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Photoluminescence microscopy has been used to interrogate individual nanoaggregates (NAs) of visible
light excitable Eu(III)-complex species with 9-hydroxyphenalenone which we found to emit near-white
light in methanol. In the solid state however, NAs display diverse emission spectra due to varied sensi-
tization efficiencies, and thereby exhibit a wide range of emission colours. Heterogeneity in sensitization
efficiency and asymmetry ratios for Eu-emission is intriguing because all measurable photoluminescence
parameters are expected to average out over large number of Eu-complex species which constitute NAs,
and suggests the existence of relatively few yet efficient Eu3+ radiative trap centres of varied asymmetry
within NAs.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Luminescent europium-based materials have attracted a great
deal of attention over the past several decades for their applica-
tions ranging from optoelectronic devices and sensors to cellular
imaging [1–3]. The excitation (mainly UV) of strongly absorbing
organic ligands often results in sensitization of pure red emission
from Eu3+ complexes, and their spectra due to f-f transitions dis-
play large {pseudo}-stokes shifts with long radiative lifetimes [4].
Recent synthetic efforts have also produced visible-light excitable
europium complexes which have advantages in biological imaging
and for the development of photostable and energy efficient
Eu3+-based optoelectronic devices [5,6]. On the other hand, some
europium complexes (and doped-nanocrystals) have been shown
to display white luminescence due to multiple emissions originat-
ing from attached ligands and the Eu3+ ion [7–11], which have
potential applications in fabrication of single component white
organic light emitting diodes (OLEDs) [11]. However, the balance
of ligand and metal emission, which determines the emission
colour in such complexes, is found to be sensitive to many factors
such as solvents, excitation wavelength, temperature and degree of
aggregation. The aggregation of molecular complexes is a self-
assembly process, which occurs due to non-covalent interactions
and could lead to the formation of larger systems in the range of
nano- and micrometers [12]. Since the fabrication of OLEDs
involves processing of emitting material from solution to form thin
films, which typically are known to form aggregates [13], and con-
sidering the above mentioned sensitivity of ligand and metal emis-
sion, it is important to understand whether individual molecular
species and aggregates of a potentially active Eu3+-based white
OLED material emit in the same manner as they do emit in the
bulk.

However, it is difficult to characterize individual molecular spe-
cies and aggregates of a luminescent material in solution using
photoluminescence (PL) spectroscopy, because ensemble measure-
ments provide an average value rather than the distribution of
optical behaviours. On the contrary, single-emitter spectroscopy
has been shown to provide novel insights on the heterogeneity of
optical properties in a wide variety of luminescent materials
[14–17]. Even sub-ensemble spectroscopic measurements have
been useful to understand the diversity of optical behaviours in
luminescent materials, especially in the context of aggregates.
For instance, a wide variety of optoelectronic behaviours, in terms
of both transition energies and radiative lifetimes, have been
observed for individual nanoaggregates of conjugated polymers,
used as active components of OLEDs [18–20]. There are few reports
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by groups of Lakowicz, Alexandrou, and Majima on single-
molecule/particle imaging of Eu-complexes and Eu-doped semi-
conductor nanocrystals, which suggest that Eu3+ emission can be
detected near single-molecule/particle levels [21–23].

The 9-hydroxyphenalenone forms stable complexes with Eu3+

ion, which show visible-light sensitized red-europium emission
[24–27]. Here, we report near white-light emission from europium
complex species with 9-hydroxyphenalenone which have been
obtained in methanol, and investigated emission characteristics
of individual nanoaggregates (NAs) composed of these Eu-
complex species in the solid state using spectrally-resolved PL
imaging. Our motivation is to probe whether spatially well sepa-
rated NAs behave in a similar manner as observed in ensemble,
and investigate the sensitivity on the balance of metal and ligand
emission in individual NAs. Our results show a remarkable hetero-
geneity in the emission behaviours of complex species at NA levels;
not only is the sensitization efficiency enhanced in a majority of
NAs, but also the relative intensities of the 7F2 and 7F1 transitions
of Eu3+ show considerable variation.
2. Materials and methods

