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Functional Opals from Reactive Polymers: Complex
Structures, Sensors, and Modified Photoluminescence

Friederike Fleischhaker," Birger Lange," Rudolf Zentel*"

Summary: This paper describes the synthesis and properties of functional opal
structures, so-called colloidal photonic crystals (CPCs), from a variety of reactive
polymers. Photoprocessable opals are presented as well as opals with incorporated
“smart” defect layers that can be actively addressed by external stimuli. In addition,
opals with functional bio-macromolecular defects have been developed. They present
a new class of materials for optical biomonitoring through shifts of the induced
photonic defect mode. Strong modification of photoluminescence according to the
photonic bandstructure is observed from opals with embedded exclusively lumines-
cent defect layer.
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Introduction

Artificial opals represent a special sub-class
of photonic crystals (PC), which are formed
by self-assembly from inorganic or organic
monodisperse colloids. Thus, they are also
known as colloidal photonic crystals (CPC).
Originally, opals were prepared from silica
in analogy to their natural equivalents, but
polymer-CPCs have received a lot of atten-
tion soon, due to their easy accessibility
and the possibility for post-processing. For
reviews see the following references.!' !
This article focuses especially on functional
opal-structures from reactive polymers
and we present our latest research results
regarding the aspects photo-patterning, con-
trolled introduction of stimuli-responsive
defects, biomonitoring, and modified
photoluminescence.

The unique ability of PCs to manipulate
the transmission of light may lead to
potential applications ranging from simple
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optical switches to an optical computer.
This requires the development of methods
to incorporate designed defect structures
into the crystal, though.

The flow of photons in PCs can be com-
pared to the flow of electrons in semicon-
ductors. Analogously to the local doping in
semiconductors - the precondition for the
creation of diodes, the controlled incor-
poration of defects in PCs is the precondi-
tion for the localization and guiding of
photons.

Realizing defects in PCs, that are built
in a top-down method fashion is rather
straight forward and can be accomplished
in one step during the fabrication of the
matrix.[*1% While these top-down methods
are precise and allow design flexibility, they
are often time-consuming and limited to
small areas. Introduction of designed defect
structures by low-cost and large-scale
bottom-up self-assembly in 3D photonic
crystals is only a recent development.
The generation of advanced defects in
CPCs is a complex matter, but great
progress has been gained in the develop-
ment of novel processes for the incorpora-
tion of point,[“’lz] linear,[B_m planar,“x_zz]
and 3D defects/?>28] during the last five
years. Thus, large scale organization of
monodisperse colloids can be combined

.....

L EHWILEY .
InterScience®



Macromol. Symp. 2007, 254, 210-216

with controlled defect generation. The appe-
arance of two recent review articles?>>"!
details the efforts being taken in this
direction.

Photo-Patterning

Colloidal crystals from inorganic materials
such as silica or from polystyrene are
limited in terms of chemical modifications,
which can be used for patterning. Colloids
based on various polymethacrylates possess
the advantage that the corresponding
CPCs can be structured by electron beam
writing!!1* or UV-lithography.!'*?*! Such
UV-processable monodisperse colloids have
been synthesized from the acid labile
polymer poly-#-butylmethacrylate (PrBMA).
They can be loaded with photoacid gen-
erator and crystallized into polymer opal
photonic crystals. Irradiation with UV-light
followed by baking and development with
aqueous base allows for subsequent pat-
terning of the opaline films and the
introduction of tailored defects.'3! Defect
generation is thereby not limited to a planar
opaline film. Defect structures can also
be embedded into an opaline matrix, if a
heterostructure of photosensitive and photo-
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Figure 1.

stable spheres is used (see Figure 1).*! To
stabilize the system and to prevent the
defects from collapsing, the photostable
top-layer has to be mechanically stabilized.
For this purpose core-shell colloids with
a reactive outer shell containing epoxy-
groups were developed that allow for
temperature induced chemical crosslink-
ing.[?!

