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ABSTRACT: Insoluble patterns of cross-linkable conjugated polymers, CPs, are obtained from spin
coating their blends with polystyrene, PS, following an approach first demonstrated for poly [2-methoxy-
5-(2'-ethyl)hexyloxy-2,4-phenylenevinylene] (MEH-PPV) by Castro et al. (Chem. Mater. 2006, 18, 5504).
Taking advantage of the CP and PS tendency to phase separate, we make use of CP functionality to be cross-
linked, so PS can be removed, leaving behind a solvent-resistant pattern. Columnar, spike, and porous
structures can be obtained. Furthermore, we show that these patterns morphologies and dimensions can be
controlled by adjusting the experimental conditions and the PS molecular weight. We present strategies to
tune cross-linkable CP’s films morphologies aiming for applications in organic solar cells and light-emitting

devices.

1. Introduction

Conjugated polymers, CPs, are being explored in a wide range
of functions for low cost organic electronics. They combine
several functional properties, such as electronic (semi-
conducting and conducting) and optical (luminescence and non-
linear optics). In addition, they can be flexible and processed from
solution. One of the most relevant characteristics is the possibility
of tuning their properties by molecular design. This relates not
only to single-molecule properties but also to their supramole-
cular organization and morphology. In the broad new techno-
logical area of organic electronics and optoelectronics, CPs are
being used as charge transport layers, light emitters, sensing
elements, or photovoltaic active layers. It has been extensively
documented that the polymer film morphology can deeply affect
electronic processes and device characteristics. Furthermore, to
fabricate integrated and/or pixelated systems, their patterning at
small dimensions is needed. As a result, there has been an
increasing expansion of methods to pattern CPs and their
description has been the subject of recent reviews.'> In thls
context, several nonreactlve techniques, such as screen prmtlng,
inkjet printing,* and soft lithography’have been adjusted to
fabricate patterns of semiconducting polymers at micrometer
and submicrometer dimensions. Other strategies to selectively
deposit CPs rely on the reactivity of monomers or surfaces:
surface chemistry has been employed to generate substrate
templates where polymer patterns with micro- to submicrometric
dimensions are produced through self-organization of polymer
blends®’or through electropolymerization of reactive monomers
if the substrate is an electrode patterned with a self-assembled
monolayer.® ' Patterned films can also be fabricated by spin-
casting, only making use of the phase separation that occurs in
polymer blends deposited on a given homogeneous surface, due
to their low entropy of mixing. The phase separation degree is
controlled not only by the thermodynamics but also by the
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kinetics, as pseudoequilibrium states can be frozen. This can be
accomplished either by thermal quenching or solvent quenching
using poor solvents. Phase separation occurring during fast
solvent removal (solvent quenching) in spin-cast films has been
widely investigated for insulating polymer blends, leading to
nonequilibrium film morphologies, which are strongly affected
by self-organization processes and by the substrate surface.'> "’
From the technologic point of view, the use of spin coating to
fabricate polymer films for organic electronics is very attractive,
as this technique combines simplicity, low cost, and versatility.
The use of spin coating as a method to obtain patterned films of
CPs at the micro and nanoscale has already been demonstrated in
some studies. Arias et al. showed the optimization of organic
photovoltaic cells and light-emitting diodes (LEDs) through the
control of phase separation, from lateral to vertical, in cast films
of blends of conjugated polymers.'"' In those systems, the
modification to more viscous/less volatile solvents and the con-
trol of the phase separation kinetics allowed to obtain lamellar
structures which proved to be beneficial in those devices, prob-
ably due to reduced leakage currents. In addition, a systematic
study on the film morphology on spin-cast blends of various CPs
(polyalkylthiophenes) and insulating polymers (PS) using differ-
ent solvents showed a strong influence of the film morphology,
from dewetted, lamellar or lateral, on the solublllty parameters of
the components in these ternary systems.” It is worth noting
that, in contrast to polymer blends, spin-cast films of CPs
(polydialkylfluorenes) and a soluble fullerene showed lamellar
structures favored by lower solvent evaporation rates while films
exhibiting lateral phase separation could be obtained by rapid
film drying. On those particular systems, the low solubility limit
and slow kinetics of crystallization of the fullerene component in
the tested solvents is suggested to allow the system to be quenched
into a metastable two-phase liquid—liquid region, originating
latera.l segrega.tlon of the blend components. 21Recently, Castro
et al.>>* reported on the fabrication of films of poly [2-methoxy-
5-(2'-ethyl)hexyloxy-2,4-phenylenevinylene], MEH-PPV, with a
nanostructured surface, through polymer demixing in spin-cast
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films of blends of MEH-PPV and polystyrene (PS) deposited on
poly(3,4-ethylenedioxythiophene) doped with poly(styrenesul-
fonic acid) (PEDOT:PSS) covered substrates, followed by
removal of PS with a selective solvent. In turn, Holdcroft et al.
demonstrated the fabrication of nano/microscale patterned films
of polythiophenes bearing solubilizing and thermally cleavable
groups (tertrahydropyranyl, THP), also making use of phase
separation during spin-casting polymer blends of the electroac-
tive polemer and a dielectric polymer (poly(methyl methacrylate)
or PS).** In this case, the thermal elimination of THP groups in
acidic medium enables the dielectric polymer to be washed away
leaving an insoluble dot matrix of conjugated polymer.* We note
that surface pattern-ordered phase separation was also already
reported in spin-cast blends of CPs and PSs deposited on
chemically patterned surfaces, representing a step forward in
relation to the isotropic patterning agsproach, although more
complicated procedures are involved.”

The extension of patterning methods to produce insoluble
films is particularly advantageous once additional layers may be
deposited from solution. Here, we report on a similar approach to
that first reported by Castro et al.,>*** using monodisperse PS as
an assisting/insulating polymer, to fabricate insoluble patterns of
cross-linkable CPs. Cross-linkable conjugated polymers have
been prepared through the insertion of reactive groups
(acrylates or oxetanes) at the end of flexible side groups of the
conjugated backbone. Upon a photoinitiated reaction between
these side groups, an insoluble polymer network is obtained,
without affecting noticeably the optoelectronic properties of the
CP.*"? In particular, in a previous work, we showed that the
optical and electrochemical properties of polyfluorenes
containing oxetane side groups are not significantly affected
upon cross-linking.>° We also demonstrated the optimization of
LEDs, by the inclusion of a cross-linked layer of a polyfluorene
derivative,’® and field-effect transistors (FETs) based on cross-
linked CPs.”!

