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ABSTRACT: A series of oxadiazole-containing molecular hybrid materials with three-dimensional structure (P1-P3) was prepared by
Heck reaction based on the octavinylsilsesquioxane. All resultant hybrid materials are soluble in common organic solvents and possess
good film-forming property. Their structures and properties were characterized and evaluated by FTIR, 'H-NMR, "*C-NMR, *’Si-NMR,
MALDI-TOE UV-vis, photoluminescence (PL), cyclic voltammetry, and elemental analysis (EA). The results showed that the substituted
arm numbers of hybrids (P2 and P3) with pushing electron groups were efficiently controlled. Moreover, the hybrids possessed a steady

blue emission and good electron-injecting property in film. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40246.
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INTRODUCTION

Organic semiconductors have been extensively studied and used
in light-emitting diode (LED) applications." However, the fabri-
cation of LED by using organic dye materials involves relatively
expensive techniques such as sublimation or vapor deposition,”
and the small organic molecules can readily aggregate in solid
phase.” Much effort has been done to overcome the problems.*’
The molecules with three-dimensional (3D) structure, such as
tetrahedranes, cubanes, and star molecules, provide an alternative
way.>” Nevertheless, to our knowledge, few molecular structures
offer perfect (cubic) symmetry in three dimensions and octafunc-
tionality such that each octant in Cartesian space contains one
functional group.” The cubane family is relatively difficult to be
prepared; however, the functional cubic oligomeric silsesquioxane
(POSS) materials are easily obtained.*? POSS is a type of three-
dimensional, structurally well-defined cage molecule with the
general formula (RSiO;5),, and typical POSS derivatives have
the structure of a cube-octameric framework covalently bonded
with eight organic groups.'”'? Therefore, the functionalized
POSSs have the potential to assemble 2D or 3D macroscopic
13715 and possess some unique properties,

including good optical and electrical properties and excellent
10,16-19

structures in nanometer

film-forming properties as well as moisture resistance.

In general, the hybrid materials with rigid conjugated linkage
between organic functionalized groups and POSS are prepared
by using Karstedt catalyst®*®% however, the steric effect limited

© 2013 Wiley Periodicals, Inc.
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the arm numbers of the hybrids.>"*>> An alternate strategy is
to choose the Suzuki coupling reaction or the Heck reaction by
the use of octavinylsilsesquioxane (OVS) as cubic building
blocks for weakening the steric effect.”® Nevertheless, Zhang and
coworkers” reported that the Suzuki coupling did not work
well for the synthesis of the quantum dot-like organic—inorganic
clusters. Sellinger et al.'®?® obtained a mixture of 3-10 substi-
tuted compounds via the Heck reaction between OVS and hal-
oaromatic compounds. The propensity for substitutions was
studied by MALDI-TOE, and the results showed that these
products were of lower purity, most of which had more than
five types of substitutions.

Here, we designed and synthesized a series of POSS-based nano-
hybrids (P1-P3) with the OVS core that combined the organic
molecular component (oxadiazole unit) by the covalent bond to
form a rigid link (Scheme 1). The influence of different termi-
nal groups on the substituted arm numbers of hybrids was
mainly investigated. It was expected that the hybrids with the
perfect symmetry structure in three dimensions by the variety
of substituent groups will be obtained. In addition, the optical
and electrical properties of hybrids were evaluated in detail.

EXPERIMENTAL

Materials
OVS was purchased from Shengyan Meixi Chemical Company
(Shengyan, China). Pd(PPh;),Cl, was purchased from Aldrich.
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Scheme 1. Preparation of M1-M3 and P1-P3.

All other chemicals were purchased from Shanghai Reagent
(Shanghai, China) and used as received.

