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Abstract

In this chapter, bismuth nanoparticles (NPs) have been synthesized by the pulsed laser
ablation technique at different pH in different aqueous solutions (namely, water (H),
water + sodium hydroxide (HN), and water + hydrochloric acid (HC)). The NPs in aque-
ous solutions have been characterized by transmission electron microscopy (TEM) and
UV-Vis-NIR absorption techniques. The NPs are spherical, core shell, and hollow spheres
in H, HN, and HC, respectively. The vibrational features have been studied using Raman
technique and correlated with solid NPs, hollow NPs, core shell NPs, and NPs complex,
etc. The Bi NPs were subsequently scattered with Tb* ions and their complex with salicylic
acid (Sal) and 1,10-phenanthroline in aqueous solution of polyvinyl alcohol to get thin
polymer films. Then photoluminescence properties of Tb** ions and the (Tb(Sal),(Phen))
complex were studied using 266 nm and 355 nm as excitation wavelengths to seek into the
influence of Bi NPs on their emissive properties. Terbium ions in case of (Tb(Sal),(Phen))
complex together with NPs demonstrate an intense and extended emission spectrum in
the 375-700 nm range for transition arising even from °D; and °D, levels to different ’F,
levels on 266 nm excitation. Alternatively, the luminescence intensity of Tb*" ions com-
plexed with Sal and Phen in the thin polymer films is improved appreciably as compared
with Tb* ions in the presence of Bi NPs on excitation with 355 nm.

Keywords: nanoparticles, laser processing, polymers, luminescence, thin films

1. Introduction

Optically active materials doped with lanthanide (RE) ions dispersed in polymer are appro-
priate for use in a diversity of optoelectronic applications such as amplifiers, fibers, and
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waveguides due to their stumpy expenditure and simplicity of processing and lofty perfor-
mance [3, 13]. RE ions offer intense narrow spectral emissions from the long-lived excited-
states arising from partially filled 4f* orbitals [19]. When supplemented with the polymer
host, these favorable radiative properties of RE ions have a tendency to get diminished by
the intrinsic soaring vibrational frequencies of different bonds of polymers. Moreover, RE
ion salts exhibit limited solubility in polymers and tend to aggregate, resulting in enhanced
scattering and luminescence quenching even at low concentrations. Consequently, RE ions
are united with an organic ligand before being dispersed in polymeric hosts to circumvent
this. These organic ligands absorb the incident light energy and transfer it to the RE ion and
can act as antenna ligands as shown in Figure 1.

The encapsulation of the RE ion is done with an appropriate organic ligand that is capa-
ble of transferring the input energy absorbed by the ligand to the RE ion. The triply ion-
ized RE ions can be complexed with diverse types of strongly absorbing chelating ligands,
e.g., B-diketones bipyridines, cryptands, calixarenes, cyclodextrins, and crown ethers [23].
Such complexed systems have large solubility in a lot of common organic solvents, such as
chloroform, benzene, toluene, and are also soluble in several polymer matrices. One such
ligand is salicylic acid (here after Sal), which is naturally prevalent as its glucosides in wil-
low leaves and poplar, and birch. It is commonly recognized as ortho hydroxybenzoic acid
or 2-hydroxybenzoic acid. Major component from the manufacture of salicylic acid is used
in the production of aspirin (acetylsalicylic acid) nowadays. Molecular structure of salicylic
acid is shown in Figure 2. The crystal structure of salicylic acid is monoclinic and has been
resolved by Cochran. The crystal structure of salicylic acid is centro-symmetric carboxylic
acid dimers. The hydroxyl group is hydrogen bonded intra-molecularly to the carbonyl oxy-
gen. This leads to a less flexible molecule and dimer and a reduced intermolecular hydrogen
bonding. The sensitized luminescence of lanthanide ions (especially Tb* ion by salicylic acid
(Sal) has been found to play an important role in the analytical chemistry for the analysis of
trace amount of Sal and its derivatives in biological systems. Kaur et al. [20] have prepared
terbium complexes with salicylic acid and observed enhanced luminescence properties of
terbium ion. RE(III) ions are chelated with ligands that have broad intense absorption bands.
In these systems, intense ion luminescence originates from the intramolecular energy transfer
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Figure 1. Pictorial representation of antenna effect.
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Figure 2. The structure of salicylic acid.

through the excited state of the ligand to the emitting level of the RE(III) ion. Salicylic acid is
an effective aromatic carboxylic acid, also known as ligand transferring energy to the lantha-
nide ions. The sensitization of Tb(III) luminescence by the salicylic acid and its derivatives
were also used for determination of salicylic acid in biological applications.

