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Abstract

In recent years, colloidal crystals with a refractive index varying periodically on the scale of the light wavelengths have been prepared by
various methods. These photonic crystals reflect light and exhibit, at sufficiently strong contrast, even a complete band-gap in which light
cannot propagate in any direction. Most studies published so far were aimed at such high-contrast photonic crystals with a complete band-gap
or their precursors. Frequently, a face-centered cubic (fcc) lattice was built up from monodisperse polymer or silica spheres with diameters in
the submicron range. Methods as sedimentation and drying of dispersions led to usually small and thin specimens. This report deals with
films that were produced by a novel technique based on shear flow in the melts of polymer core-shell latex spheres. The process is fast and
yields large area films, thin or thick, in which the latex spheres are crystallized in fcc order. The refractive index contrast of these purely
polymeric films is too small for a complete band-gap photonic crystal, but the films are attractive color materials showing wavelength and

angle dependent reflection colors.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Colloidal crystals, built up by units on the diameter scale
0.2-2 pm, scatter IR or visible light wavelength selectively,
according to Braggs law, just as crystals of atoms scatter
X-ray or electron radiation. This gives rise to attractive
color effects. At sufficiently high refractive contrast, the
Bragg peaks widen to band gaps [1-3]. In colloidal crystals
with a complete band gap, light can be confined, guided and
controlled like electrons in semiconductors [4,5]. Due to
these phenomena, these materials are referred to as photonic
crystals.

The conditions for a complete photonic band gap are
strict. Only some lattice geometries can yield a complete
gap, the refractive contrast must be extreme, and the
structure must be void of defects which easily can close the
gap [6—8]. Methods to prepare such photonic crystals have
been and are being developed [9—16]. Suitable techniques
are micromachining [9,10], holographic photolithography
[11-14] or colloidal assembly [15,16]. Photonic crystals for
long waves, especially for IR or microwave radiation, have
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been produced by machining and lithography [9,14]. But
these techniques meet with difficulties in the submicrometer
range of lattice spacings that is needed for photonic crystals
reflecting visible light. In this range, the colloidal assembly,
i.e. the self assembly of supermolecular objects on the
submicroscopic scale, may turn out to be the mechanism of
choice [17-24].

For visible light, colloidal crystals with a fcc lattice have
been prepared from monodisperse inorganic or polymeric
spheres with diameters in this range (nature builds opals
with just this structure from silica spheres). The synthesis of
such monodisperse inorganic [25] or polymeric [15,26]
spheres with diameters on the mesoscopic scale 0.1-1 wm
is state-of-the-art. But these spheres are not inclined to
crystallize readily. The real problem, therefore, is generat-
ing the crystalline opal structure.

So far, artificial opals have been prepared from silica
[27-30] or polymer [31-40] spheres by techniques of
sedimentation [28,30,41] or drying [27,35-39,42] of
dispersions. These methods yield small and thin films on
various substrates, <50 wm thick with cm?® areas. The
quality of the crystalline order is often excellent but
cracking due to shrinkage during the preparation remains
a problem. In attempts to produce complete band-gap
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Fig. 1. Synthesis of the latex spheres with a PS core, a PMMA interlayer
and a PEA shell.

photonic crystals, these opals are usually inverted by
filling the matrix between the spheres with highly refracting
inorganics and removing the spheres afterwards [43-46].

In this report, complete band gap crystals are not the
primary goal. Polymeric opals from polymer lattices will be
discussed, with a low average refractive index and a small
contrast. These artificial opals have only incomplete band
gaps. Since the average refractive index is so low, the color
changes strongly with the angle of light incidence.

Our spheres are synthesized by stepwise emulsion
polymerisation. They have a hard—soft architecture with a
crosslinked thermoplastic core and an elastomeric grafted-
on shell. Owing to the elastomeric shell, these latex spheres
form a soft mass at room temperature, which flows easily at
elevated temperatures. Film disks with a thickness up to the
mm scale and an area on the 100 cm? scale were prepared by
uniaxial compression molding in which process the spheres
were crystallized [47].

While conventional artificial opals have a matrix of air
between the spheres, the matrix in our opals consists of the
soft shells of the latex spheres which merge during flow in
the melt. The hard cores are embedded in this matrix and
form the opal lattice. Since the matrix is elastomeric, our
films are rubbery and tough.

This paper is supposed to demonstrate the current quality
of our photonic crystals. A short introduction was already
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given in Ref. [47]. Meanwhile, work is in progress to
produce opals also by extrusion, injection molding and other
techniques of large-scale polymer processing.