2.1. Materials

All the chemicals used in this study were used as received,
unless otherwise specified. Eu(NO3)3�5H2O (99.9%), NaOH, anhy-
drous AlCl3, 2-methoxynaphthalene, cinnamoyl chloride, 1,2-
dichloroethane and all other the solvents except methanol (>99%
puriss EL grade, from Spectrochem, India) were purchased from
Sigma-Aldrich. The 9-hydroxyphenalenone (HL) ligand has been
synthesized according to a published procedure [28], and details
of its characterization are given elsewhere [29]. The Eu(III)-
complex species with 9-hydroxyphenalenone have been obtained
in methanol, the details of which are provided in the Supporting
Information. The electrospray ionization mass spectrometry (ESI-
MS+), reveals the formation of diverse Eu-complex species in
methanol, many of which could not be identified (Fig. S1). The spe-
cies identified using mass spectrometry are [Eu(L)(OH)2(CH3OH)2
(H2O], [Eu(L)3(MeOH)2] and [Eu(L)3(MeOH)2(H2O)], i.e., EuL1 and
EuL3 species. It is important to mention that the formation of
EuL3 complex with 9-hydroxyphenalenone is well known in the lit-
erature [24], and the formation of multinuclear europium hydrox-
ide complex containing 9-hydroxyphenalenone ligands such as
[Eu9(L)16(OH)10]Cl in methanol has also been reported in the liter-
ature recently [26,27]. The Eu(III)-complex species obtained in this
work form aggregates of varied size when cast on a substrate from
methanol solution, which have been characterized using Scanning
Electron Microscopy (SEM) (Fig. S2). Although the mass spectrum
reflects a diverse and undefined nature of many of the Eu-
complex species with 9-hydroxyphenalenone in methanol
(Fig. S1), the formation of aggregates from these diverse Eu-
complex species on a substrate can be attributed to the self-
assembly process due to a variety of non-covalent interactions
such as hydrogen bonding, p-p interactions, and metal-ligand
coordination [12].
2.2. Characterization

ESI-MS+ in positive ion mode was recorded on a Bruker Maxis
Impact mass spectrometer. Scanning Electron Microscopy (SEM)
images were recorded with a JSM-7600F Field Emission Gun-
Scanning Electron Microscope (FEG-SEM) with a resolution of
1.0 nm (15 kV), 1.5 nm (1 kV) and magnification of 25� to
1,000,000. The sample was prepared by spin-coating europium
complex species from dilute methanol solution on silica coverslips,
and subsequently the solvent was dried by heating with IR lamp.
The UV–vis absorption spectra were recorded on a JASCO V 530
spectrophotometer. The steady-state emission and excitation spec-
tra were recorded on Varian Cary Eclipse spectrofluorimeter. The
lifetimes of ligand fluorescence were estimated from a picosecond
pulsed diode laser based time-correlated single photon counting
(TCSPC) instrument (IBH, United Kingdom) with kex = 406 nm.
The time-gated europium emission spectra of the Eu-complex spe-
cies in methanol were collected by exciting the sample at 470 nm,
and applying various time delays varying between 0.1 and 1 ms
range and a fixed gate time of 2.0 ms, on Varian Cary Eclipse spec-
trofluorimeter. The lifetime decay of the Eu3+ emission of the com-
plex species was determined by monitoring the integrated
emission intensity of the Eu3+ (5D0 ?

7F2) transition with respect
to time delay, and the decay points were best fit to extract average
lifetime using Origin 7.0. The CIE colour coordinates were calcu-
lated following the international CIE standards [30]. The chro-
maticity colour coordinates of NA emission spectra can vary
slightly as a small part of the blue edge from the spectra has been
cut off by using a 466 nm long pass filter used for spectral imaging
while actual spectra appear in �450–725 nm range.

