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Chiroptical switches based on circularly polarized luminescence (CPL) have shown the promising appli-
cations in advanced information technologies. Herein, a pair of lanthanide coordination polymer enan-
tiomers [Euy(LR)3(BTFPO),], and [Euy(L%)3(BTFPO),], with light-regulated CPL property are designed,
which are assembled by a chiral binuclear triple-stranded Eu3* helicates [Eu,(L¥S);] coordinated with
two photochromic triphenylphosphine oxides (BTFPO). Upon the alternative UV and 526 nm light irradia-
tion, the complexes show the reversible photochromism, PL and CPL responses. Notably, the luminescence
dissymmetry factor, gy, of >Do—’F; (591 nm) transition shows an obvious increase from 0.19 to 0.29
before and after 275 nm light irradiation. Additionally, the emission from Eu3* center is not completely
CPL‘ . quenched in closed-ring state due to the low photocyclization (®,.c) quantum yield of the polymer. The
Anti-counterfeiting partial maintenance of emissive intensity is of essential importance for the monitor of CPL signal. More
Logic gate importantly, the CPL photo-switching property of the complexes in solid hybrid film is maintained, and
still displays the enhanced CPL emission in photostationary state. Further, the potential applications of
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the doping film in logic gate and anti-counterfeiting were investigated.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photoswitches have attracted much interest because of their
promising applications in optical storage [1,2], logic gate [3,4], in-
formation encryption [5-7] and sensors [8-10]. Obviously, if the
photoswitches enable to output much more optical signals through
one light stimulation, it will significantly improve their capabili-
ties on information processing. The introduction of chiroptical sig-
nals (such as CPL and CD) is an alternative method to increase
the dimension of optical outputs. In comparison with the exten-
sively reported CD-based chiroptical switches [11,12], the counter-
parts based on circularly polarized luminescence (CPL) were sel-
dom reported [13,14]. This is because the luminescence dissymme-
try factor (g, ), Which represents the degree of preference of left-
or right-circularly polarized light over the other, is usually very
small (often g < 0.1, gmax = 2) [15]. This disadvantage extremely
limits their applications as CPL switch.

Diarylethenes (DAEs) and their derivatives are regarded as
the most widely used photo-responsive components in chiroptical
switches [16,17]. Recently, a few examples of CPL switches based
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on diarylethene (DAEs) have been reported [18]. For instance, Ak-
agi reported the first light stimuli-responsive CPL material based
on a diarylethene modified polymer [19]. A more recent example
is that reported by Liu and Zhang [20], where a “on-off” CPL switch
constructed from supramolecular gel is prepared by virtue of pho-
toisomerization of diarylethene. However, how to resolve the issue
of the low gy, value of materials is still a challenge for the further
development of CPL switch.

Among CPL materials, the lanthanide complexes usually showed
the obviously higher g, values (typically with gy, = 1072-1)
compared to organic luminophores [21,22]. This is because the par-
tial transitions of Ln3* ion possess the magnetic dipole transition
feature. Thus, the employment of chiral lanthanide complexes to
fabricate CPL switch is undoubtedly a feasible strategy. In this as-
pect, our group have reported a few examples of CPL switch based
on the DAEs modified lanthanide helicates [23-25]. In these chiral
helicates, the photoisomerization of DAEs result in the variations
of the helical chirality of the assemblies, and subsequently realize
the modulation to CPL (g, values).

To further improve gy, and the magnitude of photo-
modulation, we herein synthesized a pair of enantiomers of lan-
thanide coordination polymer, which are comprised of the chi-
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Scheme 1. Synthetic routes of lanthanide coordination polymer [Eu,(L¥/S);(BTFPO),], and the preparation of doping film.

ral binuclear Eu3* helicates and a diarylethene modified triph-
enylphosphine oxide as ancillary ligand. In comparison with our
previously reported photochromic ligands that combined DAEs and
chiral element in one ligand, the usage of photochromic ancillary
ligand strategy provides a "master key" approach, which can be
used to regulate the CPL of all the chiral lanthanide complexes,
once they coordinate with Ln3* ion. In two complexes, each two
bidentate phosphine oxide ancillary ligands bridge two helicates
to form a 1-D chain liked coordination polymer (Scheme 1). The
optical and chiroptical analyses show that the complex enables to
undergo a reversible CPL light modulation, and accompanied with
a remarkable variation of gy, value from 0.19 (open-ring state) to
0.29 (photostationary state (PSS)). It is suggested that the remark-
able variation of gy, value should arise from the synergetic chiral-
ity amplify effect brought by the formation of 1-D supramolecular
chain. A similar chirality amplify effect can often be observed in
chiral supramolecular assemblies [26,27]. Additionally, we also ex-
amine the CPL switching performance of complexes in doping film.
The maintenance of photochromic and light-regulated CPL proper-
ties in film encouraged us to further develop the usage of com-
plexes in logic gate and anti-counterfeiting.