It is possible to extend e-beam or nano-
imprint techniques to define linear and
other 2D defects in CPCs/'!) by a multistep
process. The direct (one step) incorpora-
tion of 3D defects into the interior of an
artificial opal requires methods to initiate
3D resolved chemical reactions inside an
opal like confocal microscopy?*?*! or more
preferably two-photon lithography.[26’28]

By taking advantage of these techniques,
defect structures can be fabricated directly
inside the opal with control over all three
dimensions using a two-photon sensitive
photopolymerizable resin. As a host system
both opals®! and inverse opals!**! can be
used. Inverted opals from the inorganic-
organic hybrid polymer Ormocer®™ have
the advantage of chemical and mechanical
robustness and hence stay undamaged
during the different processing steps (see
Figure 2).28
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Scheme for the construction of a 3D defect via multilayer build-up of photo-labile PtBMA colloids and
core-shell-colloids, which can be thermally crosslinked.?3!
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Figure 2.
A) Preparation of an inverse opal with 3D defects by two-photon lithography; B) Left: Digital photograph and
electron microscopy image of an Ormocer™ inverted opal; Right: electron microscopy and fluorescence
microscopy image of luminescent defects introduced on the surface of the inverted opal using two photon
lithography; C) Confocal microscope images of embedded luminescent defects in an Ormocer™ inverted opal.
Top: Surface of the inverted opal is focused. Bottom: Interior of the inverted opal is focused.?®!

Stimuli-Responsive Defects and
Defects for Biomonitoring

Planar defect layers of different materials
and with different chemical functionality
have been embedded within CPCs by a
number of bottom-up approaches. It has
been shown that a monolayer of spheres
sandwiched between two opal films made
of spheres of different diameter can be
prepared with the Langmuir-Blodgett tech-
nique and behaves as a two dimensional
defect.*'=** Spheres and various nanocrys-
talline aggregates that exceed the size of the
CPC entrance windows have been incorpo-
rated as defect layers into CPCs by spin-
coating.**! Also, a synthesis method that
enables the integration of dielectric planar
defects in inverted CPCs using chemical

vapour deposition (CVD) has been repor-
ted.20-3]

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Additionally, two bottom-up appro-
aches have been developed that allow for
the introduction of “smart” defect struc-
tures into CPC. In contrast to the previously
described systems, these architectures can
be actively addressed by various external
stimuli. The defect is based on a functional
thin film that is either prepared in a
layer-by-layer (LbL) self-assembly fashion
and microcontact transfer printing or by
spin-coating and sacrificial CPC infiltration.
Thus, it can consist of a wide range of
charged or non-charged polymers, biopoly-
mers, dyes, quantum dots, and other
particles, to name a few.[21:22:36-38] Thjg
active element makes the materials inter-
esting for applications as sensors, tunable
filters, or tunable CPC-based laser sources.

In the first method (see Figure 3A), the
functional thin film is LbL self-assembled
onto a flat piece of polydimethylsiloxane
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Figure 3.

Preparation techniques for embedding “smart” defect layers into CPCs (schematic illustration). A) Defect layer
preparation based on LbL self-assembly and microcontact transfer printing.[35'37] B) Defect preparation by
spin-coating and sacrificial sugar infiltration of the bottom-CpC.53®!

(PDMS), and the entire multilayer is
microcontact transfer-printed onto the
surface of a mechanically stabilized colloi-
dal crystal. A second layer of CPC is then
grown on top of this surface to form the
embedded structural defect. In the second
method (see Figure 3B), the defect layer is
directly spin-coated on the surface of the
bottom-CPC. To prevent penetration of
the defect material into surrounding CPC
voids during the spin-coating process,
the bottom-CPC is melt-infiltrated with a
sacrificial ribose filling. The sacrificial sugar
filling is dissolved in water after spin-
coating the defect film from all kind of
hydrophobic solvents and the top-CPC is
grown to complete the structure.

Optical spectra show a sharp transmis-
sion state within the photonic stopband
induced by the defect (see Figure 4). The

Figure 4.

position of the defect state wavelength can
be actively tuned by varying the thickness
and/or refractive index of the defect layer
using a photochemically active azobenzene
based polymer,[m a redox active polyfer-
rocenylsilane (PFS) metallopolymer,??! or
a mechanically addressable thermoplastic
elastomer.*®!

