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Introduction

Photoactive composite films prepared from
mixtures of polystyrene microgel dispersions and
poly(3-hexylthiophene) solutionsf

Mu Chen,® Zhengxing Cui,® Steve Edmondson,? Nigel Hodson,® Mi Zhou,*
Junfeng Yan,? Paul O'Brien® and Brian R. Saunders*®

Whilst polystyrene microgels belong to the oldest family of microgel particles, their behaviours when
deposited onto substrates or prepared as composites have received little attention. Because polystyrene
microgels are solvent-swellable, and inherently colloidally stable, they are well suited to form composites with
conjugated polymers. Here, we investigate the morphology and light absorption properties of spin coated
composite films prepared from mixed dispersions of polystyrene microgels and poly(3-hexylthiophene)
(P3HT) for the first time. We compare the morphologies of the composite films to spin coated microgel films.
The films were studied using optical microscopy, SEM, AFM, wide-angle X-ray diffraction and UV-visible
spectroscopy. The films contained flattened microgel particles with an aspect ratio of ~10. Microgel islands
containing hexagonally close packed particles were evident for both the pure microgel and microgel/P3HT
composite films. The latter were electrically conducting. The composite film morphology was dependent on
the microgel and P3HT concentration used for film preparation and a morphology phase diagram was
constructed. The P3HT phase acted as an electrically conducting cement and increased the robustness of
the films to solvent washing. The composite films were photoactive due to the P3HT component. The
absorbance for the films was tuneable and increased linearly with both microgel and P3HT concentration.
The results of the study should apply to other organic swellable microgel/conjugated polymer combinations
and may lead to new colloidal composites for future optoelectronic applications.

films in the literature. There is only one report to our knowledge that
provides any information about polystyrene microgel deformation.'®

Microgel particles are crosslinked polymer colloid particles that
swell in a good solvent."”® For non-aqueous microgel dispersions,
which are the subject of the present study, colloidal stability arises
from a combination of a negligible effective Hamaker constant
and steric stabilisation.” Microgels have excellent film forming
properties’” and have been used in surface coatings.® This
report focuses on polystyrene microgel films and composites.
Whilst films of water-swellable microgels have been well studied,”™®
there is a surprising absence of reports for polystyrene microgel
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It is not clear whether non-aqueous microgels flatten to the same
extent as their water based anologues. The rules governing non-
aqueous microgel film formation have not been established,
especially in the context of composites. There was some TEM
evidence from an early study that polystyrene microgel particles
deposited from ethylbenzene formed islands with a tendency
toward hexagonal close packing.'® This observation is potentially
useful because highly ordered particulate films have application
in photonics.'”*® Here, we explore microgel ordering in films by
first investigating the morphology of spin coated polystyrene
microgel films. We hypothesised that the processes responsible
for formation of the crystalline islands would survive inclusion
into composite films provided the added polymer did not cause
microgel aggregation. We investigate this hypothesis by preparing
microgel/poly(3-hexylthiophene) (P3HT) composite films and
studying their morphology. P3HT was selected as a linear polymer
for this study for three reasons. Firstly, P3HT and linear polystyrene
composites can be prepared using solution methods™ which
indicates the two polymers have some miscibility. Secondly, P3HT
has a higher electron density than polystyrene which was expected to
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increase the contrast between the two polymers for techniques such
as SEM. Finally, because P3HT is photoactive®®*" its combination
with colloidal films may lead to new optoelectronics applications.

Polystyrene microgels are one of the oldest reported classes
of microgels.*” However, it has received little attention compared to
water-swellable microgels. Polystyrene microgels are usually cross-
linked with divinylbenzene (DVB).'*** They are easily prepared using
surfactant-free emulsion polymerisation (SFEP),>** which is a scal-
able process. Furthermore, it is easy to tune polystyrene microgel
particle size and degree of swelling using preparation conditions.*
Whilst latex films> as well as blends of conjugated polymers with
linear (insulating) polymers have been well studied"**® the present
work is the first to report composite films prepared from
mixtures of solvent-swellable microgel particles with conjugated
polymer solutions to our knowledge.

A number of studies that have examined the structure-property
relationships for microgel films and composites prepared by
depositing aqueous-swellable microgel particles,'®"**>?7732
Schmidt et al. investigated spin coated poly(N-isopropylacrylamide-
co-acrylic acid) (poly(NIPAM-AA)) microgel particles and showed
that the particles were flattened.'® Wellert et al. investigated
thermally-responsive acrylate-based microgel particles and also
found that they were flattened.”® They also showed that the
extent of thermally-triggered volume decrease was lower for the
deposited particles compared to the dispersed particles. Lyon’s
group has published a series of papers where monolayers
containing laterally compressed water-swellable microgels were
studied.”'***?® However, little attention has been paid to films
prepared from mixtures of microgels and linear polymer. Further-
more, reports of films containing microgel mutli-layers formed in
one spin coating step are scarce. The only study that has reported
deposited solvent-swellable microgels to our knowledge is that by
Saunders and Vincent'® which noted that polystyrene microgel
particles flattened when deposited onto SEM grids from ethyl-
benzene. In the latter work aspect ratios were not reported and
films were not prepared.
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The approach used to prepare microgel/P3HT films in this
work is depicted in Scheme 1. P3HT solutions and polystyrene
microgel dispersions were mixed and then films deposited by
spin coating. Ethylbenzene is a good solvent for polystyrene'®?>
and was used in this study. The concentrations of P3HT used
here were sufficiently low that the microgel/P3HT mixtures were
colloidal stable. The latter simplified interpretation of the
film morphologies and enhanced property control because the
distribution of deposited particles within the composite films
was not dominated by attractive inter-particle interactions.

