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ABSTRACT: A novel light-emitting hydrogen-bonded (H-) acceptor PBB (M1) containing three conjugated
aromatic rings, including one pyridyl terminus and two lateral methoxyl groups (on the middle ring), was
successfully synthesized via Horner—Wadsworth—Emmons (HWE) olefination and Sonogashira coupling reaction.
Moreover, different molar ratios of light-emitting H-acceptor monomer PBB (M1) and hole-transporting monomer
CAZ (M2) bearing a carbazole unit were copolymerized through free radical polymerization to obtain light-
emitting and hole-transporting H-acceptor copolymers (P1—P5). H-acceptor copolymers P3 and P4 were complexed
with different generations of dendritic H-donors (G1COOH—G3COOH) bearing 1,3,4-oxadiazole (OXD) dendrons
and terminal benzoic acids via H-bonded self-assembly to form supramolecular side-chain copolymers (i.e.,
H-bonded dendritic complexes). In contrast to H-acceptor homopolymer P1 (HPBB), H-acceptor copolymers
P2—P4 incorporated with carbazole (CAZ) moieties effectively enhance the glass transition temperatures (7s)
and minimize the interchain interations of the light-emitting H-acceptor units, and similar effects occur in their
H-bonded dendritic complexes. In addition, red shifts of photoluminescence (PL) emissions in H-bonded dendritic
complexes can be tuned up to 61 nm. Furthermore, H-bonded dendritic complexes excited at 305 nm of OXD
absorption can create a stronger fluorescence than that excited at 397 nm of PBB absorption, indicating that the
intensity of the sensitized emission of PBB (by energy transfer from OXD absorption at 305 nm) is even stronger
than that of a direct emission of PBB (by merely PBB absorption at 397 nm). The OXD dendritic wedges in
H-bonded dendritic complexes can lower the LUMO energy levels and provide a better electron injection property.
H-acceptor polymer P4 and its H-bonded dendritic complexes showed electroluminescence (EL) emissions in
the range of 464—519 nm from blue to green. In addition, a PLED device containing H-bonded dendritic complex
P4/G1COOH showed an EL emission of 519 nm under a turn-on voltage of 6.5 V, with a maximum luminance

of 408 cd/m? at 18 V and a luminance efficiency of 0.39 cd/A at 100 mA/cm?, respectively.

Introduction

In recent years, polymeric materials based on spontaneous
formation of supramolecular architectures by self-assembly of
various organic molecular components have attracted great
attention in areas ranging from chemistry to materials science.'*
Simple association of two complementary compounds through
specific noncovalent interactions, such as hydrogen-bonded (H-
bonded),‘g_8 ionic,>'? and metal-coordinative'' ™' interactions
between molecular components, can give rise to unique proper-
ties and phase structures, which are not possessed by the
individual components. Intensive researches have been directed
toward functional supramolecular systems to control the di-
mensionality and shape of self-assembled structures through
molecular design, but it remains a challenge driven by a wide
variety of potential applications in the fields of catalyzes,
microelectronics, nonlinear optics, sensors, and display tech-
nologies.

Since the first polymeric light-emitting diode (PLED) based
on poly(p-phenylenevinylene) (PPV) was reported by Bur-
roughes et al.,'® various kinds of conjugated main-chain and
side-chain polymers have been developed for electroluminescent
(EL) devices.'” 2 Future applications of PLEDs to full-color
and large-area flat panel displays become possible due to their
high luminescence efficiency, low cost, high flexibility, and easy
fabrication of spin-coating technique.>’ However, the most
important problem with the s-conjugated systems is their
tendency to form aggregates/excimers via 77—z interactions in
the solid state, which will lead to red shifts or low-energy band
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gaps of emission spectra, self-quenching of excitons, and
reduction of fluorescence quantum efficiencies. To overcome
this problem, one of the approaches is to introduce dendritic
architectures into the sr-conjugated systems so as to prevent close
chains from packing and thus to increase the polymer lumines-
cent efficiency and reduce the tendency of aggregation. For
instance, Fréchet-type poly(aryl ether) dendrons attached to
fluorene units were reported by Carter et al.>> to demonstrate
the shielding effect by attaching dendritic side chains to the
conjugated polyfluorene backbones, which improved the lumi-
nescence properties of these materials due to the reduction of
both aggregates/excimers in solution and solid states. Miillen
et al.>* prepared polyfluorene-based conjugated polymers with
bulky polyphenylene dendritic substituents at C-9 position,
which suppressed the formation of aggregates with long
wavelength emissions, and thus a pure blue emission was
acquired. More recently, a number of dendrimers have been
reported for a wide variety of applications in such EL de-
vice?*™** and photovoltaic (PV) cell*>*® materials.

