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Abstract

A series of novel hybrid organic—inorganic light-emitting materials, polyhedral oligomeric silsesquioxane-tethered poly(fluorenyleneethy-
nylene)s, were successfully synthesized via Sonagashira coupling reaction. The chemical structures of these copolymers were determined by 'H
NMR and FT-IR spectra. The morphologies of these copolymers were studied in details using TEM and WAXD. The WAXD data showed that
POSS formed aggregation instead of crystallization in the polymer matrix, indicating the significant effect of the backbone constraint on POSS
crystallization. Furthermore, it also revealed that the interchain interaction weakened and the interchain distance increased after introducing POSS
groups. The TEM data indicated that POSS aggregates were well dispersed in polymer matrix. In accordance with the morphological
investigation, the results of UV—vis absorption and photoluminescence emission spectra of these copolymers showed that the tendency toward
planar conformation of conjugated backbones reduced to a certain extent due to weakened interchain interaction. Accordingly, these copolymers
exhibited the enhanced quantum yields in the solid state. In addition, owing to the thermal and oxygen stability of hybrid POSS, the thermal

spectral stability of these polymers was also improved greatly.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Conjugated polymers are under extensive studies for their
potential application in organic electronic devices, such as
light-emitting diodes (OLEDs) [1], lasers [2], field-effect
transistors (FETs) [3], photovoltaic cells [4], and sensors [5].
The performance of organic devices is strongly influenced by
the supramolecular organizations or morphologies of the
conjugated polymers [6]. In order to fabricate highly efficient
OLED, it requires the conjugated materials with minimal chain
overlap in the solid state which will result in the less possible
formation of low energy sites, including excimers, exciplexs,
electrical aggregates and even coplanar conformers [6]. For
this purpose, conjugated polymers with bulky groups as side
chains, especially dendronized [7] and grafted [8] conjugated

* Corresponding authors. Tel.: +86 21 5566 4188; fax: +86 21 6565 5123.
E-mail addresses: qlfan@fudan.edu.cn (Q.-L. Fan), wei-huang@fudan.
edu.cn (W. Huang).

0032-3861/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2006.01.006

polymers, which can be treated as isolated single polymer
chains in the solid state were synthesized, and the robust
devices using these materials were successfully fabricated.
More importantly, these polymers displayed interesting
optoelectronic and morphological properties [7a,8a]. Although
these materials are current interest for both application and
fundamental investigation in the area of organic semiconduc-
tors, the critical problem is that they are hard to be prepared due
to the long synthetic routes. Thus, conjugated materials which
can be easily synthesized but contain the optoelectronic
properties comparable to dendronized or grafted conjugated
polymers are highly desirable.

Polyhedral oligomeric silsesquioxanes (POSS) consisting of
a silica cage surrounded by tunable organic substitution groups
are hybrid organic—inorganic nanobuilding blocks [9]. The
diameters of POSS range between 1 and 3 nm, depending on
the number of silicon atoms and the peripheral substitution
groups [9]. In the past several years, POSS have been grafted
or copolymerized in a variety of polymeric materials including
styrenics [10], acrylics [11], epoxies [12], polyolefins
[13], polyimides [14], and others. Interestingly, POSS can
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self-assemble into crystals or aggregates in the polymer matrix
in which POSS units are incorporated as substituent side units,
and POSS crystals or aggregates have an important effect on
the properties [13,15]. The extent of possible POSS crystal-
lization or aggregation is attributed to factors such as the nature
of the organic periphery of POSS, the mole fraction of POSS,
and the interaction of the host chain [13d]. Coughlin et al. has
demonstrated that the extent of POSS crystallization can be
controlled by the processing condition, which indicated that the
POSS morphology in the polymer matrix in which POSS units
are incorporated as pendant groups is mainly dependent on the
competition of the POSS intermolecular interaction to form
POSS crystallization and the polymer backbone constraint to
limit POSS crystallization [13c,d].

