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ABSTRACT: A series of diblock-copolymers were synthesized through anionic polymer-
ization of styrene and tert-butyl methacrylate (tBuA) with different monomer ratios,
and analogous block-copolymeric derivatives (PS-b-PAA)s with monofunctional
carboxylic acid groups were obtained by further hydrolyzation as hydrogen-bonded
(H-bonded) proton donors. Via H-bonded interaction, these diblock-coplymeric donors
(PS-b-PAA)s were incorporated with luminescent mono-pyridyl/bis-pyridyl acceptors
to form single/double H-bonded supramolecules, that is, H-bonded side-chain/cross-
linking copolymers, respectively. The supramolecular architectures formed by donor
polymers and light-emitting acceptors were influenced by the ratio of acid blocks in
the diblock copolymeric donors and the type of single/double H-bonded light-emitting
acceptors. Their thermal and luminescent properties can be adjusted by H-bonds,
and more than 100 nm of red-shifted photoluminescence (PL) emissions were
observed, which depend on the degrees of the H-bonding interactions. Self-assembled
phenomena of amphiphilic dibolck copolymers and their H-bonded complexes were
confirmed by TEM micrographs, and supramolecular microphase separation of spher-
ical micelle-like morphology was demonstrated to affect the photophysical properties.
Polymer light-emitting diode (PLED) devices containing H-bonded complexes showed
electroluminescence (EL) emissions of 503-560 nm under turn-on voltages of 7.5—
9.0 V, maximum power efficiencies of 0.23-0.37 c¢d/A (at 100 mA/cm?), and maximum
luminances of 318-519 c¢d/m? (around 25 V). © 2009 Wiley Periodicals, Inc. J Polym Sci
Part A: Polym Chem 47: 4685-4702, 2009
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INTRODUCTION

Fascinating subjects in areas such as materials
science, nanochemistry, and biomimetic chemistry
are concerned with the creation of supramolecular
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architectures with well-defined shapes and func-
tions, where self-assembly of molecules through
noncovalent forces including hydrophobic and
hydrophilic effects,' hydrogen bonding,> metal-
ligand interactions,® microphase segregation, and
shape effects* are involved. With regard to micro-
phase segregation, block copolymers are utilized
to generate a variety of different morphologies,
namely sphere, cylinder, and lamellae, due to the
microscopic phase separation in solid state and
selective solvation in solutions, which provide an
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attractive route to nanostructures. In particular,
hydrogen bonding has also been applied to pro-
duce packed nanohelical polymer structures,’”’
core-shell micelle architectures,®*'* and liquid-
crystalline assemblies.’®2° Therefore, noncova-
lent interactions of H-bonds are combined with
covalent chemistry in order to construct new
supramolecular polymers.

For example, the hydrogen bonds formed
between pyridines and carboxylic acids have been
shown to be beneficial for spontaneous construc-
tion of supramolecular structures.!® Hawker and
coworkers also demonstrated block copolymer
lithography yielding nanometer-sized hexonal struc-
tures by hierarchical self-assembly of H-bond-
ing.?! Zhang et al. prepared the core-shell-corona
micelles from the complexation between core-
shell micelles of polystyrene-block-poly(acrylic
acid) (PS-b-PAA) and a double hydrophilic
diblock copolymer of poly(ethylene glycol)-block-
poly(4-vinyl pyridine).?*?? Peng et al. studied
the complexation of polystyrene-block-poly(4-
vinyl pyridine) with linear aliphatic acids in chlo-
roform indicating the resulting complexes may
generate self-assembly of nanosized vesicles or
molecularly dispersed state, corresponding to the
length of the aliphatic chains.!! PS-b-PAA is a
typical cross-linked and amphiphilic block copoly-
mer,?* 2% whose self-assemblies into core-shell
nanomicelles have been extensively studied for
the construction of supramolecules. It was also
applied by Taton et al. to demonstrate an alter-
native and noncovalent method of modifying sin-
gle-walled carbon nanotubes by encasing the
nanotubes within copolymer micelles of cross-
linked PS-b-PAA.*’

In our previous work,'®?® several series of lig-
uid crystalline and light-emitting supramolecular
assemblies were constructed by complexation of
two complementary components containing vari-
ous functional proton donors and acceptors. The
mesogenic and photoluminescence (PL) properties
of the functional cores can be adjusted not only by
the chemical structures of the cores but also by
their surrounding proton donors or acceptors, and
their H-bonded effects on photoluminescent
supramolecules have been investigated previ-
ously. In contrast, block copolymers have been
rarely considered as optical tuning materials for
chromophores and relatively few researches
regarding their functions as optical wave-adjust-
ing materials have been explored and evaluated.
For instance, Jenekhe et al. reported that block
copolymers with light-emitting (phenyl-quinoline,

PPQ) blocks can form the morphology of self-
organized hollow spherical micelles in the dimen-
sion of micrometers.?? Moreover, the refractive-
index of nanocomposites can be tuned by inclusion
of nanoparticles in the nano-tailored matrices
of block-copolymers.®® In this study, the self-
assembled matrices of micellar diblock copoly-
mers, that is, polystyrene-block-poly(acrylic acid)s
(PS-b-PAA)s, were hydrolyzed from diblock
copolymers, that is, polystyrene-block-poly(tert-
butyl acrylate)s (PS-b-PtBuA)s, in which tert-
butyl acrylate groups were turn into acrylic acid
groups by the hydrolysis reaction. Accordingly, a
series of photoluminescent molecules containing
mono- and bis-pyridyl moieties were designed to
complex with amphiphilic diblock copolymers
(PS-b-PAA)s to form single/double H-bonded
complexes, that is, supramolecular side-chain/
cross-linking polymers (as shown in Fig. 1),
respectively. Therefore, H-bonded effects on the
self-assembled and PL properties of these supra-
molecules in solid state are illustrated.

EXPERIMENTAL

Measurements and Characterization

'H NMR spectra were recorded on a Varian Unity
300 MHz spectrometer using CDCl3 or DMSO-dg
solvent with tetramethyl silane as a reference.
Elemental analyses were performed on a HER-
AEUS CHN-OS RAPID elemental analyzer. Fou-
rier transform infrared (FTIR) spectra were per-
formed on a Nicolet 360 FTIR spectrometer. Phase
transition temperatures were determined by dif-
ferential scanning calorimetry (Perkin-Elmer Dia-
mond) with a heating and cooling rate of 10 °C/
min and polarizing optical microscope (Leica
DMLP) equipped with a hot stage. Thermogravi-
metric analyses (TGA) were conducted on a Du
Pont Thermal Analyst 2100 system with a TGA
2950 thermogravimetric analyzer at a heating
rate of 10 °C/min under nitrogen. UV-visible (UV-
vis) absorption spectra were recorded in dilute
THF solutions (10~® M) on a HP G1103A spectro-
photometer, and PL spectra were obtained on a
Hitachi F-4500 spectrophotometer. Thin films of
UV-vis and PL measurements were spin-coated
on quartz substrates from THF solutions with a
concentration of 1 wt %. Transmission electron
microscopy (TEM) images were obtained by a
Hitachi H-600 microscope. All TEM samples were
stained with iodine and prepared from solutions
in chlorobenzene with a concentration of 0.2 wt %.
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Figure 1.
H-bonded complexes.

Cyclic voltammetry (CV) was performed at a scan-
ning rate of 100 mV/s on a BAS 100 B/W electro-
chemical analyzer, which was equipped with a
three-electrode cell. Pt wire was used as a counter
electrode, and an Ag/AgCl electrode was used as a
reference electrode in the CV measurements. The
thin films of H-bonded complexes coated on Pt
disk working electrode were anodically and cath-
odically scanned in an acetonitrile solution con-
taining 0.1 M n-Bu,NC10,.%!

