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Abstract
Thermally stable dual emission followed by white-light luminescence from hybrid
materials is reported. Hybrid films were prepared with a spin-coating method with the
mixture solution containing tetraphenylethene (TPE)-integrated polyhedral oligomeric
silsesquioxane (POSS) and poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene
vinylene] (MEH-PPV). TPE-tethered POSS (TPE-POSS) showed high compatibility
with MEH-PPV. Therefore, homogeneous films with variable concentrations of
TPE-POSS were obtained. Owing to well dispersion of rigid silica cubes into matrices,
POSS-containing films demonstrated high thermal stability toward molecular
rearrangement by annealing as well as pyrolysis, similarly to conventional polymer
hybrids. Furthermore, it was found that TPE-POSS was able to enhance emission
efficiencies probably by suppressing chain aggregation. By modulating introduction
ratios of TPE-POSS, dual-emission properties followed by white-light luminescence
composed of cyan and orange emissions from TPE-POSS and MEH-PPV,
respectively, were accomplished. It should be noted that these color balances can be
preserved even in the high temperature region (425 K). Finally, white-light

luminescent materials with thermal durability were obtained.



Introduction

Polymeric materials with white-light emission have tremendous attention as a
promising platform for realizing paper-type illumination.! In principle, combinations of
two or three-types of different colors are necessary for generating white light.>™
Therefore, in the material design, the key point is to maintain a color balance suitable
for white emission. So far, several strategies have been proposed, such as encapsulation
into micelles®” or vesicles,!°!? host-guest interactions,'>" !¢ fixation into gels,'” !
arrangement with metal organic frameworks (MOF).??2® White-light emission from a
single luminophore has been also realized by the assortment of different emission
mechanisms.? ¥

Thermal stability of the emitting material is one of essential factors to fabricate robust
devices.** In particular, since the material performance consisting of several
components is often spoiled by temperature changes due to activation of molecular
motion followed by phase separation, it is important not only to realize mixing state but
also to maintain original states.*! Previously, we reported the preparation of thermally
and chemically stable hybrids with white-light emission with three-kinds of different
luminophores.*? The light-emitting components were anchored into each component for
separating each other and preventing from intermolecular interaction as well as energy
transferring. However, due to severe conditions in conventional sol-gel reactions, where
polar solvents and acid or base catalysts are required, degradation frequently occurred.
Thus, it is still challenging to apply functional polymers in the hybrid formations
without degradation of optoelectronic properties and non-specific aggregation. The

cohesive forces of m-conjugated polymers are too strong to preserve homogeneous states

at the molecular level during hybrid formations.



In order to homogeneously mix m-conjugated polymers and other components, we
have focused on polyhedral oligomeric silsesquioxane (POSS).**™* POSS is organic—
inorganic hybrid molecules consisting of a cubic silica core and organic substituents at
eight vertices. The unique three-dimensional structure consisting of organic and
inorganic components is regarded as a versatile element-block,*** which is the
minimum functional unit including heteroatoms, for producing designable hybrid
materials according to the preprogrammed design.’®® Indeed, we have constructed
homogeneous hybrid materials with #@-conjugated polymers based on
luminophore-integrated POSS® through facile mixing in solution without sol-gel
reactions.®®%’ In particular, we found that the dendritic-arranged substituents on POSS
led to low crystallinity and high compatibility to m-conjugated polymers. The resulting
hybrid materials based on POSS showed high thermal stability and intense emission
from m-conjugated polymers owing to light-harvesting effect of the POSS through
fluorescence resonance energy transfer (FRET).5668

Herein, in order to obtain thermally stable dual emission leading to white-light
emission, we constructed hybrid materials with imino-tetraphenylethene-integrated
POSS (TPE-POSS) and poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene]
(MEH-PPV).% Tetraphenylethene (TPE) derivatives are well known as a unique
luminophore showing aggregation-induced emission (AIE).”” Since the class of
AlE-active molecules is emissive by the restriction of molecular tumbling under
condensed conditions, TPE is expected to be an efficient solid-state emissive source.”!
Complementary emission colors with TPE-POSS (cyan emission) and MEH-PPV
(orange emission) have the appropriate relationship for generating white-light emission.

In particular, by connecting to the rigid silica cube, solid-state emission properties of



TPE could be greatly enhanced followed by dual emission even in the condensed state
with conjugated polymer matrices. Therefore, robust hybrids with white-light emission
could be obtained by employing POSS. On the basis of these speculations, we prepared
the series of hybrids based on POSS through solution methods and evaluated optical and

thermal properties.



Materials and Methods

Materials. Propylamine, potassium fert-butoxide (tert-BuOK) were purchased from
Tokyo Chemical Industry Co, Ltd. Methanol (MeOH), acetone, hexane, chloroform
(CHCI3) were purchased from FUJIFILM Wako Pure Chemical Industries, Ltd. and
used without purification. Tetrahydrofuran (THF) (FUJIFILM Wako Pure Chemical
Industries, Ltd.) and triethylamine (Et3N) (Kanto Chemical Co., Inc.) were purified by
passage  through  solvent purification columns under N>  pressure.
Octakis(3-aminopropyl) POSS hydrochloride (Amino-POSS),”
4-(1,2,2-triphenylethenyl)benzaldehyde (1),  1,1,2,2-tetraphenylethene  (TPE),”
1,4-bis(chloromethyl)-2-(2'-ethylhexyloxy)-5-methoxybenzene’”>  were  synthesized
according to literature.

