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Introduction
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The term particle is derived from Latin, where the prefix
“part” means a portion of something, and the suffix
“—icle” is equivalent to small. Its meaning depends on the
subject but is generally used to name a portion of matter
with reduced dimensions. There is a whole field called
particle physics that studies the elemental particles that
form matter. However, elemental particles like electrons,
protons, quarks, etc., are not what chemists and materials
scientists mean when they refer to particles. For them, a
particle is the smallest fragment of matter that maintains
the chemical properties of a body. In this sense, atoms and
molecules are particles, but most of the time, the term
particle is used to refer to micro and nanoparticles.

A nanoparticle is a particle with a size
between 1 and 100 nm, although the term

is used for particles up to 500 nm and for
fibers, tubes, or rods that are less than 100 nm
in at least one dimension.!"! Metal particles
smaller than 1 nm are referred to as “atom
clusters.” Other classes include microparticles
(1-1000 pm), fine particles (100-2500 nm),
and coarse particles (2500-10000 nm).

Nano and microparticles are distinctive
materials that have enormous technolog-
ical and scientific value. They are used in
many applications, including energy, medi-
cal, and environmental. Even though nano
and microparticles have the same compo-
sition as analogous bulk material, they dis-
play very interesting optical, electrical, ther-
mal, and magnetic properties. Materials sci-
ence has developed several methods to tune
these properties for specific applications.

Nano and microscale particles have two tech-
nologically relevant features. First, partic-
ulate systems have a very high surface-to-
weight ratio. As a result, surface energies are
large with respect to volumes, and, there-
fore, the energetics of reactions (and rates)
are different. This characteristic makes them
valuable for a wide range of applications
such as coatings, catalysts, adsorbents, and
more. On the other hand, when the scale

is about a few nanometers, new properties
and new striking phenomena take place.

Properties such as melting point, fluores-
cence, electrical conductivity, magnetic per-
meability, and chemical reactivity change as
a function of the particle’s size.l?! For exam-
ple, at the nanoscale, quantum effects are
dominant, which is why semiconductor quan-
tum dots emit different wavelengths of light
depending on their nano-size.3! Another
example is magnesium (Mg), where the
number of atoms and the size of the clus-
ter/particle, determines the electronic band
gap of the material. The electronic proper-
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Figure 1

Figure 2: Size, shape,

and composition determines
the Rayleigh light-scattering
properties of various nano-
particles.®

ties of the clusters or particles change from a
semi-conductor (<18 atoms) to metallic.[4!

Nanoparticles made of gold and silver exhibit
size-dependence in their optical properties. [
For example, Figure 2 shows where different
shapes and sizes determine a material's optical
properties. Gold and silver nanoparticles
absorb and scatter light very efficiently.
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They interact strongly with light because the
conductive electrons on the metal surface
undergo a collective oscillation when they are
excited by light at specific wavelengths; this
is known as surface plasmon resonance (SPR).
The absorption and scattering properties

of these nanoparticles can be tuned by con-
trolling the particle size, shape, and the local
refractive index near the particle surface.®
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Gold and silver nanoparticles have diverse
applications in drug delivery, such as determin-
ing and sensing drugs in pharmaceuticals.[”)

Based on their shape, nanoparticles can occur
as nanosheets or nanofilms, which have at
least one dimension in this size range; and
nanorods and nanoparticles, which have

two and three dimensions in this size range,
respectively. There are also nanotubes, which
are nanoscale materials that have a tube-

like structure (e.g., carbon nanotubes).

Nano and microparticles are usually synthe-
sized using physical and chemical methods. In
physical methods, particles are generated by
decreasing the size of the source material (top-
down approach). Physical techniques include
milling, gas condensation, electro-spraying,
lithography, and thermal decomposition. On
the other hand, in chemical methods, particles
are created by nucleating and growing par-
ticles from atomic or molecular precursors in
the liquid or vapor phase of a chemical reac-
tion (bottom-up approach). Chemical meth-
ods include microemulsion, emulsion polym-
erization, hydrothermal, microfluidic, chem-
ical vapor, pyrolysis, and sol-gel processes.
Chemical methods generate nanostructures
with fewer defects, enable more complex and
homogeneous compositions, and are easily
scalable for low-cost and rapid fabrication.

Several industries benefit from nano and
microparticles. The microelectronics indus-
try—one of the first to use nanoparticles—
supplies an annual market of 500,000 mil-
lion dollars (2016).° Today, medicine is one
of the most promising areas for the applica-
tion of microparticles to treat specific diseases,
as drug delivery systems and/or nano/micro-
actuators." Moreover, in the field of energy,
microparticles are being used to develop sys-
tems with greater energy storage capacity, as
in the case of carbon nano tubes in modern
batteries.[® Likewise, energy capture capac-
ity can lead to the development of devices
that produce their own energy with a signif-
icant advantage over wiring or batteries. The
food industry also sees advantages in the use
of nanoparticles, since they can be used to

advancedopticalmetrology.com

detect changes in food at early stages, helping
avoid contamination prior to consumption. !

As our understanding of how we can develop
and improve the synthesis and characteri-
zation methods of nano and microparticles,
we will continue to find new applications
that help solve global challenges in appli-
cations like energy, health, and food, pos-
itively impacting our daily lives thanks to

their fascinating and tunable properties.
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Microfluidic Synthesis

of Liquid Crystalline Elastomer
Particle Transport Systems that
Can Be Remote-Controlled
Magnetically

D. Ditter, P. Blumler, B. Klockner, et al.

ABSTRACT

The synthesis of liquid crystalline elastomer (LCE) parti-
cles, which can be remote-controlled magnetically and
used as transport systems, is presented for the first time.
Ferri-magnetic, rod-shaped Fe;0O, nanoparticles are func-
tionalized to make them compatible with organic LCE
precursor compounds. Their influence on the LCE precur-
sor alignment is studied and thermoresponsive as well as
photoresponsive LCE microparticles are synthesized with a
microfluidic device. The potential of synthesized LCE parti-
cles as transport systems is demonstrated by the transport
of plastic, textiles, or copper, which can be pushed just
due to magnetic forces or transported in general by taking
advantage of the phase-dependent “stickiness” of LCEs.
These studies open doors to novel applications of LCEs as
microrobots using magnetism as a control.

network and thus combine the orientational
order of the LC phase with rubber elasticity.[10]
The interest for microactuators grow con-

stantly.'"4 Recently, a transition from hard and
rigid to soft and flexible microactuators took
place, probably because of the easy corrosion
and low biocompatibility of hard actuators.[>6!

An emerging smart soft actuator material is lig-

uid crystalline elastomers (LCEs), which can be
triggered with diverse stimuli fields like heat,
light, or electric.”:81 They consist of mesogenic

groups, which are incorporated in an elastomer

To move LCEs magnetically, they have to

be made magnetic. An approach to realize
this is the integration of magnetic compo-
nents like ferri-magnetic Fe;0, nanoparticles.
For this purpose, such inorganic nanoparti-
cles can be functionalized with polymers to
make them compatible with the organic LC
matrix."Vl So far, LCEs containing magnetic
nanoparticles were mainly synthesized to trig-
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ger their phase transition/actuation through
heating with AC electromagnetic fields.[&1".12]
However, to the best of our knowledge, no
attempts were made to use magnetism for a
controlled movement of LCE particles in space.

In this publication we present a route to
synthesize a large amount of thermo- and
photoresponsive LCE microparticles with
a microfluidic setup. They can be moved
in magnetic fields with high precision

and are suitable as transport systems.

