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Remarkably high miscibility of octa-substituted POSS
with commodity conjugated polymers and molecular
fillers for the improvement of homogeneities of polymer

matrices

Kazunari Ueda?, Kazuo Tanaka'! and Yoshiki Chujo'

This manuscript describes the extremely high affinities of polyhedral oligomeric silsesquioxane (POSS) with conjugated polymers.
Polymer films of polyfluorene (PF) and poly(3-hexylthiophene) (P3HT) containing a series of octa-substituted POSS at variable
concentrations were prepared. The relationships between the thermal and optical properties of commodity-conjugated polymers
and the chemical structures of the substituents in POSS were evaluated by a series of experiments. It was shown that the POSS
fillers with relatively longer alkyl substituents can enhance the thermal stabilities of the polymer matrices, even though most of
the POSS fillers reduced the decomposition temperatures. The UV - Vis absorption measurements showed that the narrower
absorption bands were obtained from the POSS-containing film with PF. It was suggested that the aggregation of the polymer
chains could be suppressed by the POSS filler, leading to highly homogeneous states in the films. Moreover, for the P3HT films,
the extension of the main-chain conjugation was induced by the POSS fillers with shorter alkyl substituents via the suppression
of intermolecular interactions among the polymer chains. These data mean that the POSS fillers can have a significant role in
the improvement of the homogeneity in the polymer films due to their high affinity to the conjugated systems.
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INTRODUCTION

The use of the printing method reduces the production cost of
large-sized flat displays and enables the fabrication of paper-like
opto-electronic devices. Conjugated polymers are regarded as a
feasible candidate for use as the ‘ink’ in the printing method because
of their optical properties and carrier-transport abilities.! Thus, the
development of functional conjugated polymers with optical and
electronic functionalities is a topic of high relevance.>® However, the
intrinsic lower stabilities of the polymeric materials compared with
those of inorganics are still a critical limitation to the practical
application of functional conjugated polymers. Thus, high chemical
and thermal stabilities as well as optical and electrical properties
are required for the application of these polymers in modern organic
devices.

The formation of organic—inorganic polymer hybrids is a facile
strategy for enhancing the thermal and mechanical properties of
polymers and for obtaining functional materials with high stability.*>
When the domain size of the polymer components in the mixture
can be maintained at the nanoscale, the hybrid-like homogeneous
clear solids can be produced.® The advantages of both the polymers
(processability, flexibility, and function-tunability) and the inorganic

materials (robustness and stability) are obtained simultaneously by
the hybrid materials. The superior characteristics of the hybrids
relative to those of the original materials have enabled the
fabrication of advanced materials; for example, a series of optically
functional hybrids have been manufactured such as white-light
emissive materials,'® environmental-resistant conductors'! and
oxygen-resistant phosphorescent emitters.'” In general, the hybrid
materials were prepared by a sol-gel method in the polar solvents.
However, low compatibility of polymers, especially
conjugated polymers, not only with inorganic elements but also with
the polar solvents, used in a conventional sol-gel method, is a critical
issue for suppressing the aggregation of the polymer element in the
materials and realizing the hybridization. Instead of a sol-gel method,
we have recently proposed the use of the molecular filler composed of
polyhedral oligomeric silsesquioxane (POSS) for the formation
of hybrid materials.!»!4 POSS has a symmetric structure with a rigid
silica cube and organic substituents at the vertices, and various types of
unique materials have been developed with POSS derivatives.!>30
Therefore, POSS derivatives have attracted attention as a versatile
‘element-block’, which is a functional building block composed of
heteroatoms, for constructing advanced nanomaterials.31»32 Especially,

intrinsic

!Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Kyoto, Japan and *Matsumoto Yushi-Seiyaku Co., Ltd., Osaka, Japan
Correspondence: Dr K Tanaka or Professor Y Chujo, Department of Polymer Chemistry, Graduate School of Engineering Kyoto University, Katsura, Nishikyo-ku 615-8510, Kyoto,

Japan.