Instrumentation

FTIR spectra were recorded on a Nicolet IS10 FTIR spectrome-
ter with KBr pellets. 'H-NMR, >C-NMR, and *’Si-NMR spec-
tra were obtained with a AVANCE/DMX 400 MHz Bruker NMR
spectrometer. MALDI-TOF was performed on a Bruker Autoflex
MALDI-TOF mass spectrometer. The UV-vis and PL spectra
were measured on a Hitachi U-3900 spectrometer and a Shi-
madzu RF-5301 spectrometer, respectively. Quantum yields (®y)
were determined by using a dilute quinine sulfate in 0.10 mol
L' H,S0, as the standard (D= 0.546).%° Cyclic voltammetry
(CV) was performed using a LK2005 electrochemical analyzer
with a three-electrode cell in a solution of (n-Bu),NCIO, (0.1
mol L™') in acetonitrile at a scanning rate of 50 mV s '. A
thin film of the hybrid was coated onto the working electrode
(glass—carbon) by dipping the electrode into a solution of the
hybrid.*® The coated electrode was dried in a vacuum oven at
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40°C, resulting in a thin film on the work electrode. A Pt wire
was used as a counter electrode, and an Ag/Ag” (0.10 mol L™
in CH;CN) electrode was used as a reference electrode.

Synthesis of Monomers (M1-M3)

M1 and M2 were prepared by following the literature procedure
with slight modification.’’* M3 was synthesized according to
the method proposed in Ref. 34.

General Procedure for the Synthesis of Benzoyl Hydrazine
(al-a3). A mixture of appropriate benzoate (0.133 mol) and
excess hydrazine monohydrate (0.500 mol) was refluxed for 24
h. The reaction mixture was cooled and then collected by
recrystallizing from ethanol, and then the corresponding hydra-
zine (al—a3) was obtained.

al: Yield: 89%. FTIR (KBr, cm '): 3334, 3264 (N—H); 3068
(=CH); 1642 (C=0); 1618, 1597, 1507 (Ar); 847 (p-Ar). 'H-
NMR (400 MHz, DMSO-dq, J, ppm): 4.30 (s, 2H, NH,), 7.94
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(d, 2H, J=8.0 Hz, Ar-H), 8.34 (d, 2H, J= 8.0 Hz, Ar-H), 9.41
(s, 1H, NH).

a2: Yield: 87%. FTIR (KBr, cm '): 3500-3100 (N—H); 3055
(=CH); 2960, 2870 (CHs); 1628 (C=0); 1563 (Ar); 1536
(N—H); 857 (p-Ar). "H-NMR (400 MHz, DMSO-dg, §, ppm):
1.31 [s, 9H, C(CHs)s], 4.49 (s, 2H, NH,), 7.45 (d, 2H, J=8.3
Hz, Ar-H), 7.75 (d, 2H, J= 8.3 Hz, Ar-H), 9.69 (s, 1H, NH).

a3: Yield: 87%. FTIR (KBr, cm™Y): 3320, 3180 (N—H); 2918,
2855 (CH,, CH3); 1647 (C=0); 1617, 1506 (Ar); 836 (p-Ar).
'"H-NMR (400 MHz, DMSO-dg, 6, ppm): 0.84 (t, 3H, CHs),
1.35 [m, 10H, (CH,)s], 1.68 (m, 2H, CH,CH,0), 3.9 (t, 2H,
CH,0), 4.4 (s, 2H, NH,), 6.94 (d, 2H, J= 8.8 Hz, Ar-H), 7.75
(d, 2H, J= 8.8 Hz, Ar-H), 9.57 (s, 1H, NHNH,).

General Procedure for the Synthesis of Benzoyl Hydrazine
(b1-b3). 4-Bromobenzoic acid (0.10 mol) in 150 mL anhydrous
toluene was added to 100 mL of SOCI, and refluxed for 6 h to
give 4-bromobenzoyl chloride. The excess SOCI, was removed by
vacuum distillation, and the reaction mixture was cooled to room
temperature. Compound a (0.10 mol) was dissolved in 200 mL of
THF and 50 mL of pyridine and then added to the reaction flask
containing 4-bromobenzoyl chloride over a period of 20 min in
an ice bath. After being stirred for 3 h, the reaction mixture was
poured into distilled water. The product was collected on a filter
and washed with water and then dried in a vacuum oven.