Here, we present a study of photoactive films comprising
microgel particle/conjugated polymer blends. First, pure spin-
coated microgel films are examined to establish the microgel
concentration above which the film morphology changes from
that of a particle monolayer to a multilayer film. The effects of
microgel and P3HT concentration on the morphology of microgel/
P3HT composite films are then investigated and a morphology
phase diagram constructed. The electrical conductivity and light
absorption properties of the films are also studied. Several pure and
composite films are shown to contain islands of crystalline micro-
gel particles. The data reveal that P3HT behaves as an electronically
conducting cement and increases the robustness of the composite
films to washing with ethylbenzene. The results of this study
should be generally applicable and may enable construction of
microgel/conjugated polymer composites for future optoelectronic
applications.

Experimental

Reagents

P3HT had a regioregularity of greater than 95% and a number-
average molecular weight range of 25000-35000 g mol
(polydispersity < 2) and was used as received (Aldrich). Styrene
(Aldrich, 99%) was purified by washing with sodium hydroxide
solution. DVB (80%, Aldrich), 4,4’-azobis(4-cyanovaleric acid)

Composite
film (MxPy)

Scheme 1 Method used to prepare microgel/P3HT composite films. Heated P3HT solution and microgel dispersion were mixed and spin coated onto a
glass substrate. Note that x and y are the microgel and P3HT concentrations (wt%).
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(98%, Aldrich), ethylbenzene (Fisher 99.8%) were all used as
received. Doubly-distilled deionised water was used for micro-
gel synthesis.

Preparation of polystyrene microgel dispersion

The method used to prepare the polystyrene microgel was
based on earlier work.'® The polystyrene microgel particles
were first prepared in latex form in water using SFEP. Briefly,
water (265 ml) was adjusted to a pH of 9 using aqueous NaOH
solution (1 M) and then added to a 500 ml reaction vessel and
stirred at 350 rpm which was heated to 70 °C. An initiator
solution of 4,4’-azobis(4-cyanovaleric acid) (0.244 g, 0.871 mmol)
in water, with a pH adjusted to 11.0, was prepared. DVB (0.086 g,
0.661 mmol) was mixed with styrene (28.6 g, 0.275 mol) and
added to the vessel. The initiator solution was then added with
stirring and the polymerisation was allowed to proceed for 3.5 h
under nitrogen. The latex was subjected to repeated centrifuga-
tion and re-dispersion using water. After freeze-drying, the
microgel particles were redispersed in ethylbenzene in their
microgel form. The microgel had a nominal composition of
99.7 wt% styrene and 0.3 wt% DVB.

Preparation of spin coated films

Pure microgel and P3HT films are identified as Mx and Py,
respectively. Accordingly, M3.0 and P0.8 correspond to films
deposited from a microgel dispersion or a P3HT solution
containing 3.0 or 0.8 wt% solid, respectively. The composite
microgel/P3HT films studied here are identified in terms of the
concentrations of microgel and P3HT used for their prepara-
tion, i.e., MxPy. The M3.0P0.8 film was prepared from a mixed
dispersion containing a microgel concentration (x) of 3.0 wt%
and a P3HT concentration (y) of 0.8 wt%. The film was prepared
by dissolving P3HT (2.0 mg) in ethylbenzene (98 mg) at 70 °C.
Separately, lyophilised microgel (5.0 mg) was dispersed in
ethylbenzene (95 mg) at 70 °C. Then P3HT solution (40 mg)
was added to microgel dispersion (60 mg) at 70 °C. The mixed
dispersion was sonicated at 70 °C until it became translucent.
The mixed dispersion was rapidly added (dropwise) to a clean
and dry glass slide and spin coated at 3000 rpm for 15 s using a
Laurell WS-650 Mz-23NPP spin processor. (The glass micro-
scope slides were extensively cleaned using a standard hydrogen
peroxide based procedure.’?) All of the other MxPy films were
prepared by the same method as described above using the
proper concentrations.