In addition, we developed CPCs with
functional biomolecular planar defects.
Bio-macromolecules such as proteins and
DNA are embedded as nanometer thin
sheets in a CPC, while maintaining both the
bioactivity of these molecules and the
optical properties of the CPC. It is shown
that defect CPCs also present a new class
of materials to optically monitor various
aspects of chemistry or biochemistry taking
place in the functional defect layer through
precise shifts of the defect mode. DNA-

Defect-State
Transmission

Absorbance (a.u.)

550 600 650 T00
Wavelength (nm)

A) Cross-sectional electron microscopy image of a CPC with embedded addressable azobenzene-based defect
layer. Slight distortions in the structure result from the cleavage of the sample. B) Corresponding optical
spectrum at normal incidence clearly showing photonic stopband and intragap defect transmission state.
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A) Schematic illustration of various responsive defect materials inducing a change in the optical thickness of the
defect layer when addressed by an external stimulus. B) Optical spectra exemplifying a shift of the intragap
defect mode resulting from a change in thickness and/or refractive index of the defect layer.

based planar defect CPCs are used for
example to demonstrate defect mode based
optical monitoring of DNA conformational
changes such as melting and annealing, as
well as their enantioselective interaction
with a chiral anti-cancer drug.[37] Optical
characterization requires no sophisticated
instrumentation and it is performed with a
simple fiber optics spectrometer attached to
an optical microscope. The setup allows for
real time measurements and a spot size of
less than 2 wm in diameter can be probed.
The developed bio-defect CPCs are conse-
quently highly suitable for array-based
analysis and biochip applications. Since
CPCs can be used for chromatography, the
presented bio-defect CPCs are also poten-
tial candidates for combining separation
and biomonitoring in a single microstruc-
tured sample.

Figure 5 graphically summarizes various
responsive defect layer materials inducing
optical shifts of the defect mode when
addressed by an external stimulus.

Modified Photoluminescence
Using the spin-coating defect preparation

method described in the previous section
(Figure 3B), defect CPCs with a fluorescent

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dye located exclusively in the defect layer
have been prepared and optically analyzed
for the first time.l**!

Polymethylmethacrylate (PMMA) doped
with the fluorescent dye 4-(dicyanomethy-
lene)-2-methyl-6-(p-dimethyl-aminostyryl)-
4H-pyran (DCM) is used as defect material.

The materials are chosen such that
photoluminescence (PL) spectrum and
photonic stopband including defect trans-
mission state overlap. PL measurements
show that the emission spectra of DCM
incorporated in the defect layer of CPCs
are strongly modified compared to the PL
reference spectrum of DCM in a non-
photonic organic polymer film. Strong sup-
pression (~70-95%) of spontaneous emis-
sion at wavelengths of the photonic stop-
band is observed, and narrow luminescence
peaks emerge at exactly the wavelengths
of the defect transmission states (see
Figure 6).

Comparisons to CPCs and defect CPCs
infiltrated with light emitters demonstrate
the modifying influence of the photonic
bandstructure to be far more pronounced if
the fluorophore is exclusively located
within the defect layer and not distributed
among the entire CPC structure. The most
important reason for this observation is that
light emitters located at or close to the
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Figure 6.

CPC with DCM doped PMMA defect layer. A) Photoluminescence (PL) spectrum of DCM in a non-photonic organic
polymer film (reference spectrum). Excitation wavelength: 532 nm. B) Transmission spectra of DCM doped PMMA
defect layer CPCs with defect states at 604 nm, 615 nm and 611 nm, respectively (samples 1-3). C) PL spectra of

DCM embedded in the defect layer of samples 1-3. Excitation wavelength: 532 nm.

detector-facing CPC surface of a defect
CPC with random fluorophore distribution
are not exposed to the photonic band-
structure in detection-direction. Hence,
an average PL signal of modified
and non-modified emission spectra is
recorded.
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