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This study assesses the inter lanthanide photophysical interactions in trivalent lanthanide cations (Ln**) co-
doped titanium dioxide nanoparticles. As a case study, incorporation of neodymium (Nd®*) and samarium
(Sm*") to generate Ti(NdSm)O, nanoparticles has been considered. The presence of co-doping offers
a promising avenue for multiplex assays. The co-doped nanoparticles have characteristic visible emission
at 584, 612, 664 and 726 nm respectively from Sm®' and near infrared (NIR) emission at 912 and
1094 nm respectively from Nd®*, thus presenting composite doped nanoparticles with six distinct
emission wavelengths spanning both the orange-red and NIR spectral window, using a single excitation
wavelength. The photophysical properties of the Ti(NdSm)O, nanoparticles have been compared with
that observed in the singly doped Ti(Nd)O, and Ti(Sm)O, nanoparticles. Remarkable differences in the
Ln®* emission have been observed in the singly and doubly doped nanoparticles. Both the Nd** and
Sm>* emissions have been found to decrease in the Ti(NdSm)O, nanoparticles, compared to those
observed in the singly doped Ti(Nd)O, and Ti(Sm)O, nanoparticles. However, the extent of decrease in
emission was found to be unequal for Nd** and Sm>*, with a decrease being marginally more prominent

in Nd®*. The results have been rationalized by considering the Ln®* as charge traps in the nanoparticles
Received 27th June 201/ d iated relaxati th that are dictated by the spin selecti le. This photophysical
Accepted 14th August 2017 and associated relaxation pathways that are dictated by the spin selection rule. This photophysica

rationalization was further tested and verified by performing experiments with the Ti(NdEr)O,
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Introduction

The luminescence of trivalent lanthanide cations (Ln’") is
gaining increasing attention thanks to the unique characteris-
tics of the core like nature of the 4f-4f transitions and finds use
in biological imaging, bio-analytical applications, optoelec-
tronics, telecommunications, lasers, sensing."™® The Ln*"
luminescence exhibits sharp emission bands spanning entire
visible and near infrared (NIR) spectral range with minimum
intra and inter Ln>" spectral overlap, longer lifetime (typically in
the range of microseconds to milliseconds), and resistance to
photobleaching. These properties offer possibilities for multi-
plexing, time-gated measurements and longer data acquisition;
hence opening up avenues for selective and sensitive detection
with better signal to noise ratio.

Development of Ln*" containing luminophores for practical
applications poses challenges because the molar extinction co-
efficient of Ln*" is extremely low (<10 M ' em ™", as compared
to 10* to 10° M~ " em ™" for common organic fluorophores) and
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nanoparticles. The results presented provide important physical insight on the design criteria of co-
doped semiconductor nanoparticles.

quenching of Ln*" luminescence by the vibrational overtones of
the common bonds present in nearby ligand and solvent
molecules.>"” These two factors, namely inefficient direct exci-
tation and efficient environment induced luminescence
quenching restrict easy realization of Ln*" photoluminescence.
Placing Ln*" in an appropriate co-ordination environment with
organic molecules as ligands,'®>* or incorporating these cations
in suitable supramolecular assemblies including dendrimers,
micelles, metal organic frameworks (MOF), semiconductor
nanoparticles***' generate important avenues in which usable
Ln** luminescence could be realized. A beneficial scenario
would use placing the Ln** in a host matrix that absorbs the
electromagnetic radiation efficiently and transfers the energy to
the Ln®" center, thereby realizing the Ln** photoluminescence
from the composite host-guest system. In addition to the
energy feeding process (optical antenna effect) the host matrix
protects the Ln** luminescence from environmental quenching
effects.

Towards the general goal to use Ln** photoluminescence for
practical applications, we have been working on developing
systems with semiconductor nanoparticles as the host, with
relevant emphasis on understanding the underlying photo-
physical processes.’®*****” Deciphering the light induced
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processes provide an opportunity to develop novel host (semi-
conductor nanoparticles)-guest (Ln**) composite system with
predictable photoluminescence properties, without necessarily
approaching the problem on a combinatorial basis. Recently we
have reported a systematic photoluminescence study with Ln**
(Ln = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb) incorporated
TiO, [Ti(Ln)O,] nanoparticles and found Ti(Nd)O, and Ti(Sm)O,
nanoparticles as the suitable candidates with significant host
sensitized Ln** emission.*® TiO, nanoparticles were considered
as a model system to understand the host sensitized Ln’*
emission, as the ultraviolet-visible spectral region only has
contribution from host sensitization, with direct excitation of
Ln’" being generally inefficient and 4f-5d transition along with
the anion valence band to Ln®* charge transfer (LMCT) energy
lying out of the experimentally observed spectral window. The
other Ti(Ln)O, [besides Ti(Nd)O, and Ti(Sm)O,] nanoparticles
studied either showed moderate or no host sensitized Ln**
emission. The luminescence sensitization process has been
rationalized considering Ln** as the charge (electron and/or
hole) traps in the semiconductor nanoparticles and the
exciton recombination at these trap sites populating the Ln**
luminescent energy level, thereby realizing the Ln** photo-
luminescence. It has been observed that in cases where Ln**
ground and luminescent energy levels are optimally placed
within the band gap of the host nanoparticles, the ground and
luminescent energy levels of Ln®* has the capability to trap the
hole and electron respectively and such a co-localization of
charge carriers in the Ln*" trap site results in most efficient host
sensitized dopant photoluminescence in the Ti(Ln)O,
nanoparticles.