E-mail: kazuol23@chujo.synchem.kyoto-u.ac.jp or chujo@chujo.synchem.kyoto-u.ac.jp

Received 30 June 2016; revised 26 July 2016; accepted 1 August 2016; published online 28 September 2016


http://dx.doi.org/10.1038/pj.2016.84
mailto:kazuo123@chujo.synchem.kyoto-u.ac.jp
mailto:chujo@chujo.synchem.kyoto-u.ac.jp
http://www.nature.com/pj

POSS fillers for conjugated polymers
K Ueda et al

1134

if homogeneous dispersion can be realized with POSS in the
polymer matrix, these mixtures will be identical to the conventional
polymer hybrids. Indeed, the homogeneous polymer films
with various types of POSS can be readily prepared by casting and
spin-coating using the mixture solutions containing POSS and
polymers in organic solvents. The resulting ‘hybrids’ showed higher
thermal and mechanical properties than the pristine polymer
samples.*»>* In particular, by modulating the chemical structures of
the POSS substituents, multi-functions including high thermal stability
can be obtained according to the preprogrammed design.>>™° For this
research effort, the next challenge is to demonstrate the feasibility of
the use of POSS fillers for enhancing the robustness of conjugated
polymers without the loss of electronic properties.

Herein, high affinities of POSS with the commodity-conjugated
polymers are reported. A series of octa-substituted POSS fillers
with various types of alkyl groups were prepared and introduced into
polymer films composed of polyfluorene (PF) and poly(3-hexylthio-
phene) (P3HT) commodity-conjugated polymers. The changes in the
optical and thermal properties were monitored while using these
hybrid films. First, the tremendously high dispersion abilities of
POSS in the polymer matrices are demonstrated. Homogeneous films
with several tens of weight-percent of POSS can be prepared.
The thermal reinforcements by the longer alkyl-substituted POSS
fillers were demonstrated. Next, the optical properties of these
films were compared with those of the pristine polymer films.
Accordingly, the suppression of the aggregation states in PF
was suggested. Additionally, the concentration quenching of P3HT

was demonstrated. These data mean that the homogeneity in the
conjugated polymer films could be improved by the POSS fillers.
Structure—property relationships between the properties of the
conjugated polymer films and the chemical structures of the POSS
fillers are discussed.

RESULTS AND DISCUSSION

The chemical structures of the octa-substituted POSS used in this
study as a filler are listed in Figure 1. The synthesis of a series of POSS
fillers was performed according to the procedures described in
previous studies.! PF and P3HT were prepared via the Yamamoto
and oxidation coupling reaction according to the previous methods,
respectively (Supplementary Table S$1).4#* The polymer films
containing the POSS fillers were prepared using solution blending of
POSS fillers and each polymer. The mixture of the polymer in
chloroform was added to the POSS fillers with various concentrations
(up to 80wt%) and stirred at ambient temperature. The resulting
mixtures were cast onto the quartz plate, and the film samples for the
measurements were obtained after drying in an oven.

The surfaces of the cast films containing 40 wt% the POSS fillers
were observed with a scanning electron microscopy (SEM;
Supplementary Figure Sl in the Supporting Information). Uniform
images were obtained from the observation. This result means that the
significant phase separation or aggregation of POSS fillers hardly
occurred in the films. Indeed, visual examination of the image does
not show any critical inhomogeneities (Supplementary Figure S2).
Moreover, based on the absorption spectra, it is clear that the
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Figure 1 Chemical structures of the POSS fillers and conjugated polymers used in this study.

Table 1 Temperature changes (°C) in Tyo0s of the polymer matrices obtained by adding various amounts of POSS fillers

PF P3HT POSS

10 wt% 20 wt% 30 wt% 40 wt% 10 wt%s 20 wt% 30 wt% 40 wt% Tazo

Me -11 -21 -91 -105 -76 -112 -132 -150 240
Viny| -22 -165 -170 -186 -99 -129 -124 -128 235
Et -17 -137 - 168 -157 - 144 -154 -188 -192 214
iBu -214 -116 -166 -180 ~74 -155 -171 -166 249
cP -36 -69 -27 -50 -60 -94 -28 10 378
Octyl -26 -34 -35 -22 2 -31 6 9 430
c1s 2 -3 2 6 -68 -29 40 58 465

Abbreviations: P3HT, poly(3-hexylthiophene); PF, polyfluorene.
@T4o0 of the pristine film was 418 °C.
bT400 of the pristine film was 402 °C.
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Figure 2 Absorption spectra of (a) the PF and (b) P3HT films containing variable amounts of POSS fillers.
Table 2 Peak shifts (42, nm) of absorption bands obtained by adding various amounts of POSS fillers
PF P3HT?
10 wt% 20 wt% 30 wt% 40 wt% 10 wt% 20 wt% 30 wt% 40 wt%
Me -5 -7 -9 -22 6 12 17 20
Vinyl -8 -8 -14 -14 3 4 16 23
Et -4 -7 -8 -14 2 3 18 20
iBu -2 -10 -12 -16 7 12 18 25
CpP -5 -6 -22 -10 1 2 9 10
Octyl -8 -10 -12 -11 15 17 19 22
C18 -2 -5 -5 -5 1 6 19 21