Methods. 'H, 1*C and ?°Si NMR spectra were recorded on JEOL EX400 and AL400
instruments at 400, 100 and 80 MHz respectively. Samples were analyzed in CDCls.
The chemical shift values were expressed relative to Me4Si as an internal standard in
CDCIs. Analytical thin layer chromatography (TLC) was performed with silica gel 60
Merck F254 plates. Column chromatography was performed with Wakogel® C-300
silica gel. High-resolution mass (HRMS) spectrometry was performed at the Technical
Support Office (Department of Synthetic Chemistry and Biological Chemistry, Graduate
School of Engineering, Kyoto University), and the HRMS spectra were obtained on a
Thermo Fisher Scientific EXACTIVE spectrometer for Matrix Assisted Laser
Desorption/Ionization (MALDI) and a Thermo Fisher Scientific EXACTIVE
spectrometer for atmospheric pressure chemical ionization (APCI). UV-vis spectra
were recorded on a SHIMADZU UV-3600 spectrophotometer, and samples were

analyzed at room temperature. Fluorescence emission spectra were measured with a



HORIBA JOBIN YVON Fluorolog—3 spectrofluorometer and an Oxford Optistat DN
for temperature control. Absolute photoluminescence quantum efficiency (®pr) was
recorded on a Hamamatsu Photonics Quantaurus-QY Plus C13534-01. Elemental
analyses were performed at the Microanalytical Center of Kyoto University.
Thermogravimetric analysis (TGA) was recorded on a Hitachi High-Tech Science
Corporation. TA STA7200RV. Scanning electron microscopy (SEM) recorded on a
JEOL JSM-6610A.

Synthesis and analytical procedures. The detailed synthetic method is reported in
the Supporting Information. Figure 1 shows structures of the synthesized compounds,
TPE-POSS, N-propylmethanimine-modified TPE (TPE-Pr), TPE and MEH-PPV.
TPE-POSS was easily synthesized by a condensation reaction of
octakis(3-aminopropyl) POSS hydrochloride (Amino-POSS) and
4-(1,2,2-triphenylethenyl)benzaldehyde (1) in 86% isolated yield. TPE-Pr was also
prepared by the same condensation reaction of propylamine and 1 quantitatively. The
luminescent m-conjugated polymer MEH-PPV was synthesized according to the
literature.”® We prepared two types of MEH-PPV with different molecular weights (M,
= 64,000 and Mw/M, = 4.8, and M, = 114,000 and Mw/M, = 3.7) determined by
size-exclusion chromatography with polystyrene standards with chloroform as an eluent.
Both polymers had enough molecular weights to show good film formability and
saturated optical properties. In addition, there were no critical differences between these
polymers in the point of providing the thermally stable hybrid films exhibiting
white-light emission through this study. The structures of all new compounds were
confirmed by 'H, *C and ?’Si NMR spectroscopies (Charts S1-S7), a high-resolution

mass spectrometry and elemental analyses.



Preparation of hybrid films. Hybrid films were prepared by a spin-coating method
(1000 rpm, 30 s) on quartz substrates (0.9 cm x 5 cm) from the chloroform solutions.
The concentration of MEH-PPV in chloroform was fixed at 1.0 mg/300 L. Thin films

were required to evaluate proper data of optical properties without saturation.

TPE-Pr

TPE MEH-PPV

Figure 1. Structures of TPE-POSS, TPE-Pr, TPE and MEH-PPV.



Results and Discussion

The content ratios of TPE derivatives to MEH-PPV, which are represented as x in
the abbreviation of samples (TPE derivative-x), were varied from 0 to 90 wt%. From
the photos of the obtained hybrid films, both of absorption and emission colors of
TPE-POSS-x and TPE-Pr-x seemed to be homogeneous (Figures 2A, B, D, E),
whereas those of TPE-x were heterogeneous (Figures 2C, F). It is proposed that
crystallinity and cohesive force of the pristine TPE were too high to hybridize with
MEH-PPV. In contrast, homogeneous state can be realized in the presence of POSS.
From scanning electron microscope (SEM) images, it was also confirmed that there
were no microscale aggregates in TPE-POSS-90 and TPE-Pr-90, meanwhile a phase
separated pattern was observable in TPE-90 (Figure S1A).

To obtain quantitative information from optical spectra, the spectra were normalized
at the peak top of the absorption bands of MEH-PPV. The absorption bands of the
hybrid films derived from TPE-POSS, TPE-Pr, TPE and MEH-PPV were detected at
around 330, 330, 320 and 500 nm, respectively. Those peaks were also monitored in the
non-hybridized pristine samples (Figure S2 and Table S1). Therefore, we selected the
magnitude of absorption at 330 nm for TPE-POSS-x and TPE-Pr-x, and 320 nm for
TPE-x to estimate the loading ratios (Figure S3 and Table S2). To obtain relative PL
spectra, the relative intensity was calculated from absorbances and absolute PL quantum
yields (®pLs) obtained from original PL spectra (Figures S4 to S6 and Tables S3 to S5).
The synthesis, film preparation and calculation details are described in the Supporting

Information.
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Figure 2. Photos of TPE-POSS, TPE-Pr and TPE hybrid films (A, B, C) under room
light, (D, E, F) irradiated by UV lamp (365 nm). Inserted numbers denote content ratios
(wt%) of TPE derivatives. 0 wt% means a pristine MEH-PPV film. Excitation light was
at the wavelengths of absorption maxima. The molecular weight of using MEH-PPV

was My = 64,000, Mw/M, = 4.8.



