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Dramatic Structural Enhancement of Chirality
in Photopatternable Nanocomposites of Chiral
Poly(fluorene-alt-benzothiadiazole) (PFBT)

in Achiral SU-8 Photoresist

Heong Sub Oh, Hongsub Jee, Alexander Baev, Mark T. Swihart,* and Paras N. Prasad*

Materials with large optical activity at visible wavelengths are of great interest
in photonics, particularly as one of the routes towards optical metamate-
rials. Here, dramatic structural enhancement of the optical activity of chiral
poly(fluorene-alt-benzothiadiazole) (PFBT) when dispersed in SU-8 to form

a nanocomposite is reported. The supramolecular helical organization of
PFBT chains in these optically clear nanocomposite films produces specific
rotation at visible wavelengths that is 68 times that of a pure chiral PFBT film
of the same optical absorbance. Photopatterning and development under
standard conditions for SU-8 leave behind a residual film of dispersed PFBT/
SU-8 aggregates in the nominally unexposed regions where the SU-8 matrix
is removed. After annealing, the patterned film exhibits specific rotation

58 times that of a pure chiral PFBT film of the same optical absorbance.
Photopatterned and annealed films have a dissymmetry ratio as high as

|gapsl = 0.32. This dramatic enhancement is attributed to supramolecular
helical organization of the aggregates within the nanocomposites and of the
aggregates liberated from the SU-8 matrix in the exposed regions.

1. Introduction

Optically active polymeric materials are of
interest in a variety of contexts,['% but are
particularly promising as a route to pro-
ducing optical metamaterials. In a chiral
medium, the effective refractive index for
circularly polarized light is given by

Neff = /EL £ & (1)

where p and ¢ are the magnetic perme-
ability and electrical permittivity, respec-
tively, and « is the chirality parameter.!®!
This implies that for one circular polariza-
tion, the effective refractive index could be
made negative, zero, or near-zero without
achieving negative values of u and &.[10-12
Unfortunately, values of x in naturally
occurring homogeneous media are far too
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small to have a practical effect (typically
below 0.001)!'%13 and most often peak at
ultraviolet wavelengths. Chiral conjugated polymers, especially
co-polymers with a donor-acceptor structure similar to the chiral
PFBT studied here, can have optical transitions in the visible
spectrum, and concomitantly can exhibit maximum values of k¥
at visible wavelengths.'#1°] Plasmonic enhancement of chirality
in such films can be achieved by doping them with gold nano-
particles, as we have recently demonstrated.!'”! Purely structural
enhancement of chirality, by helical supramolecular organiza-
tion of the polymer chains, is also possible, and that effect is
exploited in the present work. Although the enhancement of
chirality of z-conjugated polymers by enantioselective interac-
tions with small chiral molecules is known, the relationship
between the optical properties and supramolecular ordering of
copolymers in the solid state remains relatively unexplored.
Structural and optical characterization of self-assembling
chiral molecules in solution has been reported.® Induced
chirality in optically active molecules could be sensitively con-
trolled by solvent, temperature, pH and the presence of solvent
vapor.'18l When such molecules are dissolved in nonpolar
solvents, their chirality is altered upon addition of a protic sol-
vent such as methanol or a polar solvent such as DMF into
a good solvent. This is attributed to aggregation and helical
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self-assembly as the solvent quality worsens.
In solids, changes in the chiroptical properties
of molecules can be induced by annealing.>°!
As we previously reported, optical activity
of pure chiral PFBT films and that of chiral
PFBT/gold nanoparticle composites was
greatly enhanced upon annealing.'¥ In that
case, the absolute optical activity in annealed
nanocomposites, characterized by the chi-
rality parameter, kx, was more than three
orders of magnitude higher than that of pure
PFBT prior to annealing. This overall effect
resulted from both structural and plasmonic
enhancement of chirality.

To the best of our knowledge, amplifica-
tion of chirality in the solid phase by disper-
sion of a chiral polymer in a photopolymeriz-
able matrix has not been previously reported.
Herein, we report the extraordinary optical
activity achieved in thin films upon doping of
SU-8 photoresist with a chiral z-conjugated
copolymer, PFBT. Optical activity of the chiral
polymer in the PFBT/SU-8 nanocomposite
thin film is dramatically higher than that of
an equivalent pure PFBT film of the same
absorbance. Moreover, the optical activity of
chiral polymer aggregates left behind upon
removal of the SU-8 matrix is also dramati-
cally higher than that of the equivalent pure
PFBT film.

