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Holographic polymer nanocomposites have drawn considerable attention due to their unique capability of re-
constructing colored three-dimensional (3D) images identifiable to the naked-eye. Yet, it still remains challen-
ging to add more and orthogonal (i.e., data access without crosstalk) optical functions to current holographic
polymer nanocomposites. Herein, we design and demonstrate a holographic polymer nanocomposite with robust
optical diffraction and upconversion photoluminescence. This paradigm is enabled by controlling the spatial
location of upconversion nanorods (UCNRs) in the constructive (polymer-rich) regions during holographic re-
cording, while utilizing the phase separating liquid crystal (LC) in the destructive regions to boost the refractive
index difference between the constructive and destructive regions. One identical holographic image is re-
constructed and readily visible to the naked-eye under ambient light, whereas four different covert luminescence
states (i.e., none, blue, yellowish green and red emissions, respectively) can only be distinguishable upon the
980 nm laser illumination. The double-verifiable and crosstalk-free optical features pave a way to design new
tags with orthogonal optical functions for anti-counterfeiting and security applications.

1. Introduction intensity) regions because of the unbalanced chemical potential led by

the spatially controlled photopolymerization. One basic requirement

Polymer nanocomposites with advanced functions have drawn
particular attention [1-6]. Holographic polymer nanocomposites are
one advanced optical composites that hold the unique capability of
reconstructing naked-eye recognizable colored three-dimensional (3D)
images, and thus show a great potential to be applied in advanced anti-
counterfeiting and security applications [7,8].

Typically, holographic polymer nanocomposites are formed via in-
situ holographic photopolymerization induced phase separation. In
detail, the homogeneous mixture of initiator, monomers and nano-
particles (NPs) are exposed to the laser interference pattern.
Photopolymerization of monomers occurs within the constructive (high
light intensity) regions after the initiator is excited by the coherent
laser. Subsequently, the NPs are squeezed into the destructive (low light
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for reconstructing holographic polymer nanocomposites is enabling a
high diffraction efficiency in a short time. To do this, not only a high
refractive index difference between the photo-generated polymer and
NPs is required, but also a high degree of phase separation between
them is demanded [8]. The segregation degree (SD) is used to quantify
the phase separation, which is exponentially proportional to the gela-
tion time/viscosity ratio, SD ~ exp(tg.1/v) [8]. Nevertheless, despite the
extensive demonstration of high performance holographic polymer
nanocomposites by using the high refractive index TiO, [9-11], ZrO,
[11-13], ZnS [8], hyperbranched polymer NPs [14,15], CdSe quantum
dots [16], and other NPs [17], it still remains challenging to add more
and orthogonal (i.e., data access without crosstalk) optical functions to
current holographic polymer nanocomposites. Holographic polymer
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nanocomposites with two and more orthogonal optical functions are
indispensable for all optical processing devices since the information
security is envisioned to be greatly improved.