2.3. Single nanoaggregate microscopy and spectroscopy

PL imaging and spectroscopy of individual NAs of the Eu-
complex species was performed on a home-built wide-field epiflu-
orescence microscopy setup capable of single-molecule fluores-
cence detection [15–17]. A cw diode laser (405 nm) was used to
excite the NAs through an oil immersion 1.49 NA 60X objective
(Nikon Apo TIRF) and an inverted optical microscope (Nikon
Eclipse TE2000U). The luminescence emerging from NAs was col-
lected via the same objective lens, passed through a dichroic mirror
(Semrock, Di02-R442-25x36) and a 466 nm long pass filter (Sem-
rock, LP02-458RS) to remove residual scattered light, and subse-
quently imaged using a peltier cooled (�25 �C) interline CCD
camera (DVC 1412AM). The excitation power of 20 mW was used
for imaging an area of 30 � 30 lm2 at 1 s exposure time. The PL
intensity images were recorded in a 16 bit TIFF format and further
analyzed using freely available ImageJ software (NIH, ImageJ 1.47).
All images were analyzed after background flattening due to slight
modulations in the excitation field. To perform spectroscopy of the
individual NAs, the emission from spatially isolated spots was
imaged using the CCD camera through a combination of a slit
and transmission grating (70 grooves/mm, Optometrics). This tech-
nique allowed us to simultaneously detect several individual NAs
as spatially-separated emission spots through the slits (0th order
diffraction image) and concurrently obtained their dispersed emis-
sion spectra (1st order diffraction image). Each spectrally-resolved
image was obtained by averaging at least 10 frames of movies. The
spectrally resolved imaging setup was calibrated using four laser
lines (488, 514.5, 532 and 633 nm) for estimation of emission peak
positions from pixel values, and the wavelength resolution of the
setup was calculated to be �4 nm for the narrowest slit-widths
used. A CCD response correction was performed for the spectrally
resolved images to obtain the actual emission profiles in the entire
energetic range of detection. All measurements were performed at
295 K.
3. Results and discussion

3.1. Ensemble photoluminescence measurements

The absorption spectra of the ligand (HL) and its Eu-complex
species in methanol at room temperature (Fig. 1a) show superim-
posable UV bands (kabs

max ¼ 349 nm), while the visible bands



Fig. 1. (a) Normalized absorption spectra of 9-hydroxyphenalenone (HL) and its Eu-
complex species in methanol; inset shows the chemical structure of 9-hydrox-
yphenalenone. (b) Normalized steady-state fluorescence spectrum (kex = 405 nm) of
HL, and steady-state as well as time-gated (delay time, 0.1 ms; gate time, 2.0 ms)
emission spectra (kex = 405 nm) of Eu-complex species in methanol; inset shows
the colour coordinates in the CIE diagram for Eu-complex species in methanol
(steady-state and time-gated) and HL. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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(kabs
max ðHLÞ ¼ 415 and 440 nm; kabs

max ðEu� complex speciesÞ ¼ 428
and 455 nm) show partial overlap similar to that reported in the
literature [25]. The red shift of �15 nm in the visible band is con-
sistent with the coordination of ligand to the metal, and similar
shifts have been reported earlier for the europium complexes of
this ligand [25]. The emission spectrum of HL in methanol at room
temperature (Fig. 1b) displays a structured ligand fluorescence (LF)
band (kem

max ¼ 445 and 470 nm), generating blue emission colour
with CIE coordinates x = 0.14, y = 0.11 (Fig. 1b, inset). Upon
visible-light excitation, the PL spectrum of the Eu-complex species
in methanol display sensitized emission profiles characteristic of
Eu3+ [5D0 ?

