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The mechanism of photoluminescence enhancement and quenching in np-Nd,Oz:FLC nanocomposites
has been explored in the current study by UV-Vis and photoluminescence (PL) spectroscopy techniques.
UV-Vis absorption spectra of Nd>,Oz NPs in the 200—-800 nm range shows two absorptions at 248 nm
and 292 nm whereas pure FLC gives a broad absorption in the 265 nm to 348 nm region. PL emission
intensity of np-Nd,O3:FLC composites recorded at 248 nm excitation wavelength where Nd,Os NPs
show intense emission, increases with gradually increasing the concentration of NPs up to 8 pl. This
enhancement in PL intensity without blue/red shifting the FLC's emission band was attributed to the up-
conversion of doped Nd*' ions and transfer of excitation energy to liquid crystal molecules. When
excited with 248 nm, the Nd** ground state “l5,» absorption excites electrons to a higher excited state
2G5/2. The excited Nd** ions in 2G5,2 level relax non-radiatively to the metastable 2H11/2 state and then
re-excites to an unstable “Gyy/, level. The electrons populated in *Gyy/, release energy either radiatively
to different defect energy levels in the visible region or transfers this excitation energy to liquid crystal
molecules which resulted into the enhancement in PL emission intensity. On the other hand, emission
spectra at 303, 323, 333, 343 nm excitation wavelengths exhibit quenching of all emission bands in
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Introduction

Research in the field of nanoparticle (NP) doped liquid crystal
materials has increased exponentially due to the combination
of two recent active areas of nanoscience and liquid crystals
(LCs). The nanomaterial dispersed LCs have enormous indus-
trial applications in the fabrication of better contrast lumines-
cent liquid crystal based displays and optoelectronic devices as
compared to earlier reported aerosil particle dispersed FLCs.""®
As of today, liquid crystals are an indispensible component of
modern display technology and they have also acquired a very
important place in various non-display devices such as optical
storage and optical switching owing to their unique ability of
reorienting the electric polarization. Recently, research on FLCs
doped with metal nanoparticles (MNPs) and metal oxide
nanoparticles (MONPs) reported the improvement in various
physical properties like electro-optic, magneto-optic, dielectric,
conductivity and luminescent behaviour of these colloids.”**
The coupling of quantum dots of various nanoscale materials
with LCs further encourages their use in the development of
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matrix and creation of non-radiative channels in the system.

new potential applications which are yet under investigation or
to be explored.

The optical properties of FLCs doped analogues with
dopants like dispersion of nobel metal gold, silver, platinum
of size ~5 nm and palladium NPs,”*"® barium titanate
(BaTiO3) NPs,'® rare earth oxide nano-ceria'’ and ZnO/ZnS
quantum dots'® etc. have been studied by electro-optic and
photoluminescence (PL) spectroscopy. Recently T. Lahiri
et al.*® developed a theory for the statistical mechanics of NPs
doped in FLC by assuming that the NPs in FLC medium
creates strong local fields that produce large alignment effects
over the distribution of the nanosuspensions. The enhance-
ment in PL peak intensity has been discussed in terms of the
coupling of localized surface plasmon resonance from MNPs
with distorted helical FLC molecules.” The increase in inten-
sity of PL absorption was nine folds in gold NPs doped dis-
torted FLC while two folds increase was reported in 0.2 wt%
BaTiO; doped FLC. The coupling of large dipole moment of
ferroelectric BaTiO; with FLC induces increase in PL intensity.
Kumar et al.*® reported photoluminescence phenomenon in a
deformed helix FLC due to presence of optically active phenyl
pyrimidine compound which is an electroluminescent mate-
rial. Hence, these studies are the benchmark for realization of
high luminescent next generation FLC devices with fast
response.