Abbreviations: P3HT, poly(3-hexylthiophene); PF, polyfluorene.
2Determined with the peak at 404 nm.
bDetermined with the peak at 484 nm.
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background was kept at a low level (Supplementary Figure S3). This
implies that light dispersion should hardly occur in the films. These
data suggest that sufficient transparency for measuring the optical
properties with good reproducibility was maintained with 40 wt%
POSS fillers. It should be mentioned that the films prepared by casting
can maintain the transparency even with 40 wt% POSS fillers. In the
case of commodity polymers such as polystyrene and poly(methyl
methacrylate), turbidity appeared only upon addition of wt% of the
POSS fillers.*> This means that POSS has good intrinsic compatibility
with conjugated polymers. It was reported that the closed silica cage is
strongly hydrophobic.4e#° It is likely that the cubic structure can
interact strongly with the planar structures of the polymer main-chain.
However, several samples showed turbidity at 60 wt%, and the

-]

homogeneities of the films critically decreased. The phase separation
observed in most of the films containing 80 wt% of the POSS fillers
decreased the film-formability and significantly reduced the reprodu-
cibility of optical measurements. Thus, we discuss the filler effects with
the data sets obtained from the samples containing 40 wt% POSS.
The thermal stabilities of the polymer films were evaluated using
TGA (Table 1). Since significant thermal degradation was observed in
the samples around the temperature with 20% weight losses (Tgs)
assigned as the main chain scissions, the thermal stabilizing effects of
the POSS fillers were evaluated using the comparison of the Ty
values.>® It was shown that the use of most POSS fillers induced the
decreases of the T4y values of both polymer matrices. It is likely that
the conjugated polymers usually form tight intermolecular interactions
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Figure 3 Emission spectra of (a) the PF and (b) P3HT films containing variable amounts of POSS fillers.
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such as the m— = stacking. Cubic silica could be a suitable structure as
a plasticizer. Therefore, a reduction of thermal stabilities was induced.
In contrast, several POSS fillers can enhance the thermal stabilities of
the polymer matrices. The Tyyo values of PF and P3HT were elevated
by +6 °C and +58 °C with 40 wt% C18-POSS, respectively. The longer
alkyl-chains can make a stronger interaction with the polymers. Then,
the thermal vibration can be efficiently suppressed by POSS fillers.
As a result, destabilization effects by the POSS core could be
compensated. We also performed DSC measurements on the polymer
films (Supplementary Table S2). In particular, decreases of the glass
transition temperatures (Ty) were observed. These data implied that
the POSS fillers could form highly dispersion states in the polymer
matrices. Upon loading the POSS fillers with 20 wt% concentration,
drastic decreases in Tyys were observed as shown in Table 1.
According to the previous studies with poly(methyl methacrylate)
and polystyrene, the maximum amounts of POSS fillers were
~20 wt%.*1%5 At this concentration level, critical phase separation was
often observed in the composite samples, resulting in losses of
film-formability and thermal stability. For the conjugated polymers,
this implied that inhomogeneity could be induced at 20 wt%
filler concentration, leading to irregular decreases in Tgyps at 20 wt%
filler concentrations even though significant changes in the film
formation were hardly observed. In contrast, it should be mentioned
that additional amounts of POSS fillers can be loaded in the
conjugated polymers. In this case, larger improvements of thermal
stabilities can be observed.

The optical properties of the polymer films were also investigated.
Initially, the UV — Vis absorption spectra were measured for both the
polymer films (Figure 2, Table 2). Generally, due to the intermolecular
interactions in the condensed state, redshifts and peak broadening
were often observed in the absorption spectra of the films compared
with those of the solution. In particular, it is known that these
interactions can be readily found in the condensed state of PF, leading
to the formation of the f-phase that provides the characteristic
absorption band in the longer wavelength region.’>? A broader
absorption band was obtained for the cast film of PF, than for the film
obtained by spin-coating. This result suggests that the f-phase should
be typically produced in the pristine PF cast film. Interestingly, upon
addition of the POSS fillers, the peak broadening was reduced, and
blue shifts of the absorption band were observed. The introduction of
the POSS fillers with relatively shorter alkyl and compact substituents
(Me- and CP-POSS) induced obvious blue shifts in the spectra.
The degree of the peak shift was then increased by increasing the
amounts of the POSS fillers. It is proposed that the POSS fillers may

POSS fillers for conjugated polymers
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be capable of disturbing the intermolecular interactions of polymer
main-chains because the cubic structure of the POSS core could be
favorable for the interaction with the conjugated polymer chains.
Consequently, the aggregation could be released in the films. These
data mean that homogeneity should be enhanced by the POSS fillers.
The redshifts from the P3HT films are discussed using the data
including the emission properties.