7Fj (j = 1–4) transitions] as well as a bluish-green LF
band (Fig. 1b) which is significantly red-shifted as compared to
HL. We note that similar red shifts of the ligand emission have
been observed earlier in the literature from dual emitting lan-
thanide complexes in solution and those red shifts have been
attributed to the aggregation effect of complexes [9]. Further, the
sensitized emission of the Eu-complex species in methanol exhi-
bits a very long PL lifetime (�180 ls) typical for Eu-complexes,
while the LF has a very short average lifetime of <1 ns (see
Fig. S3, SI). As a consequence, the emission spectrum of the
Fig. 2. SEM images of the aggregates composed of Eu-complex species cast on silica
Eu-complex species collected upon 0.1 ms delay exhibits only sen-
sitized red Eu3+ emission (CIE coordinates x = 0.65, y = 0.34)
(Fig. 1b). Without delay, due to the combined bluish-green emis-
sion of ligands and red sensitized emission from Eu3+, near-white
colour of light is generated in solution as shown in the CIE plot
(x = 0.37, y = 0.38) (Fig. 1b, inset). The generation of near-white
light emission from metal-organic materials have received consid-
erable attention in recent years, and these materials have potential
applications as lighting sources and display devices [31].

We note that for the sensitized red Eu3+ emission of the Eu-
complex species, intensity of the electric-dipole transition
(5D0 ?

7F2) dominates over the magnetic dipole (5D0 ?
7F1) transi-

tion. The integrated intensity ratio of the 5D0 ?
7F2 and 5D0 ?

7F1
transitions, generally referred to as the asymmetry ratio (or R-
value), has been used as a parameter to estimate the local symme-
try around Eu3+ ions [32–34]. The ensemble asymmetry ratio of the
Eu-complex species in methanol, obtained from the analysis of
time-gated emission spectra (delays between 0.1 and 0.5 ms, gate
time 2 ms) exhibit a value of 3.36 ± 0.15 (Fig. S4, SI), very similar to
that extracted from the steady-state spectrum (without delay),
which reveals that emissive Eu3+ centres of the complex species
have a different average symmetry than that with a centre of inver-
sion [35].

It is important to mention that near white-light emission beha-
viour of these Eu-complex species of 9-hydroxyphenalenone in
methanol is not observed in other solvents such as DMSO, where
ligand emission dominates, and very weak europium emission is
observed. Further, upon excitation of these complex species at
higher wavelengths such as 458 and 470 nm, in methanol, the
ligand emission dominates the europium emission. However, the
sensitivity of emission colour of these Eu(III)-complex species with
factors such as solvents and excitation wavelengths is not the focus
of our investigations here, and would be explored separately.

The Eu-complex species with 9-hydroxyphenalenone form self-
assembled aggregates on a substrate, as evidenced fromSEM images
(Fig. 2a and b) of samples spin-cast out of methanol solution on a
fused-silica coverslip. It is noted that the reported crystal structure
of the solvated EuL3 complex with 9-hydroxyphenalenone [24]
shows strong H-bonding interactions between H-atoms of the sol-
vent (H2O) molecules and O-atoms of the ligands which results in
the formation of dimeric couples. Therefore, we believe that similar
reasonsmay initiate self-assembly of theseEu-complex specieswith
9-hydroxyphenalenone to eventually form aggregates. A closer look
at these Eu-complex species aggregates in the solid state, obtained
from SEM images at higher magnification (Fig. 2b), reveal the exis-
tence of both small (30–100 nm) and relatively large (100–
400 nm) aggregateswith diverse size and shape. Further,more often
than not, themorphology of the larger aggregates (Fig. 2b) indicates
they are formed due to association or agglomeration of several
cover slips from methanol (a, b), and SEM size distribution of the aggregates.
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smaller aggregates. The existence of suchwide variety of aggregates
(Fig. 2c) prompted us to interrogate their PL behaviours in the solid
state, near single-aggregate levels.