Thus, RE coordinated complexes in polymer hosts are used for numerous practical appli-
cations and their luminescence efficiency may be improved by a variety of methods [3, 4,
13, 20, 22]. Besides the sensitization by organic ligands, the fluorescence of the lanthanides
in the complexes can be further enhanced by the use of synergistic agents, which provide
an insulating layer around the lanthanide complex, reducing the probability of radiation-
less energy transfer from the complex to the solvent. In addition, these are usually adopted
to expel adsorbed water from the first coordination sphere and thus enhance luminescence
as water molecules quench the luminescence through radiationless deactivation. Recently,
synergetic ligands have been used to control the supermolecular structure of rare earth com-
plexes and grafted the RE complex in the host matrix to form homogeneous stable functional
materials and different synergetic ligands such as trioctylphosphine oxide (TOPO), theno-
yltrifluoroacetonatone (TTA), tripenylphosphine oxide (TPPO), 1,10-phenanthroline (Phen),
2,2-bipy (Dipy), trioctylphosphine (TOPO), etc. We have used 1,10-phenanthroline (Phen)
for our investigations—10-phenanthroline (Phen) is a heterocyclic organic compound and
a bidentate ligand. It forms a strong complex with most metal ions. The molecular formula
of Phen is C ,H,N,, and the chemical structures of some such ligands are shown in Figure 3.
Any effort to improve the efficiency by increasing the RE concentration does not succeed, as
aggregation of ions takes place at higher concentrations and these acts as quenching centers.

Nanoparticles (NPs) are emerging as interesting luminescent nanoscale materials not only for
basic research but also for numerous applications in varied devices such as optical amplifiers,
color displays, solid-state lasers, etc. The NPs affect the luminescence and dynamics of opti-
cally energetic lanthanide ions. Occurrence of enhanced intensity of emission is correlated

=N N=

Figure 3. The structure of 1,10-phenanthroline ligand.
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by means of energy transfer amid nanoparticles and the active rare earth ions. The second
available option for the augmentation effect is via local energy field of NPs acting on the
lanthanide ions positioned in their propinquity. This effect is prominent in particular when
there is a matching of the surface plasmon resonance wavelength of the NPs and the incident
light beam wavelength or luminescence wavelength [7, 26]. High surface-to-volume ratio and
local phenomena such as absorption or changes in the surface electronic state may contribute
significantly to special properties.

Metallic and semimetallic NPs are striking examples to be explored nowadays. The phe-
nomenon of quantum size effect has a great influence on the physical properties that are
very different from those of the bulk ones. Bismuth is a semimetal with a small energy
overlap between the conduction and the valence bands. The size-induced semimetal to
semiconductor transition and the related quantum confinement effects are potentially use-
ful for optical and electro-optical device applications [2, 10, 16, 36, 37]. It has a high carrier
mobility, a highly anisotropic Fermi surface, and miniature effective mass [2, 24, 46]. Below
the size of 30 nm, the Bi NPs behave as semiconductors [44]. The formations of semimetal
to semiconductor materials are being used in different scientific devices such as in optic
and electro optic devices [39]. Bi NPs exhibit absorption in the UV region [27-29, 43].
The absorption peak shifts toward lower wavelengths in the case of smaller Bi NPs and,
vice versa. The stability of Bi NPs decreases with a decrease in its particle size (due to
enhanced surface to volume ratio). Nevertheless, these demonstrate strong reactive mor-
phology. There are various methods to produce NPs. Among the diverse techniques used
to fabricate NPs, laser ablation synthesis in solution (LASiS) generates pure NPs free from
any type of contamination and thus, is matchless. In this technique, numerous factors,
namely, laser power and wavelength, repetition rate of pulsed laser, spot size of laser
beam, and most importantly the medium (solvent) used, etc., control the fabrication of
NPs. The medium used for the preparation of NPs in LASiS decides the nature and steadi-
ness of the colloidal NPs that can be further altered/improved by means of varying the
pH of the solution. In numerous cases, laser-induced colloidal NPs are extremely reactive
as they may react with the media and/or amidst themselves heading for the formation of
multifarious configurations and varied agglomerated structures at room temperature pro-
vided there exists suitable liquid environment. But one can overcome this agglomeration
by the inclusion of certain smart comparable ionic materials that could errand Coulomb
repulsion [1], or else the NPs can be enclosed through dissimilar polarity layer that should
favor Coulomb repulsion. The tuning of the structure of NPs from core shell to hollow
nano structures is also achievable by pH variation. The researchers ought to use metallic
nanoparticles for tuning the optical properties of the chosen host or activator (here the lan-
thanide ions), and for this intention, the sensitivity of NPs is crucial, which predominantly
depends on the surface or volume plasmon frequency of NPs along with very negligible
involvement of the local field effect. Thus, a deep knowledge and a clear understanding of
the comprehensive mechanism of formation of NPs under diverse pH environments is a
must. Bismuth-induced nanomaterials encompass exhaustive investigations to become the
focal point of further research owing to their new applications (due to its semiconducting
properties).
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The inorganic luminescent rare earth ions and their stable complexes with varied compatible
organic ligands enhance the emission of the RE ions in different media. Further, the incor-
poration of metallic or oxide NPs to the stable RE organic complexes unlocks the prospects
for escalating their photoluminescence emission intensity by several orders of magnitude.
Numerous researches and deep studies on the improvement of optical properties of RE ions
and their complexes in diverse matrices have been approved and are still ongoing [34, 35, 38].
Polyvinyl alcohol (PVA) is a semicrystalline and nontoxic polymer possessing three isomers.
Due to the different isomers, it shows a range of absorption and commensurate emission. The
emissions are not significant from an application point of view and thus need to be enhanced.
The incorporation of NPs comes to rescue and is the one best-suited option. This inclusion
of NPs is achievable for the reason that the PVA molecules have large number of voids in
their chains. Also, the occurrence of Bi NPs in the PVA molecule can transform/enhance the
electronic emission from PVA by means of energy transfer from them and/or their local field
effect. The augmentation is realistic for the reason that there exists the buffet of energy level
of the PVA molecule as well as the Bi NPs absorbs immensely in the UV region. In the present
chapter, differently shaped Bi NPs were prepared by laser ablation in solvents changing the
pH of the solvents and characterized by transmission electron microscopy (TEM), SEM, and
Raman studies. Laser ablation was used for preparation of Bi NPs in water, sodium hydroxide,
and hydrochloric acid. The colloidal solution of as-prepared NPs were separately added to the
Tb’" ions and also to (Tb(Sal),(Phen)) complex in the PVA host polymer to attain thin films. The
photoluminescence spectrum of the synthesized polymer films were scrutinized with 266 and
355 nm excitations. The reason for choosing these wavelengths being that the 266 nm excita-
tion wavelength is resonant with the SPR band of Bi NPs, and the 355 radiation for excitation
is off-resonant exciting only the Tb ions. Observed augmentation in the photoluminescence
emission intensity of the activator terbium ion and its complex in the existence of bismuth NPs
entrenched in the PVA host are explained.