In our previous work,?” H-donor dendrimers with a benzoic
acid terminus were singly/doubly H-bonded to mono/bis-pyridyl
H-acceptor emitters to form several series of novel supramo-
lecular dendrimers, whose emission colors could be easily
adjusted by their non-light-emitting H-donors. Moreover, the
higher generation of dendritic sizes could afford stronger site-
isolation and dendron-dilution effects, so better energy transfer
along with higher fluorescence quantum efficiencies were
achieved.

In the present study, our strategy is to extend the sr-conjugated
system from H-acceptor emitters of small molecules to light-
emitting H-acceptor polymers. According to Scheme 1, a series
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Scheme 1. Synthetic Routes of H-Acceptor Monomer and Polymers (P1—P5)*

HiCO Hy,CO
I

OCH;

@ @)

H;CO
@) I \ =
oce; N/ N
3
®)

HCO

3 :; O (11) i : 2 €1 (m) : PO(OEt),
I I

OCH; OCH3
3)

O ® Q) C _
HO Br — » HO(CH2)100—< >—Br — » HO(CHp)O — 1 0H

©

(vi) (viii)
R RNy S g S
OCH,4

@

H3CQ

™ YJ\O(CHZ)IOO O O \ —

PBB (M1)

Q)

H3CO

W

\ AN

) (e )

VPR T R,

9
((IFﬂz)lo (CHa)

P1 (HPBB), x/y = 1/0
P2 (PBB-CAZ)), x/y = 1/1

=
P3 (PBB-CAZ), x/y = 1/5
y P4 (PBB-CAZ), Xy =1/9
- | PS5 (HCAZ), x/y = 0/1
N

“ Reagents and conditions: (i) NaBH4, MeOH/THF, room temperature, 1 h; (ii) concentrated HCI, dioxane, reflux, 10 h; (iii) P(OEt)s, reflux,
12 h; (iv) pyridine-4-carboxaldehyde, +-BuOK, THF, room temperature, 12 h; (v) 10-bromodecanol, K,COs, KI, acetone, reflux, 48 h; (vi) 2-methyl-
3-butyn-2-ol, Pd(PPh;),Cl,, Cul, PPhs, EGN, 70 °C, 12 h; (vii) KOH, dioxane, reflux, 3 h; (viii) Pd(PPh3),Cl,, Cul, PPhs, EtzN/THF, 50 °C, overnight;
(ix) vinyl methacrylate, 1,3-dichloro-1,1,3,3-tetrabutyldistannoxane, 2,6-di-fert-butyl-4-methylphenol, THF, 50 °C, 48 h; (x) AIBN, THF, 60 °C,

24 h.

of novel homopolymeric and random-copolymeric H-acceptor
emitters containing carbazole moieties (to increase 7, values
and hole-transporting properties of PLEDs) and three-conjugated
aromatic rings, including one pendent pyridyl terminus (as the
H-acceptor site) and two lateral methoxyl groups on the middle
rings (to increase solubility after polymerization), were suc-
cessfully synthesized. By incorporating with different genera-
tions of OXD dendritic H-donors bearing benzoic acids (see
Figure 1), the supramolecular side-chain copolymers (i.e.,
H-bonded dendritic complexes) were consecutively constructed
as shown in Figure 2. Hopefully, supramolecular dendrimers
bearing light-emitting H-acceptor polymers (in comparison with
small molecular emitters) will have a better film-forming
property by the spin-coating process, which may eventually be

more useful in PLED device applications. Accordingly, H-
bonded effects on the thermal, photophysical, and photo/
electroluminescent properties of these supramolecules in the
solid state will be illustrated.