This journal is © The Royal Society of Chemistry 2015
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Rare earth compounds have unique properties and wide
uses owing to their special electronic configuration. The effi-
cient multicolour luminescence of rare earth ions has been
utilized in light emitting diodes (LEDs) and lasers.”*** The
host sensitization through energy transfer from the excited
host to rare earth ions is an effective way to restrict the parity-
forbidden f-f transitions. The luminescence of rare earth ions
is markedly improved by non-radiative energy transfer from
the triplet state of ligands to the crystal-field of the metal ions
in metal organic complexes. Among rare earth metal ions,
neodymium ion is used as a luminescent centre in laser
systems due to its four-level energy structure. The band gap
energy of Nd,O; nanoparticles lies in the range from 5.25 eV to
5.70 eV. The possibility of obtaining UV, blue, green and red
luminescence in the PL emission of Nd,O; NPs at different
excitation wavelengths has emerged the importance of these
NPs as high performance optical materials in various optical
device applications. Taking this in to consideration, we have
dispersed varied amount of Nd,O; NPs suspension in FLC and
characterized their FTIR, UV-Vis and photoluminescence
response in terms of varying NPs concentration and wave-
length of excitation.

Experimental

For current studies, electro-optic cells of thickness 4 pm were
procured from INSTEC USA. These cells consisted of square
patterned transparent and conducting (30 Q cm?) indium tin
oxide (ITO) coated optically flat glass substrates coated with a
polymer to entail a 180° (homogeneous) alignment of liquid
crystal layers over substrates.

In order to make np-Nd,O;:FLC nanocomposites, first of all a
suspension of Nd,O; NPs was prepared in double distilled
water. For suspension preparation, 0.001 g of Nd,O; NPs were
mixed in 100 ml of double distilled water and ultrasonicated for
1 h. Selective amounts of this suspension (i.e. 2, 3, 5 and 8 pl of
suspension) were added to a fix quantity of (4 mg) of FLC
material. All these mixtures were rigorously mixed to ensure
homogenous dispersion of NPs among FLC. Mixing process was
followed by repeated heating at 110 °C for complete evaporation
of water content before inserting the mixtures in to electro-optic
cells. Phase sequence of investigated FLC i.e., ZLi 3654 is as
follows:

62°C 76 °C 86 °C

Cryst. 0 Sme* SmA*

where Cryst., SmC*, SmA*, N*, and Iso. denotes crystal, chiral
smectic C, chiral smectic A, chiral nematic and isotropic phases
respectively.

To establish the size and phase purity of NPs, X-ray diffrac-
tion spectra of NPs was recorded by using X-ray diffractometer
(XRD, Bruker D8 Advance) using CuKa. radiation (A = 1.5414 A).
Transmission Electron Microscopy (TEM) studies were also
conducted to check the size of nanoparticles and their size
distribution using JEOL-JEM (1011) microscope. In order to
ascertain the optical quality of nanocomposites, optical micro-
graphs of the pure as well as NPs dispersed samples were first
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checked with the help of a polarising optical microscope (Ax-40,
Carl Zeiss, Gottingen, Germany). Further, to study the molec-
ular director change of FLC after NPs doping and to see the
interaction between NPs and FLC, transmission FTIR spectra
were recorded using FTIR ALPHA T (Bruker) instrument at room
temperature. UV-Vis absorption spectrum of NPs and FLC was
recorded using Shimadzu UV-Vis spectrophotometer (model no.
UV-2401 PV) in 200 nm-800 nm range. The photoluminescence
spectra (PL) of pure and Nd,O; dispersed samples were recor-
ded on a Fluorolog (JobinYvon-Horiba, model-3-11)
spectrofluorometer.