Since the image and color generated by the holographic polymer
nanocomposites are basically structural, loading phosphors is expected
to be an effective way to add the orthogonal optical functions to current
holographic polymer nanocomposites. Toward this end, Goldenberg
and Tomita have fabricated luminescent holographic polymer nano-
composites that are ultraviolet (UV)-sensitive by incorporating LaPO4:
ce3*, Tb3™ nanoparticles [18] or CdSe quantum dots [16]. The former
shows a high diffraction efficiency of 80% while the latter shows a large
diffraction efficiency up to 100%. By contrast, here we fabricate lumi-
nescent holographic polymer nanocomposites with a diffraction effi-
ciency of ~92% by incorporating near-infrared (NIR) light sensitive
upconversion nanocrystals (UCNCs) since the NIR light is less harmful
and background-free. Particularly, the lanthanide doped UCNCs re-
present several distinct advantages. With the step-wise multiphoton
absorption upon exposure to the NIR light, UCNCs are able to generate
nonlinear anti-Stokes emissions in the UV or visible wavelength regime
[19]. More importantly, UCNCs represent distinct characteristics such
as large anti-Stokes shift, sharp emission bands, controllable emission
wavelength, long photoluminescence lifetime, tunable crystal
morphologies and phases [20,21]. In addition, UCNCs with the same
morphology and phase but distinctive emission colors are readily
achieved [22], which opens the possibility to encode holographic
polymer nanocomposites with distinct emission colors. To the best of
our knowledge, despite the amazing progress on the design, synthesis
and application of UCNCs, the assembly of UCNCs into mesoscale or-
dered structures using holography is rarely explored. A formidable
challenge exists that hinders efforts to simultaneously improve the
holographic performance (requiring a high refractive index contrast
and large phase separation) and upconversion luminescence (requiring
a high UCNC loading). The hurdle is that a high NP loading usually
gives rise to deteriorated phase separation, increased light scattering
and eventually a depressed diffraction efficiency [23]. Herein, to si-
multaneously enable the robust upconversion luminescence and bright
structural colors in one holographic polymer nanocomposite, we design
to spatially place the UCNCs in the constructive (polymer-rich) regions,
where the UCNCs and polymer hold a similar refractive index to avoid
significant light scattering. At the same time, we employ a phase se-
parating liquid crystal (LC) with a high refractive index to boost the
refractive index contrast between the constructive and destructive re-
gions (Fig. 1). During holographic recording, large size UCNCs with
anisotropic shape (diameter: ~19 nm, length: ~100nm), i.e., upcon-
version nanorods (UCNRs), are employed to slow down their diffusion
during holographic recording so that they are primarily fixed by the
growing polymer. In contrast, the small LC molecules diffuse fast to
offer a high degree of phase separation with the polymer and UCNR:s.
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Fig. 1. Scheme illustration of the holographic polymer/LC/UCNR nano-
composites. LC droplets are expected to form in these nanocomposites.
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The LC is considered here also because it is able to provide a unique
electro-optic response capability [24-26], which is expected to offer
more functionalities to the designed polymer nanocomposites. To fur-
ther boost the degree of phase separation, we increase the miscibility of
UCNRs with the polymer matrix while decreasing their miscibility with
the LC by dialing the polymer components and LC. Interestingly, both a
diffraction efficiency and a strong upconversion emission are simulta-
neously realized in a single holographic polymer/LC/UCNR nano-
composite. Furthermore, the emission color is dialed to be none, blue,
yellowish green and red, respectively, without affecting the diffraction
efficiencies.

2. Material fabrication
2.1. Materials

All chemicals were used directly as purchased. No further pur-
ification was employed unless this is specially noted. Deionized water
was prepared in the lab. YCl36H,O (purity: 99.9%), YbCl3-6H,O
(purity: 99.9%), ErCly6H,O (purity: 99.9%), TmCl;6H,O (purity:
99.99%), GdClyxH,0 (purity: 99.99%), oleic acid (purity: 90%), N-
phenylglycine (NPG, purity: 99%) and 3,3’-carbonylbis(7-diethylami-
nocoumarin) (KCD, purity: 99%) were purchased from Sigma-Aldrich.
NH4F (purity: 99.99%) was purchased from Aladdin. Ethyl alcohol
(purity: 99.7%), NaOH (purity: 96%) and cyclohexane (purity: 99.7%)
were received from Sinopharm Chemical Reagent Co., Ltd., China. N, N-
Dimethylacrylamide (DMAA, purity: 99%) was purchased from J&K
Scientific. The hyperbranched acrylate monomer 6361-100 was do-
nated as a gift by Eternal Chemical Co., Ltd., China. The LC mixture
P0616A (refractive indices nois89 nm, 20°c) = 1.52, TMes89  nm,
20°c) = 1.72, nematic-isotropic transition temperature Ty; = 58 °C) was
obtained from Shijiazhuang Chengzhi Yonghua Display Material Co.,
Ltd., China.