2. Experimental

Latex dispersions of thermoplastic-elastomeric core-
shell spheres with a polystyrene core (PS), covered by a
polymethylmethacrylate (PMMA) interlayer, and a poly-
ethylacrylate (PEA) shell were prepared as described in
Ref. [47], by stepwise emulsion polymerisation as indicated
in Fig. 1, using sodium dodecylsulfate (SDS) as an emul-
sifier. The monomers styrene, MMA and EA are increas-
ingly hydrophilic which favors the core-interlayer-shell
architecture. The weight composition of all latex spheres
was

PS,3PMMAcPEA;

(which means, in terms of radii, PSqoPMMA (PEA,;). The
thermoplastic PS-PMMA core was strongly crosslinked, PS
with butylendiol diacrylate (BDDA) and PMMA with allyl
methacrylate (ALMA), and the PEA shell was grafted onto
the PMMA interlayer, more precisely onto the allylic double
bond of ALMA. The crosslinking prevents swelling by
monomers in consecutive steps and ensures, therefore, the
monodispersity of the cores and the entire spheres.

The sphere diameter (150—300 nm) was adjusted by the
amount of SDS in the initial batch-step which controls the
number of seed particles. Bigger particles result from lower
SDS concentrations.

Coagulation of the latex dispersions resulted in an rub-
bery mass. The elastomeric PEA shells form a continuous

b

Fig. 2. Preparation of opals from latex spheres: (a) crystallisation of the flowing melt along the plates of the press under uniaxial compression, (b) elastic driving
force of the shell chains: around a misplaced core, shell chain coils are compressed on one side (I) and elongated at the other (II); these push the core to its right

lattice position.
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Fig. 3. Opal Ogreen, (111) plane, (a) thin section: one layer. (b) Thicker section: three layers with the ABC order of the fcc lattice (the spheres of the third layer

only showing their tips between the spheres of the other two layers).

matrix, in which the crosslinked PS-PMMA cores are
dispersed.

This mass was shaped into a cylindric sample (of equal
height and diameter) which was uniaxially compressed at
170 °C in a Collin 300 press at 170 °C, with an initial
pressure of 1 bar and a final pressure of 50 bar. As indicated
in Fig. 2, vertical compression leads to radial horizontal
flow. The final product was a round film disk, typically
0.1-0.3 mm thick, with a diameter of about 10 cm. During

the flow, the crystalline order grows in the film from the
surface inwards. A first crystalline layer is deposited on the
plates of the press, and the crystalline order grows then, one
layer on top of the other, towards the center layer of the film.
The local order in the crystalline layers is probably further
improved by the entropic coil elasticity of the shell chains
[48] as illustrated by Fig. 2(b) (see Section 2.1).

The architecture of the spheres must satisfy certain
conditions: (i) the spheres must be monodisperse in size,
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Fig. 4. Opal Ogreen, (200) plane, (a) thin section: one layer. (b) Thicker section: three layers (the spheres of the third layer only showing their tips right under

the spheres of the first layer).

(ii) the cores must be crosslinked to preserve their shape in
the flowing melt, (iii) most chains of the shell must be
grafted onto the core, for which the PMMA interlayer is
indispensable, (iv) the elastomeric shell must be thick
enough to permit flow in the melt but thin enough to be
efficiently grafted. Grafting is particularly important. Films

from spheres with weakly grafted shells or films from blends
of well-grafted latex spheres with not grafted homopolymer
PEA never yielded crystalline order, during melt compression.

UV/Vis spectra were measured in transmission and
reflection, in the wavelength range 400—800 nm, using film
strips cut from the sample disks as radial sectors. Electron
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Fig. 5. The (111) plane, cut (a) exactly in one layer and (b) at a slight angle
which produces terraces.

micrographs were taken from ultrathin sections prepared at
cryo temperatures and stained with RuO, which darkens
the styrene cores. X-ray scattering at extremely small
angles (SAXS) was performed at DESY (Hamburg) using

Synchrotron radiation of 0.15 nm wavelength. The particle
size distribution was measured with packed column
hydrodynamic chromatography using a PL-PSDA particle
size distribution analyser from Polymer-Laboratories.