Due to the bulky volume and more importantly the self-
assembly of POSS in polymer matrix, introducing POSS into
conjugated polymers as side chains could be a novel effective
way to construct conjugated materials with optoelectronic
properties comparable to dendronized or grafted conjugated
polymers. In fact, most recently, POSS have been introduced
into light-emitting materials and were used as star core [16,17],
end [18], and pendant components [19-21] to construct new
luminescent hybrid materials. The results showed that the
presence of bulky POSS in light-emitting materials enhanced
the thermal stability and also prevented the formation of
electrical aggregates leading to not only high quantum yield
but also durable pure light emission. However, the mor-
phologies of the organic—inorganic hybrid conjugated poly-
mers, which are the essential factors to determine their
properties, were little investigated. As mentioned previously,
POSS self-assembly in polymer matrix will lead to interesting
morphology, which is concerned with the material properties.
Thus investigating the morphologies of the POSS-containing
conjugated hybrid materials is extremely anticipated.

Herein we report the successful synthesis and study of a
series of POSS-tethered poly(fluorenyleneethynylene)s (PFEs).
PFEs which belong to the family of poly(aryleneethynylene)s
(PAEs) are suitable to investigate interplay of morphology
and optoelectronic property because of their special confor-
mation-dependent photophysics resulting from the rotation of
alkyne-ary single bonds along the backbone [22]. Therefore,
we introduced POSS into PFEs and hoped this system could
appear obvious optoelectronic property variation on the
morphology change of the POSS-tethered PFE hybrids. Their
morphologies and optoelectronic properties were investigated.
The results indicate that these materials offer promising
opportunities both in optoelectronic applications and for
fundamental investigation.

2. Experiment section

2.1. Materials and synthesis
2,7-Dibromo-9,9’-dioctylfluorene and 2,7-diethynyl-9,9’-

dioctylfluorene were synthesized according to the literature

procedures [23]. THF was distilled under nitrogen from sodium
benzophenone ketyl. Toluene was purified by distillation from

sodium. Other solvents were used without any further
purification. Chlorobenzylethylcyclopentyl-POSS (CI-POSS)
and all other reagents were purchased from Aldrich Chemical
Co. unless otherwise stated.

2.1.1. 2,7-Dibromo-9,9'-bis(4-hydroxyphenyl)fluorene (2)

A mixture of 2,7-dibromofluorenone (9.2 g, 0.027 mol),
phenol (17.0 g, 0.18 mol) and methanesulfonic acid (7.8 g,
0.08 mol) in tetrachloromethane (40 g) was stirred at 80 °C for
40 h. The mixture was allowed to cool to room temperature,
after which the product was filtered and washed
with dichloromethane. Yield 10.0 g (72%) of white powder.
"H NMR (DMSO-dg), 6 (ppm): 9.40 (d, 2H, J=8.1 Hz), 7.88
(d, 2H, J=8.1 Hz), 7.56 (d, 2H, J=8.1), 7.46 (d, 2H, J=
1.5 Hz), 6.85 (d, 4H, J=8.7 Hz), 6.65 (d, 4H, J=8.7 Hz). °C
NMR (DMSO-dg), 6 (ppm): 156.3, 153.9, 137.5, 134.5, 130.6,
128.8, 122.8, 121.1, 115.3, 64.0.

2.1.2. 2,7-Dibromo-9,9'-diPOSSfluorene (3)

2,7-Dibromo-9,9’-bis(4-hydroxyphenyl)fluorene (91.8 mg,
0.18 mmol), K,CO3 (399 mg, 2.89 mmol) and Nal (108 mg,
0.723 mmol) were mixed in N,N-dimethylformamide
(2.25mL), and the reaction mixture was heated at 50 °C
under a nitrogen atmosphere for 2 h. CI-POSS (400 mg,
0.379 mmol) was dissolved in dry THF (1.8 mL) and added
to the mixture, and heating was continued at 60 °C for 2 h. The
solution was diluted with water and extracted with chloroform.
The extracted organic layer was washed with water two times
and concentrated in a vacuum. The yellowy residue was
purified by column chromatography (hexane/chloroform 4:1)
to afford 3 as white powder. 'H NMR (CDCl3), 6 (ppm):
7.60 (d, 2H), 7.47 (m, 4H), 7.32-7.15 (8H), 7.07 (d, 4H), 6.87
(d, 4H), 4,97 (s, 4H), 2.74-2.70 (m, 4H), 1.74-0.83 (130 H).
13C NMR (CDCls), 6 (ppm): 158.3, 145.6, 142.4, 138.4, 131.2,
129.3, 127.0, 125.3, 122.1, 121.4, 114.5, 110.0, 70.4, 29.9,
29,3, 27.5,27.2,22.5, 14.4.