Experimental Section

Measurements and Characterization. '"H NMR spectra were
recorded on a Varian Unity 300 MHz spectrometer using CDCl;
and DMSO-d; as solvents. Elemental analyses were performed on
a HERAEUS CHN-OS RAPID elemental analyzer. High-resolution
electron impact mass data were obtained on a Finnigan-MAT-95XL.
Phase transition temperatures were determined by differential
scanning calorimetry (DSC, model: Perkin-Elmer Diamond) under
N, with a heating and cooling rate of 10 °C/min and polarizing
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Figure 1. Different generations of dendritic H-donors (G1COOH—G3COOH) used in H-bonded side-chain dendritic complexes.
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Figure 2. Schematic representation of H-acceptor copolymers and H-bonded side-chain dendritic complexes bearing different generations of dendritic

H-donors (GICOOH—G3COOH).

optical microscope (POM, model: Leica DMLP) equipped with a
hot stage. Thermogravimetric analyses (TGA) were carried out on
a TA Instruments Q500 thermogravimetric analyzer at a heating
rate of 20 °C/min under nitrogen. Gel permeation chromatography
(GPC) analyses were conducted on a Waters 1515 separation
module using polystyrene as a standard and THF as an eluant.
Fourier transform infrared (FTIR) spectra of samples (dispersed in
KBr disks) were recorded on a Perkin-Elmer Spectrum 100 Series.
Synchrotron powder X-ray diffraction (XRD) measurements were
performed at the beamline BL17A of the National Synchrotron
Radiation Research Center (NSRRC), Taiwan (for details of the
XRD installation, see Supporting Information). UV—vis absorption
spectra were recorded on a HP G1103A spectrophotometer, and
photoluminescence (PL) spectra were obtained on a Hitachi F-4500
spectrophotometer in dilute THF solutions (107¢ M). The PL
quantum yields (®p.) of polymers were measured with 9,10-
diphenylanthracene as a reference (in cyclohexane, ®p;. = 0.9).%*

Thin films in UV—vis and PL measurements were prepared by spin-
coating of THF solutions (with a concentration of 10 mg/mL) at
3000 rpm on a quartz substrate. Cyclic voltammetry (CV) measure-
ments were performed at a scanning rate of 100 mV/s in a solution
of 0.1 M tetrabutylammonium hexafluorophosphate (BusNPF¢)
dissolved in acetonitrile at room temperature using an Autolab
PGSTATS30 potentiostat/galvanostat with a standard three-electrode
electrochemical cell. A platinum disk working electrode, a Pt wire
counter electrode, and an Ag/AgCl reference electrode were used.
The sample films were coated on the surface of a platinum disk by
the solution-dipping process from THF solutions.

A series of electroluminescence (EL) devices with the config-
uration of ITO/PEDOT:PSS/polymer (P4 or its H-bonded den-
drimers complexes)/BCP/Alqs/LiF/Al were made, where BCP (i.e.,
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) was used as a hole-
blocking layer and Alqgs (i.e., tris(8-hydroxyquinoline)aluminum)
was used as an electron-transporting layer. ITO substrates, where
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glass substrates were coated with indium—tin oxide (ITO) having
a sheet resistance of ~20 Q/square and an effective individual
device area of 3.14 mm?, were routinely cleaned by ultrasonic
treatments in detergent solutions and diluted water, followed by
rinsing with acetone and then ethanol. After drying, ITO substrates
were kept in oxygen plasma for 4 min before being loaded into the
vacuum chamber. The poly(3,4-ethylenedioxythiophene):poly(sty-
renesulfonate) (PEDOT:PSS) films were first deposited on pre-
cleaned ITO substrates by spin-coating at 6000 rpm for 1 min and
subsequently cured in an oven at 120 °C for 1 h. Then, light-
emitting polymers (P4 or its H-bonded side-chain dendritic
complexes) in THF solutions (10 mg/mL) were spin-coated onto
the PEDOT:PSS layer at 4000—5500 rpm. The thicknesses of
PEDOT:PSS and LED polymers were measured by an Alfa Step
500 surface profiler (Tencor). BCP and Alqs were thermally
deposited at a rate of 1—2 A/s under a pressure of ~2 x 1075 Torr
in an Ulvac cryogenic deposition system. Under the same deposition
condition, one layer of LiF was thermally deposited as a cathode
at a rate of 0.1—0.2 A/s, which was followed by capping with
aluminum. The current—voltage—luminescence characteristics were
measured in ambient condition by a Keithley 2400 source meter
and a Newport 1835C optical meter equipped with an 818ST silicon
photodiode.