3.2. Spectrally-resolved PL imaging of individual nanoaggregates

To perform PL imaging of aggregates in the solid state, the Eu-
complex species were cast from methanol solution on a freshly
cleaned fused-silica coverslips at slightly lower concentrations as
compared to that used for SEM. The sample was excited with a
405 nm laser through an epifluorescence microscopy setup via
which spatially-resolved dispersed emission profiles could be
acquired. Fig. 3a shows spatially well separated emission spots of
different size and emission intensity, which correspond to various
types of aggregates of the Eu-complex species. While the density of
the various emissive spots (aggregates) is found to scale with the
concentration of the Eu-complex species in methanol (Fig. S5, SI),
several bright, large spots (Fig. 3a, dotted circles) are no doubt
due to very large aggregates (LAs) constituting of several thou-
sands of Eu-complex species at the least. In addition, we find sev-
eral weakly emissive spots (Fig. 3a, arrow-heads), which originate
frommuch smaller nanoaggregates. From distributions of emission
spot size (Fig. 3b) and intensity (Fig. 3c), we classify those with
emission spot size larger than �220 nm and intensities >400 cps
to be LAs, and the remaining smaller spots are assigned to be
NAs. This classification of the aggregates of Eu-complex species is
consistent with SEM data on the same samples (Fig. 2), which
shows the existence of large number of NAs with sizes ranging
from ~30 to ~220 nm as well as the presence of lesser proportion
of LAs with dimensions ~220 to ~400 nm (Fig. S2, SI). Although this
categorization of NAs and LAs solely based on the intensity and size
of the emission spots may seem somewhat arbitrary, it is not com-
pletely unjustifiable either; for instance, PL spectroscopy of indi-
vidual spots (Fig. 3d) revealed that the spectral line widths
(fwhm) of 5D0 ?

7F2 transition are almost always smaller for the
NAs as compared to those for LAs (�345–355 cm�1).
Fig. 3. (a) PL microscopy image of the aggregates of europium complex species cast on f
and below the image. (b) Distribution of emission spot-size for 230 NAs/LAs. (c) PL intens
Comparison of 5D0 ?

7F2 emission line of a NA (green) and a LA (red) depicting the diffe
figure legend, the reader is referred to the web version of this article.)
To investigate the PL and sensitization behaviours of single
aggregates, dispersed emission spectra (Fig. S6, SI) were collected
frommore than 500 spots, fromwhich�200 were found to be from
NAs (after discriminating them on the basis of emission spot size
and intensity). However, statistical analysis of spectral data was
carried only for those 84 NA spectra (34 of which are shown in
Figs. S7 and S8 of SI) for which spectral line-width of the
5D0 ?

7F2 transition were <335 cm�1, in order to ensure that indi-
vidual NAs were being interrogated. A representative set of emis-
sion profiles originating from seven such individual NAs are
shown in Fig. 4a, from which it is clear that not all the spectra
are alike (also evident from Figs. S7 and S8 of SI). Due to the
marked difference in the relative intensities, NAs display a rather
wide variety of emission colours ranging from bluish-green
(x = 0.25, y = 0.50) to red (x = 0.65, y = 0.36), as portrayed in the
CIE diagram shown in Fig. 4b. The relative intensities (normalized
with respect to highest intensity) of the 5D0 ?

7F2 transition and
the LF (at 488 nm) for these 84 NAs are plotted in Fig. 4c, which
depicts that the balance between LF and sensitized emission is
remarkably diverse at the sub-ensemble levels. Interestingly, we
find that the sensitized Eu3+ emission is significantly enhanced
for a majority of NAs, and only a small proportion (�10%) display
very weak 5D0 ?

7F2 emission as compared to the LF (Fig. 4a,
NA1 and NA2), the reason for which remains unclear. Upon analy-
sis of spectral profiles of the 84 NAs, we find that the sensitization
efficiencies, defined here as the intensity ratios of 5D0 ?

7F2 emis-
sion and the LF ([I (5D0 ?

