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ABSTRACT: A new bead type and diallyl-POSS based polyfluer@?2) with high symmetrical
structure was synthesized via Heck coupling readtietween oligomeric alkynyl fluoren®X)
and diallyl polyhedral oligomeric silsesquioxand&llyl-POSS). The molecular weight and the
conjugated length oP1 and P2 were well controlled to acquire good solubilitydaaxcellent
optical property. The bead-type POSS based polwvess characterized by gel permeation
chromatography (GPC), FT-IRH NMR and photoluminescence (PL) spectra. High Reism
Transmission Electron Microscopy (HRTEM) micrograpehowed that diallyl-POSS were
uniformly nano-dispersed in the polymer matrix. (Qamed with P1, the POSS-based
polyfluoreneP2 exhibited not only a higher thermal stability, lago an improved photophysical
property in solution and solid states. The incoagion of diallyl-POSS resulted effectively in
inhibiting the strong stacking/dipole—dipole intefan between fluorescent groups in the
polyfluorene. The experimental results indicatet tha bi-functional POSS based light-emitting
polymers with high symmetrical structure can hargagpotential in optical materials and devices,
such as OPV or PLED, etc.
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1. Introduction

" Corresponding authors. Tel: +86-25-83593041; F&8%-25-83621337.

E-mail addresses: jiaxd@nju.edu.cn (X. D. Jia).



Semiconductor light-emitting polymers have attrd@gtensive attention on account of their great
application prospect in the fields of organic pholtage (OPV]1], polymer light-emitting diode
(PLED) [2], biological imaging [3],photodynamic therapy [4], sensing [5], etc. In recgears,
semiconductor light-emitting polymers containinglyfloorene structurehave been a hotspot
because of their high fluorescence efficiency gjcellent two-photon fluorescence property [7],
remarkable chemical/thermal stability [8hd extraordinary electronic transmission propgy
However, serious fluorescence quenching existsgiwisi attributed to a strong dipole—dipole and
n—n stacking interaction between the chromophores. [EQfthermore, themission spectra of
polyfluorene materials always exhibit shoulder peakound 530 nm, which affects the emission
color purity. In view of this, the application of polyfluorene laminescent material has been
hindered [11].

To break these bottle-necks, one approach imttoduce POSS into polyfluorene optical
materials [12]. It is known that the incorporatiof a particular cage structure consisting of
inorganic Si-O core can improve the thermal stabaind photo-stability [13JAdditionally, the
appropriate numbers of external organic groups OS® with good symmetry could avoid
functional groups lying in closer proximity to eactiner, which would reduce the opportunity for
self-absorption thus enhance fluorescence quantighd y14]. So far, copious cross-linked
structures [15], pendt-type [16], star-type [17] $basedoolyfluorene polymers have been
synthesized to overcome the formation of aggregaiideto defect in polyfluorenes.

Recently, Laine et al. have studied the photoplaygicoperties oflf g (octahedral POSSY, 1o
(decahedral POSS) aiid, (dodecahedral POSS) wigavinylstilbene structure and found that the
size of Si-O cage and the symmetry of the structame significantly impact on fluorescence
guantum yield [18]. More importantly, the incorptioa of POSS with symmetrical structure
greatly enhances the two-photon fluorescence (Td&ie) two-photon absorption (TPA) cross

section on account of very rigid Si-O cage.



Scheme 1. Construction of diallyl-POSS bridged organic-iganic luminescent polyfluorene.

However, few researches have been reported ab@d-tppe POSS-based light-emitting
polymers. In this article, diallyl-POSST{D, type) with highly symmetrical structure was
synthesized, and a diallyl-POSS-based hybrid palymiin bead type structure was then prepared
(Scheme 1). Meanwhile, the conjugation length @avheric alkynyl fluorene structure between
the adjacent diallyl-POSS, which was nailed on thain chain of polymer via Heck
cross-coupling reactions, was well controlled idesrto acquire excellent luminescent properties
and solubility. The incorporation of “huge” inorgarPOSS nanopatrticles to form bead type and
high symmetrical diallyl-POSS based polymer molacghain was expected to improve not only
the thermal property of light-emitting polymer, kalso the optical properties including a higher
fluorescent quantum yield, enhanced photo-stakilitg much improved two-photon fluorescence
(TPF) property. It is expected that bifunctional&®based polymer will have great impact on

applications in optical materials and devices, ag®PV or PLED, etc.

2. Experimental Section
2.1. Materials

1-Bromodecane (98%), 2,7-dibromofluorene (98%}trabutyl ammoniumbromide (98%),
carbazole (98%), bis(triphenylphosphine) palladigithchloride (98%) purchased from Nanjing
Carbon Reagent Co. Ltd. Cuprous iodide (99%), Zglett-3-yn-2-ol (98%),
1,10-dibromodecane (98%), sodium hydroxide and @mus potassium carbonate (98%) were

used as received from Adamas. Allyl(dichloro)mesiighe (95%) was obtained from TCI



(Shanghai) Chemical Industry Development Co., Otetrasilanolphenyl POSS was purchased
from Hybrid Plastics. All organic solvents were ghaised from commercial sources and were

carefully dried and distilled prior to use.