bl: Yield: 81%. FTIR (KBr, cm ™ '): 3199 (N—H); 3015 (=CH);
2831 (CH,); 1793, 1720 (C=0); 1602, 1589, 1561 (Ar); 837 (p-
Ar). 'H-NMR (400 MHz, DMSO-d,, 8, ppm): 7.79 (d, 2H,
J=8.0 Hz, Ar-H), 7.88 (d, 2H, J=8.0Hz, Ar-H), 8.15 (d, 2H,
J=8.0 Hz, Ar-H), 8.36 (d, 2H, J= 8.0 Hz, Ar-H), 10.75 (s, 1H,
NH), 10.92 (s, 1H, NH).

b2: Yield: 71%. FTIR (KBr, Cmil): 3409, 3283 (N—H); 3062,
3026 (=CH); 2960, 2867 (CH3); 1687, 1642 (C=0); 1613, 1590
(Ar); 1544, 1518 (N—H); 847 (p-Ar). 'H-NMR (400 MHz,
DMSO-dy, d, ppm): 1.31 [s, 9H, C(CHj;)s5], 7.54 (d, 2H, J= 8.4
Hz, Ar-H), 7.75 (d, 2H, J= 8.4 Hz, Ar-H), 7.84 (d, 2H, J=9.0
Hz, Ar-H), 7.88 (d, 2H, J=9.0 Hz, Ar-H), 10.47 (s, 1H, NH),
10.60 (s, 1H, NH).

b3: Yield: 81%. FTIR (KBr, cm '): 3206 (N—H); 2922, 2825
(CH,, CHs); 1700, 1750 (C=0); 1603, 1460 (Ar); 828 (Ar).'H-
NMR (400 MHz, DMSO-d, J, ppm): 0.87 (t, 3H, CHj), 1.42 [m,
10H, (CH,)s], 1.75 (m, 2H, CH,CH,0), 4.05 (t, 2H, CH,0),
7.03 (d, 2H, J=8.7 Hz, Ar-H), 7.75 (d, 2H, J= 8.4Hz, Ar-H),
7.88 (m, 4H, Ar-H), 10.31 (s, 1H, NH), 10.45 (s, 1H, NH).

General Procedure for the Synthesis of Monomers (M1-M3).
The mixture of Compound b (0.067 mol) and 300 mL of
POCI; was refluxed for 12 h under nitrogen atmosphere. After
the completion of the reaction, the reaction mixture was slowly
poured into cold water, and then 0.5 mol L™ NaOH solution
was added to neutralize the reaction mixture. Then, the precipi-
tate was filtered and washed with distilled water. The product
was collected by recrystallizing from ethanol/water =3 : 1 (v/v).

M1: Yield: 96%. FTIR (KBr, cm™'): 3058 (=CH); 1601, 1528,
1475 (Ar); 837 (p-Ar). 'H-NMR (400 MHz, CDCls, §, ppm):
7.74 (d, 2H, J= 8.4 Hz, Ar-H), 8.06 (d, 2H, J= 8.4 Hz, Ar-H),
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8.36 (d, 2H, J=19.2 Hz, Ar-H), 8.44 (d, 2H, J=8.8 Hz, Ar-H).
C-NMR (100 MHz, CDCls, 6, ppm): 164.8, 163, 149.3, 132.7,
129, 126.7, 124.1, 122. Anal. Calcd for C;4,HgO3N;Br: C, 48.56;
H, 2.31; N, 12.14; Found (%): C, 48.53; H, 2.30; N, 12.1.

M2: Yield: 79%. FTIR (KBr, cm™'): 3061 (=CH); 2961, 2868
(CHs); 1599 (Ar); 836 (p-Ar). 'H-NMR (400 MHz, CDCls, 6,
ppm): 1.37 [s, 9H, C(CH;)5], 7.54 (d, 2H, J= 8.5 Hz, Ar-H),
7.67 (d, 2H, J= 8.6 Hz, Ar-H), 8.00 (d, 2H, /= 8.6 Hz, Ar-H),
8.04 (d, 2H, J= 8.5 Hz, Ar-H). >*C-NMR (100 MHz, CDCl;, ,
ppm): 164.2, 154.9, 132.4, 128.5, 126.5, 120.7, 68.7, 35.1, 30.7.
Anal. Calcd for C;oH,;0N,Br: C, 61.79; H, 4.61; N, 4.34; Found
(%): C, 61.72; H, 4.60; N, 4.26.