7F2)]/[I(LF)])[36], are distributed between
0.35 and 23.8 (Fig. 5a, and Fig. S9, SI). In comparison, the ensemble
value of the sensitization efficiency is �1.34 for Eu-complex spe-
cies in methanol solution. The wide range of sensitization efficien-
cies for NAs clearly demonstrates that the L? Eu3+ energy transfer
(or sensitization efficiency) in self-assembled europium complex
species can be quite diverse. In addition, we find that line widths
of 5D0 ?

7F2 transitions for NA vary between 214 and 333 cm�1

while their peak positions fluctuate in the range of 613–620 nm
(Fig. 5b), which reiterate heterogeneity in spectral characteristics
reshly cleaned fused-silica coverslips, with two intensity line profiles shown above
ity distribution of emission spots for230 NAs/LAs (dark) and background (light). (d)
rence in emission line-widths. (For interpretation of the references to colour in this



Fig. 4. (a) Emission spectra of representative NAs (1–7) with calculated CIE coordinates (x,y). (b) CIE diagram showing emission colours of individual NAs (1–7) in (a) along
with near-white emission from solution. (c) Relative (normalized) intensities of 5D0 ?

7F2 transition (red circles) and the ligand fluorescence (LF) at 488 nm (black squares)
for 84 NAs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. (a) Distribution of sensitization efficiency for 84 NAs. (b) Distribution of spectral peak positions (blue stars) and line-widths (red squares) for the 5D0 ?
7F2 transition

of 84 NAs. (c) Distribution of the asymmetry ratio (R-value) for 34 NAs which have very weak ligand fluorescence (similar to spectra of NA5–NA7 in Fig. 4a). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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for NAs. We note that optical behaviours of NAs are in stark con-
trast to that of LAs, for which the emission spectra exhibit negligi-
ble differences (Fig. S10, SI). This clearly points out that optical
properties are indeed averaged out over the very larger number
of Eu-complex species present within the LAs, which thereby exhi-
bit solution (ensemble) like behaviours.

3.3. Possible origins of multicolor emission from nanoaggregates

Sensitization in Eu3+ based materials is known to be a compli-
cated process and depends on several factors such as role of the
singlet and triplet states of ligands [37,38], as well as H-bonding/
p-stacking interactions between ligands attached to the Eu3+ ions
[39]. Significant changes in sensitization efficiency of Eu3+ com-
plexes are known to occur upon nano-encapsulation [40], and
tremendous enhancement of sensitized emission has been
observed from Eu-chelates on silver nanorods resulting in the
detection of single-chelate emission [23]. Further, Eu3+ ions doped
in nanoparticle hosts have been shown to display distinct emissive
behaviour in terms of both peak positions and line-widths of the
5D0 ?

7F2 transition, attributed to the local site symmetry around
Eu3+ ions [41]. Therefore, it is possible that the heterogeneity in
emission spectra of NAs observed in the present study may be
due to the creation of diverse local nano-environments within NAs.

It is intriguing that for the NAs, each of which perhaps consists
of several hundreds of Eu-complex species at the least, we find that
the emission properties vary remarkably. Rather, it is expected that
the fluctuations in optical properties due to all the Eu-complex
species in a NA would be averaged out to the same value for all
NAs, similar to that observed for the LAs. To explain the observed
heterogeneity in optical properties of NAs, we propose the follow-
ing model. Just as LAs often seem to constitute of several NAs
(Fig. 2b), individual NAs can also be considered as an agglomera-
tion of several smaller self-assembled clusters each constituting
of relatively fewer number of diverse and potentially discrete Eu-
complex species. Further, based on existing reports on efficient
Eu-to-Eu energy transfer in a dinuclear Eu-complex with closely
spaced Eu3+ ions of different site symmetry [42], we propose that
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excitation energy migration (Eu3+ ? Eu3+) can occur between
neighbouring Eu-complex species in each cluster, as well as
between adjacent clusters (within each NA). It is therefore plausi-
ble that rather than all the Eu-complex species within NAs being
emissive, a cascade of excitation energy migration process can
occur within each cluster to relatively lower energy Eu3+ ‘‘emissive
trap” sites or to even a single trap centre among a few clusters.
Depending on their physical properties (such as coordination num-
ber, geometry and site symmetry), each trap centre may have dif-
ferent optical emission behaviours. Since the number of such
emissive traps would be relatively small as compared to that of
Eu-complex species that constitute each NA, the observed emission
may exhibit considerable heterogeneity in contrast to LAs, where
this non-uniformity of much large number of trap centres is aver-
aged out. Indeed, the variation in optical properties of NAs would
depend not only on the number of such Eu3+ emissive trap centres
within each NA, but also the energy migration efficiency and the
non-uniformity of local geometry or site symmetry of the Eu3+ trap
centres. We note however the proposed model is not quite applica-
ble to the small fraction (�10%) of NAs which display very weak
sensitized Eu3+ emission (or overwhelming ligand emission).