2.2. Preparation of UCNRs

UCNRs were synthesized according to the Liu's method [27]. In a
typical procedure, 1.2 g NaOH was dissolved in 6 mL deionized water,
and then mixed with 20 mL ethyl alcohol and 20 mL oleic acid. Sub-
sequently, 8 mL LnCl; (0.2M, Ln =Y, Yb, Er, Tm, Gd) and 4 mL NH4F
(2M) in water were added dropwise into the former solution under
stirring. The resulting solution was transferred into a 100 mL Teflon-
lined autoclave and then kept heating at 200 °C for 2 h. Following, the
autoclave was cooled down to room temperature. The product was
isolated via centrifugation at a speed of 11,000 rpm (rotor radius: 6 cm)
for 8 min. The produced UCNRs were washed for several times with
cyclohexane, ethanol and deionized water, consecutively, and finally
freeze dried. The chemical compositions of UCNRs were shown in Table
S1.

2.3. Fabrication of holographic polymer nanocomposites

The detailed composition of each nanocomposite is shown in Table
S2. During the preparation of holographic mixtures, all chemicals were
added into a brown-color capped glass vial and then sealed with Par-
afilm. Subsequently, bulk ultrasonication was employed at room tem-
perature for 40 min to offer homogeneous mixtures. Under red light, a
few drops of holographic mixtures were dropped on one side of the
glass cell (gap: 10 um). With the help of capillary forces, the mixture
was encapsulated inside the glass cell under dark conditions. Holo-
graphic polymer nanocomposites in the form of periodical gratings
were reconstructed as illustrated in Fig. Sla. A 460 nm laser (Genesis
MX460-500, Coherent, USA, polarization ratio: linear > 100:1, polar-
ization direction: vertical + 5°) was used as the light source. The glass
cell encapsulated with holographic mixtures was put into the laser in-
terference field and exposed for 30 s. The light intensity for each of the
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two coherent beams was optimized as 3mW cm ™2 when writing all
gratings. After holographic recording, the structures were solidified by
flood-cure for 500 s with a mercury lamp. Five samples were prepared
for each group to provide an average value of the diffraction efficiency
with standard deviations. During the holographic image reconstruction,
a spatial light modulator (SLM) was used to project the computer-
generated image into the interference field as an object beam (Fig. S1b).
Images were replicated through the interference of object beam with a
reference beam.

3. Characterization

To understand the morphology of UCNRs, transmission electron
microscopy (TEM) characterization was performed on Hitachi HT-7700
Compact-Digital TEM. Powder X-ray diffraction (XRD) characterization
was employed to study the crystal phase of UCNRs, and the test was
performed on the PANalytical X'Pert PRO MPD X-ray diffraction system.

Upconversion emission spectra were recorded using one spectro-
photometer (F-4600, Hitachi). The spectrometer was equipped with a
980 nm fiber-coupled laser system (MDL-III-980-2 W, Changchun New
Industries Optoelectronics Tech. Co., Ltd, China). The current value of
the laser system was set as 1.5.

To characterize the grating morphology, scanning electron micro-
scopy (SEM, Nova NanoSEM 450, FEI) was performed. The glass cells
were opened and then samples were cut into small pieces. These small
pieces were then immersed in n-hexane for 36 h to fully remove the LC.
Subsequently, the samples were dried under ambient conditions and
coated with a thin layer of platinum, which were followed by the SEM
characterization.

An LC display parameter tester (LCT-5016C, North LC Engineering
Research and Development Centre, China) and a 633 nm He-Ne laser
(HNL 050L, Thorlabs, USA) were utilized to nondestructively char-
acterize the diffraction efficiency of reconstructed holographic gratings.
P-polarized 633 nm light was used unless specially noted. When the
633 nm light irradiated the holographic gratings, diffraction, trans-
mission, reflection and scattering were generated, respectively. The
diffraction intensity (I3), transmission intensity (I) and reflection in-
tensity (I,) at the Bragg angle (0p) were easily measured (Fig. S2). Thus,
the diffraction efficiency () can be calculated as follows,

Iy
I + L m

n =

and the scattering light intensity (I5) can be given as,
L=I-1Li—-L-1I 2)

where, I stands for the incident intensity of the 633 nm laser.
4. Results and discussion
4.1. Characterization of UCNRs