2. Results and Discussion

2.1. Dramatic Enhancement of Circular Dichroism in Chiral
PFBT/Achiral SU-8 Nanocomposites

Photocured nanocomposites of chiral PFBT/SU-8 were formed
by photopolymerization of PFBT in SU-8 at various ratios. Pho-
topolymerization is an established method for fabricating 2D
microstructures.’ The commercially available epoxy-based
photoresist SU-8 is optimized for high-aspect-ratio structure
fabrication and is well-suited for 3D lithography.?2! SU-8
and chiral PFBT were dissolved in mixtures of cyclopentanone
(CPO) and tetrahydrofuran (THF) (1:3, v/v) then spin coated
to form 1.0 to 9.0 um thick films. After UV exposure, samples
were developed with PGMEA (propylene glycol methyl ether
acetate) and rinsed with 2-propanol. Films were annealed under
inert atmosphere for 15 minutes at various temperatures to
promote helical self-assembly of the chiral polymer. The optical
density and chirality of the composites were measured using
UV-vis absorption and circular dichroism (CD) spectrometry at
each stage of the process.

Figure 1 presents SEM images showing the microstructure
of a pure PFBT film (Figure 1a) and photopolymerized nano-
composite films. Figure 1b shows a PFBT aggregate embedded
within the SU-8 matrix. Such helical aggregates may form
by microscale phase separation, induced either by solvent
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Figure 1. SEM images of a) pure PFBT film edge, showing helical fibrils and b) PFBT/SU-8,
1/40 ratio photopolymer film annealed at 150 °C for 15 min, showing helical fibrils embedded
in SU-8 matrix. The inset shows an expanded image of the indicated region. c) PFBT/SU-8,
1/40 ratio film after photopatterning, development with PGMEA and annealing at 150 °C for
15 min (lighter gray areas are those in which SU-8 has been removed). d) Expanded image of
a nominally unexposed area of the pattern shown in (c).

evaporation or by thermal- or photo-initiated cross-linking of
SU-8. Surprisingly, such a nanocomposite film with approxi-
mately the same optical density as the pure PFBT film, showed
a CD response nearly 44 times larger than that of the pure
PFBT film (Figure 2a, curves 1 and 2). Note that the PFBT/SU-8
film must be much thicker than the pure PFBT film to achieve
the same total absorbance at visible wavelengths. However,
because the optical densities are similar, direct comparison
of CD response of these films of different thicknesses is jus-
tified. The absorption spectrum was almost unchanged upon
annealing of the blanket photopolymerized film (Figure 2b,
curve 3). Nonetheless, the CD spectrum did change, with the
peak CD intensity increasing by about 55%. This change may
be attributable to local changes in the PFBT configuration and
aggregation state that are not prevented by the rigid photo-
crosslinked SU-8 matrix. In contrast, a photopatterned and
developed film (Figure 2a, curves 4 and 5) showed a much larger
relative increase in CD upon annealing, along with a slight
change in absorbance. Before annealing, the CD peak was red-
shifted relative to pure PFBT and only 14 times larger than that
of pure PFBT. However, after annealing, the film showed an
additional 4-fold increase in maximum CD value. The resulting
maximum CD value was 58 times that of the pure PFBT film
(Figure 2, curve 5), although it was still slightly lower than
that of the film annealed without photopolymerization. This
can also be expressed as a dissymmetry ratio of g,,, = —0.17
for the photopatterned and annealed film, slightly smaller
than the value of g, = —0.26 for the unpatterned film that was
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Figure 2. a) CD and b) UV-vis absorption spectra of: 1) annealed pure PFBT film and
2-5) PFBT/SU-8, 1/30 mass ratio film spin-coated from 20% solid content solution: 2) after preb-
aking and blanket photo-polymerization; 3) after prebaking and annealing (thermal-polymeri-
zation); 4) after prebaking, patterned photo-polymerization, and developing with PGMEA; and
5) after prebaking, patterned photo-polymerization, developing, and annealing. Prebaking =
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SU-8 and PFBT and/or PFBT-initiated SU-8
crosslinking and produce these chiral aggre-
gates that are not removed by standard SU-8
developer. These aggregates, which are not
encapsulated in a matrix of crosslinked SU-8,
can change conformation during annealing,
leading to increased helical organization and
correspondingly increased CD values. Inter-
estingly, they achieve much higher CD values
than the pure PFBT film, even though the
vast majority of the SU-8 encasing them has
been removed. This suggests that the helical
fibrils that have been liberated from the SU-8
matrix have much greater freedom to change
supramolecular conformation than the fibrils
in a pure PFBT film.