Thermal properties

To investigate the thermal stability of the hybrids, we estimated decomposition
temperature (74) with a thermal gravimetric analysis (TGA). The results are shown in
Figure 3 and Table 1. The T4 of TPE-POSS (74 = 363 °C) was much higher than those
of TPE-Pr (T4 = 291 °C) and TPE (73 = 211 °C). The extraordinary high thermal
stability of TPE-POSS was stem from the rigid and cubic silica-based inorganic core of
POSS and increase in the molecular weight.%* The stability was inherited to the hybrid
film. From the TGA profiles, pyrolysis occurred in the single step in TPE-POSS-x (74 =
ca. 380 °C), while TPE-Pr-x and TPE-x showed two-step decompositions. The first
one (741) and the second one (72 = ca. 400 °C) were assigned to TPE derivatives and
MEH-PPV, respectively. As a result, Tqis of the hybrid films were at around 170 to
200 °C that was critically lowered thermal stability. Those results clearly represent that
the POSS-based hybridization with simple mixing in solution should be a valid strategy
for obtaining thermally-stable materials, similarly to conventional hybrids prepared

through sol—gel reactions.
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Figure 3. TGA curves of (A) TPE-POSS-x, (B) TPE-Pr-x and (C) TPE-x under N>
(scan rate, 10 °C min!). 0 wt% means pristine MEH-PPV and 100 wt % means pristine
TPE-POSS, TPE-Pr and TPE, respectively. The molecular weight of using MEH-PPV

was My = 64,000, Mw/M, =4.8.

Table 1. Decomposition temperatures of hybrid films with MEH-PPV ¢

X TPE-POSS-x TPE-Pr-x TPE-x
(Wt%) T4¢ (°C) Ta1 € (°C) Te 4 (°C) Tar € (°C) T ? (°C)
0 397 - 397 - 397
10 390 191 395 173 396
25 384 214 398 178 396
50 372 246 399 189 398
75 377 228 400 197 397
90 381 237 399 200 399

100 363 291 - 211 -

¢ Mn = 64,000, Myw/M, =4.8.

> Pristine TPE-POSS, TPE-Pr and TPE.

¢ Onset temperature of the first degradation curve calculated from an extrapolation
method

4 Onset temperature of the second degradation curve calculated from an extrapolation
method



Optical properties

To evaluate influence of concentrations on optical properties of the films, UV—vis
absorption measurements were executed (Figures 4 and Table 2). From the spectra, the
absorbance originated from TPE-POSS, TPE-Pr and TPE linearly increased in the
hybrid films as rising their content ratios (Figure S3 and Table S2). It should be noted
that significant peak broadening and shifts were hardly observed from the spectra of
TPE-POSS-loaded hybrids, meaning that isolation states of TPE moieties should be

maintained even in the presence of larger percentages of TPE-POSS.

Next, we measured photoluminescence (PL) spectra of the hybrid films (Figure 5
and Table 2). The relative intensity intended to be enhanced as increasing the content
ratio of TPE derivatives, especially in the 75 and 90 wt% hybrid films. It is implied that
degrees of MEH-PPV aggregates might be lowered by the TPE derivatives. This
speculation can be supported by the increases in @prs of MEH-PPV by adding TPE
derivatives. When irradiated with the light at 500 nm, only the MEH-PPV component
is excited even in the presence of TPE and/or other species. Therefore, influence of the
additives on the absolute PL quantum efficiency (®@pr,500) of MEH-PPV can be
evaluated. The emission enhancements were observed by adding TPE-derivatives. The
Dpr 5008 were 9% and 12% for TPE-POSS-75 and TPE-POSS-90, 11% and 19% for
TPE-Pr-75 and TPE-Pr-90, 12% and 12% for TPE-75 and TPE-90, respectively,
while the pristine MEH-PPV film showed lower efficiency (®@pL = 6.5%). As is often
the case with conjugated polymers, the decrease in @pr should be caused mainly by
self-absorption of condensed polymer chains. In comparison to the PL spectrum of

MEH-PPV in solution, the bathochromic shift was observed in film, strongly



suggesting that aggregation should occur in the condensed state (Figure S2D). By
loading TPE derivatives, chain entanglements could be released, resulting in emission

enhancement.

TPE-Pr-x exhibited the single emission band attributable to luminescence from
MEH-PPV (Figure 5B). It is likely that FRET should efficiently proceed in the
condensed state from TPE-Pr to the MEH-PPV matrix because of well overlapping
between the emission spectra of TPE-derivatives and the absorption spectrum of
MEH-PPV (Figures S2B and S2D). Estimated FRET efficiencies from the PL spectra
were 100% though the all TPE-Pr containing hybrid films (Table S7). From the
excitation spectra monitored at the peak wavelength of the emission band, contribution
of the TPE absorbance area clearly supported the occurrence of energy transfer (Figure
S7). In contrast, TPE-POSS-x (x = 75 and 90) and TPE-x (x = 10 to 90) showed dual
emissions consisting of the emission bands of TPE-POSS and TPE with the peak
around 480 nm and 440 nm, respectively, and MEH-PPV around 590 nm (Figures 5A
and 5C). In this case, calculated FRET efficiencies from the PL spectra decreased to be
99~95% under the dual emissions (Tables S6 and S8). In particular, TPE-POSS-90
demonstrated white emission originating from the fine combination of the
dual-emission bands according to the CIE coordinate ((x, y) = (0.43, 0.40), Figure S8
and Table S9). Considering that the phase separated SEM image of TPE-90 (Figure S1),
each phase should provide intrinsic emission bands independently. As a result,
dual-emission properties were obtained from TPE-x (x = 50, 75 and 90). In the case of
POSS hybrid films, although significant inhomogeneity was hardly observed even in

TPE-POSS-90, most of TPE-POSS should be far from MEH-PPV. Thus, the TPE



moiety can provide intrinsic emission in film.
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Figure 4. UV—vis absorption spectra of (A) TPE-POSS, (B) TPE-Pr and (C) TPE
hybrid films. 0 wt% means a pristine MEH-PPV film. The spectra were normalized by
absorption maxima of MEH-PPV. The molecular weight of using MEH-PPV was M, =

64,000, Myw/M, =4.8.
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Figure 5. Relative PL spectra of (A) TPE-POSS, (B) TPE-Pr and (C) TPE hybrid
films, excited at 330 nm. Inserted numbers denote content ratios of TPE derivatives. 0
wt% means a pristine MEH-PPV film. Excitation light was at the wavelengths of
absorption maxima. The molecular weight of using MEH-PPV was M, = 64,000,

My/Mn =4.8.