M3: Yield: 85%. FTIR (KBr, cm™'): 2922, 2853 (CH,, CH,);
1610, 1475 (Ar); 1255 (C—O—C); 829 (p-Ar). 'H-NMR (400
MHz, CDCls, 8, ppm): 0.88 (t, 3H, CHs), 1.40 [m, 10H,
(CH,)s], 1.87 (m, 2H, CH,CH,0), 4.04 (t, 2H, CH,0), 7.02 (d,
2H, J= 8.9 Hz, Ar-H), 7.68 (d, 2H, J= 8.6 Hz, Ar-H), 8.04 (m,
4H, Ar-H). C-NMR (100 MHz, CDCl;, §, ppm): 162.4, 161.7,
132.4, 129.5, 118, 114, 69, 30.7, 29.6, 29.1, 26, 22.7, 14.1. Anal.
Calcd for C,,H,50,N,Br: C, 61.54; H, 5.83; N, 6.53; Found
(%): C, 61.52; H, 5.86; N 6.50.

Synthesis of Hybrids (P1-P3)

General Procedure for the Synthesis of Hybrids. Synthesis of
hybrids (P1-P3) was according to Scheme 1. The Heck reaction
was performed under nitrogen using Schlenk techniques in
vacuum-line system.’>”° To a 25-mL Schlenk tube with a side
arm, 0.1 mmol OVS, 0.8 mmol monomer (the molar ratio of
OVS and monomer is 1 : 8), 1.0 mg Pd(PPh;),Cl,, 10 mg PPhs,
10 mL DME and 5 mL Et;N were added. The mixture was
stirred at 110°C for 72 h. On completion, DMF was distilled
under vacuum (75°C/36 mmHg), and then final purification
was achieved by column chromatography [ethyl acetate/petro-
leum ether =1 : 12 (v/v)].

P1: Bright yellow powder, yield: 41%. FTIR (KBr, cm ™ '): 3068
(=CH); 1600, 1523, 1473, 1432 (Ar); 1132 (Si—O—Si); 850 (p-
Ar). '"H-NMR (400 MHz, CDCls, &, ppm): 6.07 (br, Si—CH=
and unreacting olefin proton), 6.91 (br, 7H, Ar-CH=), 7.63 (br,
42H, Ar-H), 8.56 (br, 14H, Ar-H). “C-NMR (100 MHz,
CDCl;, 6, ppm): 165, 148, 135, 132, 128, 127, 126, 125, 120, 96.
¥Si-NMR  (79.49 MHz, CDCls, 6, ppm): —79.46 (Si—C),
—81.27 (Si—C). Anal. Calcd for C;;4H;,033N,;Sig (hept-substi-
tuted cube): C, 56.39; H, 2.97; N, 12.12; Found (%): C, 55.63;
H, 2.97; N, 11.96.

P2: Yellow power, yield: 48%. FTIR (KBr, cm™1): 3065 (=CH);
2850 (CH,); 1599, 1476, 1462 (Ar); 1131 (Si—O—Si); 870 (p-
Ar). 'H-NMR (400 MHz, CDCls, 9, ppm): 1.33 [58.5H,
C(CHs)3], 6.08 (Si—CH= and unreacting olefin proton), 6.82
(6.5H, Ar-CH=), 7.74 (26H, Ar-H), 7.95 (26H, Ar-H). "°C-
NMR (100 MHz, CDCls, 6, ppm): 164, 157, 132, 127, 126, 123,
94, 39, 31. ¥Si-NMR (79.49 MHz, CDCls, §, ppm): —79.66
(Si—C), —81.30 (Si—C). Anal. Calcd for C;4;3H;350;9N14Sig
(hept-substituted cube): C, 66.48; H, 5.27; N, 7.65; Found (%):
C, 63.74; H, 5.15; N, 7.27.

P3: Yellow power, yield: 45%. FTIR (KBr, cm™Y): 3065 (=CH);
2928, 2850 (CH,, CHi); 1602, 1476, 1431 (Ar); 1262
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Figure 1. FTIR spectra of OVS, M1-M3, and P1-P3.