5076 wileyonlinelibrary.com

95 °C (5 min), annealing temperature (T,,,) = 150 °C (15 min).

annealed without photopolymerization. Both of these are dra-
matically higher than the value of g, = —0.003 obtained for the
pure PFBT film. Both before and after annealing, the absorp-
tion spectrum of the patterned film shows a baseline offset
attributed to scattering by the microscale patterned features
and by roughness and residual PFBT/SU8 in the UV-unexposed
areas. This scattering was reduced after annealing.

Scanning electron microscope (SEM) imaging of photopat-
terned and developed films (Figure 1c) showed chiral PFBT
residue in nominally unexposed areas, i.e., those areas not
directly exposed to UV light, in which the SU-8 was therefore
not crosslinked and should have been removed during devel-
opment. The PFBT/SU-8 aggregates in the nominally unex-
posed regions, where the SU-8 has been removed, exhibited
somewhat helical conformations (Figure 1d). This residual film
was typically % the thickness of the film in

2.2. Dependence of Chiroptical Properties on Film Thickness

To further investigate the dramatic CD enhancement described
above, we systematically compared the effect of annealing
on the UV-vis and CD spectra of pure PFBT and PFBT/SU-8
films, as shown in Figure 3. The UV-Vis absorption spectrum
of the PFBT/SU-8 film (Figure 3c) is similar to that of the pure
PFBT film (Figure 3a), but the absorbance peak is slightly red-
shifted, and increased UV absorbance is observed due to SU-8.
The PFBT/SU-8 film consistently showed much larger CD
(Figure 3d) than the pure PFBT film (Figure 3b).The shape of
the CD spectrum is also different, with a bisignate feature in the
pure PFBT and a monosignate feature in the nanocomposite, as
discussed further below. The maximum CD increased further
upon annealing at temperatures up to 150 °C, then decreased at

the photo-crosslinked regions. We attribute () 05 —on (0) 40]

the large increase in CD after annealing of — (2) 100 degC

these developed films to helical self-assembly - — (3)125 degC 2

of these aggregates. Under typical conditions 03 e = OTW
used for photopatterning SU-8, most of the — « 5 2

nominally unexposed SU-8 could be removed = << 02 g— 401

by washing with PGMEA. However, PFBT, o O 604

most likely photografted with SU-8, in these ' -80-

areas was not removed. The retention of 0.0+ 100

the PFBT is demonstrated by the negligible
decrease in optical density in the visible part
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of the spectrum, even when 90% of the film  (¢)
area is nominally unexposed (i.e., should

nominally have had the film removed). In

contrast, PGMEA development of PFBT/ 0.3
SU-8 films that had not been patterned (i.e.,
that were completely un-exposed) led to near-
complete removal of both polymers. This
suggests that PFBT, a very strong absorber,
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served to increase the photosensitivity of the 0.0
nanocomposite film. Some light may leak
under the shadow mask via multiple reflec-
tions from the glass substrate. The exposure
dose reaching these areas appears to be suf-
ficient to initiate some photografting of
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Figure 3. a,c) UV-vis absorption and b,d) CD spectra of a,b) PFBT films and c,d) PFBT/SU-8,
1/40 mass ratio, 20% solid content films (unpatterned and unexposed to UV) annealed at
100-175 °C for 15 min. Notice the dramatic difference in scale between (b) and (d).
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Figure 4. Maximum CD observed for two different CD bands of a) PFBT/SU-8 films 1/40 ratio, 20% solid content, dependence of the CD,y,,, values
on annealing temperature (black symbols are CD,,, at short A, and red symbols are CD,,, at longer A.,,,), b) PFBT/SU-8 patterned film, 1/30
ratio, dependence of the CD,,,, value on the thickness of the film remaining in the nominally unexposed areas (black symbols represent CD,,,, before

annealing and red colors after annealing, circles at A,,,,, = 345 nm, triangles at A,,,,, = 490 nm), and c) PFBT/SU-8 pattern ratio and annealing depend-

