated with the Pb**
induced modifications of the surface properties of the nano-
particles or modulation of photoluminescence properties
through the incorporation of Pb>" in the interstitial sites of the
Zn(Tb)S nanoparticles. The results presented here could not
differentiate between these possibilities, as this requires
detailed structural investigation and is beyond the scope of the
current work.

(c) Tb** emission enhancement. On a separate note, there
is a significant increase of Tb*" emission at intermediate
nominal [Pb*‘], especially around [Zn(Tb)S]:[Pb*"] =
1:1072-1:10°. This observation is remarkable in light of
a general research topic that aims to brighten the Ln** emis-
sion in a given system. Making a Ln*' based luminophore
bright enough to be practically useful is a challenging task due
to the inefficient direct excitation (associated with the very low
molar extinction co-efficient of Ln**) and quenching of lumi-
nescence through environmental (ligand and/or solvent)
factors.**** The current work does not identify the origin of
the Tb** photoluminescence brightening at selected Pb**
concentrations and this will be addressed in detail in future
work. Possibilities might be associated with the structural
modification of the nanoparticles at a particular [Pb*"],
modulation of electronic factors, and tuning of surface
properties, among others.

n
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Fig. 8 Images of initial Zn(Tb)S, [Zn(Tb)S] : [Pb2*] =1 : 1 (A), and A/ZnTb are shown in panels (a)—(c). The relevant photoluminescence excitation
and emission spectra are shown in panels (d)—(f), with the trends in emission quantum yields shown in panels (g) and (h).

Host dependent Th** emission sensitization

At this juncture, it is worth comparing the efficiency of ZnS and
PbS as the core of the nanoparticles in sensitizing the Tb**
emission. Host sensitization is a useful way to realize lanthanide
emission and is a requirement due to the extremely low molar
extinction co-efficient and environment induced luminescence
quenching effects.>»** We have been interpreting the lumines-
cence sensitization of dopant moieties in semiconductor nano-
particles using a photophysical model in which the dopants act as
a charge (electron and/or hole) traps in the host matrix and the
exciton recombination at these trap sites populates the dopant
luminescent energy levels, thereby generating host sensitized
dopant emission from the composite host (semiconductor
nanoparticles)-Ln’* (guest) assembly.?230-32:36:57

In such a photophysical rationalization, it is important to
identify the relative position of the Ln*" ground and lumines-
cent energy levels with respect to the valence and conduction
bands of the host material. It has generally been observed that
appreciable host sensitized Ln*" emission could be realizable

This journal is © The Royal Society of Chemistry 2018

when the Ln®* ground and luminescent energy levels are placed
optimally above and below the valence and conduction bands of
the host material. To construct such energy level schematics, we
adopted the method proposed by Dorenbos and co-workers,****
in which the Ln** binding energy trend has been considered to
be universal due to the core like features and the charge transfer
energy between the anion valence band and Eu®* ground state
has been considered to be same as the energy difference
between the valence band of the host material and the Eu**
ground state. Moreover, by placing the Eu®>" ground state energy
level at 5.7 eV lower than the Eu®* ground state for lower band
gap materials, like the materials investigated in the present
work, and considering the universal relative binding energy
trend of Ln’, the entire relative energy level schematic can be
constructed.

The relative energy level positions of the Tb*>" ground and
luminescent energy levels with respect to the valence and
conduction bands of the ZnS and PbS hosts are shown in Fig. 9.
This schematic clearly identifies that while both the hosts are

RSC Adv., 2018, 8, 18093-18108 | 18103
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Fig. 9 Relative energy level positions of the Tb*" ground and lumi-
nescent energy levels are shown with respect to the valence and
conduction bands of the host materials. In constructing the energy
level schematic, the bulk band gap values of the respective materials
have been considered.

efficient in hole trapping at the Tb®" ground energy level, the
autoionization is expected to be very efficient in PbS and the
same would be negligible in ZnS. Thus for sensitization of Th**
emission, ZnS would act as better host material, compared to
that which could be realized from PbS based materials.