(C—0—C); 1131 (Si—O—Si); 855 (p-Ar). 'H-NMR (400 MHz,
CDCls, 8, ppm): 0.88 (20.1H, CH;), 1.28 [67H, (CH,)s], 1.82
(13.4H, CH,CH,0), 4.03 (13.4H, OCH,), 6.03 (Si—CH= and
unreacting olefin proton), 7.07 (br, 6.7H, Ar-CH=), 7.53
(13.4H, Ar-H), 7.68 (13.4H, Ar-H), 8.07 (26.8H, Ar-H). "’C-
NMR (100 MHz, CDCls, d, ppm): 164, 156, 131, 129, 127, 123,
97, 67, 31, 29, 28, 22, 14. **Si-NMR (79.49 MHz, CDCls, 6,
ppm): —79.22 (Si—C), —81.17 (Si—C). Anal. Calcd for
Ci70H1910,6N14Sig (hept-substituted cube): C, 66.51; H, 6.23;
N, 6.39; Found (%): C, 66.76; H, 6.29; N, 6.39.

RESULTS AND DISCUSSION

Preparation and Solubility of Hybrids

The synthesis of all hybrids is outlined in Scheme 1. The reac-
tions were very straightforward using commercially available
OVS as one of the starting materials. To separate the resulting
products, we had once tried to use gel permeation chromatog-
raphy (GPC) method. As the hydrodynamic volumes of the dif-
ferent substituted species are quite similar, the GPC is unable to
separate.'®*® However, GPC in THF revealed single peak with
similar peak positions for three hybrids, suggesting no reactants
and core breakdown.'®*® The solubility of the hybrids was also
evaluated. The result showed that the hybrids of P1-P3 are
soluble in common organic solvents such as CHCl;, CH,Cl,,
toluene, and THE. Meanwhile, the hybrids also possessed excel-
lent film-forming property.

Structural Characterization

Figure 1 shows the FTIR spectra of OVS, M1-M3, and P1-P3.
The FTIR spectrum of OVS shows three major characteristic
peaks at 3066 cm™ ! (=C—H stretching), 1611 cm™ ! (C=C
stretching), and 1112 cm~ ! (Si—O—Si stretching) and that of
M3 (take M3 and P3 as an example for discussion) shows a set
of aromatic groups stretching absorption bands. The strong
characteristic absorptions of Si—O—Si (1112 ¢m™') and the
aromatic group stretching vibration absorption bands emerge in
the spectrum of the hybrid P3, suggesting that the POSS cage
may be incorporated into the oxadiazole units to obtain a new
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Figure 2. "H-NMR spectra of OVS, M1-M3 and P1-P3.

hybrid.** Similar results are also found in the spectra of P1 and
P2.

Figure 2 displays the 'H-NMR spectra of OVS, M1-M3, and
P1-P3 in chloroform-d. The absorption of OVS shows a set of
characteristic olefin proton absorption peaks located at 6 = 5.8—
6.2 ppm. Nevertheless, the 'H-NMR spectrum of the hybrid P3
shows a weaker absorption at é =6.03 ppm, belonging to the
protons of the Si—CH= and unreacting olefin proton absorp-
tion in OVS. Meanwhile, a new peak at 6 = 7.07 is found, which
is ascribed to the absorption of the olefin proton linking to aro-
matic group, indicating that the oxadiazole groups are cova-
lently attached to the POSS core to form the molecular
dispersed organic—inorganic hybrids.'"***® Similar result is also
found in the spectra of P2. The absorption of aromatic proton
in P1 shows a broader distribution, which may be due to the
polysubstitution products presenting in P1.

Figure 3 shows the *’Si-NMR spectra of OVS and P1-P3. As
shown in Figure 3, a single peak at —81.15 ppm emerges in

P3
P2
WWWWMW\LWW
P1
WWWWM
ovs l
-40 ' -510 ) -éO i -7"0 I -E;D I -E;O ) -100

ppm
Figure 3. ’Si-NMR spectra of P1-P3 and OVS.
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Figure 4. MALDI-TOF spectra of P1-P3.