ence of the CD,,,, values at A, = 490 nm in 30% solid contents

higher temperature (Figure 3c,d). The effect of annealing on the
maximum value of each CD peak is summarized in Figure 4a.
Figure 4b and Figure 5 show the dependence of the absorbance
and CD spectra on film thickness, which was varied by changing
the solid content from which the films were spin-coated. Here,
film thicknesses of 0.25(1.0), 1.3(4.5), 1.7(7.0), and 2.2(9.0) pum,
produced by spin-coating from solutions containing 10%, 20%,
30%, and 40% PFBT/SU-8 and photopatterning, were directly
measured by SEM, as illustrated in Figure 6. The thicknesses
listed are for the residual film left behind in the nominally unex-
posed regions; the thicknesses in the exposed regions are given
in parenthesis. As the amount of PFBT/SU-8 was increased,
the CD intensity increased more strongly than the absorbance.
Both CD peaks, corresponding to 7 to 7 electronic transitions
of PFBT at Ay, = 345 nm and A,,, = 490 nm, increased in
similar proportion (Figure 4a,b). For solid content above 40%,
the PFBT and SU-8 did not remain well dissolved and did not
form a uniform film. Similar to pure chiral

state developed after annealing the nanocomposite film in its
thermotrophic phase. Nanocomposites with a 1/10 PFBT/SU-8
mass ratio did not show any further increase of the CD value. As
such, the 1/20 PFBT/SU-8 mass ratio was found to be optimal
for obtaining maximum CD. To determine whether the observed
enhanced CD response of nanocomposites is due to true mes-
oscopic chirality, developed after annealing through formation
of chiral aggregates (see detailed discussion below), or is par-
tially due to propagation effects (pseudo chiral dichroism),??
we converted the ellipticity spectra obtained for different
film thicknesses to the spectral dependencies of the absorp-
tion dissymmetry ratio, g, defined as 2(A;-Ag)/(A; + Ag),
where A; and Ay are the absorbances of left- and right circu-
larly polarized light, respectively. In the case of true chirality,
the dissymmetry ratio does not depend on film thickness.

The spectra of the dissymmetry ratio of nanocom-
posite films with four different thicknesses are shown in

(@

PFBT, the increase in CD intensity with film
thickness was superlinear. This suggests that
similar structural features are responsible for
the observed CD effects in the nanocompos-
ites as in pure chiral PFBT.[""]

We also varied the PFBT/SU-8 mass
ratio to identify the value which yielded the
highest CD. A clear change in the spectrum

0.0

ga bs

-0.14

-0.2

-0.34

-0.4

(b)

0.3+

(4)
== before ann, [}
=@ after ann.

(3)

_ga bs

0.14
(1)

was apparent when PFBT/SU-8 composites
with different ratios of chiral PFBT to SU-8

were compared (Figure 4c). Before annealing,
the maximum CD value increased to CD,p,y
value of 600 mdeg as the PFBT/SU-8 ratio
changed from 1/110 to 1/30 and then
decreased as the PFBT/SU-8 ratio changed
from 1/30 to 1/10 (Figure 4c). The maximum
CD value of 2000 mdeg at 1/20 PFBT/SU-8
ratio is 77 times the CD value of pure PFBT

ga bs
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Optical Density

after annealing. For nanocomposites at 1/110
to 1/40 mass ratios, annealing did not dra-
matically increase the CD values. However,
annealing nanocomposites at 1/30 and 1/20
mass ratios produced very high CD signals
of 1750 mdeg and 2000 mdeg, respectively.
Thus, the chiroptical properties in the solid
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Figure 5. Dissymetry ratio spectra of photopatterned PFBT/SU-8 films, 1/30 ratio, nanocom-
posite for four different film thicknesses of 0.25, 1.3, 1.7, 2.2 um: a) before annealing and
c) after annealing, T,,, = 150 °C for 15 min. b) Absorption dissymmetry ratio, g,,s, versus film
thickness, computed at the negative maximum of the spectra shown in panel (a). d) Optical
density at A, of absorption versus film thickness.
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T 1 absorbance band is broadened and red-
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1 solution. This is attributed to the increased
extent of m—m stacking alignment of the

Annealing 1

glass substrate

Figure 6. Schematic representation of thickness of patterned PFBT/SU-8 nanocomposite films.
After UV exposure, development, and annealing, the residual film in the nominally unexposed
regions was approximately J4 of the thickness of the film prior to patterning.