2.1. The fcc lattice and light

The unit cell of the fcc lattice comprises four spheres,
all in the next-neighbor distance d, one at the origin and
three in the faces. The latter three define the (111) plane
which always runs parallel to the surface in the films. The
spacing is

2
aing =d g (1)

In fcc crystals from hard spheres, the next-neighbor distance
d in the lattice is equal to the diameter D of the spheres. But

not in fcc crystals of our latex spheres. The soft shells of our
latex spheres are deformed in the lattice, in order to fill the

disorder

Fig. 6. Order in the opal film Ogreen: (a) overview of the order through the film from the surface, with magnifications (b) of the crystalline layer closer to the
surface and (c) the amorphous layer in the center of the film (the order—disorder transition is indicated in (a)).
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space between the cores completely. Therefore, the distance
d is a bit shorter than the diameter D:

=p)-= 2
R e @

Other important (hkl) planes in the fcc lattice are three
planes each of the types (220), (200) and (— 111) at specific
angles ¢y, with the film surface, and three planes of the
(—220) type at a right angle to the surface. The spacings a;;
and angles ¢y, are given by

2
g = dy PreLE 3)

_ htk+l
N

Light of the wavelength A; (in air), entering the opal at an
angle 0, is refracted and travels in the opal at the wavelength
A, in a direction given by the angle 6. Both are controlled by
the average refractive index n.g of the opal:

A
M = D i = - = =151 )
n

where ¢; denotes the volume fractions. The value for our
films results from those of the core (npg = 1.591), the
interlayer (npypva = 1.490) and the shell (npgy = 1.469) of
the latex spheres.

The wavelength (in air) of light reflected by the (111)
plane is given by the Bragg equation

)\111(0) = 2neff61111 sin 6 = 2a11mngff - C0520 (5)

= AN = (1—- 1- —;—)Aﬂ? = 0.25A7}}
et
where A" and AT refer to light entering the opal prac-
tically parallel (6 = 0°) and vertical (6 = 90°) to the sur-
face. Wavelengths in the window (AT&*, ATiI") are reflected.
An opal which is red when viewed vertically shows the

whole spectrum at decreasing angles and turns finally blue.

3. Results and discussion

Our films are soft but tough enough for the preparation of
ultrathin sections for the electron microscopic analysis of
the internal structure.

In the following figures, a green opal film (Ogreen) is
described in detail. The section parallel to the film surface in
Fig. 3 shows the PS cores arranged in the PEA matrix in the
hexagonal fashion of the (111) plane. A thicker section in
Fig. 3(b) proves that the lattice is indeed of the fcc type: it
shows three layers, all in a staggered position. In a hexa-
gonal lattice, the third layer would have been eclipsed with
the first.

In Fig. 4, electron micrographs of a section through the
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Fig. 7. UV/Vis spectra of the opal Ogreen, measured (a) in reflection, (b) in
transmission, as a function of the angle 6 of light incidence.

film are shown, along the (200) plane which forms one of
the faces of the unit cell. The thicker section in Fig. 4(b)
shows the third layer eclipsed with the first, as it must be.

The quality of order was explored with overview electron
micrographs at low magnification of extended sections
through the film, cut in the thickness direction. Preparing
these sections is tedious work: firstly, the exact direction of
the hkl planes in the film is not known (except that of the
(111)), secondly, it is difficult to cut with an ultramicrotome
exactly in a desired direction. There is some trial and error.
An effect occurring frequently is illustrated by Fig. 5. A
section running perfectly along a crystallographic plane
shows just one layer (Fig. 5(a)) while a section that happens
to run at a slight angle to it crosses stepwise several layers
(Fig. 5(b)).
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The overview in Fig. 6 displays the order inside the film.
The section was cut vertically through the film where the
(—220) plane is expected which features somewhat
distorted hexagons. Fig. 6(a) demonstrates that the crystal-
line order is good in more than 100 layers through the film
from the surface. Then it falters. This particular film was
100 wm thick and crystalline in approximately 25 pm at
each surface. The center half was less or not ordered. Other
films yielded crystalline surface layers 30—40 pwm thick but
a disordered center remained in all cases.

This order—disorder—order sandwich structure through
the film suggests the mechanism of the crystallisation illu-
strated by Fig. 2(a): during the flow of the latex melt under
uniaxial compression, crystalline layers of the spheres are
constantly being deposited along the plates of the press, one
on top of the other. The order thus grows from the plates into
the film. Since the melt keeps flowing throughout this pro-
cess, there will always be a center layer remaining disordered.

The crystalline order is most probably aided by the
polymer coil elasticity indicated in Fig. 2(b). Misplaced
spheres, suffering from elongated and compressed shell
chains, will be moved back to the right crystallographic
position.