Several researchers have investigated assemblies with
multiple Ln*" doping,?**-** towards the aim to develop multi-
plex assays which would generally reveal information from
different locations in the context of complex diseases.***
DiMaio and co-workers*® have studied controlled energy trans-
fer from Tb*" to Eu®* in LaF; nanoparticles, with spatial
restriction of the dopants in either the core or shell in a core-
shell nanostructure assembly. Hanley and co-workers® have
reported Sm** and Eu®" co-doped silica nanoparticles for mul-
tiplexed immunoassays, where inter lanthanide energy transfer
was found to be absent. This work further compares a similar
system where FITC and Cy3 were co-doped with significant
energy transfer from FITC to Cy3, suggesting the usefulness of
Ln*" co-doping to develop multiplex assays. While this study
investigates system having lanthanide moieties where inter
Ln*" energy transfer is absent, the study by DiMaio and co-
workers*® clearly presents a case where such an electronic
interaction is relevant; suggesting the importance of Ln**
identity and their associated interactions in order to develop the
co-doped nanoparticles for specific applications. Li and co-
workers® labelled silica nanoparticles with Eu®*" and Tb*"
chelates by covalent interaction and used the composite
assembly to detect hepatitis B surface antigen (HBsAg) and
hepatitis B e antigen (HBeAg) by time-resolved immuno-
fluorometric assays. The use of Ln*" containing upconversion
nanoparticles for multiplexing has been demonstrated by
various researchers.”>* Towards the development of near
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infrared (NIR) luminescent barcodes, Rosi, Petoud and co-
workers?® reported a metal organic framework (MOF) contain-
ing Er¥* and Yb** where tunable NIR emission from both the
cations are realizable as a function of Ln** concentration. Zheng
and co-workers® observed either luminescence enhancement
or quenching of an Ln*" in presence of another Ln** in co-doped
fluoride nanocrystals. Lee and co-workers® developed mixed
Ln*" (Dy/Eu, Ho/Eu, Ho/Tb) oxide nanoparticles for dual
applications in magnetic resonance imaging (MRI) and photo-
luminescence imaging. Other researchers have also reported
the use of lanthanide containing systems for multiplexing in
biological assays.*”*®* These studies collectively indicate that
developing co-doped Ln*' nanoparticles with simultaneous
realization of distinct non-overlapping emission provide an
avenue in the perspective of multiplex assays. Thus under-
standing and optimizing the inter lanthanide photophysical
interactions is necessary.

While our previous works*****” provide a foundation to
rationalize the photophysical processes in singly Ln*" incorpo-
rated semiconductor nanoparticles; these studies do not
address the interactions in the cases of co-doping. Unravelling
the photophysical interactions between Ln®" of different iden-
tity is the primary objective of this study, where one Ln*" may
result in photoluminescence brightening or quenching of the
other Ln** moiety. This study is organized as follows. The
optimum extent of co-doping has been identified first by varying
the Nd** and Sm®" nominal doping extent in the Ti(NdSm)O,
nanoparticles. The choice of Nd*" and Sm>" as co-dopants is
based on our observation of significant host sensitized Ln**
emission in the Ti(Ln)O, [Ln = Nd, Sm] nanoparticles,
compared to the other Ti(Ln)O, systems.*® This follows struc-
tural analysis of Ti(NdSm)O, nanoparticles by X-ray diffraction
(XRD) and Fourier transform infrared (FTIR) spectroscopy,
corresponding comparisons with the singly doped Ti(Nd)O, and
Ti(Sm)O, nanoparticles have been made. Photophysical prop-
erties have been studied in the appropriate doubly [Ti(NdSm)O,
and Ti(NdEr)O,, (vide infra)] doped nanoparticles, with relevant
comparisons with the singly [Ti(Nd)O,, Ti(Sm)O, and Ti(Er)O,]
doped systems. Finally, an analysis is provided to rationalize the
experimental observations.

Materials and methods
Chemicals

Tetra(n-butyl)titanate and lanthanide acetate hydrates (Ln =
Nd, Sm, Er) (99.9%) were purchased from Alfa Aesar. Ethanol
was purchased from Merck. IR grade potassium bromide (KBr)
was purchased from Sigma-Aldrich. All chemicals were used as
purchased without additional purification. 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 general synthetic protocol was adopted from the reports by
Chen and co-workers®*®” and our previous work,*® which was
further modified for the co-doping ie. multiple distinct

This journal is © The Royal Society of Chemistry 2017
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lanthanide incorporation within a single nanoparticle. For the
synthesis of Ti(NdSm)O, nanoparticles with nominal doping
extent of 2% in each Ln’", 58 pmol of each lanthanide (Ln: Nd
and Sm)(m) acetate hydrate salt were dissolved in 200 pl water
and 20 ml absolute ethanol with stirring at room temperature.
1 ml of tetra(n-butyl)titanate, dissolved in 20 ml ethanol was
added to the previous mixture and stirring was continued with
a magnetic stirrer for three hours. The resultant cloudy mixture
was transferred to 50 ml Teflon lined autoclave to undergo the
solvothermal treatment for 5 hours at 120 °C. The mixture was
allowed to cool to room temperature. The as-synthesized
materials were washed using absolute ethanol several times
followed by centrifugation. The obtained precipitates were
dried overnight at 60 °C. The sample was annealed at 500 °C for
2 hours. The syntheses of the Ti(NdSm)O, nanoparticles with
nominal doping extent of 1% and 4% in each Ln*" were per-
formed with 29 umol and 0.116 mmol of each Ln*" respectively,
with the other conditions in the syntheses remaining same. The
Ti(NdEr)O, nanoparticles were synthesized with 2% nominal
doping extent in each Ln®" using the same synthetic procedure,
with the incorporation of appropriate Ln** precursors.

X-ray diffraction

X-ray powder diffraction pattern of the samples were collected
by using a PANalytical X'pert PRO diffractometer, operated at
a generator voltage of 40 kv and current of 30 mA with Cu Ka
radiation (A = 0.154 nm) within the 26 scan range of 15° to 90°.