2. Materials and experiments

All the ingredients terbium oxide, salicylic acid, and 1,10-phenanthroline used were all pur-
chased from Sigma Aldrich. Tb,O, and Sal were 99.9% pure. 1,10-phenanthroline was 99.5%
pure. Bismuth plate with purity 99.0% was obtained from the same company and used for
ablation and preparation of NPs.

2.1. Laser ablation technique to prepare Bi NPs

Laser ablation technique was used to prepare Bi NPs at different pH in different aqueous
solutions (namely, water (H), water + sodium hydroxide (HN), and water + hydrochloric acid
(HC)). Figure 4 shows the experimental set up used for laser ablation for the production of Bi
nanoparticles.

The irradiation source was the different wavelengths of an Nd:YAG laser with 7 ns pulse
duration. The laser beam was tightly focused with the help of a short focal length (10 cm focal
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Figure 4. Experimental setup of laser ablation for preparation of Bi nanoparticles.

length) convergent lens on the copper plate (thickness: 0.6 mm, size: 18 x 30 mm?) kept in a
beaker with water 2.5 mm deep from the top surface. The liquid was continuously stirred
using a magnetic stirrer. Laser ablation was continued for 45 min. The Bi plate was taken out
of the liquid, and the sample was used for optical measurements and preparation of thin film
samples. The same procedure was repeated for water + sodium hydroxide (HN), and water +
hydrochloric acid.

2.2. Preparation of Tb(Sal),(Phen) complex

0.010 mmol Tb,0, was obtained by dissolving Tb,O, in hydrochloric acid to obtain TbCl, solu-
tion. 0.015 mmol of salicylic acid and 0.005 mmol 1,10-phenanthroline were independently
dissolved in 2.0 ml ethanol to get its ethanolic solution. Both were added and stirred rigor-
ously for an hour to achieve Tb(Sal),(Phen) complex as explained by Kaur et al. [21].

2.3. Preparation of polymer film with Tb* complex and Bi nanoparticles

Polyvinyl alcohol was dissolved in double distilled water to attain its 0.011 mmol trans-
parent homogeneous solution. From the already-prepared laser ablated Bi nanoparticles
in water, 5 ml of colloidal NPs were mixed separately with ethanolic solution of the as-
prepared Tb(Sal),(Phen) complex. The mixture was homogenized using a magnetic stir-
rer for 2 hours at room temperature and dispensed in aqueous solution of PVA. The
resulting mixture was stirred thoroughly for 4-5 h and later poured in the polypropylene
Petri dish and allowed to dry at its own without any heating agent to obtain the thin
films. Flowchart depicting the steps for the preparation of polymer samples is shown in
Figure 5.
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Figure 5. Flowchart depicting the steps for the preparation of polymer samples.
3. Results and discussions