Physical measurements

Dynamic light scattering (DLS) measurements were carried out
using a 50 mW He/Ne laser operated at 633 nm with a standard
avalanche photodiode and 90° detection optics connected to a
Malvern Zetasizer Nano ZS90 autocorrelator. Surface profilometry
measurements were conducted using a Stylus Profilometry Dektak
8 (Bruker). Films were scratched and then the height difference
between the film and substrate were measured. Optical microscopy
was conducted with an Olympus BX41 microscope and white
transmitted light. Fractional coverage values were determined
using Image J. SEM measurements were obtained using a Philips
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FEGSEM instrument. The accelerating voltage was 5 kV and the
samples were coated with Pt. Number-average diameters (Dsgm)
were obtained by counting at least 100 particles. Atomic force
microscopy (AFM) images were obtained using an Asylum
Research MFP-3D operating in tapping mode. Imaging was
performed using Olympus high aspect ratio etched silicon
probes (OTESPA) with nominal spring constant of 42 N m™*
(Bruker AXS S.A.S, France). Cantilever oscillation frequency
varied between 300 and 350 kHz and was determined by the
auto-tune facility of the Asylum software, as was the drive
amplitude. The set-point was adjusted to just below the point
at which tip-sample interaction was lost to minimise sample
damage. Wide-angle X-ray diffraction (WAXD) was performed
using a PANalytical X'pert diffractometer. Out-of-plane diffraction
patterns were measured using Cu K, radiation. UV-visible spectra
were obtained using a Hitachi U-1800 spectrophotometer. The
electrical conductivity measurements were performed by Jandel
multi-height four point probe station with cylindrical tungsten
carbide four probe head (spacing 1.00 mm). The measurement
results were recorded using a Keithley 2440 multimeter and a
current of 10 mA.

Results and discussion

Polystyrene microgel particle characterisation and spin-coated
microgel film morphology

The microgel particles were prepared using SFEP following
established methods.'® The particles had a z-average diameter
(d;) measured by DLS of 725 nm (Fig. 1a). The particles swelled
when re-dispersed in ethylbenzene (and became microgels) and
the d, value increased to 1270 nm (Fig. 1b). An SEM image for the
particles deposited from water in their collapsed (latex) form
shows that low polydispersity particles were prepared (Fig. 1c).
The number-average diameter for the particles deposited from
water, Dspnvw), Was 635 nm and the coefficient of variation (CV)
was 7.9%. The value for Dgpyw) is smaller than the d, value for
the particles dispersed in water. This difference is because d,
values are more strongly affected by the larger particles within a
size distribution than number-average diameters determined by
SEM. 1t is also possible that there were some aggregates present
for the aqueous latex dispersions. This study focussed on the
microgel particles dispersed in a good solvent (ethylbenzene),
which gave dispersions that are inherently stable.” As discussed
below the microgel particles dispersed well in ethylbenzene.
The microgel particles showed a difference in their tendency
to cluster during drying. The electrostatically stabilised latex
particles tended to stay dispersed or form small clusters (Fig. 1c
and d); whereas, the microgels deposited from ethylbenzene
formed monolayer islands that were highly ordered and were
effectively nanocrystals (see also Fig. 1e and f). This observation
confirms an earlier TEM image.'® The present SEM data show
clearly that extensive ordering occurred. It is well known that
ordered close-packed 2D arrays of particles can be formed in
evaporating solvent films by the process of convective assembly.>*
Solvent evaporation from regions of already-ordered array

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Polystyrene microgel characterisation. (a and b) Show DLS data for the particles dispersed in water and ethylbenzene. SEM images for the particles
deposited from water (c and d) or ethylbenzene (e and f) are also shown. Hexagonal close packing of deformed microgel particles is evident from (f).

(or small nucleus or ordered particles) at the edges of drying
solvent droplets generates a hydrodynamic flux, pulling further
particles into the array for the present microgels, the inter-
microgel repulsive interactions were short range (due to steric
repulsion) which enabled the swollen particles to come into
close contact without aggregation. This process enabled them
to rearrange to form more ordered clusters. By contrast the
latex particles deposited from water were not swollen, had long-
range electrostatic interparticle repulsion and were less able to
form ordered clusters.

The deposited microgel particles had a strong tendency to
give flattened interfaces when in contact with neighbouring
particles (Fig. 1f). The tendency for deposited water-swellable
microgel particles to deform at surfaces is well known.>'%"
Fig. 1f provides evidence that the polystyrene microgels were
also able to deform extensively when deposited. The number-
average diameter for the microgel particles deposited from

ethylbenzene, Dsgmeb), Was 895 nm (CV = 9.2%). The latter
diameter was much larger than the latex diameter (Dspmw) =
635 nm) which is attributed to particle flattening that occurred
during deposition of the swollen particles.