Fourier transform infrared spectroscopy

Fourier transform infrared spectra were acquired using Jasco
FTIR 6300 spectrometer. The spectra presented were collected
from an average of 64 scans. During spectral acquisition, the
resolution was maintained at 4 cm™'. The sample for the
experiment was prepared using KBr pellet method. The spectra
were recorded at room temperature. The data analysis was
carried out using the software provided with the instrument.

Electron microscopy measurements

The transmission electron microscopy (TEM) experiments were
performed to identify the morphology of the sample by using
TEM instrument from JEOL (model JEM-2100) operated with an
acceleration potential of 200 kV. The sample was prepared by
placing a drop of colloidal dispersion on a carbon coated copper
grid. Extra sample was removed by drying the grid. The energy
dispersive X-ray spectra (EDS) were acquired using the Zeiss
model EVO 18 scanning electron microscopy instrument.

Luminescence spectroscopy

The steady-state luminescence spectra were acquired in the
Horiba Fluorolog 3-22 luminescence spectrometer. To obtain the
emission spectra, samples were excited at 350 nm and the
excitation spectra were acquired by monitoring the major
emission bands. To collect the spectra in visible region, the
excitation and emission slits were kept at 2 nm spectral resolu-
tion. In the case of NIR spectral region, excitation and emission

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

slits were maintained at 8 nm and 4 nm spectral resolutions
respectively. For the samples with low luminescence intensity in
the visible region, the spectra were acquired with 4 nm spectral
resolution for both the excitation and emission slits. In the NIR
spectral window, the excitation and emission spectral resolu-
tions were maintained at 14 nm and 40 nm respectively for the
samples with luminescence intensity. For photo-
luminescence lifetime measurements a delay time and detection
window of 0.5 and 5 ms respectively were used for the nano-
particles and the corresponding values were kept at 0.0001 and
0.05 ms respectively for collecting the emission from Sm(u)
acetate. For lifetime measurements, the nanoparticles were
excited at 350 nm and the emission was collected at 612 nm. The
excitation and emission wavelengths for collection of Sm(u)
acetate lifetime were kept at 400 and 595 nm respectively. The
lifetimes were fitted with sum of two decaying exponentials. All
data analyses were performed using Origin 8.5 software. To
collect the emission in the visible and NIR spectral region the R-
928 photomultiplier tube (PMT) and a liquid nitrogen cooled
indium gallium arsenide (InGaAs) detector [model DSSIGA(1-9)
010L] were wused, respectively. The nanoparticles were
dispersed in water for the photoluminescence measurements.
All measurements were performed at ambient conditions.

The photoluminescence quantum yields for the Ln*" lumi-
nescence in the visible spectral range were calculated based on
a relative method with a comparison to the quantum yield of
coumarin 153 (C153) dissolved in methanol (@, = 0.42 (ref. 68)).
Relative quantum yields @, with all the experimentally observed
Ln*" emission bands were calculated using eqn (1);

low

== 2 1)

where the subscripts x and r stand for sample and reference
respectively, A is the absorbance at the excitation wavelength (4),
I« is the intensity of the excitation light at the same wavelength,
7 is the refractive index (n = 1.333 for water and n = 1.327 for
methanol) and I, (¥) is the luminescence intensity as a function
of wavenumber 7. For the calculation of relative quantum yields
in the NIR spectral region for the Nd** and Er** emission bands,
the PMT and InGaAs detectors were calibrated with respect to
the common band of Tm®" emission in the Ti(Tm)O, nano-
particles which is centered around 810 nm.*®

Results and discussion
X-ray diffraction

The X-ray diffraction patterns of the Ti(Nd)O,, Ti(Sm)O, and
Ti(NdSm)O, nanoparticles are shown in Fig. 1. For the doubly
doped system, a nominal doping extent of 2% in each Ln*" has
been considered (vide infra). The singly doped nanoparticles
show characteristic diffraction peaks at 26 = 25.4, 38.0, 48.3,
54.2,55.3,62.7,69.1, 70.4 and 75.4 that has been correlated with
the (101), (004), (200), (105), (211), (204), (116), (220) and (215)
planes of anatase TiO, crystal respectively. The nanoparticles
with both Nd** and Sm®" co-doped also exhibit similar
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Fig. 1 XRD profiles of the Ti(Nd)O,, Ti(Sm)O, and Ti(NdSm)O, nano-
particles are shown.

diffraction pattern indicating that the crystal structure remains
unchanged in the doubly doped TiO, nanoparticles. Moreover,
in all the nanoparticles studied, characteristic peak at 20 = 27.4
from the (110) plane of the rutile phase was absent, suggesting
that rutile phase does not have contribution in the systems
investigated in the present work.

To this end, we comment on the possible presence of the
lanthanide impurity phases in the observed XRD patterns. For
this exercise, a comparison of intensities has been made at 26 =
65° (taken as a representative case), where no signal is present
in the XRD patterns of either Ti(Ln)O, [Ln = Nd, Sm], Ti(NdSm)
O, nanoparticles [as judged from the Joint Committee on
Powder Diffraction Standards (JCPDS) card 21-1272] and the
lanthanide impurity phases (as judged from the following
JCPDS cards) with the corresponding intensity at the position of
most intense lines of various lanthanide impurity phases, as
mentioned in the parentheses, of neodymium oxide [JCPDS
card numbers 65-6729 (Nd,Os, hexagonal, 26 = 30.8°), 65-3184
(Nd,03, cubic, 26 = 28.0°), 46-1074 (NdO,, cubic, 26 = 28.0°), 45-
0087 (NdeO4;, cubic, 20 = 28.0°)], Nd,Ti,O, [JCPDS cards 82-
1095 (Nd,Ti3O,, tetragonal, 26 = 29.6°), 70-2294 (NdTiO;,
orthorhombic, 26 = 32.4°), 70-1691 (Nd,Ti,O, monoclinic, 26 =
30.3°), 70-1544 (Nd,TiOs, orthorhombic, 26 = 28.6°), 40-1051 (a-
Nd,Ti 044, 26 = 51.2°)], samarium oxide [JCPDS cards 65-3183
(Sm,03, cubic, 26 = 28.3°), 43-1030 (Sm,03, monoclinic, 26 =
32.0°), 33-1146 (SmO, cubic, 26 = 31.3°)] and Sm,Ti,0, [JCPDS
cards 70-2295 (SmTiO;, orthorhombic, 20 = 32.4°), 47-0283
(Sm,Ti,0, orthorhombic, 20 = 30.5°), 41-0497 (Sm,Ti30;,,
monoclinic, 26 = 27.5°), 22-1306 (Sm,TiOs, orthorhombic, 26 =
29.0°), 35-0364 (B-Sm,TiOs, hexagonal, 26 = 31.7°)]. These
intensities are comparable in magnitude, necessarily reflecting
noise in the observed XRD patterns where supposed lanthanide
impurity phases should appear; suggesting that the observed
signals from the nanoparticles studied do not have significant
contribution from the lanthanide impurity phases.