3.1. Structural analysis using transmission electron microscopy (TEM)

TEM micrograph of Bi NPs in water, i.e.,, H (pH = 7) is shown in Figure 6(a). The particles
with average particle size of 14 nm and spherical in nature are observed. Figure 6(b) shows
the size distribution of the particles as a histogram. The nanoparticles are poly-crystalline as
seen from their selected area electron diffraction (SAED) patterns as shown in Figure 6(c).
Later, we supplemented it with significant amounts of acid and base to water separately to
examine the consequence of pH on the size/dimension, contour/shape, and arrangement of
NPs. At pH 9.7, namely, the medium is basic now, one monitors agglomerated core shell type
NPs that are depicted in Figure 6(d). An enlarged vision of core shell NPs is shown in its inset,
verifying core diameter ~8 nm and shell thickness ~6 nm for the core shell NPs. Figure 6(e)
demonstrates the histogram for its size distribution and the average size of NPs was found to
be 18 nm. The SAED pattern for the same is given in Figure 6(e). Here, the agglomeration of
nanoparticles exists that leads to formation of bigger nanoparticles. This is due to the occur-
rence of the opposite polarity (Na* and OH") on the different NPs.

Spherical nanoparticles are formed when the pH of the sample is 7 (i.e.,, NPs prepared in
pure water). Interestingly, when we add HCl in water and make the pH of the solution to 2.3,
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Figure 6. (a—c) TEM images of Bi NPs, particle size distribution, and SAED pattern in aqueous solution of H. (d—f) TEM
images of Bi NPs, particle size distribution and SAED pattern in aqueous solution of HN. Inset of figure in (d) shows
formation of core shell NPs. (g-i) TEM images of Bi NPs aqueous solution in water + HC with enlarged view of NPs with
core size in the inset, particle size distribution and its SAED pattern (reproduced from Kumar et al. [48]).

the prepared NPs appear as hollow core shell NPs as shown in the TEM micrograph in
Figure 6(f). The average size of the NPs ranges between 15 and 45 nm (see Figure 6(g)). A few
particles are bigger as they have swollen up. The diameter of the hollow core and thickness
of shell is measured to be 20 and 10 nm, respectively, as shown in the inset of Figure 6(g).
Figure 6(h) shows the size distribution of the particles with average size of 21 nm. The SAED
pattern presenting polycrystalline character is revealed in Figure 6(i). All annotations provide
evident confirmation that the shape of NPs depends on the pH of the used medium. The char-

acter of NPs transforms to hollow from core shell if we alter the pH and change it to acidic
from the basic one.

The formation of hollow NPs can be understood on the basis of the Kirkendall effect [25].
The creation of bismuth nano particles initiate as soon as the laser beam is incident on the
metallic plate of bismuth and focused carefully. Now the pH of the medium plays a crucial
role. Spherical Bi NPs are formed in neutral pH. But the case differs for the acidic medium,
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as a few of the formed bismuth NPs react with the medium to produce bismuth oxychloride
(BiOCl) that gets coated on the bismuth core NPs with the passage of time of ablation. It is
noteworthy that the diffusion of bismuth ions is exceedingly rapid when compared to that
of chloride ions. The difference in the diffusion rate generates vacancies in the core of bis-
muth NPs, and when these vacancies are formed in surplus, these join together to form voids.
Because of these analogous reasons and facts, core-shell configuration is commonly observed
to form voids in larger NPs. Even the created voids are not proportional in every case. This
is probably owing to formation of partial hollow nanospheres as observed in CdS/Cd hollow
NPs by researchers [5].

One does not observe the formation of hollow NPs when pH of media changes to basic. The
reason accounted for this is possibly that in this case, bismuth hydroxide forms the shell
and gets deposited on the bismuth core. Here in this case, the diffusivity of hydroxide ion is
greatly better than that of bismuth ion. Consequently, there is a superior possibility of forma-
tion of vacancies in the core to acquire a core-shell type structure. This, moreover, augments
the density of particles in the core and diminishes their amount in the shell.

3.2. Structural study using scanning electron microscopy (SEM)

Bi NPs in aqueous solution of H, HN, and HC, respectively, were added to the polymer films
and their SEM images are shown in Figure 7(a—c). The nanoparticles appear embedded in the
case of water and basic medium, but in acidic media, some of the bismuth NPs reacts with
acid to form flower-like clusters of BiOCI that are quite obvious in Figure 7(c).

3.3. Raman measurement

To understand the formation of Bi NPs and their compounds attributed to different environ-
ments (H, HN, and HC), the Raman spectra of colloidal Bi NPs were measured. Raman spec-
trum of Bi NPs in aqueous solution of water (H), water + NaOH (HN), and water + HCI (HC),

Figure 7. SEM images of Bi NPs in polymer films with H (a), HN (b) and HC (c) respectively (reproduced from Kumar
et al. [48]).
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respectively, in the range 50-400 cm™ are depicted in Figure 8(a)—(c). The spectra demonstrate
numerous active vibrational modes in this frequency range. These bands are customized by
the environment and bestow lucid information about molecules formed in different media.