The development of insoluble patterned films is a three-step
process: films of CP/PS blends are prepared by spin coating from
toluene solutions, leading to the expected phase separation; in a
second step, the CP is cross-linked forming an insoluble CP
network. Finally, PS is removed using an adequate solvent,
leaving behind a polymer network which is solvent-resistant.
Our study is mainly focused on a cross-linkable derivative of
poly(9,9-dioctylfluorene-alt-bithiophene), F8T2, referred as
F8T20x2 (Scheme 1).

F8T2 has been extensively applied as a p-type channel in FETs
showing good stability against light and air and mobility up to
1072 cm?/V s when an alignment substrate is employed to order
the polymer chains parallel to the transport direction.*** Re-
cently, Bradley’s group reported on the combination of effective
charge transport with emission properties of F8T2, opening
prospects for organic light-emitting FETs and electrically
pumped organic lasers.** F8T20x2 structure differs from that
of F8T2 by having two side chains containing cross-linkable
oxetane end-groups instead of n-octyl side chains. The oxetane
groups will polymerize via cationic ring-opening and form acyclic
ether bonds leading to an insoluble polymer network. Insoluble
films of cross-linked F8T20x2 can be prepared by depositing a
solution of the polymer containing a catalytic amount of a
photoacid generator (PAG) followed by UV illumination and
annealing of the film.**~*! We tailor film morphologies, pattern
dimensions and film thicknesses by varying the experimental
parameters controlling phase separation during spin coating,
such as the CP:PS ratio, PS molecular weight, concentration of
the blend solutions and spinning velocity. The CP is insolubilized
by exposing the film to UV light and heat. PS is then removed by
dissolution. This method, due to its simplicity, is a valuable tool
to pattern CPs at small dimensions and large scales, especially
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Scheme 1. Synthetic Route to F8T20x2

F8T20x2

when the integrity of the film against dissolution is required. It
can be applied to fabricate multilayer devices with increased
contact area between layers, such as multilayer LEDs or inter-
penetrating donor/acceptor systems for organic photovoltaic
cells, OPVs, and tandem cells. Other applications, such as solid
state chemosensors of enhanced active area are also envisaged if
CPs incorporate specific functionalities.

2. Results and Discussion

2.1. Synthesis and Properties of F8T20x2. F8T20x2
was prepared via the Suzuki coupling-type polymerization
reaction (Scheme 1) with M, = 8500 and M,, = 17000 as
determined by Gel Permeation Chromatography against
monodisperse polystyrene standards. F8T2 (M, = 22400
and M, = 38500), as a reference (non-cross-linkable) poly-
mer, was prepared similarly. The cationic polymerization
of the oxetane groups of F8T20x2 was promoted using a
photoacid generator (PAG) ({4-[(2-hydroxytetradecyl)-
oxyl]phenyl}phenyliodonium hexafluorantimonate}) which
produces H", under UV light, acting as initiator for the ring-
opening reaction.>® Hence, cross-linked films of FST20x2
were obtained by irradiating the spin-cast films prepared
from toluene solutions of F8T20x2 containing 0.5%
(by weight) of PAG, at 254 nm, for 1 min, at ca. 100 °C,
followed by additional heating, for 5 min at the same
temperature, under ambient atmosphere. High cross-linking
yield is achieved under these conditions. The films were
then rinsed with tetrahydrofuran, to remove any remaining
soluble material and PAG. At the end of this procedure, the
remaining films were completely insoluble in organic sol-
vents and in water. Figure 1 shows absorption and emission
spectra of F8T20x2 films both in the soluble and in the cross-
linked forms. For comparison, F8T2 spectra are also shown,
being similar to those reported in the literature.®> The three
absorption spectra are very similar. They show analogous
optical gaps (2.3 eV for F8T20x2; 2.4 eV for F8T2), as
deduced from the absorption onset. The maximum of the
emission (or photoluminescence, PL) spectrum of F8T2
(occurring at 553 nm) is blue-shifted when compared to the
spectra of F8T20x2, this shift being more pronounced for
F8T20x2 in the cross-linked form (maximum at 585 nm).
Such differences are probably related to the presence of
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Figure 1. Normalized absorbance and photoluminescence spectra
(excitation at 455 nm) of spin-cast films of neat F8T20x2 before and
after cross-linking. For comparison, the F8T2 spectra are also shown.
All the films are ca. 100 nm thick. Spectra were vertically shifted for
better visualization.

oxetane groups and the effect of their polymerization which
may affect chain packing and ordering in the solid state. A
lower self-absorption may also contribute to the observed
differences in PL, in the case of F8T2, as a small shoulder at
510 nm is observed in the PL spectrum.

The ionization potential (IP) and electron affinity (EA) of
F8T2 and F8T20x2, in the soluble and in the cross-linked
forms, were determined using cyclic voltammetry.*® The
measurements were performed on films drop cast onto a
platinum substrate, functioning as the working electrode.
The estimated values for FST2 (IP = 5.5¢V; EA = 2.6 ¢V)
compare well with the values found in the literature.* Minor
differences were found for IP and EA of F8T20x2 in the
soluble (IP = 5.3 eV; EA = 2.6 eV) and cross-linked forms
(IP = 5.3eV; EA = 2.7¢V), evidencing that the presence of
the oxetane side groups and their polymerization has a
negligible effect on these properties. However, hole mobili-
ties, as determined using field-effect transistors (FETs), were
shown to be much more sensitive to such structure modifica-
tions. In FETs using a SiO, dielectric treated with 1,1,1,3,3,
3-hexamethyldisilazane, HMDS, the determined hole mobi-
lity for F8T2 is u, = 6.8 x 10> cm?/V s, which is similar
to reported values.*> In FETs using a SiO, dielectric we
obtained uy, = 1.7 x 107> cm?/V s for F§T20x2 and uy, = 7 x
107% cm?/V s for cross-linked F8T20x2. A similar observa-
tion was previously reported using a slightly different cross-
linkable polymer, F8T20x1, and was attributed to the
disorder brought about by the presence of the polar oxetane
side groups, which appears to be further emphasized upon
cross-linking.*' Nevertheless, these reduced values refer to
nonoptimized structures; improved mobilities should, in
principle, be achieved using strategies similar to those used
to increase the mobility in F8T2.%

