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Abstract. Large area, device relevant sized microporous thin films were formed with
commercially available polythiophenes by the breath figure technique, a water-assisted micro
patterning method, with such semitransparent thin films exhibiting periodicity and uniformity
dictated by the length of the polymer side chain. Compared to drop casted thin films, the
microporous thin films exhibit increased crystallinity due to stronger packing of the polymer

inside the honeycomb frame.

1. Introduction

Ordered microporous polymer films have gained increased attention in the past several years as
they are being explored for potential applications in soft lithography ™, tissue engineering'?,
catalysist®, and as superhydrophobic surfaces®. The regularity of pore size and the long-range

order is the most sought out feature for many of these applications and this has been a long
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standing challenge with the Breath Figure Technique (BFT)™. There are a variety of bottom up
and top down patterning techniques such as photolithography, electron beam lithography,
chemical etching, and printing techniques for producing ordered microstructures . Although the
versatility of structures produced by lithographic techniques is large, the initial cost of equipment
and the needed skilled labor is high. Hence there has been a stress recently on low cost
techniques to produce highly ordered structures with tunable pore size using self-assembly!’).
BFT is one such method, which is driven by water based self-assembly. In BFT, a polymer is
dissolved in a low boiling point solvent and casted on a substrate in high humidity atmosphere.
Spontaneous evaporation of the volatile solvent leads to a decrease in temperature of the top
surface of the solution (-6 to 0°C)®. As a result of this temperature drop, small water droplets
condense on the surface of the solution. These micro-droplets grow with time (D ~ t**, D,
diameter, t, time) but when they come in contact with another droplet, they do not tend to
coalescel®. The polymer precipitates between these water micro-spheres, preventing them from
coalescing with each other. As a result, these uniform sized micro-spheres of water droplets
arrange themselves in a hexagonally packed pattern on the top of solution. After solvent
evaporation and subsequent evaporation of water, a thin polymer film is left with the imprint of
cavities created by the hexagonally arranged micro-spheres. Such pattern is usually referred to as
a honeycomb pattern. The long-range order and regularity of honeycomb patterns depend on
various experimental parameters such as humidity, molecular weight of polymer, solvent,
polymer concentration, temperature and the nature of the substrate used for deposition™™® . These
parameters control the evaporation rate of the solvent, prevent coalescing of water droplets and
affect the honeycomb final film morphology. The effects of these experimental parameters were
summarized in several review papersi*. The dynamics of this seemingly simple method is rather

complex due to the Marangoni convection currents generated by temperature gradient!® 2.
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Hence the apparatus deposition design and the precise control of these experimental parameters
become extremely important for achieving reproducibility of ordered honeycomb patterns.
Several mechanisms have been proposed to explain the heterogeneity seen in the BFT process
and it is also believed that there could be more than one mechanism at interplay during the breath
figure Process.

There has been a recurring debate as to which polymer type can form honeycomb patterns by
BFT!. Initially it was believed that only polymers with a star shape could form such micro
structurest™, later on honeycomb films were obtained with polystyrene polymers with linear
structure and it was proposed that the viscosity of the solution is critical in forming honeycomb
patterns™. Since then honeycomb patterns have been demonstrated with block-copolymers,
amphiphilic copolymers, hyper-branched polymers, organic/inorganic hybrid materials.™
Recently BFT has been demonstrated with non-aqueous vapors ™ and on non-planar substrates
(1711t is believed that some polymer architectures provide a robust set of process parameters
which can allow tuning of the honeycomb pore structure, while other polymer architectures
provide a narrow range of process conditions which can produce honeycomb morphology, hence
making reproducibility difficult.

