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Introduction

n-Conjugated polymers have attracted attention as a platform

The origin of the thermally stable white-light
emission property of POSS-conjugated polymer
hybrid films+

Satoru Saotome,? Masayuki Gon *ab

ab and Kazuo Tanaka

We have previously reported thermally stable white-light luminescence from polymer hybrid films consist-
ing of tetraphenylethene (TPE)-tethered polyhedral oligomeric silsesquioxane (POSS) and poly(1,4-pheny-
lenevinylene) (PPV). We observed that the intensity ratios between the dual emission bands from the
POSS and the conjugated polymer, and thus the color balance, were maintained even in the higher-
temperature region. In this paper, the origin of the thermally stable dual-emission properties of these
white-light-emitting hybrid films is investigated using a series of POSS derivatives with different tethered
luminophores and various conjugated polymer matrices. We obtained homogeneous hybrid films and
revealed that one of the key factors for the expression of dual-emission properties is the relationship
between the photoluminescence quantum yields of the energy donors (fillers) (@p) and acceptors (poly-
mers) (@4). When the emission quantum yield of either the donor or acceptor molecules is high, only an
emission band originating from the molecule with the higher emission quantum yield can be observed.
Dual emission from both the donor and acceptor is detectable only when the &g is as high as the @, or
slightly higher than the ®,. Based on these findings, we have demonstrated a logical design for dual-
emissive materials. We also found that the affinity between POSS and polymers is responsible for main-
taining the emission color balance at high temperatures. It was observed that POSS substituted with bulky
groups can hybridize with conjugated polymer chains, and that the thermal behavior of the polymer is
dominated by the POSS. As a result, the thermal stability can be enhanced. We revealed the origin of the
thermally stable white-light luminesce properties of POSS hybrids based on two aspects.

By connecting organic dyes to POSS, various functional optical
materials and sensors can be created.’®° In addition, the
thermal stability of the dyes can be enhanced.”” >’

for constructing modern optoelectronic materials owing to
their unique material, electrical and optical properties.'™
However, the durability of organic materials including conju-
gated polymers is generally lower than that of inorganics.
Therefore, it is still strongly required to reinforce the durability
and extend the lifetimes of organic devices. To meet these
demands, we have focused on the formation of hybrid
materials with polyhedral oligomeric silsesquioxane (POSS).
POSS is an organic-inorganic hybrid molecule consisting of a
cubic silica core and organic substituents at eight vertices.®™*
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Furthermore, by selecting appropriate substituents, it is poss-
ible to tune various physical properties, such as miscibility in
polymer matrices. In particular, the thermal stability of
polymer matrices can be enhanced by simple mixing with
POSS because of the suppression of molecular motions by
POSS.* % Some POSS derivatives can even show high miscibil-
ity with n-conjugated polymers, and the resulting polymer
hybrids can act as thermally stable luminescent materials.**™**
Therefore, we have regarded POSS derivatives as a versatile
element-block, which is a minimum functional unit contain-
ing a heteroatom, for creating designable hybrid materials
through facile preparation methods.***°

White-light-emitting materials are versatile for a variety of
applications, such as surface light source illuminators that
cast few shadows and lightweight car lamps in motor
vehicles.’® There are several strategies for preparing white-
light-luminescent materials based on dye-encapsulated
micelles® ™" or vesicles,”>>” hybrids containing various
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dyes,”®®* fixation into gels,** °® and arrangement with metal-
organic frameworks.®””> To induce white-light emission, it is
essential to mix two or more luminophores in a single material
and preserve their luminescence properties in the condensed
state of the material. In these multiple-dye-doped materials,
critical phase separation occasionally occurs during manufac-
turing or at the elevated temperatures caused by device oper-
ation. Therefore, it is still challenging to enhance the thermal
durability and suppress the degradation of white-light lumine-
scence at high temperature.

In a previous report, we demonstrated that a hybrid film
composed of 10 wt% poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) and 90 wt% tetrapheny-
lethene-tethered POSS (TPE-POSS) exhibited white-light
luminescence consisting of dual-emission properties originat-
ing from the emission band of TPE-POSS and that of
MEH-PPV.* In particular, the hybrid film retained white-light
luminescence even at high temperature without unexpected
changes in the intensity ratios of the emission bands.
Although we observed these intriguing thermo-optical pro-
perties of POSS hybrid materials, the origin of these unique
properties was unclear. To achieve control of their optical pro-
perties and the further improvement of their thermal stability,
it is essential to comprehend the mechanism and explore
further combinations of POSS derivatives and conjugated
polymers.