2.2. Patterned Films of Cross-Linked F8T20x2. Polymer
blends solutions were prepared by dissolving monodisperse
PS and F8T20x2 in toluene and adding a catalytic amount
of PAG dissolved in THF. The solutions were then spin
coated onto quartz substrates covered with a layer (ca. 50 nm
thick) of PEDOT:PSS. PEDOT:PSS is widely used in LEDs
and OPVs and was, therefore, selected as the substrate
surface for this study. The spin-cast films were afterward
cross-linked as described above and imaged by Atomic Force
Microscopy, AFM. PS was then removed by immersing
the films in THF under stirring, until complete disappear-
ance of the PS absorption bands in the FTIR spectrum
(at 3030, 3060, and 3090 cm ™' assigned to = C—H stretching
vibrations) (Figure 2).
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Figure 2. FTIR spectra of films prepared from a solution of (i) poly-
styrene, (i) cross-linked F8T20x2, and (iii) a blend of F8T20x2 and PS,
before and after washing with THF, spin coated onto PEDOT:PSS
coated quartz substrates. A bare quartz substrate was used as the
baseline.

The surface topography of the remaining films was again
imaged by AFM. We note that the patterned films may be
removed from the quartz substrate by simply immersing the
samples in water, which readily dissolves the PEDOT:PSS
layer without destroying the patterned film and permits
the transfer of the latter to another substrate by contact
adhesion. This feature may be specially helpful to use the
patterned films in other applications requiring substrates
different from those used in this study.

We investigated the morphologies of the films obtained by
varying the following: (i) molecular weight of PS, (ii) CP/PS
ratio, (iii) concentration of blend solution, and (iv) spinning
velocity.

2.2.1. Columnar-Grained and Spike Structured Films. Fig-
ure 3 shows AFM topographic (columns a and ¢) and phase
images (columns b and d) of cross-linked F8T20x2/PS films,
before and after PS removal, prepared from blends with
different PS molecular weights (M,, = 500, 2 x 10°, 2 x 10*
and 1 x 10°). For all the blends, the CP:PS ratio was 1:1 (by
weight), the total concentration of polymeric materials (C) in
the toluene solution was 26 mg/mL and the spinning velocity
was 1750 rpm (w;) for 45 s. For comparison, an AFM
topography image of a cross-linked F8T20x2:PS2000 film
prepared under the same conditions but onto a bare quartz
substrate (without PEDOT:PSS), after PS removal, is shown
in Figure 3f. Figure 3g shows the topography of a spin-cast
film of cross-linked, pure F8T20x2, deposited onto a PED-
OT:PSS covered substrate.

Figures 3a—d evidence the effect of the PS removal and of
its molecular weight on the surface topography of the films,
in particular on the size of the columnar domains. The
topography of the cross-linked films of the blends before
PS removal consists on elevated domains that lie above a
lower surface level. The dimensions of the domains increase
with increasing PS molecular weight. After PS removal, a
very well-defined columnar structure is revealed, with in-
creased domain heights but lower film thicknesses (Figure 4
and Table 1). In our study, for simplicity, the designation
“film thickness” stands for the whole vertical extension of the
CP layer (perpendicular to the substrate surface). We esti-
mated average film thicknesses from AFM measurements;
for that, several scratches were made onto the films, the
AFM tip was aligned with respect to each scratch, and
the films were imaged. The film thickness corresponds to
the height difference between the quartz substrates surface
exposed by the scratch and the maximum height of the
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Figure 3. (a—d) AFM surface images of cross-linked films prepared from F8T20x2:PS (1:1) blends (26 mg/mL) in toluene, at spinning velocity w,
(1750 rpm), using different PS molecular weights, onto PEDOT:PSS coated quartz substrates. All the images have 10 um x 10 um dimensions, except
those for blends prepared from PS500 (images in the first row) which are 5 um x 5 um, for better visualization. Topography and phase images, before
and after PS removal, are shown. (e) Scheme of the films cross-section after polymers demixing and after PS removal (F8T20x2-phase in black and
PS-phase in gray). (f) AFM topographic image of a cross-linked film obtained from a F§T20x2:PS2 x 10* blend prepared under identical conditions,
spin-cast onto a bare quartz substrate. (g) AFM topography image of a cross-linked F8§T20x2 pure film, after rinsing with THF.

surface motifs, averaged over several positions, after subtract-
ing the PEDOT:PSS layer thickness. The latter was also deter-
mined by AFM, using PEDOT:PSS covered quartz substrates.

Average domain heights were determined using several
surface profiles in 10 yum x 10 um AFM images and
measuring the peak-to-valley height distances. In cases
where domain sizes were smaller, 3 um X 3 ym or 5 um x
5 umimages were considered. For comparison Figure 3g also
shows the AFM topography image of a film obtained from a
solution containing only F8§T20x2 and PAG, spin-cast onto
a PEDOT:PSS covered quartz substrate. For this case a thick
film (thickness = 100 4+ 15 nm) with a root-mean-square
roughness of 4 nm was obtained.

From these results we conclude that, upon spin coating
and cross-linking, PS forms an over layer, covering a CP-rich
columnar-grain layer (part e in Figure 3). Furthermore, as
the average domain heights are smaller than the correspond-
ing film thicknesses, we deduce that there is an underlying CP
layer, covering the PEDOT:PSS surface and supporting
the columnar structure (see Figure 3, Table 1, and Table 2
in the Supporting Information). Since there was no evidence

of CP removal when washing the cross-linked films (the
washing solution remained uncolored), we consider that
the thickness reduction is due to the removal of the PS top
layer. We note that, when films of the F8T20x2/PS blends
were spin coated directly on the quartz substrate and cross-
linked using the standard protocol (Figure 3f), the yellow
color of the washing solutions indicated that some CP was
being removed.