Results and discussion

Fig. 1 shows the XRD pattern of Nd,O; NPs which confirmed
phase pure hexagonal Nd,O; NPs (JCPDS card no. 41-1089)
without any impurity phases. Particle size was estimated using
Scherrer's equation®

K
~ Bypcosd

where k = 0.89 is a constant, ¢ is Bragg's angle and 3, is full-
width at half maximum (FWHM) intensity. Estimated particle
size was found to be 50 nm which is in accordance with the size
claimed (<100 nm) by supplier (Sigma Aldrich). TEM images of
nanoparticles in Fig. 2(a) exhibit the spherical shaped NPs with
estimated size in the range of ~15 £+ 2 nm. Due to small crys-
tallite size, the surface activity of these particles arising from
large surface area to volume ratio is very high which encourages
the agglomeration and stabilization of particles by forming
clusters of spherical shaped particles. Size distribution of NPs,
estimated from an average of 200 number of particles as seen in
TEM image, has been depicted through the histogram in
Fig. 2(b) and can be well fitted by the log normal distribution
function”

(1n<x/xc>>2)

A
=y + ———== exp| —
F=J w X xV27 p< 2 x w2

where “w” represents the standard deviation and “x.” is the
mean particle size. Further, to check the optical quality of
np-Nd,O3:FLC nanocomposites, textures of samples were
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Fig. 1 XRD pattern of Nd,Oz Nanoparticles.
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Fig. 2 (a) TEM image of the Nd,O3z NPs (b) particle size distribution
histogram (w is standard deviation and x. represents mean particle size
~15 £+ 2 nm).

analyzed under polarizing microscope and it has been found
that alignment of liquid crystal molecule did not get disturbed
in presence of Nd,O3; NPs even in the maximum concentration
(8 ul) used in the present study (Fig. 3).

FTIR spectroscopy has been used for the detection of vibra-
tional characteristics of functional groups present in FLC and
Nd,O3 nanoparticles dispersed FLC samples. IR transmission
spectra of pure FLC, Nd,O; nanoparticles (NPs) and NPs
dispersed FLC composites recorded in 4000-500 cm ™" region at
ambient temperature are presented in Fig. 4(a)-(c) respectively.
Since this ferroelectric LC mixture consisted of two compounds
with following structural formulas, various vibrational bands
are possible corresponding to the central aromatic core and
aliphatic terminal groups These spectra show characteristic
peaks of -C=N, -C-Cl, -COO, -CH,, -CH; and -C=C- aromatic
ring vibration of FLC and Nd-O stretching modes.**"’

14976 | RSC Adv., 2015, 5, 14974-14981
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Fig. 3 Polarising optical micrographs of (a) FLC (ZLi 3654) (b) 8 pl
Nd,Oz NPs dispersed FLC (ZLi 3654) (S) denote ‘scattered/dark’ and (B)
denote “Bright” states respectively.
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The peaks pertaining to -C=N stretch. vibration
(2231 em™ '), -C=C- aromatic ring vibration (1585 cm '), -C=N
ring stretch. mode (1542 cm™ '), CH, asym. bend. mode
(1499 cm™"), C-H out-of-plane bend. (822 cm™ "), -C-ClI out-of-
plane bending mode (798 cm™'), C-H out-of-plane bend.
(759 em™"), out-of-plane ~-C=C- ring bend. (654 cm ") remains
unaltered in presence of Nd,O; NPs whereas a small shift of 1-4
em™ ' is observed in the bands corresponding to the out-of-
plane C-C-Cl bend. mode, O=C=C asym. stretch. mode, CH;
sym. and asym. bend. mode, CH, sym. bend. mode, C-H
stretch. mode of CH; and CH, groups. C-H stretching and
symmetric bending mode of CH, group shifts from 2932 cm™*
and 1378 em™ ' (FLC) to 2928 cm™ ' and 1375 cm ' (Nd,O;
NPs:FLC) respectively. CH; symmetric bending mode is
observed at 1328 cm ™' in FLC and shift to 1326 cm ™" in NPs
dispersed FLC. On the other hand, in-plane OH bonded
aromatic ring bending mode and hydrogen bonded in-plane OH
bending of aromatic ester are obtained at 1300 and 1111 cm ™"
respectively in FLC and these peaks shift to 1303 to 1115 cm™
in np-Nd,O3:FLC nanocomposites. This confirms that the NPs
are interacting with the long terminal alkyl groups of aromatic
cored liquid crystal molecules whereas inner core remains
unaffected. The shift in the peak position to low wavenumbers