In this report, we prepared hybrid films containing various
combinations of a series of luminophore-tethered POSS fillers
and conjugated polymer matrices. From optical measure-
ments, we clarified the rule for obtaining dual-emission to
produce white-light emission. Based on this information, we
demonstrated how to predict optical characteristics based on
the optical data of the components. Moreover, from thermal
analyses, we obtained the structure-property relationship for
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Fig. 1 Chemical structures of POSS derivatives.
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explaining the thermal stability of white-light emission. Based
on the optical and thermal studies, we propose the origin of
the thermally stable white-light emission of POSS-conjugated
polymer hybrids.

Results and discussion
Synthesis and sample preparation

The hybrid films were prepared according to the following pro-
cedure. Fig. 1 shows the structures of the POSS derivatives
(TPE-POSS, DPFL-POSS, DPA-POSS, TPA-POSS, BT-POSS, Btz-
POSS, anth-POSS, and DA-POSS) used in this study. We also
prepared N-propylmethanimine-modified models for compari-
son and polymers as a matrix (Fig. S1 and S27). Each POSS was
obtained in high isolated yield through the condensation reac-
tion of octakis(3-aminopropyl) POSS hydrochloride (Amino-
POSS) and the corresponding aromatic aldehyde.”>”* The
model compounds were prepared using the same conden-
sation reaction between propylamine and the respective aro-
matic aldehydes. The luminescent =n-conjugated polymer
MEH-PPV was synthesized according to the Glich route.**”>7¢
Poly(9,9-dihexylfluorene-2,7-diyl) (PF) and poly[2,1,3-ben-
zothiadiazole-4,7-diyl(3,3"-didodecyl[2,2"-bithiophene]-5,5"-

diyl)] (PDA) were synthesized by cross-coupling polymeriz-
ation. Poly(3-hexylthiophene-2,5-diyl) (P3HT) was prepared
according to a method in the literature.”” The molecular
weights were determined using size-exclusion chromatography
with polystyrene standards and chloroform as an eluent. All
polymers had sufficient molecular weights to show good film
formability and sufficient length to exclude molecular-weight
effects on the electronic properties of the polymers. The struc-
tures of all new compounds were confirmed using 'H, "*C and
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?9Si NMR spectroscopy (Charts $1-S417), high-resolution mass
spectrometry and elemental analyses.

Hybrid films were fabricated using a spin-coating method
(1000 rpm, 30 s) on quartz substrates (0.9 cm x 5 cm) from the
chloroform solutions. The concentration of polymers in
chloroform was fixed at 1.0 mg per 300 pL. The concentration
of POSS derivatives or model compounds in chloroform was
also 1.0 mg per 300 pL for preparing neat films. The optical
properties of the POSS derivatives and polymers are summar-
ized in Tables S1 and S2.7 The POSS derivatives and polymers
are expected to act as energy donors and acceptors, respect-
ively, except for DA-POSS and PF. For each combination,
hybrid films containing 0, 50, 90, and 100 wt% POSS deriva-
tives were prepared. We obtained homogenous thin films, indi-
cating that POSS-conjugated polymer hybrids can be obtained
from the various combinations, and used them for further
measurements (Fig. S31). Although the luminophores are con-
nected by imine bonds, which can potentially be hydrolyzed,
the hybrid films can be handled and stored stably in air.
Owing to the radially arranged hydrophobic luminophores on
POSS, degradation could be suppressed by the restricted acces-
sibility of water molecules.

Evaluation of dual-emission properties

For almost all the combinations, the hybrid films showed
brighter emission with higher POSS content (Table 1, Fig. S4
and S57). Some combinations exhibited dual emission at
90 wt% POSS content, while others showed only POSS emis-
sion or polymer emission. MEH-PPV showed dual emission in
the presence of TPA-POSS, whereas only polymer emission
was observed from the BT-POSS hybrids. P3HT showed dual
emission with BT-POSS, although only POSS emission was
detected from the TPA-POSS hybrids. These differences
seemed to result from the differences between the quantum
yields of the components. To examine the relationships
between the dual emission properties and &gy, the optical
properties of the film samples for each combination were
investigated (Fig. 2). The data can be classified into three
areas: I (@poss > Ppolymer)s 11 (Pross = Ppolymer) and III (Ppogs <
Dpolymer)- In area I, the hybrid films showed only the emission
band of POSS even when they contained 90 wt% POSS.
According to our previous report, POSS should form domains
in polymer matrices.*® As a result, energy transfer should be
disturbed. In area III, only the emission band attributable to
the polymer was observed regardless of the POSS content.
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Fig. 2 Plots of the emission efficiencies of hybrid films containing
POSSs. The horizontal and vertical axes represent @gimpolymer and
Drim.poss, respectively. The samples in area |l showed dual emission
from both the POSS and polymer. The samples in areas | and Ill showed
emission from only the POSS or only the polymer, respectively.

