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A novel chiral nematic luminescence film is fabricated by incorporating the YVO4:Eu®*" nanoparticles
with cellulose nanocrystals. We have shown that these nanoparticles could attach to the surface of twisted
nanorods of cellulose, exhibiting electronic transition-based hierarchical chiroptical activity, responsible
for strong circularly polarized emission and high luminescence polarization dissymmetry factor.

Introduction

Circularly polarized excitation (CPE) reflects the chirality of
materials in ground-state structural features, as a particularly
sensitive technique has attracted considerable attention due to its
high specificity and potential applications in the photonic
devices, such as light-emitting diodes, optical amplifiers and
information storage.”® The omnipresence of chirality demands
urgent development of circularly polarized luminescence
microscopes making exploration of chiral environments an easy
task.” Chiral liquid crystals are smart stimulus-responsive
materials with promising applications in chiral photonics.? A
hybrid system of chiral liquid crystal materials doped with
fluorescent species has been discovered, and the emission is
found to be circularly polarized to an extend that depends on the
degree of alignment of the guest luminophor within host matrix.*
1 As we know, the rare-earth doped nanoparticles (NPs) have
good hydrothermal stability as well as rich emission spectrum
due to their unique 4f-4f inner-shell electron transitions,*? chiral
assembly of them could give rise to a chiral electronic transition
combining with interesting CPE properties.

Cellulose nanocrystals (CNCs), which can be obtained by acid-
hydrolysis of bulk cellulose,”® have garnered a tremendous
attention in the materials science because of their unsurpassed
quintessential physical and chemical properties'® >, CNCs have
high mechanical strength, optical transparency and excellent
dispersibility in water. During low concentration, they can form a
chiral nematic lyotropic liquid crystal phase with locally uniform
orientation of the rods along a common direction, which can be
preserved upon air-drying, resulting in iridescent films. A chiral
nematic film of CNCs with helical pitch as short as the
wavelength of visible lights exhibits strong circular dichrosim
(CD).’ The band-gap position for the chiral nematic CNCs can
be tuned from visible to near-infrared light region by changing
preparation conditions, such as ultrasonic treatment and adding
salt'”°. The chiral nematic ordering of CNCs can be transferred
to inorganic materials through replicating and imprinting as
demonstrated by prior work.?% ?* Organization of rare-earth doped
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luminescence NPs into the chiral nematic matrix of CNCs has, to
the best of our knowledge, not yet been reported.
Here we present a straightforward and cost-effective approach

so to fabricating the chiroptical luminescence hybrid films by

incorporating YVO,:Eu** NPs into the chiral nematic matrix of
CNCs, designated as CY films. The CY films exhibit unique CPE
properties due to the combined merits of rare-earth doped NPs
and chiral photonic structure of CNCs. The YVO4Eu*" NPs
could adsorb on the surface of CNCs nanorods, giving rise to a
strong electronic transitions-based CD signal, stronger in CY
films than that in the mixed solution. The CD signals of the CY
films can be modulated by varying the YVO,:Eu** NPs loading
and with the aid of ultrasound treatment.

Experimental Section
Materials and characterization

All Chemicals were used as received without further purification.
Europium nitrate hexahydrate (Eu(NO3);-6H,0, 99.9%), yttrium
nitrate  hexahydrate (Y(NO3);-6H,0, AR) and sodium
orthovanadate (NaVO,-12H,0, 99.9%) were purchased from
Aladin Industry corporation. Sodium citrate (CgHsNazO7, 99%)
and sodium hydroxide (NaOH, AR) were purchased from Beijing
Chemical Works. Cotton pulp board was purchased from Hebei
Paper Group of China.