2.2. The synthesis of monomers and polymers

2.2.1. 2,7-dibromo-9,9-didecylfluorer(¢). 1-Bromodecane (4.42 g, 20.0 mmol) was added by
syringe to a mixture of 2,7-dibromofluorene (2.598gmmol), tetrabutyl ammonium bromide
(0.02 g, 0.064 mmol) and 2.50 mL of 50% aqueoususodhydroxide in dimethyl sulfoxide (50.0
mL). After stirring at room temperature for 4 hetmixture was poured into water and extracted
three times with dichloromethane. The solvent wamaved under reduced pressure and the
precipitate was purified by column chromatography gilica gel (eluent: petroleum ether) to
afford 2,7-dibromo-9,9-didecylfluorene as a whitwler (4.45 g, Yield 92%)'H NMR (500
MHz, CDCk, 5): 7.51 (d, 2H,J = 8.70 Hz, Ar—H), 7.45 (m, 4H, Ar—H), 1.91 (m, 46H,), 1.13

(m, 28H, CH), 0.85 (t, 6H,J = 6.95 Hz, CH), 0.58 (m, 4H, Ch). FT-IR (cm®, KBr): v = 2950,
2836 (s; CH), 1638, 1551 (w; Ar). Anal. Calcd. @H4gBro: C 65.56, H 8.00; Found: C 64.72, H
7.62.

2.2.2. 4,4-(9,9-didecyl-9H-fluorene-2,7-diyl)bis2ethylbut-3-yn-2-ol) (2). Under argon
atmosphere, 2,7-dibromo-9,9-didecylfluorene (1.22 gnmol), 2-methylbut-3-yn-2-ol (1.6 mL,
16 mmol), bis(triphenylphosphine) palladium(ll) afile (24 mg, 0.08 mmol) and cuprous iodide
(8 mg, 0.04 mmol) were dissolved in 20 mL of trigdmine and 40 mL of tetrahydrofuran. The
mixture was refluxed at 70 °C for 24 h. After coglito room temperature, the insoluble substance
was filtered off. Then the solvent was removed umdduced pressure. The mixture was extracted
three times with dichloromethane. The organic pheae purified by column chromatography on
silica gel with ethyl acetate/petroleum ether (1:8viv) to afford
4,4'-(9,9-didecyl-H-fluorene-2,7-diyl)bis(2-methylbut-3-yn-2-ol) as yeellow powder (0.87 g,
Yield 71%)."H NMR (500 MHz, CDC}, 8): 7.59 (d,J = 7.9 Hz, 2 H, Ar-H), 7.39 (m, 4 H, Ar-H),
1.92 (m, 4H, CH), 1.66 (s, 12H, Chj, 1.28-1.02 (m, 28H, CH 0.85 (tJ=7.15 Hz, 6 H) 0.54

(m, 4H,CH,). FT-IR (cm", KBr): 3330 (m; OH), 2927, 2856 (s; CH), 2220 @=C), 1622, 1541
(w; Ar). Anal. Calcd. For ¢zHg0,: C, 84.39; H, 10.20. Found: C, 84.53; H, 10.23.

2.2.3. 9,9-didecyl-2,7-diethynylfluorene  (3). Under argon atmosphere,



4,4'-(9,9-didecyl-#H-fluorene-2,7-diyl)bis(2-methylbut-3-yn-2-ol) (0.64, 1 mmol) and sodium
hydroxide (0.60 g, 10 mmol) in 40 mL of 1,4-dioxamere refluxed at 80 °C for 6 h. After cooling
to room temperature, water and dichloromethane agded to the mixture, and the organic phase
purified by column chromatography on silica gel hwit petroleum to get
9,9-didecyl-2,7-diethynylfluorene as white cryst&s46 g, Yield 92%)*H NMR (500 MHz,
CDCls, 8): 7.62 (d,J = 8.0 Hz, 2 H, Ar-H), 7.46 (m, 4 H, Ar-H), 3.13 &sH, C=C—H), 1.93 (m,

4 H, CHy), 1.25-1.02 (m, 28H, CHi 0.85 (tJ = 7.2 Hz, 6 H, Ch), 0.56 (m, 4H, Ch). **C NMR
(500 MHz, CDC}, 3): 151.04, 141.02, 131.35, 126.56, 121.07, 1198844, 77.47, 55.27, 40.30,
31.98, 30.03, 29.83, 29.63, 29.35, 29.31, 23.7%224.19. FT-IR (cih, KBr): 3310 (s; G=C—

H), 2924, 2850 (s; CH), 2100 (w;=€XC), 1638, 1573 (m; Ar). Anal. Calcd. FogBso: C, 89.81;

H, 10.19. Found: C, 89.67; H, 10.23.

2.2.4. 9-(10-bromodecyl)-9H-carbazd®. Under argon atmosphere, carbazole (1.67 g, ddl},
anhydrous potassium carbonate (2.77 g, 0.02 mud),1a10-dibromodecane (6.00 g, 0.02 mol) in
40 mL of anhydrous acetonitrile werefluxed at 95 °C for 36 h. After cooling to room
temperature, insoluble substance was filtered, tied solvent was removed under reduced
pressure. The crude product was purified by colehmomatography on silica gel with petroleum
to get 9-(10-bromodecyl)H-carbazole as white crystals (1.66 g, Yield 43%)NMR (500 MHz,
CDCls, 8): 8.08 (d,J=7.7 Hz, 2 H, Ar-H), 7.43 (1 = 7.8 Hz, 2 H, Ar-H), 7.35 (dJ = 8.1 Hz, 2

H, Ar-H), 7.20 (tJ = 7.5 Hz, 2 H, Ar-H), 4.21 (| = 7.3 Hz, 2 H, Ch), 3.33 (tJ = 6.8 Hz, 2 H,
CH,Br), 1.79 (m, 4 H, Ch) , 1.33-0.91 (m, 12 H, G FT-IR (cmi*, KBr): 2930, 2850 (s; CH),
1632, 1619, 1593 (m; Ar). Anal. Calcd. Fop.&8,¢BrN: C, 68.39; H, 7.30; N, 3.63; Found: C,
68.47; H, 7.25; N, 3.56.