1
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Fig. 4 FTIR spectra of the (a) Nd,Oz NPs, (b) FLC mixture and (c) 2 ul Nd,Os NPs dispersed FLC.

with change in intensity reveals that Nd,O; NPs are weakly bonded (C=O---H) groups are strained and appear at higher
bonded to FLC alkyl chains by hydrogen bonding. While wavenumbers due to interstitial site substitution of NPs in FLC

aromatic core bonded ester carbonyl (O-C=0) and its hydrogen matrix. The appearance of Nd-O stretch. mode at 680 cm™ " in

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 14974-14981 | 14977
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np-Nd,O5:FLC further confirms the incorporation of NPs in FLC
matrix and their interaction with FLC molecules.

Optical absorption and emission properties of nano-
composites have been investigated by means of ultraviolet-
visible spectrophotometry and photoluminescence spectros-
copy. In order to find the desired excitation wavelength for PL
measurement, UV-Visible absorption spectra of Nd,O3; NPs and
FLC mixture were recorded in 200-800 nm region. As the
optimal wavelength for excitation corresponds to the maximum
of absorption spectrum, the PL spectrum were recorded at the
energy (corresponding wavelength) greater than or equal to the
value of band gap energy estimated from UV-Vis spectrum.

As demonstrated in Fig. 5(a), UV-Vis absorption spectra of
Nd,O3; NPs (~50 nm size) in 200-800 nm range shows two
absorptions at 248 and 292 nm with a tail of the absorption
extending well in the visible region (i.e. upto 800 nm). The
hump around 248 nm appears to be more prominent as
compared to the 292 nm absorption. The calculated band gap
energy for Nd,O; NPs ranges from 4.2 eV-4.98 eV due to varia-
tion in particle size because the highly active nanoparticles have
large surface to volume ratio and have tendency to form voids
on the surface as well as inside the agglomerated particles.
These voids have fundamental absorption in the UV range.*

UV-Vis spectrum of pure FLC (Fig. 5(b)) which consists of a
mixture of two complex organic molecules, exhibits a broad and
structureless absorption spectrum resulted from the superpo-
sition of absorption transitions arising from p-substituted
biphenyl core bonded to long aliphatic terminal chain, iso-
propyl group, substituted ethylene, hetero nuclear nitrogen
ring, nitrile, carboxylate ion, electron donating chlorine atom
present in FLC.”® The shift in UV absorption at 260 nm (onset
region) and 340 nm (falling off region) to higher wavelength as
compared to benzene ring UV spectrum with two primary bands
at 184 and 202 nm and a secondary band at 255 nm may be
attributed to increase in 7 conjugation in para-substituted
benzene ring, nitrogen atoms with unpaired electrons and
electron donating chlorine atom. In addition to these, n — 7*
transitions arising from non-bonding electrons of nitrogen,
oxygen and chlorine may also shift peaks to higher wavelength
depending upon their availability and concentration.

Based upon the characteristics absorption values noted from
UV-Vis spectra, PL emission of Nd,O; NPs were recorded at
205 nm, 248 nm and 292 nm excitation wavelengths and best
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Fig.5 UV-Vis absorption spectra of (a) Nd,Oz NPs and (b) FLC mixture
ZLi 3654.
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response was observed at 248 nm wavelength as shown in Fig. 6.
These emission spectra exhibit a series of emission peaks with
maxima at ~345-397 nm (UV), ~425-475 nm (blue), ~545-560
(green) and ~613 (red) wavelength regions. The broad emission
band in the UV region appears due to the singly ionized oxygen
vacancies in Nd,Oj; (ref. 20) by the radiative recombination of
photo-generated hole with an electron occupying at the oxygen
vacancy.” The origin of visible emission i.e. blue, green and red
emissions has been attributed to the recombination of electrons
in the shallow defect levels with the photo excited holes in
valence band. The ultraviolet (UV) emission transitions arise
from the Nd*' ion transition from “D;, — Iy, and ?P,, —
M43 or *D3;, — 113/, levels. The blue, green and red emission
band appears from (‘I — *Pgj2, “Kisp), (‘Lo = *Gsja, *Gyp)
and (*Iy;, — *Hyy,) transitions respectively.?°