Table 2. Optical data of hybrid films with MEH-PPV ¢

TPE-POSS-x TPE-Pr-x TPE-x
(w)t(%) Aabs ArL DpL330 DrLs00 Aabs ArL DpL330 DrL500 Aabs ArL DpL330 DpL 500

(nm) (nm)* (%) (%) (nm) (nm)” (%) (%) (nm) (nm)” (%)’ (%)°
0 497 583 7.3 6.5 497 583 7.3 6.5 497 583 73 6.5
10 330, 502 585 6.7 6.5 333, 506 582 5.2 52 328,502 583 6.5 6.7
25 330, 498 582 6.9 6.6 336, 506 581 5.6 54 329,502 439, 586 7.7 7.6
50 329, 501 584 7.1 7.5 336, 508 582 5.8 5.6 330, 503 438, 587 7.6 8.3
75 329, 507 485, 591 9.5 9.0 330, 511 576 10 11 320, 507 434, 594 12 12
90 330, 511 479, 590 13 12 328, 512 575 18 19 320, 501 434,593 11 12

“ My = 64,000, Mw/M, = 4.8
b Excited at 330 nm.

¢ Excited at 500 nm.



To evaluate thermal enhancement to luminescent properties by the POSS-based
hybridization, we monitored PL spectra with TPE-POSS-90, TPE-Pr-90 and TPE-90
by annealing at 60 °C for 12 h (Figures 6 and S9). After the heating treatments, crucial
changes in emission bands were observed from the films in the absence of POSS,
meanwhile the shape of the PL spectrum can be preserved in TPE-POSS-90, meaning
that POSS can play a critical role in improving thermal robustness of luminescent
properties. Regarding spectrum changes, we also detected larger intensity from the
annealed MEH-PPYV film than that of the pristine one (Figure S10). It is proposed that
inhomogeneity in TPE-90 should be enlarged by annealing (Figure S1B), followed by
emission enhancement through the polymer chain rearrangement. In the case of
TPE-Pr-90, the sharp emission band probably caused from an independent polymer
chain was obtained before the treatment. It is assumed that the annealing promoted
polymer aggregation, resulting in apparent bathochromic shift of absorption (Figure
S9B) and emission as well as decrease in intensity. We also examined PL spectra in the
much higher temperature region from 300 K to 500 K (Figures S11 and S12). The
emission intensity was reduced by increasing temperature. It is because thermal motion
should be activated, and excitation states are readily decayed.***** The impressive point
was that the two components of dual emission of TPE-POSS-90 simultaneously
decreased by elevating temperature (Figure S12A). This should be because radially
integrated bulky phenyl substituents with no alkyl chain of TPE-POSS suppress intra-
and intermolecular interactions (Figure S2A), and they can provide stable circumstances
against external stimulation. Consequently, MEH-PPV surrounded by TPE-POSS is
protected from morphological change and thermal quenching behavior of MEH-PPV

followed that of TPE-POSS.
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Figure 6. Relative PL spectra of (A) TPE-POSS, (B) TPE-Pr and (C) TPE hybrid
films before and after annealing, excited at 330 nm. Annealing was carried out at 60 °C
for 12 h under vacuum condition. The molecular weight of using MEH-PPV was M, =

114,000, Myw/My =3.7.



Thermally stable white-light luminescent materials

Finally, we demonstrate thermal durability of while-light emission in the POSS
hybrid films. In general, the color balance to exhibit white light is easily altered in the
dye-mixture materials by heating because each emission property has different
sensitivity toward environmental changes and is independently degraded. In contrast,
both of TPE-POSS and MEH-PPV had high thermal stability and showed
simultaneous degradation behaviors by heating as shown above. From these data, we
presumed that the POSS-based hybrids TPE-POSS-x could provide white-light
emission in the wide temperature ranges. Initially, by modulating the introduction ratio
of TPE-POSS in the MEH-PPV matrix, color balance was tuned according to the CIE
coordinates. Accordingly, almost ideal white-light emission properties were obtained
from two samples, TPE-POSS-95 ((x, y) = (0.36, 0.41)) and TPE-POSS-98 ((x, y) =
(0.37, 0.39)). We carried out the variable temperature (VT) PL measurements and
monitored changes in CIE coordinates (x, y) with TPE-POSS-95 and TPE-POSS-98
(Figures 7 and S13). It was demonstrated that the VT PL behaviors were almost same
with that of TPE-POSS-90. The CIE diagrams confirmed that the balance of cyan
emission from TPE-POSS and orange emission from MEH-PPV almost remained at
425 K. Owing to good compatibility of POSS and conjugated polymers, not only
thermal reinforcement but also good dispersion can be accomplished in the high
temperature region. Therefore, the hybrid films having thermally-stable white-light
emission were able to be obtained through facile mixing and painting procedures.