Powder X-ray diffraction (XRD) patterns were recorded using
a Rigaku D/Max 2550 X-ray diffractometer (Cu K radiation, A =
15406 A). Surface morphologies were characterized using
JEOL-6700 F field emission scanning electron microscope (SEM)
at an accelerating voltage of 3 KV. Transmission electron
microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) were conducted on a FEI Tecnai G2S-
Twin with a field emission gun operating at 200 KV.
Transmission UV-visible spectroscopy was carried out on a
Shimazu UV-1800 UV-Visible spectrophotometer. Spectra were
collected by mounting free-standing films so that the surfaces of
the films were perpendicular to the beam path. Circular dichroism
(CD) spectra were recorded on a BiolLogic MOS-450
spectropolarimeter and the solid samples were mounted normal to
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Excitation light

Scheme 1 Schematic illustration of the home-made left/right- handed circularly polarized optical set up for the CPE spectra.

the beam. Polarized optical microscopy (POM) image was
conducted on Olympus BX51-P microscope with images taken by
polarizers in a perpendicular arrangement. Zeta potential was
measured on Malvern Zetasizer Nano-ZS90. The fourier
transform infrared spectrum (FTIR) was conducted on Bruker IFS
66V/S spectrometer. Photoluminescence spectra were recorded on
FluoroMax-4 fluorescence spectrophotometer (Horiba Scientific)
equipped with a 450 W Xe-arc lamp and a home-built laser
system consisting of a Nd:YAG pumping laser operating at 465
nm for fluorescence excitation, the third-order harmonic
generator (355 nm), and a tunable optical parameter oscillator
(OPO, Continuum Precision Il 8000). It has pulse duration of 10
ns, repetition frequency of 10 Hz, and line width of 4-7cm™. The
direction of detection was normal to the film surface, whereas the
excitation beam from the opposite side of the film was oriented at
a certain angle to the normal. The circularly polarized excitation
(CPE) spectra were obtained using a combination of a linear
polarizer with a broad-band quarter-wave plate (Scheme 1).

Preparation of hybrid chiral nematic films of CNCs and
YVO,:Eu®" NPs

The preparation of CNCs and YVO,:Eu®** NPs was accomplished
according to the reported procedures?® 2, with the experiment
details given in the Supporting Information. Two above-
mentioned aqueous suspensions, one comprising YVO,:Eu®* NPs
(0.03 M) and the other one alkaline CNCs (3.5 wt%), were mixed
with varying volume ratios of CNCs-to-NPs (Table S1). The
mixed solution was stirred at ambient temperature for 30 min to
give rise to a homogeneous mixture. Then, the mixture was
poured into polystyrene Petri dishes (60 mm), followed by
evaporation under ambient conditions for 2 days giving rise to a
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free-standing iridescent hybrid chiral nematic film of CNCs and
YVO,Eu** NPs. For the purpose of comparison, the NPs-free

ss chiral nematic film of CNCs was prepared under the same

conditions by using alkaline CNCs suspension only.

Results and discussions
General structural features of the CY films

The hybrid chiral nematic films of CNCs and YVO,:Eu** NPs are
prepared by evaporation-induced co-assembly approach at room
temperature from 3.5 wt% aqueous alkaline suspension of CNCs
and 0.03 M aqueous solution of YVO,Eu®" at varying volume
ratios (Table S1). CNCs have rod morphology with an average
length and diameter of 200-300 nm and 15-20 nm, respectively
(Fig. 1a). YVO,EU® NPs have an average size of around 7 nm
(Fig. 1b), in agreement with the estimated size based on
Scherrer’s method (Fig. S1). The YVO,:Eu®" NPs are crystalline,
and all diffraction peaks on the XRD pattern can be indexed to a
tetragonal phase (JCPDS 17-0341). The average d- spacing of the
lattice fringes measured from the HRTEM image is about 0.14
nm, agreeing with the d,, lattice plane of tetragonal, YVO, (Fig.
S2). Firstly, we tested whether the CNCs-YVO,Eu®** NPs
mixtures could form a chiral nematic phase by drop-casting the
mixtures into a liquid crystal cell and observing the evaporation
process through POM technique. As evaporation takes place,
mass of fingerprint textures are established, demonstrating the
formation of chiral nematic phase of CNCs over the YVO,:Eu®"
NPs loadings (Fig. 1c). The periodic spacing between two
adjacent fingerprint texture is defined as half helical pitch.?* On