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the Ti(Nd)O,, Ti(Sm)O, and Ti(NdSm)O,
nanoparticles are shown in Fig. 2. For the doubly doped
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Fig. 2 FTIR spectra of the Ti(Nd)O,, Ti(Sm)O, and Ti(NdSm)O,
nanoparticles are shown. The corresponding spectra of Sm(ii) acetate
is also included.

Normalized Transm

nanoparticles, a nominal doping extent of 2% in each Ln** has
been considered (vide infra). All the nanoparticles investigated
show characteristic infrared absorption bands at 470-490 and
660 cm ' respectively, a signature of Ti-O-Ti bond vibrations.
A comparison with the corresponding spectrum of Sm(i)
acetate clearly reveals a different spectral signature, with
characteristic bands at 1550 and 1460 cm ™ respectively orig-
inating from the carboxylate asymmetric and symmetric
stretching vibrations. The absence of these bands in the
nanoparticles investigated clearly indicates the absence of
significant amount of free Ln(m) precursor salt in the nano-
particles studied and the Ln(m) related spectral signature
being originated from the Ln(u) moieties that has interacted
with the nanoparticles (vide infra).

Electron microscopy

The transmission electron microscopy (TEM) image of the
Ti(NdSm)O, nanoparticles is shown in Fig. 3. The particles were
found to be spherical in nature with the corresponding size
distribution revealing a diameter of 2.6 £+ 0.5 nm, reported as
the average and standard deviation values. Our previous work*®
reports a particle diameter of 3.5 £ 0.4 nm for the Ti(Sm)O,
nanoparticles. This suggests that co-doping Nd*" and Sm®" in
the TiO, nanoparticles do not affect the particle morphology to
a significant extent. The high resolution transmission electron
microscopy (HRTEM) image and the selected area electron
diffraction (SAED) pattern identify the crystalline phases in the
nanoparticles. The energy dispersive X-ray spectra (EDS) of the
nanoparticles studied clearly identify the characteristic
elemental peaks.

Incorporation of Ln** in TiO, nanoparticles generates lattice
distortion and charge compensation, which is guided by the
size and charge mismatch between the cationic ingredients. In
a case study with europium doped titanium dioxide [Ti(Eu)O,]
nanoparticles Chen and co-workers® identified three distinct
Eu®" related sites in which for the two core sites the local site
symmetry of Ti** deviates from D4 to D, and C,, symmetry and
one surface related site with C; symmetry.

This journal is © The Royal Society of Chemistry 2017
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Fig.3 TEM image of the Ti(NdSm)O, nanoparticles is shown in the top left panel, with the corresponding size distribution shown in the top right
panel. The middle left and right panels show the HRTEM image and SAED pattern respectively. The bottom panel shows the EDS of various
nanoparticles studied.

Photoluminescence spectroscopy

Doping extent. The development of Nd*" and Sm** co-doped
TiO, [Ti(NdSm)O,] nanoparticles require optimizing the dopant
amounts in order to realize appreciable emission from both the
lanthanide cations, so that the resultant co-doped nanoparticles
benefit from both Sm*" visible and Nd*" near infrared (NIR)
emission respectively. Towards this goal, we have attempted to
synthesize the co-doped nanoparticles with 1%, 2% and 4% in

This journal is © The Royal Society of Chemistry 2017
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each of the Ln** and the photoluminescence emission spectra
of all these nanoparticles were acquired. The summary of
a comparative account of the dopant emission in the co-doped
nanoparticles with varying dopant extent is presented in Fig. 4.
A visual inspection clearly reveals increased contribution from
both Nd** and Sm>" emission in the Ti(NdSm)O, nanoparticles
with nominal doping extent of 2% Nd*' and 2% Sm®* respec-
tively. The corresponding cases with 1-1% and 4-4% co-dopant

RSC Adv., 2017, 7, 40767-40778 | 40771
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Fig. 4 Photoluminescence emission spectra of the Ti(NdSm)O, nanoparticles with varying nominal dopant extent are shown. The maximum
intensity of the Sm>* (left panel) and Nd®* (right panel) emission of the sample with nominal doping extent of 2% in each Ln®** has been
normalized to unity in each panel, with the other spectra shown with respect to the intensity of this spectrum.

exhibit dramatically reduced Ln** emission. Consequently,
further characterization towards the development of co-doped
nanoparticles in this work was focused with the system con-
taining 2% Nd** and 2% Sm®" respectively, as the nominal
doping extent.