Honeycomb patterns have been also demonstrated with conductive polymers & and such
microporous thin films have been recognized for their potential as building blocks for interesting
optoelectronic device application areas such as sensing and transparent photovoltaics. However,
prior studies in the field have relied largely on custom synthesized conjugated polymers for
creating relatively smaller area honeycombs. Furthermore, the relationships between the
processing conditions, polymer chemistry and honeycomb structure formation and their resultant

optoelectronic properties have not been fully understood.
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Hence, in this present study we focused on developing a BFT method where several important
process conditions such as temperature, humidity and air flow can be controlled and applied this
BFT to a series of commercially available polythiophene (PT) derivatives which differ by the
side chain length (Scheme 1). These polymers have been previously investigated as organic
photovoltaic candidate materials.l*”) To compare the honeycomb formation capability of the four
PT derivatives vs side chain effect, we have kept processing parameters like regioregularity,
concentration, molecular weight, substrate chemistry and evaporation rate fixed and then studied
the effect of increasing side chain on breath figure forming capability.

We have been able to demonstrate highly ordered microporous thin films with large surface area
(~5x5 mm?), the largest size reported so far for conjugated polymer honeycomb thin films, an
achievement making such semi-transparent films suitable candidates for sensing and semi-
transparent photovoltaic applications.

2. Results

2.1. Side Chain effect on Ordering of Pores.

In this study we used a series of commercial polythiophene conjugated polymers where the alkyl
side chain length is varied from m=6 (poly (3-hexyl thiophene) or P3HT), to m=8 (poly (3-octyl
thiophene) or P30OT), to m=10 (poly (3-decyl thiophene) or P3DT) and finally to m=12 (poly (3-
dodecyl thiophene) or P3DDT) (Scheme 1). These polymers, commercially available from Rieke
Metals, were dissolved at similar concentrations in CS2 and were subjected to the same
processing conditions in a BFT apparatus described in detail in Supporting Information (Sl,
Figure S1) in order to obtain honeycomb films. While BFT films were deposited on various
substrates like glass, hydrophilic glass, ITO, MoO3; and ZnO coated glass, defect free breath
figure films were formed mainly on glass coated with oxides, in particular MoOg, for which all

characterization reported herein applies.
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Figure 1 shows optical micrographs of the PT-based honeycombs, both at low and high
magnification, for all four polymers, demonstrating large area ordered honeycombs. Figure 2 are
Scanning Electron Microscopy (SEM) images of PT-based honeycombs along with Fast-Fourier
Transform (FFT) patterns obtained by image processing (see Sl for details). The hexagonal
packing and long-range order can be deduced from such FFT patterns. P3OT shows long range
order along with perfect 2D hexagonal ordering. A photograph of a P30T honeycomb taken with
an ordinary CC camera shown in Sl, Figure S2, further demonstrates the long-range order of the
BFT made thin films. In such films, areas as large as ~5x5 mm? in size with highly regular
honeycomb patterns are present, a size that is sufficient for future transitions of such films in
sensory and photovoltaic devices. For the other PT derivatives, although they showed short range
order, the presence of diffused rings in their associated FFT pattern (Fig.2) indicated the presence
of 2D disorder in the honeycomb film at large scale.

For P30T we found favorable processing conditions to be in a wide-range of humidity and
airflow rate values when compared to P3HT which had a rather high tendency to coalesce.
Processing conditions for P3DT and P3DDT were found to be more robust compared to P3HT
but the order of honeycombs films and reproducibility from these polymers were not on par with
P3OT. In order to make polymer solutions amenable for honeycomb formation, we needed to
age them for at least 7 days at room temperature, in the dark. Except for P3HT, prolonged ageing
of polymer solution leads to improved flexibility in processing conditions, including formation of
thinner honeycomb films by the use of lower polymer concentration.*¢!