Table 1 shows the surface topography characteristics of
some of the studied films, after PS removal, as a function of
blend composition, total blend concentration, and spinning
velocity. All the domains in the 10 um x 10 gm image or, in
case of small domains, in the 5 um x 5 um image, were
included in this analysis. Domain areas are the projected
areas. Since blends based on PS2 x 10, PS2 x 10% and PSI x
10° produced, in general, columnar-grain films with circular
cross-section, analogous to those shown in Figure 3, the
maximum diameter of the domains was considered in this
analysis. For blends prepared with PS500, as columnar
grains are better described as cylinders with ribbon-type
sections, as it is shown in Figure 3, two length scales were
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considered: the longitudinal direction (L) and the width (W)
(transversal length) of the domains sections.

Table 1 shows that the film thickness is reduced as PS
molecular weight decreases (compare samples 1, 7, 9, and
10), as the total blend concentration decreases (compare for
example samples 1, 2, and 3 and samples 10, 12, and 14), and
as spinning velocity increases (compare for example samples
Sand 6, 10 and 11, or 12 and 13). The film final thickness is
determined by a balance between centrifugal and viscous
forces, acting in opposite trends, and related to spin velocity
and solution viscosity, respectively.’”-*® Therefore, the re-
duction in thickness as the PS molecular weight decreases
and the blend solutions get more diluted is interpreted as due
to the lowering of the viscosity of the solutions. The reduc-
tion in thickness when the spinning velocity increases is
related to larger centrifugal forces. In fact, the film thickness
of the PS-free films (after removing PS) for symmetrical
blends (Ccp = Cps) prepared from PS500 and PS1 x 10°,
where a representative number of samples with different
characteristics (concentration and spinning velocity)
was investigated (data from Table 1 and Table 2 in the Sup-
porting Information), scales linearly with Ccp/w"/* (Figure 5), in
accordance to theoretical approaches™ " and similarly to results
found for other polymer blend systems.***'The higher linear
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2501 \ o
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Figure 4. Averaged film thickness and domain height, before and after
PS removal, as functions of PS molecular weight. The films were
prepared from 1:1 blends, with the same total polymer concentration
(26 mg/mL in toluene) and spinning velocity (@, 1700 rpm). Lines are
guides to the eye only.
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coefficient found for the blend prepared with PS1 x 10° (779 +
27 nm mL rpm'/?/mg) compared with those estimated for the
blends with PS500 (408 + 22 nm mL rpm'/?/mg) denotes that
for blends from the high molecular weight PS yield thicker
films. Such tendency of thickness growth with the increasing
of PS molecular weight was also observed for a set of spin-
cast PS solutions differing excluswely in the polymer mole-
cular weight (thickness ~ M,,"/*), thus describing the effect of
the viscosity of the solution (solutions of PS of higher
molecular weight are more viscous due to the lower diffusion
coefficient of the solute) on the film thickness.

Table 1 also shows a strong variation of the average
domain areas. If we compare similarly prepared films, but
obtained from blends using different PS molecular weights,
(samples 1, 7, 9, and 10), domain areas increase by about 1
order of magnitude when PS molecular weight increases
from 500 to 1 x 10°, indicating an increasing tendency for
phase separation. Domain sizes may also be affected by the
CP:PS ratio. In particular, columnar section areas can be
reduced by lowering the CP content of the blend solution
(compare for example samples 12 and 16). Domain sizes are
also larger for the films prepared at lower spinning velocity
and from more concentrated blend solutions. The depen-
dence of the film morphology on spinning velocity should be
related to the solvent drying time; longer times for the solvent

300

250 A CP:PS500 (1:1) i
® CP:PS1x10° (1:1)
200 - E

Thickness (nm)
8

100 - | .
50 4
0 1 1 1
0,0 0,1 0,2 0,3

12

C_Jo" [mg/mirpm™]

Figure 5. Film thickness (average values), measured after removing PS,
of films prepared from symmetrlc (1: 1) blends with PS500 and PS1 x
105 as a function of Cep/w'’? (= Cps/w'?). The solid lines represent the
linear fits.

Table 1. Blends Characteristics, Average Thicknesses, and Feature Dimensions of the Films of Cross-Linked F§T20x2 (CP) after Removing PS*

sample blend CP:PS ratio (w/w) concn  thickness (nm) av domain area (um?) av domain height (nm) av domain diameter (nm)

1 CP:PS500 1:1 C on 120430 0.2+0.1 88 +37 596 +£261 (L)
379+ 161 (W)

20 1:1 e w 74421 58417

3 1:1 .0 o 37+7 0.0240.01 12+4 205+ 124 (L)
1114 59 (W)

4 31 C , 83420 0.04 +0.03¢ 68 + 24° 280+ 132

5 1:2 Lo w 10249 0.0640.05 32410 386354 (L)
199 + 147 (W)

6 1:2 ¢ o 53+38 0.0240.01 2047 1524111 (L)
86+ 62 (W)

7 CP:PS2x10° 1:1 C o 173 440 0.3+0.2 159+ 51 6304 279

8¢ 2:1 C o 184435 0.4 £0.2¢ 1174 30° 818 +£477¢

9 CP:PS2x10* 1:1 C o 190 427 0.8+0.5 123448 1165+ 419

10 CP:PS1x10° 1:1 C o 235+31 12+0.8 153458 15334745

11 1:1 C w, 212428 0.3£0.2 145+ 49 707 £ 302

12 1:1 e o w 104+ 18 0.2+0.1 84+ 18 604 = 190

13 1:1 'L 91+17 0.14%0.09 75417 491 £159

14 1:1 U.C o 417 0.1040.06 40+9 414+ 137

15 4:1 C o 192425 10£8 106+ 21 4338 42266

16 1:3 L0 o 94+ 25 0.0840.08 81+24 371£193

4C =26mg/mL; w; = 1750 rpm, 45 s; w, = 2700 rpm, 45 s. ® Bicontinuous morphology. ¢ Porous film. “ It refers to porous dimensions. ¢ It refers to