Prior to studying spin coated microgel and microgel/P3HT
films it was important to determine the concentration of
microgel particles required to achieve full coverage of the glass
substrate. Optical micrographs were obtained for spin coated
microgel films using concentrations in the range of 0.5 to 5.0%
(Fig. 2). As the microgel concentration increased the microgel
islands (Fig. 2a) became larger (Fig. 2b) and interconnected
(Fig. 2c and d). The morphology apparent in Fig. 2b is similar to
that reported by Wellert et al. for their spin coated ethylene
glycol based microgels."”” Once the microgel concentration
reached 3.0% gaps were no longer apparent (Fig. 2e and f).
(The white points in Fig. 2e and f were isolated (small) microgel
clusters on top of the microgel monolayer.) The fractional
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Fig. 2 Effect of microgel concentration on surface coverage. Optical micrographs (a to f) and surface coverage as a function of microgel concentration

for spin coated microgel films (g). The scale bars correspond to 20 um.
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surface coverage of the substrate was calculated from the
optical images and are shown in Fig. 2g. It follows that x =
3.0% corresponded to the critical microgel concentration for
full coverage. A large area SEM image of the M3.0 film (which
covers an area of about 100 x 100 pum?) is shown in Fig. S1
(ESIT) and confirms that complete coverage occurred. Continuous
macroscopic microgel particle films could be prepared using
x > 3.0%. A demonstration that a coherent film was prepared
can be seen in Fig. S2 (ESIf) where an optical micrograph for a
scratched M3.0 film shows intact fragments. The latter observation
implies that the polystyrene chains of neighbouring microgel
particles had interpenetrated. The interpenetration of microgels
at surfaces and interfaces is a controversial topic. However, recent
reports have indicated that the phenomenon is widespread.***® We
propose that the absence of significant electrostatic repulsion
between the microgel particles aided interpenetration of the
peripheral chains during solvent evaporation.

To enable the height of the flattened microgel particles to be
estimated an AFM tapping mode image and line profile were
obtained for MO0.5 (Fig. 3a and b). The average peak-to-trough
height from the line profile was ~130 nm. The inset of Fig. 3b
shows a line profile for a representative particle with the height and
distance drawn at the same scale. These data confirm that the
microgel particles flattened considerably. A perspective image
(Fig. 3c) shows that all the particles had a flattened morphology.
The aspect ratio for the microgel particles (=lateral diameter divided
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Fig. 3 Morphology of microgel particles. (a) Shows a tapping mode AFM
image for the M0.5 system. (b) Shows a line profile for the particles. The
inset shows a line profile for one of the particles drawn to the same scale
for the height and distance axes. (c) Shows a perspective image for the
particles. The latter was processed by levelling scan lines using a first-order
polynomial including only bare substrate areas, followed by Gaussian
smoothing with a 10 pixel radius.
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by particle height) was ~ 10. This value is similar to that reported for
poly(NIPAM-AA) microgels.' Deposited viscoelastic vinylacetate-
co-ethylene polymer particles have also shown comparable
aspect ratios to that reported here.>” The value is much smaller
than the value of at least 300 reported for highly deformable
“self-crosslinked” poly(N-isopropylacrylamide)-based microgel
particles.”® However, the latter particles were specially designed
to have ultralow crosslinking. Our data show that the flattening
of deposited solvent-swellable microgels is comparable to that
reported for water-swellable microgels.

To further probe the microgel particle film (Mx) morphologies
they were examined using SEM as a function of x (Fig. 4a-h). These
images confirm that the coverage increased with x and reached a
monolayer at x = 3.0% (¢f Fig. 2g). The particle clusters present for
MO.5 (Fig. 4a and b) and M1.0 (Fig. 4c and d) formed 2D crystals.
For all of the 2D crystals in this work the average number of nearest
neighbours for each particle was six and hexagonal close packing
was evident. Hexagonally close packed particles are highlighted in
Fig. 4a and d. Fig. S3 (ESI}) shows a large area SEM image for the
M1.0 film and many islands of 2D crystals can be seen. However,
for the M3.0 (Fig. 4e and f) and M6.0 (Fig. 4g and h) film the
particles were not able to form large 2D crystals. (The FFT insets of
Fig. 4e and g show that the films were not ordered into an array.)
Thus, 2D crystals were formed for the spin coated when the particle
concentration used was less than 3.0%. Higher magnification SEM
images for the Mx films (second row of Fig. 2) enabled estimates of
the deposited microgel particle diameters. The values are plotted as
a function of x in Fig. 4i (black diamonds). These values are much
larger than the diameter for isolated (spherical) particles dispersed
from water (Dsgmw) = 635 nm). Hence, the microgel particles had
flattened for all of the films. The Dsgmen) values for the M0.5 and
M1.0 film from Fig. 4i can also be compared to the Dgppyep) value of
895 nm obtained from microgel particles dried in air on SEM stubs
(Fig. 1e and f). It follows that spin coating introduced an additional
contribution to flattening for the microgel particles, presumably as
a result of the increased shear present.*®

The thicknesses of the M1.0, M3.0 and M6.0 films were
measured using profilometry (Fig. 4i, black squares). The thickness
values measured for the M1.0 and M3.0 films of 110 and 143 nm,
respectively, are not significantly different to the height of 130 nm
measured by AFM for M0.5 (the latter data point is also shown in
Fig. 4i). By contrast, the thickness for the M6.0 film (505 nm) was
much larger. The Dsgpmen) values for M3.0 and M6.0 were similar
(Fig. 4i) and appear to have reached plateau values. Therefore, the
much greater film thickness for M6.0 at near constant Dsgmeb)
value is attributed to multi-layer formation. Restrictions of lateral
particle flattening were imposed by neighbouring particles when
x > 3.0% which compressed the swollen particles during deposi-
tion. For M6.0 multilayer formation occurred because microgel
particle swelling pressure reached a critical value and further
compression was more energetically demanding than multilayer
formation. If it is assumed that the flattened microgel particle
thickness was constant (~130 nm) the M6.0 film would have
contained ~4 microgel layers.