60 the high magnification SEM images of the CY films, a large area

of periodic arrangement is observed, indicating the helical
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s order of CNCs suspension can be preserved in a condense phase
upon complete drying of a thin film (Fig. 1d). The solid CNCs
host matrix is tunable for its helical pitch with corresponding
value of 1.5 (CY1lb), 1.8 (CY2b) and 2.2 um for CY3b
respectively (measured by POM technique), which prove that

10 ultrasonic treatment can effectively change the helical pitch of the
chiral nematic cellulose films.*®

A change in birefringence from blue to yellow for CY1b,
CY2b and CY3b based on the photograph images confirming an
increase in helical pitch (Fig. 2a). The NPs loading of these

15 composites remain the same, the change of iridescence come
from the host chiral nematic arrangement of the CNCs. It is
interesting to note that these chiral nematic films appear to have
the same red luminescence with similar brightness when viewed
under UV light (Fig. 2b). POM images of the CY films show

20 birefringent textures with a red-colored shift relative to the
corresponding composites, indicating the anisotropy of the
material (Fig. 2c-2e). The transmittance spectra of the
corresponding CY films exhibit characteristic photonic property
with the band-gap centered at 342 nm, 472 nm and 550 nm,

25 respectively (Fig. 2f). The distortion in the transmittance

X G <5 ; .’”‘..( ;
Fig. 1 (a) TEM image of CNCs nanorods, (b) TEM image of YVO,:Eu** NPs. (c) POM micrograph of a drop taken from a CNCs/YVO,:Eu* NPs mixture

during evaporation into a liquid crystal cell. (d) Magnified SEM image of CY1b showing a large area of periodic chiral arrangement of the host CNCs
rods.

spectrum of CY1b is likely due to the overlap and coupling
between the band-gap and the absorption of YVO,:Eu®* NPs (Fig.
S3).
Increasing NPs loading results in a decrease in helical pitch,
30 and corresponding blue-shift and ultimate disappearance of the
band-gap based on the transmittance spectral analysis (Fig. S4).
Over-loading of the YVO,:Eu®*" NPs causes loss of chiral nematic
organization based on the POM and SEM imaging analysis (Fig.
S5). This observation is similar to prior observations that addition
35 of electrolyte to CNCs suspension, where the increased ionic
strength can change the electrostatic double layers of the CNCs,
which induce the increase of the helical twisting power of the
CNCs. %1

Hierarchical chiroptical activity of the CY films

40 CD is a common phenomenon found in optically active chiral
materials due to the adsorption difference between right- and left-
circularly polarized light. It is well known that the oriented solid
films could exhibit both linear dichroism and birefringence
properties. The linear dichroism/birefringence possibility of the

45 CY samples can be eliminated by measuring samples at various
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azimuthal orientations perpendicular to the light beam and the
“front-and-back” CD measurements (Fig. S6). Fig.3a shows the
CD spectra of the CY films prepared under static and ultrasonic
conditions, respectively. For these samples, they exhibit two
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Fig. 2 (a) Photograph of CY1b, CY2b and CY3b showing tunable blue-
to-yellow iridescence. (b) Photograph of the CY films viewed under UV
light shows red emission. POM images of the chiral nematic CY films: (c)
CY1b, (d) CY2b and (e) CY3b, respectively. (f) UV-vis spectra of the CY
films.

800 900

spectral bands with the same chirality. The larger peaks are
centered at 380 nm, 510 nm and 560 nm, respectively, derived
from the chiral photonic structure, which coincides to their UV

spectra (Fig.3d, Fig.2f). The smaller peaks in CD spectra are in

1s the position of 340 nm, approaching to the adsorption of

YVO,:Eu®* NPs (Fig. S3), and their corresponding UV spectra
show strong adsorption at the range of 340 nm, responsible for
the guest YVO,:Eu®**NPs in CNCs host matrix (Fig.3d). As we
know, chirality may be imparted from the CNCs template at three

2 different length scales: (i) molecular chirality of the D-glucose

units; (i) morphologic chirality of the screw-shaped CNCs; (iii)
chiral nematic long-range order of the supramolecular assembly
of CNCs.”® As the chiral biomolecules only absorb in the far
ultraviolet region (less than 250 nm), the CD activity at 340 nm

s can only be assigned to excitation of states in the inorganic

material, thus chiral electronic transition of YVO,:Eu®* NPs.