This is because the luminescence ability of the energy donor
should be too weak to exhibit its own emission after energy
transfer. In area II, it should be noted that dual emission
from both the POSS and the polymer was detected when the
POSS content was over 50 wt% (PDA or P3HT hybrid films) or
90 wt% (MEH-PPV hybrid films). It is suggested that, similarly
to the samples categorized in area I, the energy transfer from
POSS should be suppressed, and the emission from POSS can
be detected.

To investigate the influence of POSS on luminescent pro-
perties, hybrid films were prepared with model compounds
and other polymer matrices (Fig. S6-S8, Tables S3 and S47).
Using the same method as that for preparing POSS hybrids,
film samples containing 0, 50, 90, and 100 wt% of each model
compound were fabricated. Interestingly, the films showed
dual emission or only polymer emission. In light of the fact
that the hybrid films containing POSS tended to exhibit dual
emission or only POSS emission, these results can also be

Table 1 Luminescence behaviors of the combinations of POSSs and polymers?

TPE-POSS TPA-POSS DPA-POSS BT-POSS anth-POSS DPFL-POSS Btz-POSS
MEH-PPV o o o) n n n n
PDA o o — o b —b ]
P3HT | O — o — b —r

“Circles indicate combinations that showed dual emission from both the POSS and polymer. White and black squares indicate combinations
that showed the emission from only the POSS or only the polymer, respectively. Various contents of POSS (0, 50, 90, and 100 wt%) were loaded

for testing each combination. ? The test was not conducted.

This journal is © The Royal Society of Chemistry 2025
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explained by the formation of domain structures, similar to
our previous results.*® In the case of the hybrids including
model compounds, the luminophores and polymer chains can
interact. As a result, efficient energy transfer should proceed in
the film, resulting in emission annihilation of a single lumino-
phore molecule. In contrast, the bulky structure of the POSS
core makes it likely that each luminophore will be isolated
from the polymer chains at the molecular level. Moreover,
POSS forms domain structures with sizes of several tens of
nanometers in the polymer matrices.*> Consequently, in the
presence of POSS, energy transfer should be restricted in the
films, and dual emission can be induced.

Next, we also investigated reverse energy transfer between
PF and DA-POSS, which should act as an energy donor and
acceptor, respectively. The values of @pgfiim and Ppaposs,film
are 13% and 2%, respectively, and this combination is found
in area II in Fig. 2, meaning that white-light dual emission can
be expected. To confirm the validity of this estimation, the
hybrid films were prepared using the same method as previous
examples with variable content of DA-POSS (0, 10, 25, 50, 75,
90, and 100 wt%), and their optical properties were investi-
gated. Accordingly, as seen in Fig. 3, white-light luminescence
was detected from the film containing 10 wt% of DA-POSS.
This result indicates that dual emission can be realized if the
balance of @yonor,film aNd Pucceptor,fitm 1S Optimized.

Influence of thermal stability of color balance

First, to investigate the contribution of each material to the
thermal stability of the color balance of the white-light emis-
sion reported in the previous study, we evaluated the effect of
thermal stability by replacing the individual components in
the hybrid film based on TPE-POSS and MEH-PPV. Instead of
TPE-POSS or MEH-PPV, TPA-POSS or PDA was used, respect-
ively. The emission spectrum with changing temperature was

—
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Relative intensity (a.u.)
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450
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Fig. 3
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monitored, and the emission intensities from the POSS and
polymer moieties were plotted versus temperature. As shown in
Fig. 4, the hybrid film with 90 wt% TPA-POSS and 10 wt%
MEH-PPV exhibited low thermal stability in terms of color
balance. The emission bands decreased individually with
heating. Conversely, the film containing 90 wt% TPE-POSS and
10 wt% PDA showed the desired thermally stable emission be-
havior (Fig. 5). The emission of TPE-POSS and PDA attenuated
in a concerted fashion in the film, similar to the film consist-
ing of TPE-POSS and MEH-PPV in the previous report
(Fig. S91).** The partial emission peak shift of PDA around
676 nm with increasing temperature should be attributed to
the intramolecular conformational change of the polymer
main-chain. As the intermolecular main-chain interactions are
suppressed by bulky POSS, the spectral changes should be
small and hardly affect the color balance of the white-light
emission. In the hybrid film with the model compound, the
concerted decrease in the emission intensity with increasing
temperature was not observed (Fig. S10 and S117), similarly to
in our previous report.** These results imply that TPE-POSS
could play an important role in maintaining color balance at
high temperatures.