Fabrication of PLED Devices

EL devices with the configuration of ITO/
PEDOT:PSS (40-50 nm)/H-bonded complexes
(50-60 nm)/BCP(10 nm)/Alq3(30 nm)/LiF(1 nm)/
Al(150 nm) were made, where BCP (i.e., 2,9-di-
methyl-4,7-diphenyl-1,10-phenanthroline) or Alqs
(i.e., tris(8-hydroxyquinoline)aluminium) was
used as an electron transporting layer. The ITO
substrates were routinely cleaned by ultrasonic
treatments in detergent solutions and diluted
water, followed by rinsing with acetone and then
ethanol. After drying, the ITO substrates were
kept in oxygen plasma for 4 min before being
loaded into the vacuum chamber. The solutions
(10 mg/mL) of light-emitting materials in chloro-
benzene were spin-coated on glass slides pre-
coated with indium tin oxide (ITO) having a sheet
resistance of ~20 (/square and an effective indi-
vidual device area of 3.14 mm?. The spin coating
rate was 6000 rpm for 60 s with PEDOT: PPS,
4000 rpm for 60 s with resulting polymers, and
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the thicknesses of PEDOT: PPS and H-bonded
polymers were measured by an Alfa Step 500 Sur-
face Profiler (Tencor). BCP and Algs layers were
thermally deposited at a rate of 1-2 A/s under a
pressure of ~2 x 107° torr in an Ulvac Cryogenic
deposition system. Under the same deposition sys-
tems and conditions, one layer of LiF was ther-
mally deposited as a cathode at a rate of 0.1-
0.2 A/s, which was followed by capping with an
aluminum layer. The I-V characteristics in the
dark and under illumination were measured with
Keithley 236 source meter.

Syntheses of Diblock Copolymers P1-P3 and
Hydrolysis of Diblock Copolymers PD1-PD3

A series of diblock copolymers P1-P3, that is, poly-
styrene-block-poly(tert-butyl acrylate)s (PS-b-
PtBuA)s, were synthesized via anionic block
copolymerization®? using styrene and tBuA as
monomers. Similar procedures for the syntheses
of diblock copolymers PD1-PD3, that is, polysty-
rene-block-poly(acrylic acid)s (PS-b-PAA)s, were
followed. Synthesis and characterization of
diblock copolymers P1-P3 and their hydrolysis of
diblock copolymers PD1-PD3 are described in
the supporting information. The thermal proper-
ties and molecular weight characterization of the
resulting copolymers P1-P3, that is, (PS-b-
PtBuA)s with different molar ratios of styrene
and tBuA (10/1, 5/1, and 2/1, i.e., the content of
tBuA component was consecutively increased),
are summarized in Table 1.
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Table 1. Thermal Properties and Molecular Weights of Diblock-Copolymers

(P1-P3 and PD1-PD3)

Molar Ratio

of Monomers Tgb T4 M2

Diblock Copolymer (Styrene/tBuA)? (G O)] (G O)) (g/mol) PDI
PS305-b-PtBuAg; (P1) 10/1 92 254,437 38,464 1.28
PS304-b-PtBuAg; (P2) 5/1 95 237,391 39,468 1.33
PSs10-b-PtBuA, o5 (P3) 2/1 98 215,379 35,465 1.38
PS325-b-PAA;33 (PD1) 10/1 90 198,348 - -
PS304-b-PAAg; (PD2) 5/1 92 183,435 - -
PS310-b-PAA, o5 (PD3) 2/1 96 175,402 - -

2Determined by "H-NMR spectra and the data of PD1-PD3 followed the data of P1-P3 due
to PAA block obtained from the direct hydrolysis of block PEBuA.

ng values were determined by DSC at a heating rate of 10 °C/min under nitrogen.

“Degradation temperatures corresponding to PtBuA and PS blocks of diblock copolymers
were determined by TGA at a heating rate of 10 °C/min under nitrogen.

4The number-average molecular weights were measured by GPC in THF using polystyrene

standards.

Syntheses of Pyridyl Moieties as Proton Acceptors
(Compounds 14-19)

1,4-Bi-octyloxybenzene (1)

Hydroquinoline (22.80 g, 0.207 mol), 1-bromoc-
tane (100.00 g, 0.518 mol), and potassium hydrox-
ide (35 g) were dissolved in the mixture of ethanol
(675 mL) and water (75 mL), and heated to 80 °C
for 48 h. After the reaction was completed, the sol-
vent was removed by rotary evaporation, and the
resulting mixture was extracted with dichlorome-
thane and water for three times. The organic layer
was collected and dried with anhydrous MgSOy,.
After filtration and concentration, the product
was purified by recrystallization from toluene and
washed by hexane to obtain compound 1.

Yield: 35%, 'H NMR (ppm, CDCly): & 0.88 (t,
6H), 1.28-1.43 (m, 20H), 1.70-1.79 (m, 4H), 3.89
(t,4H, J = 6.6 Hz), 6.81(s, 4H).

1,4-Dibromo-2,5-bi-octyloxybenzene (2)

Compound 1 (30.78 g, 92.01 mmol) and carbon
tetrachloride (50 mL) were mixed and stirred in a
flask. Bromine (9.68 mL, 193.21 mmol) was added
dropwise into the solution and heated to 70 °C
overnight. After cooling, saturated aqueous
NayS;05 (200 mL) was poured into the solution to
quench the excessive bromine, and the resulting
mixture was extracted with CCly. The organic
layer was dried over MgSQ,, and then the solvent
was removed by rotary evaporation. The product
was purified by recrystallization from hexane to
isolate compound 2. Yield: 86%, 'H NMR (ppm,

CDCly): 0 0.90 (t, 6H), 1.30-1.47 (m, 20H), 1.77-
1.82 (m, 4H), 3.94 (t, 4H, J = 6.6 Hz), 7.08 (s, 2H).

4-Bromo-2,5-bi-octyloxybenzaldehyde (3)

Compound 2 (15 g, 30.24 mmol) was dissolved in
anhydrous THF and cooled to —78 °C under nitro-
gen atmosphere. n-Butyl lithium (2.5 M in hex-
ane, 14.5 mL, 36.68 mmol) was injected into the
solution by means of a syringe. After reaction, the
solution was stirred at —78 °C for 30 min, and
then the reaction temperature was increased to
—30 °C. DMF (3.51 mL, 45.35 mmol) was then
added into the reaction mixture and stirred for
1.5 hr. After then, the solution was stirred at
room temperature overnight. The resulting mix-
ture was extracted with ethyl ether and water.
The organic layer was collected and dried over
anhydrous MgSQO,. After filtration and concentra-
tion, the product was purified by column chroma-
tography using dichloromethane/hexane (1:40) as
an eluant to give a yellow solid.

Yield: 70%, 'H NMR (ppm, CDCly): & 0.89 (t,
6H), 1.29-1.56 (m, 20H), 1.79-1.84 (m, 4H), 4.00
(t, 4H, J = 6.6 Hz), 7.22 (s, 1H), 7.31 (s, 1H), 10.41
(s, 1H).

2,5-Bi-octyloxy-4-(2-pyridin-4-yl-vinyl)benzalde-
hyde (4)

To a solution of compound 3 (6 g,13.63 mmol), pal-
ladium (II) acetate (0.122 g, 0.55 mmol), and tri-
o-tolylphosphine (0.25 g, 0.81 mmol) in a mixture
of benzene (20 mL) and triehtylamine (20 mL),
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4-vinylpyridine (1.62 mL, 15.5 mmol) was added.
The solution was heated to react at 120 °C for 48
hr. The resulting mixture was extracted with
dichloromethane and water. The organic layer
was collected and dried over anhydrous MgSOQOy,
and then the solvent was removed by rotary evap-
oration. The product was isolated through column
chromatography (ethyl acetate/hexane, 1:10) as
an eluant to give a yellow solid.

Yield: 40%, "H NMR (ppm, CDCly): & 0.88 (t,
6H), 1.29-1.51 (m, 20H), 1.79-1.84 (m, 4H), 4.06
(t, 2H, J = 6.6 Hz), 4.11 (t, 2H, J = 6.6 Hz), 7.13-
7.19 (d, 1H, J = 16.5 Hz), 7.17 (s, 1H), 7.34 (s,
1H), 7.38-7.40 (d, 2H, J = 6.0 Hz), 7.63-7.68 (d,
1H, J = 16.5 Hz), 8.60-8.62 (d, 2H, J = 6.0 Hz),
10.47 (s, 1H).