2.1.3. General procedure for the preparation of the polymers

2,7-Dibromo-9,9’ -dioctylfluorene and 2,7-dibromo-9,9'-
diPOSSfluorene (3) (total 0.14 mol), 2,7-diethyny1—9,9/-dioc-
tylfluorene (61.6 mg, 0.14 mmol), Pd(PPhs); (8.12 mg,
0.007 mmol), and Cul (3.92 mg, 0.021 mmol) were added to
a mixture of degassed toluene (3.92 mL) and diisopropylamine
(1.68 mL). The mixture was vigorously stirred at 70 °C for 48 h
under nitrogen, then bromobenzene (47 mg, 0.3 mmol) was
added for end-capping the polymer for an additional 2 h. After
the mixture was cooled to room temperature, it was subjected
to a chloroform and water workup. The combined organic
phase was washed with water NH,OH (50%) twice, water
twice, and brine once and dried over Na,SQ,. The solution was
removed in vacuum, and the residue was dissolved in
chloroform and reprecipitated in methanol twice.

2.1.3.1. Poly(9,9'-di-2-ethyloctyl-2,7-fluorenyleneethynylene)
(PFE). "H NMR (CDCls), 6 (ppm): 7.69 (d, 2H), 7.56 (dd,
4H), 2.0 (m, 4H), 1.25-0.62 (34H).
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Fig. 1. '"H NMR spectra of (a) CI-POSS, (b) 3, (c) PFE-POSS-10, and (d) PFE.

2.1.3.2. Poly[9,9'-dioctyfluorene-2,7-yleneethylene-co-
diPOSSfluorene-2,7-yleneethylene] (PFE-POSS). The peak
positions of "H NMR spectra of all PFE-POSS copolymers
were almost identical. The "H NMR spectrum of PFE-POSS-10
as an example is demonstrated in Fig. 1.

2.2. Measurements

The NMR spectra were collected on a Varian Mercury Plus
400 spectrometer with tetramethylsilane as the internal
standard. FT-IR spectra were recorded on a Shimadzu
IRPrestige-21 FTIR-8400s spectrophotometer by dispersing
samples in KBr. Thermogravimetric analysis (TGA) was
performed on a Shimadzu thermogravimetry and differential
thermal analysis DTG-60H at a heating rate of 10 °C/min under
N,. Differential scanning calorimetry (DSC) measurements
were performed under a nitrogen atmosphere at heating rates of
20 °C/min, using NETZSCH DSC 200PC apparatus. Gel
permeation chromatography (GPC) analysis was conducted
with a HP1100 HPLC system equipped with 7911GP-502 and
GP NXC columns using polystyrenes as the standard and
tetrahydrofuran (THF) as the eluent at a flow rate of
1.0 mL/min and 35°C. Wide-angle X-ray diffraction
(WAXD) data was obtained using Bruker D8 Discover
diffractometer with GADDS as a 2D detector. Calibration
was conducted using silicon powder and silver behenate.
Transmission electron microscopy (TEM) micrographs were
obtained using JEOL JEM 2011 electron microscope operation
at 200 kV. A drop of polymer chloroform dilute solution was
cast onto a carbon-coated copper grid. The samples were dried
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Scheme 1. Synthesis of POSS-substituted fluorene. (i) phenol, methanesulfonic acid, tetrachloromethane, 80 °C. (ii) K,COs, Nal, DMF/THF.
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Scheme 2. Synthesis of PFE-POSS copolymers.

at room temperature prior to measurement. UV—vis spectra
were recorded on a Shimadzu 3150 PC spectrophotometer. The
concentrations of copolymer solutions were adjusted to about
0.01 mg/mL or less. Fluorescence measurement was carried
out on a Shimadzu RF-5301 PC spectrofluorophotometer with
a xenon lamp as a light source. Measurement of the absolute PL
efficiency was performed on LabspherelS-080 (8 in.), which
contained an integrating sphere coated on the inside with a
reflecting material barium sulfate, and the diameter of the
integrating sphere was 8 in. PL efficiency was calculated from
the software attached by LabsphereIS-080 (8 in.). The polymer
films used for measurement of absolute PL efficiency were
prepared by spin coating from tetrahydrofuran solution
(5 mg/mL) on a quartz plate. The thickness of the films was
about 100 nm.