2.25.  9,9-((2,7-dibromo-9H-fluorene-9,9-diyl)ligcane-10,1-diyl))bis(9H-carbazole) (5).
9-(10-bromodecyl)-B-carbazole (1.55 g, 4 mmol) was added by syringea tonixture of
2,7-dibromofluorene (0.32 g, 1 mmol), tetrabutylmaomium bromide (3 mg, 0.008 mmol) and
0.313 mL of 50% aqueous sodium hydroxide dissolimedimethyl sulfoxide (10.0 mL). After
stirring at 40°C for 6 h, the mixture was pouredoinvater and extracted three times with
dichloromethane. The solvent was removed undercemtipressure. The precipitate was purified
by column chromatography on silica gel ethyl aegmtroleum (1:20 v/v) to afford

9,9'-((2,7-dibromo-#-fluorene-9,9-diyl)bis(decane-10,1-diyl))bis{Tarbazole) as white



crystals (0.36 g, Yield 38%)H NMR (500 MHz, CDC}, 8): 8.08 (d,J = 7.5 Hz, 4 H, Ar—H), 7.46
(m, 14 H, Ar—H), 7.21 (d) = 7.4 Hz, 4 H, Ar-H), 4.25 (1= 7.6 Hz, 4 H, CH), 1.89-1.78 (m, 8
H, CH,), 1.31-0.95 (m, 24 H, G} 0.53 (m, 4 H, Ch). *C NMR (500 MHz, CDGJ, 8): 152.56,
140.45, 139.11, 130.21, 126.19, 125.61, 122.86,5221121.20, 120.38, 118.72, 108.69, 55.73,
43.09, 40.16, 29.79, 29.41, 29.38, 29.36, 29.10R&7.32, 23.62. FT-IR (ch KBr): 2936,
2861 (s; CH), 1636, 1621, 1582 (m; Ar). Anal. Caledr G/HgBroNy: C, 73.23; H, 6.68; N, 3.00;
Found: C, 73.34; H, 6.82; N, 2.93.

2.2.6. 3,13-di(3-propenyl)-3,13-dimethyl-1,5,7,915117,19-octaphenylhexacyclo [15.3.1(1,13).

1(3,11).1(5,17).1(9,15)]decasiloxarfé). 6 was synthesized according to the pathway shown in

Scheme 2:
Ph Ph Ph Ph Ph
\ O\ .//0\ Cl Ph /
HO/SI(O\/:/ o OH —san= \_/ /\5'<(<))\/S '/; >Si\o
HO. \c{'\aph on c|:| /\,\N‘S' o Ph\\SI\o\Ph >s-< s
SI\O/S|/\O7SI\ Sl\o/Si/\O//Si\/O
Ph 0—Si—0 Ph THF, TEA PH 0—Si—0 Ph
Ph bh

Scheme 2.  Synthesis of  3,13-di(3-propenyl)-3,13-dimethyl;¥,9,11,15,17,19-octaphenylhexacyclo

[15.3.1(1,13).1(3,11).1(5,17).1(9,15)]decasiloxane.

Under dry argon atmosphere, allyl(dichloro)methgits¢ (3.102 g, 1.46 mL, 10 mmol) was
added dropwise to a mixed solution of 40 mL of ahtbys tetrahydrofuran, tetrasilanolphenyl
POSS (5.350 g, 5 mmol), and triethylamine (0.81 Bnlhmol) at room temperature. After 30
minutes, the insoluble solid was filtered off ah@ tsolvent and other volatile compounds were
removed under reduced pressure. The crude prodiscivashed with 50 mL of methanol, 5 mL of
ether and 2 mL of hydrochloric acid (1 mol/L) tdomél cis- andtrans-6 asa white powder (3.89 g,
Yield 63%). Cis- andtrans6 (in the presence of isomeric mixture of 1:1 ratfty NMR (500
MHz, CDCl, 8): 7.53-7.19 (m, 40 H, Ar—H), 5.76 (m, 2 H, CH=0H4.88-4.76 (m, 4 H,
CH=CH,), 1.77 (d, 4 HJ = 7.8 Hz, CH), 0.30 (s, 6 H, Ck indicated isomeric mixturef’si
NMR (500 MHz, CDC}, 6): -21.96, -78.58, -79.4@rans5; relative intensity ratio 1:2:2); -21.96,
-78.58, -79.45, -79.5%i6-6; relative intensity ratio 1:2:1:1). FT-IR (C’mKBr): 1639, 1591 (w;
Ar), 1097 (s; Si—O-Si). Anal. Calcd. Fogds¢014Siio: C, 54.51; H, 4.57; Found: C, 54.64; H,

4.73.MALDI-TOF MS [CsgH56014Si10 + Na] "™ Caled. 1256.89, found 1255.25.



2.2.7. Synthesis of oligomeric alkynyl fluoreRa)( 9,9'-((2,7-dibromo-#i-fluorene-9,9-diyl)bis
(decane-10,1-diyl))bis¢®-carbazole) (701 mg, 0.75 mmol®,9-didecyl-2,7-diethynylfluorene
(247 mg, 0.5 mmol), tetrakis(triphenylphosphineligghum(0) (23 mg, 2 mol %), copper iodide
(10 mg, 5 mol %)N,N-diisopropylamine (5 mL), and toluene (10 mL) wardked into a Schlenk
flask in a nitrogen-filled glove box. After stirgrat 60 °C for 12 h, the dibromo monom&y (94
mg, 0.10 mmol) in THF (5 mL) was added from a syeinAfter another 12 hours at 60 °C, the
polymer was precipitated into methanol, and thédselas filtered and washed in a Soxhlet
extractor with methanol followed by acetone to reeo residual catalyst and
low-molecular-weight material. The crude productswaurified by column chromatography on
silica gel tetrahydrofuran/hexane (3:1 v/v) to remdnigh molecular weight material. The yield
was 32% as an orange solisl, = 8.79x18 Da, M, = 4.61x18 Da, PDI = 1.91, (GPC,
polystyrene); FT-IR (c, KBr): 2923, 2852 (CH), 1627, 1604, (A NMR (500 MHz, CDC},

8): 8.07 (4H,Ar-H), 7.67-7.38 (20HAr-H), 7.21 (4H,Ar-H), 4.26 (4H,N—CH,), 1.87-0.54
(78H, (CH)10 and (CH)1oCHy).