The synthetic procedure of the photochromic diarylethene an-
cillary ligand, BTFPO is shown in Scheme S1 (Supporting informa-
tion). The BTFPO is comprised of two triphenylphosphine oxides
(TPPO) bridged by a well-known photochromic diarylethene, 1,2-
bis(2-methylbenzo[b]-thiophen-3-yl)hexafluorocyclopentene (BTF6)
[28]. It was synthesized by Suzuki coupling of the triph-
enyloxyphosphonborate ester with diiodo-BTF6 catalysed by
Pd(PPh3),Cl,. The diiodo-BTF6 was prepared according to the re-
ported methods [29]. The corresponding intermediates and an-
cillary ligands were confirmed by 'H NMR and MS (Figs. S1-S7
in Supporting information). The triple-stranded helicates, Eu,(L®);
and Eu,(LS); were prepared by the self-assembly of Eu(OTf); with
our previously reported chiral (R/S)—1,2-propanediol derived bis-
B-diketonate ligand (L?/S) in methanol [30]. The coordination poly-
mer [Eu,(LR/S);(BTFPO), ], was prepared by further assembly of the
helicates Euy(LR/S); with BTFPO in a 1:2 ratio in refluxed methanol
(Scheme 1). ESI-MS first affirms the successful preparation of
triple-stranded helicate (Fig. S9 in Supporting information), which
displays the molecular ion peak of the positive charged species,
[Euy(LRS); + H]* at m/z = 1811.0308. However, it is known that
the analysis towards coordination polymer by MS is difficult due
to the huge formula weight. Fortunately, the mass fragments gen-
erated during ionization process of polymer can offer the valuable
information to estimate the formation of the expected structure. As
shown in Fig. 1a, the fragment peaks attributed to the [Euy(LR); +
2BTFPO + H]"™ at m/z = 3868.5624 was clearly observed (Fig. 1a),
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Fig. 1. (a) ESI-MS spectrum of [Eu,(LR)3(BTFPO),], with the inset representing the
simulated (Sim.) and observed (Obs.) isotopic distributions. (b) '"H NMR spectra
(400 MHz) of 0-BTFPO (purple line), and the polymer o-[Euy(LR)3(BTFPO);], (olive
line) in DMSO-dg. (c) The overlapped 'H NMR spectra of o-BTFPO (purple line) and
0-[Eu,(LR)3(BTFPO), ], (olive line) in DMSO-ds.

which provides valuable information to deduce the composition of
the coordination polymer.

The corrected 1:2 stoichiometric ratio of Eu,(LR/S); to BFTPO
in chemical formula [Eu,(LR/S)3(BTFPO),]y can be verified by 'H
NMR of the complex (Fig. 1b). The integration ratio of methyl
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protons in BTFPO (Ha and Ha’) to those in helicates (Hd) is 4:3,
which is in accordance with the expected polymer composition
of [Euy(LR/S)5(BTFPO);]n. Moreover, the spectral shift of BTFPO in
free ligand compared to that in complex also supports the coor-
dination of BTFPO to Ln3* ion (Fig. 1c). Additionally, the peaks of
methyl protons, Ha and Ha’, corresponding to parallel (p) and an-
tiparallel (ap) conformations, are sharp and well distinguishable.
From their integration area, the ratios of ap- and p-conformers
of BTFPO in free ligand and the complexes are estimated to be
4.9:5.1 and 4.7:5.3, respectively. It is well known that only the ap-
conformation could perform photoisomerization.