The effect of NPs loading on the chiroptical activity of the CY
films has been investigated, along with the NPs-free cellulose as
a reference (Fig. 3b). The latter shows a positive unimodal CD

2 peak, typical for its chiral nematic nature. At low NPs content

(CY3b-c), the spectra of CY film shows a strong positive CD
signal, which can be ascribed to the chiral matrix of CNCs
combined with the chiral electronic transition of YVO,:Eu®" NPs.
When with excess NPs exist in the composite films (CY3d-f), the

35 CD signal changes into a positive broad band belonging to the

chiral excitation of NPs, while the signal belonging to the
photonic structure of CNCs matrix disappeared which indicates
the completely disappearance of the chiral nematic structure. In
previous studies, the relative chiral arrangement of the inorganic

w0 NPs can result in a chiral excitation CD signal.?® This inspired

us that these NPs maybe attach to the chiral rods of CNCs, give
rise to a screw-like arrangement. Additionally, the corresponding
UV spectra of these samples fit well with their CD signal during
the same wavelength range (Fig. 3e), indicating that the
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Fig. 3 (a) The CD spectra of chiral nematic CY films prepared under static condition for CY1b and ultrasonic conditions of different power for CY 2b and
CY3b, showing different helical pitches. (b) The CD spectra of the CY film with varying amount of NPs. (c) The CD spectra of the mixed solution of
CNCs and NPs. The corresponding UV-Vis spectra of these samples are shown in (d), (e) and (f), respectively. The thickness of the CY films is about 0.5
mm. Some of the spectra appear cut off since the peak is greater than the maximum detectable signal on the spectropolarimeter that was used.

chiroptical activity of the NPs originates in the chiral

arrangement of the NPs itself, not the artefact on CD spectra.
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The CD spectrum of the mixed solution containing varying
amount of YVO,:Eu®* NPs has also been studied, along with the
individual CD spectrum of YVO,:Eu®" NPs solution and CNCs
suspension (Fig. 3c). The YVO,:Eu®" NPs solution shows no CD
response, confirming the NPs are achiral. And the intense single
CD peak for the CNCs suspension arises primarily from the
scattering of chiral shape of CNCs. Interestingly, the CD signal
belongs to the D-glucose units (bellow 300 nm) disappeared with
the addition of NPs, which may due to the attachment of the NPs
to the surface of CNCs rods, of which is confirmed by the TEM
image of the mixed suspension of YVO,:Eu** NPs doped with
CNCs on dry state (Fig. S7). Mixtures of the YVO,Eu** NPs
solution and CNCs suspension containing varying amount of the
NPs solution exhibit concentration-dependent CD responses in a
way that differ from that of the CY films. At low NPs content, the
mixed solution exhibit two signals: one associate with the chiral
shape scattering of the CNCs and the other one with the chiral
excitation of YVO,:Eu** NPs (a sharp peak at 340 nm). With the
increasing of NPs concentration, the shape of the CD spectra
changes into a sharp spike which corresponding to YVO,:Eu®*
NPs. No CD signal corresponding to the chiral shape of CNCs is
observed. The CD spectra confirm that the hydrogen bond and
van der Waals interaction may occur between the CNCs rod and
YVO,:Eu" NPs. In addition, the UV spectra of the corresponding
mixtures are presented in Fig. 3f. The coupled absorption signal
is at the range of 340 nm, which confirms the chiral electronic

transition of NPs combined with CNCs nanorods.
In order to further prove the interaction between CNCs and
YVO,:Eu® NPs, Fig. 4 shows the FTIR spectra of the CNCs,

20 NPs loaded CNCs and YVO,:Eu®* NPs only, respectively. For

YVO,Eu®** NPs, the transmittance band around 823 cm? is
ascribed to the V-O stretching vibration in the VO, tetrahedron.
The band at 1571 and 3392 cm™ can be assigned to the OH"
bending and stretching modes. For CNCs rods, the peak at 2898

s cm™ is corresponding to C-H stretching vibration in D-glucose

~-CNCs
——CNCs/YVO,:Eu™
Y TN ——YVO,Eu™ NPs
5
Q
Q
c
8
b
£
[7}]
c
©
|
=
3392 1571 go23
4000 3000 2000 1000

Wavenumber (cm™)

Fig. 4 FTIR spectra of the CNC nanorods, NPs loaded CNC and
YVO,:Eu®" NPs only, respectively.