Figure 5a,c, whereas the g, values computed at the maxima
of the negative lobes of CD spectra are shown in Figure 5b,d.
The dependence of the g-factor on film thickness is rather
weak for both annealed and non-annealed samples. At the
same time, these dependencies do not saturate. For the thick-
nesses ranging from 250 nm to 2200 nm, g, changes by
about a factor of 6 in the case of the annealed film. This is
less than proportional to the increase in film thickness, and
is much smaller than that observed by Craig et al.??! for the
range of thicknesses from 40 nm to 300 nm, where there
is no saturation. The value of g, of an infinitely thin film
can therefore be estimated by extrapolation of Section (2-3)
(Figure 6b) to zero thickness. This value is about 0.05 for non-
annealed film and 0.15 for the annealed one. The observed
increase of g-factor with the thickness could be attributed to
either propagation effects (pseudo chirality) or lesser degree
of distortion of helical fibrils in thicker films. We did not use
the 0.25 um film in the extrapolation, noting that in this case
the annealed and non-annealed films have the same value of
Zabsy Which indicates that the effect of annealing is inhibited
in thin films. In this case, the film thickness is comparable to,
or even smaller than, the size of the helical fibrillar structures
observed in SEM (Figure 1). Therefore, the ordering of these
fibrils in the 0.25 um film cannot be expected to be the same
as in the other films.

2.3. Mechanisms of Chirality Enhancement

The conjugated donor-acceptor alternating
copolymer structure (fluorene-alt-benzo-
thiadizole) of PFBT leads to two discrete
absorption bands. The short-wavelength
band centered at =325 nm is attributed to
the m—m* and n-m* transitions of the con-
jugated aromatic segments, while the long
wavelength absorption band centered at
=473 nm can be assigned to intramolecular

glass substrate

UV-Lamp

backbones, increased polarizability (because
of planarization) of the film, or both.[*]
Changes in UV-vis and CD spectra reflect
the nature of these aggregates.?°-281 The
main absorption bands of PFBT/SU-8 are
shifted noticeably to the red as compared
to films of pure PFBT; after annealing, the
Amax Were red shifted by =35 nm for SU-8/
PFBT with respect to the pure PFBT.

The observed CD enhancement in SU-8/PFBT nanocompos-
ites can be attributed to three possible mechanisms, as outlined
below. The overall process of formation of a network of chiral
polymer within the SU-8 photopolymer matrix and helical
self-assembly during annealing is illustrated schematically in
Figure 7. In order to rule out effects of linear dichroism (LD),
we took LD spectra of representative samples. The LD signal
was weak relative to the CD signal, as discussed further in sup-
porting information, and we do not believe that LD is having
any important effect on the results presented here.

The first mechanism of chirality enhancement can be associ-
ated with formation of chiral aggregates as in the case of the
cyclopentanone/tetrahydrofuran spincoated films.?’-32 The
transition from random coils to aggregates is a two-step process
that proceeds via unaggregated, coplanar strands of PFBT. Upon
decreasing the solvent quality, the absorption bands of SU-8/
PFBT nanocomposites display a slight red shift and significant
broadening. The red shift can be attributed to helical coiling of
the m-conjugated backbone, originating from aggregation and
stacking during solvent evaporation. Such a shift and broad-
ening of the absorption band is commonly observed in ground-
state charge-transfer complex (CTC) formation.l?! The CTC for-
mation could result in an increase of the effective conjugation
length (CL) of the polymer and hence the corresponding red
shift of its absorption edge.*”]

Planarization (1)

Coat & Prebake

Glass substrate

charge transfer (ICT) 7—7m# transitions of [~

the backbone.”l The well-known S-S, { f"" \ -

transition of poly(fluorene-alt-benzothi-
adizole) near 470 nm has been shown to
occur due to an electron transfer from the

CFops-kinking

o .
\(; ’|\. Aggregation ; ~ )
5Py, Post-bake i b
o Development 2
Annealing A

fluorene unit to the benzothiadizole unit
while the hole is somewhat delocalized
on the 7-conjugated backbone.?* For both
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Figure 7. Overview of PFBT aggregation process resulting in helically-ordered PFBT/SU-8
nanocomposites with extraordinary optical activity.
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The CD spectra of pure PFBT films (Figure 3b) in the visible
range show a bisignate positive Cotton band (couplet) superim-
posed upon a negative Cotton band. The negative lobe of the
effective couplet is centered at 471 nm in correspondence with
the absorption maximum. Such a superposition implies con-
formational helicity of individual polymeric strands (producing
a monosignate CD spectrum) and excitonic coupling in chiral
aggregates (producing the bisignate feature).’!