It might be intuitively argued that the decreased lumines-
cence intensity in the co-doped nanoparticles with nominal
doping extent of 1% in each Ln*" is associated with the lower
amount of Ln®** being present in the nanoparticles. The corre-
sponding case with 4% in each Ln’®* poses an interesting case,
where it demonstrates that merely increasing the doping extent
does not make the dopant emission brighter. This could either
originate from the inefficiency of dopant incorporation in the
nanoparticles beyond a certain limit or due to the introduction
of additional non-radiative decay pathways induced by high
local dopant concentration. Important insight on this aspect
comes from the elemental composition obtained from EDS
measurements. The elemental composition for the nano-
particles studied is summarized in Table 1. These data reveal an
increase in the amount of both Nd*" and Sm** in the Ti(NdSm)
O, nanoparticles as a function of dopant concentration, sug-
gesting the difficulty to explain the dopant luminescence
quenching in the 4-4% co-doping case originating from ineffi-
ciency of dopant incorporation. Correspondingly, we propose
that the luminescence quenching in this case most likely
associate with the introduction of additional non-radiative
decay paths that is correlated with high local concentration of
the dopant cations.

Comparison of photoluminescence between singly and
doubly doped nanoparticles. Fig. 5 summarizes a comparison
of photoluminescence spectra of the Ti(Nd)O,, Ti(Sm)O, and
Ti(NdSm)O, nanoparticles dispersed in water. Exciting the
Ti(Nd)O, nanoparticles with 350 nm radiation show character-
istic Nd*" emission bands at 912, 1094 and 1350 nm that orig-
inates from the *F;, — I, [n = 9/2-13/2] transitions
respectively. Similar experiments with the Ti(Sm)O, nano-
particles has emission bands located at 584, 612, 664 and
726 nm. These transitions originate from the *Gs, — ®H, [n =
5/2-9/2] transitions respectively. Monitoring either the Nd**
emission at 1094 nm in the Ti(Nd)O, or the Sm*" emission at
612 nm in the Ti(Sm)O, nanoparticles gives rise to a broad
excitation profile that is centered around 350 nm without visible
contribution from direct sharp intra-configurational 4f-4f
excitation transitions, suggesting an optical antenna effect
being operative to sensitize the Nd*" and Sm*" emission in the
Ti(Ln)O, [Ln = Nd, Sm] nanoparticles. These observations are
consistent with our previous report.*

The nanoparticles with both Nd** and Sm** co-doped
[Ti(NdSm)O,] show characteristic emission bands from both
the Nd** and Sm®", giving access to both visible and near
infrared (NIR) emission simultaneously with a single excitation
source. Moreover, the emission lines are distinct due to core
like feature of the 4f-4f transitions and do not have inter-band
overlap. Thus the Ti(NdSm)O, nanoparticles gives rise to six
distinct emission bands, benefiting towards its usefulness as
multiplex assays. Additionally, as the realization of Ln*" pho-
toluminescence has been achieved by host sensitization and not

Table 1 Extent of doping in the Ti(NdSm)O, nanoparticles with varying dopant extent®

[Nd**] (nominal)? [Sm*"] (nominal)” [Nd] (EDS) [Sm] (EDS)® [Ti] (EDS)" [0] (EDS)®

2% — 0.40 + 0.15 — 25.85 + 2.63 73.75 + 2.68
— 2% — 0.32 + 0.14 25.71 £ 2.19 73.97 £ 2.24
1% 1% 0.12 + 0.01 0.22 + 0.01 23.45 + 1.67 76.21 + 1.67
2% 2% 0.36 + 0.20 0.36 + 0.08 24.03 + 4.13 75.25 + 4.20
4% 4% 0.75 + 0.01 0.84 + 0.02 26.27 + 3.46 72.14 + 3.46

“ The EDS values were obtained by elemental analysis from three different spatial locations and are presented as the average and the standard
deviation values. ® The nominal doping extent values were calculated with respect to the amount of tetra(n-butyl)titanate. © The atomic percent
values from EDS were reported such that the sum of corresponding values of titanium, appropriate lanthanide and oxygen adds to 100.
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Fig.5 Photoluminescence excitation (left panel) and emission (right panel) spectra of the Ti(Nd)O,, Ti(Sm)O, and Ti(NdSm)O, nanoparticles are
shown. In the right panel, the spectra for the singly doped nanoparticles have been normalized to unity, with the spectrum for the co-doped

nanoparticles represented with respect to the singly doped spectra.

by direct excitation of Ln** moieties, the Stokes shift is large;
thereby virtually eliminating the self quenching. Monitoring
either the Nd*" or Sm*" emission at 1094 and 612 nm respec-
tively in the Ti(NdSm)O, nanoparticles, the excitation profiles
appear very similar to that obtained in the two singly doped
nanoparticles, demonstrating the operation of an optical
antenna effect in the co-doped nanoparticles as well.

However, it is important to note that both the Nd*" and Sm**
emission decreases in the Ti(NdSm)O, nanoparticles, compared
to the corresponding cases in either the Ti(Nd)O, or Ti(Sm)O,
nanoparticles. Moreover, this decrease was found to be uneven
in the two cases. That is while the Nd*" emission decreased by
~6 times in the Ti(NdSm)O, system compared to that in the
Ti(Nd)O, nanoparticles, the corresponding decrease for the
Sm*" emission was ~4.5 times. The efficiency of the lanthanide
emission has been compared by the emission quantum yield
values and is summarized in Table 2. To shed light on the
photophysical behavior, competitive mechanisms with regard
to spectral overlap mediated energy transfer formulations
(Forster and Dexter)*>”® and cation exchange”® has been
considered. Important information regarding the cation
exchange mechanism comes from the elemental composition
(Table 1). The values related to Nd** and Sm*" dopant incor-
poration were found to be very similar in the singly doped Ti(Ln)
O, [Ln = Nd, Sm] and doubly doped Ti(NdSm)O, nanoparticles,
suggesting the incorporation of both Nd** and Sm*®" is non-
competitive during the formation of the Ti(NdSm)O, nano-
particles. Hence, the inter-lanthanide cation exchange does not
play significant contribution in the Ti(NdSm)O, nanoparticles
studied. A case where cation exchange being operative during

Table 2 Photoluminescence quantum yield values of the different
systems studied®

System Dyt D

Ti(Nd)O, (9.1 +0.2) x 1072 —

Ti(Sm)O, — (2.3 +£0.5) x 10>
Ti(NdSm)O, (1.5+0.2) x 1072 (0.53 £ 0.10) x 10>
“The values have been obtained from three independent

measurements and are reported as the average and standard
deviation values.