To obtain the exact structure, several methods have been
tried to grow single crystals of the complex, but all the ef-
forts failed. Thus, herein, we resorted to a semiempirical molec-
ular mechanics modeling fabricated by the LUMPAC 3.0 software
with a Sparkle/AM1 model to optimize the possible structure. On
the basis of our previously reported quadruple-stranded helicate,
Eu,(LR),, a triple-stranded helical structure Eu,(LR); was first opti-
mized. With this structure, a polymer fragment comprised of two
helicates and two BTFPO was successfully optimized (Fig. S10 in
Supporting information). In this model, we observed that the he-
licate adopts M-helical conformation, and induces the antiparallel
BTFPO to generate P conformation.

BTF6 and its derivatives as well-known photochromic com-
pounds have been widely used in areas of optical switch, stor-
age and cell imaging due to their high thermal stability and
photochromic conversion efficiency [31,32]. Herein, a new pho-
tochromic molecule, BTFPO is designed by BTF6 covalently linked
with two triphenylphosphine oxides (TPPO). It is expected that this
compound will remain the well photochromic performance in co-
ordination polymer. Thanks to the multiple aryl groups and non-
planar structure of BTFPO, the free ligand and its corresponding
complexes both exhibit good solubility in solvent. The solution
concentration of polymer can reach up to 10~3 mol/L (estimated
by helicate) in THF, which provides the possibility to assess the
photophysical properties of the polymer in solution.

Herein, we first compared the photochromic performance of the
free BTFPO and [Euy(LR/S)3(BTFPO),], in THF. The UV—vis spec-
tra of the free BTFPO and the complex before and after photoi-
somerization are shown in Fig. S18 (Supporting information). In
open-ring form, the absorbance of BTFPO locates at UV band with
Amax = 292 nm. Upon irradiating with 275 nm UV light, two new
bands with maxima absorbances at 384 and 550 nm appear, and
resulting in the color of solution from colourless to purple. After
irradiation for 15 min, the free BTFPO reaches a photostationary
state (insert of Fig. S18a in Supporting information), indicating the
presence of partial photocyclization of BTFPO from an open-ring
(0-BTFPO) to closed-ring (c-BTFPO) form. The reversal photoiso-
merization is realized by exposure to 526 nm LED light for 80 s
(Fig. S12 in Supporting information). Based on the variation plot
of absorbance versus time, the photocyclization (®,.c) and photo-
cycloreversion (@c.,) quantum yields are calculated to be 4.6% and
31.2%, respectively. From the integration area of Ha and Ha’ in 'H
NMR, the conversion ratio (c«pss) of 0-BTFPO to c-BTFPO in pho-
tostationary state is calculated to be 3.8% (Fig. S11 in Supporting
information).

The absorbance variation of the coordination polymer in THF
is shown in Fig. S18b (Supporting information). In open-ring state
of BTFPO, the complex [Euy(LR);(BTFPO), ], presents a main band
with a maximum absorbance at 326 nm and a shoulder at 295 nm,
which is ascribed to the characteristic -7 transition of bis-f-
diketone (L) and the absorbance of BTFPO, respectively. Meanwhile,
upon irradiation with UV light at 275 nm, the colourless solution
of polymer in open-ring form gradually turns to purple, and fol-
lowed with the presence of two new bands at 386 and 551 nm.
In comparison with the free BTFPO, the time reaching to photosta-
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tionary state is delayed to 20 min (insert of Fig. S18b in Supporting
information), and displays the relative decrease of absorbance. 'H
NMR analysis shows that the conversion ratio of photoisomeriza-
tion of BTFPO in complex decreases to 2.9% (Fig. S14 in Support-
ing information). Additionally, the photocyclization (®,.¢) quantum
yields lower to 0.55%, while the photocycloreversion (®¢,) does
not present the obvious decrease, remaining at 30.1%. These results
indicate that the formation of coordination polymer markedly af-
fects the photoisomerization of BTFPO. Although the presence of
the low closed-ring conversion ratio, the coordination polymer still
exhibits excellent reversibility and stability (Figs. S15—S17 in Sup-
porting information).

The typical feature of the photochromic compounds is their ex-
istence of the markedly spectral shift under the alternative light
stimuli. For lanthanide complexes, the luminescence from Ln3* ion
depends on the effective energy transfer from ligand to emissive
energy level of metal center. Thus, the variation of energy level
caused by photoisomerization will certainly influence the lumi-
nescence from the complexes. However, the absolute luminescence
quenching also indicates the simultaneous turn-off of PL and CPL
emission, which makes the switch relying on CPL signals lose the
advantage of chiroptical regulation.