Materials and Reagents

The liquid crystalline monomers, crosslinker,
the dye for the initiator, the Fe;0, nanorods
were synthesized as described in the litera-
ture (see doi.org/ 10.1002/adfm.201902454
for references). 1,6-Hexanediol diacrylate

was purchased from Alfa Aesar. The pho-
toalignment material ROP-108 EXPOO1 was
purchased from Rolic Technologies Ltd.
4-Cyano-4-(thiobenzoylthio)pentanoic acid
and the silicone oils (100 ¢St and 1000 cSt)
were purchased from Sigma Aldrich. Hydro-
fluoroether Novec HFE-7300 was purchased
from 3M. Microscope slides (size: 76 x 26 mm,
thickness: 1 mm) were purchased from CARL
ROTH. Tetrahydrofuran was purchased from
Fisher Scientific. Ethanol and Hellmanex Il con-
centrate were purchased from VWR Chemi-
cals. Butyryl choline butyltriphenylborate (Borat
V) was purchased from Spectra group limited.

PTFE tubings for the microfluidic device were
purchased from WICOM. Fused silica capillary,
T-junction, nuts and ferrules for the microfluidic
device were purchased from Postnova Analytics
GmbH. The coldlight source KL 1600 was pur-
chased from Schott. The red light HighPower
LED (623 nm) was purchased from Conrad.

Characterization of Polymers

"H-NMRs and "°F-NMRs were measured using
a 300 MHz spectrometer (model: Avance Il
HD 300) from Bruker. GPC was measured in
THF with polystyrene as an external and tolu-
ene as an internal standard. A refractive index
detector (G 1362 RID) and a UV/vis detec-

tor (UV-2075 Plus) from Jasco were used to
detect the polymers. IR spectroscopy was per-
formed using a FT/IR-4100 from Jasco. Spec-
tra were analyzed with a Spectra Manager
2.0 from Jasco. UV/vis spectra were measured
with a Jasco spectrophotometer V-630. Spec-
tra were analyzed using Spectra Manager 2
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from Jasco. TGA measurements were per-
formed with a Perkin Elmer Pyris 6 under nitro-
gen flow using a heating rate of 10 °C (50 °F)
min—1 (50-700 °C or 122-1292 °F). TEM mea-
surements were performed on a Tecnai G2
Spirit (FEI) at 120 kV using a 2_2k camera.

LC Phase Analysis of Fe;0, Con-

taining LCE Precursors

Microscope slides were cut into 25 x 25 mm
pieces, rinsed with a Hellmanex lll solution,
deionized water, and ethanol for 3 min respec-
tively, dried with a nitrogen stream, and
treated with oxygen plasma in a plasma oven
(model: PlasmaPrep5) from Gala Instrumente
GmbH for 5 min with a power of 100 W.

40 pL photoalignment layer solution ROP-

108 EXPO01 was spin-coated dynamically at
2000 rounds per minute (rpm) for 60 s on

top of the microscope slides, dried at 150 °C
(302 °F) for 10 min on a hot plate, allowed to
cool down to room temperature, and irradi-
ated with linear polarized UV-light (UV source:
Oriel LSH302 (500 W lamp)) with an angle

of incidence of 90° through a polarizer from
Olympus® U-POT Japan (>300 nm) for 10 min.
10 mg of the particular LCE precursor (for-
mulation 1a without or including 45 mol%
comonomer 3 and formulation 1b) containing
0, 5, and 10 wt% (wt% referred to the mono-
mer(s)/crosslinker mixture) Fe;0, was dissolved
in 100 pL THF and spin-coated dynamically
with 3000 rpm on top of the alignment layer.

LCE precursor films were heated in their LC
phase with a hot stage (model: Linkam TMS
94) and investigated via polarized optical
microscopy (model: Olympus BX51 micro-
scope). Images were taken with a microscope
camera (model: Olympus DP22 camera) and
analyzed using the imaging software CellAD.

Analysis of LCE Actuations

Thermal and photochemical actuations of all
LCE particles were investigated using a light
microscope (model: Olympus BX51 microscope)
equipped with a microscope camera (model:
Olympus DP22 camera) and a hot stage
(model: Linkam TMS 94) to set the desired tem-
perature. The LCE particles were heated from
the LC to the isotropic phase (80 to 130 °C or
176 ° to 266 °F) for thermoresponsive LCEs
synthesized out of formulation 1a without
comonomer 3; 50 to 100 °C (122 to 212 °F) for
thermoresponsive LCEs synthesized out of for-
mulation 1a including 45 mol% comonomer 3;
40 to 110 °C (104 to 230 °F) for photorespon-
sive LCEs synthesized out of formulation 1b)
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PMMA-functionalised Fe;04 nanoparticles (0-6 w%
of the resulting monomer/crosslinker mixture)

Figure 1: a) Thermoresponsive LCE precursor consisting of LC monomer 1 (4'-acryloyloxybutyl 2,5-(4’-butyloxybenzoyloxy)benzoate)
(90 mol%) or a mixture of LC monomer 1 (45 mol%) and comonomer 3 (4’-acryloyloxybutyl 2,5-di(4’-pentylcyclohexyloyloxy)benzoate)
(45 mol%), a crosslinker (1,6-hexandioldiacrylate) (10 mol%), a UV-initiator (diphenylphosphine oxide or TPO) (3 wt% referred to the
monomer/crosslinker mixture), and PMMA functionalized Fe;0, nanorods (0-6 wt% referred to the monomer/crosslinker mixture).

b) Photoresponsive LCE precursor consisting of LC azobenzene monomer 2 (4-butoxy-2'-(4-methacryloyloxybutoxy)-4'-(4-butoxybenzo-
yloxy)azobenzene) (90 mol%), LC crosslinker 4 (2-methyl-1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)) (10 mol%), a NIR
initiator (1,3,3,1",3',3’-hexamethyl-11-chloro-10, 12-propylene-tricarbocyanine triphenylbutyl borate or CBC) (5 wt% referred to the
monomer/crosslinker mixture), and PMMA functionalized Fe;0, nanorods (0-6 wt% referred to the monomer/crosslinker mixture).

and their sizes were analyzed using the imag-
ing software CellAD. Irradiation of the photo-

responsive samples were performed at 70 °C
(158 °F) with the coldlight source KL 1600
using light guides to focus the light on sam-
ples. Irradiation with red light was performed
with the help of a red-light filter from Schott
(>500 nm), which was held in the light beam.

See the original article and supporting infor-
mation for all experimental procedures
(doi.org/ 10.1002/adfm.201902454).

Synthesis of PMMA Functionalized
Anisotropic Fe;0, Nanoparticles
Rod-shaped, ferri-magnetic Fe;0, nanoparti-
cles were made compatible with organic LCE
precursors through functionalization with
poly(methyl methacrylate) (PMMA). Hereby,
stable suspensions could be obtained, espe-
cially when the LC precursor monomers are
heated into their isotropic phase. The reac-
tion scheme to obtain PMMA functional-
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Figure 2: POM images of
thermoresponsive LCE pre-
cursor mixtures 1a which are
spin coated on top of a
photoalignment layer and
heated into the LC phase
(70 °C or 158 °F). It is shown
that the contrast of dark
and bright states—when the
director lies parallel or at a
45° angle regarding to the
crossed polarizers—decrease
with increasing amounts of
MNPs. Thus, it can be con-
cluded that MNPs disturb
the alignment. The red ar-
rows indicate the position of
the crossed polarizers, and
the blue arrows indicate the
director’s alignment (scale
bar: 200 ym).

0 w% MNPs

5 w% MNPs

10 w% MNPs

ized magnetic nanoparticles (MNPs) fol-
lows a previously described procedurel'3].