3. Results and discussion
3.1. Synthesis and characterization of the polymers

The synthetic route for POSS-substituted fluorene (3) is
illustrated in Scheme 1. 2,7-Dibromo-9,9’-bis(4-hydroxyphe-
nyDfluorene (2) is an important intermediate which has been
used to introduce other special groups to fluorene monomer,
such as dendrons to enhance the steric hindrance and sulphonyl
to realize water solubility [7b,24]. In our work, it was coupled
with CI-POSS via Williamson ether reaction to afford
compound 3. PFE-POSS copolymers were synthesized
through Sonagashira coupling reaction (Scheme 2). The
chemical structures of 3 and copolymers were determined by

'"H NMR and FT-IR spectra. Fig. 1 represents the '"H NMR
spectra of CI-POSS, 3, PFE and PFE-POSS-10. The peak for
the benzyl protons of CIl-POSS downshifted from 4.57 to
4.96 ppm in 3, showing that CI-POSS had reacted with 2. The
appearance of this peak at 4.96 ppm in the '"H NMR spectra of
PFE-POSS copolymers indicated that 3 went on well in
Sonagashira coupling reaction. The existence of POSS in 3 and
copolymers was confirmed by FT-IR spectra. As shown in
Fig. 2, the FTIR spectra of C1-POSS and 3 displayed a major
characteristic peak around 1100 cm™' due to Si—O-Si
stretching. For PFE-POSS copolymers, this peak became
more and more intensified with the increase of POSS ratio
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Fig. 2. FT-IR spectra of(a) 3, (b) CI-POSS, (c) PFE-POSS-20, (d) PFE-POSS-
10, () PFE-POSS-5, (f) PFE-POSS-2, (g) PFE-POSS-1, (h) PFE.
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Table 1

Physical properties of the polymers

Entry Feed Actual M., (g/mol) M, (g/mol) PDI Yield (wt%) T4 (°C)
POSS (mol%) POSS (mol%)

PFE 0 0.0 22000 39000 1.78 73 413

PFE-POSS-1 1 0.8 11000 18000 1.64 58 409

PFE-POSS-2 2 2.0 11000 18000 1.64 59 406

PFE-POSS-5 5 32 11000 19000 1.73 54 392

PFE-POSS-10 10 9.2 13000 24000 1.85 52 387

PFE-POSS-20 20 14.2 12000 25000 2.08 55 382

M,,, M,,, and PDI of the polymers were determined by GPC using polystyrene standards.

(Fig. 2). These data further confirmed that the cage structure of
POSS did not change in both Williamson ether reaction and
Sonagashira coupling reaction, indicating the successful
synthesis of PFE-POSS copolymers.

All PFE-POSS copolymers were readily soluble in common
organic solvents such as chloroform and THF. Gel permeation
chromatography (GPC) revealed that the molecular weights of
PFE-POSS copolymers were much lower compared to PFE
homopolymer (Table 1), which could be attributed to the steric
hindrance caused by POSS during the polymerization process
[10e,20]. The actual POSS mole fractions in POSS-PFE
copolymers were estimated from 'H NMR according to the
ratio between the integrals of peak for the benzyl protons at
4.98 ppm and the alkyl protons adjacent to nine position of
fluorene at 2.0 ppm. The results were summarized in Table 1.
Glass transfer temperature of PFE was around 56 °C which was
in accordance with the literature [25]. We did not observe
obvious glass transfer temperature of PFE-POSS copolymers,
which indicated that the backbone mobility of the copolymer
was strongly retarded by POSS [9b,20]. The decreased T4 of
PFE-POSS copolymers with the increased POSS unit could be
explained by the weakened interchain interaction owning to the
high content of bulky POSS. This phenomenon is analogous to
the literature [19], and the decreased interchain interaction was
further evidenced by the morphological investigation using
WAXD and TEM.