2.2. Pore Size Distribution and Order Parameter from Voronoi Tesselation
Pore sizes were found to vary with side chain length as observed in Figure 3. The longer the side

chain, the smaller the pore size when these honeycomb were processed in similar conditions
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including concentration. Details on pore size estimation are given in Sl. It’s worth noting that,
there is a radial variation of pore size in such large size films due to changes in the evaporation
rate from the edge to the center of the film, with the pore size increasing from edge to center (see
Figure S3, SI).
One simple way to visualize the ordering of pores in two dimensions is by the use of Voronoi
Tesselation (VT) method, a popular approach in computational geometry for modeling spatial
structures, for pattern recognition and for localization optimization™™!. In VT, a plane with n
points is divided into convex polygons such as each polygon contains exactly one generating
point and the vertices of each cell is equally spaced to its generating points. Given the input of the
centroid of pores of the honeycomb, the VT method provides a graphical representation of
nearest neighbors. The number of edges from each cell can be used to get the probability of
having 6 nearest neighbors and the hexagonal packing can be then compared™. Also, with the
probability of all possible nearest neighbors (NN), an order parameter (entropy, S) defined below
can be used to assign each image in Figure 2.

§=—Yi%piInp; 1)
Here p; is the probability of finding i number of nearest neighbors. The smaller the order
parameter S is, the more order the system exhibits. The observed variation of order parameter
with side chain length (Figure 4b) and the probability of nearest neighbors (Figure 4a), both
support the high hexagonal ordering seen in P30T honeycomb films when compared to the rest
of the PT-based honeycombs.
2.3. Crystalline vs Amorphous-like Phase in PT-based Honeycomb Films
Fluorescence emitted by a conjugated polymer is a property influenced by the extent of the n-
conjugation system of the polymer backbone, and this can provide information on the polymer

chain conformation or aggregation state or changes of such properties since such changes are
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usually accompanied by intra- or inter-chain quenching by energy transfer.?? Figures 5a-d are
confocal fluorescence lifetime microscopy (FLIM) images of honeycomb thin films process by
BFT for the four PTs and Figures 5i-1 are spatially resolved, confocal micro-photoluminescence
(PL) spectra measured at the honeycomb frame (black color) and hole (green color) from each of
the PT-based honeycomb this films. As a comparison, Figure S2, Sl, displays micro-PL spectra
from the four PTs in solution and drop casted thin films. A detailed analysis of the micro-PL
spectra and FLIM images in Figure 5 helps us to understand the heterogeneity in polymer
aggregation state within (i) a given honeycomb and (ii) among various types of PT-based
honeycombs which, as explained below, we can associate with (i) differences in polymer packing
across the honeycomb framework and with (ii) differences in crystallinity among the four types
of PTs and resulting from differences in side chain length. Table 1 includes PL lifetimes
(amplitude averaged values, see Sl for details) estimated from decays measured from diffraction-
limited spots in the honeycomb frame and hole, and for a comparison from solution and drop-
casted thin films for all four PTs. Freshly prepared polymer solutions exhibit PL lifetimes of
about 0.66ns which are rather long for PTs and which indicate CS; is a good solvent for all four
PTs???]. Ageing (over 7-days) decreases the PL lifetime to about 0.58ns for all four PTs, most
probably due to formation of self-quenched aggregates.’®! PL spectra from either fresh or aged
solutions are broad, with a single peak at around 590nm (Figure S3, Sl). Drop casting any of the
four PTs produces thin films with red shifted, bi-peak PL spectra with peaks @650nm and
725nm, previously assigned to vibronic, 0-0 and 0-1 transitions, respectively®. The ratio of
these PL peaks in drop casted films estimated from the micro-PL spectra from Figure S3, Sl as
R=PL@650/PL@725 is in the range 1-1.1, e.g R>1 (see Table 1) which is common for 0-0 and 0-
1 vibronic transitions associated with PL from aromatic molecules. PL lifetimes from drop casted

films increase in value with the increase in side-chain length (Table 1, i.e. from P3HT to P3DDT)
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and an explanation for this phenomenon is given below. PT polymers including those studied
here prefer to self-pack in solid phase in ordered, e.g. crystalline-like aggregates because of the
strong n-nt stacking of polymer backbones. n-r stacking promotes inter-chain quenching which in
turn red shifts the PL spectrum in film compared to solution and decreases both the PL quantum
yield and PL lifetime!®. An increase in polymer side chain length decreases m-m stacking
interaction and this in turn decreases inter-chain quenching, leading to recovery (increase) of PL,
including PL lifetime!®® (Table 1).

