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ABSTRACT: Chiral photonic crystals have been a widely
investigated topic in chemistry, physics and biology. Till now,
the researches about chiral photonic crystals are conducted on
the objects of helical structures, while the chiral photonic
crystals made of periodic chiral media remain unexplored
experimentally. In this work, we have successfully constructed
three-dimensional chiral polymer inverse opal photonic
crystals (3D CPIOPCs) by a template-based method.
Impressively, the 3D CPIOPCs exhibit emerging circular
dichroism responses near the photonic band gaps. The
experiments and calculations clearly elucidate the contribution
of photonic structures and chiral media to this characteristic
optical activity.

Chiral photonic crystals have drawn much attention in
recent years due to their unique capacity in modulating the
right-handed circularly polarized (RCP) and left-handed
circularly polarized (LCP) lights.! Generally, there are two

different design principles to afford the chiral photonic crystals,

namely structural chirality and media chirality. The former
relies on the helical arrangement of achiral building blocks,
while the later bases on the intrinsic chirality of the composed
materials.? To date, the research community mainly focuses on
chiral photonic crystals of structural helicity. These structures
are ubiquitous in nature, such as beetles® and butterfly.*
Inspired by nature, scientists develop not only bottom-up self-
assembly methods,® but also top-down techniques® to
construct various helical metamaterials.” However, the
photonic crystals composed with chiral media are not
experimentally reported yet, though theoretical works have
predicted they may present many intriguing optical properties
like polarization-sensitive transmission® and negative
refraction. Therefore, to fabricate chiral media photonic
crystals and further study their optical properties are of great
importance for both fundamental science and practical
application.

Opal photonic crystals, which are easily achieved by the self-
assembly of uniform silica or polymer nanospheres, have been
extensively employed as the templates to prepare porous films

with highly-ordered inverse opal structures.!? Similarly to the
templates used, these porous films possess distinct photonic
band gaps (PBGs), which could be simply tuned by changing the
size of nanospheres.!! Herein, we utilize the silica nanospheres
based photonic crystals as the templates, and infiltrate chiral
polymer precursor solution to fabricate three-dimensional
chiral polymer inverse opal photonic crystals (3D CPIOPCs).
As-synthesized CPIOPCs exhibit the emerging circular
dichroism (CD) responses near the PBGs, and R and S
enantiomer CPIOPCs show the mirror-image CD signals.
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Scheme 1. Protocol for preparation of CPIOPC. (a)
Assembly of silica nanoparticles into PCT. (b)
Infiltration of chiral polymer precursor solution into
PCT. The inset displays the polymerization reaction
happening inside template. (c) Construction of CPIOPC
via chemical etching of silica nanoparticles by
hydrofluoric acid.

To fabricate 3D CPIOPCs, monodisperse silica spheres with
diameter of 174 nm, 190 nm, 195 nm, 200 nm and 210 nm,
respectively, were firstly prepared by the modified Stober
methods (Figure S1).1? Subsequently, 3D photonic crystal
templates (PCTs) were formed on the quartz plates via self-
assembly of silica nanoparticles by vertical deposition method
(Scheme 1a, Figure S2-S4).1% As expected, the PCTs display
bright colors and typical PBGs (Figure S5). Afterwards, the
exposed surfaces of PCTs were covered with polymethyl
methacrylate (PMMA) plates (Scheme 1b). The chiral precursor
solution was then infiltrated into the PCTs, in which poly(N-
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propargyl acrylamide)-random-poly(N-propargyl-(R/S)-
camphanamide) (PM1-r-PM2) was photo-cross-linked with
methyl methacrylate (MMA) to obtain the stable chiral polymer
(inset in Scheme 1b). The PM1-r-PM2 (Figure S11), which was
pre-synthesized through the polymerization reaction of N-
propargyl acrylamide (M1, Figure S6, S7) and N-propargyl-
(R/S)-camphanamide (M2, Figure S8-510) monomers, could be
photopolymerized with other vinyl-containing monomer to get
the stable and optically active polymer (Figure S12).13 When
the polymerization reaction was finished, the silica
nanoparticles in PCTs were etched in hydrofluoric acid,
accompanying with peeled off from the quartz plates. Finally,
the 3D CPIOPCs on the PMMA substrates (Scheme 1c) were
produced.