Photoluminescence spectra with post-synthetic modification
using other cations

With the advent of tuning the emission of ZnS and Tbh*" sepa-
rately in the Zn(Tb)S/Pb nanoparticles, we studied the effects
when other cations (M™") were added post-synthetically to the
Zn(Tb)S nanoparticles. For this study, Hg>", Cd**, Ca*", Mg*",
Na" and K" were considered, with a nominal [Zn(Tb)S] : [M""]
maintained at a 1:1 and 1:10 2 ratio. The choice of these
concentration ratios was based on the corresponding Pb>" case,
with the exchange of both Zn>" and Tb*", and a representative
case where Tb*' emission enhancement was observed,
respectively.

The trends in the broad and sharp emission of the ZnS
nanoparticles and Tb*", respectively, from these measurements
with [Zn(Tb)S] : [M""] =1 : 1 are summarized in Fig. 10, with the
corresponding photoluminescence spectral profiles shown in
Fig. S2-S4 (ESIt). For [Zn(Tb)S] : [M™] = 1: 1, the data reveal
a disappearance of both ZnS and Tb** emission characteristics
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in the Zn(Tb)S nanoparticles with post-synthetic modification
of the nanoparticles using Hg*". This observation is at least
similar to the corresponding case with Pb>" (vide supra). The
extent of such a disappearance is less evident with the addition
of Cd**, showing a red shift in the emission spectral profile.
This shift is most likely associated with the formation of
a mixed phase in the nanoparticles, generating a contribution
from lower band gap materials. Similar experiments with the
addition of Ca*", Mg®>*, Na" and K" did not produce similar
dramatic decreases in the luminescence of the Zn(Tb)S nano-
particles. In these cases, a marginal to significantly distinct
decrease in the broad emission of the ZnS nanoparticles is
noticeable with a consistent blue shift in the broad blue spectral
band, which has been attributed to the subtle changes in the
structure of the nanoparticles. These observations collectively
indicate that it is indeed possible to detect heavy metals (Pb*",
Hg>*, and Cd*") selectively using the post-synthetic modifica-
tion of Zn(Tb)S nanoparticles. The nanoparticles where the
metal ion is Ca®*, Mg”*, Na" and K" cause a change in the
intensity of the sharp Tb*" emission, compared to that observed
in the Zn(Tb)S nanoparticles. An emission enhancement of Th**
in cases of post-synthetic modification with either Mg** or Na*
is noticeable, where an increase of emission by 1.1 and 1.3 times
has been observed, respectively.

On the other hand, [Zn(Tb)S]:[M"™] = 1:10 > reveals
a specific nature that is associated with Pb>" among the cations
investigated. These results are summarized in Fig. 11 and the
corresponding spectra are shown in Fig. S5-S7 (ESIT). The
reason behind this sort of specificity, while being unknown at
this juncture, could be associated with the similar ionic radii of
Tb*" and Pb*', being 118 and 119 pm, respectively. This
reasoning awaits further detailed study and will be addressed
independently. Moreover, for the cases with Ca®>", Mg®*, Na* and
K', the broad ZnS emission decreases significantly with a blue
shift in the blue emission band, suggesting that even a small
amount of post-synthetically added cations tune the photo-
physical properties associated with the surface related emission
in the Zn(Tb)S nanoparticles significantly. The emission
enhancement in the cases with post-synthetic addition of either
Mg>" or Na" is, however, not apparent.

To summarize, it is evident that control of the broad and
sharp emission of ZnS and Tb*', respectively, in the post-
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Fig. 10 The trend in the broad and sharp emission of the ZnS nanoparticles (panel a) and Tb** (panel b), respectively, are shown for cases where
the Zn(Tb)S nanoparticles were post-synthetically treated with M"*, with [Zn(Tb)S] : [M"*] = 1 : 1. The values reported are average and standard

deviation from two independent measurements.
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Fig. 11 The trend in the broad and sharp emission of the ZnS nanoparticles (panel a) and Tb>* (panel b), respectively, are shown for cases where
the Zn(Tb)S nanoparticles were post-synthetically treated with M™, with [Zn(Tb)S] : [M™] = 1:1072. The values reported are average and

standard deviation from two independent measurements.

synthetically modified Zn(Tb)S nanoparticles is possible
through varying the relative concentrations of reactants, with
a dependence on the identity of the post-synthetically added
cation. A comparative summary of the emission trend for the
nanoparticles investigated in this work is provided in Table 1,
clearly indicating that it is indeed possible to obtain a wide
range of emission properties through simple chemical treat-
ment of semiconductor nanoparticles under ambient
conditions.