porous depth. L/W =

longitudinal/width dimensions of the ribbon-type surfaces.
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to evaporate, typically yield more developed phase sepa-
rated structures.*”*' The dependence of domain size on film
thicknesses, also observed in several other systems, is inter-
preted on the basis of a thickness control on domain
growth.'®*? During film thinning due to solvent evapora-
tion, at a certain point, the domains growth gets geometri-
cally constrained; their sizes being limited by the thickness of
the film. Support for this model in our system comes from the
comparison between the average domain areas and the
corresponding average film thicknesses, showing that
domain areas are smaller for thinner films. Considering that
final film morphologies correspond to frozen structures
formed during solidification, we can infer that the initial
phase separation process takes place in a surface-oriented
fashion, forming a relatively thin layer of CP wetting the
surface substrate (PEDOT:PSS), and evolves under a lateral
demixing process with characteristics depending on the film
thickness and, probably, on the solubility of the blend
components. When spin-casting a solution of two polymers
in a single solvent over a substrate, as the solvent evaporates,
the system will go from a one-phase region of the ternary
phase diagram (polymer/polymer/solvent) to a two-phase
region, initiating the phase separation process. Phase separa-
tion proceeds as the solvent evaporates until the molecules of
one of the polymer blend components loose their mobility.
Some studies have suggested that a probable mechanism for
lateral phase separation occurring during the spin coating of
polymer blends from solution is the creation of a transient
layered film, by a process of wetting followed by the breakup
of the layers because of an interfacial instability.'”** The
instabilities at the polymer—polymer interface leading to
lateral demixing may arise from different circumstances.
Heriot et al. suggested that the origin of those instabilities
is the solvent concentration gradient due to the fast solvent
evaporation on the film surface which can not be compen-
sated by the solvent diffusion through its bulk.*’ Other
authors, 17374 stressed the importance of different solu-
bilities of the two blend components, as the cause for such
instabilities. According to this scenario, in a ternary system
of two immiscible polymers, depending on their relative
solubility in the common solvent, one of the polymer phases
is depleted of the solvent quicker and solidifies first, forming
domains enriched in the less soluble polymer. Subsequent
evaporation leads to further solidification of the more
soluble polymer forming a continuous phase. The system
studied in this work is quasi-ternary, because F§T20x2 is not
a monodisperse polymer (polydispersity (D) = 2). However,
we refer to our blends as binary, since we do not expect a
significant solubility variation across the molecular weight
distribution. Furthermore, the solvent used is, in fact, a
mixture of toluene and THF (PAG is dissolved in THF),
but due to the small content of THF in the mixture (<10%),
for simplicity, we consider the solvent to be toluene. Toluene
dissolves PS faster than it dissolves F8T20x2. Therefore, we
suggest that, in these blends, F8T20x2 is the less soluble
component. Accordingly, the depletion of the F8§T20x2-
phase from the solvent should occur first, creating an
F8T20x2-rich layer coating the PEDOT:PSS surface with
elevated structures embedded in a PS phase still swollen with
solvent. On the other hand, the PEDOT:PSS layer appears to
play an important role in this phase separation process. The
results shown in Figure 3-f support this conclusion. In fact,
cross-linked films prepared from blends of F8T20x2 and
PS2 x 10° on bare quartz substrates, using a similar proce-
dure to that used for the preparation on PEDOT:PSS,
are much thinner (81 £ 2 nm, compared to a thickness of
173 £ 24 nm for the corresponding film on PEDOT:PSS,
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sample 7 in Table 1 and image for PS2 x 10° in column
¢ in Figure 3) and smoother, having a root-mean-square
(r.m.s.) roughness of 2 nm, instead of a columnar-grain
structure. This suggests that, on bare quartz, a vertically
segregated film (lamellar structure) is produced. The higher
film thickness observed on PEDOT:PSS is attributed to
higher interactions with the substrate surface: in view
of the acidic nature of PEDOT:PSS, some oxetane ring-
opening reaction may be initiated leading to increased
polar interactions between F8T20x2 and the PEDOT:PSS
surface. We note that, in support of the role played by
PEDOT:PSS in promoting the reticulation reaction, a no-
ticeable amount of soluble F8T20x2 was washed out from
films cross-linked onto bare quartz substrates.

We have also investigated the role of the annealing and the
washing step in the film morphologies. Hence, we examined
several films just after spin coating, before and after carrying
out the cross-linking protocol and upon washing with
different solvents to remove PS (to investigate possible
swelling effects). However, no significant differences on the
film morphologies were found. Thus, we conclude that final
film morphologies are mostly due to phase separation occur-
ring during the spin coating process. A columnar-grain
structure elevated from an underlying layer represents the
ideal film morphology for the electron donor in heterojunc-
tion photovoltaic applications, since when covered with the
second active layer (the electron acceptor), no direct paths
are established between the cathode and the anode.* Direct
paths, formed when one or both components contact
both electrodes in the cell, are undesirable, since they act as
shunt resistance, lowering the open-circuit voltage.****¢
Moreover, given the insolubility of the patterned film,
further deposition of the acceptor may be carried out from
solution. Still, ideally, columns cross section radius should
approach the diffusion length for photoexcitons generated
on the polymer, otherwise they can be trapped and/or decay
before attaining the interface with the second active compo-
nent, not contributing to charge generation. The exciton
diffusion length in conjugated polymers has been determined
as ca. 10 nm,*”*® meaning that the optimal column cross
section diameters should be less than 20 nm. With a view to
reaching those dimensions, while maintaining reasonable
film thicknesses and column heights, we carried out several
additional studies. We managed to reduce the domain area
until their length scale fell into the range of 100 nm (sample 6
in Table 1). Asitis shown by the AFM profile measurements
(Figure 6a), these morphologies exhibit sharp edges (spike
structures).

On the basis of the above dependences, we can establish
some strategies to tailor feature dimensions and film
thicknesses. For instance: (i) the effect of higher fluid visc-
osity in blends with higher molecular weight PS on the
increase of film thickness and domain size, can be compen-
sated by using higher spinning velocities or lower blend
concentration; (ii) domain sizes can also be reduced by
increasing PS content. These approaches are illustrated in
Figure 6b, for CP:PS1 x 10° (1:1) blends (or samples 10, 11,
12 and 14).

2.2.2. Porous Films. Functional porous films of conjugated
polymers may lead to new efficient devices with applications
ranging from solid state sensors* to heterogeneous cata-
lysts,”” etc. Insoluble scaffold-type morphologies (porous
films) could be obtained upon increasing CP content (see
sample 6 and 8 in Table 1) in blends with PS500 and PS2 x
10? (after removing PS) (Figure 7).