Lanthanide-doped NaYF, was employed as the UCNC considering its
capability of providing a high upconversion efficiency and a similar
refractive index (1.46-1.49) to that of polymer matrix (1.47) [19,28].
Three kinds of lanthanide-doped UCNRs (e.g., UCNR-1, UCNR-2 and
UCNR-3) with similar sizes but distinct photoluminescence colors were
synthesized through the hydrothermal method [27]. Since the content
of Gd** could show a dominant influence on the UCNR dimension
during synthesis [27], we fix the Gd3* content at 60 mol % while al-
lowing other lanthanide ions (e.g., Yb®**, Er** and Tm®") to change.
Therefore, the UCNRs’ diameter is controlled to be 19 = 4nm, and
their length slightly varies from 89 = 11 to 116 * 23 nm (Fig. 2).

The XRD patterns confirm that all as-synthesized UCNRs are in
hexagonal phase, in good accordance with the JCPDS standard card
(file number 16-0334, Fig. 3a). Because of the varied content of Yb*™,
Er** and Tm®", yellowish green, blue and red photoluminescence
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colors are afforded for the UCNR-1, UCNR-2 and UCNR-3, respectively
(Fig. 3b and Fig. S3) [27,29], without affecting the crystal size and
crystal phase. The main emission peaks locating at 475, 543 and
654 nm are contributed to the optical transitions of Tm®*: 1G4 — ®Hg,
Er3+: 253/2*“115/2, and Er3+: 4F9/2—)4115/2, reSpeCtiVely (Table 53)
[19,29].

4.2. Design and formulation of holographic polymer nanocomposites

The as-synthesized UCNRs can be well-dispersed in DMAA but im-
miscible with the LC P0O616A (Figs. S4 and S5). Since the solubility
parameter is 17.3, 20.3 and 20.5 J/2 ¢cm ™2 for oleic acid, DMAA and
P0616A [30], respectively, the good dispersity of oleic acid capped
UCNRs in DMAA is expected to be led by the Lewis acid-base interac-
tion.

Holographic polymer/LC/UCNR nanocomposites are formulated as
follows. The monomers (e.g., DMAA and 6361-100), LC (e.g., PO616A)
and UCNR were mixed homogeneously upon bulk ultrasonication at
room temperature. The monomer DMAA was employed to tune the
miscibility of the polymer matrix with the oleic acid capped UCNRs.
Meanwhile, the hyperbranched monomer 6361-100 provided a high
crosslinking density after reaction but a low viscosity for facilitating the
monomer and LC diffusion during holography [23]. The photoinitibitor
comprised of KCD and NPG was used to mediate the holographic
photopolymerization, which was selected in our design because of its
attractive capability of exerting spatiotemporal control over the pho-
topolymerization kinetics and gelation [7]. Since we hypothesized that
the designed UCNRs would be trapped by the growing polymer network
and primarily located in the polymer-rich regions, we fixed the LC
content at an optimized value of 33 wt% [7,23,24] while varying the
monomer-UCNR mass ratio during holography. As a proof of concept,
the composites containing the UCNR-1 were initially investigated in
details.

We observed a high loading concentration of UCNRs up to 15 wt%
in the polymer nanocomposites without significantly affecting the
polymerization kinetics, making it possible to multiplex both the optical
holography and upconversion luminescence spontaneously. As ob-
served in other mixtures with NPs [8,23], the mixture's viscosity con-
tinues to increase exponentially from 6.2 to 23.1 mPas with an aug-
mentation of the UCNR-1 content from zero to 7.5vol% (Fig. 4a).
According to previous reports [8,31], the density of the synthesized
UCNR-1 is calculated to be 4.2 g cm™, In this case, the volume fraction
(f) is estimated as follows:

m;
Vi a
m;