TPE-POSS has several distinctive characteristics, namely, a
bulky steric structure, aggregation-induced emission pro-
perties, and affinity with & surfaces.*® To elucidate which pro-
perties were important to the thermally stable color balance,
other POSSs with one of the same properties as TPE-POSS were
hybridized with MEH-PPV, and their optical and thermal pro-
perties were evaluated. DPFL-POSS, which has a bulky steric
structure similar to that of TPE-POSS, and BT-POSS, which is
expected to have a higher affinity with = surfaces than
TPE-POSS, were applied. The color balance of the hybrid films
with changing temperature was monitored to clarify the POSS
substituent effect on thermal stability.

(b)

Content of DA-POSS (wt %)
90

0 10 25 &0 75 100

13.5 33.9 38.8 40.7 28.2 13,5 1.5
Quantum yield (%)

(a) Relative photoluminescence spectra of PF and DA-POSS hybrid films excited at Aapspr (385 nm). Numbers in the legend indicate the

content ratios of DA-POSS. (b) Photos of PF and DA-POSS hybrid films irradiated by a UV lamp (365 nm).
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MEH-PPV in the hybrid film containing 10 wt% MEH-PPV and 90 wt% TPA-POSS.
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Fig. 5
the hybrid film containing 10 wt% PDA and 90 wt% TPE-POSS.

Fig. S121 shows the emission spectra and peak-top decay
plots at various temperatures for hybrid films containing
90 wt% BT-POSS and 10 wt% MEH-PPV. The emission of
MEH-PPV decreased with increasing temperature until 375 K
and then increased. This behavior was similar to the emission
decay of MEH-PPV in the neat film (Fig. S131) and TPA-POSS
hybrid film (Fig. 4). In these films, the emission intensities
decreased or remained the same until 375 K, then increased
until 425 K, and then decreased again. This behavior indicates
that MEH-PPV retains its bulk characteristics, and that

This journal is © The Royal Society of Chemistry 2025

(b)

1 * ® Emission of PDA
(676 nm)
X Emission of TPE-POSS
0.8 A § (492nm)
o
0.6 - X O
X
0.4 A
(]
X
0.2 1 Qe o
X x
0 T r T T T i
300 350 400 450 500
Temp. (K)

(a) Variable-temperature emission spectra with excitation at 330 nm and (b) intensity ratios at 492 nm for TPE-POSS and 676 nm for PDA in

MEH-PPV and POSSs exhibit their optical thermal properties
individually. Hence, these materials do not preserve the color
balance at high temperature.

In the case of the hybrid film containing 90 wt%
DPFL-POSS and 10 wt% MEH-PPV, due to the almost complete
lack of luminescence from DPFL-POSS, we were unable to plot
the peak tops of DPFL-POSS emission (Fig. S1471). In this film,
the emission of MEH-PPV decreased monotonically. This
decrease is similar to that of the TPE-POSS hybrid film, as
shown in Fig. S9.1 The emission of MEH-PPV in the TPE-POSS

Polym. Chem., 2025, 16, 1813-1821 | 1817
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hybrid film decreased more drastically than that in the
DPFL-POSS hybrid film. This is explained by its energy
donation ability. As TPE-POSS is more luminescent than
DPFL-POSS, MEH-PPV has a relatively higher emission inten-
sity at 300 K in the TPE-POSS hybrid film than in the
DPFL-POSS hybrid film. As a result, the difference between its
intensity at 300 K and 500 K is larger compared to that of the
TPE-POSS hybrid. Based on the similarity between the
TPE-POSS and DPFL-POSS hybrid film, the bulky steric substi-
tuents of the POSS should be regarded as the key to the ther-
mally stable color balance. In the hybrid film, MEH-PPV
should be isolated by the surrounding excess bulky POSS, and
its thus, its bulk characteristics as a polymer are no longer
observed. Therefore, it is likely that the molecular motion of
MEH-PPV should be restricted by the POSS. At high tempera-
tures, it is proposed that the emission intensities of MEH-PPV
and TPE-POSS could decrease concertedly when molecular
motions occur in the POSS units due to heating.