To examine the influence of the POSS fillers on the luminescent
properties of the polymer films, emission spectra were measured
(Figure 3 and Tables 3 and 4). Significant effects were observed for the
P3HT films. It was found that the redshifts of the emission bands were
induced by increasing the POSS filler content. It was revealed that a
drastic redshift of the emission band was observed for all films with
40 wt% POSS fillers. Relatively larger shifts were obtained from the
longer alkyl-substituted POSS. It is known that P3HT can form a
strong stacking in the film state because of the high planarity of the
polymer chains.>>™> At this stage, each polymer chain should be
structurally restricted. On the other hand, loading the POSS filler
should isolate the polymer, leading to the release from these structural
restrictions not only in the excited state but also in the ground state.
Then, it is proposed that the polymer chains could form the
energetically favorable forms for developing main-chain conjugation,
leading to the drastically redshifted absorption and emission bands.
Slight improvements in the emission efficiencies of the P3HT films
were induced by the POSS fillers. In general, the emission efficiencies
decreased in the film state via concentration quenching. This implied
that the POSS filler may disturb the intermolecular interactions of the
polymer main-chains, resulting in the release from the concentration
quenching. It should be mentioned that C18-POSS induced the largest
degree of peak shifts despite the improved thermal stability. This fact
means that C18-POSS can improve the homogeneity of the film
without the loss of thermal stability.

CONCLUSION

This work demonstrates the feasibility of the use of POSS fillers for
modulating the properties of conjugated polymers, such as PF and
P3HT, that are widely used as key materials in the modern organic
opto-electronic devices. It was shown that a series of POSS can be
mixed via the solution method in the polymer films with several tens
weight percentages. Using thermal analyses, it was observed that the
degradation temperatures of the polymer films were elevated by
adding the POSS fillers with relatively longer alkyl chains. The optical
measurements suggested that the POSS fillers with shorter alkyl chains
showed a particular suppression of the formation of the polymer

Table 3 Peak shifts (nm) of the emission bands obtained by adding various amounts of POSS fillers

PF P3HT
10 wt%s 20 wt% 30 wt% 40 wt% 10 wt%s 20 wt% 30 wt% 40 wt%

Me 1 4 2 5 32 35 35 36
Vinyl 0 1 4 5 48 45 36 33
Et 1 2 5 4 29 35 36 33
iBu 0 4 2 3 40 32 40 33
cP 3 0 1 3 26 32 37 36
Octyl 1 2 4 3 31 48 39 40
ci8 4 3 4 2 44 44 44 44

Abbreviations: P3HT, poly(3-hexylthiophene); PF, polyfluorene.
2Determined with the peak at 511 nm.
bDetermined with the peak at 626 nm.
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Table 4 Emission efficiency changes (%) obtained by adding various amounts of POSS fillers

P P3HT®
10 wt% 20 wt% 30 wt% 40 wi% 10 wt% 20 wt%s 30 wt%% 40 wt%

Me 5 3 0 -1 0.3 05 0.6 0.7
vinyl 1 0 0 0 0.2 0.3 0.6 0.9
Et 2 3 1 3 0.1 0.2 0.6 0.7
iBu 3 1 3 0 0.4 0.5 07 0.7
cP 1 2 4 0 0.3 0.4 0.8 1.1
octyl 1 2 4 3 0.9 1.1 1.6 3

c18 0 1 2 1 0.3 0.5 1.5 3.9

Abbreviations: P3HT, poly(3-hexylthiophene); PF, polyfluorene.
aCalculated from the absolute value of the pristine sample (37%).
bCalculated from the absolute value of the pristine sample (0.3%).

chains aggregation and maintained the homogeneous state. The use of
fillers is a conventional strategy for tuning the properties of polymeric
materials. It was found that the POSS fillers were also applicable for
conjugated polymers. POSS are promising as efficient fillers for the
production of robust opto-electronic materials for printed electronic
devices. Furthermore, our findings mean that the organic—inorganic
hybrids can be prepared not only by sol-gel methods but simply by
the mixing of the polymers and POSS in common organic solvents
followed by casting.
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