FLIM images from honeycomb PTs feature clear differences in PL lifetimes in the frame and in
the holes (Fig.5a-d, insets, Table 1). Similarly, there are differences in the PL spectra measured in
the frame and in the hole (Fig.5i-l, black vs green colored spectra). For P3HT, the PL spectrum
measured in the frame is similar in shape to the drop cast film PL spectrum (Fig.5i, black vs
Fig.S4,SI), with a ratio of the high and low energy peaks R=1.1 and with these peaks spectrally
shifted @ 660nm and 710nm, while the PL spectrum measured in the hole is broad, vibrationless,
and single peaking @710nm (Fig5i). For P30T, the PL spectrum measured in the frame is still
bi-peak, with an R>1, however, the PL spectrum from hole, while remaining bi-peak, now has a
R<1 (Fig.5j). For P3DT and P3DDT the PL spectra in the frame are still bi-peak, but with an R<1,
while the PL spectra in the hole are single (@720nm) and bi-peak, respectively (Figs.5k&l). The
observation of single peak (@705-715nm range) and bi-peak (@ 650nm and @705-715nm
range) features in the PL spectra from PT honeycombs and of R<1 values strongly suggests two
polymer aggregation states are present in honeycomb films, amorphous-like disordered aggregate
state and crystalline state®”, whose contribution dictates the ratio R. This in turn reflects the
presence of heterogeneity in crystallinity in PT honeycomb thin films. The polymer crystalline
phase is similar to that usually observed in drop casted films (Fig.S4, Sl), with a bi-peak

spectrum with 0-0 and 0-1 vibronic transitions (@650nm and 725nm, respectively), while the
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amorphous-like phase has a broad, single peak at around 705-710nm. Depending on the
contribution of the two phases at a given place in the honeycomb film, the resulting spectrum
might be bi-peak or single peak. For example, for P3HT, P30T and P3DT, the crystalline phase
dominates in the frame, while the amorphous-like phase dominates in the hole. For P3DDT, the
crystalline phase dominates both in frame and hole, since this framework shows rather large
thickness in the hole regions, (i.e., holes are not deep). We believe these differences in
crystallinity arise from the different evaporation speeds of the solvent in the frame and in the
holes which are imposed by BFT. Honeycomb frame is formed between adjacent water droplets
which force a large amount of polymer material together to form a thick (~1 pm) film following
solvent and water evaporation. This provides evaporation rates similar to drop casting, permitting
the polymer to pack and form crystalline domains. In holes, solvent evaporation is faster because
of less polymer material and as such the polymer has no time to crystalize, forming an amorphous
phase. The idea of the presence of both crystalline and amorphous phase in PT honeycombs is
also supported by the PL lifetimes observed in the frame and the hole, with PL lifetimes
increasingly quenched in the latter case as one would expect from a self-quenched, red shifted
aggregate.

P30T is an exception, showing opposite behavior with respect to PL lifetimes of frame and holes
and we may relate this with the high tendency of this particular polymer to form crystalline
domains even in holes, at low concentration of polymer. Small and Wide Angle X-ray data
(WAXS) recorded from PT-based honeycomb and drop cast films support our hypothesis,
indicating increased crystallinity in honeycomb sample compared to drop cast film, and this
increase in crystallinity is more pronounced in the case of P3OT polymer (See Figure 6 and
Figure S5, Sl and details on crystallinity estimation by SAXS/WAXS).