Anisotropic, magnetic Fe;0, nanoparticles
were synthesized through reduction of Fe;0,
particles under a hydrogen/ nitrogen atmo-
sphere. Functionalized Fe;0, nanorods had

a length of about 340 nm and a length to
width ratio of 4.4 to 1, which was proofed
via transmission electron microscopy.

Functionalization of magnetic nanoparti-
cles (MNPs) was done via a grafting-to pro-
cess with poly(methyl methacrylate-b-do-
pamine acryl amide) (F((MMA-b-DOPA)).
The ratio between the PMMA block and
the DOPA block was determined to be

10:1 (by TH-NMR spectroscopy).

Integration of MNPs into LCE Precursors
and their Influence on LC Alignment
The functionalized nanoparticles should

be integrable homogeneously into organic
thermoresponsive and photoresponsive LCE
precursor mixtures. To demonstrate this,
two LCE precursor systems were chosen.
Their ingredients, including functionalized
nanoparticles, are shown in Figure 1a, b.

To show the solubility of MNPs in LCE precur-
sors, the ingredients of formulation 1a and 1b
were dissolved in tetrahydrofuran, mixed, and
the solvent was evaporated afterward. The
amount of MNPs was varied between 0 and
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45° turn

45° turn

F 3

v

45° turn

F 3
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10 wt%. While formulations without MNPs
were colorless (formulation 1a) or showed
an orange color (formulation 1b), the brown
color of functionalized Fe;0, particles was
adopted with increasing MNP amount. This
homogeneous color change of the LCE pre-
cursors without observing any aggregates
by bare eye is a first proof of compatibility.

To take a closer look, we spin-coated thin
films of formulations 1a and 1b contain-
ing different amounts of MNPs on a pho-
toalignment layer. Afterward we annealed
the films in their LC phase. Thereafter, the
dispersions were investigated with polar-
ized optical microscopy (POM). POM images
of films of the thermoresponsive system 1a
(without comonomer 3) including 0, 5, and
10 wt% MNPs are presented in Figure 2.

All films (this was also found for the other mix-
tures) showed dark and bright states when

the director was oriented parallel or at a 45°
angle regarding to the crossed polarizers.

The contrast between dark and bright states
indicates the quality of alignment. It can be
observed that with increasing amount of MNPs
the contrast and thus the director alignment
decreases or is partially not present anymore.
The reason for this is probably that the sur-
face of the MNPs disturbs the director field of
the LC phase. This observation already allows
predicting that the magnitude of actuation

of the LCEs should decrease with increasing
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Fe;0, nanoparticle amount since the MNPs
reduce the homogeneity of the director field.

Microfluidic Synthesis and Actuation
Properties of Magnetic Thermorespon-
sive and Photoresponsive LCE Particles
To synthesize LCE particles with a microflu-
idic setup, precursors were dissolved in THF,
stirred to ensure homogeneous dispersions,
and the THF was evaporated under reduced
pressure. Precursors were then inserted in
the microfluidic device. The mixtures were
pumped through the device by a low viscous
silicon oil at 90 °C (194 °F) (isotropic phase
of the LC monomers) to melt them and to
obtain the nanoparticles homogeneously dis-
persed in the isotropic phase. Precursor drop-
lets were formed at the end of a glass cap-
illary. The droplets were then guided over

a precision hot plate and polymerized and
crosslinked in their LC phase. Alignment was
obtained through shear forces. In this way
photoresponsive as well as thermoresponsive
LCEs containing 0-6 wt% MNPs regarding to
the respective monomer/crosslinker mixture
were prepared. Thermoresponsive LCEs con-
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taining 45 mol% comonomer 3 were synthe-
sized with MNP amounts of 3 and 6 wt%.

Thermal and photochemical actuations
were analyzed with an optical microscope
by heating them from their LC to their iso-
tropic state. Examples of actuations of a
thermoresponsive and a photoresponsive
micron-sized LCE particle, including 3 wt%
MNPs, are shown in Figure 3. The actua-
tions are reversible at least up to 10 actua-
tion cycles. This proves that well crosslinked
LCEs are obtained under these conditions.

In Figure 3, the thermal and photochemi-

cal LCE actuation properties in dependence
of their amount of MNPs of the different sys-
tems are presented. In general, actuation
decreases with increasing amounts of nanopar-
ticles, thus confirming that MNPs disturb the
director orientation (see Section 2.2). Parti-
cles without MNPs showed thermal actua-
tions of about 40%, which is typical for this
kind of LCEs.l"4'®) When increasing the Fe;0,
amount from 0 to 6 wt%, thermal actua-
tions decrease from about 40% to 30% (ther-

®  Thermal actuation of system 1a without comonomer 3
50 ® Thermal actuation of system 1a including 45 mol% comonomer 3
] 4  Thermal actuation of system 1b
45 - v Photochemical actuation of system 1b
1"
40
[ | [ ]
1a,
35 - i
— g r'y ]
i 30 ®
i 2 [ ]
5 25- ¥
"4—.‘. 4
% 20 Te UV Ilght
< 154Y ¥ g L Thermal
4 v backisomerization
10 70 or red light 70°¢™
5 X
0 T ¥ T \J T . T oy T T T
0 1 2 3 4 5 6

Amount of MNPs [w%]

Figure 3: Thermal actuations of the thermoresponsive LCE systems synthesized out of precursor

1a without and including 45 mol% comonomer 3 as well as thermal and photochemical actuations
of the photoresponsive LCE system synthesized out of precursor 1b in dependence of their amount
of MNPs. On the right side, examples of thermal and photochemical actuations of magnetic LCE
microparticles are shown. Upper actuation: Thermal actuation between 80 and 130 °C (176 and
266 °F) of a LCE particle (synthesized out of formulation 1a without comonomer 3) containing 3
wt% Fe;0, particles. Lower actuation: Photochemical actuation of a LCE particle (synthesized out
of formulation 1b) containing 3 wt% Fe;0, particles (scale bar: 200 um).
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Figure 4: Movements of magnetic LCE particles with
magnetic forces. a) Rectangular-like movement of
two thermoresponsive magnetic LCE particles (syn-
thesized out of formulation 1a without comono-
mer 3) containing 6 wt% ferri-magnetic Fe;0, parti-
cles caused by the magnetic fields generated by the
device shown in Figure 4e. The direction of move-

moresponsive system 1a without comono-

mer 3) or 15% (photoresponsive system 1b).
Photochemical actuations of LCEs synthe-
sized out of formulation 1b decrease from
18% to 6%. Comonomer containing LCEs
showed thermal actuations of about 30%,
which is slightly below the values of LCEs with-
out comonomer 3, while the actuation tem-
perature decreased from 90-130 to 50-90 °C
(194-266 to 122-194 °F). We defined thereby
the actuation as the difference of particle
length before and after actuation divided by
the shorter length (always the dimension in
which the particle length increases during heat-
ing or UV-irradiation has been regarded).

Guiding of LCE Particles

with Magnetic Forces

For the experiments, particles were placed
on the surfaces of different fluids that were
filled in a glass vial, and a bar magnet was
brought in their proximity. Thermo- as well
as photoresponsive particles containing

0.5 to 6.0 wt% MNPs followed the mag-
netic field of the bar magnet on the surfaces
whereby the speed increased with increas-
ing amount of MNPs. This trend is not sur-
prising since a higher amount of MNPs
increases their magnetism. However, LCE par-
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ticles containing less than 0.5 wt% MNPs
did not follow the bar magnet because they
are not or insufficiently magnetizable.