Figure 8(a) shows the Raman vibrational peaks owing to Bi NPs in water. Two vibrational
bands at 66.48 and 92.51 cm™ are observed that can be attributed to pure Bi NPs in the host
[11, 18, 30, 31]. Both these peaks depend upon the particle size. The former lower frequency
band is assigned to the E, mode and the later corresponds to A, mode. Generally, the vibra-
tional frequencies of A, mode of Bi NPs lie between 85 and 95 cm™, and the Raman frequen-
cies of the lower E_ mode lie between 59 and 75 cm™, which get somewhat modified with the
size of the nanoparticles and transfer toward lower frequencies for smaller nanoparticles.

But the case is very different on changing the pH of the medium by adding NaOH (HN).
Figure 8(b) depicts the Raman vibrational peaks of Bi NPs in HN. The peaks for the E_ and
A,, modes in the basic medium shift to 65.25 and 92.73 cm™ with full width at half maxima
9.86 and 10.51 cm™, respectively. Two other peaks also emerge at 121.82 and 312.56 cm™ in
the spectrum. These Raman bands are assigned to Bi—O stretching vibrations confirming that
the species formed as nanoparticles are due to a-Bi,O, [8, 15]. Similarly, by decreasing the pH
of the medium on the addition of considerable quantity of HCI to make it acidic, namely HC,
the intensity of the Raman bands gets reduced when compared with the bands of Bi NPs in H
and HN (see Figure 8(c)). In this case, an intense peak is seen at 141.24 cm™ along with weak

. 5000
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:—« - (a)
£=° 3000
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§ 2000 - ———— 2. 51 cmr
E .
1000 - R, N
‘ " v y v b . . " " ‘ ‘ .
50 100 150 200 250 300 350 400
Raman shift (cm )
3000
) - 65.24 cm Bi NPs in HN
- 2500 - p (b)
£ 3900 92.73cm 312.56 cm ™)
E . 121.82 cm
= 1000 - B
] 4
soo-{ . e sseanceesmene T T
50 100 150 200 250 - 300 350 400
Raman shift (cm )
1000 . -
800 ] 59.69 cm™! Bi NPs in HC
/-_\ - c
=. 600 —-_ 73.27 em-1 - 141.24 cm-1 ( )
= 400 92.85 cm
= 200 ] =
= 1 105.53 cm
o 0 -
= 200 -
-400 ' . . . v . v . . . v . ;
50 100 150 200 250 300 350 400

Raman shift ((:m'1 )

Figure 8. (a—c) Raman spectrum of Bi NPs in aqueous solution of water (H), water + NaOH (HN), and water + HCI (HC),
respectively (reproduced from Kumar et al. [48]).
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bands observed at 59.69, 73.27, 92.85, and 105.53 cm™. The weaker Raman bands are assigned
to the E_and A, modes of vibration for Bi in a-Bi,O,. The band observed at 105.53 cm™ may
be attributed to Bi for a-Bi,O, phase [12, 32]. The two peaks observed in HN at 121.82 and
312.56 cm™ disappear here. This shows that the vibrational modes of Bi in a-Bi,O, dominate
over Bi—O vibration in a-Bi,O,. In this case (i.e., HC), two new Raman peaks are observed at
141.24 (stronger) and 59.69 cm™ (weaker) due to BiOCl molecule [45, 47]. The former peak is
attributed to internal stretching of Bi—Cl, and the later weaker one is assigned to its external
stretching [39-41]. A weak band appears at 396 cm™, which is a consequence of the motion of
the oxygen atom and designated as B, band, but it is not optically considerable in this case.
It is necessary to mention that in the laser ablation synthesis in solution, momentous chemi-
cal processes occur after the ablation of the target. Consequently, the intensity of the peaks
is correlated to the concentration of a particular species developed at that instant. Thus, one
may infer that the intense band at 141.24 cm™ due to BiOCl evidently suggests its larger con-
centration. The positions of the Raman peaks for Bi NPs in H, HN, and HC along with their
full width at half maxima (FWHM) and their respective intensity are tabulated in Table 1.