The changes of particle packing and morphology with x are
depicted in Fig. 4j. For x < 3.0% (less than full coverage)

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Morphologies of spin coated microgel films (Mx). The film identities for (a) to (h) are given. The insets for (e) and (g) are Fast Fourier Transforms
(FFT). (i) Variation of the diameter (®) and thickness (B) with x. (j) Depiction of proposed microgel particle packing. The scales for the top and middle rows

are 10 and 2 pm, respectively.

monolayer islands of nanocrystals formed and became larger as
x increased. Once x reached 3.0% complete coverage occurred
and the microgel particles became kinetically trapped without
the opportunity to rearrange to produce extensive 2D crystalline
arrays. The high number-density of neighbours decreased the
average microgel diameter. With greater x values (e.g., 6.0) the
particles formed multilayers. It is noted that spin coating differs
considerably from the centrifugal method developed by Lyon et al.
for increasing particle concentration whilst preserving monolayer
coverage."* With spin coating the particles are not as strongly
forced to retain a monolayer geometry and are subjected to less
lateral compression. Consequently, they can form multiple layers at
lower energetic cost. Spin coating is well suited to forming large
area films and is scalable.

Morphologies of spin-coated microgel/P3HT composite films

We next investigated microgel/P3HT films. Whilst P3HT was soluble
in ethylbenzene heated to 70 °C at concentrations of 0.8-3.2%, the
solubility decreased as the temperature approached room tempera-
ture and thermoreversible gels formed. A similar observation was
reported elsewhere® for P3HT dissolved in xylene, which is an
isomer of ethylbenzene. Here, mixed dispersions of microgel and
P3HT were compatible at 70 °C without evidence of aggregation.
Rapid spin coating of heated mixtures (Scheme 1) provided macro-
scopically smooth composite films which strongly absorbed light.
Fig. 5 shows the compositions of the mixed microgel/P3HT disper-
sions used to prepare the MxPy composite films. Optical micro-
graphs for the films are also shown. In addition, the average film
thickness is shown next to each symbol. The optical micrographs for
the composite films investigated showed that they were hetero-
geneous at the micrometre length scale and microgel particles can

This journal is © The Royal Society of Chemistry 2015

be seen for many of the images, especially for the films with lower
x and y values.

It can be seen from the micrographs that the composites
that exhibited the most uniform dispersion of microgel particles
were M1.0P0.8 and M3.0P0.8. The composite films with the highest
y values (e.g:, M1.0P1.6 and M3.0P1.6) exhibited micrometre scale
phase separation with particle aggregates and darker, particle-free,
regions evident. The composite films containing the highest
x values (M4.5P0.8 and M6.0P0.8) exhibited evidence of sheets of
microgel particles that were separated by darker P3HT-rich regions.
The composite films in the top right hand corner of the diagram
(blue region) had the greatest heterogeneity of the microgel and
P3HT-rich regions. It follows that the best mixing of the two phases
at the micrometre-scale was achieved using the intermediate
concentrations of microgel and P3HT (M1.0P0.8 and M3.0P0.8).
We will show later that these films also had monolayers of microgel
particles.

In order to obtain topographical morphological information
AFM data were obtained for the M3.0P0.8 film. Fig. 6a shows
that a nanoparticle aggregates were present between the micro-
gel particles (indicated by an arrow). The line profile for the
film (Fig. 6b) shows that the height of the microgel particles
above the baseline was ~ 70 nm. This value is much lower than
the microgel height of about 130 nm determined from Fig. 3b
for the MO0.5 system (which did not contain P3HT). A maximum
sketched with the same height and width scale (inset of Fig. 6b)
shows that the maxima were broader compared to the M0.5
particles (inset of Fig. 3b). We propose that the valleys for
M3.0P0.8 were the top of deposited P3HT. We term the latter
nanometre-sized regions between the microgel particles as
P3HT nanodomains. Consequently, the height of 70 nm is
proposed to correspond to that of the microgel particles above
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Fig. 5 Composition and morphology phase diagram of the MxPy films. The black circles and blue squares indicate, respectively, films that had a
monolayer or multilayer of microgel particles, respectively (see text). The numbers next to the symbols are the thickness (nm). Scale bars for main

micrographs and insets are 20 and 2 um, respectively.