Chiral Nematic Phase

Low
/ P
YVO,:Eu** NPs Self-assembly|
CNCs NPs loaded CNCs High === 7

units, and the peak at 1637 cm™ can be ascribed to the C=0
stretching. And the obviously broad band at 3550-3220 cm™ can
be assigned to the OH™ groups, is characteristic of intermolecular
hydrogen bond between D-glucose units. However, in the sample
of NPs loaded CNCs, a combined vibration bands of both CNCs
and YVO,:Eu®* NPs appears, furthermore, the shape of the OH"
bending and stretching band at 3350 cm™ becomes narrow, as
well as a little shift comparing with the pure CNCs and NPs,
which means a interaction occurs between CNCs and YVO,:Eu®*

Disordered Phase

Scheme 2 Schematic illustration of the co-assembly approach of CNC chiral rod and YVO,:Eu® NPs.

so NPs, suggesting the attachment of NPs to the surface of CNCs

rod due to the hydrogen bond.

On the basis of the above-mentioned results, an artist view of
the possible approach to the preparation of chiral nematic
luminescence films is depicted in Scheme 2. The anionic charged

ss CNCs nanorods were obtained by hydrolysis in sulfuric acid that

reacting with the surface hydroxyl groups of cellulose to yield
surface sulfate esters with zeta potential of -22.3 mV. YVO,Eu®*
NPs carry negative charges with zeta potential of -27.4 mV which

This journal is © The Royal Society of Chemistry [year]
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could match to the CNCs and stable in weak alkaline CNCs
suspension. The YVO,:Eu** NPs could absorb on the surface of
the chiral rods of CNCs due to the hydrogen bond and van der

Waals attraction (which is confirmed by the FTIR spectra, Fig. 4).

When the NPs content is low, the NPs loaded CNCs can assemble
into a chiral nematic phase. However, with the increasing of NPs
concentration, the NPs loaded CNCs prefers to form a disordered
phase, instead. No matter how the CNCs arranges, When achiral
NPs are arranged in a chiral configuration, then the CD signal
should occur at the electronic excitations of the NPs, with a
magnitude depending on the strength of coupling.?®

Luminescence properties for the CY films

The excitation spectra of the CY films with different YVO,:Eu®*
NPs loading exhibit broad band in the range of 230 and 360 nm
(Fig. 5a), corresponding to the charge transfer transition from the
VO,* groups of the host to Eu** ions.® Furthermore, the charge
transfer band (around 300 nm) gradually shifts to red with the
increasing of YVO,:Eu®* NPs loading in cellulose matrix. This
phenomenon in the CNCs based composite can be attributed to
that of when the excitation energy migrates from one vanadate to
the others, a part of the excitation energy will be lost due to
electron-phonon coupling before it is further transferred to Eu®*
ion, indicating the concentration-dependence nature.*** Note
that in the excitation spectra the weak lines (~395, 464 nm)
corresponding to the f-f transitions within the 4f® configuration of
the Eu®* ions can be also observed with varying NPs content, but
their intensity is relatively weak comparing with the energy
transfer transitions from VO,* to Eu®*, implying the high
efficiency of the energy transfer transitions.*® Also it should be
pointed out that the normalized emission spectra configuration of
°Do-'F, transitions (J=1-4) of Eu®" in the CY films remain
literally the same (Fig. 5b). The quantum efficiency and
photodynamic of the CY film and YVO,:Eu*" NPs are presented
in Table S2 and S3 (Supporting Information), the photonic band
gap dependent property occurred between these samples. The
quantum efficiency obviously rises with the increase of the
helical pitch, confirming that local density of the photonic
structure has strong effect on it. And the photodynamic results
show that the decay time of YVO,:Eu®* NPs is shorter than CY2b
but longer than the CY1b and CY3b. Further

a) b)

Intensity (a.u.)
(%

Intensity (a.u.)