3.4. UV-Vis absorption

Figure 9 shows the absorption spectra of Bi NPs in H, HN, and HC solutions. The absorption
peak for Bi NPs in water emerges at 265 nm. This is accredited to the plasmonic peak frequency
of Bi NPs. In the case of HN, two peaks are observed. The first peak at 233 nm is attributed to
the plasmon frequency of Bi,O, and the second peak at 274 nm is associated with that of Bi NPs.
There is a shift in the Bi plasmon peak toward higher wavelength in this case as compared to the
Bi plasmon peak in pure water (265 nm) that supports the agglomeration of Bi NPs. Absorption

Bi NPsin H Raman peak 66.48 92.51 — — —
position (cm™)
FWHM (cm™) 7.49 5.78 — — —
Normalized 0.99 0.44 — — —
intensity

BiNPsin HN  Raman peak 65.25 92.73 121.82 312.56 —
position (cm™)
FWHM (cm™) 9.86 10.51 3.71 33.06 —
Normalized 0.98 0.71 0.26 0.17 —
intensity

Bi NPsin HC ~ Raman peak 59.69 73.26 92.85 105.53 141.24
position (cm™)
FWHW (cm™) 2.86 4.89 4.04 2.71 9.01
Normalized 0.80 0.74 0.69 0.70 0.98
intensity

Table 1. Raman peaks position, FWHM, and normalized intensity of Bi NPs in water (H), water + NaOH (HN), and
water + HCL (HC).
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Figure 9. UV-Vis-NIR absorption spectrum of Bi NPs in aqueous solution of H, HN, and HC and inset figure shows their
corresponding color (a) (reproduced from Kumar et al. [48]).

spectra for Bi NPs in HC sample show a weird behavior with absorption peaks at 245, 285, and
309 nm that are attributed to Bi,O,, Bi NPs, and BiOCI. The main plasmon peak is shifted slightly
further toward higher wavelengths. The shifting of the absorption peak to the higher wave-
length region is an indication of increased agglomeration of NPs. Wang et al. [41] have reported
the absorption peak at 267 nm due to semimetal bismuth NPs in PVP solution. Creighton and
Desmond [6] have reported the absorption band around 270-280 nm for bismuth particles of
size ranging in 10 nm. This inconsistency in intensity of the absorption peaks appears as an out-
come of the concentration of the species in solution. The inset to Figure 9 shows the color of the
colloidal solution after ablation. Different colors signify formation of Bi NPs and their conver-

sion to additional forms, namely Bi O,, BiOCI, or Bi NPs and its core shell structure.

The surface Plasmon resonance is the characteristic of NPs embedded in a dielectric host
and is ascribed to combined oscillations of the electrons responding to the optical excitation
energy. Optical absorption spectrum of Bi NPs prepared in water by laser ablation for 20 min is
shown in Figure 10, which depicts its characteristic surface plasmon resonance peak at 267 nm
together with a diminutive band at 283 nm that may be assigned to ‘S, ,—?P, , of Bi’ transitions
[33]. On ablation of the bismuth target for 40 min, the peak at 267 nm is observed to diminish,
and the intensity of the peak at 283 nm started increasing, which indicates that the Bi** ions
are reduced completely to bismuth NPs [9, 17, 40, 41] Also, it is observed that the NPs get
agglomerated giving bigger-sized NPs on ablation for a longer period and, hence, absorption
at a longer wavelength. Gutierrez and Henglein [14] reported that nanometer-sized bismuth
particles exhibited an absorption at ~253 nm, and according to Creighton and Desmond [6],
the first absorption band of 10 nm bismuth particles should appear around 270-280 nm. Poly-
vinylpyrroldone-stabilized bismuth NPs have been synthesized by Wang et al. [41] with an
absorption peak at 281 nm. Our result fits well with the above two literature values.

The absorption spectrum of (Tb(Sal),(Phen)) complex in PVA with and without laser-ablated
Bi NPs are also shown in Figure 10. The (Tb(Sal),(Phen)) complex in the PVA film shows a
band centered at 315 nm that may be attributed to the S;—S, singlet state absorption of sali-
cylic acid. Also, the absorption band due to m—m* transition of PVA exists in this region, so
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Figure 10. Absorption spectra of Bi NPs in water ablated for 20 min, (Tb(Sal),(Phen)) complex in PVA and (Tb(Sal),(Phen))
complex with Bi NPs in PVA (reproduced from Kaur et al. [24]).

there may be an overlapping of the absorption bands of PVA and Sal. The (Tb(Sal),(Phen))
complex with Bi NPs in PVA illustrates an absorption peak for Bi NPs along with the absorp-
tion band of Sal. It is observed that this band of Sal shows a red shift of ~8 nm on addition
of Bi NPs along with the (Tb(Sal),(Phen)) complex in PVA film. The shift can be ascribed to
aggregation of the complex through NPs.