10 um

Fig. 6 Morphology of M3.0P0.8 film. (a) Shows a tapping mode AFM
image. (b) Shows a line profile from the image in (a). The inset shows a line
profile for one of the particles drawn with the same scale for the height
and distance axes. (c) Shows a phase image for the film. (d) Shows a
perspective tapping mode image. The arrows show P3HT nanodomains
(see text).

the surrounding P3HT nanodomains. If it were assumed that
the flattened microgel particle thickness was ~130 nm an
estimate of the thickness for the P3HT nanodomains for
M3.0P0.8 would be ~60 nm. The latter value is about a factor

8328 | Soft Matter, 2015, 11, 8322-8332

of 7 greater than the thickness measured for a control P0.8 film
(9 nm). Clearly, the presence of the microgel particles strongly
affected the deposition of the P3HT phase during spin coating.

The presence of the P3HT strongly affected the ability of the
films to withstand solvent washing. Indeed, it was very difficult
to remove microgel particles from the composite films when
they were dipped and sonicated in ethylbenzene (a good solvent
for polystyrene and P3HT). Fig. S4 (ESIt) shows images of
M3.0P1.6 and M3.0 films after ethylbenzene soaking and
sonication. Even when the ethylbenzene was heated to 70 °C
and sonicated for extended periods, the microgel particles
remained on the surface. However, the M3.0 film exhibited
substantial loss of particles when dipped in ethylbenzene with
minimal sonication. P3HT appeared to behave as a cement and
locked the microgel in place. This proposal is supported by a
phase image for the M3.0P0.8 film (Fig. 6¢) which shows that
the P3HT nanodomains filled gaps between the microgel
particles. The perspective image shown in Fig. 6d shows clearly
that the P3HT nanodomains filled gaps between the microgel
particles across a wide region of the film.

To determine the effect of P3HT concentration (y) on the
nanometre-scale morphology of the microgel/P3HT films an
SEM study was conducted. Fig. 7a and b show images for the
M3.0P0.8 film. The microgel particles were dispersed as islands
that had crystalline packing. The extensive crystallinity within
the microgel islands and can also be seen from Fig. S5 (ESIf),
which shows a large area SEM image (~100 x 100 pm?).
Furthermore, the surface coverage by the microgel particles
was less than unity for M3.0P0.8. Both of these features contrast
strongly to the situation for M3.0, which did not show extended
crystallinity (Fig. S1, ESIT) and had a coverage of unity (above).

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Morphologies of microgel/P3HT films. The film identities for (a) to (f) are shown. The arrows in (a) and (c) show P3HT microdomains. (g) Variation
of thickness (M) and particle diameter () with x for MxP0.8 films. (h) Shows the variation of thickness for M3.0Py (¥) and Py films (A). (i) Depiction of
proposed particle packing for the composite films (see text). The scale bars for the top and middle rows are 10 and 2 pm, respectively.

These differences are due to P3HT diluting the microgel particles
for M3.0P0.8. It is important to note that the presence of
crystalline islands (Fig. 4b and Fig. S5, ESIt) shows that P3HT
did not interfere with microgel self-assembly. This observation
confirms that P3HT did not cause aggregation of the microgel
particles. Formation of 2D crystals requires microgel particle
rearrangement and this may occur on an experimentally
meaningful timescale when the inter-particle attraction is
comparable to k7. Photoactive composites with crystalline
particles embedded within them could enable new applications
as photonic or optoelectronic materials.

SEM images were also obtained for composite films with larger
x and y values. Images are shown for M3.0P1.6 (Fig. 7c and d) and
M6.0P0.8 (Fig. 7e and f). These images reveal the presence of two
P3HT environments. There were P3HT nanodomains (between the
microgel particles) as well as microdomains (between islands of
microgel particles). The latter are identified with arrows in Fig. 7a
and c. The values for Dsgper) and the film thickness are shown as a
function of x in Fig. 7g. The Dgp(ep) value decreased from 1070 nm
for M3.0P0.8 to 715 nm for M6.0P0.8. This trend is due to an
increase in the number of nearest neighbours for each microgel
particle. The film thicknesses were about 120 nm for M1.0P0.8 and
M3.0P0.8 which is close to 130 nm (height for M0.5). This finding
strongly suggests that microgel monolayers were present. By
contrast the thickness increased significantly for M4.5P0.8 and
M6.0P0.8 (Fig. 7g). The thickness values for these films
(>400 nm) were much larger than the height of the microgel
particles. Accordingly, it can be concluded that M4.5P0.8 and
M6.0P0.8 contained microgel multilayers. This trend is the same
as that observed for the pure microgel films (Fig. 4i).