A magnetic setup!'” was used to move parti-
cles in the centimeter range with a precision
in the submillimeter range. The permanent
magnetic device consists of a coaxial arrange-
ment of two Halbach cylinders. The setup
was placed under a microscope, and parti-
cles inside a glass vial were placed in the mid-
dle of the setup on top of a copper block that
was heated with a hot plate below to guide
particles at different temperatures. To demon-
strate magnetic guiding with this device, mag-
netic LCE particles were moved along a rect-
angular path. This is presented in Figure 4a.
We show two particles at once to demon-
strate that a collective movement is possible
too. Here, it has to be mentioned that those
particles tend to stick together in the mag-
netic setup due to their magnetic dipoles.
Additionally, particles can be rotated around
themselves through a magnetic stirrer that is
shown in Figure 4b. To demonstrate that, in
general, all kinds of desired movements are
possible, we used the two particles shown in
Figure 4a to “write” LCE on a DMSO layer. It
has to be considered that the magnetic force of

Magnetic
movement

Magnetic Magnetic
movement movement
r” Y e ™ Magnetic
! : movement !
g : ‘

ment is changed by varying the angle between the

dipole and quadrupole. The desired moving path is
indicated by a dashed green rectangle. The moving

b)

direction is indicated by green arrows (scale bar:

500 pm). b) Rotation of a thermoresponsive magnet-
ic LCE particle (synthesized out of formulation 1a
without comonomer 3) containing 3 wt% ferri-mag-
netic Fe;0, particles. The rotation is caused by a
magnetic stirrer (scale bar: 200 pm).

Magnetic Magnetic
stirrer stirrer
—_—e —
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Figure 5: Pushing of a piece of a) plastic with a thermoresponsive LCE particle (synthesized out of formulation 1a without comonomer
3) containing 6 wt% ferri-magnetic Fe;0, or b) textile with a photoresponsive magnetic LCE particle (synthesized out of formulation
1b) containing 6 wt% ferromagnetic Fe30, on top of a DMSO surface. Pushing is caused exclusively through magnetic forces caused
by the magnetic setup shown in Figure 4e. The direction of movement is indicated by green arrows. The direction of movement is

changed by varying the angle between the dipole and quadrupole (scale bar: 500 ym).

this setup is weaker in comparison to the bar
magnet. Thus, magnetic particles including at
least 3 wt% MNPs were necessary to observe
a movement in the middle of the device.

Combination of Guiding and Actua-

tion of LCE Particles in Magnetic Fields
To demonstrate the combination of guid-
ance and actuation, we moved a photore-
sponsive LCE particle (synthesized out of
formulation 1b) in a circle-like form on a
DMSO surface at 70 °C (158 °F) and irradi-
ated it with UV-light, which caused an actu-
ation of 12.6% at a desired position. Gen-
erally, the thermoresponsive systems could
be actuated by temperature variations. Since
heating of the liquids takes, however, much
time and as the particles can rotate (tumble
around) on the surface it is not so easy to per-
form a well-controlled actuation just by heat-
ing. Nevertheless, reversible actuations were
observed proving that the used fluids do not
affect LCEs—for example—through swelling.

Magnetic LCE Particles as

Transport Systems

The potential of the magnetic LCE particles

as transport systems was investigated. For this,

nonmagnetic materials like textiles, copper,
or plastic were used as transport goods.
There are two possibilities for transportation.
First, the pure magnetic forces can be used
to guide the LCE particles to other micro-
particles and push them ahead of them-
selves in the desired directions. This is shown
in Figure 5 where pieces of plastic and
textiles are transported. However, with this
approach it is just possible to push some-
thing and thus, if the direction of transpor-
tation needs to be changed, it is necessary
that LCE particles leave the materials first and
have to be brought to them from another
direction again. To avoid this and to open
the possibility to pull something, it is, how-
ever, possible to use the different stickiness
of LCEs in their LC and isotropic phase.

During our experiments we recognized that
nonmagnetic particles tend to stick to LCEs in
their LC phase and leave the LCEs when they
are brought in their isotropic phase. The rea-
son for this is probably that LCEs become
softer in the isotropic phase and thus it is eas-
ier for other micro-objects to leave the par-
ticles when they were tacked before.
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Magnetic
movement

Figure 6: Circle-like transportation of a piece
of plastic of a thermoresponsive magnetic LCE
particle (synthesized out of formulation 1a
without comonomer 3) containing 6 wt%
ferri-magnetic Fe;0, on top of a DMSO sur-
face caused by the magnetic setup shown in
Figure 4e. The desired movement path is in-
dicated by the dashed green circle. The mov-
ing direction is indicated by green arrows.
The direction of transportation is changed by
varying the angle between the dipole and
quadrupole (scale bar: 500 uym).

The trend of other objects to stick to the LCE
particles was strongest if they got in contact
with them in the isotropic phase and cooled
down into the LC phase afterward. The rea-
son for this might be that the objects are
pushed easily into the soft isotropic LCE parti-
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be remote controlled magnetically on fluidic
surfaces either with a bar magnet or a more
sophisticated magnetic device. Light- and tem-
perature-induced actuations of the LCE par-
ticles in dependence of their MNP contents
were investigated and combined with mag-

cles so that a large connecting interface is cre-
ated. After cooling the LCE particles down, the
objects cannot escape as the particles are in
their tougher LC phase. As a result, they work
like grippers. Hereby, objects can be trans-
ported (pushed and pulled) with the used
magnetic setup what is demonstrated as a cir-
cle-like transportation of plastic in Figure 6.

Photoresponsive and thermoresponsive LCE
microparticles, which can be moved magneti-
cally and serve as actuators and transport sys-
tems, could be synthesized with a microflu-
idic device for the first time. Fe;0, MNPs were
integrated in these particles through func-
tionalization with PMMA. The particles could

netic movements. It was shown that MNPs lead
to a disturbance of the director alignment of
the used LCE precursors and thus, LCE actu-
ations decrease with increasing amounts of
Fe;0,. Here, a compromise needs to be found
between actuation properties (degree of actu-
ation) and magnetic addressability (speed of
guiding) in dependence of the desired applica-
tion. The guidance of LCEs in magnetic fields,
and the use of their different stickiness to
other materials in the LC and isotropic phase
allowed their usage as transport systems. Our
studies show that it is possible to synthesize

a huge amount of such LCE transport sys-
tems and show their potential to use them

as microrobots to transport micro-objects.
Admittedly, their usage to complete tasks in
the human body is still a dream but it demon-
strates a possible next step to reach this goal.
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Extraordinary Field
Enhancement of TiO, Porous
Layer up to 500-Fold

K. Yoshihara, M. Sakamoto, H. Tamamitsu, et al.

ABSTRACT

Titanium dioxide (TiO,) is known as a very important
material for photocatalysts, the photoelectrode for hy-
drogen evolution reaction, and the porous layer of per-
ovskite solar cells. Here, extraordinary field enhancement
of a porous TiO, layer, mesoscopic film is shown. The field
enhancement is investigated with respect to the fluores-
cence intensity of a dye molecule and an enhancement
factor (EF) of up to 500 is achieved, which corresponds to
the largest EF for a semiconductor. Furthermore, EF is up
to 30000 after numerical corrections. The large EF is real-
ized for a porous TiO, layer composed of a specific parti-
cle size of 550 nm, which is consistent with the results of
fluorescence intensity, scattering intensity, and two differ-
ent theoretical calculations based on Mie scattering theory,
with respect to particle size.

high density of states. To solve this problem,
cost-effective dielectric materials with oppo-