Overall, it has been argued that varying the ratio of Zn(Tb)S
nanoparticles and Pb*>* in a range of six orders allows access to
scenarios ranging from low to heavy doping levels and ulti-
mately the synthesis of a material of a different chemical

identity. Moreover, the enhancement of Thb** emission has been

found to be Pb** specific in the range [Zn(Tb)S]:[M™] =
1:107%-1:107% this led us to envisage the possibility that
there exist subtle structural variations that correlate with the
similar ionic radii of Tb** and Pb*". With an equimolar or
higher ratio for the concentration of the Zn(Tb)S nanoparticles
and Pb**, cation exchange plays a dominant role. This neces-
sarily leads to the (i) decrease in the amount of Tb*" due to the
exchange of cations and (ii) lesser sensitization ability of PbS to
generate the Tb>* emission; both supporting a decrease of Tb**
emission. It is important to note that realization of appreciable
Th*" emission requires host sensitization due to its very low
molar extinction co-efficient and the efficient environment
induced quenching of Tb®" luminescence.*** While these
aspects satisfactorily identify the reason for Tb®" emission

Table 1 A comparative summary of emission properties in the post-synthetically modified nanoparticles studied

[Zn(Tb)S/anBroad ZnS nanoparticles emission/

[Zn(Tb) S/M’H]Sharp Tb*' emission/

S}’Stem [Zl’l(Tb)S] : [MVH] [Zn(Tb)S]Broad ZnS nanoparticles emission [Zn(Tb)S]Sharp Tb*" emission
Zn(Tb)S/Pb 1:1-1:10 Diminishes Diminishes
1:107" Diminishes Similar
1:10 %1:107° Decreases significantly Increases by 3-4 times
1:107%-1:107° Decreases marginally to nearly Did not produce data with
similar quantitative agreement
Zn(Tb)S/Hg 1:1 Diminishes Diminishes
1:1072 Diminishes Diminishes
Zn(Tb)s/Cd 1:1 Decreases significantly with red Decreases significantly
shifted emission
1:1072 Decreases significantly with red Decreases significantly
shifted emission
Zn(Tb)S/Ca 1:1 Decreases with blue shifted Decreases by 0.8 times
emission
1:1072 Decreases with blue shifted Decreases by 0.5 times
emission
Zn(Tb)S/Mg 1:1 Decreases with blue shifted emission Increases by 1.1 times
1:1072 Decreases with blue shifted Decreases by 0.7 times
emission
Zn(Tb)S/Na 1:1 Decreases marginally with blue Increases by 1.3 times
shifted emission
1:1072 Decreases with blue shifted Decreases by 0.9 times
emission
Zn(Tb)S/K 1:1 Decreases with blue shifted emission Similar
1:1072 Decreases with blue shifted Decreases by 0.3 times

emission

This journal is © The Royal Society of Chemistry 2018
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decrease in the domain of cation exchange, the specific reason
for Tb*" emission enhancement at particular relative concen-
trations of Pb>" is still not clearly identified. To this end, we
wish to undertake a detailed time-resolved photoluminescence
investigation of both the broad ZnS and sharp Tb** emissions,
respectively, as a function of Pb®>" concentration to reveal the
nature of the radiative and non-radiative rates in these systems.
We, however, believe that such a study is beyond the scope of
the current work, which mainly attempts to explore how the
photophysical properties of the Zn(Tb)S nanoparticles change
as a function of post-synthetically added Pb>* and in cases with
selected concentrations of other cations.

Detection of metal ions

Heavy metals are hazardous and due to their non-
biodegradability they accumulate in the environment and
pose alarming health related issues resulting from food and
water contamination. Efforts have been devoted to detecting
and possibly removing these cations to develop systems within
the acceptable concentration limits. Sensors based on color-
imetry and photoluminescence are attractive due to the
extremely high sensitivity of these optical measurements as well
their easy accessibility in routine chemistry laboratories.
Related efforts towards the development of heavy metal sensors
vary widely in chemical nature, from small molecules to
supramolecular assemblies.** Although these developed
systems are based on a wide range of otherwise uncorrelated
mechanisms (aggregation induced, photoinduced electron
transfer, and resonance energy transfer, among others),
demonstrating the usefulness of the post-synthetic modifica-
tion of semiconductor nanoparticles towards this goal is not
widespread. This reaction strategy offers an easy and cost
effective chemical treatment that can be performed with
a single batch of nanoparticles, eventually reducing human
effort and time associated with multiple syntheses.