It is conceivable that the differences in geometric environment
(energy and symmetry) of these Eu3+ trap centres within individual
NAs might be reflected in the emission spectral characteristics of
each NA. A way to probe the geometrical environment (or symme-
try) experienced by Eu3+ ions within individual NAs is to evaluate
the asymmetry ratios, which is known to be sensitive to the site
symmetry around Eu3+ ions [33]. Upon analysis of emission spectra
collected from 34 NAs which display relatively weak LF (to avoid
contribution from ligand emission), we find a wide distribution
of R-values, ranging from 3.7 to 8.7 (Fig. 5c), as compared to the
ensemble value of 3.36 ± 0.15. It should be noted that greater the
number of independent Eu3+ emissive trap sites within each NA,
the smaller would be the deviation in the asymmetry ratios due
to averaging effect over the sub-ensemble, similar to the negligible
deviation (�0.2) exhibited by LAs. That the asymmetry ratios for
NAs show a significantly larger deviation (1.47) provides some evi-
dence that sensitized Eu3+-emission originates from relatively
fewer number of Eu3+ emissive trap sites as compared to the actual
number of Eu-complex species present within each NA. We also
noticed that the mean R-value (5.3) extracted from the distribution
of �34 NA (with high sensitization efficiency) is larger than that for
the LAs as well as that in solution, which indicates that the emis-
sive Eu3+ trap centres, on an average, are located in higher asym-
metrical environments in NAs. This inference is also supported
by the distribution of PL peak positions and line width of the
5D0 ?

7F2 transitions (Fig. 5b) [22,43].
4. Conclusions

In summary, we show near white-light emission in methanol
from visible-light excitable europium complex species with 9-
hydroxyphenalenone, which form a variety of self-assembled
aggregates when cast on a substrate. To understand the origins
of observed ensemble near white-light emission of these Eu-
complex species, PL microscopy and spectroscopy was performed
on spatially segregated weakly emissive NAs and much brighter
LAs in the solid state. While the PL properties of LAs are very sim-
ilar to that in solution, NAs are found to exhibit highly heteroge-
neous emission behaviours with remarkable variation in
emission colours ranging from bluish-green to red, attributed to
diverse sensitization efficiency. Our results indicate that the
observed near white-light emission in mehanol is very likely to
arise from the combination of diverse Eu-complex species with
9-hydroxyphenalenone each having more colour purity. Further,
NAs with high sensitization efficiency are found to have a wide
range of (higher) R-values as compared to the ensemble, which
suggests that Eu3+ emissive centres experience a variety of asym-
metry environments in the NAs. The non-uniformity of PL emission
behaviours displayed by various NAs, each consisting of perhaps
several hundreds of Eu-complex species, is quite intriguing and
suggest the existence of few number of small clusters of Eu-
complex species within each NA that act as efficient radiative trap
centres. These results can provide insights in optimization of
white-light emission from europium-based materials, and may
also be relevant for the design of energy-efficient multicolour
lighting sources.
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