Benzyl-diethyl Phosphonate (5)

Benzyl bromide (5 g, 29.41 mmol) and triethyl
phosphate (33 mL) were placed into a flask and
stirred. The reaction was heated to react at 120
°C for 12 hr. After cooling, the excessive triethyl
phosphate was removed by reduced pressure dis-
tillation, and then the residue was dried in vacuo
to get the desired product.

Yield: 90%, "H NMR (ppm, CDCly): § 1.22-1.27
(t, 6H), 3.05 (d, 4H, J = 21.3 Hz), 4.00—4.05 (m,
4H), 7.22-7.31 (m, 5H).

4-Cyanobenzyl Diethyl Phosphonate (6)

Compound 6 was obtained from the starting ma-
terial of alpha-bromo-p-tolunitrile, following a
similar procedure as described for compound 5.
Yield: 88%, '"H NMR (ppm, CDCly): 6 1.24-1.31
(t, 6H), 3.17 (d, 4H, J = 22.2 Hz), 4.02—4.11 (m, 4H),
7.41(d, 2H, J = 8.0 Hz), 7.62 (d, 2H, J = 7.8 Hz).

4-Methylbenzoic Acid N -Benzoylhydrazide (7)

Appropriate amount of benzoyl chloride in anhy-
drous chloroform was added dropwise into a solu-
tion of p-toluic hydrazide (3 g, 19.78 mmol) in a
mixture of dry chloroform and triethylamine
under nitrogen atmosphere. The reaction was
stirred at room temperature for 1.5 h. The result-
ing mixture was collected by filtration and
washed with water and hexane. The residue was
dried in vacuo to obtain the product.

Yield: 84%, 'H NMR (ppm, CDCly): § 2.49 (s,
3H), 7.42 (d, 2H, J = 8.1 Hz), 7.60-7.73 (m, 3H),
7.95 (d, 2H, J = 8.7 Hz), 8.02 (d, 2H), 10.55 (d,
2H, J = 11.7 Hz).
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2-Phenyl-5-p-tolyl-[1,3,4]oxadiazole (8)

A solution of compound 7 (1.5 g, 5.9 mmol) in
POCI; (40 mL) was stirred under nitrogen atmos-
phere, and heated to 110 °C for 6 h. After cooling,
the solvent was removed by reduced pressure dis-
tillation and a brown viscous liquid was acquired.
A precipitate was collected by pouring water into
the resulting mixture. A white needle solid was
obtained by filtration and recrystallization from
methanol.

Yield: 70%, "H NMR (ppm, CDCl,): 5 2.42 (s,
3H), 7.31 (d, 2H, J = 7.8 Hz), 7.51 (m, 3H), 7.95
(d, 2H, J = 8.7 Hz), 8.02 (d, 2H, J = 8.2 Hz), 8.13
(d, 2H, J = 7.8 Hz).

2-(4-Bromomethyl-phenyl)-5-phenyl-[1,3,4]oxadia-
zole (9)

Compound 8 (3.00 g, 12.70 mmol), N-bromosuc-
cinimide (2.4 g, 13.90 mmol), and benzoyl perox-
ide (0.3 g, 0.127 mmol) were dissolved in carbon
tetrachloride (80 mL). The reaction mixture was
heated to react at 85 °C for 5 h. After the reaction
was completed, the product in solution was col-
lected by filtration and purified by recrystalliza-
tion from a solution of chloroform/methanol (4:1)
to give a white solid.

Yield: 60%, '"H NMR (ppm, CDCls): § 2.42 (s,
3H), 7.31 (d, 2H, J = 7.8 Hz), 7.50 (m, 3H), 8.11
(d, 2H, J = 7.8 Hz), 8.13 (m, 2H).

[4-(5-Phenyl-[1,3,4]oxadiazol-2-yl)-benzyl] Diethyl
Phosphonate (10)

Compound 10 was synthesized using compound 9
as a staring material and followed by a similar
synthetic procedure of compound 5.

Yield: 90%, "H NMR (ppm, CDCls): 6 1.18-1.29
(t, 6H), 3.20 (d, 2H, J = 22.1 Hz), 4.02—4.10 (m,
4H), 6.82 (d, 2H, J = 8.7 Hz), 6.89 (d, 3H), 7.17 (d,
2H, J = 8.7 Hz), 7.21 (m, 2H).

1-Methyl-4-octyloxybenzene (11)

To a solution of p-cresol (20 g, 0.19 mol) and potas-
sium hydroxide (15.5 g, 0.277 mol) in a mixture of
water (15 mL) and ethanol (135 mL), 1-bromooc-
tane (42.86 g, 0.22 mol) was added. The mixture
was heated to reflux for 24 h. As the reaction was
completed, the solvent was removed by rotary
evaporation and the resulting mixture was
extracted with dichloromethane and water. The
organic layer was collected and dried with
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anhydrous MgSQO,. After filtration and concentra-
tion, the product was purified by a silica gel
column using hexane/ethyl acetate (50:1 then 1:1)
as an eluent to obtain a brown viscous liquid.
Yield: 88%, 'H NMR (ppm, CDCly): 5 0.88 (t,
3H, J = 6.3 Hz), 1.28-1.52 (m, 10H), 1.69-1.79
(m, 4H), 2.26 (s, 3H), 3.88 (d, 2H, J = 6.4 Hz),
6.77 (d, 2H, J = 8.6 Hz), 7.05 (d, 2H, J = 8.6 Hz).

(4-Octyloxybenzyl)-Triphenylphosphonium
Bromide (12)

Compound 11 (15.00 g, 0.068 mol), N-bromosucci-
nimide (14.53 g, 0.082 mol), and AIBN (1.34 g,
0.008 mol) were dissolved in carbon tetrachloride
(100 mL). The reaction mixture was heated to
react at 70 °C for 4 h. After cooling, the excessive
NBS and AIBN were removed by filtration and
the solution was concentrated by rotary evapora-
tion to give a brown viscous liquid product p-octy-
loxybenzyl bromide (Yield: 90 %). Because of the
unstability of this bromide compound, the subse-
quent procedure continued immediately as fol-
lows: The bromide compound (15.00 g, 0.054 mol)
and triphenyl phosphate (15.50 g, 0.059 mol) were
dissolved in xylene (200 mL). The reaction mix-
ture was heated to react at 110 °C for 18 h. After
completion of the reaction, the product in solution
was collected by filtration and washed with hex-
ane to remove the excessive triphenyl phosphate,
and then it was dried in vacuo to acquire com-
pound 12.

Yield: 88%, 'H NMR (ppm, CDCl3): 6 0.88
(t, 3H, J = 6.3 Hz), 1.18-1.22 (m, 18H), 1.70-
1.75 (m, 4H), 3.92 (t, 2H, J = 6.4 Hz), 5.22 (d, 2H,
J =20.2Hz),6.70 (d, 2H, J = 8.4 Hz), 6.92 (d, 2H,
J = 8.4 Hz), 7.45-7.82 (m, 15H).

(Triphenylphosphonium bromide)-Thiophene (13)

Compound 13 was synthesized from a starting
material of 2-methylthiophene, and followed by a
similar procedure as described for compound 12.
Yield: 78%, '"H NMR (ppm, CDCly): 6 5.75 (d,
2H, J = 13.2 Hz), 6.86 (m, 1H), 7.07 (m, 1H),
7.07(m, 1H), 7.62-7.82 (m, 15H, J = 6.4 Hz).