It was noted that the shapes of the spectra were faintly varied from 350 K and that
were critically shown at over 450 K in which the CIE coordinate reached from yellow to

orange region (Figures 7 and S12). The reason might be photodegradation of PL



intensity induced by a photocyclization of the TPE moiety.”” From the evaluation of
repeatability of the VT PL spectra of TPE-POSS-90, the PL intensity was recovered by
a colling process although thermal degradation was partially observed in every cycle
(Figure S14). This means that the reduction of PL intensity by heating was mainly
attributed to thermal quenching. By monitoring the PL intensity at 400 K for 100 min
(Figure S15), it was revealed that gradual thermal degradation of the PL intensity
occurred at high temperature. However, the degradation speed became slow after 50
min heating time, especially in the emission from MEH-PPV at 580 nm (Figure S15C).
Continuous degradation of the emission from TPE-POSS at 480 nm over 50 min
heating time might be caused by the photocyclization accelerated by heating. As a result,
the while-light emissive film changed the color into orange after heating especially over
450 K. The photo-masked area was not influenced by the degradation and still showed

white-light emission after heating at 400 K over 100 min.



(A) (B) o0 (x,y) (©)
® 300K (0.36,0.41)
124 W 325K (0.36,0.41) o o
TPE-POSS-95 * 350K (0.36, 0.42) 25°C 100 °C
— 300K A 375K (0.36, 0.43) -
104 — 325K <« 400K (0.36, 0.44)
~ — 350K ¥ 425K (0.36, 0.44)
4 — 375K — 450K (0.41,0.48)
S 87 X 475K (0.42, 0.51)
2 Tk » 500K (0.42, 0.53)
(=) — 425K y
< 6 450 K
2 475K
§ 41 — 500K
=
2 p
0 - T T T
350 450 550 650 750 .0 O 200 - =
Wavelength (nm) ' ' ’ 70X ’

Figure 7. (A) Variable temperature (VT) PL spectra, (B) CIE diagram and (C) photos
under heating (excited by UV lamp (365 nm)) of TPE-POSS-95. The film samples
were prepared by a spin-coating method from chloroform solutions on quartz substrates.

The molecular weight of using MEH-PPV was M, = 114,000, My/M, = 3.7.



Conclusion

We demonstrate here new advantageous optical property, thermally stable dual
emission. We prepared hybrid films through the facile mixing procedure in solution
composed of TPE derivatives and MEH-PPV. By connecting with POSS, compatibility
of TPE to the conjugated polymer can be greatly improved, and homogeneous hybrid
films were obtained. All POSS-based hybrids showed extremely high thermal stability
toward molecular rearrangement by annealing as well as pyrolysis. Therefore, enhanced
emission efficiencies by the suppression of polymer chain aggregation can be
maintained by heating. It should be emphasized that the hybrid films containing
TPE-POSS showed a thermally stable dual-emission property, and white-light
luminescence was also achieved by modulating mixing ratios. In particular, owing to
thermally stable well dispersion of TPE-POSS, dual-emission properties were also
preserved even in the high temperature region (425 K). Finally, white-light luminescent
materials with thermal durability were obtained. Hybridization with the POSS is
promised to be a simple and versatile method to create color selective and thermally

stable light-emitting materials.
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Synthetic Procedures and Characterization

Synthesis of TPE-POSS

& O C
R R - \ R
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Amino-POSS

Amino-POSS (100.0 mg, 0.085 mmol) was placed in a round-bottom flask equipped with a
magnetic stirring bar. MeOH (10 mL) and EtzN (237 wpL, 1.71 mmol) were added to the flask.
4-(1,2,2-triphenylethenyl)benzaldehyde (1) (0.426 M in THF, 2.0 mL, 0.852 mmol) was added dropwise
to this stirred colorless solution. After the mixture was stirred at room temperature for 2 h, the white
precipitate was washed with MeOH. The residue was purified by reprecipitation with acetone (good
solvent) and —78 °C MeOH (poor solvent) to afford TPE-POSS (261 mg, 0.072 mmol, 86% yield) as a
white solid.

'"H NMR (CDCls, 400 MHz) ¢ 8.10 (s, 8H), 7.41 (d, J = 8.1 Hz, 16H), 7.09-6.98 (m, 136H), 3.50 (t,
J = 6.6 Hz, 16H), 1.75 (m, 16H), 0.64 (t, J = 7.8 Hz, 16H) ppm; '3*C NMR (CDCl;, 100 MHz) 6 160.8,
146.2, 143.5, 143.4, 143.4, 141.7, 1404, 134.3, 131.6, 131.3, 131.3, 131.3, 127.8, 127.7, 127.6, 127.5,
126.7, 126.6, 126.5, 64.1, 24.3, 9.7 ppm; Si NMR (CDCls, 80 MHz) § —66.7 (s) ppm. HRMS (MALDI)
caled. for CasaoH200NgO12Sis [M+H]": 3618.4139, found: 3618.4053. Elemental analysis calcd. for

C240H208NgO12Sis: C 79.61 H 5.79 N 3.09, found: C 78.77 H 5.73 N 3.04.
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Chart S2. *C NMR spectrum of TPE-POSS in CDCl;.
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Synthesis of TPE-Pr

1
AANH, ————————
MeOH
2 reflux, 12 h
quant.

TPE-Pr

1 (100 mg, 0.277 mmol) was placed in a round-bottom flask equipped with a magnetic stirring bar.
MeOH (17.0 mL) was added to the flask and the solution was heated to 70 °C. Propylamine (2) (22.8 4L,
0.277 mmol) was added to this stirred colorless solution. After the mixture was stirred at a reflux
temperature for 12 h, the solvent was removed with a rotary evaporator. The viscous oil was dissolved in
benzene, freeze drying was carried out to afford TPE-Pr (111 mg, 0.277 mmol, quantitative) as a white
solid.