Pi

f:

where, V;, m; and p; are the volume, mass and density of each compo-
nent in the holographic mixtures, respectively. The relationship be-
tween the viscosity (v) and volume fraction (f) of UCNR-1 can be de-
scribed as follows:

v = 15(1 + B(exp(A*) — 1)) (€))

where vy is the initial viscosity without UCNRs, A represents a constant
related to the holographic mixtures, and B is the pre-exponential factor.
The value of vy, A and B are calculated to be 6.29, 0.31 and 0.28, re-
spectively. Such viscosity increase usually gives rise to slower mole-
cular diffusion and decreased polymerization rate [8,23]. In contrast,
no significant change on the polymerization rate and double bond
conversion is observed in the present case (Fig. 4b). Presumably, the
UCNRs with a large size provide more free volume for facilitating the
monomer diffusion and collision with the active free radicals. The un-
changed photoreaction kinetics is envisioned to offer similar photo-
rheology behavior, as demonstrated by the insignificantly varied gela-
tion time of ~50s, when increasing the UCNR-1 loading up to 15 wt%
(Fig. 4c). However, the gelation time is significantly decreased down to
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Fig. 2. TEM images of (a) UCNR-1, (b) UCNR-2 and (c) UCNR-3. Their diameter is 19 = 4nm and their lengths are 116 + 23, 89 * 11 and 90 *= 16nm,

respectively, showing similar dimensions for these UCNRs.

~30s when further raising the UCNR-1 loading, because the large
amount of rigid inorganic UCNRs give rise to a high storage modulus at
the gel point (inset in Fig. 4c and Fig. S6).

4.3. Holographic patterning

Holographic polymer nanocomposite films are readily patterned
with the primary location of UCNRs in the constructive (polymer-rich)
regions. After injecting the homogeneous monomer/LC/UCNR mixture
into glass cells with a controlled gap (10 um), unslanted transmission
gratings with predesigned pitches (750 nm) are readily fabricated using
a two-beam interference technique. During the holographic recording,
the photoinitibitor absorbs the light and triggers the radical poly-
merization in the bright regions. Following this, monomers diffuse from
the dark regions into the bright regions to participate in the poly-
merization while the phase-separating LC molecules are squeezed into
the dark regions (Fig. S7). For the large size UCNRs, they are expected
to be trapped within the constructive regions by the growing polymer
network due to the slow diffusion. At the same time, their phase se-
paration with the emerging LC droplets is boosted due to their poor
miscibility with the LC. With the optimized laser intensity of
3mWcem ™2 for each coherent beam at the wavelength of 460 nm,
uniform holographic gratings were obtained under the two-beam in-
terference field. Clearly, the UCNRs are primarily fixed by the in-situ
generated polymer as predesigned (Fig. 5). Although small amounts of
UCNR-1 leave in the LC-rich region, they do not display a significant
influence on the degree of phase separation and refractive index con-
trast between the constructive and destructive regions. The main lo-
cation of UCNR-1 in the polymer-rich regions is further confirmed by
the detected mass ratio of UCNR-1 to polymer before and after LC re-
moval (i.e., 0.24 and 0.22, respectively), which is close to the prede-
signed value 0.28 (Figs. S8 and S9).

4.4. Simultaneously boosted diffraction efficiency and photoluminescence in
holographic polymer nanocomposites

Remarkably, a high diffraction efficiency of the holographic
polymer/LC/UCNR nanocomposites has been preserved with a high
loading of UCNRs because of the completed phase separation and well-
formed grating structures with alternating LC-rich (high refractive
index) regions and polymer/UCNR-rich (low refractive index) regions.
The diffraction efficiency is defined as the ratio of the diffracted light
intensity to the sum of diffracted and transmitted light intensities at the
Bragg angle. These gratings are in the Bragg regime (i.e., volume
gratings) with a quality factor (Q) of 34.2 [32], and they show good
symmetry in the angle selective diffraction curve after postcure treat-
ment (Fig. S10). The incident angle dependent diffraction efficiency is
fitted with an expression based on the Kogelnik's coupled wave theory
[33,34], which gives rise to a refractive index modulation (An) of 0.034
for the 10 um thick composite. When probed at the Bragg angle, the
diffraction efficiency () can be described as [34]:

y = sin? mAnd
Aprobe €OSOp

From which, we note that a slight overmodulation is given in our
holographic polymer nanocomposites. A maximum diffraction effi-
ciency can be achieved when the An equals 0.029 for the 10 um thick
composite (Fig. S11). Moreover, due to the large birefringence of the LC
and the preferential orientation of LC molecules along the grating
vector, predominant p-polarized diffraction is observed for these ho-
lographic polymer/LC/UCNR nanocomposites.