Figure 1. Structural characterization of CPIOPCs. (a) Schematic
representation of (111) crystal face of CPIOPC. (b-f) Top-view
SEM images of CPIOPCs fabricated from PCTs built with silica
nanospheres in diameters of (b) 174 nm, (c) 190 nm, (d) 195
nm, (e) 200 nm and (f) 210 nm. Scale bars: 1 um. The insets
present the diffraction patterns obtained via fast Fourier
transform of SEM images.

Figure 1a is the schematic representation of CPIOPC (111)
crystal face and same with the top-view SEM images of the
fabricated CPIOPCs (Figure 1b-f). The surface and cross-
sectional observations (Figure S13) demonstrate the CPIOPCs
successfully replicate the 3D periodic structures of PCTs, which
are further evidenced by the sharp diffraction patterns (Insets
in Figure 1b-f and S13). Note that by infiltrating chiral
precursor solution containing PM1-r-PM2 (R) or PM1-r-PM2 (S)
(Figure S10), R-CPIOPCs and S-CPIOPCs are acquired,
respectively.

Diffused transmittance CD (DTCD) and UV-Vis absorption
spectra are utilized to measure the optical property of CPIOPCs
(Figure 2a-e). Evidently, the CPIOPCs show bright colors
(insets) and present typical PBGs in the visible range from 400
nm to 600 nm (bottom curves in Figure 2a-e). The PBGs display
small blue shift compared with those of PCTs (Table S1), which
is reasonable considering the fact that the calculated effective
refractive index of CPIOPCs is smaller than that of silica PCTs
(Figure S14).12 With respect to the optical activity of R-
CPIOPCs and S-CPIOPCs (top curves in Figure 2a-e), the intense
CD signals with opposite sign in the UV region from 275 nm to
425 nm originate from the infiltrated chiral polymer (Figure
$15), while the new CD responses appear near the PBGs with
negative sign for R-CPIOPCs and positive sign for S-CPIOPCs.
Noteworthily, the CD peak position is easily tuned by changing
the diameter of silica nanospheres that constitute PCTs (Figure
2f). In addition, the linear dichroism (LD) spectra of CPIOPCs

were also recorded to exclude possible LD artifact.!> As
manifested in Figure S16, the contribution of the LD effect is
quite weak to be negligible. Moreover, there are no obvious CD
signals near the photonic band gaps when pure R- and S-
polymer films are placed over top of or beneath the photonic
crystals (Figure S17), demonstrating that the observed CD
signals in CPIOPCs are not an artefact of the optics.
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Figure 2. Optical activity of CPIOPCs. (a-e) DTCD (upper half)
and UV-Vis absorption spectra (bottom half) of R-CPIOPCs and
S-CPIOPCs constructed from PCTs built with silica nanospheres
in diameter of (a) 174 nm, (b) 190 nm, (c) 195 nm, (d) 200 nm,
(e) 210 nm. R-174 represents R-CPIOPC built with silica
nanospheres of 174 nm. Insets are the typical photos of the
corresponding CPIOPCs (sizes: 1 cm x 1 cm). (f) Relationship of
CD peak wavelengths of R-CPIOPCs and S-CPIOPCs with
diameters of the silica nanospheres constituting the PCTs.