Materials. Chemicals and solvents were reagent grades and
purchased from Aldrich, ACROS, TCI, and Lancaster Chemical
Co. Tetrahydrofuran (THF) and triethylamine (Et;N) were distilled
to keep anhydrous before use. Azobis(isobutyronitrile) (AIBN) was
recrystallized from methanol before use. The other chemicals were
used without further purification. Different generations of dendritic
H-donors (G1ICOOH—-G3COOH), as shown in Figure 1, used in
H-bonded side-chain dendritic complexes were reported in our
previous work.*” 10-Bromodecanol,* 1,3-dichloro-1,1,3,3-tetrabu-
tyldistannoxane,*® and monomer CAZ (M2)*' were prepared by
following the already published procedures.

4-Iodo-2,5-dimethoxybenyl Alcohol (2). To a stirred solution of
4-iodo-2,5-dimethoxybenzaldehyde, 1 (8.0 g, 27.4 mmol), in 200
mL of THF/MeOH (1:1), NaBH,4 (0.52 g, 13.7 mmol) was added
very slowly to react at room temperature. After 1 h, the solution
was cooled to 0 °C by ice bath, acidified with dilute HCI solution,
and extracted with ethyl acetate. The resulting materials in organic
phase were combined and washed with water. Afterward, the
organic extracts were dried over Na,SO, and evaporated. The
purified residue was recrystallized from dichloromethane/2-propanol
to give a colorless crystal. Yield: 7.6 g (95%). '"H NMR (300 MHz,
CDCl3): 6 (ppm) 7.25 (s, 1H), 6.85 (s, 1H), 4.65 (d, J = 6.3 Hz,
2H), 3.85 (s, 3H), 3.82 (s, 3H), 2.22 (t, J = 6.6 Hz, 1H).

1-Iodo-4-chloromethyl-2,5-dimethoxybenzene (3). To a stirred
solution of 2 (7.0 g, 23.8 mmol) in 1,4-dioxane (200 mL),
concentrated HCI (20 mL) was added to reflux for 10 h. After the
reaction was completed, the crude mixture was added with water.
The organic layer was extracted with ethyl acetate, dried over
Na,SOy, and evaporated. The residual product was purified by flash
column chromatography (silica gel, n-hexane/ethyl acetate 40:1)
to give a white solid. Yield: 6.8 g (92%). '"H NMR (300 MHz,
CDCl3): 6 (ppm) 7.29 (s, 1H), 6.86 (s, 1H), 4.60 (s, 2H), 3.85 (s,
3H), 3.83 (s, 3H).

4-Iodo-2,5-dimethoxybenzyldiethylphosphonate (4). Compound
3 (6.0 g, 19.2 mmol) was mixed with an excess of triethyl phosphite
(20 mL), and the mixture was heated to reflux and reacted for 12 h.
The excess of triethyl phosphite was removed under reduced
pressure, and the crude product was purified by washing with hot
hexane to give a white solid. Yield: 7.2 g (90%). '"H NMR (300
MHz, CDCl3): 6 (ppm) 7.25 (s, 1H), 6.9 (s, 1H), 4.08—3.99 (m,
4H), 3.83 (s, 3H), 3.80 (s, 3H), 3.20 (d, / = 21.6 Hz, 2H), 1.24 (t,
6.9 Hz, 6H).