These structures are formed by merging F8T20x2
domains into a continuous phase, with PS forming isolated
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Figure 6. (a) AFM topography image (1 um x 1 um) showing a spike
structured film and sectional view along a line in the AFM image
(sample 6 in Table 1); (b) AFM topography images of cross-linked
F8T20x2 films (after PS removal) prepared from blends with PS1 x
10° (1:1) showing surface morphology modifications by varying
the concentration and the spinning velocity (C = 26 mg/mL, w; =
1730 rpm; @, = 2700 rpm).

domains. In fact, we observe that for a lower PS content,
smaller porous are obtained, as it is shown in Figure 7. Still,
for high molecular weight PS (PS1 x 10°) the increase of CP
content leads to an increase of domain size but no porous
films were obtained, even for a 4CP:1PS composition
(sample 15 in Table 1). This tendency for CP domains to
grow, instead of merging, may be related to a less effective PS
transport to regions of lower concentration, due to the lower
diffusivity of the higher molecular weight PS chains.

2.3. Patterning Other Cross-Linkable Conjugated Poly-
mers. In order to test the application of this patterning
method to other cross-linkable CPs, we investigated blends
of polystyrenes with two other cross-linkable luminescent
polymers, namely, F8T20x1°! (structurally analogous to
F8T20x2 but containing only one cross-linkable oxetane
group per repeat unit) and the blue-emitter F8Ox (poly[2,
7-(9.9-dioctylfluorene)-alt-1,4-(2,5-bis(methyl-4-(6-(3-methyl-
oxetan-3-yl)methoxy)hexyloxy)benzene]).*® As both polymers
are cross-linkable under analogous conditions to those used
for F8T20x2, similar protocols were followed to prepare
patterned films. Figure 8 shows two AFM topographic images
(after PS removal) obtained for films prepared by spin coating
F8T20x1/PS2x 10* and F8Ox/PS2x 10* blends onto quartz/
PEDOT:PSS substrates. For these systems, several blends
were investigated, using toluene as solvent.
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Figure 7. AFM topographic images showing porous films of F§T20x2
obtained upon increasing F8T20x2 content in its blends with PS. Films
were prepared with the same blend concentration and spinning velocity.

In contrast with the results obtained with F8T20x2, when
PS500 was blended with these two CPs, F8T20x1 and F80x,
smooth films (rms < 3 nm) were obtained (after PS re-
moval). In these cases, phase separation apparently yields
almost lamellar morphologies, indicating a strong depen-
dence of the film morphology on PS molecular weight.
Strong variations with PS molecular weight were also ob-
served for spin-cast films prepared from blends of PS and
doped polyaniline.’! Castro et al.?? also observed lower
surface structuring in AFM images of films prepared from
MEH-PPV and lower molecular weight PS. These authors
explained these dependences in terms of stronger influences
of the substrate surface on the phase separation process for
thinner films, which are produced when lower molecular
weight PS is used. Indeed, for F8T20x1 and F80x we
actually observe a strong reduction of film thickness and,
simultaneously, a strong dependence of the film morphology
upon using PS of low molecular weight: films prepared
similarly from F8T20x1/PS2x10* and F8Ox/PS2x10*
blends are 155 + 18 nm and 117 + 11 nm thick respectively,
while from the corresponding blends with PS500, films with
thicknesses of 64 + 21 nm and 54 £ 17 nm, respectively, were
obtained. We expect that the same general strategies inves-
tigated for F§T20x2 can be used to tune the morphologies of
the films based on these two CPs, so a complete study will be
carried out.

2.4. Donor—Acceptor Columnar Bilayers. In order to
assess potential applications of the prepared columnar-grain
films in donor—acceptor bilayers as active layers for OPV
cells, we determined the polymer emission quenching in
donor—acceptor columnar bilayers. The polymer emission
quenching in polymer—fullerene systems is generally used to
evaluate the efficiency of the excited state charge transfer
between the two components.’>>* The columnar bilayer
films were prepared by depositing a chlorobenzene solution
(3%, wt/wt) of 1-(3-methoxycarbonyl)propyl-1-phenyl-
(6,6)C¢; (PCBM), by spin coating, on top of columnar-grain
films of cross-linked F8T20x1, prepared following the
protocol here described. PCBM being a soluble fullerene
derivative has been widely used in donor—acceptor systems
in efficient OPV cells (efficiency ca. 3—5%) where the
electron donor is a p-type conjugated polymer.**>*Compar-
ing the IP and EA estimated for F§T20x1 after cross-linking,
5.41 and 2.65 eV respectively,*' with the same properties for
PCBM (IP = 6.1 eV and EA = 3.75 eV, respectively)™
we predict energetically favorable electron transfer from the
photoexcited polymer to PCBM. Hence, we prepared
bilayers from two types of structures: columnar-grain films
whose topography is shown in Figure 8 (left image) and from
thinner columnar-grain film (film thickness = 123 £ 23 nm)
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Figure 8. Structure of F8T20x1 and F8Ox and respective AFM topo-
graphic images of s?in-cast films, after removing PS, prepared from
blends with PS2x 10”. Left image: the film thickness is 155 £ 17 nm, the
average domain diameter is 457 £+ 134 nm and the average domain
heightis 81 & 16 nm. Right image: the film thicknessis 117 £ 11 nm, the
average domain diameters are 451 = 303 nm (length) and 214 £+ 134 nm
(width), and the average domain height is 20 + 6 nm.
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Figure 9. Normalized absorbance and photoluminescence spectra
(Aexe = 450 nm) of a columnar-grain film of cross-linked F8T20x1
and of a spin-cast PCBM film. The emission spectrum intensity of the
columnar bilayer film (line with circles) is 10% of that obtained for the
neat F§T20x1 film.

with shorter and narrower columns (average column height
= 28 + 8 nm; average domain diameter = 356 + 84 nm) and
compared the intensity of the polymer emission band, before
and after depositing PCBM. We have obtained a 90% PL
quenching for the bilayers prepared from films with the
wider columns and a 95% PL quenching for the thinner
films with narrower columns. Figure 9 shows the absorption
and emission spectra for the 90% case. When going to the
95% case, the spectra are analogous in shape. These high
values for the polymer emission reduction upon PCBM
deposition suggest that photoinduced charge transfer may
be an efficient process in these structures.