2.2.8. Synthesis of bead-type POSS-based hyB2d Bead-type POSS-based hybre2) was
prepared from oligomeric alkynyl fluorin€’) and diallyl-POSS (molar feed ratio 1:1) through
conventional Heck coupling reaction using palladiacetate as a catalyst, anhydrous potassium
carbonate as an acid binding agent, Biid-dimethyl glycine (DMG) as a ligand at 120 in dry
N-methyl pyrrolidone. Under dry argon atmospheraniature of P1 (440 mg, 0.05 mmol),
diallyl-POSS (62 mg, 0.05 mmol), DMG (31 mg, 0.3 oljppalladium acetate (4 mg, 0.015
mmol), anhydrous potassium carbonate (21 mg, Ofidi®l) andN-methyl pyrrolidone (5 ml)
were added into a Schlenk flask in a nitrogendiggove box and stirred at 120 °C for 20 h. After
cooling to room temperature, solvent was removeganpum distillation. The polymer was then
precipitated into water and filtered, washed inoxtiet extractor with acetone/dichloromethane
(6:1 v/v). The crude product was purified by column chromatpy on silica gel tetrahydrofuran.
In this way, the much high molecular weight prodomtild be removed to improve the solubility
of P2. The yield was 35% as a dark green solig,. #13.93x10 Da, M, = 1.45x10 Da, PDI =
2.71, (GPC, polystyrene}H NMR (500 MHz, CDC}, 8): 8.09 (br, Ar—H), 7.67—7.36 (bAr—H),
7.20 (br,Ar—H), 5.45 (br, CH=CH), 4.26 (br, N-GH 1.97-0.60 (br, (Ch10 and (CH)1oCHy).

2%Si NMR (79.49 MHz, solidp): -18.12, -65.22, -79.10. FT-IR (IKBr): 2923, 2852 (CH),



1681, 1663, 1581 (Ar), 1118 (Si-O-Si).

2.3. Preparation Fluorescent Composite Film

8.89 g (0.04 mol) of 3-isocyanatomethyl-3,5,5-trimydcyclohexyl isocyanate (IPDI), 20 g
(0.02 mol) of poly-caprolactone diol (PCL,/M1000) and 50 uL of dibutyltin dilaurate were added
to a three-necked bottle with mechanical agitataond reacted 6 h at 80 °C. 1.80 g (0.02 mol) of
1,4-butylene glycol (BDO) and 30 ml of THF were addfter cooling to room temperature. The
mixture was used as matrix solution. 6 mg/ml THRusons of P1 and P2 were prepared
respectively, and different volumes BfL and P2 THF solution, according to different mass
fractions ofP1 andP2 in fluorescence composite films, were added tol fnthe former matrix
solution with magnetic stirring. The mixture wagithadded to the teflon plate. The solvent was
evaporated 24 h at room temperature, and then Veaedginto an oven at 60 °C for 2 days.

Finally, the residue solvent was evaporated undeawm at 30 °C for 10 h.

2.4. Measurements and Techniques
2.4.1. Molecular Structure Characterizations

Infrared spectra were obtained with a Bruker VECTZXRFourier-transform infrared (FT-IR)
spectrometer. ThH NMR, *C HNR and?®Si NMR spectra were recorded in trichloromethane-d
using tetramethylsilane as internal standard orrukéd 500 (500 MHz)The solid?°Si NMR
spectrum of P2 was obtained with Bruker AVANCE(HOOMHZz).

Elemental Analysis data were obtained using a CHRapid elemental analyzer (Foss.
Heraeus, Germany). Matrix-assisted ultraviolet Hagesorption/ionization time of flight mass
spectroscopy (MALDI-TOF-MS) of diallyl-POSS monomeras performed using a Bruker
Daltonics Autoflex TOF/TOF in linear and reflectiomodes. Gentisic acid (2,5-dihydroxybenzoic
acid, DHB) was used as the matrix with tetrahydmafuas the solvent. Sodium was used as the
cationizing agent.

Molecular weight of polymers was measured on gelmpation chromatography (GPC)
apparatus equipped with UV-vis detection and Walé&rs5 HPLC pump. Tetrahydrofuran was
used as a carrier solvent at a flow rate of 1.0mih/at 25 °C. A calibration curve was made to

determine M and M,/M, values with polystyrene standards, #900~1.74X 10° g/mol, D<



1.1. Simultaneous TG-DTA Netzsch STA 449F3 was ueeidvestigate the thermal stability of
the polymers in nitrogen atmosphere from ambientperature to 700 °C at a heating rate of

10 °C min.

2.4.2. Morphological Characterizations

Morphological observations were done High Resolution Transmission Electron Microscopy
(HRTEM). The polymers werembedded by epoxy resin, and ultrathin sections weade by
using LeicaULTRACUT UC6 with approximate thicknegisout 70 nm. The ultrathin sections
were then collected onto copper grids. The copp@sgwere imaged using a JEM-2100
transmission electron microscope at 200 kV.

Surface topography was characterized by atomicefoncroscopy (AFM) in tapping mode
using silicon tips with Olympus OMCL-AC160TS andntwller from Veeco Corporation. The
sample was spin-coated on silicon wafer surfac€Hbly solutions of P2 films (2 wt %0) and cured
in a vacuum oven at 334 K for 12 h.