Thanks to the low photoisomeric efficiency, the polymer re-
ported here remains the enough emission intensity after photocy-
clization. As shown in Fig. 2a, the complex shows the characteristic
emission of Eu3+ ions at 591, 611, 648, and 699 nm, correspond-
ing to 5D0—>7FJ (J = 1-4) transitions, respectively. In comparison
with the open-ring form, the emission intensity in photostation-
ary state decreased by 76%. The relative photophysical parameters
are listed in Table S1 (Supporting information). The data show that
the luminescence quantum yields (QYs) of the polymer in open-
and closed-ring form are 20.5% and 5.6%, respectively. The about
5% total emission efficiency in photostationary state is enough to
satisfy the sensitivity of the current commercial detector.

For lanthanide complexes, the highly effective luminescence de-
pends on the energy level match between the triplet state (T;)
of ligand and the excited state of Ln3* ion. The triplet state en-
ergy level can be estimated from the phosphorescence spectrum of
the corresponding Gd3* complex. By referring to the high energy
emission edge of Gd,(LR);(CH30H),, the T; of L is calculated to be
22,200 cm~! (Fig. S21 in Supporting information), which is higher
than the °D, energy level (17,500 cm~!) of Eu3* ion. The AE
(Ty - °Dg = 4700 cm~') satisfies the suggested energy difference,
AE > 2500 cm~! for a highly effective energy transfer process
[33]. In open-ring form of [Gd,(LR);(BTFPO),],, the phosphores-
cence spectrum is in accordance with that of Gd,(LR);(CH3;0H),.
It indicates that the phosphorescent emission from BTFPO is prob-
ably covered by the emission of L. In the case of closed-ring
form, a new band presents at the low energy spectral region with
high energy emission edge at 15,197 cm~! (620 nm), which is
lower than >Dg energy level (17,500 cm~!) of Eu3* ion, indicat-
ing the presence of an invalid energy transfer from BTFPO to Eu3+t
ion (Fig. S22 in Supporting information). Conversely, the T; of
BTFPO can accept the energy from °Dy of Eu* and T; (22,200
cm~1) of L. This result can well explain the partial quenching
from Eu3* center. The phosphorescence decay curves of the cor-
responding [Gd,(LR);(BTFPO),|,, are shown in Fig. S23 (Support-
ing information), and the proposed energy transfer processes of o-
[Euy(LR)3(BTFPO), ] and c-[Euy(LR)3(BTFPO), ], are summarized in
Scheme S2 (Supporting information).

Because of the introduction of point chirality at the spacer of
LR/S the chirality of the complex in ground and excited states, and
their chiroptical properties regulated by light stimuli are expected.
Fig. 2b displays the mirror-image CD curves of the polymers before
and after photoisomerization. In UV band, the variations of CD sig-
nals are negligible in open-ring and photostationary states. It indi-
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Fig. 3. (a) Emission spectra of hybrid films with doping levels of 0.1%—0.6%. (b) Emission spectra of hybrid films with doping levels of 0.6% after exposure to 275 nm UV
with 1.0 min interval time. (c) CPL spectra comprised of polymer film with the open-ring and photostationary states (doping amount = 0.6%).

cates that photocyclization does not lead to the perceptible change
of supramolecular chirality of the helicate. However, the presence
of exciton coupling in this band offers useful information to es-
timate the supramolecular chirality of the helicate. A positive ex-
citon coupling for [Eu,(LR)3(BTFPO), ], indicates the presence of a
A configuration around Eu3* ion and an M-helical conformation
for the helicate. This result is in accordance with the optimized
structure from LUMPAC calculation. While in the visible spectral
region, the new mirror-image Cotton curves attributed to close ring
c-BTFPO are observed, indicating the presence of an effective chi-
rality transfer from helicate to BTFPO.