In contrast with pure PFBT films, PFBT/SU-8 nanocompos-
ites demonstrate almost pure monosignate red-shifted negative
Cotton bands. This is attributed to a dramatic enhancement of
the red-shifted negative Cotton band superimposed upon the
much weaker bisignate Cotton band. At the same time, the
absorption spectra reveal slight bathochromic shifts and
the appearance of a raised shoulder. This can be explained by
formation of J-aggregates of helical polymeric strands (second
mechanism of CD enhancement) within the SU-8 matrix. Thus,
this suggests that the dominant mechanism of enhancement
is supramolecular ordering to produce increased helicity in the
nanocomposites, relative to the pure PFBT films.

Annealing of the patterned films (at 150 °C for 15 min)
which contain large regions of PFBT/SU-8 aggregates that
are free of the SU-8 matrix, resulted in a UV-vis spectrum in
which the same bands are present, but with a small difference
in the ratio of the intensities of the respective transitions. The
CD spectrum, however, changed drastically. We attribute this to
enhanced helicity of individual polymeric strands of PFBT as
well as changes in the overall conformation of the fibrils, which
have been liberated from the SU-8 matrix, but which remain as
dispersed aggregates on the substrate, rather than a continuous
smooth film (third mechanism of CD enhancement).

A sharp, red-shifted absorption band with corresponding mon-
osignate Cotton effect has also been observed in other conjugated
polymers. Swager and co-workers attributed this band to excitonic
coupling in aggregates,*l while Babudri et al. proposed that it
originates from elongated helical strands confined within isolated
domains.B3 Our observations support the latter interpretation.

3. Conclusions

In conclusion, we report on thin film fabrication of nanocompos-
ites of a chiral m-conjugated polymer, PFBT, in a photopolymer
matrix (SU-8). This optically clear nanocomposite shows excep-
tionally large circular dichroism caused by enhanced helical con-
formation of PFBT within the fully cured glassy SU-8 matrix. Key
conclusions are that: 1) chiral PFBT/SU-8 nanocomposites give
dramatically higher CD (up to g,,s = -0.32) than pure PFBT films
of the same optical density (g,,s = -0.003); 2) chiral PFBT/SU-8
nanocomposites can be photopatterned, but the PFBT compo-
nent is not fully removed under standard SU-8 processing condi-
tions; and 3) chiral PFBT aggregates left behind after standard
SU-8 development can exhibit dramatically higher CD than a
smooth film containing the same amount of PFBT.

4. Experimental Section

PFBT was synthesized as a yellowish solid using palladium-catalyzed
Suzuki polycondensation as the final step, and the crude product

Adv. Funct. Mater. 2012, 22, 5074-5080
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was purified with Soxhlet extractions with acetone over an 8 h period
to obtain high molecular weight (M,, = 13 000, M,, = 30 000) PFBT.
Its structure was confirmed by '"H NMR, GPC, and DSC, according to
previously reported procedures.I'] PFBT was dissolved in THF for mixing
with commercially available SU-8 2025 from MicroChem.

A PFBT solution in THF was added to 20% SU-8 2025 solution in
cyclopentanone (CPO) and thoroughly mixed by mechanical stirring
at 60 °C for 2 days. One hour before film fabrication, the solution was
cooled to room temperature and sonicated for 3-5 min to remove
dissolved air. Under dark condition, solutions of PFBT/SU-8 2025 in
co-solvent (CPO/THF, 1/3) were spin coated on a glass substrate at
1000 rpm spin speed to form 1-9 um thick films of SU-8 resist containing
PFBT. Films were prebaked at 95 °C for 5 min. A Karl Suss UV aligner
with 365 nm exposure wavelength was used for lithography, through
a mask with a checkerboard pattern of about 12.5% exposed area.
The samples were post-baked at 95 °C for 5 min and then developed
with PGMEA (propylene glycol methyl ether acetate) and rinsed with
2-propanol. The UV-vis absorbance and CD spectra were measured in
transmission using a Shimadzu 3101 UV-vis spectrophotometer and a
Jasco J-815 CD spectrometer, respectively, before and after annealing
of the films at various temperature (=100 to 200 °C) for 15 min under
argon atmosphere.
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Supporting Information is available from the Wiley Online Library or
from the author.
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