To verify the CD responses near the PBGs are the intrinsic
optical activity of CPIOPCs, we infiltrated ethylene glycol into
CPIOPCs because of its low volatility. Obviously, the CPIOPCs
become transparent (insets in Figure 3a-e), and accordingly the
PBGs in UV-Vis spectra totally disappear (Figure 3a-e). This is
because the difference of the refractive indices between chiral
polymer (n = 1.58, Figure S14) and ethylene glycol (n = 1.43) is
too small. As a result, the PBGs are too weak to be detected
neither by the naked eye nor through the spectroscopy
machine. As expected, the CD signals of CPIOPCs near PBGs also
turn to zero. This control experiment demonstrates the
emerging CD responses of CPIOPCs are closely related to the
PBGs. In addition, achiral PMMA inverse photonic crystals!02
were also constructed using the silica PCTs (Figure S18).
Evidently, the CD signals for all PMMA inverse opal photonic
crystals are almost zero around the PBGs (Figure 3f), disclosing
the critical role of chiral media in generating the CD responses
around the PBGs.
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Considering the critical roles of both PBGs and chiral media,
we attribute the distinct CD signals of CPIOPCs to the band gap
separation in photonic crystals composed of chiral media.1¢
Specifically, in regard of the Bragg reflection from 3D achiral
photonic crystals, the optical mode of RCP and LCP light are
degenerate. Therefore, the CD signals are zero, which are
consistent with the result of PMMA inverse opal photonic
crystals. When the chirality is introduced, LCP and RCP lights
experience the different refractive indexes in chiral media, so
the PBG structures of CPIOPCs become nondegenerate state,
causing non-zero CD signals near the PBGs.
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Figure 3. Optical property of control samples. (a-e) DTCD and
UV-Vis absorption spectra of R-CPIOPCs and S-CPIOPCs
constructed from PCTs built with silica nanospheres in
diameter of (a) 174 nm, (b) 190 nm, (c) 195 nm, (d) 200 nm
and (e) 210 nm after infiltration with ethylene glycol (EG).
Insets are photos of the samples after infiltration with EG
(sizes: 1 cm x 1 cm). (f) DTCD and UV-Vis spectra of PMMA
inverse opal photonic crystals fabricated from PCTs built with
silica nanospheres in diameter of 174 nm, 190 nm and 210 nm.

To further provide solid evidence for the origin of the optical
activity, the CD spectra of CPIOPCs were simulated. The optical
response of homogeneous chiral media is described by the
following constitutive relation:8

D\ _ £oE iB\/Ho€o\(E

(B) - (—iﬁ«/#ofo Uol )(H) (1)
where E is the electric field, B is the magnetic field, H is the
electric displacement, D is the magnetic induction; &, u are the
permittivity and permeability, respectively; f is the chiral
parameter.'” The simulation was performed with COMSOL
Multiphysics using finite element method.!® As shown in Figure
S19a, the CPIOPC samples are simplified into the rectangular
lattice cells located on the PMMA substrate, and modelled using
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Floquet periodicity along the xy direction in the whole model
box.!® The incident waves are propagated directly along the z
axis. In each rectangular lattice cell, the air spheres with
diameter of d are embedded in the chiral host media (Figure
S19b). The permittivity € (real part £; and imaginary part ;) of
the infiltrated chiral polymer are obtained by fitting
experimental data in Figure S14 (Figure S21a, b). The real part
of chiral parameter (3;) denotes the rotation of the polarization
ellipse (Figure S20), while the imaginary part (f;) is related to
CD. B; and B; can be calculated based on the following
equations, respectively (Figure S21c, d).1”

0 =kolf1 (2)

1N = kol (3)
Here, 6 is the optical rotation angle, 7 is a half of ellipticity, ky is
the wavevector in free space and I is the thickness of chiral film.
It needs to be noticed that the default built-in wave equations
in COMSOL Multiphysics must be modified based on the above
constitutive relations for a chiral media.?° To simulate the CD
spectra of CPIOPCs, the absorption cross sections for the
collection of rectangular cells are firstly calculated under the
excitation of LCP and RCP light, respectively, and then their
combination generates the CD spectra. In addition, the UV-Vis
absorption cross sections of CPIOPCs excited by linear plane
wave are also simulated.
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Figure 4. (a) Simulated UV-Vis absorption cross section and CD
spectra of R-174 and S-174. Field distribution of (b) RCP and
(c) LCP light upon the rectangular unit cell of R-174 at the band
gap wavelength of 410 nm. The color represents the intensity
of electric field (V/m) normal to the xy-plane.