2.4.3. Optical Performance Characterizations

Ultraviolet-visible (UV-vis) absorption of the olm&d polymers solution was carried on a
UV-1800 (PC) UV-vis spectrophotometer (Mapada, @it he solution fluorescence spectrums
of the compound were measured with a FluoroMax-@cspfluorometer (HORIBA Scientific,
Japan). The solid thin films of polymers were prepaby spinning coating 10 mg/ml polymer
solution on the quartz glass plate with a spin o&2000 rpm. The solid thin film of polymers and
the fluorescent composite films fluorescence spewirwere recorded on a FP-6600 (Jasco Inc.)
spectrophotometer using a quartz cell with an aptipath length of 1 mm. The
photoluminescence QYs were determined on the suttometer with an integrating sphere
(ISF-513).TPF spectra of P1 and P2 in dilute solution and ihRdging of composite films were
performed using Leica TCS SP5 laser scanning cahfotcroscope with a Ti:sapphire laser
(Mira Optima 900F, Coherent) as the excitation seuihe laser is tuned at 780 nm with 0.5 mW
power after the objective and provides ca. 1004fsgs at a repetition rate of 76 MHz. The details

of the two-photon technique experimental setupdaseribed elsewhere [19].

3. Resultsand Discussion



3.1. Synthesis and Characterization

An appropriate conjugation length and molecularghtiare crucial factors to influence the
property of solubility and emission for the lightitting polymer. In this work, the molecular
weight and the conjugated lengthRf werecontrolled by adding excess amount of monorgers
step by step in the synthesis procedure, followeavashing repeatedly with acetone to remove
small molecules in the purification procedure amsthg column chromatography to take away
high molecular weight polymers to prevent insoluklgbstance generating in the next step
reaction (see Experimental SectioRL was first synthesized through the Sonogashira loaup
reaction based on dibromo monorbeand double alkynyl monomé&rwith a molar ratio of 1.7:1.
At beginning of the reaction, dibromo monomer atigrayl monomer were added according to
1.5 eq. to kq.. After 12 hours, another 0.2 eq. of dibromo omar wasadded into the mixture to
ensure P1 was bromo-terminated polymer (Schemec@rding to the reported end-capped
control method [20]. The linear polymelP2) was then prepared fronfP]) and diallyl-POSS
(molar ratio 1:1) through classic Heck couplingatéan. The conjugated length BR was entirely
depended on oligomeric alkynyl fluorene moiety fré@h and the molecular weight &2 was

also controlled by column chromatography (see Erpartal Section 2.2.8.).

Scheme 3. Synthesis of diallyl-POSS bridged linear polymer.
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The molecular weight andistribution of polymers were investigated by GFF@. 1 shows the
retention time versus UV absorbance curvePbandP2. The molecular weight d?1 is M,, =
8.79x1G Da and M = 4.61x10 Da, whileP2 is M,, = 3.93x10 Da and M = 1.45x10 Da. The
GPC data indicated the linear polycondensationtimadetweenPl and diallyl-POSShas

happened.
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Fig. 1. GPC profiles o1 andP2.

The polycondensation reaction and the structurd2lpP2 and diallyl-POSS were confirmed
by the’H NMR (Fig. 2), solid®Si NMR, MALDI-TOF-MS and FT-IR spectra (see suppéstary
material). The proton peaks Pi at aromatic ring area are amplified and show# ~at8.09 and
7.67-7.36 ppm, respectively. While the broadenihgnomenon of proton peak fB2 could be
observed at aromatic ring area, which are corragbio the larger molecular weightR2. The
characteristic peak at 4.26 ppm belongs to theoprof methylene linking to carbazolyl fé&1
andP2. On the one hand, the characteristic peaksab.76 and 4.88—4.76 ppm are corresponded
to olefin proton of diallyl-POSS. Fd®2, the characteristic peak of olefin proton of diBPOSS
moiety turns into a doublet and broad peak at Hpih with the integral area ratio of 1:1, which
also confirms thalP2 has been synthesized and the Heck coupling reaetis successful. In the
23i NMR spectrum oP2 (see supplementary materia? displayed three broad characteristic
signals ab ~ -18.12, -65.22, and -79.1#pm, respectively. The signal at -18.12 ppm isgasgile
to the silicon nucleus of Si(GBH=CH)CH; bond, and the signal at -65.22 ppm and -79.10 ppm
belong to the other two kinds of the silicon nusleaf Si-O-Si cage. Furthermore, the FT-IR
spectrum ofP2 shows an intense characteristic Si—-O-Si stretchibgption at 1118 cnt for

diallyl-POSS (see supplementary material). The attaristic signals at 3055, 2923, 2852, 1681,



1663, and 1581 cthrespectively are corresponded to the oligomekigrgll fluorene moiety.
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Fig. 2. The'H NMR spectra oP1, P2 and diallyl-POSS.

3.2. Thermal Stability
The thermal stability of the polymers was measwiadhe thermogravimetric analysis (TGA)
to study the influence of the introduction of dfglPOSS. From TGA curves &f1 andP2 under
nitrogen (Fig. 3), it was observed that the therdetomposition temperature 4(15% weight
loss temperature) were 321 °Elj and 382 °CR2), respectively. In other words, thg Value of
P2 was 61 °C higher than that &fL. It indicates that the incorporation of diallyl-BS can
effectively enhance the thermal stability of theninescent material due to the presence of
inorganic Si—O cage shielding effeathich limits the heat transfer and protects theanig part

of polymer from the heat effect of attack [21].
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Fig. 3. TGA thermograms dP1, P2, at a ramp rate of 10 °C/min in nitrogen flow.