The use of cation exchange reactions to develop sensors for
heavy metal ions and lead in particular has been attempted by
few research groups.>®*® For example, Brock and co-workers
developed a Pb*>" and Hg”* sensor that is based on a cation
exchange reaction from zinc sulfide nanoparticles and they
quantified the process using inductively coupled plasma mass
spectroscopy (ICP-MS).>* Chattopadhyay and co-workers
demonstrated cation exchange reactions of Hg*", Ag* and Pb>*
from chitosan stabilized ZnS quantum dots towards the devel-
opment of sensors of these cations and estimated a detection
limit for Hg>" that is in the range of ppm.*® Based on the
demanding experimental procedure for ICP based measure-
ments and the relatively easier realization of photo-
luminescence experiments with high sensitivity from the
perspective of both instrumentation and feasibility of per-
forming measurements in vivo, our aim was to develop a pho-
toluminescence based sensor for biologically hazardous metal
ions through the post-synthetic modification of inorganic
nanoparticles. This approach collectively offers easy realization
of both the chemical reaction and the measurement. Moreover,
while most of the previous studies carried out the exchange
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reaction using undoped nanoparticles, we have attempted to
perform such a reaction in the presence of two cations. The
terbium cation incorporated zinc sulfide [Zn(Tb)S] nano-
particles were considered for this purpose, with the nano-
particles being treated with an appropriate metal nitrate salt
post-synthetically. The strategy of performing the exchange
reaction in the presence of two cations of diverse chemical
nature provides a route to use the robustness of the cation
exchange reaction in semiconductor nanoparticles. Addition-
ally, the involvement of lanthanide cations (terbium in the
present study) offers the possibility of time-gated measure-
ments, a feature related to the longer (microseconds to milli-
seconds) photoluminescence lifetime of these cations.
Moreover, in a given scenario with the occurrence of simulta-
neous cation exchange reactions, the experimental outcome
also cross verifies the detection results.

The trend in the relative emission of the broad ZnS and
sharp Tb*" in the post-synthetically modified Zn(Tb)S nano-
particles as a function of [Pb**] is shown in Fig. 12. The results
presented indicate that based on a decrease of the broad
emission of ZnS, it is possible to detect Pb>" through moni-
toring the photoluminescence properties related to ZnS in the
Zn(Tb)S nanoparticles, with a minimum concentration ratio of
[Zn(Tb)S] : [Pb*"] = 1:10~*. Moreover, the feature of a Pb**
induced increase in the Tb** emission could also be utilized to
detect Pb*>" with a minimum concentration ratio of [Zn(Tb)
S]:[Pb*] = 1:107>. A [Zn(Tb)S] of 0.3 mM was used in the
present work for the electronic spectroscopy experiments.
Correspondingly, the Tb®* concentration was around 30 pM,
considering the dopant ratio during the synthesis of the Zn(Tb)
S nanoparticles and assuming complete incorporation of the
dopants during the synthesis of the nanoparticles. Additionally,
we note that a nanoparticle concentration in the order of tens of
millimolar was required for the purification of the post-
synthetically modified nanoparticles. Based on this, a Pb**
detection capability of ~0.2 ppm was estimated using the broad
ZnS and sharp Tb** related emission characteristics separately
in the post-synthetically modified Zn(Tb)S nanoparticles.

Moreover, the data in Fig. 12 clearly indicate a deviation
from linear behavior. It is important to note that the nano-
particles in the present work have been modified using Pb**
concentrations that vary by 10° in the order of magnitude and
the discussion above discusses the different physical processes
associated with the different concentration regimes. For
example, for the broad ZnS emission, [Zn(Tb)S] : [Pb**] < 1:1
will have a contribution from the structural modification of the
nanoparticles, in the same way >1:1 measures cation
exchange. For the sharp Tb*" emission, [Zn(Tb)S]: [Pb>*] =
1:107>-1:10"% and >1:1 enable monitoring of the Tb*"
emission enhancement and cation exchange, respectively.
Accordingly, it is anticipated that a deviation from linearity is
not surprising.