PL spectra of pure FLC at different excitation wavelengths
ranging from 303 to 343 nm is presented in Fig. 7(a). Emission
spectra are broad in nature and composed of three or four
submerged components. Gaussian fit for the PL peak at 343 nm
excitation shows four submerged components at 397, 451,
510 and 527 nm (Fig. 7(b)). First major peak at 399 nm occurred
in all the excitations with maximum intensity at 343 nm exci-
tation and highest intensity emission peak at 450 nm was
observed at 303 nm excitation. The position of 399 nm emission
peak remains same with change in excitation wavelength. This
UV emission peak corresponds to the radiative relaxation of
electrons from the lowest unoccupied molecular orbital (LUMO)
to the highest occupied molecular orbital (HOMO) energy levels
in the FLC." While, the visible emissions in 450-510 nm range
exhibit continuous red shift with gradual fall in intensity on
increasing excitation wavelength. The red shift in emission
spectra can be understood in terms of columnar aggregates
formation between the two structural components of FLC.
Aromatic rings of these components arrange themselves in such
a manner that the intermolecular distance between them is in
the range of their van der Waals radii. In PL spectrum, excited
state of such columnar structure is red-shifted due to delocal-
ization of excited wave function over several subunits/molecules
within the stack of molecules and lowering of energy relative to
the localized excited state wave function of their monomer unit.
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Fig. 6 Emission plots for the Nd,Os NPs at different excitation
wavelengths.
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Fig.7 (a) Emission plots for the FLC material at different excitation wavelengths, (b) Gaussian fit for the PL peak at 343 nm excitation shows four

submerged components at 397, 451, 510 and 527 nm.

This kind of excitation wavelength dependence is not reported
so far for ferroelectric liquid crystals.

PL spectra of FLC with x-Nd,O; nanoparticles (NPs):FLC
composites (x = 2, 3, 5 and 8 ul) were recorded at different
excitation wavelengths i.e. 248 nm (4.9994 eV), 303 nm (4.0919 eV),
323 nm (3.8385 eV) and 343 nm (3.6147 eV) to understand the
effect of excitation wavelength on enhancement and quenching
of PL emission and shift in their peak positions.

As shown in Fig. 8(a), PL spectra recorded at highest excita-
tion energy i.e. at 248 nm showed enhancement in intensity of
all emission peak without any blue or red shift with the increase
in Nd,O; NPs concentration in FLC. The peaks intensity
enhancement with incorporation of Nd,O; NPs in FLC matrix at
248 nm has been explained in terms of the introduction of more
radiative levels in the host FLC by Nd,O; NPs and easy transfer
of energy from the emitted Nd** ion photons to FLC host matrix
to felicitate more transitions at this wavelength. The proposed
mechanism for the PL peaks enhancement recorded at 248 nm
has been demonstrated on the basis of up conversion mecha-
nism for doped Nd*" ions: its ground state Iy, absorption
excites electrons to higher *Gs, excited state. The excited Nd**
ions relax non-radiatively to the metastable *H;,,, state and
then re-excites to unstable “G,y,, level. The ion populated in
%G1/, either relax radiatively to different energy levels in visible
region or transfers this excitation energy to liquid crystal
molecules which resulted into the enhancement in PL emission
intensity.
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As shown in Fig. 9(a), at 303 nm excitation wavelength, PL
spectra of pure FLC and (2, 5, 8 ul) Nd,O3; NPs:FLC nano-
composites give a weak peak at ~399 nm, very strong peak
~450 nm with very components at ~530 nm and ~670 nm. The
intensity of these peaks reduces on increasing the Nd** ions
concentration in FLC matrix. The quenching in PL peaks is
attributed to the disorder induced by the Nd,O; NPs in FLC
matrix and formation of non-radiative channels in the system.
The cross relaxation process takes place by an efficient non-
radiative electron transfer process from FLC to Nd** because
the host sensitized emissions have more efficient pathway than
a direct excitation of Nd** jons.*"%