3.3. The morphologies of P1 and P2 films

HRTEM was used to analyze the microstructur®2findPl. The diallyl-POSS connected to
polyfluorene could be seen from the ultrathin sewtiof polymer embedded in epoxy resin. There
are only a small quantity of 5-10 nm nanopartiégte®2 sample [Fig. 4(a)], corresponding to
diallyl-POSS aggregates. The same phenomenon caeadpein our previous work [22]. While a
certain amount of smaller nanoparticles with ttze ©if 2-3 nm are shown in the polymer matrix
[Fig. 4(b) and 4(c)], which are uniformly nano-disped. It reveals that aggregation of the
inorganic POSS could be reduced, in that diallylS0s fixed on the main chain of polyfluorene
via chemical bond and the bead-type POSS-basednpolijas the symmetric structure. It could
also benefit for attenuate the strong dipole-dipaled =n-n stacking interactions between
chromophores, which would acquire better properfiesemissive conjunction polymers. This
result has been further confirmed with AFM imag€&%g.( S1), in which the aggregation of

diallyl-POSS multi-molecules are absent on the amcale.



Fig. 4. HRTEM micrographs foP2 (a, scale bar = 50 nm; b, scale bar = 10@yrscale bar = 5 nm) arirl (d,

scale bar = 50 nm; e, scale bar = 10 nm; f, scale=tb nm).

3.4. Optical Properties
3.4.1. One-Photon Fluorescent Emission and Enhaanéfluorescent Quantum Yield (QY)

To study the impact of the incorporation of dialBDSS on the fluorescence emission of the
fluorescent polymers, the one-photon fluorescepeetsa ofP1 andP2 both in solution and solid
thin film state were acquired. The solid thin filrm6P1 and P2 were prepared by spin coating
method on the quartz plate, and then, the PL spetR1 andP2 in thin solid film were measured
(Fig. 5). The maximum emission peaksRff andP2 at 428 nm are similar in THF solutions,
located at blue emission region. While in solidestéhe aggregation effect leads to red shift ef th
main peaks to 538 nniP{) and 475 nmHR2), respectively. Compared wittil, P2 shows a larger
blue-shift, which is attributed to the reductiontbé molecular-stacking-led aggregations by the

incorporation of large and rigid Si—O-Si cage [12b]
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Fig. 5. The emission spectra Bl andP2 in THF solutions and thin films.

Simultaneously, the QY d?2 in dilute solution was calculated as 77.6% viemefhce method
[23], which is higher thail of 71.3% (Table S1). The QYs BfL andP2 in solid state were also
measured by a calibrated integrating sphere (IS§-5he QY rises fronPl of 3.1% toP2 of
5.7%. The experimental results suggest that thgowileric alkynyl fluorene moiety, when was
nailed on the both ends of diallyl-POSS with higlslymmetrical structure, can prevent the
chromophoric groupslose to each other, resulting the decreased emiggienching and the

increased fluorescence quantum efficiency.

3.4.2. Two-photon Fluorescence Enhancement

To explore the two-photon fluorescence (TPF) enbammnt effect of the incorporation of
diallyl-POSS with symmetrical structure, the THHusions of P1 and P2 with the same
concentration (8.0xI0mol/L) of fluorescent groups (carbazole-fluorenyl and ajyfluorenyl
copolymer unit) were prepared, and the two-pholaoréscence spectra are shown in Fig. 6.
Compared withP1, P2 afforded the greater TPF enhancement. At the $enee taking emission
peak at 428 nm as reference, the relative interitgmission peak at 454 nm &2 was

obviously weaker than that &fL. It reveals that, foP2, less excimers are formed in the solution



and the aggregation effect attenuates. The remlar&tF- enhancement could also be attributed to
the abatement of aggregation effect between flgergggroups when diallyl-POSS is coupled into

polymer molecular chain.
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Fig. 6. The two-photon fluorescence spectr@tfandP2 in THF solution with the same concentration of

fluorescent groups (8.0xfamol/L).

3.4.3. Photo-fading Experiment

Photo-stability is another crucial property for imescent material, so photo-fading experiment
of P1 andP2 (Fig. 7) is performed to probe the influence afarporation of diallyl-POSS into the
main chain of the light-emitting polymer. The THHute solutions of the polymers in 50 ml
volumetric flasks were placed 25 cm from a 1000 dffirie-tungsten lamp. A cold trap (10 L
solution of 50 g/L NaN@and 20 cm in length) was set up between the saamulehe lamp. The

absorption spectra were recorded every 6 hourk2shtiours.
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from a 1000 W iodine—tungsten lamp offd), b) P2 in THF at 25°C.

From the inserted figure, the attenuation degreth@fmaximum absorption peak valueRif
was obviously greater than that B2 over time. Under low concentration, photo-degriatat
equation can be simplified as In(A;) = kt [24], in which “Ay" represents the initial absorption
of Amax “A¢{’ means the absorption @f,.xduring irradiation, and “k” is the photo-degradatio
reaction rate constant. Accordingly, “k” value ablle acquired from the equation, and the fitting
curves of “In (A/Ay)-Time" are given in Fig. 7. The slope of straidine after fitting is the
photo-degradation reaction rate constant, and khevélues of P1 and P2 are I, = 4.8x10"
mol/min and k, = 1.1x10" mol/min, respectively (Table S3). Obviously, an enhanced
photo-stability effect is obtained via the additioh diallyl-POSS into organic light-emitting
material. Although the specific photo-stability @ancement mechanism is still unclear, it could be
owing to the inorganic POSS nanoparticles, whiclurigavorable towards photo-oxidation and

stable against oxidation [25].

3.4.4. Decoupling Effect of the Hybrids under ttegeSof Aggregation

Absorption spectra and fluorescence emission spetipolymers in good/poor mixed solutions



were tested to explore the effect of aggregatianofatical polymers according to the method
reported in the literature [26h this regard, the polymers can form aggregatems excimers in
THF/water solvents by adding different proportions water. The absorption spectra and

fluorescence emission spectra Bf and P2 in THF and in mixed THF/water solvents were

recorded.
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Fig. 8. Partial absorption spectra ofR), b) P2 and photoluminescence spectra oPt) d) P2 in THF, THF—

water (3:7, v/v), and THF—water (1:9, v/v).