Interestingly, a high diffraction efficiency with a relatively small
light scattering loss is achieved in the holographic polymer/LC/UCNR
nanocomposites when the UCNR-1 loading is increased to 15 wt% (Fig.
S12), which is consistent with the brighter patterns of diffraction than
that of transmission (Fig. S13). The probed intensities of reflection,
transmission and diffraction can be detected directly. Then, the light
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Fig. 3. (a) XRD patterns of UCNRs. (b) Photoluminescence spectra of UCNRs. Each emission (Em) spectrum was measured after dispersing 9 mg UCNRs into 3 g
DMAA. The insets are the photoluminescence images of UCNRs in DMAA obtained upon 980 nm laser irradiation.
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Inset: typical moduli change versus the irradiation time, where the crossover of storage and loss moduli is regarded as the gel point.

Fig. 5. SEM image of the holographic polymer/LC/UCNR nanocomposite with
15 wt% of UCNR-1 after LC removal. The oval dark holes indicate the original
LC droplets (major axis: 75.2 * 34.0 nm, minor axis: 43.4 = 18.5nm). The
UCNRs were trapped by the cross-linked polymer.

scattering intensity is calculated by subtracting these three intensities
from the incident intensity of the laser source. The diffraction efficiency
is found to be 92 * 2% even with 15 wt% of UCNR-1 when probed by
a non-destructive 633 nm laser (Fig. 6a). Further increasing the UCNR-1
content to 25 wt% gives rise to a decrease of diffraction efficiency to
78 = 1%. This clear diffraction efficiency drop is primarily caused by
the largely increased light scattering and decreased diffraction
(Fig. 6b). Yet, only a slight decrease of the driving voltages is observed
as the UCNR loading is varied (Fig. S14).

A strong upconversion emission has been demonstrated simulta-
neously in these holographic polymer nanocomposites with a high
diffraction efficiency at a high loading concentration of UCNRs. Clearly,
the upconversion emission intensity linearly grows up with an aug-
mentation of the UCNR content once exceeding the threshold of 4 wt%
(Fig. 6¢ and 6d). The accumulated emission intensity within the wa-
velength range of 510-570 nm increases faster than that within the
wavelength range of 640-690 nm when increasing the UCNR-1 content,
providing strongly expressed green emission. The synergistically en-
hanced upconversion emission and diffraction with these UCNRs de-
monstrate the successful design of holographic polymer/LC/UCNR na-
nocomposites with orthogonal optical functions.

To further explore the effects of UCNC size and shape on the holo-
graphic polymer nanocomposites, other three kinds of lanthanide-
doped NaYF, UCNCs with different sizes and shapes were synthesized
(Fig. S15 and Table S4) and employed to fabricate holographic polymer
nanocomposites. The relative content of the LC and UCNRs is adjusted
to be 33wt% and 15 wt%, respectively. Interestingly, the diffraction
efficiency doesn't change significantly when increasing the length-dia-
meter ratio from 1.7 + 0.3 to 6.2 = 0.6. However, when further in-
creasing the length-diameter ratio to 12.6 * 1.4, the diffraction effi-
ciency dramatically drops to 56 * 13% (Fig. S16), due to the poor
phase separation structure (Fig. S17).