4. Excitation spectra

The photoluminescence excitation spectra of Tb** ions in PVA, Tb*" ions with Bi NPs in PVA
and (Tb(Sal),(Phen)) complex with Bi NPs in PVA corresponding to the °D,—’F, transition of
Tb*" ion monitored at 544 nm were recorded and are shown in Figure 11.
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Figure 11. Excitation spectra of Tb* ions in PVA, Tb* ions with Bi NPs in PVA and the (Tb(Sal),(Phen)) complex with Bi
NPs in PVA corresponding to the °D,—F, transition of Tb** ions monitored at 544 nm (reproduced from Kaur et al. [24]).
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The excitation spectrum of Tb* ion in PVA sample also shows a few weak bands at 341, 352, 358,
369, 377, and 488 nm wavelengths corresponding to absorption of Tb* ions. When Bi NPs were
added to TbCl,, the excitation intensity of the bands got improved. There also appears a weak
broad plasmonic band for Bi NPs at 285 nm. The excitation spectrum (Tb(Sal),(Phen)) complex
and laser-ablated Bi NPs in PVA depicts an extensive excitation band between 275 and 375 nm
that may be attributed to n—mt* transition of the salicylate ligands. There seems to be appreciable
enhancement in the intensity of the bands corresponding to the Tb* ion emission. This vividly sig-
nifies effectual sensitization of Tb** ions by the ligands pointing to a competent antenna effect [20].

5. Photoluminescence using 266 nm wavelength

The photoluminescence spectra depicts the emission bands of Tb** ions, Tb** ions with Bi NPs
and the (Tb(Sal),(Phen)) complex with Bi NPs in PVA in the range of 375-700 nm on excitation
with the SPR band of NPs using 266 nm radiation and is shown in Figure 12.

The spectra of Tb* ions exhibit characteristic emission peaks at 487, 544, 583, and 618 nm for
Tb** ions emanating from °D 4—>7F] (J = 6, 5, 4, 3) transitions, respectively, and among them,
the °D,—’F_ transition (544 nm) is the most intense one. The emission intensity of Tb** bands
was enhanced on incorporating Bi NPs, but the effect is more prominent in the case of the
(Tb(Sal),(Phen)) complex in PVA as in this case, the emission emanating from the °D, level also
appear, which is an additional interesting feature.

The mechanism for augmentation of the emission intensity of the observed transitions may be
elucidated with the help of a partial energy-level diagram showing different routes of excita-
tion of Tb* ions, and the respective emissions are shown in Figure 13. Primarily, the 266 nm
photon excites the °H, level through the “F,—°H, absorption transition of Tb>* ions. Then the
excited Tb** ions relax nonradiatively down to °D, and °D, levels to yield the emissions from
these level to lower lying levels (7F]; J = 1-6). This excitation radiation, i.e., 266 nm, moreover,
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Figure 12. Photoluminescence spectra of Tb** ions (A), Tb* ions with Bi nanoparticles (B) and the (Tb(Sal),(Phen))
complex with Bi NPs (C) in PVA in the range of 375-700 nm using 266 nm radiation exciting the SPR band of Bi NPs
(reproduced from Kaur et al. [24]).
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Figure 13. Partial energy-level diagram showing different routes of excitation of Tb*" ions and the respective emissions
exciting the SPR band of Bi NPs and the Sal ligand, respectively, on excitation with 266 and 355 nm radiations for
improved green emission. The inset to the figure depicts Tb*" ions, Bi NPs, and (Tb(Sal),(Phen)) complex in PVA host
presenting the plasmonic and the field effect to boost the emission of Tb*" ion. SPR refers to surface plasmon resonance,
LFE stands for local field effect, and ET represents energy transfer (reproduced from Kaur et al. [24]).

excites the surface plasmon band of Bi NPs. This engrossed excitation energy from the surface
plasmon band of Bi NPs is transferred to Tb* ions. It further improves the build up of popula-
tion of higher °D, and °D, levels of Tb** ion. This is cause for enhancement in the photolumi-
nescence emission intensity. The great absorption cross-section of the bismuth plasmon band
grounds for an amplified excitation of °D, level of Tb** ion by means of energy transfer from the
excited surface plasmon resonance band of Bi NPs. It is noteworthy to mention that the ligand
Sal does not absorb at 266 nm radiation as no energy level of Sal exists at this energy. It merely
encapsulates the Tb* ion to cut it off from the host vibrations and intensifies the emission from
the complexed Tb> ion, thus resulting in the emergence of emission from the °D, level.

6. Photoluminescence using 355 nm wavelength

The photoluminescence spectra of Tb** ion, Tb** ion with Bi NPs and (Tb(Sal),(Phen)) complex
with Bi NPs in PVA in the range between 375 and 700 nm using 355 nm excitation radiation,
namely, nonresonant excitation is shown in Figure 14. The photoluminescence emission spectra
is similar to the previous one, but the photoluminescence emission intensity for (Tb(Sal),(Phen))
complex with Bi NPs is enhanced to a large extent in the present case. This improvement in the
photoluminescence emission intensity can be understood by the following mechanism.