3.2. Morphology

3.2.1. WAXD

Wide-angle X-ray diffraction was used to examine these
PFE-POSS samples for POSS aggregates. The diffraction
profiles of PFE-POSS copolymers, CI-POSS and PFE are
shown in Fig. 3. Much work has shown that POSS
nanoparticles form hexagonal crystal structures [26]. In our
work, the spectrum of the pure CI-POSS showed strong
reflections at 26=8.2, 11.0, and 18.8° corresponding to d
spacing of 10.8, 8.03, and 4.71 A respectively, which was a
typical WAXD ‘fingerprint’ of POSS crystals [15]. The
spectrum of PFE showed two peaks, a diffuse amorphous
halo at 19.6° 20 with a d spacing of 4.5 A and a board peak at
5.54° 20 with a d spacing of 15.9 A resulting from the packing
of the alkyl side chains [27,28]. Hence, it indicated that there
was only minor ordering in PFE [29]. The spectra of PFE-
POSS copolymers did not exhibit typical features that were

characteristic of the structure of the pure CI-POSS, but they
changed dramatically with the increase of mole fraction of
POSS. The peak at 5.54° became inconspicuous and finally
disappeared, indicating the diminishing of the ordering of the
alkyl side chains [28]. Second, a new broad peak at 7.95° with a
d spacing of 11.11 A increased gradually due to the formation
of POSS aggregates in the copolymers. The estimated size
dimensions (L) of POSS aggregates in PFE-POSS copolymers,
based on the half-widths of reflections (8) at 10.5 A using
Debye-Scherrer’s equation (L=0.89A/(6 cos f)), showed a
gradual increase in the size of POSS aggregates with the
mole fraction of POSS. The apparent size dimensions (L) of
POSS aggregates in PFE-POSS-20 and PFE-POSS-10 were 24
and 20 A, respectively. This method was used to estimate the
apparent size dimensions (L) of POSS aggregates by Coughlin
et al. firstly [13c—e]. All of these results showed that the ClI-
POSS nanoparticles did not form crystallization in PFE-POSS
copolymers even though the actual mole fraction of POSS was
as high as 14.2% (PFE-POSS-20); meanwhile the disappear-
ance of the peak at 5.54° indicated that the distance between the
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Fig. 3. WAXD profiles of (a) PFE, (b) PFE-POSS-1 (c) PFE-POSS-2, (d) PFE-
POSS-5, (c) PFE-POSS-10, (f) PFE-POSS-20, (g) CI1-POSS.
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Fig. 4. Transmission electron micrographs of (a) PFE-POSS-5 and (b) PFE-
POSS-10.

chains in this copolymers increased and the interchain
interaction weakened thanks to the introduction of POSS.

So far, a body of work shows that POSS has strong tendency
to crystallize in polymer matrix at relative high mole
fraction [13,15], especially the cyclopentyl-substituted POSS
(Cp-POSS) [13a]. As shown in Scheme 1, CI-POSS belongs to
the class of Cp-POSS. The exceptive phenomenon of the
formation of POSS aggregates instead of POSS crystals in
PFE-POSS copolymers is analogous to poly(norbornyl-POSS)
copolymers [13a], dicyclopentadiene and norbornenyethyl-
POSS crosslinked copolymers [30], and polyimide-side-chain-
tethered POSS nanocomposites [14c], which have strong
interchain interactions or crosslinked networks that constrain
POSS to crystallize. Coughlin and his colleagues also
demonstrated that the nature of the backbones of the
copolymers in which POSS units are incorporated as pendant
groups has a significant effect on POSS crystallization [13c—e].
CI-POSS did not crystallize in PFE-POSS copolymers, but
interestingly it crystallized in the POSS-tethered polyfluorenes
which are also conjugated materials with rigid-rod backbones
[20]. This phenomenon can be affirmatively attributed to the
different natures of the backbones. As reported previously,
PFEs which belong to the class of PAEs have an outstanding
interchain packing ability in the solid state [22,27]. This ability
could be considered as the backbone constraint, which limited
POSS to adopt favorable conformations for crystallization in
PFE-POSS copolymers. Simultaneously, it was also weakened
by the ‘anchoring’ effect [9b] of POSS judged from the
disappearance of the peak at 5.54°.