'H NMR (CDCls, 400 MHz) & 8.17 (s, 1H), 7.46 (dd, J = 6.6, 1.7 Hz, 2H), 7.11-7.00 (m, 17H), 3.53
(td, J=7.1, 1.2 Hz, 2H), 1.69 (qt, J = 7.1, 7.1 Hz, 2H), 0.94 (t, J = 7.3 Hz, 3H) ppm; *C NMR (CDCls,
100 MHz) ¢ 160.7, 146.2, 143.5, 143.4, 143.4, 141.7, 1404, 134.3, 131.6, 131.3, 131.3, 131.3, 127.8,
127.7, 127.6, 127.4, 126.6, 126.6, 126.5, 63.6, 24.1, 11.9 ppm. HRMS (APCI) calcd. for C3HzsN
[M+H]": 402.2216, found: 402.2223. Elemental analysis calcd. for C30Hy7N: C 89.73 H 6.78 N 3.49,

found: C 89.60 H 6.78 N 3.26.

S-6



MNNNSOVNFTOTOO OOV T OONANNTT—O WM~ <t ON O 00¢O LO OO <N o
SHYITIINSeCE585833585855555 bbb RRROCEBESS S
CHCls ® =
g ™S
[ & Hzo
1 L_/vu_Jk 4
T T T T T T T T T T T F\)pm
100 90 8.0 70 80 50 40 30 20 10 00 10
Chart S4. 'H NMR spectrum of TPE-Pr in CDCl;.
N OSSN O00MNONOTOO0 o~ © = @ 9
o O™ O v v NP N0 OO P~ [30] < - o
R e R Y RS 8 NI
CDCls,
T™MS
T T T T T T T T T T T T T T T T T T T p\
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10

Chart S5. *C NMR spectrum of TPE-Pr in CDCl;.

S-7



Synthesis of MEH-PPV
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MEH-PPV

A solution of 1,4-bis(chloromethyl)-2-(2'-ethylhexyloxy)-5-methoxybenzene (3) (15.9 g, 47.6 mmol)
in THF (800 mL) was stirred under N> atmosphere. The solution of fer+-BuOK (24.0 g, 214 mmol) in
THF (1200 mL) was added dropwise to this stirred colorless solution. The mixture was stirred at room
temperature under N, atmosphere for 3 d. Then, the orange gel-like solution was diluted with excess THF
and reprecipitated into MeOH. The residue was washed with hexane, MeOH and acetone, and then,
extracted with CHCI3 by Soxhlet extractor to afforded MEH-PPV (7.76 g, 63%) as a red solid. This
reaction was carried out twice to obtain different molecular weight polymers. The molecular weights were
determined by GPC with polystyrene standards with chloroform as an eluent. The first one was M, =
64,000 and M/M, = 4.8, and that of the second one was M, = 114,000 and M,,/M,=3.7.

"H NMR (CDCls, 400 MHz) § 7.52 (br, 1H), 7.19 (br, 1H), 3.95 (m, 5H), 1.83 (br, 1H), 1.54-1.25 (m,
8H), 1.00 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 6.1 Hz, 3H) ppm; *C NMR (CDCIl;, 100 MHz) 6 151.4, 71.3,

56.5,39.9,39.8 30.9, 30.9,29.7,29.3,29.2,24.3,23.1, 14.1, 11.5, 11.4, 11.4, 11.4 ppm.
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Chart S6. 'H NMR spectrum of MEH-PPV in CDCl;.
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Chart S7. *C NMR spectrum of MEH-PPV in CDCl;.
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SEM observations

(A)

TPE-POSS-90 TPE-POSS-90 after annealing
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Figure S1. (A) SEM images of TPE-POSS-90, TPE-Pr-90, TPE-90 and MEH-PPV before (left) and
(B) after annealing (right). The films were prepared by a spin coating method (1000 rpm, 30 s) on the ITO
substrates and then, the films were dried in vacuo for 12 h. Annealing was carried out at 60 °C for 12 h
under vacuum condition. Before annealing, TPE-POSS-90 and TPE-Pr-90 were homogeneous, however
TPE-90 and MEH-PPV were heterogeneous. After annealing, TPE-Pr-90 was slightly phase separated,
meanwhile TPE-POSS-90 preserved the homogeneous image. The molecular weight of using

MEH-PPV was M, = 114,000, M,,/M,=3.7.
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Optical data of compounds in solution and film states
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Figure S2. UV-vis and PL spectra of (A) TPE-POSS, (B) TPE-Pr, (C) TPE and (D) MEH-PPV in
solution (CHCls, 1.0x10° M for TPE-POSS, 1.0x10° M for TPE-Pr, TPE and 1.0x105 M per

repeating unit for MEH-PPYV) and film states (prepared by a spin-coating method (1000 rpm, 30 s) from

CHCI; solution (1.0 mg/300 L)), excited at the wavelength of absorption maxima. The molecular weight

of using MEH-PPV was M, = 64,000, M,,/M, =4.8.

Table S1. Optical data of pristine compounds in solution and film states

solution? film®
Aabs (NM) ApL (nm) DpL (%) Aabs (NM) ApL (Nm) Dpr (%)
TPE-POSS 326 496 <1.0 330 494 31
TPE-Pr 328 491 <1.0 342 498 20
TPE 311 n.d.c n.d.c 332 445 20
MEH-PPV 503 559 31 497 591, 621 6.5

¢ In CHCl3, 1.0x107% M for TPE-POSS, 1.0x107> M for TPE-Pr, TPE and 1.0x1073 M per repeating unit

for MEH-PPV. Excited at the wavelengths of absorption maxima (Aaps)-

b Prepared by a spin-coating method (1000 rpm, 30 s) from CHCI; solution (1.0 mg/300 uL).

¢ Not detected.
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Liner relationships of content ratios and absorbances

404
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Figure S3. Linearity between 44 and content proportion of TPE derivatives to MEH-PPV in the hybrid
films. The plotted values were listed in Table S1. Decision coefficient (R?) is described in the figure. The
molecular weight of using MEH-PPV was M, = 64,000, M,/M, =4.8.