To evaluate the benefit of using the columnar bilayers
prepared from cross-linked donor components, we investi-
gated planar bilayer structures combining a “flat” layer of
the noncross-linkable polymer F8T2 (rms ~ 2 nm) where
PCBM was thermally evaporated on top (~100 nm thick). As
referred above, the IP and EA for F8T2 and for F8T20x1 are
approximately the same (see section 2.1). However, in these
planar bilayers only PL reduction of 33% was observed.
Considering that the columnar-grain films exhibit a 10—30%
of increased surface area if compared with “flat” substrates,
the PL quenching values found for the columnar bilayer
films are extremely high. Further studies and time-resolved
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emission experiments are in progress to investigate the
dynamics of the excited states in these systems.

3. Conclusions

A rich variety of film morphologies is obtained by spin coating
blends of a cross-linkable conjugated polymer and polystyrenes.
Patterned films of insoluble cross-linked CPs with feature dimen-
sions at the submicrometer range were prepared onto PEDOT:
PSS covered substrates. We conclude that the phase separation
process occurring during spin coating proceeds via a surface-
oriented fashion forming a layer of CP wetting the substrate
surface, and evolves under a lateral demixing process probably
affected by film thickness evolution and blend components
solubility. In particular, this study demonstrated that the pre-
paration of patterned films using the phase separation during the
spin coating of blends with PS can be extended to cross-linking
conjugated polymers to obtain columnar-grain structures, spiked
structures and porous films. Feature dimensions can be tuned by
controlling the blend characteristics and the spinning velocity.
Applications to other cross-linkable conjugated polymers de-
monstrates the versatility of this patterning method for the
fabrication of structured films for various optoelectronic applica-
tions. Evidence of efficient PL quenching in donor—acceptor
columnar bilayers using a cross-linked conjugated polymer as
donor suggest efficient exciton dissociation in those structures
and open prospects for applications in PV cells.

4. Experimental Section

Materials and Synthesis. The palladium(0) tetrakis-
(triphenylphosphine) catalyst was purchased from Aldrich and
handled under inert atmosphere. The tetracthylammonium
hydroxide (Et4NOH) used in the polymerization reactions was
purchased from Aldrich as aqueous solution (20%). 2,7-dibro-
mofluorene (1) and 5,5-dibromo-2,2'-bithiophene were pur-
chased from Aldrich and used as received. All solvents used
for synthesis were purified according to standard methods. All
reactions were carried out under inert atmosphere (N»).

2,7-Dibromo-9,9-bis-[methyl-4'-(6-(3-methyloxetan-3-yl)-
methoxy)hexyl]fluorene (2). A 1.94 g (6 mmol) sample of
2,7-dibromofluorene was added to a solution of 20 mL of NaOH-
(aq) (50%) containing 0.65 g (2 mmol) of tetrabutylammonium
bromide, under stirring, at room temperature. The suspension was
warmed to 60 °C for 15 min and 3-(6-bromo-2-oxahexyl)-3-
methyloxetane® (3.98 g, 15 mmol) was added under N», dropwise.
The reaction was allowed to proceed at 60 °C for 24 h. The product
was extracted with a mixture of THF/Et,O (50:50, v/v) several
times and the organic phase was washed with H,O until neutral
pH, and dried with Na,SO,. After evaporation of the solvent, a
red oil was obtained. The excess of 3-(6-bromo-2-oxahexyl)-3-
methyloxetane was removed by distillation under vacuum and the
product was separated as a pale yellow oil by column chromatog-
raphy on SiO; using petroleum ether/EtOAc (7/3, v/v) as eluent.
Yield: 84%. Anal. Caled for C35HugBr,O4: C, 60.70; H, 6.98.
Found: C, 60.75; H, 7.30. "H NMR (300 MHz, CDCl5), 8 (ppm):
7.52—7.44 (6H, m); 4.48—4.46 (4H, d, J = 5.7 Hz); 4.34—4.32
(4H, d, J = 5.7 Hz); 3.41 (4H, s); 3.36—3.32 (4H, t, J = 6.6 Hz);
1.94—1.89 (4H, m); 1.41—1.37 (4H, m); 1.27 (6H, s); 1.10—1.08
(8H, m); 0.61—0.55 (4H, m). '*C NMR (75 MHz, CDCl;): 152.16;
138.84; 130.02; 125.89; 121.32; 121.01; 79.93; 75.76; 71.23; 55.40;
39.90; 39.62; 29.44; 29.17; 25.52; 23.38; 21.20.

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-bis-
[methyl-4'-(6-(3-methyloxetan-3-yl)methoxy)hexyl]fluorene (3).
To a solution of 1.32 g (1.9 mmol) of (2) in 15 mL of
tetrahydrofuran, under stirring, at —78 °C was added 4.9 mL
of tert-BuLi (1.7 M in pentane) dropwise, under N»,. After 2 h
at —78 °C, the reddish suspension was warmed to 0 °C for
15 min and then cooled again to —78 °C. At this temperature,
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1.44 g (7.6 mmol) of 2-isopropoxy-4.,4,5,5-tetramethyl-1,3,
2-dioxaborolan was added under N, and the reaction was
allowed to warm until room temperature and stirred for 24 h.
After this period, 10 mL of H,O were added and the phases
were separated. The aqueous phase was extracted with Et,O,
the extracts were collected and the organic phase was washed
with brine and dried over Na,SO,. After evaporation of the
solvent, a colorless oil which slowly crystallized at 0 °C was
obtained. Recrystallization in n-pentane yielded the pure pro-
duct as a white solid. Yield: 85%. Anal. Calcd for C4;H7,B,Oxq:
C, 71.76; H, 9.22; Found: C, 71.27; H, 9.02. '"H NMR (300
MHz, CDCly), 6 (ppm): 7.82—7.79 (2H, d, J = 7.5 Hz), 7.71
(2H,s), 7.71—=7.69 2H, d, J = 7.5 Hz),4.44—4.42 (4H,d, J =
5.7Hz);4.30—4.28 (4H,d, J = 5.7 Hz); 3.37 (4H, s); 3.32—3.28
(4H, t, J = 6.6 Hz); 1.95 (4H, m); 1.39—1.24 (10H, br); 1.04
(8H, m); 0.61—0.55 (4H, m). '>*C NMR (75 MHz, CDCl;):
150.26; 143.87; 133.69; 128.77; 119.40; 83.73; 80.24; 75.98;
71.53; 55.08; 40.14; 39.79; 29.81; 29.42; 25.73; 24.92; 21.33.