The effect of y on the morphology and thickness was
investigated using the M3.0Py series. The Dggmen) value for

This journal is © The Royal Society of Chemistry 2015

the M3.0P1.6 film was 805 nm, which was much smaller than
the value for M3.0P0.8 (1070 nm). This result indicates restriction
of microgel particle lateral spreading occurred. Presumably, an
increase in P3HT solution viscosity occurred in regions between
microgel particles upon cooling and this opposed microgel
spreading. Whilst osmotic deswelling of polystyrene microgel
particles by added non-adsorbed polymer is known® the P3HT
concentrations used for the mixed dispersions were low (maximum
of 1.6%) and this effect is not considered to have been significant.
These results suggest that added linear polymer concentration can
be used to tune the extent of microgel spreading within composite
films, which is a new observation. The film thickness data (Fig. 7h)
show that the thickness of the M3.0Py films increased for y > 1.2.
This thickness increase was significantly larger than from a linear
combination of the thicknesses of each component (pure P3HT
and microgel) and is most likely due to multilayer formation. The
film thicknesses (189-225 nm) may indicate some inter-digitation
of flattened microgel particles.

From consideration of the data presented above depictions
of the different composite morphologies are presented (Fig. 7i).
It is proposed that addition of P3HT affected the film morphology by
preventing the microgel particles from coming into close contact.
Monolayer films with P3HT nanodomains and microdomains were
present for M3.0P0.8. Furthermore, both P3HT domain types per-
sisted when the multilayers state were formed. The morphological
roles of P3HT were to (partially) oppose microgel spreading and
increase the (average) separation between particles.

The structural order of the P3HT phase at the Angstrom
scale was probed by WAXD using out-of-plane diffraction for
M3.0P1.6 and P1.6 films (Fig. S6a, ESIt). Data were also
obtained for a M3.0 film as a control. Peaks were evident for
M3.0P1.6 and P1.6 at 260 = 5.5°, 10.5° and 23.0°, which are
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assigned to primary (100), secondary (200) and face-to-face
(010) stacking, respectively.’>*° The (100) peak originates from
lamellae oriented perpendicular to the film plane®® and was
pronounced for M3.0P1.6 and P1.6. These data suggest that
stacking of P3HT lamellae perpendicular to the film plane
occurred for both the M3.0P1.6 composite and P1.6. It follows
that the microgel particles enabled normal P3HT packing to be
maintained on the Angstrom scale for the composites.

The electrical conductivities for several microgel/P3HT films
were also measured using the four-point probe method
(Fig. S6b, ESIT). The conductivities, and hence charge transport
abilities, for M3.0P0.8, M3.0P1.2 and M3.0P1.6 were similar to
that for pure P3HT (i.e., the P1.6 film). These data suggest that
charge transport pathways for the M3.0Py films, which are
proposed to have involved inter-connected P3HT nanodomains
and microdomains, were not significantly restricted by the
microgel particles. The data support the view that the P3HT
phase surrounded the microgel particles in the composite
films. It follows that P3HT acted as electrically conducting
cement for the microgel particles within the composites.

An important question concerning the extent of microgel
particle flattening within the composite films is what the extent of
P3HT penetration within the microgel particles is in the dispersed
state prior to spin coating. It is reasonable to expect that microgel
particles containing P3HT would be less likely to flatten upon spin
coating compared to pure microgel particles. Whether or not
penetration occurs will depend in large part on the mesh size of
the microgel particles and the hydrodynamic diameter of the P3HT
chains in ethylbenzene at 70 °C. The number-average molecular
weight range of P3HT used here was 25 000-35 000 g mol ™" based
on supplier information (see Experimental section). These values
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may be considered as linear polystyrene equivalent molecular
weights. An earlier study of microgels with the same composition
as used here showed® that osmotic deswelling (due to exclusion of
linear polystyrene chains) occurred when the number-average
molecular weight of linear polystyrene exceeded 5450 g mol .
Consequently, the latter gives an approximate exclusion polystyrene
molecular weight. Therefore, there is good reason to believe that
the P3HT chains used here were too large to penetrate the interior
of the swollen microgel particles in this study prior to film
formation and were excluded.

Light absorption properties of microgel/P3HT composite films

In order to probe the light absorption behaviour of the composite
films UV-visible spectra were measured as a function of x for
MxP0.8 (Fig. 8a). The spectra show strong absorption from P3HT
vibronic bands in the 500 to 600 nm region.** There was also a
contribution to the absorbance values in the 300 to 500 nm region
from light scattering due to the microgel particles. The latter is
evident by comparison of the spectra for the pure M3.0 and M6.0
films (Fig. 8a). The absorbance at 525 nm was plotted as a function
of x (Fig. 8b) and the absorbance appears to be proportional to x.
Interestingly, as x increased the absorbance for the composite films
increased by a factor of 3 whilst the weight fraction of P3HT in the
composites decreased by a factor of 8 (ie., from a P3HT weight
fraction of 1.0 for P0.8 to 0.12 for M6.0P0.8). Thus, diluting P3HT
with microgel particles increased the absorbance from the P3HT
component for these composites. Introducing P3HT in phase-
separated domains may strongly enhance light scattering since
the bulk of the film now displays spatial refractive index variation
on a length scale comparable to the wavelength of visible light.
Additionally, the MxP0.8 films (x = 4.5 and 6.0) had multiple layers
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Fig. 8 Effect of microgel and P3HT concentration on the light absorption properties of microgel/P3HT films. (a) Shows UV-visible spectra for MxP0.8
films. (b) Shows the variation of absorbance at 525 nm with x for MxP0.8 films. (c) Shows UV-visible spectra for M3.0Py films. (d) Variation of absorbance