Electron micrographs were taken at all radii of the disk,
in all depths of the film and in all angles. The conclusion
from this analysis was that the fcc lattice prevails every-
where. Yet, the crystalline order is not perfect. Defects are
visible in Fig. 6, and the crystal layers are not entirely
straight. In some electromicrographs, the PS cores appear
deformed but this is probably mostly an artifact: the spheres
are always compressed in the direction of cutting when the
ultrathin sections are prepared [15,49,50].

The optical properties of the opal film Ogreen were
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Fig. 9. Opal films of latex spheres differing in diameter, UV/Vis in
transmission (next-neighbor distance d by Egs. (1) and (5), 6 = 90°).

characterized by UV/Vis spectroscopy. In reflection, the
film was green when viewed vertically, turning blue at small
angles. In transmission, it was orange, turning yellow at
small angles. The UV/Vis spectra are displayed in Fig. 7.
At vertical light incidence, the peak yields a spacing of
a;;; = 183 nm corresponding to a next-neighbor distance of
d = 225 nm (Eq. (1)) and a sphere diameter of D = 248 nm
(Eq. (2)) while the size analysis of the latex dispersion
yielded D = 255 nm (hydrodynamic fractionation). The fit
of Eq. (5) to the angle dependant peak positions in Fig. 7 is
satisfactory (Fig. 8).

In transmission, (Fig. 7(b)), not only the peak is observed
but also a fairly strong background extinction at wave-
lengths shorter than the peak. This background is equally
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Fig. 10. Ultrasmall angle X-ray scattering (USAXS) curve of the opal

Ogreen, measured at vertically incident light and, therefore, probing the
(—220) plane, wave vector ¢ = gusaxs-
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Fig. 11. Opal films: (a) Ogreen (with a 5€ bill, to indicated the size of the film), (b) Ored on a polycarbonate relief foil and (c) an opal film from very large latex
spheres which reflects light only in six radial sectors, due to reflection from planes of the (220) family.
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observed in latex films which are amorphous [47], so it may
be due to the disorder in the center layer of the films.
However, even crystalline opals of an excellent quality
described in the literature exhibit a similar extinction as well
so there may be also a contribution of multiple scattering.

Opal films of all colors were prepared by melt com-
pression from latex spheres varying in diameter. The
transmission UV/Vis spectra in Fig. 9 show opals looking
blue, green, yellow or red in reflection and with the
respective complementary color in transmission. The peak
of Ored is fairly broad, due to inferior monodispersity of
the spheres. The width of the other peaks agrees well
with that of colloidal-crystals prepared by other techniques
[15,31-40].

In this study, (hkl) planes other than the (111) plane were
not detected by the UV/Vis spectra, because the spacings
ay of these planes are too small and their angles ¢, too
steep (Eq. (3)). UV/Vis spectra showing these planes will
be the object of the next report which will deal with
particularly big latex spheres.

The (—220) plane of the opal Ogreen was detected with
X-ray scattering at ultrasmall angles (USAXS). As indicated
in Fig. 10, UV/Vis and USAXS probe different wave vectors
q (quv and gusaxs): when a film is irradiated with a beam
perpendicular to the surface, UV measures back reflection
(180°, gyv) from the (111) plane parallel to the surface
while USAXS measures forward scattering (<1°,
q-20 = qusaxs) from the (—220) plane which extends at
right angles to the surface. The curve in Fig. 10 shows the
2nd-4th order of the (—220) plane, the wave vector g_»y,
corresponding to the distance between peaks. This yields
a next-neighbor distance d in good agreement with the
UV/Vis peak for Ogreen in Fig. 9:

47

q-220

d=2a_5)= = 237 nm (6)
Work is in progress on opal films from particularly large
latex spheres where, besides the (111) plane, several other
(hkl) planes can be investigated.

In Fig. 11, the color effects of our latex films are demon-
strated. The opal Ogreen exhibits an even green color due
to reflection from the (111) plane. The opal Ored, being
attached to an uneven polycarbonate substrate, shows all
colors of the spectrum, depending on the angles. The film in
Fig. 11(c), finally, is a first product of the current research on
lattices with very large spheres. The (111) reflection is
shifted into the IR region, and visible is only a reflection
from the three planes of the (220) family. That this reflection
is confined to six radial sectors seems to indicate that the fcc
lattice in these films is, in fact, macroscopically oriented.
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