The excited state chirality from Eu3* ijon is monitored by CPL
spectrum. Fig. 2a shows the mirror-image CPL spectra of the enan-
tiomeric polymer in the corresponding emission bands of Eu3* ion,
in which °Dy —7F; (591 nm) and °Dy — ’F, (611 nm) transi-
tions show the relatively large Al Thanks to the magnetic dipole
transition feature, the gy, value reaches up to 0.19 for °Dy —’F;
transition in open-ring state. Notably, in photostationary state, the
Al displays the obvious enhance, with gy, value increasing to
0.29, although the total emission intensity is lower than the initial
state. Combining the effective luminescence (QYs, 20.5% and 5.6%
in open- and close-state) and the large Ag,, = 0.1, this coordina-
tion polymer shows the promising potential as CPL switch.

As photochromic materials, their performances in solid state are
of essential importance. Polymer, such as PMMA and PS, are the
extensively used matrix for the preparation of luminescent dop-
ing film [34,35]. In the process of photoisomerization of DAEs,
the matrix must provide enough space to fit the variation of
molecule volume arising from photocyclization. In view of the case,
we prepared a copolymerization film by employing styrene and
trihydroxymethylpropyl trimethylacrylate (TMPTMA, Scheme 1) as
monomers. The tripodal structure of TMPTMA enables the film to
form a 3D framework with a large cavity inside.

After the successful preparation of polymer film, we first exam-
ine the doping level of the complexes as considering their limited
solubility in matrix. The doping test shows the maximal doping
amounts of the complexes in matrix is 0.6%. Whereafter, the ef-
fect of the doping level on emission intensity was investigated. As
shown in Fig. 3a, the emission intensity gradually increases with
the increase of doping concentration from 0.1% to 0.6%.

To facilitate the luminescent monitor, the 0.6% doping film was
selected as an example to study the photochromic and CPL proper-
ties. Under 275 nm UV irradiation, this film displays the gradually
deepened color change from colourless to purple (Fig. 3b, insert),
and accompanying with the decrease of emission intensities. After
8 min irradiation, the photocyclization reaction reaches to photo-
stationary state with the intensity dropping to 50% of initial state.
Notably, the photoisomeric time is shorter than that of complex in
solution (about 20 min.). The shortened time should arise from the
space-restricted effect of the cavity in film, which probably shorten
the distance between two reaction carbon atoms, thus facilitating
the photocyclization reaction.

Importantly, CPL emission variation of the complex in hybrid
film is also observed under the alternative UV and visible light
irradiation (Fig. 3c). Similar to the case in solution, the film also
presents CPL enhancement in photostationary states with the |gj |
values at 590 nm increasing from 0.064 to 0.12. Notably, the AI at-
tributed to °Dy —’F; (591 nm) transition displays the relative de-
crease compared to °Dy —’F, (612 nm) transition, which is differ-
ent from the case in solution. The other difference is that the g,
values at 612 nm present a markable increase from 103 (0.003)
in solution to 102 (0.058) in film. In fact, for most of Eu3* com-
plexes, 10~2 order of magnitude of the g, value is difficult to
achieve for the Dy —’F, (612 nm) transition due to their elec-
tric dipolar transition feature. Thus, this band as monitoring wave-
length is also accessible (Table S2 in Supporting information).
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Fig. 4. The symbolic representation and truth table of the logic circuit. The two
trigger wavelengths are denoted as input, I; (275 nm) and I, (526 nm). The output
is defined as Ocp, (CPL signal at 591 nm) (a), Oyy (UV signal at 551 nm) (b), Op. (PL
signal at 611 nm) (c) and logic circuit (d).

In view of the multiple light stimuli response of the complexes,
their potentials as advanced switching materials that is used in
logic gate and anti-counterfeiting are developed [36]. Because the
optical outputs of the films, such as UV, CD, PL and CPL, can
be alternatively modulated by UV (A = 275 nm) and green light
(A = 526 nm), thus the logic gates relying on these signals were
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fabricated. First, the input and output conditions should be defined
to complete the corresponding logic design. Here, the UV wave-
length at 275 nm is employed as input signal 1, named as “In1”,
while the green light with 526 nm wavelength is defined as in-
put signal 2, named “In2”. As the material not being stimulated by
light, the logic inputs “In1” or “In2” are both regarded as “0”, while
the “1” indicates that the “In1” or “In2” is turned on.