This journal is © The Royal Society of Chemistry 2017

the formation of the co-doped nanoparticles; the relative
concentration of the displaced lanthanide cation would have
been lesser. Accordingly, the observed difference in photo-
luminescence properties of the Ti(NdSm)O, compared to that in
the individually doped Ti(Ln)O, [Ln = Nd, Sm] nanoparticles
has predominant origin that is electronic in nature.

Successful incorporation of Ln** in core sites of the Ti(Ln)O,
nanoparticles studied in the present work comes from the
excitation spectra upon monitoring the Ln®*" emission (Fig. 5
and 8), where the excitation profiles devoid of any direct sharp
bands and photoluminescence lifetime measurements. The
photoluminescence lifetime values for Sm** (taken as a repre-
sentative Ln**) in the Ti(Sm)O, and Ti(NdSm)O, nanoparticles
reveal a bi-exponential decay kinetics (Table 3), where the two
lifetime components have been correlated to the lesser pro-
tected hence more quenching prone surface relates sites and
more protected hence lesser quenching prone core related sites.
Similar bi-exponential decay kinetics for Eu®* emission in
Ti(Eu)O, nanoparticles has been reported by van Veggel and co-
workers.® It is important to note that Sm*" has much shorter
photoluminescence lifetime in either freely floating form*” or in
protected molecular complex.*

Photophysical rationalization. It is imperative under the
spectral overlap mediated inter Ln*" energy transfer formula-
tions that the realization of decrease of Nd** emission
compared to that in the singly doped nanoparticles could be
hypothecated by an energy transfer from Nd** to Sm>" moieties
in the Ti(NdSm)O, nanoparticles. However, such an energy
transfer being operative is unable to explain the decrease in the
Sm*" emission in the Ti(NdSm)O, compared to that in the
Ti(Sm)O, nanoparticles. Moreover, Nd** and Sm®" emit
predominantly in the NIR and visible spectral window.
Accordingly, a spectral overlap mechanism being operative
would require an upconverted emission, while we do not expect
such process to be operative with the experimental conditions
used in the present study. Hence, we conclude that the spectral
overlap mediated interaction between Nd** and Sm*®" in the
Ti(NdSm)O, is not a good predictor for the observed trend in the
Nd** and Sm*®" emission in the co-doped nanoparticles.

Our previous works on the photophysical processes in the
Ti(Ln)O, (ref. 46) [Ln = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb] and other semiconductor nanoparticles [Zn(Ln)S; Ln = Sm,

RSC Adv., 2017, 7, 40767-40778 | 40773
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Table 3 Photoluminescence lifetime values of the different systems studied

System a 7, (ms) a 7, (ms) () (ms) Adjusted R*?
Ti(Sm)O, 0.82 + 0.02 0.42 + 0.01 0.18 + 0.02 3.4 +£0.3 0.96 + 0.11 0.98
Tl(NdSm)Oz 0.76 £ 0.02 0.53 £+ 0.02 0.24 £+ 0.02 3.6 £0.4 1.27 +0.19 0.97
Ti(Eu)O, 0.23 0.40 0.77 1.2 1.0 —
Tl(Sm)OZ 0.40

Sm(m) Ac’ 1.0 0.0048 — — 0.0048

[SmR(+)BnMeH221AM] 0.017 + 0.002 —

(1) = a7, + a,1,, with 7, and 1, being the two lifetime components having relative amplitudes of a; and a, respectively. ” The adjusted R value

considers the degrees of freedom during the fitting process and could be used as a gauge to determine the goodness of the fit. ©

ref. 67. ¢ From ref. 47./ From ref. 19, where H22IAM is the ligand.

Eu, Tb, Dy]®*** Zn(Tb)S, Cd(Tb)S, Zn(Tb)Se and Cd(Tb)Se;**
Zn(Tb)S with varying size;** near band gap matched Sn(Ln)O,
and Zn(Ln)S [Ln = Sm, Tb]*” have been rationalized considering
the Ln®" as the charge traps in the semiconductor nanoparticles
and the exciton recombination at the Ln®" related trap sites
resulting in populating the Ln*" luminescent energy levels,
hence realizing the host sensitized Ln** luminescence from the
doped nanoparticles. Construction of such relative energy level
schematics where the Ln** ground and excited energy levels are
placed with respect to the valence and conduction bands of the
host material has been made following a method proposed by
Dorenbos.”””® This model relies on two fundamental assump-
tions, (i) the 4f binding energies of Ln** being universal and is
system independent, by virtue of the core like nature of the 4f
electrons and (ii) the energy of charge transfer from the anion
valence band to the Eu®' is equal to the difference in energy
between the valence band and the Eu®" ground energy level. An
energy difference between Eu®" and Eu®" ground energy level
has been considered as 5.7 eV for low band gap material (like
the cases of TiO, nanoparticles). The entire relative energy level
schematics can be constructed using these inputs. The corre-
sponding Jablonski diagrams for the Ti(Nd)O,, Ti(Sm)O, and
Ti(NdSm)O, nanoparticles are shown in Fig. 6, with the asso-
ciated photophysical processes discussed in the following text.