OVS, indicating a symmetrical molecule and one silicon envi-
ronment.>>” P1-P3 displays major peaks at —79.46, —79.66,
and —79.22 ppm, respectively. The primary Si peaks result from
Si-vinyl groups with oxadiazole substituent.'"**** The hybrids
show minor peaks at —81.22, —81.30, and —81.17 ppm, respec-
tively, attributing to the unsubstituted vinyl groups, and the val-
ues are close to —81.15 ppm, as mentioned above in OVS.

The propensity of the hybrids (P1-P3) was studied by MALDI-
TOE As indicated in Figure 4, the MALDI-TOF results show a
distribution of P1 with pulling electron group ranged from 3 to
10 substitutions,”® with 9 and 10 being indicative of disubsti-
tuted vinyl groups. The result matches with the broader aro-
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matic proton absorption peaks in the 'H-NMR. However, P2
presents only 6 and 7 substitutions, and P3 shows only 5 and 7
arms, which may be pushing electron groups limiting the maxi-
mum substitutions to eight. It might hint that the substitutions
of hybrids with conjugated linkage were not affected by the

1628 and that the electronic effects of terminal

steric factors
groups had obvious influence on the arm numbers of hybrids,
which provides the potential strategy for the preparation of
POSS-based hybrids with 3D structures by the variety of the
substituent groups. Elemental analyses of the P1, P2, and P3
indicated that about 7, 6.5, and 6.7 oxadiazole chromophores
were attached to each cube average, respectively. It is consistent

with the results of MALDI-TOF of P1-P3.

Optical Properties

The UV-vis absorption and fluorescence emission spectra of
P1-P3 are shown in Figure 5. The maximum absorption wave-
lengths of P1-P3 are located at the range of 291-295 nm, corre-
sponding to the transition of the oxadiazole units.** The
maximum absorption wavelengths and optical band gaps (E,)
for the hybrids are summarized in Table 1.

Figure 5 illustrates the fluorescence emission spectra of P1-P3
in THF solutions (1 X 107> mol L™"). The emission spectra
properties for the hybrids are summarized in Table I. The
results show that P1-P3 has intense blue—violet emission. The
PL quantum yield (®;) was determined by using quinine sulfate
in 0.10 mol L™! H,S0, as the standard.” @y values of P2 and
P3 are up to 43% and 51%, respectively, which is much larger
than that of reported nanocomposite OgOVS with similar chro-
mophore (1%).”® The reason may be the cubic core structure
functionalized as a stable spacer for separating organic arms
(luminescent centers) to achieve quantum confinement effects,””
and the 3D structure with rigid linkage between the POSS core
and oxadiazole groups suppressed intramolecular and intermo-
lecular m—7 interactions.”***”*® In addition, the tert-butyl or
alkoxy chains are grafted at terminal in P2 or P3, respectively,
which increase the torsion energy barrier of diaryl-oxadiazole
and minimizing the rotating of arms, and further reduce the
intermolecular interaction.”” On the other hand, P2 and P3

o
o
1

Normalized absorption
o
e

Normalized intensity

0.0 4

T T T T T T T
250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 5. UV—vis absorption (2 X 10~ * mol L™") and fluorescence emis-
sion (1 X 107> mol L™ 1) spectra of P1-P3 in THF solution.
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Sample Jabs® (Nm) JpL2 (nm) D Eonset (V) Egd eV) LUMOE (eV) HOMO (eV)
P1 291 363 0.16 -0.70 3.28 -3.70 -6.98
P2 294 367 0.43 -1.00 3.57 -3.40 -6.97
P3 295 375 0.51 -1.07 3.61 -3.33 -6.94

2Determined in THF solution (2 X 10~* mol L™1).

®Measured in THF solution (1 x 107> mol L™%), excited at wavelength of the maximum absorbance.
©Quantum yields determined by using a dilute quinine sulfate in 0.10 mol L~* H>S0, as the standard (0= 0.546).2°
dEstimated from the onset wavelength of UV-vis absorption spectra in film.