In addition, we have investigated the influence of grating spacing on
the diffraction efficiencies of holographic polymer nanocomposites. The
diffraction efficiencies are found to be 95 + 3% and 92 *= 2% when
the grating spacing is 500 and 750 nm, respectively (Fig. S18). How-
ever, the diffraction efficiency drops down to 42 +* 5% when the
grating spacing increases to 1000nm. Clearly, with the increase of
grating spacing, it becomes more difficult for the UCNRs to diffuse from
the dark regions to the bright regions, resulting in the less pronounced
phase separation and reduced diffraction efficiency.

4.5. Image storage in holographic polymer nanocomposites

One identical holographic image to the public but four covert
photoluminescence states are encoded in the holographic polymer/LC/
UCNR nanocomposites because of the simultaneously boosted diffrac-
tion efficiencies and upconversion emissions. Holographic image re-
cording was exerted with the assistance of a spatial light modulator
(SLM). The SLM was capable of projecting the computer-generated
image into space as the object beam, where the digital control is easily
realized. Images are reconstructed in the holographic polymer/LC/
UCNR nanocomposites when the object beam interferes with the re-
ference beam. After image recording, colorful holographic images are
clearly visible to the naked-eye under ambient light (Fig. S18). The
color of these transmission-type holographic images is structural and
dependent on the viewing angle [33]. Because of the unique electro-
optic response capability of LC molecules, the colored images re-
constructed in our holographic polymer nanocomposites can be re-
versibly switched by an applied electric field (Fig. 7 and Appendix B).
On the contrary, four different hidden states (e.g, none, yellowish
green, blue and red emissions, respectively) can only be identified
under the excitation by a 980 nm laser (Fig. 8). As well-recognized, the
widely spread fake trademarks associated with goods (e.g., food and
medicine) have severely threatened the public health and economy
[35]. By taking advantage of the distinctive invisibility of NIR light to
the naked-eye [36-38], the double-check and background-free features
in our holographic polymer/LC/UCNR nanocomposites open up new
opportunities to design advanced anti-forgery tags through a simple
one-step method. Moreover, the presented approach with UCNRs
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tent, when excited by a 2W 980nm laser. (d)
Integrated emission intensity at the green
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gions as a function of UCNR-1 content. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the Web version of this
article.)
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embedded within polymer regions could be also extended to counter-
parts with the NPs localizing within LC regions and potentially even
exhibiting various types of crystalline and biaxial LC organizations
[28,39]. This may open a new reach platform for realizing materials
with pre-designed optical properties.

5. Conclusions

Synergistically boosted diffraction efficiencies and upconversion
emissions were realized in a single holographic polymer/LC/UCNR
nanocomposite. This was enabled by controlling the spatial localization
of the UCNR during holography. The UCNR was fixed in the polymer-

Addasa -

20 Vipm

UCNR-2 loaded

Fig. 7. Holographic image changes in re-
sponse to applying a continuous square
wave voltage. The voltage was AC voltage
at a frequency of 1kHz. 15wt% UCNR-1
was added in the polymer nanocomposites.
All scale bars are 3 mm.

23 Viym 27 Vipm 0 V/iym

Fig. 8. (a-d) Viewing angle dependent holo-
graphic images under ambient light and (e-h)
viewing angle independent upconversion emis-
sions under 980 nm laser for the holographic
polymer composites. (a, €) no UCNR, (b, f) 15wt
% UCNR-1, (c, g) 15 wt% UCNR-2, (d, h) 15 wt%
UCNR-3. The scale bars are 2mm in a-d, and
1cm in e-h.

UCNR-3 loaded

rich regions that hold a similar refractive index, while the LC with a
much higher refractive index was squeezed out. Interestingly, the
loading of UCNR could reach 15 wt% without affecting the diffraction
efficiency, which gave rise to a high-intensity upconversion emission. In
our holographic polymer/LC/UCNR nanocomposites, one identical and
publicly disclosed holographic image was reconstructed, which ex-
hibited a viewing-angle dependence and electric switchable capability.
Moreover, four different covert photoluminescence states were realized
in our holographic polymer/LC/UCNR nanocomposites, paving a new
way to design tags with orthogonal optical functions for anti-counter-
feiting and security applications.
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