As shown in Figure 8a and 8b, bdh andP2 molecular chains can be well-dispersed in the
dilute THF solution due to the weak intermolecufdgeraction. Nevertheless, the absorbances at
Amax Of P1 andP2 are obviously enhanced and undergo red wsliift the increase of water content
(3:7 viv and 1:9 v/iv THF—water), which indicatesttlihe two polymers have formed J-type
aggregations [27].

On the other hand, the conspicuous emission quegafiPl by adding different proportions
of water in THF were observed. The excimer peak8atnm in thé?1 emission spectra appeared
clearly in a 1:9 (v/iv) THF—water mixed solvent [&ig 8(c)]. The fluorescence emission intensity
of P2 in 3:7 (v/v) and 1:9 (v/v) THF—water is much gexathan that oP1, and the emission

spectra oP2 still has no excimer peak in a 1:9 (v/v) THF—watdred solvent [Fig. 8(d)]. These



results indicate that the optical property B2 is stable in THF/water solvents owing to the
incorporation ofliallyl-POSS, while that dP1 is not.

Simultaneously, the QY values BR are 23.8% and 12.3% in 3:7 (v/v) and 1:9 (v/v) FHF
water mixed solvent respectively, which are muafhbr than those ¢¥1 (10.6% and 4.9%, Table
S1). It suggests that the strong dipole—dipole and stacking interactions between organic
optical chromophoric groups can lead to formingypkt aggregations, which would affect
luminescent properties and application of lightténdg polymers. Therefore, the incorporation of
“huge” and “rigid” diallyl-POSS into optical mateis via chemical bonds to form bead-type
condensation polymer can effectively improve thdioap performancesunder the state of

aggregation.

3.5. Fluorescent Composite Film

The fluorescence composite filmsRf andP2 were prepared, and the purpose of which was to
lay the foundation for the application of difuncta-POSS based polymer in developing new
photoelectric material. In this paper, fluorescemoenposite films were fabricated using the
3-isocyanatomethyl-3,5,5-trimethylcyclohexyl isongge (IPDI) and poly-caprolactone diol (PCL
My 1000) as matrix, and doped with different propoicof light-emitting polymer molecules
(Fig. 9). The influence of doped mass fractionPdf and P2 on PL spectra of the fluorescent
composite films was investigated to elucidate tffece of incorporation of diallyl-POSS into
luminescent material (Fig. 10). Meanwhile, the Q¥ dluorescent composite film with different
doped mass fractions &1 and P2 were measured, and photoluminescence spectra alsye
obtained (Table S4). There was no obvious chang®lfcspectra when the mass fraction®Paf
andP2 were 1x10 and 5x10. The maximum emission peaksRf andP2 were both located at
427 nm, which are similar t®1 and P2 in dilute solution. This phenomenon shows that the
aggregation of fluorescent groups does not appbanvthe fluorescence composite films doped

with low mass fraction oP1 andP2.
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Fig. 9. a) Schematic illustration of preparation of flusgent composite films (taking2 for example); b) The
fluorescent composite film doped with 5%%Mass fraction oP1 and 1x1¢ mass fraction oP2 under sunlight

and 365 nm UV-light.

Compared with fluorescent composite films B2, the emission spectra &f1 fluorescent
composite films showed larger red shift and moreiregr peaks in longer wavelength with the
increase of the mass fractionPi. It reveals that a more serious aggregation effefitiorescent
groups has occurred in the fluorescent compositas fiof P1. Furthermore, the intensity of
excimer emission peak at 535 nm increased dranfigtighen composite film doped with higher
mass fraction oP1 (1x10%and 5x1C), while the composite film oP2 merely showed a weak
shoulder peak at 535 nm under the same conditidnis.is a powerful evidence to demonstrate
that the strong dipole—dipole andn stacking interactions between organic optical stophoric
groups are suppressed owing to the introductiatiadfyl-POSS.

Meanwhile, the maximum QY oP1 fluorescent composite film was 18.8% as doped with
5x10° mass fractions o1, while that ofP2 was 20.5% as doped with 1x4@nass fractions of
P2. Namely, the maximum QY of the fluorescent comigo§im of P2 appears at higher doped
mass fraction (1xIf) than that ofP1 fluorescent composite film (5xE which insinuates that

the incorporation of “huge” and “rigid” diallyl-PCcould prevent excessive aggregation in solid



state. The diallyl-POSS bridged polyfluorene hybnigiterial with symmetrical structure has

higher QY.
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Fig. 10. The PL spectra of fluorescent composite films wdifferentmass fractions of a) P1 and b) P2.

No microphase separation was observed when QYesatkcent composite films &fL andP2
reached the maximum (Fig. 9 and Fig. S2), and linedscent composite films ¢f1 and P2

showed excellent TPF property and could be apptiedal-time 3D high-resolution TPF imaging
(Fig. S3).

4. Conclusion

In summary, a bead type and diallyl-POSS basedflpohgne {TgD, type) with high
symmetrical structureP@) was synthesized via Heck coupling reaction. Tiodegular weight of
P1 andP2 was well controlled to provide the polymers withod solubility and process ability.
The HRTEM micrographs showed that diallyl-POSS wiformly nano-dispersed in the polymer
matrix. And the thermal decomposition temperatiitg $% loss) increased from 321 °C fet to
382 °C forP2.