General Procedure of Horner-Wadsworth-Emmons
Reaction for Proton Acceptors (Compounds 14-18)

Compound 4 (0.8 g, 71 mmol) and compound 5
(0.51 g, 2.24 mmol) were placed in a flask. A solu-
tion of anhydrous THF (50 mL) and chloroform
(50 mL) was injected under nitrogen atmosphere

by means of a syringe and heated to 80 °C.
Sodium hydride (0.12 g, 5.13 mmol) in anhydrous
THF (10 mL) was slowly injected into the solution
and reacted at room temperature for 20 h. The
resulting mixture was extracted with dichlorome-
thane and water. The organic layer was collected
and dried with anhydrous MgSO,. After filtration
and concentration, the product was purified by an
Al,O3 column using hexane/ethyl acetate (10:1) as
an eluent to obtain compound 14. The syntheses
of compounds 15, 16, 17, and 18 were also fol-
lowed by the similar procedure.

trans,trans-4-[2-(2,5-Bi-octyloxy-4-styryl-phenyl)-
vinyl]-pyridine (14)

Yield: 78%, '"H NMR (ppm, CDCly): 6 0.88 (t, 6H),
1.29-1.51 (m, 20H), 1.86-1.90 (m, 4H), 4.03—4.10
(m, 4H), 7.02-7.08 (d, 1H, J = 16.5 Hz), 7.12 (s,
1H), 7.14 (s, 1H), 7.19 (d, 1H, J = 16.5 Hz), 7.26
(m, 1H), 7.29-7.34 (d, 1H, J = 16.5 Hz), 7.34-7.39
(m, 4H), 7.45-7.51 (d, 1H, J = 16.5 Hz), 7.53-7.55
(d, 2H, J = 5.2 Hz), 8.56-8.57 (d, 2H, J = 5.1 Hz);
13C NMR (ppm, CDCls): 6 14.10, 22.66, 26.27,
29.39, 31.80, 69.42, 69.58, 110.12, 111.02, 120.79,
123.24, 125.33, 125.82, 126.56, 127.58, 128.20,
128.64, 129.48, 137.72, 145.30, 150.07, 150.96,
151.51; Found: C, 82.22; H, 9.05; N, 2.21%. Calcd.
for 037H49NO2Z C, 8223, H, 915, N, 2.59 %.

trans, trans-4-{2-[2,5-Bi-octyloxy-4-(2-pyridin-4-yl-
vinyl)-phenyl]-vinyl}-benzonitrile (15)

Yield: 72%, *H NMR (ppm, CDCls): 6 0.88 (t, 6H),
1.25-1.58 (m, 20H), 1.85-1.93 (m, 4H), 4.07 (m,
4H), 7.05-7.10 (d, 1H, J = 16.5 Hz), 7.12-7.17 (d,
1H, J = 16.5 Hz), 7.11 (s, 2H), 7.36-7.38 (d, 2H, J
= 5.7 Hz), 7.55-7.65 (m, 4H), 7.57-7.52 (d, 1H, J
= 16.5 Hz), 7.64-7.69 (d, 1H, J = 16.5 Hz), 8.56—
8.58 (d, 2H, J = 4.8 Hz); '*C NMR (ppm, CDCl,):
0 14.08, 22.64, 26.24, 29.27, 29.35, 31.77, 69.45,
110.74, 110.85, 119.92, 120.82, 126.83, 127.04,
127.36, 127.81, 132.44, 142.32, 145.24, 150.13,
151.31, 151.38; Found: C, 80.58; H, 8.12; N,
4.60%. Caled. for CsgH4sN5Oo: C, 80.81; H, 8.57;
N, 4.96 %.

trans, trans-4-(2-{2,5-Bi-octyloxy-4-[2-(4-octyloxy-
phenyl)-vinyl]-phenyl}-vinyl)-pyridine (16)

Yield: 72%, "H NMR (ppm, CDCl,): 5 0.88 (t, 6H),
0.96 (t, 3H), 1.29-1.54 (m, 30H), 1.74-1.89 (m,
6H), 3.99 (t, 2H, J = 6.3 Hz), 4.07 (m, 4H), 6.88 (s,
1H), 6.91 (s, 1H), 7.01-7.06 (d, 1H, J = 16.5 Hz),
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7.08-7.13 (d, 1H, J = 16.5 Hz), 7.10-7.11 (d, 2H, J
= 4.8 Hz), 7.30-7.36 (d, 1H, J =1 6.5 Hz), 7.37 (d,
2H, J = 4.5 Hz), 7.44-7.47 (d, 2H, J = 4.8 Hz),
7.64-7.69 (d, 1H, J = 16.5 Hz), 8.54-8.56 (d, 2H, J
= 6.0 Hz); **C NMR (ppm, CDCly): 6 14.07, 22.24,
26.01, 26.26, 28.87, 29.45, 29.39, 31.78, 68.03,
69.37, 69.57, 110.12, 111.02, 114.65, 123.91,
124.76, 125.46, 127.76, 128.18, 128.70, 129.15,
130.30, 145.44, 149.95, 150.74, 151.55, 158.91;
Found: C, 80.49; H, 9.75; N, 2.19%. Calcd. for
C4sHgsNO3: C, 80.91; H, 9.81; N, 2.10 %.

trans, trans-4-[2-(2,5-Bi-octyloxy-4-{2-[4-(5-phenyl-
[1,3,4]oxadiazol-2-yl)-phenyl]-vinyl}-phenyl)-vinyl]-
pyridine (17)

Yield: 73%, '"H NMR (ppm, CDCly): 6 0.89 (t, 6H),
1.25-1.59 (m, 20H), 1.88-1.92 (m, 4H), 4.10 (m,
4H), 7.05-7.10 (d, 1H, J = 16.5 Hz), 7.13 (s, 1H),
7.15 (s, 1H), 7.19-7.24 (d, 1H, J = 16.5 Hz), 7.37—
7.39 (d, 2H, J = 6.0 Hz), 7.53-7.58 (d, 1H, J =
15.9 Hz), 7.54-7.70 (m, 5H), 7.65-7.70 (d, 1H, J =
16.5 Hz), 8.09-8.17 (m, 4H), 8.56-8.58 (d, 2H, J =
4.8 Hz); **C NMR (ppm, CDCls): § 14.09, 22.66,
26.26, 29.29, 31.80, 69.41, 110.58, 110.92, 120.80,
126.23, 126.87, 127.00, 127.22, 127.35, 127.91,
128.09, 129.04, 131.67, 141.17, 145.16, 150.07,
151.20, 151.44, 164.42; Found: C, 78.99; H, 7.52;
N, 5.92%. Caled. for C45H53N303: C, 7903, H,
7.81; N, 6.14 %.

trans, trans-4-{2-[2,5-Bi-octyloxy-4-(2-thiophene-2-
yl-vinyl)-phenyl]-vinyl}-pyridine (18)

Yield: 62%, 'H NMR (ppm, CDCls): 6 0.88 (t, 6H),
1.30-1.60 (m, 20H), 1.85-1.90 (m, 4H), 4.06 (m,
4H), 7.01-7.06 (d, 1H, J = 16.8 Hz), 7.02-7.07 (d,
1H, J = 16.0 Hz), 7.01-7.10 (m, 2H), 7.20-7.22 (d,
1H), 7.27 (s, 2H), 7.35-7.37 (d, 1H, J = 15.5 Hz),
7.35-7.37(d, 2H, J = 6.0 Hz), 7.63-7.69 (d, 1H, J =
16.5 Hz), 8.55-8.57 (d, 2H, J = 6.0 Hz); '3C NMR
(ppm, CDCls): 6 14.10, 22.67, 26.26, 29.29, 29.39,
29.44, 31.80, 69.38, 69.56, 110.46, 111.01, 120.77,
122.80, 123.13, 124.43, 125.23, 125.81, 127.60-
127.77, 128.01, 143.58, 145.29, 150.06, 150.91,
151.47; Found: C, 76.53; H,8.91; N, 2.02%. Calcd.
for 035H47NO2SZ C, 7702, H, 868, N, 2.57 %.

trans, trans-2,5-Dioctyloxy-1,4-bis(2-[4]pyridyl-ethe-
nyl)benzene (19)

Compound 19 was synthesized by Heck reaction
and followed by the similar method described for
compound 4.
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Yield: 20%, "H NMR (ppm, CDCls): 6 0.88 (t, 6H),
1.26-1.62 (m, 20H), 1.80-1.92 (m, 4H), 4.07 (t, 4H,
J = 6.6 Hz), 7.10 (d, 2H, J = 16.0 Hz), 7.13 (s, 2H),
743 (d, 4H, J = 5.7 Hz), 7.79 (d, 2H, J = 16.5 Hz),
8.58 (d, 4H, J = 5.1 Hz); **C NMR (ppm, CDCl,): &
14.08, 22.65, 26.27, 29.29, 29.38, 29.41, 31.80, 9.52,
110.99, 120.82, 126.65, 126.72, 127.86, 145.08,
150.17; Found: C, 79.27; H,8.67; N, 5.16%. Calcd.
for CSGH48 N2022 C, 7996, H, 895, N, 5.18 %.