In the Ti(Nd)O, nanoparticles, absorption of light around
350 nm results in an excited electron in the conduction band
while leaving a hole in the valence band. The “Io, and “F;, are
being placed optimally above and below the valence and
conduction band respectively resulting in potential hole and
electron trapping in the Nd** ground and luminescent energy
levels. Such a co-localization of charge carriers in the Nd** related
trap site within a short time following the initial excitation
competes with the time scale of other non-radiative decay
mechanisms effectively and exciton recombination in the Nd**
trap site resulting in the population of the luminescent energy
level *F3;, in the Ti(Nd)O, nanoparticles, thereby realizing the
Nd*" photoluminescence from the doped nanoparticles. Simi-
larly, in the Ti(Sm)O, nanoparticles, the corresponding energy
levels ®Hs,, and “Gs, are responsible for the hole and electron
trapping respectively, with the exciton recombination at the Sm**
trap site resulting the population of *Gs, energy level, thereby
generating Sm’" photoluminescence from the Ti(Sm)O,
nanoparticles.

40774 | RSC Adv., 2017, 7, 40767-40778

From ref. 33. ¢ From

The case where both Nd** and Sm*' are co-doped in the
Ti(NdSm)O, nanoparticles, the situation is complex as the
interaction between the inter Ln** energy levels requires
consideration. A visual inspection reveals that the Nd** ground
energy level “I,, lies above the corresponding level of Sm** °Hs)s.
Similar consideration on the luminescent energy level shows
that the Sm*" *Gs/, lies above the corresponding Nd** *Fj,
energy level. These energy levels predict that the initially trap-
ped hole and electron at the Sm*" related trap should subse-
quently populate the Nd*" energy levels. Accordingly, one might

- —T1—

Energy (eV)
[\

Energy (eV)

Energy (eV)

VB

Fig. 6 The Jablonski diagrams for the Ti(Nd)O,, Ti(Sm)O, and
Ti(NdSm)O, nanoparticles are shown, with the identification of key
photophysical processes. The dashed arrows represent the charge
trapping and detrapping processes. The downward solid and squiggly
arrows represent the radiative and non-radiative recombination
processes respectively.

©
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expect that the Nd** emission should enhance at the expense of
Sm>" emission in the Ti(NdSm)O, nanoparticles, compared to
the singly doped Ti(Nd)O, and Ti(Sm)O, nanoparticles respec-
tively. Experimentally however this was not observed, where
both the Nd*" and Sm*" emission decreases in the doubly doped
nanoparticles compared to that in the singly doped counter-
parts, with the decrease being marginally more prominent in
Nd** compared to that for the Sm** emission. This trend clearly
indicate competitive role being operative.

We propose that the relaxation of the initially trapped charge
carriers at the Sm®' trap sites relax following the spin (S)
selection rule, which states the transition is more favorable and
fast when AS = 0. This means while the initially trapped elec-
tron from Sm*" trap site is able to relax to the Nd** luminescent
energy level within a short time that essentially competes with
the depopulation of the Sm*" luminescence, the situation is not
same for the hole trapping case. As the spin quantum number is
changing in the Sm>" and Nd** ground energy levels, the hole
trapping from the Sm®" related site to the Nd*" ground energy
level is inefficient and a slow process and essentially is not
complete within the excited state lifetime of Sm*" in the
Ti(NdSm)O, nanoparticles. At this point, it is important to note
that while the exciton recombination at the Ln’" trap site with
co-localization of hole and electron in the Ln*" ground and
luminescent energy levels would be the most efficient way to
populate the luminescent energy level of the Ln*" in host
semiconductor nanoparticles, other related lesser efficient non-
radiative recombination processes include the recombination
of electron and hole at the valence and conduction band of the
host lattice or electron and hole at the conduction band and the
Ln*" ground energy level or electron and hole at the Ln**
luminescent energy level and valence band of the host lattice
respectively. Such a photophysical rationalization with initial
charge trapping in the Sm®" trap site and subsequent fast
relaxation of the excited electron from the Sm>" to Nd** energy
level and associated slow trapping of photo-generated hole from
the Sm** to Nd** (that essentially competes with the microsec-
onds to milliseconds lifetime of Sm®' in the TiO, based nano-
particles) accounts for the quenching of both Nd*" and Sm**
photoluminescence in the co-doped nanoparticles, compared to
the corresponding nanoparticles with a single dopant moiety.
Moreover, we anticipate that the slightly lesser quenching of the
Sm*" luminescence (compared to the case with Nd**) in the
Ti(NdSm)O, nanoparticles, compared to that in the Ti(Sm)O,
nanoparticles, most likely associate with the initial trapping of
the charge carriers at the Sm®" sites and the initiation of
subsequent exciton recombination, while such a process at the
Nd** site experiences competitive relaxation processes and
essentially would be lesser efficient.

To check this hypothesis that the experimental observations
in the co-doped Ti(NdSm)O, nanoparticles relate with the inter
Ln®* relaxation pathways that is dictated by the spin selection
rule, we have undertaken experiments with Nd** and Er** co-
doped TiO, [Ti(NdEr)O,] nanoparticles. This combination of
Ln*" offers the access of ground and luminescent energy levels
with AS = 0. The Jablonski diagram for the Ti(NdEr)O, nano-
particles is shown in Fig. 7. However, Er*" has more than one

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The Jablonski diagram for the Ti(NdEr)O, nanoparticles is
shown.

major luminescent energy levels and essentially the position of
a particular luminescent energy level with respect to the
conduction band of the host TiO, nanoparticles matter while
considering the Er** luminescence properties. The *S;,, and *F,
energy levels of Er’* lie above the Nd** *F;/, energy level, sug-
gesting efficient electron relaxation from the Er** to Nd*" in the
Ti(NdEr)O, nanoparticles. This however opens another possi-
bility of relaxation from Nd** *F;, to Er** *I;3/, energy level. On
the other hand, the initially trapped hole at the Er*" 1,5, has
capability to get trapped at the Nd** “I,, energy level, with
significant back hole transfer as these energy levels are nearly
isoenergetic.