3. Discussion
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BFT has been demonstrated as a versatile, cost-effective method for producing ordered
microporous structures with tunable pore size and frame thickness obtained through changes in
processing parameters such as humidity, concentration of solution, temperature of substrate or
airflow ratel*®). The effect of these individual parameters has been evaluated extensively by
many groups and on different type of polymersi™®. Most of the BFT setups reported so far are
very simple in nature and do not offer a precise reproduction of the morphology in the films due
to inherent non-equilibrium nature of the evaporation process in the breath figure processing.
BFT method is also susceptible to environmental factors when using non-PS based polymers,
which provide less robust processing conditions to produce stabilized water droplets. Hence, in
order to control the external environmental factors we designed a controlled humidity chamber
where PT solutions were casted directly on substrates (Fig.S1, SI). At constant humidity, the
evaporation rate of the solution is affected by the airflow rate and by the surface temperature of
the substrate. Controlling the flow rate is crucial and having a laminar flow helps obtain large
area honeycomb thin films. With the same experimental setup, we found possible to vary a whole
range of parameters to explore the optimum parameters for achieving the best structures possible
for a given polymer solution.

As shown by the SEM images in Figure 1, all four polymers are able to form honeycomb films by
BFT after ageing, however, P30T excels in hexagonal ordering and long-range (large area) thin
film with hexagonally arranged porous structure as suggested by Voronoi Tessselation. P30T
polymer also provides more robust processing conditions that allow modification of pore size by
varying experimental parameters such as air-flow, humidity and concentration.

PTs prefer to form highly ordered aggregates in thin film phase due to their high tendency to -
stack their backbone. The result is polymer crystalline domains with improved charge mobility

perpendicular to the stack.?"! Increasing the length of alkyl side chain in PTs decreases the -
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stacking interaction and the crystallinity of the ordered phase, and this in turn decreases charge

mobility across the polymer stack but increases side chain ordering[®®

. Side chain length
modification changes the interaction between polymer chains, hence affecting polymer
aggregation behavior®®). Stenzel et al.**¥ suggested that for amphiphilic polymers aggregation is
a key condition in suppressing coalescence and leading to the formation of stable honeycomb
films. PTs are also known to develop aggregation in mixed solvents where using such approach
PT whiskers could be formed by ageing up to 2 months in Anisole solution™. In the present
study we found that PTs have such aggregation behavior in solution even with the use of a good
solvent, if the solution is left to age for 7-10 days. Therefore, we believe that for hydrophobic
polymers like alkyl-substituted PTs, breath figure technique becomes successful if the polymer is
dissolved in a good solvent and aged for a considerable period of time (days or even weeks).
Such aggregates stop the coalescence and allow formation of stable ordered micro-droplets. We
found that by removing these aggregates by filtration, for example by the use of a 0.45um porous
filter, the resulting solution was incapable of forming stable microporous structures.

During the processing of dynamic breath figure technique, the surface temperature is in the range
of -6<T to 0T®. This low temperature arises due to evaporative cooling and makes the
condensation of water droplets feasible at the solution-air interface. In this study, condensation is
augmented by using a cold stage along with evaporative cooling. In the above defined
temperature range, the polymer with the glass transition temperature (T,) lower but closest to the
temperature of the substrate should easily form breath figures. Changing the side chain also
changes polymer’s T,.*"! For PTs used in the present study, Table 2 lists T, values found in

literature!®?

, according to which we now understand why P3DDT did not form large area
honeycombs, given its very low T, of -19<C, a temperature unachievable during the evaporative

cooling. Thus, amongst the polythiophenes considered in the present study, P3OT appears to
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have the right combination of side chain length and Ty, the former helping in promoting
aggregates in the aged solution of “perfect” size, the latter being closest to the surface
temperature where condensation happens. The result is large area (over 5x5mm?) perfectly
organized P30T honeycombs. Both of these properties compete together and hence P30T seems
to have optimum side chain length to form most perfect breath figures out of the investigated PTs.
The effect of side chain of polythiophenes on film morphology and optical properties has been
studied widely in the bulk form B as well as at the single polymer chain levels™* 34, Here,
through optical and structural studies, we found clear differences in the polymer aggregation
phase in the honeycomb framework, highly crystalline in the frame and a combination of
amorphous and crystalline in the hole, with the ratio of amorphous to crystalline phases changing

with the polymer side chain length.