RESULTS AND DISCUSSION

Herein, supramolecular H-bonded complexes con-
taining photoluminescent pyridyl compounds
PBB-OCg (14), PBBCN-OC;s (15), PBBOCs-
0C;s (16), PBBOXD-OC;s (17), PBT-OCg (18),
and PBP-OCg (19) as proton acceptors and
amphiphilic diblock copolymers PS325-b-PAAjz3
(PD1), PSj304-b-PAAg; (PD2), and PSz;0-b-
PAA,ops (PD3) with side-chain carboxylic acid
groups contributed from PAA segments as proton
donors were prepared and studied. The synthetic
routes of block copolymers (PS-b-PAA)s (i.e.,
PD1-PD3), which were hydrolyzed from (PS-b-
PtBuA)s (i.e., P1-P3), and pyridyl compounds
14-19 are outlined in Schemes 1 and 2. Mono-pyr-
idyl (single H-bonded) proton acceptors PBB-OCg
(14), PBBCN-OCg (15), PBBOCs-OCs (16),
PBBOXD-0OCg (17), and PBT-OCg (18) were
synthesized via the efficient Horner-Wadsworth-
Emmons reactions, which were conducted for the
linkages of carbon-carbon double bonds among
conjugated cores, to connect the intermediate
product 4 with the structural units of benzene,
cyano benzene, octoxy benzene, oxadiazole, and
thiophene. The Heck reaction was used for the
synthesis of bis-pyridyl (double H-bonded) proton
acceptor PBP-OCg (19). The details of synthetic
procedures for these H-bonded acceptors 14-19
were described in the experimental section.

Syntheses and Characterization of Diblock
Copolymers P1-P3 and PD1-PD3

The syntheses of diblock copolymers (PS-b-
PtBuA)s (i.e., P1-P3) were carried out by anionic
copolymerization. Copolymers (PS-b-PtBuA)s
with different monomer compositions were pre-
pared using the following feed-in molar ratios of
styrene/tBuA = 10/1, 5/1, and 2/1, correspond-
ingly. The structural compositions of styrene and
tBuA constituents in the copolymers were identi-
fied by 'H NMR spectra, where the molar ratios of
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Scheme 1.

PS and PtBuA blocks were estimated from the
integrated values of proton peaks in phenyl rings
(two broad characteristic peaks at 6.8-7.6 ppm)
attributed from PS blocks as well as those in
—C(CHj3); (a peak at 1.58 ppm) from PtBuA
blocks. The NMR results closely match with those
expected on the basis of feed-in molar ratios of
monomers used in anioinic copolymerization for
diblock copolymers (see Table 1). The structures
of copolymers were also confirmed by FTIR analy-
ses of absorption bands at 3026 cm ' (aromatic
Ar—H stretching), 2978 ecm ! (tert-butyl C—H
stretching), 2850-2950 em™ ! (backbone C—H
stretching), 1729 em ! (ester C=0 stretching),
and 1368 cm ! (tert-butyl C—H bending) and the
example of copolymer P1 is shown in Figure 2(a).
The molecular weights of the block copolymers
P1-P3 displayed in Table 1 were determined by
gel permeation chromatography (GPC) using THF
as the eluent and calibrated against polystyrene
as standards. The number-average molecular
weights (M) of block copolymers were in the
range of 35,500-39,500 g/mol, and the polydisper-
sity indexes were between 1.28 and 1.38. The
molecular weights of (PS-b-PAA)s (i.e., PD1-
PD3) were estimated from (PS-b-PtBuA)s (i.e.,
P1-P3) before hydrolysis, because PD1-PD3 can
not be measured by GPC due to the strong polar-
ity of acid groups from PAA blocks. The thermal
properties of these copolymers in nitrogen were
detected by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). As
shown in Table 1, all copolymers demonstrate
similar TGA results with two principal degrada-
tion temperatures (73) corresponding to PiBuA
(with a lower Ty) and PS blocks (with a higher
Ty, respectively. The copolymer PSg3s5-b-
PtBuAss (P1) (90.9 mol% of PS content) reveals

Synthetic routes of diblock copolymers as proton donors.

the highest (two-step) Tq values at 254 and 437
°C. The thermal stability of PS blocks containing
benzene structures is greater than that of hydro-
carbon-based PtBuA blocks, which leads the
decreased 7d values of copolymers when the PS
content reduces from 90.9 to 66.7 mol %, that is,
Td: P3 < P2 < P1. However, PSz19-b-PtBuA, 5
(P3) exhibits the highest glass transition temper-
ature (Ty) at 98 °C, so the enhanced T, value of
the copolymer with the higher PtBuA content
might be attributed to the stronger interaction of
polar tBuA moieties.

Hydrolyses of Diblock Copolymers

The tBuA segments of diblock copolymers (PS-b-
PtBuA)s (i.e., P1-P3) were hydrolyzed by a
previously described procedure (as shown in the
experimental section). Under this hydrolysis reac-
tion, p-toluenesulphonic acid in 1,4-dioxane was
used as a hydrolyzing agent to selectively cleave
the tert-butyl ester groups, and then the acrylic
acid groups were hydrolyzed to yield amphiphilic
block copolymers (PS-b-PAA)s (i.e., PD1-PD3).
Both '"H NMR and FTIR spectra were used to
monitor the recovery of acid functionality. The dis-
appearance of 'H NMR peak at 1.58 ppm indi-
cates the hydrolysis of tert-butyl ester groups to
become acid groups. As shown in Figure 2(b), the
alteration in absorption bands of FTIR spec-
trum in PS305-b-PAA33 (PD1) associated with a
broaden peak at 1736 cm ™! (carboxylic acid C=0
stretching) and the disappearance of the tert-butyl
group at 1368 cm ' (tert-butyl C—H bending)
were also applied to confirm the complete trans-
formation of ester to carboxylic groups. The ther-
mal properties of these hydrolyzed copolymers
PD1-PD3 show two broad decomposition
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transitions in the range of 175-198 °C (PAA block)
and 348-402 °C (PS block). As shown in Table 1,
the T, and Ty (first decomposition temperatures
corresponding to PAA or PtBuA blocks) values of

Scheme 2. Synthetic routes of pyridyl compounds as proton acceptors.
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the resulting copolymers PD1-PD3 containing
PAA were lower than those of their analogous
copolymers P1-P3 (before hydrolyses), respec-
tively. The lower Ty values (first decomposition
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Figure 2. FTIR spectra of (a) PSszs-b-PtBuAss
(P1), (b) PS305-b-PAA33 (PD1), (c) PBB-OCg (14), (d)

PBP-OCg (19), (e) PSs25-b-PAA33/PBB-OCg (PD1/
14), and (f) PS325-b-PAA35/PBP-OCg (PD1/19).

temperatures) of PD1-PD3 containing PAA than
those of P1-P3 (before hydrolyses) is because the
PAA block has lower thermal stability than the
PtBuA block in P1-P3, which is consistent with
the reported literature.®® The decreased T4 values
of copolymers P1-P3 were observed when the PS
content reduces from 90.9 to 66.7 mol %, i.e., Td:
P1 > P2 > P3. Similar to the trends of Ty and T4
values (first decomposition temperatures) in P1-
P3, Ty values of copolymers decrease as the PS
content reduces (i.e., Tq: PD3 < PD2 < PD1),
and the enhanced T, value of copolymer PD3
(with the highest PAA content) among PD1-PD3

might be due to the stronger interaction of polar
AA moieties.