Simultaneously, the well-controlled conjugated kngaveP1 and P2 with high QYs, and
cooperating “rigid”, “symmetrical” and “huge” digllPOSS could further enhance quantum
efficiency in solution and solid state. The ratenstants of photo-degradation reaction under a
1000 W iodine—tungsten lamp were; k= 4.8x10" mol/min and k, = 1.1x10" mol/min,
respectively, which confirmed the significantly emlced photo-stability by adding unfavorable
photo-oxidation diallyl-POSS to emissive conjugapediymer. Moreover, a better TPF property

was found forP2, which could also be attributed to the incorpamatof diallyl-POSS, and the



strong dipole—dipole ang-r stacking interactions between organic optical etophoric groups

could be inhibited. Finally, fluorescent compoditms were prepared, and the maximum QY of
P2 reached to 20.5%. These results suggest thatnbtitmal POSS based polymer may be
considered a class of compounds/materials withcipated novel properties of value in

developing new components for electronic and pliotapplications.
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1. Morphology observation
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Fig. S1.AFM height images, phase images and 3D image of P2
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Fig. S2.The scanning electron microscopy (SEM) image ahklsample (IPDI+PCL1000) a) and b), the mass

fraction of 5x10° P1 c) and d), and the mass fraction of B@ e) and f) fluorescent composite film.
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Fig. S3.Two-photon fluorescence imaging of Rie mass fraction of 5x) and P2 (the mass fraction of 40
fluorescent composite film.

2. Fluorescence quantum yield () measurements



Fluorescence quantum yield (&) of P1 and P2 waairsd by the following steps. Quinine
sulfate was dissolved in 0.1 M sulphuric acid fatere quantum vyield 0.54 at 360 nm) as
reference. Then UV-vis absorption and PL emission spectréh(&0nm excitation) of P1 and P2
with different solvent and reference were measurspectively. The accurate @ value was

calculated according to the given equation:

2
1) =@ lsamAef Msam
sam ref I

“Sam” and “ref” refer to sample and reference resigely. “@” means quantum yield“1”is

ref Asam nref

the integrated emission intensity, and could beuated from the emission spectra at 360nm
excitation. “A” represents UV-vis absorbance at 8&®and was control under 0.05 in the 10 mm

guartz to avoid re-absorption effect. “n” is th&aetive index.

Table S1.Fluorescence quantum yield) calculation of the fluorescent for deaggregatifect of the

Hybrids.
Sample Intergrated emissionUV Absorbance (A) Refractive index ofFluorescence
intensity (1) solvent (n) quantum efficiency
)
Quinine sulfate 120647590 0.0112 1.33 54.0
P1 THF 197462540 0.0156 141 71.3
P1 water content 64703405 0.0321 1.36 10.6
70 %
P1 water content 39925305 0.0418 1.34 4.9
90 %
P2 THF 179073260 0.0130 141 77.6
P2 water content 151783080 0.0334 1.36 23.8
70 %
P2 water content 10910340 0.0450 1.34 12.3

90 %




3. Photofading experiment

Table S2.The In(A/A~Time) values of P1 and P2.

P1 IN(AJA,) P2 IN(A/A)
Time (h) Time (h)

0 0 0 0

6 0.17073 6 0.04127
12 0.24632 12 0.08992
18 0.49101 18 0.13139
24 0.70151 24 0.15427

4. The QYs of fluorescent composite films

Table S3.The QYs of fluorescent composite films.

P1 Mass fraction QY (%) P2 Mass fraction QY (%)
5x10° 15.1 5x1¢ 15.3
1x10° 16.3 1x1G 15.8
5x10* 17.1 5x1d 19.7
1x10* 17.8 1x1d 20.5
5x10° 18.8 5x1¢ 17.9
1x10° 10.2 1x16 15.6
5x10° 7.6 5x10 10.9
1x10° 7.2 1x10F 10.3

5. Synthesis and Characterization
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Fig. S4.TheH NMR spectra of 2,7-dibromo-9,9-didecyHluorene.(500 MHz, CDC})
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Fig. S5.The'H NMR spectra of 4,4'-(9,9-didecylF8fluorene-2,7-diyl)bis(2-methylbut-3-yn-2-ol). (500

MHz, CDCk)
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Fig. S6.The'H NMR spectra of 9,9-didecyl-2,7-diethynylfluoreif®00 MHz, CDC})
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Fig. S7.The'®C NMR spectra of 9,9-didecyl-2,7-diethynylfluoren80Q MHz, CDCY)
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Fig. S8.The'H NMR spectra of 9-(10-bromodecylH9carbazole. (500 MHz, CDg)I
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Fig. S9.The'H NMR spectra of 9,9'-((2,7-dibromorBfluorene-9,9-diyl)bis(decane-10,1-diyl))bis

(9H-carbazole). (500 MHz, CDg)l
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Fig. S10.The®®C NMR spectra of 9,9'-((2,7-dibroma-Bfluorene-9,9-diyl)bis(decane-10,1-diyl))bis

(9H-carbazole). (500 MHz, CDg)l
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Fig. S11.The'H NMR spectra of 3,13-di(3-propenyl)-3,13-dimethyl

-1,5,7,9,11,15,17,19-octaphenylhexacyclo[15.3.311113,11).1(5,17).1(9,15)]decasiloxane. (500 MEBBCIs)
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Fig. S12.The?°Si NMR spectra of 3,13-di(3-propenyl)-3,13-dimethyl

-1,5,7,9,11,15,17,19-octaphenylhexacyclo[15.3.311113,11).1(5,17).1(9,15)]decasiloxane. (500 MEBBCIy)
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Fig. S13.MALDI-TOF MS of 3, 13-di(3-propenyl)-3,13-dimethyl

1,5,7,9,11,15,17,19-octaphenylhexacyclo[15.3.1(1113,11).1(5,17).1(9,15)]decasiloxane.
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Fig. S14.The FT-IR spectra of P1 and P2.
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Fig. S15.The solid®®Si NMR spectrum of P2.
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