Table S2. The summary of spectroscopic data calculated from Figure 4.

X 0 10 25 50 75 90
Proportion” 0 0.11 0.33 1 3 9
TPE-POSS-x_ 0 0.097 0.12 0.39 1.21 3.44
TPE-Pr-x 0 0.061 0.13 0.45 1.23 3.43

TPE-x 0 0.036 0.067 0.16 0.65 2.12

¢ Proportion was calculated by the equation of (content ratio of TPE derivatives / MEH-PPV).

b The difference of normalized absorbance (normalized at 500 nm, the value = 1) at 330 nm, 44 = A(x
wt%) — A(0 wt%).

¢ The difference of normalized absorbance (normalized at 500 nm, the value = 1) at 320 nm, 44 = A(x

wt%) — A(0 wt%).

S-12



The detail method for estimation of the relative PL spectra

Relative peak intensity (/r) was estimated with the equation (1). The relative PL spectrum is drawn

using the Ir(1) of each hybrid film. /r reflected the maximum performance of the prepared hybrid film if

entire of the hybrid film was homogeneously excited and the resulted emission was perfectly detected.

The parameters calculated from Figures 1, S3 to S5 and Table 1 are shown in Tables S2 to S5. The
molecular weight of using MEH-PPV was M, = 64,000, M,/M, =4.8.

I() = KL

k: correction coefficient

(AX/AO) X ((pPL.x/(pPL.O)

k=

DA

A,: experimental absorbance at excitation wavelength in x wt% film

@y, . : absolute photoluminescence quantum yield in x wt% film

S, : surface area of experimental PL spectrum with wavenumber in x wt% film

I(2) : intensity of experimental PL spectrum at each wavelength (1) in x wt% film

(A) 40,
TPE-POSS-x
351 — 0 wt%
& 3.0 10 wt%
o — 25 Wt%
=251 — 50 wt%
g 20l — T5wt%
> — 90 Wt%
@ 151
g
£ 10
0.5
O p
35 450

550
Wavelength (nm)

650

(B) 25,
TPE-POSS-x
— 0 wt%
201 10 wit%
% — 25 Wit%
§154 —— 50wt%
£ —_ 75 Wt%
2 — 90 wi%
= 101
T
[v'd
] /_-—/\
0 . /. —
750 350 450 550 650 750

Wavelength (nm)

Figure S4. (A) Experimental and (B) relative PL spectra of the hybrid films of TPE-POSS-x excited at

330 nm.

Table S3. Parameters for estimation of relative PL spectra of the hybrid films of TPE-POSS-x

X 0 10 25 50 75 90
A/A* 1 0.95 1.4 2.1 4.9 15.5
Sx/So 1 1.1 1.7 2.5 3.1 10

Dprx/Dpro” 1 0.92 0.95 0.97 1.3 1.7

k 1 0.80 0.76 0.82 2.1 2.6

“ At 330 nm.

b Excited at 330 nm.
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Figure S5. (A) Experimental and (B) relative PL spectra of the hybrid films of TPE-Pr-x excited at 330

nm.

Table S4. Parameters for estimation of relative PL spectra of the hybrid films of TPE-Pr-x

X 0 10 25 50 75 90
AJA* 1 0.80 1.1 2.2 53 11
Sx/So 1 0.54 1.1 1.2 2.7 8.5
Dprx/Dpro” 1 0.71 0.77 0.79 1.4 24
k 1 1.1 0.80 1.5 2.8 3.1

“At 330 nm.

b Excited at 330 nm.
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Figure S6. (A) Experimental and (B) relative PL spectra of the hybrid films of TPE-x excited at 330 nm.

Table S5. Parameters for estimation of relative PL spectra of the hybrid films of TPE-x

X 0 10 25 50 75 90
AJA* 1 0.76 1.0 1.6 3.7 6.0
Sx/So 1 1.2 1.3 2.4 6.0 5.8
Dprx/Dpro” 1 0.89 1.1 1.0 1.6 1.4
k 1 0.57 0.84 0.68 1.0 1.5

“At 330 nm.

b Excited at 330 nm
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Fluorescence resonance energy transfer (FRET) efficiency

Table S6. FRET efficiency of the hybrid films of TPE-POSS-x ¢

X 10 25 50 75 90
Dy? 31.1 31.1 31.1 31.1 31.1
Dy, ¢ 0 0 0 0.2 1.5
E 9% 100 100 100 99.4 95.2

“ MEH-PPV (M, = 64,000, M,/M, =4.8)

b Absolute photoluminescence quantum efficiency of only a donor (TPE-POSS-100), excited at 330 nm.

¢ Absolute photoluminescence quantum efficiency of a donor (TPE-POSS-x) including an acceptor
(MEH-PPYV), excited at 330 nm and integrated from 380 ~ 535 nm.

¢ FRET energy transfer (E): E = 1=,/ Py

Table S7. FRET efficiency of the hybrid films of TPE-Pr-x“

X 10 25 50 75 90
®q4° 20.2 20.2 20.2 20.2 20.2
Dy, © 0 0 0 0 0

E 9% 100 100 100 100 100

“ MEH-PPV (M, = 64,000, M,/M, = 4.8)

b Absolute photoluminescence quantum efficiency of only a donor (TPE-Pr-100), excited at 330 nm.

¢ Absolute photoluminescence quantum efficiency of a donor (TPE-Pr-x) including an acceptor
(MEH-PPV), excited at 330 nm and integrated from 380 ~ 535 nm.