When a noble metal with nanostructure is irra- site characteristics to noble metals are poten-
diated with light, localized surface plasmons tial candidates as enhancement materials. For
are resonantly generated, which enhance var- example, an electronically forbidden transition
ious physical and chemical processes near material, i.e., indirect transition in the bandgap
the surface, like Raman scattering or fluores- of a semiconductor, can suppress energy trans-
cence intensities of molecules,'?! also known fer from an excited molecule to a substrate

as surface-enhanced fluorescence (SEF). The material that has the nature of an indirect-tran-
enhancement factor (EF) of SEF is much lower sition semiconductor as a forbidden transition.
than that of surface-enhanced Raman scat-

tering (SERS) due to fluorescence quench- In the present study, titanium dioxide (TiO,)
ing via energy transfer from an excited dye was investigated as a SEF material. TiO, has

molecule to the noble metal substrate with a been an important material for photocata-
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lysts,13! the porous layer used as the scaffold to
obtain good perovskite crystal as well as charge
transport of perovskite solar cells,* and as
the photoelectrode for the hydrogen evolu-
tion reactionl®l. As for the field enhancement of
TiO,, two studies were reported on finite-dif-
ference time-domain calculations, i.e., spher-
ical particle!”? and nanodisk,'® but there has
been no report on porous TiO, layers yet so far.

Here, we demonstrate the field enhancement
of a porous TiO, layer by measuring the SEF of
dye molecules. The porous TiO, layer prepa-
ration consists of mechanochemical ball mill-
ing and drop casting of a TiO, solution.

Preparation of TiO, Solution and
Enhanced Substrate Using Drop Casting
TiO, particles were processed by a mechan-
ical wet-process ball-milling method using

a commercial planetary ball-milling appara-
tus (Premium line P-7, Fritsch Co., Ltd.). TiO,
anatase powder (1 g), zirconia (ZrO2) mill-

ing balls (1 mm diameter, 40 g), and meth-
anol (6 g) were placed in a ZrO2 milling ves-
sel (45 mL) and ball-milled at 600 rpm for

3 h. The size of the TiO, particles in the solu-
tion was measured by dynamic light scatter-
ing. Solutions of the TiO, particles after milling
were prepared by diluting with either water or
methanol. The enhanced substrate was pre-
pared by drop casting the diluted TiO, solu-
tion onto an indium tin oxide (ITO) glass sub-
strate, which was cleaned with a sonicator
and dried in advance. The ITO glass was used
for observation of the TiO, layer with a scan-
ning electron microscope (SEM). Then, the TiO,
layer covered the ITO layer to an area that was
50 times greater than that of the focal point
of light used for fluorescence measurements.

Measurements of Enhancement Spectra
and Estimation of Enhancement Factor
The fluorescence spectrum of the CV dye mole-
cule was measured with a confocal microscope
spectrometer (HR800, Horiba Jobin Yvon) at
an excitation wavelength of 632.8 nm using a
He—Ne laser. An objective lens (SMLPLN, 100x,
Olympus®) with a superlong working distance
(7.6 mm) was used to measure the fluores-
cence spectra of the sample solution under a
cover glass. The optical cell for measurement
of the fluorescence spectrum was designed to
give a solution layer between the cover glass
and the TiO, layer, and was described else-
where (see original work for references®®). The
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dye solution used was CV dissolved in metha-
nol to a concentration of 3.6 x 10> m. A flu-
orescence spectrum was obtained as the aver-
age of the number of fluorescence spectra of
10 different positions of TiO,: a spectrum at a
position was measured with 10 accumulations
of the data collection time of spectrum as 1 s.
The EF of fluorescence intensity was obtained
by measuring four spectra: 1) the fluorescence
spectrum of the CV solution with the TiO, layer
(11), 2) the fluorescence spectrum of the CV
solution without the TiO, layer (12), 3) the back-
ground spectrum of 1 with methanol as the
solvent and with the TiO, layer (I3), and 4) the
background spectrum of 2 with methanol as
the solvent and without the TiO, layer (14). The
EF of fluorescence intensity was then obtained
using these four spectra, according to EF = (I1
—13)/12 - 14). EF values were obtained from
the averages of 10 spectra for the I1 and the 12
and 5 spectra for the 13 and the 14, and all error
bars denote to 20, where o is a standard devi-
ation from EF average. The EF was also eval-
uated by taking account of the penetration
depth of laser light into TiO, layer under the
condition of the same volumes probed by the
laser and at the same number of CV molecules.

Evaluation and Calcula-

tion of the TiO, Layer

The scattering spectrum of the TiO, layer was
measured in the darkfield using the same flu-
orescence microscope spectrometer. A ring-
shaped halogen lamp (KL1500LCD, Carl Zeiss)
equipped with an objective lens was used as
the light source for the scattering measure-
ment under darkfield conditions. To compen-
sate for the operation of the instrumenta-
tion on the scattering spectrum, the scatter-
ing spectrum of a commercial diffuse reflector
was measured as a standard spectrum. The
absorption spectrum of TiO, layer was mea-
sured by a JASCO V-660 spectrophotometer.
The obtained absorption coefficient, a, was
used to calculate the penetration depth, 1/a,
of the laser light into TiO, layer. The surface
of the TiO, layer was analyzed by measuring
height images with a laser microscope (LEXT™
OLS4000 microscope, Olympus). The height
data were then used for the FDTD calculation.
The electric field distribution on the surface of
the TiO, layer was calculated using the DTD
method with the FUllWAVE commercial soft-
ware (Cybernet Systems Co., Ltd.). The scat-
tering efficiency Qsca, was calculated using
the Mieplot software (version 4.05.02, Philip
Laven). For these calculations, the refractive
index of TiO, (anatase) at an excitation wave-
length of 632.8 nm was used; n = 2.33 as the
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Figure 1: Fluorescence spectra of CV solution measured
with (blue and red) and without (black) the TiO, layer. The
red spectrum shows the average of the blue spectra.

real part and k = 1.6 x 1073 as the imaginary
part, of which the values were obtained from
an average of reported values. The refrac-

tive indices for gold (Au), silver (Ag), and sili-
con (Si) at an excitation wavelength of 632.8
nm were used as values in the software. The
extinction efficiency Qext, Qext = Qabs + Qsca,
was also calculated for TiO,, Au, Ag, and Si.

See the original work and its supporting infor-
mation for more experimental details®!.
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Figure 1 shows the fluorescence spectra of

a crystal violet (CV) solution with (blue curve)
and without (black curve) the TiO, layer. These
data were obtained using a TiO, layer pre-
pared from a solution composed of a volume
ratio of water/methanol = 27. The fluorescence
intensity of CV was significantly increased in
the presence of the TiO, layer. The average
and maximum EF values were estimated to be
480 and 526, respectively. Compared with EFs
published for various materials and semicon-
ductors, the EF for TiO, is significantly large.

Next, the TiO, layer was analyzed by measuring
surface height images with a laser microscope.
Figure 2a, b shows typical height images for
TiO, layers prepared by drop casting aque-
ous-methanol and methanol solutions, respec-
tively. These images reveal that the former layer
has a higher surface roughness. The surface
roughness was quantified by estimation of the
mean height, S,. As a result, S, for the layer
prepared from aqueous-methanol solution

was 2.9 times greater than that prepared from
methanol solution. In addition, S, was also
changed by the concentration of TiO, in a solu-
tion. Therefore, S, can be controlled accord-
ing to either the solvent or the concentration.