0 575 600 625 650 675 700 725
Wavelength (nm)

300 350 400 450 500 5
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200 250

Fig. 5 (@) Normalized excitation spectra of the CY films monitored at 619
nm. (b) Normalized emission spectra of the CY films recorded at 303 nm.

45

51

<]

55

6

S

65

70

75

80

85

0.4
——LCPE
500 - *D,-'F, ——RCPE
- in
% g(h) 0.2
3 4004
£ |
© 0.0 ..©
~ 300 >
=
m 5 7
- Du-F1
£ 200- A | 02
£
100 0.4

550 575 600 625 650 675 700 725
Wavelength (nm)

Fig. 6 The left-handed and right-handed CPE spectra of the chiral
nematic CY2b, designated as LCPE and RCPE, respectively. The
corresponding gen calculated based on gem=2(I.-1r)/(IL+Ir) (green line,
hex=464 nm).

investigation indicates that the photonic band gap of CY2b
centered at 472 nm overlaps with the excited wavelength at 464
nm and the corresponding band gap of CY1b and CY3b centered
at 342 nm and 550 nm, respectively, far away from the excited
light. These results show that the corresponding photonic band
gap of CY films play an important role in the luminescent
dynamics.

One of the unique features of chiral nematic structure is the
selective reflection of circularly polarized light that can be
employed to achieve high level of CPE. The degree of circular
polarization can be evaluated by luminescence polarization
dissymmetry factor (Qem), Which defined as: gen=2(I_-Ir)/(I_+1R),
where I_ and I are the emission intensities of the left- and right-
handed polarized light, respectively. Large gen values have been
observed in liquid crystalline conjugated polymer and quantum
dot/dye doped chiral nematic liquid crystals in solution phase,®**
however, as g, of chiral assembled rare-earth NPs in condensed
phase has never explicitly exploited, it is worth exploring the
helical arrangement induced CPE properties of the CY films.

The difference in absorption for right and left circularly
polarized light is obtained by measuring the difference in
luminescence intensity for left and right circularly polarized
exaction. As shown in Fig. 6, four f-f transitions of Eu®* ions
attribute to °Dy-'F; (J=1-4) are observed in the right- and left-
handed CPE spectra, designated as RCPE and LCPE, respectively,
in the spectral range of 550-725 nm. The emission intensity of
RCPE is stronger than that of LCPE because of the left-handed
chiral nematic host matrix selectively reflects left-handed
circularly polarized light only. The CPE of the *Do-'F, electric-
dipole transition gives the largest |gen| vValue of 0.358 and the |genm|
value arising from the °Dy-’F; magnetic-dipole is 0.118, that is
different from the chiral lanthanide complexes measured in
excited electronic state, in which the g, Value in magnetic-dipole
is bigger than that in electric-dipole.* The significant gen value
can be attributed to the integration of YVO,:Eu®" NPs into a well-
defined helical chiral organization.®

Conclusions

In summary, we have shown the first example of a new structural
design to achieve high level of CPE from an inherently achiral
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YVO,:Eu® NPs with hierarchical chiral arrangement. In this
simple design only the CNCs are required as template for the host
matrix. The YVO4Eu®** NPs adhere to the surface of the CNCs
nanorods through hydrogen bond and van der Waals attraction,
exhibiting a helical organization as well as chiral electronic
excitation. The ease and robustness of fabrication and high level
of gen make the current method and the composite films
particularly attractive. Further experimental and computational
studies are guided towards gaining insight of key governing
factors of the hybrid composite films. We are convinced that this
new kind of CPE material has great potential as an initial point to
expend the valuable family of simple rare-earth NPs, as well as to
develop smarter and better CPE-based optical device.
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