Characterization of H-Bonded Complexes

H-bonded complexes (all donor and acceptor moi-
eties are fully H-bonded) formed by proton donor
polymers (PS-b-PAA)s (i.e., PD1-PD3) with
mono-pyridyl acceptors 14-18 and bis-pyridyl
acceptor 19 (1:1 and 2:1 in molar ratios of donor:-
acceptor to form H-bonded side-chain and cross-
linking copolymers, respectively) were prepared
by slow evaporation of solvents (THF) from their
solutions (donors and acceptors were well dis-
solved), followed by drying in vacuo at 50 °C. As
shown in Figure 2(c,d), a strong peak at 1594
ecm ' and a weak peak at 1548 cm ™' measured by
FTIR experiments were assigned to the typical
C=C and C=N vibrations of the free pyridyl
units in compounds PBB-OCg (14) and PBP-
0Csg (19). The shifts of the FTIR peaks from the
free pyridyl units of 1594 and 1548 cm™ ! in PBB-
0Cg (14) and PBP-OCg (19) to the H-bonded
complexed pyridyl bands of 1600 and 1612 cm !
in H-bonded complexes PS3s5-b-PAA3s/PBB-OCg
(PD1/14) and PS3,5-b-PAA33/PBP-OCgs (PD1/
19), as shown in Figure 2(e,f), suggest the H-
bonded interaction occurred between the pyridyl
groups of PBB-OCg (14) and PBP-OCg (19) and
the carboxylic acids of PSgee-b-PAA33 (PD1) in
the H-bonded architectures.?*5

The melting temperatures (T%,) and decomposi-
tion temperatures (Ty) of proton acceptors 14-19
evaluated by DSC and TGA are shown in Table 2.
Comparing the T, values of all pyridyl acceptors,
it demonstrates the higher 7', values of PBBCN-
0Cg (15) and PBP-OCg (19) resulted from the

Table 2. Thermal and Optical Properties of Proton Acceptors (14-19)

:Z1ma Tdb j~absc j~PL,solnd ;~PL,ﬁlme
Compound °C) °C) (nm) (nm) (nm)
PBB-0OCS8 (14) 108 327 324,399 451 493
PBBCN-OCS (15) 119 324 332,404 464 502
PBBOCS8-0OCS8 (16) 73 376 399 456 498
PBBOXD-0OCS8 (17) 88 396 345,409 467 522

PBT-OCS8 (18) 95 338 404 460 512,557
PBP-0OCS8 (19) 136 292 330,394 457 496

2 Determined by DSC at a scanning rate of 10 °C/min.

b Five percent weight loss determined by TGA at a scanning rate of 10 °C/min.
¢Wavelength of the maximum absorbance in spin-coated thin films.
dV\/'avelength of the maximum PL emission in dilute THF solutions.

¢ Wavelength of the maximum PL emission in solid state.
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Figure 3. DSC curves of pyridyl compounds (a)
PBB-0Csg (14), (b) PBP-OCg (19), and their H-bonded
complexes with PS328-b-PAA33 (PDI), PS304-b-PAA61
(PD2), and PS3;9-b-PAA, o5 (PD3), respectively.

high polarities of cyano- and bis-pyridyl moieties.
Compound PBBOCg-OCg (16) displays the low-
est T, value at 73 °C corresponding to the flexible
alkoxy terminal of -OCg. However, no thermal
transition peaks corresponding to 7', of pyridyl
acceptors and Ty of donor copolymers PD1-PD3
were not observed after the formation of H-
bonded supramolecular architectures (Fig. 3),
which indicates these components are completely
miscible (without phase separation) in solid state
of H-bonded complexes. As described previously,
two distinct decomposition temperatures of pure
copolymers PS305-b-PAA3z; (PD1) (T3 = 198 and
348 OC) and PS210-b-PAA105 (PD3) (Td =175 and
402 °C) were found in TGA analyses, whereas H-
bonded complexes PS395-b-PAA33/PBBOCg-OCg
(PD1/16) and PS35-b-PAA33/PBP-OCg (PD1/
19) did not display two distinct decomposition
temperatures in Figure 4(a). Similar decomposi-
tion behavior in H-bonded complexes PSgqo-b-
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PAA105/PBBOCS-OCS (PD3/16) and PS210-b-
PAA,¢s/PBP-OCg (PD3/19) were also observed
in Figure 4(b). Moreover, compared with the lower
decomposition temperatures of PAA blocks in
PD1 and PD3 (175 and 198 °C, respectively), the
higher decomposition temperatures of PAA blocks
in corresponding H-bonded complexes (Ty = 224,
218, 256, 231 °C for PD1/16, PD1/19, PD3/16,
and PD3/19, respectively) were attributed to the
H-bonded donor and acceptor interactions in the
supramolecular architectures.

Optical Properties

UV-vis absorption and PL spectral data of the con-
jugated pyridyl compounds 14-19 are summar-
ized in Table 2 and Figure 5. Most spectra exhibit
two major absorption peaks around 330 and
400 nm in solid state. Upon excitation by the inci-
dent beam of 398 nm for the pyridyl compounds,
the emission spectra of solid films display Amax pr

(a) —FPD1

- - - PD1/16
----- PD1i19

Weight Loss (%)

T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

(b) ——PD3
- - - PD3/16
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ﬂllﬂ 260 360 4[30 E(IJU 660 700 800
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Figure 4. Comparison of TGA curves of (a) PS3ag-b-
PAA33 (PDI), (b) PS210'b'PAA105 (PD3), and their
H-bonded complexes with mon-pyridyl PBBOCg-OCg
(16) and bis-pyridyl PBP-OCg (19), respectively.
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Figure 5. PL spectra of conjugated pyridyl com-
pounds PBB-OCg (14), PBBCN-OC; (15), PBBOCs-
0C;s (16), PBBOXD-0OCg (17), PBT-OCg (18), and
PBP-0Cjg (19) in solid films upon an excitation wave-
length at 398 nm.

values between 493 and 557 nm in these com-
pounds with various terminal structures. Mono-
pyridyl compounds PBBOXD-OCg (17) and PBT-
0OCs; (18) display the longest PL emission wave-
lengths (Zpr mm at 522 and 512/557 nm, respec-
tively) among these light-emitting acceptors by
virtue of the lower oxidation potentials and
smaller energy gaps of the oxadiazole and thio-
phene moieties. According to our previous
work, 8284 the H-bonded effects on photolumines-
cent pyridyl molecules in solid films have been
surveyed to generate red shifts of the maximum
emission peaks up to 100 nm depending on the
nonphotoluminescent proton donors. In this
study, the influence of H-bonds on pyridyl accept-
ors in their H-bonded supramolecular systems by
diblock copolymeric donors were investigated,
where the corresponding data are displayed in
Table 3 and Figure 6. It is noticed H-bonded com-
plexes show slightly red shifts of PL emissions

Table 3. Absorption and PL Emission Spectral Data of Proton Acceptors and Their
H-Bonded Complexes (with Polymeric Donors) in Solid Films

Compounds or H-Bonded Complexes Jabs. (nmM) Jpr? (nm) AlprS (nm)
PBB-0OCS (14) 324,399 493
PS305-b-PAA;3/PBB-OCS8 (PD1/14) 335,409 496 3
PS304-b-PAA4,/PBB-OCS8 (PD2/14) 322,419 585 92
PSy10-b-PAA,(5/PBB-OCS8 (PD3/14) 324,424 591 98
PBBCN-0OCS (15) 332,404 502
PS325-b-PAA;3/PBBCN-OCS8 (PD1/15) 342,419 512 10
PS304-b-PAA4;/PBBCN-OCS8 (PD2/15) 360,445 595 93
PSs10-b-PAA, s/ PBBCN-OCS8 (PD3/15) 360,442 605 103
PBBOCS8-0OCS8 (16) 399 498
PS305-b-PAA;3/PBBOCS-OCS8 (PD1/16) 335,419 503 5
PS304-b-PAA4,/PBBOCS-OCS8 (PD2/16) 335,435 594 96
PSy10-b-PAA,(5/PBBOCS8-0OCS8 (PD3/16) 327,424 607 109
PBBOXD-0OCS8 (17) 345,409 522
PS305-b-PAA;3/PBBOXD-0OCS8 (PD1/17) 353,429 578 56
PS304-b-PAA,/PBBOXD-0OCS8 (PD2/17) 363,447 600 78
PSs10-b-PAA, s/ PBBOXD-0OCS8 (PD3/17) 355,437 614 92
PBT-OCS8 (18) 404 512
PS355-b-PAA33/PBT-OCS8 (PD1/18) 342,419 566 54
PS;304-b-PAA;/PBT-OCS8 (PD2/18) 350,442 599 87
PSs10-b-PAA,(5/PBT-OCS8 (PD3/18) 342,429 604 92
PBP-0OCS8 (19) 330,394 496
PS355-b-PAA3/PBP-OCS (PD1/19) 335,414 502 6
PS304-b-PAAg;/PBP-OCS8 (PD2/19) 332,396 590 94
PSy10-b-PAA,(5/PBP-OCS8 (PD3/19) 337,422 603 107