¢Estimated from the onset of the cathode current.
"Eromo = ELumo — Eg.

with pushing electron groups have only two types of substitu-
tions, and the higher purity as well as relatively symmetric
structures are helpful to the enhancement of the fluorescence
quantum yield.”® The quantum yield value of P1 is only 16%.
When compared with that of P2 and P3, the decrease is due to
the pulling electron effect of the nitryl group in P1.>**

For elucidating this, PL spectra of the annealed film of P3 from
50 to 110°C in air were performed. To make the comparison,
PL spectrum of P3 at 20°C was measured at the same condition
and is shown in Figure 6 (Curve a). As shown in Figure 6, the
blue emission peaks of P3 were located at 445 and 420 nm at
different temperatures (from 20 to 110°C). The PL spectra pro-
file and the emission intensity of those annealed films are lightly
weakened, suggesting slight tendency toward aggregation in the
solid state.'®*® Figure 7 shows the electron absorption spectra
of P3 in annealed film. As shown in Figure 7, under the anneal-
ing temperatures at 20, 50, 80, 110°C, the maximum absorption
peaks of P3 are located at 296, 300, 304, and 309 nm, respec-
tively. The maximum absorption shows a red-shift from 296 to
309 nm with an increase in the annealing temperature, indicat-
ing that a slight aggregation occurred in annealing films.***
When compared with the flat molecules such as PTCDI*"*?
nevertheless, the red-shifted absorption of P3 led by the aggre-
gation is not significant. Similar phenomenon was also found in
an oxadiazole-containing cyclotriphosphazene core hybrid mole-

400

d: 110°C

300

Q -—n
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Intensity

100

T . .
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T T
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Figure 6. PL spectra of P3 in films after annealing treatment.
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cule with no flat structure.*® The result further demonstrated
that the hybrid with 3D molecular structure can efficiently
restrain intramolecular and intermolecular 7—7 interactions.**

Electrochemical Properties

Cyclic voltammetry was used to investigate the redox behavior
of P1-P3 and to estimate the lowest unoccupied molecular
orbital (LUMO) energy levels based on the equation
Eiumo =— (B4, +4.4) (eV)*™* and the highest occupied
molecular orbital (HOMO) energy levels based on Ejyno and
E,. The measurement of the onset potentials and the prepara-
tion of hybrid films were according to the method proposed in

Refs. 43 and 44.

Figure 8 shows the CV curves of n-doping process of P1-P3.
The energy levels of the hybrids are listed in Table I. During the
cathodic scan, the hybrids exhibit a quasi-reversible reduction
processes, and the onsets occur at —0.70, —1.00, and —1.07 eV
for P1, P2, and P3, corresponding to Ejynmo values at —3.70,
—3.40, and —3.33 eV, respectively. The Ejymo of P1 with nitryl
(pulling electron group) is the lowest and that of P3 with
alkyoxy (pushing electron groups) is the highest in the three
hybrids, suggesting that the pulling electron group may improve
the electron injection from the metal electrode.” Thus, the

1.2—‘.‘
I —110°
----80°C

-
o
|

o
<9
1

Normalized absorption
o o
= [«
1 1

o
o
1

0.0

T T T
250 300 350 400 500

Al nm
Figure 7. Electron absorption spectra of P3 in films after annealing
treatment.
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16.
electron injection ability of the hybrids can be effectively modu-
lated by varying molecular design and architecture. 17.
CONCLUSIONS 18.
In conclusion, a series of oxadiazole-containing 3D hybrid
materials were successfully designed and efficiently synthesized. — 1%-
The combination of the inorganic POSS core and oxadiazole
chromophores using Heck reaction significantly endows the 3843,
resultant hybrids with 3D structure, higher value of PL quan-  20.
tum yield (®y), and good electron injection properties. The 21
variety of substitute groups had obvious influence on the arm 5,
numbers of hybrids and optical properties as well as the proper-
ties of electron injection (or Ejymo). This work provides the 23
potential strategy for the preparation of nanocomposite materi- ' 637
als that combined the organic molecular chromophores with '
the POSS core using a rigid link for LED applications. 24
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