EFs were investigated as a function of S, as
shown in Figure 3a. The results indicate that
the EF increases with the surface roughness,
whereas it decreases over the peak position
of Sa. The maximum EF of 480 was located
around S,=0.55 pm; therefore, there is a spe-
cific size to obtain a significantly large EF (S,

Height /um

6.5
55
45
3.6
26
1.6
0.7
0.0

Figure 2: Laser microscope images of the surface of TiO, layers pre-
pared by drop casting of TiO, particles from a) agueous-methanol
solution and b) methanol solution. A pixel resolution of the laser mi-
croscope is set as 126 nm x 126 nm at the x-y region.
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Figure 3: a) EF of TiO, layers prepared from drop casting aqueous-methanol and methanol solutions as a function of surface rough-
ness. The EF values are obtained as raw data without corrections for the volumes probed by the laser and the number of CV mole-
cules. b) EF of TiO, layers prepared from drop-casting aqueous-methanol and methanol solutions as a function of surface roughness.
This EF indicates “EF per a CV molecule.” Namely, the EF values are obtained as corrected ones using the data (a) and the solution
volumes probed by laser and the number of CV molecules, i.e., the same volumes of bulk solution and solution in TiO, porous layer
as well as the same number of molecules there. ¢) Scattering intensity as a function of surface roughness for TiO, layers prepared
from drop-casting aqueous-methanol and methanol solutions. d) Qsca for particles of four materials immersed in methanol are cal-
culated as a function of particle size (diameter). €) Quy, Qext = Qsca + Qapy fOr particles of four materials immersed in methanol are
calculated as a function of particle size (diameter).
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is averaged height of TiO, particle in the z-di-
rection. Since the TiO, layer is isotropic struc-
ture, the value of Sa corresponds to the size in

x-y-direction and results in the size of particle).

The EFs in Figure 3a are carefully obtained by
measuring various background signals, while
the EFs are treated as raw data without the
corrections of solution volumes probed by

the laser and the number of CV molecules. In
order to analyze the EFs furthermore, we eval-
uated solution volumes in a bulk solution and
in voids of a porous TiO, layer probed by the
laser, both of which are estimated as 54 and
0.92 um?3, respectively. According to the vol-
ume ratio 54/0.92 pm?3, there is 57 times dif-
ference in between the volumes as well as the
number of CV molecules. Figure 3b shows
corrected EFs under the same solution vol-
ume and the same number of CV molecules.
Note that the maximum EF is up to 30,000 at
around the particle size with 550 nm. Namely,
this EF indicates “EF per a CV molecule.”

Figure 3d shows the calculated results for
the scattering efficiency Q. of a TiO, spher-
ical particle dispersed in methanol as a func-
tion of the particle diameter. To compare the
results for TiO, with those for other materi-
als, Q,., was also calculated for Ag and Au
particles under the same condition. Note that
Qs for TiO, is larger than those for Au, Ag,
and Si in a specific size, and is the largest for
the particle size range of 0.35-0.6 pm. Fur-
thermore, we examined extinction efficiency
Qeoxty Qext = Qsca + Qups, fOr these materials.

As a result, the value of TiO, is the highest

at around 500 nm, as shown in Figure 3e.
Thus, the present TiO, particles have a signifi-
cantly high EF, which to the best of our knowl-
edge is the largest obtained in studies on SEF
using semiconductors. Moreover, we investi-
gated field enhancements by changing par-
ticle sizes of TiO,, Si, Au, and Ag using FDTD
calculations. Namely, the EFs of these four
materials were calculated on a single spheri-
cal particle, immersed in methanol, with diam-
eters of 300, 400, 500, and 600 nm. The TiO,
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particle gives the highest EF in four materi-
als at the diameter of 500-600 nm, whereas
smaller particles of 300 nm show that Ag and
Au particles give higher EFs than that of TiO,.

To evaluate the relation between the EF and
the surface structure, the electric field of the
TiO, layer was calculated using the FDTD
method. It was found that the EF is large at
the surface of TiO, with a surface roughness
of several hundred nanometers. This trend is in
good agreement with the experimental data,
i.e., the EF became a maximum at a surface
roughness of 550 nm, as shown in Figures 5a,
b. Therefore, according to both experimen-

tal and theoretical evidence, TiO, with a size
of =500 nm results in extraordinary EF.

In summary, ball-milled TiO, particles were
mechanically prepared and were dispersed in
a solution and drop-cast to produce a TiO,
porous layer on a glass substrate. The TiO,
porous layer composed of particles with sizes
in the range of 0.3-0.6 um resulted in signif-
icant field enhancement, which was in good
agreement with the scattering spectra and cal-
culations using the FDTD method and Mie the-
ory. Such a large field enhancement as EF =
500 is ascribed to the properties of TiO, par-
ticles with specific size (0.3-0.6 ym), such as
a high refractive index, indirect transitions,
hot spot, and many edges. In addition, the

EF corrected, under the same solution vol-
ume probed by the laser and the same num-
ber of CV molecules, was up to 30000 at
around the particle size with 550 nm. Special
advantages of the present system for accom-
plishing such extraordinary EF are principally
the following three, i) porous TiO, layer gives
many hot spots among particles, ii) a com-
ponent of porous layer is particles with the
size of around 500 nm that can give the max-
imum field enhancement, iii) particles with
many edges giving higher electric field.
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NaMgF;: Tb3*@NaMgF;
Nanoparticles Containing Deep
Traps for Optical Information

Storage

Y. Wang, D. Chen, Y. Zhuang, et al.

ABSTRACT

Persistent luminescence materials containing deep traps
have attracted attention in the field of optical information
storage. However, the lack of nanomaterials with satis-
factory light storage ability has become one of the main
obstacles to practical applications. In this work, NaMg-
F3:Th3*@NaMgF;:Tb3* nanoparticles are reported that
exhibit excellent light storage ability into deep traps upon
X-ray irradiation and controllable photon emissions under
thermal stimulation. A surface passivation strategy by con-
structing a core—shell structure is adopted, which is proved
valid to greatly enhance the PersL efficiency. Due to the
excellent dispersibility and stability in water, luminescent
inks containing the nanoparticles are successfully prepared
and the applications to inkjet printing optical information
storage and information decryption are demonstrated.

Magnetic storage, semiconductor memory,
and optical information storage are the three
main storage technologies in the informa-
tion age.['?l Among them, optical informa-

tion storage shows the advantages of low pro-

duction cost, low energy consumption, excel-
lent resistance to external interference, and
long storage life; thus it is widely used in the
long-term storage of large amounts of data
that are not modified frequently.34 However,

due to the diffraction limit, the storage capac-

ity of the traditional 2D optical information
storage technology (such as Blu-ray discs) has
been difficult to make a big breakthrough.®!

Persistent luminescence (PersL) materials are
a kind of phosphor with light storage abil-

ity and delayed photon emissions under ther-
mal or photostimulation.®8 When the trap
depths of the PersL materials are sufficiently
deep, the charge carriers could be frozen

in the traps at room temperature (RT) for a
long duration, thus enabling long-term opti-
cal information storage. In the past few years,
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a lot of work has been done on developing
new materials and exploring their applica-
tions in multifunctional optical information
storage.®'% Designing new PersL materials
with nanoscale and deep traps is of great sig-
nificance for the development of high-capac-
ity optical information storage technology. At
present, there are few reports on the nanopar-
ticles with excellent PersL performance. One
of the main reasons could be serious PersL
qguenching and structural instability when

the particle size is decreased to nanoscale.

It has been reported that NaMgFs is a kind

of material with good X-ray absorption abil-
ity.['.12] Besides, the emission spectra of the
NaMgF3 matrix could be tailored with con-
siderable flexibility, and the application sce-
narios of this material are accordingly further
expanded. However, the energy storage capac-
ity of lanthanide-doped NaMgF; nanoparti-
cles under X-ray irradiation has not been thor-
oughly reported, although many important
applications such as photobiomedical detection
and high-throughput optical information stor-
age may emerge. In this work, we reported flu-
oride nanoparticles NaMgF5:Tb3* containing
deep traps for light storage and demonstrated
their applications to optical information stor-
age by using an inkjet printing technology.