4. Conclusion

Herein we provided a clear demonstration of how a relatively inexpensive process such as BFT
can be realized as a repeatable method to produce micro-porous films from hydrophobic
conjugated polymers, presenting for the first time semi-transparent honeycombs with area
dimensions suitable for photovoltaic and sensory devices, with almost perfect organization of
pores over sub-cm sized domains, which achievable by other methods like microlitoghraphy
would be rather costly. Here we studied the effect of side chain length of PT on the breath figure
forming capability. For PTs, a 6-carbon long side chain like for P3HT is known to provide
optimal performance for photovoltaic applications, but we found in the present study that it is not
best suited for honeycomb formation. Most probably, such short chain confers the polymer a high
glass transition temperature which is unfavorable for aggregate formation. P30T, the PT with a

side chain length of 8 carbon chains (P3OT) is better for honeycomb formation. Using a
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combination of optical and structural characterization methods, we demonstrated different
polymer aggregation phases in the honeycomb framework, whose contributions change with the

polymer side chain length.

One can envision semitransparent photovoltaic devices made out of breath figure polythiophene
films doped with fullerenes or other semiconducting n-type nanomaterials or sensory devices
based on such microporous films doped with energy transfer relevant nanoparticles. Since BFT-
based microporous film offer a larger (~140%) surface area compared to a planar
(dropcast/spincast film) due to its unique 3D structure, this in turn is expected to increase the
efficiency of semitransparent photovoltaic devices or sensitivity in sensory devices incorporating

such breath figure films.

4. Materials and Methods

4.1. Materials and honeycomb film preparation by BFT.

Commercially available polythiophenes were bought from Rieke Metals and carbon disulfide
(CS,) was from Sigma-Aldrich. All polymers have an average molecular weight of 70,000 to
90,000 with regio-regularity of approximately 96%. Each of the four polymers was dissolved in
CS, with the help of magnetic stirring and stored in an airtight vial for ageing. Aged solutions (7
days on average) were drop casted using breath figure technique on glass or metal oxide surfaces
and exposed to controlled humidity, temperature and airflow in order to preserve the order of
honeycomb films. The films were made in ambient air and immediately kept into vacuum tight
boxes after the deposition was complete. Dropcast samples of polymer solutions on glass
substrates were exposed to laminar air flow with controlled humidity. In order to control the

physical parameters of the experiment, a home built setup was used which is pictured in Figure
13
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S1, SI. A glove box was connected to a humidifier and dehumidifier, which were controlled by a
microcontroller to produce 1% relative humidity variation. A laminar flow control box was
designed to control the airflow rate. Furthermore, the substrate holder was temperature controlled
using water-cooled Copper plate. To compare the effect of side chain on honeycomb formation
capability, all polythiophene polymers were cast using the following processing parameters:-
Concentration: 2mg/mL; Relative humidity: 65%; Air flow rate: 2 L/min; substrate holder
(Copper) temperature: 14<C; substrate: 9nm MoOs; thin layer coated on glass cover slips of
0.17mm thickness; volume of solution cast on substrate: 25uL.

4.2 Methods.

Confocal FLIM and micro PL spectroscopy studies were carried out using a custom-built
scanning-stage inverted microscope described elsewhere™®. Samples were illuminated with 440
nm pulsed light from a solid state diode laser (LDH-440 Picoquant) using a 0.9 NA 60x dry
objective lens (Olympus America). Fluorescence from the samples was collected by the same
lens, filtered from laser excitation by a dichroic (532DRLP, Semrock) and by a band-pass filter
(FFO01-532RLP, Semrock), spatially filtered by a 5 pum pinhole, and finally refocused onto a
single-photon-counting avalanche photodiode (MPD, Picoquant). FLIM was carried on samples
under nitrogen atmosphere to avoid photodegradation. FLIM images were acquired and analyzed
with the commercial Symphotime 5.32 software (Picoquant). PL lifetimes reported in here were
calculated as amplitude average lifetimes following double exponential fits. Micro PL spectra
were acquired by a Spectra Pro 2300i spectrograph coupled to a back-illuminated CCD camera
(Roper Scientific, PIXIS 100) by directing the collected fluorescence via a side port of the
microscope and through a 5 um pinhole. Scanning electron microscopy (SEM) was performed
with a Hitachi S-4800 SEM and with a 3nm Ag coating layer deposited on top of PT-based