To gather information on the isolation effect on the polymer
chains, differential scanning calorimetry (DSC) measurements
were performed. The films were fabricated by the drop-casting
method. Fig. S15F shows the DSC curves of the MEH-PPV neat
film and hybrid films containing 10 wt% MEH-PPV and
90 wt% POSS derivatives. The shape of the endothermic peak
in the DSC curve, which is assigned to the glass transition, was
distinctive. Compared with the MEH-PPV neat film, the hybrid
films with non-bulky POSSs such as TPA-POSS and BT-POSS
showed sharp peaks, indicating that the relaxation time of
MEH-PPV should be little affected by the POSS. In contrast,
relatively broad endothermic peaks were observed for the
hybrid films containing the bulky POSS derivatives such as
TPE-POSS and DPFL-POSS, meaning that the distribution of
the relaxation time should be widened due to hybridization.
The fact that the difference in the relaxation times of the poly-
mers is dispersed means that the properties of the polymer
chains are not averaged, in other words, the MEH-PPV chains
could be well separated in these hybrid films.

& '@
TPE-POSS ¥

emission @
Rd

_® .7 energy
transfer

Bulky POSS
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To estimate the affinity between a polymer and filler, the
Flory-Huggins interaction parameters (y) are often used.”®™®”
As has been conducted in several studies, the interaction para-
meters were calculated from the contact angles (Tables S5-S7
and Fig. S167).5"% To qualitatively discuss the affinity
between the POSS derivatives and MEH-PPV, we estimated the
interaction parameter using this indirect method. The trend in
the interaction parameters reasonably explains the relation-
ship between the affinity and bulkiness of the substituents on
the POSS. The derivatives having bulky substituents, including
TPE-POSS, DPFL-POSS and DPA-POSS, show relatively smaller
JmEn-ppvposs values, while those with less-bulky substituents,
including TPA-POSS, BT-POSS, anth-POSS and Btz-POSS,
exhibit larger ymen-ppv,poss values. Based on these results, it is
suggested that bulky substituents show a positive effect in
improving affinity toward polymer chains, leading to the iso-
lation of the polymer chains (Fig. 6). In this state, the mole-
cular motions of the polymer chains are dominated by POSS,
and therefore, the emissions of the polymer chains can be
annihilated correspondingly with the decrease in the emission
intensity of the POSS by heating. Moreover, it should be noted
that the POSS derivatives having bulky substituents are favor-
able for controlling the thermo-optical properties of the
polymer by hybridization.

In summary, the structure-property relationship for the
thermo-optical properties in POSS hybrid materials is
explained as follows. As shown in Fig. 6, the bulky substituents
on the POSS derivative promote the hybridization of the POSS
with polymer chains. In this state, the polymer chains are iso-
lated from each other, and the properties of the bulk materials
should no longer be observed. In particular, the degree of
molecular motion is determined by the surrounding POSS
molecules. Therefore, the thermal decay of the emission inten-
sity from the polymer chains proceeds monotonically, corres-
ponding with that of the POSS, and the ratio between their
emission intensity is maintained during the luminescence
decay of the overall hybrid material. Thus, the hybrid film

MEH-PPV
emission

Not bulky POSS

Fig. 6 Schematic models of hybrid films containing a bulky-group-substituted POSS (such as TPE-POSS) and a less-bulky-group-substituted POSS

(such as TPA-POSS).
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maintains the color balance of the white emission even at high
temperatures.

Conclusion

In this study, the key factors for the unique phenomenon of
thermally stable white-light luminescence were revealed using
two approaches: the origin of the dual emission and that of
the thermally stable color balance. The balance between the
luminescence quantum yields of the POSS and the polymer,
which can act as a donor and an acceptor in the energy trans-
fer system, respectively, has been found to be important.
When one is much larger than another, emission is only
observed from one component. If both values are similar, dual
emission from both the POSS and polymer components can be
detected. In other words, the dual-emission properties of the
hybrid materials can be predicted based on the relative magni-
tudes of Pposs fim and Ppolymer,fiim- We also found that the
affinity between the POSS and polymers is the key to maintain-
ing the emission color balance at high temperatures. DSC
measurements revealed that POSS derivatives containing bulky
substituents have good affinity with polymers. When such
POSS derivatives are hybridized with a polymer, the thermal
behavior of the polymer is dominated by the POSS. Polymers
hybridized with a bulky POSS cannot behave as bulk materials
and are influenced by the surrounding POSS. The emission
from the polymer decreases monotonically upon heating, and
the behavior corresponds to the decay of the POSS. As a result,
the hybrid film, as a single material, decreases in emission
without change in its emission color. Flory-Huggins inter-
action parameters (y) are available for estimating the affinity of
several POSSs toward MEH-PPV. This means that by using
XPOss,polymer; it 1S possible to predict whether a hybrid material
will maintain its color balance when heated. Our findings may
have potential applications in developing thermally stable
light emitters as well as for tailoring the properties of
materials based on hybrids by designing POSS structures.
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