Raw Materials and Chemicals
Mg(NO3),-6H,0 (99.9%), Tb(NO5)3-5H,0
(99.9%,), and oleic acid (OA, A.R.) were
purchased from Aladdin Corporation. NaF
(99.99%) was purchased from Macklin Cor-
poration. All the materials were directly used
without further purification. Synthesis of
NaMgF;:Tb3* Nanoparticles: NaMg'—F5:xTb3*
(x = 0.06-0.3, with a concentration gradi-

ent of 0.03) nanoparticles were synthesized
by using a hydrothermal reported in the lit-
erature with some modifications (see original
work and its supporting information for refer-
ences) 1, 1.5, and 2 times of the original reac-
tant concentrations were compared, and 1.5
times was chosen as the optimal condition as
the composition plan in this work. Briefly, stoi-
chiometric Mg(NO3),-6H,0 and Tb(NOs)3-5H,0
(the total amount of Mg and Tb cations was

5 mmol) were dissolved into 5 mL deionized
water. 4.5 mL oleic acid was added dropwise
into the cationic solution and kept stirring for
10 min to produce oleic-acid-based complex
compounds. Another anion solution contain-
ing 15 mmol NaF and 5 mL deionized water
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was added dropwise into the above solution,
stirred at 600 rpm for 1 h to form a milky col-
loidal solution. The solution was transferred
to a 40 mL Teflon-lined autoclave, sealed, and
kept at 160 °C (320 °F) for 12 h. After cooling
to RT, white products were collected by centrif-
ugation. To remove remaining organic ligands,
first, the products were washed with deion-
ized water/ethanol for three times and dis-
persed with 6 mL acetone, respectively. Then,
add 250 pL hydrochloric acid (0.1 mol L-1)
into each solution followed with an ultrasonic
oscillation for 2 h at RT. Lastly, the products
were washed again with deionized water/eth-
anol three times. The final products of NaMg-
F5:Tb3* nanoparticles (=521 mg) were dis-
persed into 12 mL ethanol for further use.

Synthesis of NaMgF;:Th3**@NaMgF,
Core-Shell Nanoparticles

The synthesized NaMgF;:Th? nanoparticles

in ethanol (12 mL) was mixed with 0.5 mmol
Mg(NOs),-6H,0, 1.5 mmol NaF, and 4.5 mL
OA. The mixture was transferred into a 40 mL
Teflon-lined autoclave and stirred for 10 min.
The autoclave was sealed and kept at 160 °C
(320 °F) for 12 h. After cooling to RT, white
products were collected by centrifugation. The
products were washed with deionized water/
ethanol for three times, treated with hydro-
chloric acid (0.1 mol L—1) to remove remain-
ing organic ligands, and washed again with
deionized water/ethanol for three times. The
final products of NaMgF5:Th3*@NaMgF; core—
shell nanoparticles were obtained by dry-

ing in an oven at 60 °C (140 °F) overnight.

Preparation of Luminescent Inks
Containing Nanoparticles and

Setup for Inkjet Printing

The synthesized NaMgF;: Tb3*@NaMgF;
nanoparticles (100 mg) were dispersed into
5 mL deionized water and stirred thoroughly
to prepare a luminescent ink. The aque-

ous ink could be kept at RT for 14 d with-
out obvious precipitation. The ink was then
loaded into an inkjet printing system (Micro-
Fab, Jetlab@4). A 50 uym diameter piezoelec-
tric-type nozzle was selected. The driving volt-
age waveforms and negative pressure values
of the inkjet printer were adjusted to gener-
ate stable and continuous droplets. The spa-
tial accuracy of the inkjet printing system
was =5 pym. A sapphire single crystal sheet
($30 mm x 1 mm) was placed under the print-
ing nozzle. The temperature of the substrate
was set to 40 °C (104 °F). Typically, a cus-
tomer-designed pattern was inkjet-printed
on the sapphire substrate. The printed pat-
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tern was irradiated by an X-ray source (aver-
age dose rate =2.58 pSv s—1) or 5 min and
kept in the dark at RT for further use. Finally,
a PersL image was reproduced by heating to
400 K and recorded with a digital camera.

Structural and Optical Characterizations
Powder XRD patterns of the nanoparticles
were recorded by using an X-ray diffractome-
ter (Bruker, D8 Advance) with Cu Ka radiation
at an interval of 0.02° with a scanning speed of
10° min~'. The particle morphology and micro-
structure were observed using a field-emis-
sion transmission electron microscope (Talos
F200s). PL and PLE spectra were measured
with a spectrophotometer (Edinburgh Instru-
ment, FLS980); all samples were tested in dry
powders. The RL spectra were recorded with

a fiber spectrophotometer (Ocean Optics, QE
Pro). The PersL decay curves and PersL spectra
were recorded with a home-built measurement
system driven by a LabVIEW-based program.

In this system, a portable X-ray tube (Amptek,
Mini-X2) with a maximum output of 10 W (typ-
ical voltage 50 kV, tube current 0.2 mA, and
average dose rate =~2.58 pSv s—1) was used

as the excitation source to generate PersL. A
filter-attached photomultiplier tube (PMT, Ham-
amatsu, R928P) and a fiber spectrophotom-
eter (Ocean Optics, QE Pro) were applied to
record the PersL intensity and spectra, respec-
tively. The TL glow curves were recorded using
another LabVIEW program driven measure-
ment system. Briefly, the sample was irradi-
ated by the X-ray source for 5 min (total dose
=774 uSv) at 250 K. After removing the exci-
tation source, the TL signals were recorded by
the PMT detector from 250 to 550 K. The tem-
perature of the sample was controlled by using
a cooling/heating stage (Linkam, THMS600E).
The TL spectra at different temperature were
monitored by the above fiber spectrophotom-
eter. Fluorescence microscopic images were
taken by a fluorescent microscope (Olym-
pus®, BX53M microscope). Photographic
images of the samples under daylight or the
PersL images were taken with a digital camera
(Canon, EOS 5D Mark Il) in all-manual modes.

Phase Analysis and Optical Characteri-
zation of NaMgF;:Th3+ Nanoparticles

The X-ray diffraction patterns of the NaMg-
F3:Tb3* nanoparticles with 24% Tb3* concen-
tration were in good agreement with the stan-
dard diffraction patterns of NaMgF;. A slight
diffraction shift observed suggest unit cell
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expansion due to the substitution of larger
Tb3* ions. The NaMgF; crystal belongs to an
orthorhombic perovskite structure with a space
group of Pbnm.!"31 The crystal is composed

of corner-connected MgFg octahedrons and
NaFg polyhedrons. Moreover, the consistency
between X-ray-excited luminescence (RL) and
photoluminescence (PL) spectra verified that
X-ray was an efficient excitation source to give
green emissions for NaMgF;:Tb3*. The trans-
mission electron microscopy (TEM) images of
the NaMgF;:Tb3* nanoparticles showed uni-
form and cubic morphology with an aver-

age size of =#18.0 nm. The energy dispersive
spectroscopy analysis of elemental mapping
showed the measured compositions of 21.9%
(Na), 17.5% (Mg), 55.7% (F), and 4.9% (Tb).