Table 2

3.2.2. TEM

The WAXD data indicates that POSS did not crystallize in
PFE-POSS copolymers due to the strong backbone constraint,
and the size of small POSS aggregates in the polymer matrix
were estimated by Debye—Scherrer’s equation. However, the
real size of POSS aggregates and the distribution of POSS
aggregates in the polymer matrix were not definitely
confirmed. For this purpose, TEM studies were carried out.
The POSS domains show a darker image compared with PFE-
POSS backbones, allowing not using a staining agent [13e].
Fig. 4 showed the TEM micrographs of PFE-POSS-5 and PFE-
POSS-10 which were obtained after the confirmation of the
chemical compositions using energy dispersive X-ray analysis.
The size of POSS aggregates in PFE-POSS-5 was slightly
smaller than that in PFE-POSS-10 (Fig. 4), which was
consistent with the result of the WAXD analysis that the size
of POSS aggregates gradually increased with the increase of
the mole fraction of POSS. But the value of POSS aggregates
size (6—-15 nm) obtained from TEM was larger than that (2—
2.4 nm) obtained from the WXAD, which could be explained
by the fact that when the intensity of the reflection is low, using
Debye—Scherrer’s equation to estimate the POSS aggregate
size will result in a larger error [31]. Regardless, TEM
micrographs displayed that POSS aggregates were well
dispersed in PFE-POSS copolymers.

3.3. Photophysics

Due to the relatively free rotation of alkyne-ary single bonds
along the backbone of PAEs, it is known that this class of
conjugated polymers has a conformation-dependent photo-
physics [22,32]. Recently, Bunz et al. have reinvestigated
photophysics of poly[p-(2,5-didodecylphenylene)ethynylene]
and concluded that the large red-shift (around 50 nm) in the
emission spectrum resulted from the planarization of the
backbones rather than the formation of electrical aggregates,
meanwhile, the absorption spectra did not red shift so much
[33]. As shown in Table 2, PFE also showed a large red-shift in
emission spectrum, which was in good accordance with the
literature reported by Kim et al. Because of the relatively high
emission intensity and narrower emission bandwidth of PFE in
the solid state, the possibility that this red-shift resulted from
electrical aggregates was naturally ruled out [34]. As

Photophysical properties of PFE-POSS copolymers and PFE in the dilute THF solutions and thin films

Entry Amax.abs (nm)* Amax,pt (Nm)* Quantum yield of thin

films
Solution Film Solution Film

PFE 390 (409) 395 (417) 422 (445) 476 (506) 0.13

PFE-POSS-1 387 (408) 395 (417) 424 (446) 476 (507) 0.22

PFE-POSS-2 387 (408) 391 (416) 425 (446) 478 (507) 0.24

PFE-POSS-5 387 (410) 391 (415) 426 (452) 478 (507) 0.24

PFE-POSS-10 385 (405) 391 (416) 423 (445) 476 (508) 0.25

PFE-POSS-20 385 (405) 391 (415) 422 (445) 476 (504) 0.27

? Data in parentheses are wavelengths of shoulders and subpeaks.
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mentioned in the literature [34], it could be attributed to the
formation of a small portion of planar segments with extended
effective conjugation in the solid state. It was worth to note that
this small portion of segments with planar conformations could
act as energy accepters, while the other segments could act as
energy donors. Therefore, compared with the spectra of the
dilute solutions, because the amount of planar segments was
very small, the maximal peaks in UV-vis spectra of the thin
films did not change significantly, which mainly exhibited the
absorption of the segments with the close conformations to that
in dilute solution; whereas, due to the highly efficient energy
transfer from the numerous twisted segments to the few planar
segments in the thin films, the maximal peak in emission
spectra was located at 475 nm, which resulted in this 50 nm
red-shift and in turn a large Stokes shift. This phenomenon was
appreciably similar with the energy transfer process of
poly(fluorene-co-thiophene) self-forming donor—accepter
systems [35].

As below, we studied the effect of POSS on the
photophysical properties of PFE system. Similarly, PFE-
POSS copolymers also showed the red-shift. Fig. 5 demon-
strates UV-vis absorption spectrum and photoluminescence
emission spectrum of PFE in the dilute THF solution. UV-vis
absorption spectra and photoluminescence emission spectra of
PFE-POSS copolymers were equal to that of PFE. Fig. 6 shows
UV-vis absorption spectra and photoluminescence emission
spectra of PFE and PFE-POSS copolymers in the thin films.
Comparing the emission spectra in the dilute THF solutions
with these in the thin films, we can see that the large red shift
(about 50 nm) still occurred for PFE-POSS copolymers just
like PFE (the detailed data about the spectra were summarized
in Table 2). The existence of the large red-shift of PFE-POSS
copolymers showed that although introducing bulky POSS into
PFE as pendant groups reduced the interchain interaction, the
small portion of planar segments which were the energy
acceptors here still existed in these copolymers. However, we
found that in the solid state, there were visible differences
between the spectra of PFE-POSS copolymers and that of PFE.
In the UV-vis absorption spectra which were normalized
according to the peak around 391 nm (Fig. 6), the intensity of
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Fig. 5. UV-vis absorption spectrum and photoluminescence emission spectrum
of PFE in the dilute THF solution.
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Fig. 6. UV-vis absorption spectra and photoluminescence emission spectra of
these polymers in the thin films, which were normalized according to the
absorption peak around 391 nm and the maximal emission peak around
476 nm, respectively. Inset: Enlarged photoluminescence emission spectra of
these polymers in the thin films from 420 to 460 nm.