4 FRET energy transfer (E): E = 1-®g4,/ Py

Table S8. FRET efficiency of the hybrid films of TPE-x ¢

X 10 25 50 75 90
®4° 19.8 19.8 19.8 19.8 19.8
Dy ¢ 0 0.2 0.8 0.5 0.9

E % 100 99.0 96.0 97.5 95.4

¢« MEH-PPV (M, = 64,000, M,/M, = 4.8)

b Absolute photoluminescence quantum efficiency of only a donor (TPE-100), excited at 330 nm.

¢ Absolute photoluminescence quantum efficiency of a donor (TPE-x) including an acceptor
(MEH-PPV), excited at 330 nm and integrated from 380 ~ 535 nm.

4 FRET energy transfer (E): E = 1-®q,/ Py
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Excitation spectra
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Figure S7. Excitation spectra of hybrid films, TPE-POSS-x, TPE-Pr-x and TPE-x, monitored at 580 nm.
The spectra were normalized at 500 nm which was the absorption of only MEH-PPV. The contribution
of the TPE derivatives were confirmed by the fact that the ratios of the intensity of TPE-POSS-90,
TPE-Pr-90 and TPE-90 at around 330 nm to that of MEH-PPV at 500 nm increased in comparison to
that of the pristine MEH-PPV film, respectively. The molecular weight of using MEH-PPV was M, =
64,000, My/M,=4.38.

S-17



CIE diagrams
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Figure S8. CIE diagrams of hybrid films, TPE-POSS-x, TPE-Pr-x and TPE-x, excited at 330 nm. The
parameters are shown in Table S6. The molecular weight of using MEH-PPV was M, = 64,000, M,/M, =
4.8.

Table S9. CIE coordinates (x, y) of hybrid films with MEH-PPV (M, = 64,000, M,/M, = 4.8),

TPE-POSS-x, TPE-Pr-x and TPE-x, excited at 330 nm
X 0 10 25 50 75 90

TPE-POSSx  (0.58,0.42) (0.58,0.42) (0.58,0.42) (0.57,0.43) (0.52,0.41) (0.43,0.40)
TPE-Prx  (0.58,0.42) (0.58,0.42) (0.58,0.41) (0.57,0.43) (0.56,0.44) (0.54,0.45)
TPE-x (0.58,0.42) (0.57,0.41) (0.49,0.34) (0.40,0.26) (0.51,0.34) (0.48, 0.36)
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UV-vis absorption spectra before and after annealing
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Figure S9. UV—vis absorption spectra of (A) TPE-POSS-90, (B) TPE-Pr-90 and (C) TPE-90 before and

after annealing. Annealing was carried out at 60 °C for 12 h under vacuum condition.

UV-vis absorption and relative PL spectra of MEH-PPYV before and after annealing
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Figure S10. (A) UV-vis absorption spectra and (B) relative PL spectra of MEH-PPV before and after

annealing. Annealing was carried out at 60 °C for 12 h under vacuum condition. The molecular weight of

using MEH-PPV was M, = 114,000, M.,/M, =3.7.
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Variable temperature (VT) PL spectra of hybrid materials and MEH-PPV
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Figure S11. Variable temperature (VT) PL spectra of (A) TPE-POSS-90, (B) TPE-Pr-90, and (C)
TPE-90 and (D) MEH-PPYV under N, atmosphere. The molecular weight of using MEH-PPV was M, =
114,000, My/M,=3.7.
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Analysis of VT PL spectra of hybrid materials and MEH-PPV
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Figure S12. Intensity ratio of VT PL spectra of (A) TPE-POSS-90, (B) TPE-Pr-90, and (C) TPE-90 and
(D) MEH-PPV. The intensity was monitored at 480 and 580 nm for TPE-POSS-90, at 580 nm for
TPE-Pr-90, at 440 and 580 nm for TPE-90, at 480 nm for MEH-PPV. The VT measurement was started
at 300 K and the temperature increased before a decomposition point determined from a TGA
measurement. The intensity at 300 K was set as standard intensity, 100%. The molecular weight of using

MEH-PPV was M, = 114,000, M,,/M,=3.7.
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VT PL spectra of TPE-POSS-98
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Figure S13. (A) VT PL spectra, (B) CIE diagram and (C) photos under heating (excited by UV lamp (365
nm)) of TPE-POSS-98 under N, atmosphere. The molecular weight of using MEH-PPV was M, =
114,000, My/M, =3.7.
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Repeatability of VT PL spectra of TPE-POSS-90
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Figure S14. Repeatability of VT PL spectra of TPE-POSS-90 monitored at 300 and 400 K during five
heating and cooling cycles with 10 min holding time after annealing at 400 K for 10 min under N,
atmosphere. (A) Relative PL spectra and (B) relative integrated PL intensity. Relative percentage of each

cycle and temperature was estimated based on the integrated PL intensity at 300 K (1st cycle) being 100%.

The molecular weight of using MEH-PPV was M, = 114,000, M,/M,=3.7.
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Thermal degradation PL spectra of TPE-POSS-90 at 400 K
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Figure S15. (A) Thermal degradation PL spectra of TPE-POSS-90 monitored at 400 K after annealing at
400 K for 10 min under N, atmosphere. (B) Relative integrated intensity of PL spectra. Relative
percentage of each time was estimated based on the integrated PL intensity at 400 K (0 min) being 100%.
(C) Relative PL intensity monitored at 480 nm and 580 nm. Relative percentage of each time was
estimated based on the PL intensity at 400 K (0 min) being 100%. (D) Photo of TPE-POSS-90 after the
thermal degradation test. It was clearly observed that the intensity of irradiated area decreased and the
color partially became orange. In contrast, masked area still showed white-light emission after the thermal
degradation test. The photo was pictured under UV irradiation (365 nm). The molecular weight of using

MEH-PPV was M, = 114,000, M,,/M,=3.7.
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