F8T20x2. The polymerization reaction was carried out in a
refluxing toluene/aqueous Et;NOH (20%) degassed mixture
(30 mL of toluene/15 mL of aqueous solution), containing
2.4 mmol of 5,5-dibromo-2,2'-bithiophene and 2.4 mmol of
(3) and Pd(PPh3)4 (2% mol) for 48 h, in the dark, under N, and
vigorous stirring. The product was precipitated by addition of
the reaction mixture to 250 mL of methanol under stirring. The
collected solid was dissolved in toluene and the solution was
filtered and stirred overnight with aqueous NaCN solution (1%,
w/w) overnight. The phases were separated and the organic
phase was washed with water and concentrated by removing the
solvent under reduced pressure. The product was precipitated in
methanol, collected by filtration, washed with methanol in a
Soxhlet extractor and dried overnight under dynamic vacuum.
Yield: 58%. Anal. Calcd for C43H5,04S,: C, 74.10; H, 7.52; S,
9.20. Found: C, 73.07; H, 8.54; S, 10.09. M, = 8500, M,, =
16700, My/M, = 2.0. IR (KBr pellet, cm ™~ '): 2920 (CH.), 2850
(CH), 1460 (C=C), 1110 (C—0O—C acyclic), 980 (C—O—-C
oxetane), 790 (C—S). '"H NMR (300 MHz, CDCls), & (ppm):
7.70—7.57 (6H, m); 7.35—7.20 (4H, m); 4.44—4.42 (4H,d, J =
5.7 Hz); 4.30—4.28 (4H, d, J = 5.7 Hz); 3.37 (4H, s) 3.31 (4H,
br), 2.04 (4H, m); 1.38 (4H, m); 1.25 (6H, s); 1.11 (8H, m); 0.69
(4H, m). >C NMR (CDCls): 151.58; 143.66; 140.30; 136.45;
132.93; 127.89; 124.63; 123.71; 120.24; 119.58; 80.17; 77.20;
75.92; 71.48; 55.25; 40.39; 39.76; 29.68; 29.36; 25.68; 23.67,
21.31.

Characterization Techniques. FT-IR spectra were recorded
using a Mattson 1000 spectrophotometer. Number-average
(M,) and weight-average (M) molecular weights were esti-
mated by gel permeation chromatography (GPC) in a Waters
51 chromatograph equipped with two Waters UltraStyragel
columns (1000 A-500 A) in series and with two detectors (a
Water 410 differential refractometer and a scanning fluores-
cence detector) at a flux rate of 1 mL/min. GPC analysis were
performed on filtered solutions (0.45 um, Millipore Millex HV)
of the copolymers in tetrahydrofuran (THF) and using poly-
styrene standards. UV /vis absorption spectra were recorded in a
Cecil 7200 spectrofotometer. Fluorescence spectra were ac-
quired in a SPEX Fluorolog 19340 spectrophotometer with an
integrated sphere as the sampler. lonization potential and
electron affinity values were estimated from cyclic voltammetry
(CV), in a Solartron potentiostat using tetrabutylammonium
tetrafluorborate/CH3CN supporting electrolyte, at a scan rate
of 50 mV/s. A saturated calomel reference electrode (SCE),
calibrated against ferrocene, Fc/Fc* (0.42 V), a platinum wire
as counter electrode and a platinum disk as working electrode
were used. As the energy level of Fc/Fc' is estimated to lie at
4.8 eV below the vacuum level®® we calculate IP (eV) = Eonset.ox
(eV) + 4.38 and EA (eV) = Egnserrea (€V) + 4.38. Atomic
force microscopy (AFM) measurements were performed on a
Molecular Imaging (model 5100) system operating in noncon-
tact mode (at a resonance frequency between 200 and 400 kHz)
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using silicon probes with tip radii lower than 10 nm. All images
were taken with 250 x 250 pixels resolution and were processed
using the same leveling procedure with the final images indicat-
ing a flat planar profile, as expected. Gwyddion (version 2.9)
software was used to process the images.

FETs Fabrication. FETs of the bottom gate, top contact type
structure were prepared on a n*>Si/SiO, (625 nm, thick)
substrate. The SiO, surface was cleaned with 2-propanol
(HPLC grade) in a ultrasonic bath prior to the deposition of
the F8§T20x2 solution containing a 0.5% (by weight) of PAG by
spin coating. After implementation of the cross-linking protocol
gold source and drain contacts were thermally deposited on
top of the cross-linked film, using a shadow mask to define
the channel (length = 120 um, width = 5.1 mm). Devices were
tested in air.

Patterned Films Preparation. Quartz substrates were cleaned
in an aqueous H,SO4/H»0,. (7%) mixture followed by rinsing
with distilled water and drying under a nitrogen flow. They were
treated with oxygen plasma prior to PEDOT:PSS (Bayer,
Baytron P) deposition by spin coating. These films were dried
on a hot plate for 10 min at about 100 °C. Solutions of F§T20x2
(26 mg/mL) and polystyrene GPC standards from Fluka (with
molecular weights of 500, 2 x 10,2 x 10°, and 1 x 10%) (26 and
52 mg/mL) were prepared in toluene. The photoacid generator
(PAG) {4-[(2-hydroxytetradecyl)oxyl]phenyl}phenyliodonium
hexafluorantimonate (Aldrich) solution (6 mg/mL) was pre-
pared in THF and kept under dark conditions. Polymer blend
solutions were prepared by mixing the adequate volumes of
polymer and PAG solutions. The solutions were stirred over-
night and filtered (0.2 um, Millipore Millex HV) before being
spin-casting onto PEDOT:PSS coated quartz substrates. Cross-
linking of the films was promoted by exposing the samples at
about 100 °C, on a hot plate, to a 4 W UV light (254 nm) for
1 min followed by an additional heating period of 5 min. The
obtained films were imaged by AFM. Afterward they were
washed twice in stirred baths of fresh THF to remove PS. The
cross-linked, PS free, films were characterized by FTIR spec-
troscopy and AFM. Reference films of the pure polymer,
F8T20x2, both in the soluble form and in the cross-linked form,
were also prepared onto PEDOT:PSS covered quartz substrate
and investigated by FTIR, UV—vis absorption, fluorescence
spectrofotometry, and AFM.
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