A very similar quenching effect could also be seen at
(Fig. 9(b)—(d)) higher excitation wavelength i.e. 323, 333 and
343 nm. In 323 nm excitation wavelength PL spectra of these
samples, a broad absorption with strong peak at 401 nm in pure
FLC which red shifts on adding Nd,O; NPs in FLC and very
strong peak at 484 nm. The broad emission bands arises from
the quantum-confined excitonic states in FLC host and with
shift in wavelength as compared to pure Nd,O; NPs. This may
be explained in terms of the change in population of Nd** ions
at different excited levels. In these spectra the red emission
transitions are not observed. While in 343 nm excited wave-
length, PL mission spectra of these samples show broad
absorption with three peak maxima at ~360 nm, ~475 nm and
~530 nm in pure FLC and these peaks shift to higher wave-
length in Nd,O3; NPs dispersed composites quenching in their

1,=248nm

PL Intensity (a.u)

T T - T '\ T T T
200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 8 (a) Emission response of FLC and their NPs doped analogues at 248 nm excitation (b) Gaussian fit for the PL emission peak shows three

submerged components at 390, 498 and 672 nm.
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Fig. 9 Emission plots for FLC pure and Nd,Osz dispersed samples (a) Aext = 303 NM (D) Aext = 323 NM (C) Aext = 333 nm and (d) Aeyr = 343 nm.

intensity on increasing NPs concentration. In these spectra UV
emission peak component at ~360 nm corresponds to the band
gap absorption peak of FLC arising from near band edge
emission via recombination of free exciton through an exciton-
exciton collision process. The other components are observed in
blue and green region of visible spectrum.

Conclusion

Optical properties of Nd,O; NPs dispersed ferroelectric liquid
crystal (FLC) have been investigated by UV-Vis, PL and FTIR
analytical techniques. IR transmittance spectra revealed the
interaction of NPs with the long terminal groups of aromatic
cored liquid crystal molecules whereas their inner core remains
unaffected. The change in intensity and shift in peak positions
of some bands have been attributed to change in crystalline
field effect induced by the incorporation of Nd,O; NPs in FLC
matrix. The mechanism of enhancement and quenching in PL
intensity of FLC-Nd,O3; nanocomposites at different excitation
wavelength has been demonstrated from UV-Vis and photo-
luminescence (PL) studies. UV-Vis absorption spectra of Nd,O3
NPs shows two absorptions at 248 and 292 nm in the visible
region whereas pure FLC has a broad absorption arising from
the superposition of transitions from p-substituted biphenyl
core bonded to different groups like long aliphatic terminal
chain, isopropyl group, substituted ethylene, hetero nuclear
nitrogen ring, nitrile, carboxylate ion, and electron donating
chlorine atom etc. PL spectra of FLC with excitation wavelength
dependence has been reported first time and the variations are
explained in terms of the complex structure of FLC with various
electron donating and withdrawing functional groups and

14980 | RSC Adv., 2015, 5, 14974-14981

hetero atoms with unpaired/non bonded paired electrons which
create large number of defect levels in FLC band structure. PL
emission of np-Nd,O;:FLC nanocomposites recorded at an
excitation wavelength where Nd,O; NPs show intense emission,
i.e. 248 nm, exhibits an enhancement effect with gradually
increasing the concentration of NPs upto 8 pl. While emission
spectra at 303, 323, 333, 343 nm excitation wavelengths show a
quenching of all the emission bands in FLC-NPs nano-
composites owing to the disorder caused by Nd,0; NPs and
creation of non-radiative channels in the system. These char-
acteristics make these materials good candidates for applica-
tions in future organic electronic devices.
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