Wavelength of the maximum absorbance in solid state.
b Wavelength of the maximum PL emission in solid state.
°The difference of Zpr, fim between pyridyl compounds 14-19 and those after H-bonded with

polymeric donors PD1-PD3.
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Figure 6. PL spectra of conjugated pyridyl compounds PBB-OCg (14), PBBCN-
0C; (15), PBBOC3-0OC;s (16), PBBOXD-0OCs (17), PBT-OC; (18), PBP-OCg (19),
and their H-bonded complexes with diblock copolymeric donors PSssg-b-PAAgs
(PD1), PS304-b-PAAg; (PD2), and PSj3;9-b-PAA, o5 (PD3) in solid films upon an exci-
tation wavelength at 398 nm.
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(c.a. Adpr, = 3-10 nm), except oxadiazole- and
thiophene-based pyridyl acceptors PBBOXD-
0Cg (17) and PBT-OCg (18) H-bonded with
copolymeric donor PSs.5-b-PAA3; (PD1) (with
54-56 nm of red shifts). This phenomenon might
be explained by the formation of H-bonds between
the lone pairs of pyridyl units and the acidic pro-
tons contributed from (PS-b-PAA)s, and it results
in lower energy band gaps of H-bonded complexes
by the intramolecular charge transfer from OXD
and thiophene units to pyridyl units. Besides,
large difference of Apg, in solid films (87-107 nm of
red shifts) between pyridyl molecules and their
analogous H-bonded complexes were observed in
PL spectra depending on the density of H-bonds.
For instance, block copolymeric donors PSgg4-b-
PAA(;l (PD2) and PS210-b-PAA105 (PD3) con-
taining higher PAA contents have larger degrees
of H-bonding, which will enhance more n—= stack-
ing and molecular aggregation of conjugated bis-
pyridyl acceptor moieties in the self-assembled
complexation environment containing PAA poly-
meric blocks. According to these results, higher
degrees of H-bonding in the double H-bonded
complexes (1:2 group molar ratio of acceptor:do-
nor) of bis-pyridyl acceptor PBP-OCg (19) and
block copolymeric donors (PS-b-PAA)s, that is,
PD1-PD3, revealed a greater influence on the
photoluminescent behavior to exhibit longer
wavelength shfits in contrast to single H-bonded
complexes containing mono-pyridyl acceptor
PBB-0OCg (14)/PS-b-PAA (PD1-PD3) (1:1 group
molar ratio of acceptor:donor). It is conceivable if
more diblock copolymers PD1-PD3 were fully H-
bonded with bis-pyridyl PBP-OCg (19) in com-
parison with mono-pyridyl PBB-OCg (14), and
the polymeric donors were treated as solid sol-
vents in the supramolecules to suppress molecu-
lar aggregation of pyridyl compounds, which will
induce blue shifts of PL emissions and counteract
the result of red shifts in PL emissions attributed
to the H-bonded effect. However, double H-bonded
complexes (PS-b-PAA)s/PBP-OCg (PD1-PD3/
19) revealed slighter red shifts of PL emissions
comparing with single H-bonded complexes (PS-
b-PAA)s/PBB-OCg (PD1-PD3/14), and the dif-
ference of both PL emissions show similar results
by H-bonded effects. Hence, H-bonded effect is
dominant than solvent dilution effect originated
from larger amounts of diblock copolymeric
donors. As a whole, block copolymeric donors con-
taining higher PAA contents will have higher
extents of H-bonding with mono-/bis-pyridyl
acceptor emitters and followed by larger aggrega-

tions, which will induce longer red-shifted behav-
ior of PL emissions in acceptor emitters during
the H-bonded self-assembly process in solid films,
ie., Alp(PD3/14-19) > Alp(PD2/14-19) >
Alp1 (PD1/14-19), respectively.

Morphology

A set of TEM micrographs (see Fig. 7) illustrate
aggregates of spherical morphologies prepared
from diblock copolymer PSs305-b-PAA33 (PD1)
and its H-bonded complexes, which were incorpo-
rated with mono-pyridyl PBB-OCg (14) and bis-
pyridyl PBP-OCg (19) to form H-bonded side-
chain and cross-linking copolymers (PD1/14 and
PD1/19), respectively. As shown in Figure 7(a),
the TEM image of the pure diblock copolymer
PS325-b-PAA3; (PD1) revealed the dark region
(stained with iodine) for the PAA domain and the
light region for the PS domain, which is similar to
the result of the literature.®® The PAA domain
exhibited spherical aggregates and micelles with
diameters around 10 nm. The characterization
of TEM micrograph for H-bonded complex PS3ag-
b-PAA33/PBB-OCg (PD1/14) in Figure 7(b)
revealed similar spherical aggregates as those
(PD1) shown in Figure 7(a), except for the larger
spherical aggregates (with diameters around 20
nm) in H-bonded complex PD1/14, which is larger
than the self-assembled acid domains of pure do-
nor copolymer PD1. Dark regions with stains rep-
resent the crystallized rod clusters of mono-pyri-
dyl acceptor PBB-OCg moieties H-bonded with
polymeric donors PAA moieties of PD1 in Figure
7(b), while the surrounding light regions are
amorphous coil segments of the PS domains. In
Figure 7(c), H-bonded complex PS305-b-PAA3s/
PBP-0OC; (PD1/19), that is, H-bonded cross-link-
ing copolymer, has the domain size c.a. 30 nm in
the dark regions, which exhibit a similar result as
described in the H-bonded side-chain copolymer
system. A larger amount of PAA segments were
H-bonded with bis-pyridyl acceptor PBP-OCg
(19) to form a H-bonded polymer network, which
may enlarge the diameter of the cluster domain in
H-bonded PAA regions. While block copolymeric
donors PS304-b-PAA(;1 (PD2) and PS210-b-
PAA,o5 (PD3) containing higher PAA contents
have poor solubilities by preparation of TEM films
from solutions of chlorobenzene due to larger
degrees of H-bonding, the morphological behavior
of copolymeric donors PD2-PD3 and their H-
bonded complexes were not investigated. Never-
theless, larger H-bonded self-assembled domain
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Figure 7. TEM micrographs of (a) pure diblock
copolymer PSjzo5-b-PAA3; (PD1), (b) H-bonded com-
plexes of PS3,5-b-PAA33/PBB-OCg (PD1/14), and (c)
PS325-b-PAA;3/PBP-OCs (PD1/19).
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sizes can be expected in analogous H-bonded com-
plexes of PD2-PD3 in contrast to the H-bonded
complexes of PD1.