At this juncture we note that while the use of Zn(Tb)S
nanoparticles for the detection of Pb** in aqueous dispersions
is not applicable to access the regulatory amount of <15 ppb set
by the US Environmental Protection Authority (EPA),* they
would only be used for heavily contaminated samples. This

n
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Fig. 12 The relative emission of the broad ZnS and sharp Tb>* in the post-synthetically modified Zn(Tb)S nanoparticles as a function of [Pb>*] is
shown. The lines on the curves are a visual representation indicating the deviation from linearity.

difficulty is associated with the relatively low molar extinction
co-efficient of the ZnS nanoparticles, being in the range of
10> M~ em ™. Nonetheless, the results presented in this work
clearly show the vastness of the photoluminescence properties
that evolve as a function of reactant concentration and direct
the use of these properties for similar metal ion detection using
other semiconductor nanoparticles with higher molar extinc-
tion co-efficients. However, an associated challenge remains in
choosing a suitable host (semiconductor nanoparticles)-guest
(Ln**) combination,® with appreciable host sensitized Ln**
emission. Optimizing such a nanoparticle system for use in
detecting even lower levels of Pb*" is currently underway in our
laboratory.

Conclusions

Motivated by the simple chemical procedure of post-synthetic
modification of semiconductor nanoparticles under ambient
conditions, and the high sensitivity and easy accessibility of
photoluminescence measurements, this study aims to address
the possibilities of controlling the emission in post-
synthetically modified terbium incorporated zinc sulfide
nanoparticles. A remarkable dependence of the emission
properties has been observed, which is guided by the relative
reactant concentration and identity of the post-synthetically
added cation. Cation exchange, structural modifications
without necessarily exchanging the cations, and emission
enhancement of dopants have been found to interplay in the
outcome for the post-synthetically modified Zn(Tb)S nano-
particles. In the Zn(Tb)S/Pb nanoparticles, a concentration
dependence for the cation exchange has been observed, with
[Zn(Tb)S] : [Pb*"] = 1 : 1 displacing both Zn*" and Tb*" from the
Zn(Tb)S nanoparticles. The disappearance and emission
enhancement of the broad ZnS related and sharp Tb*" emission
characteristics, respectively, provide an opportunity to detect
Pb>" with at least [Zn(Tb)S]:[Pb*'] = 1:107* and 1:1077,
respectively. In all the cases with Th*" emission evident, the
nanoparticles were acting as an optical antenna to sensitize the
Tb*" emission. Performing similar experiments with other
cations indicates the importance of the identity of the post-
synthetically added cation and enables the detection of Hg>*
that is comparable to or better than that of Pb*>*, with lesser

This journal is © The Royal Society of Chemistry 2018

detection efficiency for Cd*". The corresponding cases with
Ca®", Mg”*, Na*, and K* did not produce a similar decrease in
the Zn(Tb)S nanoparticles emission characteristics, suggesting
using the cation exchange strategy to sense heavy metals in
general. However, the post-synthetically added Pb** induced
Th>" emission enhancement has been found to be specific in
nature, at least among the cations investigated. However,
cations like Mg>* and Na* when post-synthetically added have
been found to enhance the Tb®" emission in the Zn(Tb)S
nanoparticles. This feature is attractive to a general research
area that is associated with increasing lanthanide cation emis-
sion, a challenging task related to the extremely low molar
extinction co-efficients of these cations. From the acquired
spectra, the detection capability for Pb>* has been estimated as
~0.2 ppm using either the broad or sharp emission of ZnS and
Th?", respectively, in the post-synthetically modified Zn(Tb)S
nanoparticles. The associated physical processes are guided by
the structural modifications and Tb*" emission enhancement in
the Zn(Tb)S nanoparticles, respectively. Finally, the use of
trivalent lanthanide cations (Tb*" in the present work) ensures
the accessibility of time-gated measurements that are associ-
ated with longer (microseconds to milliseconds) luminescence
lifetimes, further increasing the detection sensitivity using the
lanthanide luminescence. Collectively, the data obtained in the
present work provide a foundation to use the emission char-
acteristics of post-synthetically modified semiconductor nano-
particles to detect heavy metal cations in general and lead in
particular in aqueous dispersions using the wide range of
photoluminescence characteristics accessible through varying
the relative concentrations of the reactants and the identity of
the post-synthetically added cation.
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