As shown in Figure 4a, the sign and position of the simulated
CD peaks, as well as the UV-Vis absorption cross section
pattern, for R-CPIOPCs and S-CPIOPCs built with silica
nanospheres of 174 nm in diameter (R-174 and S-174) match
well with the experimental results. Figure 4b and 4c further
manifest the electric field distribution of the incident LCP and
RCP light upon the rectangular cells of R-174 sample at the
band bap wavelength of 410 nm. Clearly, the RCP light mainly
distributes on the chiral media (between air spheres) whereas
the LCP wave mostly localizes in the air domain, implying the
RCP and LCP modes are separated from each other. This
phenomenon is reasonable because in R-CPIOPCs, the phase
velocity of RCP light is smaller than that of LCP light,® so the
standing RCP wave concentrates in the high-index material
(chiral media) while LCP wave experiences a reduced effective
index (air domain).?! Consequently, a chiral PBG is formed.
Moreover, as displayed in equation S3, with increase of the size
of air spheres in the rectangular cells, the simulated PBGs and
corresponding CD peaks gradually red shift (Figure S22), which
are also agree well with the experimental results (Figure 2f).
Altogether, the simulation reveals that the band gaps of LCP
and RCP waves are separated in the inverse photonic crystals
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constructed with chiral media, thus producing the CD
responses at the wavelengths corresponding to the PBGs.

In summary, a simple template-based approach is developed
for fabricating 3D inverse opal photonic crystals with chiral
media, and their optical properties are fully investigated. As-
fabricated 3D CPIOPCs display distinct CD responses near the
PBGs, and R and S enantiomer CPIOPCs possess the mirror-
image CD spectra. Furthermore, the CD signals at the varied
wavelengths are easily acquired by selecting different sized
silica nanospheres as the template materials. The theory study
discloses that separation of degenerate RCP and LCP waves in
chiral media is responsive for production of the CD responses
near the PBGs. We believe this work will benefit not only
fundamental understanding of light-matter interaction in
chiral media, but also the chirality-related applications such as
circularly polarizing beamsplitter,” stereoselective sensing,?’
asymmetrical photocatalysis, and so on.
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Scheme 1. Protocol for preparation of CPIOPC. (a) Assembly of silica nanoparticles into PCT (b) Infiltration of
chiral polymer precursor solution into PCT. The inset displays the polymerization reaction happening inside
template. (c) Construction of CPIOPC via chemical etching of silica nanoparticles by hydrofluoric acid.
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Figure 1. Structural characterization of CPIOPCs. (a) Schematic representation of (111) crystal face of
CPIOPC. (b-f) Top-view SEM images of CPIOPCs fabricated from PCTs built with silica nanospheres in
diameters of (b) 174 nm, (c) 190 nm, (d) 195 nm, (e) 200 nm and (f) 210 nm. Scale bars: 1 um. The insets
present the diffraction patterns obtained via fast Fourier transform of SEM images.
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S-CPIOPCs constructed from PCTs built with silica nanospheres in diameter of (a) 174 nm, (b) 190 nm, (c)
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samples after infiltration with EG (sizes: 1 cm x 1 cm). (f) DTCD and UV-Vis spectra of PMMA inverse opal
photonic crystals fabricated from PCTs built with silica nanospheres in diameter of 174 nm, 190 nm and 210
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22 Figure 4. (a) Simulated UV-Vis absorption cross section and CD spectra of R-174 and S-174. Field
23 distribution of (b) RCP and (c) LCP light upon the rectangular unit cell of R-174 at the band gap wavelength
24 of 410 nm. The color represents the intensity of electric field (V/m) normal to the xy-plane.
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