The photoluminescence excitation and emission spectra of
the Ti(NdEr)O, nanoparticles are shown in Fig. 8. The relevant
quantum yield values are summarized in Table 4. Clearly the
emission at 565 and 665 nm originating from *S;, — *I;5,, and
*Fo, — I35/, respectively diminishes in the co-doped Ti(NdEr)
O, nanoparticles, compared to that in the Ti(Er)O, nano-
particles. On the other hand, the emission intensity of 1550 nm
band originating from *I,5,, — “I;5/, increases by ~3 times in
the doubly doped nanoparticles, compared to that in the singly
Er** doped counterpart. The increase in Er’" emission around
1550 nm in presence of Nd*" is consistent with the electron
relaxation from the “Fj/, energy level of Nd** to the Er** 15,
energy level. Moreover, the excitation spectrum monitoring the
Er** 1550 nm emission in the Ti(NdEr)O, nanoparticles also has
contribution from host sensitized photoluminescence.

The excitation spectra upon monitoring the Ln>* emission in
either the singly or doubly Ln*' incorporated nanoparticles
investigated in the present work only reveal a broad profile that
is related to host sensitization, without noticeable contribution
from the direct sharp intra-configurational excitation bands.
The inability to observe such direct excitation bands most likely
associate with the following points; (i) an estimation of the
concentration of Ln®*" in the nanoparticles used in the photo-
luminescence spectroscopy measurements result in a value of
=35 micromolar which is too low to observe extremely ineffi-
cient direct excitation, in presence of stronger contribution
from host sensitization. It is noteworthy that van Veggel* re-
ported direct excitation bands in the Ti(Ln)O, [Ln = Nd, Er]
excitation profiles only when the nanoparticles concentration
was high, whereas the same system with lower concentration of
the nanoparticles did not produce the sharp lines in the exci-
tation profile, (ii) in the framework of charge trapping mediated

RSC Adv., 2017, 7, 40767-40778 | 40775
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Fig. 8 Photoluminescence excitation (left panel) and emission (right panel) spectra of the Ti(Nd)O,, Ti(Er)O, and Ti(NdEr)O, nanoparticles are
shown. In the right panel, the emission intensity of the singly doped nanoparticles has been normalized to unity, with the intensity in the co-
doped nanoparticles represented with respect to the singly doped system.

Table 4 Photoluminescence quantum yield values of the different systems studied®

System Dna Pre 832 = "asp] + Pee [*Fa = sl e [z = "ispl
Ti(Nd)O, (9.1 £0.2) x 1072 — —

Ti(Er)O, — (1.9+1.0) x10°° (0.60 & 0.14) x 10°°
Ti(NdEr)O, (1.7 +0.1) x 1072 (0.13 £ 0.01) x 10> (1.63 £ 0.17) x 10°°

“ The values have been obtained from two independent measurements and are reported as the average and standard deviation values.

photoluminescence sensitization mechanism some of the Ln*"
energy levels lie closer or above the conduction band of the host
lattice suggesting rapid autoionization of charge -carriers.
However, we note that in cases where sensitization involves an
inter band gap Ln** energy level, a red shifted broad profile may
result. Such scenario may arise in the Ti(NdEr)O, nanoparticles,
where the excitation spectrum upon monitoring the Er** emis-
sion at 1550 nm result in an enhanced lower energy contribu-
tion compared to that in the Ti(Er)O, nanoparticles.

Finally, we note that while the photophysical rationalization
presented in this work provides a qualitative basis to visualize the
experimental observations, a complete picture requires the
characterization of entire dynamics involving a wide range of
time scales, with the charge trapping might be occurring in few
picoseconds,” nanoparticles and Ln** population decay occur-
ring in the nanoseconds to microseconds-milliseconds range.>**

Conclusions

Guided by the unique luminescence properties of the trivalent
lanthanide cations (Ln®") with its potential usefulness as
multiplex assays and our recent work on singly Ln*" doped
titanium dioxide [Ti(Ln)O,] nanoparticles with the identification
of Ti(Nd)O, and Ti(Sm)O, as the most promising systems having
host sensitized dopant photoluminescence, this study develops
a system where Nd** and Sm*®" have been co-doped in the TiO,
nanoparticles, to synthesize the Ti(NdSm)O, nanoparticles. The
co-doped nanoparticles benefits from simultaneous Sm** visible
emission at 584, 612, 664 and 726 nm respectively and Nd** near
infrared (NIR) emission at 912 and 1094 nm respectively. This
provides an avenue to realize six distinct and non-overlapping
emission bands spanning the orange-red and NIR spectral

40776 | RSC Adv., 2017, 7, 40767-40778

window using a single excitation wavelength, with a large Stokes
shift. A comparison between the doubly doped and the corre-
sponding singly doped nanoparticles reveals significant differ-
ences, with the Nd*" and Sm** emission decreasing by ~6 and
~4.5 times in the co-doped system compared to that in the singly
doped nanoparticles. The results have been rationalized
considering the Ln** acting as charge traps in the semiconductor
nanoparticles and associated inter Ln*" (applicable in the co-
doped nanoparticles) relaxation pathways that are governed by
the spin selection rule. This proposed rationalization has been
tested and verified by performing experiments with the Ti(NdEr)
0, nanoparticles, in which 1550 nm emission of Er** has been
increased in intensity in the co-doped nanoparticles by ~3
times, compared to that in the Ti(Er)O, nanoparticles. To
summarize, this work provides an avenue to develop a multiplex
assay using Sm*>* and Nd** emission in the orange-red and NIR
spectral range respectively. Future works may focus on devel-
oping composite doped nanoparticles having host sensitized
dopant emission with distinct non-overlapping bands spanning
the entire visible (blue, green and red) and NIR spectral domain
simultaneously. The photophysical aspects discussed in the
current work provides valuable foundation for developing such
a composite system.
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