Optimizing the Doping

Concentration of Th3*

Several NaMgF;:Tb3* nanoparticles with
different Th3+ concentrations were synthe-
sized. With the increase of the Tb3* concen-
tration, the cell lattice expanded, resulting in
a gradual shift of the XRD peaks toward the
small-angle direction. Also, the PL intensity
was enhanced with increasing the Th3* con-
centration and reached the maximum at 24%.
The highest thermoluminescence (TL) intensity
was found in the nanoparticles with 21% of
Tb3+ doping. With the increasing of Th3* con-
centration, the average distance between the
luminescent centers and emission quenchers
could be reduced and energy transfer rate was
increased, which resulted in the concentra-
tion quenching of PL intensity and TL inten-
sity. The NaMgF5:Th3* nanoparticles with 24%
Tb3* were used in the following sections.

Constructing a Core-Shell

Structure in Nanoparticles

In this section, we adopted a surface pas-
sivation strategy by constructing a core—
shell structure in nanoparticles. Specifi-
cally, the synthesized NaMgF;:Tb3* nanopar-
ticles were used as the cores to grow a
nonadoped NaMgF; shell (Figure 1a).

The TEM examinations indicated that the aver-
age size of the nanoparticles was increased
from 18.0 (cores) to 19.2 (1/50), 20.0 nm
(1/10), and 20.4 nm (Figure 1b). Accord-
ingly, the thickness of the NaMgF; passiva-
tion shell was determined as 1.2 nm (1/50),
2.0 nm (1/10), and 2.4 nm (1/5), respec-
tively. Also, the XRD patterns confirmed

that pure phase of NaMgF; was remained in
the core—shell nanoparticles (Figure 1c).
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Figure 1: NaMgF;: Tb3*@NaMgF; nanoparticles with a core—shell structure. a) Schematic illustration
of the core—shell structure and the PersL improvement. Surface quenchers on the shells were sepa-
rated from the Tb3* emitters inside the cores. b) TEM images of the NaMgF;: Tb3*@NaMgF;
nanoparticles. The insets show the particle size distribution of the nanoparticles. ¢) XRD patterns,
d) PL spectra, and e) TL glow curves of the nanoparticles with different RSC.

Figure 1d shows that the PL intensity of
the nanoparticles under excitation of 297
nm was clearly enhanced after coating the
shells. Also, the shape of the TL glow curves
was independent on the shell thickness, sug-
gesting that no new trap was introduced

by the shell layer (Figure 1e). On the other
hand, the TL intensity was also improved
with increasing the shell thickness. Based
on the above results, we consider that the
improvement of TL should be similar to the
PL enhancement due to the inhibition of
energy transfer to surface quenchers.

Optical Information Storage Applications
Figure 2a shows the photographic images

of the luminescent ink containing the NaMg-
F;:Tb3*@NaMgF; nanoparticles. The ink had
been left standing for 7 d before use, and no
obvious stratification was observed. Under
X-ray irradiation, the ink gave bright green
emission. Furthermore, the ink was loaded

into an inkjet printing system. A pattern of the
Xiamen University logo with a size of @10 mm
was printed on a sapphire substrate (informa-
tion writing, Figure 2b). Under the fluores-
cence microscope (under excitation at 405 nm),
one could see that the printed pattern was
composed of small dots in an orthogonal array.

The dots showed a regular circular morphol-
ogy and a diameter of =100 ym (Figure 2c).

The sapphire substrate was placed under
X-ray irradiation for energy charging (5 min).
As shown in Figure 2d, a luminescent pat-
tern was clearly observed under X-ray irradia-
tion, and it quickly faded once the excitation
source was turned off. The X-ray-charged
pattern was kept in the dark at RT for 10

min and moved to a heater preset at 400 K.
After taking several seconds for heat conduc-
tion, the stored pattern on the sapphire sub-
strate was reproduced and recorded by a digi-
tal camera (information readout, Figure 2d).

Furthermore, the delayed emission of the
PersL nanoparticles could be used in informa-
tion encryption and decryption. As schemat-
ically illustrated in Figure 2e, a specific pat-
tern made of inkjet-printed NaMgF;:Th**@
NaMgF; nanoparticles was written on the sub-
strate. The pattern was then covered with a full
layer of CdSe quantum dots. Since the CdSe
and NaMgF;:Tb3*@NaMgF; both gave green
emission under UV and X-ray irradiation, the
pattern was well hidden (being an unread-
able state, Figure 2f). On the other hand,
only the NaMgF;: Tb3*@NaMgF; nanopar-
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Figure 2: Applications of the NaMgF;: Tb3*@NaMgF; nanoparticles to optical information storage
and information encryption. a) Photographs of the luminescent ink under day light and X-ray irra-
diation. The ink was left standing for 7 d before use. b) Photograph of a sapphire substrate after
printing with a Xiamen University logo. ) Image of the printed pixels under fluorescence micro-
scope. d) Photographs of the emission images during X-ray irradiation, at the moment of turning
off, with a delay time of 10 min, and heated to 400 K. e) Schematic illustration of the optical in-
formation encryption and decryption. f) Photographs of the emission images during UV (365 nm)
+ X-ray irradiation, turning off with a delay time of 10 min, and heated to 400 K. The encrypted
information was unreadable during irradiation and turned into readable after heating. Exposure
time for (d: X-ray), (d: heating), (f: 365 nm + X-ray), (f: heating) was 3 s, respectively.

ticles were able to store irradiation energy.
When the substrate was heated to 400 K con-
sequently, the NaMgF;:Th3*@NaMgF; gave
PersL and decrypt the recorded informa-

tion (tuning to a readable state, Figure 2f).

In this work, we reported a new type of PersL
nanoparticles NaMgF5:Th3*, which exhib-
ited nanocubic morphology, excellent aque-
ous dispersibility, and light storage ability in

deep traps under X-ray irradiation. These out-
standing features enabled the developed
nanoparticles to be applied to inkjet print-
ing technology. Due to the light storage abil-
ity and delayed photon emissions, the NaMg-
F5:Tb3*@NaMgF; nanoparticles exhibited a
broad prospect in the optical information
storage and information encryption applica-
tions. The developed NaMgF;:Th3*@NaMgF;
nanoparticles with nanoscale size and deep
traps for energy storage may open up new
opportunities for advanced optical materials
for the applications of information technology.
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Industrial Microscope Solutions

Industrial microscopes are a vital tool used for measuring,
quality control, inspection, and in soldering and manufac-
turing. Each industrial microscope we offer uses complex
designs that provide unique solutions for the inspection
process and aim to improve resolution and sample con-
trast. Olympus industrial inspection microscopes are suit-
ed to a wide variety of analysis applications, from routine
inspection to sophisticated analysis, using superb optics
for industry-leading performance. We have digital micro-
scopes and software for streamlined workflows and flexi-
ble image acquisition solutions.

OV MPUS

Olympus' expertise in imaging and metrology systems provides today’s manu-
facturers with solutions for particle counting, sizing and classification.

The OLYMPUS CIX100 inspection system is a dedicated, turnkey solution for manufacturers who
maintain the high quality standards for the cleanliness of manufactured components. Quickly
acquire, process, and document technical cleanliness inspection data to comply with com-

pany and international standards. The system’s intuitive software guides users through each
step of the process so even novice operators can acquire cleanliness data quickly and easily.
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Olympus laser confocal microscopes offer superb image quality
and accurate 3D measurement by non destructive observation
method with advanced optical system. Its operation prepara-
tion is easy and no pre-process is necessary with your samples.

Built for failure analysis and material engineering research, the
OLS5100 laser microscope combines exceptional measure-
ment accuracy and optical performance with smart tools that
DA make the microscope easy to use. Precisely measure shape
and surface roughness at the submicron level quickly and effi-
ciently to simplify your workflow with data you can trust.