honeycomb films for improved conductivity. Small and Wide Angle X-ray scattering
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(SAXS/WAXS) measurements were carried out on a Bruker-AXS Nanostar U instrument
equipped with a Cu rotating anode, a Vantech 2000 detector and operated in the high-resolution
configuration and short detector distance. The camera length for the instrument was calibrated
using Silver Behenate. Polymer thin films were delaminated from the MoO; coated glass
substrates using KOH treatment and careful rinsing in DI water, SAXS/WAXS signals were
recorded from free-standing films in transmission mode. Details on data analysis are given in SI.
Supporting Information

Supporting information includes details on BFT apparatus, photograph of a P30T honeycomb
film, pore size calculation, PL spectra for polymers in solution and drop cast thin film, details on
WAXS data analysis and crystallinity value estimation. Supporting Information is available from
the Wiley Online Library or from the author.
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Scheme 1. Polythiophenes with varying side chain length: poly (3-hexyl thiophene), P3HT; poly
(3-Octyl thiophene), P3OT; poly (3-Decyl thiophene), P3DT; Poly (3-Dodecyl thiophene),

P3DDT.

Figure 1. Optical (transmission) micrographs of PT honeycomb thin films showing long range

ordered microporous structures. Top: low magnification; Bottom: high magnification. Scale bars

are 400um (left: white) and 40um(right: yellow).
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Figure 2. Scanning Electron Micrographs of PT-based honeycomb films: a) P3HT b) P30T c)
P3DT d) P3DDT; Subscript 2 for each image shows the FFT pattern calculated after converting

the image. Subscript 3 shows zoomed in image of single hexagonal lattice for each image.
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Figure 3. Pore size vs side chain length for PT-based honeycombs.
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Figure 4. left) Probability distribution of nearest neighbors in honeycomb films determined by
Voronoi Tessellation method. Right) Order parameter (entropy, S) calculated using Nearest
Neighbor probability distribution. P30T shows the lowest value of S, hence exhibits the most

ordered film.
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Figure 5. Confocal FLIM (a-d), PL Intensity image (e-h) and micro PL spectroscopy (i-1) of
honeycomb thin films processed from: (a, e, i) P3HT, (b, f, j) P30T, (c, g, k) P3DT and (d, h, I)
P3DDT. Micro PL spectra were recorded at the frame (black color) and in the pore (green color)

of the honeycomb cell units.
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Figure 6. Left: crystallinity values (omc ) obtained from WAXS measurements of dropcast and
honeycomb PT-based thin films; right: percent change in crystallinity value, @m, from dropcast

to honeycomb PT-based thin films.

Table 1. PL parameters for solution, drop-cast and honeycomb samples as derived from Figure 5
and S3, Supplementary Information.

P3HT P30T P3DT P3DDT
1
sampre rpL/ns RpL rpL/ns RpL rpL/ns ReL TpL/nS ReL
solution 0.58 - 0.58 - 0.58 - 0.58
Dropcast 0.47 1.16 0.42 1.0 0.72 1.15 0.86 1.04
honeycomb | 0.75 1.06 0.42 1.3 0.81 0.8 0.64 0.84
frame
honeycomb | 0.62 0.65 0.49 0.33 0.70 - 0.60 0.75
hole

*1pr, intensity averaged PL lifetime; Rpr, PL intensity ratio for high and low energy peaks in the
PL spectrum.
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Table 2: glass transition temperatures of Polythiophene derivatives.*”

Polymer T,
P3HT 20.3°C
P30T -9.2°C
P3DT --

P3DDT -19°C
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