the absorption peak at longer wavelength around 416 nm for
PFE-POSS copolymers were weaker than PFE, and more
importantly, in the emission spectra which were normalized
according to the maximal emission peak around 476 nm, as
shown in the inset of Fig. 6, the peak around 425 nm which was
the maximal emission peak in solution concerning the twisted
segments remained for PFE-POSS copolymers, while it was
invisible for PFE due to the efficient energy transfer from the
twisted segments to the planar segments in the solid state.
Comparing with this highly efficient energy transfer in PFE,
such a residue of the peak around 425 nm in emission spectra
of PFE-POSS copolymers indicated the relatively incomplete
energy transfer from the twisted segments to the planar
segments in PFE-POSS copolymers. It could be attributed to
the fact that the interchain distance which was related to the
energy transfer distance increased due to the existence of POSS
as bulky side chains, and also to the possibility that the
tendency towards planar conformation in the solid state was
reduced to a certain extent as result of weakened interchain
interaction.

As reported previously, the introduction of bulky POSS
increased the quantum yield and the thermal spectra stability of
the conjugated polymers [19-21]. The quantum yields of PFE-
POSS copolymers in the thin films increased gradually with the
mole fraction of POSS because of the reduced interchain
interaction (Table 2) [19-21]. In order to investigate the
thermal spectra stability of PFE-POSS copolymers in air, the
emission spectra of the annealed films in respect to the fresh
films are showed in Fig. 7. As we known, PAEs are not stable in
air at elevated temperature due to the occurrence of curing
reaction of the triple bonds [36]. Thus, after annealing in air,
the emission spectrum of PFE film changed to be featureless
with a significant decrease in the relative intensity, which was
similar to the literature [36]. And the quantum efficiency was
decreased to 0.03. In accordance with the literatures [19-21],
when introducing bulky POSS into the polymer as pendant
groups, because of the outstanding inorganic thermal and



K.-Y. Pu et al. / Polymer 47 (2006) 1970-1978 1977

PFE-POSS-10

Intensity (a.u)

400 700

Wavelength (nm)

Fig. 7. Photoluminescence emission spectra of (a) PFE, (b) PFE-POSS-2, and
(c) PFE-POSS-10 films before (solid line) and after (dash line) annealing at
150 °C for 1 h in air.

oxygen stability of hybrid POSS, the thermal spectra stability
improved gradually and clearly with the increase of the mole
fraction of POSS (Fig. 7). As a result, the quantum efficiency of
the thermal treated PFE-POSS-10 film was almost identical to
that before the thermal treatment.

4. Conclusion

In summary, we have successfully synthesized a series of
novel hybrid organic—inorganic conjugated polymers, PFE-
POSS copolymers, via Sonagashira coupling reaction. The
solid state morphologies of these copolymers have been studied
indetails using WAXD and TEM. POSS formed small aggregates
instead of crystals in the polymer matrix because of the strong
interchain interaction of the backbones, which demonstrated that
the backbone constraint played an important role in the final
POSS morphology in the polymer matrix. Furthermore, these
POSS aggregates were well dispersed in the polymer matrix. On
the other side, the interchain packing ability and the tendency
towards planar conformation of the conjugated polymers were
reduced owing to the presence of POSS as side chains. PFE-POSS
copolymers exhibited enhancement of quantum yields and the
improvement of thermal spectral stability in the solid state
compared to PFE. All these results showed that besides
dendronization and graftation of conjugated polymers, introdu-
cing POSS into conjugated materials as pendant groups is another
effective way to construct outstanding conjugated materials not
only for the application of OLEDs but also for fundamental
investigation such as interplay of morphology and optoelectronic

property.
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