at 525 nm with y for M3.0Py and Py films.
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(discussed above) which increased the composite pathlength.
However, the latter must be tensioned against the decrease in
P3HT weight fraction (above). We propose that enhanced light
scattering contributed to an increased efficiency of P3HT light
absorption. By enhanced light scattering we mean the scattering of
light from microgel particles caused an increased pathlength in the
P3HT phase. The variation of x is a potentially useful method
for tuning (and increasing) light absorption from P3HT within
microgel/P3HT composite films. This approach should also
apply for other conjugated polymer/microgel composites and
could provide a useful method for increasing light absorption
whilst minimising material use of conjugated polymers, which
can be very expensive.

The effect of y on the light absorption properties of M3.0Py
films was also studied (Fig. 8c). The vibronic bands for P3HT
were most pronounced for M3.0P1.2 and M3.0P1.6. The absor-
bance at 525 nm increased linearly with y for the M3.0Py films
(Fig. 8d). The absorbance for the composite films was consis-
tently higher than those for the, respective, pure Py films. The
linear dependence of absorbance with y for the composites
most likely originates from an increase in the P3HT thickness
within the nanodomains and microdomains. These data show
that tuneability of light absorption by composite microgel/
P3HT films can also be achieved using y. It is remarkable that
the absorption of light by these new composite films can be
independently increased in a tuneable manner by increasing
the content of either component (microgel or P3HT).

The absorbance data from Fig. 8b and d were plotted as a
function of film thickness (from Fig. 7g and h) to probe the
relationship between these two quantities (see Fig. 9). Caution
must be applied when considering these data because the
absorbance and thickness values are dominated by different
parts of the composite, i.e., P3HT and the microgel particles,
respectively. The data for both the M3.0Py and MxP0.8 films
appear to show linear behaviour although the gradients differ.
It is expected that the absorbance of photoactive film (e.g.,
P3HT composite) will be proportional to the film thickness
based on Beer’s law** and also experimental data reported for
P3HT-based films.** Here, the gradient for the M3.0Py films is

T [] MxP0.8
089 4—0.00287 1

R’ =1.00

0.7
061
0.5
0.4 d
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021 O ]
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Fig. 9 Dependence of microgel/P3HT film absorbance on film thickness.
The thickness and absorbance data have been taken from, respectively,
Fig. 7g and h as well as Fig. 8b and d.
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Absorbance
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highest because P3HT addition is the most direct method for
increasing the P3HT pathlength. The gradient is lowest for the
MxP0.8 systems because the absorbance of the P3HT phase
increased due to the indirect (secondary) influence of the
microgel particles. The latter increased the effective pathlength
via enhanced light scattering as well as the overall film thick-
ness of the P3HT phase due to multilayer formation.

Conclusions

In this study we investigated the morphology of spin coated
films of pure polystyrene microgel and also microgel/P3HT
composites. In contrast to other work,'®'>*® the present films
were prepared using solvent-swellable microgels. The deposited
microgel particles were flattened with aspect ratios of about 10.
In this regard, the polystyrene microgels behave in a similar
manner to that reported for water-swellable microgels. For the
pure microgel films the critical concentration at which full
monolayer overage occurred was 3.0%. At higher concentra-
tions multilayer films were produced. The pure microgel films
and composite films contained microgel particle islands that
were crystalline when the microgels were present as mono-
layers. The formation of the crystalline islands is likely to be
general for spin coated films and composites prepared from
solvent-swellable microgels. The microgel/P3HT composites
were photoactive and electrically conducting. P3HT was shown
to behave as an electrically conducting cement and increased the
robustness of the composite when immersed in ethylbenzene.
The microgel/P3HT films strongly absorbed light and this bene-
fited from enhanced light scattering from the microgel particles
within the matrix. Moreover, the absorbance for the composite
films was tuneable and increased linearly both with microgel or
P3HT concentration. For future studies solvents that dissolve
both P3HT and polystyrene at room temperature should simplify
film deposition and one candidate is chloroform. There is good
reason to expect the results of this study will apply to other
organic-swellable microgel/conjugated polymer composites.
Highly ordered microgel/conjugated polymer composites which
are also electrically conducting may provide new opportunities
for future optoelectronic applications. For example, a micro-
gel-based route is potentially available for hybrid polymer solar
cell construction.** This approach is possible because (a) poly-
mer solar cells with good efficiencies have been prepared in the
presence of polystyrene,® (b) polystyrene microgel particles have
been fully infiltrated with CdSe nanocrystals using microgel
particle mesh size control* and (c) the film thicknesses for the
flattened microgel particles in this work are within the range used
for hybrid polymer solar cells.*> Applications as photonic materials
may also be possible if the extent of ordering can be increased in
order to allow precise control over optical band gaps.
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