Electrochemical Properties

To analyze the energy band structures of PLED
devices, the energy levels of the highest occupied
molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of all components
were characterized by the cyclic voltammetry
(CV) in a conventional three-electrode cell to
investigate the redox behavior in solid films. The
potentials estimated here were based on the fol-
lowing equation reported by de Leeuw et al.,*’
EHOMO/ELUMO — _(on,onset/Ered,onset + 4.4 eV),
where E°nset gnd Eredonset were the onset poten-
tials for the oxidation and reduction processes of a
polymer vs. saturated calomel electrode (SCE).
The onset potentials were determined from the
intersection of two tangents drawn at the rising
and background currents of the CV curves.
Because the reduction curves of polymers were
not observed, crude estimations of the LUMO lev-
els of reduction polymers were deduced from the
HOMO values and the optical band gaps from
the edges of the longest absorption bands in the
absorption spectra. The measured oxidation
potentials and HOMO/LUMO energy values are
summarized in Table 4. The H-bonded side-chain
and cross-linking copolymers PD1/16-19 show
the onset potentials of oxidation between 0.91 and
1.01 V in the anodic scans. Compared with
PBBOC3-OCg (16), the oxadiazole and bis-pyri-
dyl moieties in PBBOXD-OCg (17) and PBP-
0OCg (19) act as electron-withdrawing substitu-
ents and thus to decrease the LUMO levels.

Table 4. HOMO and LUMO Energies and
Electrochemical Properties of H-Bonded Complexes
(PD1/16-19)

H-Bonded on,onset EHOMO ELUMO Eopt

Complexes 2 (eV)? (eV)® (eV)*
PD1/16 0.97 —5.37 —2.86 —2.51
PD1/17 0.92 —5.32 —-291 —-241
PD1/18 0.91 -5.31 —2.87 —2.44
PD1/19 1.01 —-5.41 —2.94 —2.47

#HOMO Energies were obtained from the cyclic voltam-
metry.

PLUMO Energies were deduced from the HOMO values
and optical band gaps.

¢Optical band gaps were obtained from the UV-vis
absorption spectra.
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Table 5. PL Properties of H-Bonded Complexes (PD1/16, PD1/18, and PD1/19) and

EL Data of Their PLED Devices®

Power Max.
H-Bonded Jmax,PL Amax,PL /max,EL Von Efficiency Luminescence
Complexes (nm)® (nm)* (nm) %5 (cd/A)® (cd/m?)
PD1/16 503 491 508 7.5 0.30 322
PD1/18 566 560 560 8.0 0.37 519
PD1/19 502 494 503 9.0 0.23 318

#Device configuration: ITO/PEDOT:PSS/H-bonded complexes/BCP/Alqs/LiF/Al.
> Wavelength of the maximum PL emission of spin-coated thin film from THF.
¢Wavelength of the maximum PL emission of spin-coated thin film from chlorobenzene.

4V, is the turn on voltage of light.

¢ Power efficiency were obtained at 100 mA/cm?.

Besides, with respect to H-bonded complex PD1/
16 (HOMO = —5.37 eV and LUMO = —2.86 eV),
the oxadiazole- and thiophene-based emitters
PBBOXD-0Cg (17) and PBT-OCg (18) in PS3ys-
b-PAA3; (PD1) polymer matrix show higher
HOMO levels (—5.32 and —5.31 eV) and lower
LUMO levels (—2.91 and —2.87 eV), so H-bonded
complexes PD1/17-18 possess smaller band gaps
along with longer wavelength emissions.

Electroluminescent (EL) Properties of PLED Devices

H-bonded complexes PD1/16, PD1/18, and PD1/
19 were fabricated into four-layer PLED devices,
respectively, with a configuration of ITO/
PEDOT:PSS(40-50 nm)/H-bonded complexes
(50—60 nm)/BCP(10 nm)/Alq3(30 nm)/LiF(1 nm)/
Al(150 nm) using standard procedures of spin-
coating (with a concentration of 10 mg/mL in
chlorobenzene) and vacuum deposition methods,
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Figure 8. EL spectra of PLED devices with the con-
figuration of ITO/PEDOT:PSS/H-bonded complex-
es(PD1/16, PD1/18, and PD1/19)/BCP/Alqs/LiF/Al.

and the EL properties are demonstrated in Table
5. PEDOT:PSS, H-bonded complexes PD1/16,
PD1/18, and PD1/19, 2,9-dimethyl-4,7-di-
phenyl-1,10-phenanthroline (BCP), and Alqs
were used as hole transporting, emission, hole
blocking (to block holes away from the Alqs layer
completely), and electron transporting layers,
respectively.®® Under a bias voltage, the PLED
devices showed green emissions with Aynax g1, in
the range of 503-560 nm (as shown in Fig. 8).
The current-voltage and luminescence-voltage
curves of all PLED devices are displayed in Fig-
ure 9. The turn-on voltages of these PLED devi-
ces were about 7.5-9.0 V, and their power effi-
ciencies and maximum luminances were 0.23—
0.37 cd A" (at 100 mAem ™ ?) and 318-519 cdm >
(at around 25 V), respectively. As shown in Table
5, comparing the results of the maximum effi-
ciencies and luminances for all PLED devices, we
can conclude that the enhanced EL performance
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Figure 9. Current-voltage-luminance (I-V-L) charac-
teristics of PLED devices with the configuration of
ITO/PEDOT:PSS/H-bonded complexes(PD1/16, PD1/
18, and PD1/19)/BCP/Alqs/LiF/Al.
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of the PLED devices with higher efficiencies and
luminances can be achieved by the incorporation
of thiophene units into the pyridyl emitters, that
is, PBT-OCg (18), in the light-emitting H-bonded
supramolecular systems. However, the worst EL
behavior (highest turn-on voltage, lowest power
efficiency, and lowest max. luminance) in the
PLED device of H-bonded complex PD1/19 may
be due to the intrinsic insulation property of the
higher extent of H-bonding by the double H-
bonded complexation between pyridyl PBP-OCg
(19) and PS3s5-b-PAA33 (PD1) (acceptor:donor
= 1:2 in group molar ratio), where the largest
aggregation of emitters occurred in the double
H-bonded complexation of PD1/19 was also pre-
viously confirmed by the morphology of TEM
photographs. As shown in Figure 8 and Table 5,
the EL emission peaks of the PLED devices are
slightly red shifted than PL emission peaks. In
general, the EL emission peaks of all PLED de-
vices are well matched with their corresponding
PL emission peaks of the solid films.

CONCLUSIONS

The self-assembled matrix of micellar diblock
copolymers (PS-b-PAA)s were hydrolyzed from
diblock copolymers (PS-b-PtBuA)s, in which
tert-butyl acrylate group were turn into acrylic
acid groups by hydrolysis reaction. Accordingly, a
series of photoluminescent mono- and bis-pyridyl
acceptors were designed to complex with amphi-
philic diblock copolymers (PS-b-PAA)s to form
single/double H-bonded complexes, that is, supra-
molecular  side-chain/cross-linking  polymers,
respectively. Therefore, H-bonded effects on the
self-assembled and PL properties of these supra-
molecules in solid state are illustrated. The
diblock copolymers (PS-b-PtBuA)s with different
styrene molar ratios (10/1, 5/1, and 2/1) were syn-
thesized and their derivatives (PS-b-PAA)s dem-
onstrated adverse (worse) thermal properties af-
ter hydrolysis. By increasing the proportion of
PtBuA and PAA constituents in block copolymers
(PS-b-PtBuA)s and (PS-b-PAA)s, their glass
transition temperatures were enhanced but their
thermal stabilities were reduced. In the H-bonded
complexes of (PS-b-PAA)s (with different
amounts of PAA contents) and various conjugated
pyridyl emitters, the original melting points of
pyridyl molecules and 7 transitions of block
copolymers were not observed, which confirmed
the complete formation of H-bonded complexes. In
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addition, large red-shifted PL emissions (e.g.,
A2pLmax = 109 nm) of supramolecular H-bonded
architectures were obtained by increasing the
PAA content of the surrounding diblock copoly-
meric donors so as to increase the degree of H-
bonding. As evidenced by TEM micrographs, the
H-bonded complexes exhibited self-assembled
morphology of spherical micelle-like structures
with various diameters, which corresponded to
the aggregates of pyridyl acceptors surrounded by
PAA donor constituents of block-copolymers.
PLED devices with the configuration of ITO/
PEDOT:PSS/H-bonded complexes/BCP/Alqs/LiF/
Al were fabricated to emit green light. The EL
efficiencies were improved by the incorporation of
thiophene units into pyridyl acceptors, and the
EL properties were also correlated to their nano-
structural morphology.
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