Because of the same variation tendency of UV and CD spectra,
their logic relationships are also the same. Thus, here we selected
the UV signal as one logic output, and named as Oyy. The logic
outputs of “0” and “1” of Oyy are defined by monitoring the ab-
sorbance at 551 nm (A > 0, Oyy = 1; A = 0, Oyy = 0). In the case
of PL (Op) and CPL (Ocp.) as output signals, the emission intensity
in photostationary state (Aem = 611 nm) of PL and the initial g,
value of CPL (Aem = 591 nm) are defined as “0”, while their corre-
sponding increases are defined as logic output “1”. With these logic
relationships and the corresponding definitions, two kinds of logic
gates named INHIBIT and IMPLICATION based on Oy, Op, and Ocp,
are fabricated as shown in Fig. 4.

On the other hand, combination of photochromism and light-
regulated CPL properties, the complexes show the potential com-
bination of photochromism and light-regulated CPL properties, the
complexes show the potential application in anti-counterfeiting.
Herein, we prepared the letters “C”, “P” and “L” films with the Eu3*
and Gd3+ complexes, Euy(LR)3(BTFPO);]n, [Euy(LS)3(BTFPO);]n,
racemic [Eu,(LR/S);(BTFPO), |, and [Gdy(LR)3(BTFPO), ], as dopants.
With these letters, we designed a simple matrix to discuss the pos-
sibility of the hybrid film for advanced anti-counterfeiting (Fig. 5a).
In this matrix, the encrypted information can be decrypted in UV,
PL and CPL modes. Further, the complete decryption need simul-
taneously satisfy the following three decryption conditions: (1) All
the letters in matrix turn to purple under UV 275 nm irradiation,
which can be determined by naked eyes or UV detector (Fig. 5b);
(2) under 375 nm excitation light, the colourless letters (open-ring
state) in cross line emit the bright red light, while the four let-

Fig. 5. Advanced information encryption and decryption based on a matrix comprised of doping film letters, “C”, “P”, “L”. The letters in corner doped with
[Gdy(LR)3(BTFPO), |, letters “C” in cross line doped with Euy(LR)3(BTFPO);],, letters “L” in cross line doped with Eu,(LS)3(BTFPO),],, letters “P” in cross line doped with
rac-[Euy (LR/)3(BTFPO), ],. Photos of all the letters in open-ring state (a, ¢) and photostationary state (b, d) under daylight and 365 nm irradiation, respectively.
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ters in corner are not luminescent; meanwhile the letters “C” with
left circularly polarized emission and “L” with right circularly po-
larized emission can be distinguished by left- or right-polarizing
filters (Fig. 5¢); (3) in the photostationary state, the letters on cor-
ner are purple and non-luminescent, but the enhanced CPL emis-
sion from letters “C” and “L” will be more easily distinguished by
the polarizing filters (Fig. 5d). Compared with the conventional flu-
orescence anti-counterfeiting, such a matrix with the integration
of UV, PL and CPL is endowed with multiple security features. This
experiment demonstrates that the materials are suitable to realize
the high-end anti-counterfeiting or information encryption.

In summary, this work reports the first example of a CPL
photo-switch constructed from the lanthanide coordination poly-
mer. Upon the alternative UV and green light irradiation, the com-
plexes show the reversible light regulated UV, PL and CPL switch-
able properties in solution and in solid hybrid film. There are two
advantages for the coordination polymer as excellent CPL optical
switch: (1) The incomplete luminescence quenching of complexes
in photostationary state. The relative high luminescence quantum
yield is the precondition for the CPL signal to be monitored. Com-
pared to the conventional fluorescence switch relying on emission
quenching, the partial maintenance of luminescence can ensure
the CPL signals in open- and close-ring state to be detectable; (2)
The relatively large gy, and the enhanced CPL in photostation-
ary state. The |g,,| values of the complexes at 591 nm reach to
0.19 in colourless open-ring state, a relatively high value in lan-
thanide CPL materials. In photostationary state, this value increases
to 0.29, the markable variation of A|gj,,| = 0.1 ensures the deter-
mination to CPL signal to be facile and more correct. In fact, the
two above aspects benefit from the formation of coordination poly-
mer, which, on one hand, restricts the photocyclization of BTFPO,
and resulting in the low @,.c and the relatively high luminescence
quantum yield. On the other hand, the chirality amplified effect
caused by supramolecular assembly ensure the large |g,| values
of the polymer in open- and closed-ring state. Finally, the excellent
photo-modulated chiroptical properties of the doping film demon-
strate their potentials as photo-switching materials that used in
logic gate and anti-counterfeiting.
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