This nonresonant 355 nm excitation radiation excites equally the Tb* ion in addition to the Sal
ligand to their excited states. It should be mentioned here that the Bi NPs do not absorb this
wavelength. This incident excitation energy is directly absorbed by the °L, level of Tb** ion. It
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Figure 14. Photoluminescence spectra of Tb* ions (A), Tb* ions with Bi NPs (B), and (Tb(Sal),(Phen)) complex with
Bi NPs (C) in PVA in the range of 375-700 nm on excitation with 355 nm radiation (reproduced from Kaur et al. [24]).

then relaxes nonradiatively and populates the emitting °D, level. Along with this, the optical
energy absorbed by the Sal ligand is also transferred to the resonating Tb* ions populating the
°D, level via intersystem crossing and the consequent energy transfer process that is the reason
for enhancing the emission intensity. Also, the Bi NPs form a local plasmonic field around the
(Tb(Sal),(Phen)) complex, and the high-field gradients of NPs increase the lifetime of the emit-
ting °D, level of Tb** ions [42]. The coupling between the radiative transitions, and the field effect
is the fundamental basis for the enhancement in intensity as shown in the inset of Figure 14.
The increase in the lifetime of the °D, level of Tb>* ion is clearly observed in the decay curves for
the °D,—7F, transition of Tb* ions in the presence and absence of Bi NPs (as seen in Figure 15).
Herein, the point to mention is that different transitions of Tb* ion respond differently to the
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Figure 15. The decay curves for the °D,—’F, transition at 544 nm of Tb* ions with and without NPs and the (Tb(Sal),(Phen))
complex with and without Bi NPs in PVA using 355 nm radiation (reproduced from Kaur et al. [24].
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local field gradients of Bi NPs. The reason behind this may be that magnetically allowed dipole
transitions differ in interaction with the surface plasmon field of NPs than the electrically
allowed dipole transitions. Nevertheless, the photoluminescence emission intensity of Tb** ion
on excitation with 355 nm nonresonant radiation is larger to a great extent than that of 266 nm
resonant excitation. It undoubtedly reveals that the transfer of energy to Tb** ions through the
salicylic acid ligand is more proficient as compared with other channels of energy transfer.

7. Time-resolved photoluminescence spectroscopy

Figure 15 represents the decay curves for the °D,—’F, transition monitored at 544 nm of Tb*
ions with and without Bi NPs and the (Tb(Sal),(Phen)) complex with Bi NPs in PVA using
355 nm radiation.

The decay curves were fitted with first-order exponential fits that lead to a larger lifetime of
°D, level of Tb** ions in the presence of NPs. The values obtained for lifetimes are tabulated
in Table 2.

This increase in lifetime is explained due to the local surface fields of Bi NPs as given in the
inset of Figure 13. Thus, photoluminescence properties of polymer-doped RE complexes can
be improved by adding NPs [22]. There is a substantial improvement in the lifetime values
when Bi NPs are added to the TbCl, in PVA and, alternatively, for the (Tb(Sal),(Phen)) com-
plex, there is just a small increase in the lifetime.

Sample Lifetime (us)
Tb* ions in PVA 287
Tb* ions with Bi NPs in PVA 399
(Tb(Sal),(Phen)) in PVA 625
(Tb(Sal),(Phen)) with Bi NPs in PVA 659

Table 2. The values for the lifetime of Tb* ions, Tb* ions with Bi NPs, (Tb(Sal),(Phen)) complex with Bi NPs, and
(Tb(Sal),(Phen)) with Bi NPs in PVA.

8. Conclusion

To recapitulate, bismuth nanoparticles have been prepared by laser ablation technique at in
different aqueous solutions, namely water, water + sodium hydroxide, and water + hydrochlo-
ric acid. TEM micrographs confirm the formation of spherical, core shell, and hollow spheres
in H, HN, and HC, respectively, with variation in size. Further, the Bi NPs were subsequently
scattered with Tb* ions and their complex with salicylic acid (Sal) and 1,10-phenanthroline in
aqueous solution of polyvinyl alcohol to get thin polymer films. Then the photoluminescence
properties of Tb* ions and the (Tb(Sal),(Phen)) complex were studied using 266 and 355 nm
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as excitation wavelengths. The emission efficiency of Tb* ions and their complex is seen to be
enhanced in the presence of Bi NPs on excitation with both the radiations. On 266 nm exci-
tation, a comprehensive photoluminescence emission spectrum of Tb** ions is observed for
Tb(Sal),(Phen) complex with Bi NPs spanning the region between 375 and 700 nm depicting
transitions from °D,/°D, levels to diverse ’F, levels. It is worthy to mention that the lumines-
cence enhancement is better for (Tb(Sal),(Phen)) complex with 355 nm excitation radiation.
The augmentation in intensity is ascribed to the coupling of plasmonic and local field effect of
Bi nanoparticles on Tb*" ion that influence the lifetime of radiative level of Tb* ion in addition
to transfer of energy from Sal to Tb** ion.
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