1-Iodo-2,5-dimethoxy-4-[2-(4-pyridyl)ethenyl]benzene (5). To a
solution of pyridine-4-carboxaldehyde (1.86 g, 17.4 mmol) in
anhydrous THF (10 mL), a suspension of 4 (6.0 g, 14.5 mmol)
and -BuOK (2.93 g, 26.1 mmol) in anhydrous THF (60 mL) under
nitrogen was slowly added. The mixture was stirred to react at room
temperature for 12 h. After the reaction was completed, it was
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quenched with water and extracted with dichloromethane. After
that, the organic layer was dried over Na,SO, and evaporated. The
crude product was purified by column chromatography (silica gel,
dichloromethane/acetone 30:1) to give a yellow solid. Yield: 3.2 g
(60%). '"H NMR (300 MHz, CDCl5): 6 (ppm) 8.55 (d, J = 4.5 Hz,
2H), 7.57 (d, J = 16.5 Hz, 1H), 7.37 (d, J = 4.5 Hz, 2H), 7.30 (s,
1H), 7.01 (d, J = 16.5 Hz, 1H), 7.00 (s, 1H), 3.88 (s, 3H), 3.84 (s,
3H).

10-(4-Bromophenoxy)decan-1-ol (6). To a stirred solution of
4-bromophenol (4.0 g, 23.1 mmol) in acetone (200 mL), potassium
carbonate (9.6 g, 69.3 mmol), 10-bromodecanol (6.6 g, 27.7 mmol),
and a few amounts of potassium iodide (ca. 10 mg) were added to
reflux for 48 h under nitrogen. After cooling to room temperature,
the solvent was removed under reduced pressure, and the residue
was taken up in water and extracted with ethyl acetate. Next, the
organic layer was dried over Na;SO, and evaporated. The crude
product was purified by column chromatography (silica gel,
n-hexane/ethyl acetate 3:1) to give a white solid. Yield: 6.1 g (80%).
'"H NMR (300 MHz, CDCl3): 0 (ppm) 7.33 (d, J = 9.0 Hz, 2H),
6.75 (d, J = 9.0 Hz, 2H), 3.89 (t, ] = 6.3 Hz, 2H), 3.62 (t, / = 6.6
Hz, 2H), 1.78—1.69 (m, 2H), 1.59—1.50 (m, 2H), 1.41—1.29 (m,
12H).

4-[4-(10-Hydroxydecyloxy)phenyl]-2-methyl-3-butyn-2-ol (7). A
solution of 6 (4.0 g, 12.1 mmol), PPh; (63.1 mg, 0.24 mmol), and
Cul (45.6 mg, 0.24 mmol) in dry EN (80 mL) was degassed with
nitrogen for 5 min. Then, the solution was added with 2-methyl-
3-butyn-2-ol (2.0 g, 24.2 mmol) and Pd(PPh3),Cl, (84.1 mg, 0.12
mmol) at room temperature, and the reaction mixture was stirred
to react at 70 °C for 12 h. The mixture was filtered, and the solvent
was removed in vacuum. The crude mixture was extracted using
ethyl acetate, and the extract was washed with water, dried over
Na,SO4, and then evaporated. Subsequently, the crude product was
purified by column chromatography (silica gel, n-hexane/ethyl
acetate 1:1) to give a light yellow solid. Yield: 3.14 g (78%). 'H
NMR (300 MHz, CDCls): 6 (ppm) 7.31 (d, J = 9.0 Hz, 2H), 6.79
(d, J =9.0 Hz, 2H), 3.92 (t, J = 6.6 Hz, 2H), 3.62 (t, / = 6.6 Hz,
2H), 1.77—1.70 (m, 2H), 1.60 (s, 6H), 1.58—1.50 (m, 2H),
1.42—1.29 (m, 12H).

4-Ethynyl-1-(10-hydroxydecan-1-yloxy)benzene (8). A stirred
solution of 7 (2.5 g, 7.5 mmol) and finely powdered KOH (1.26 g,
22.5 mmol) in 1,4-dioxane (80 mL) was refluxed under nitrogen
for 3 h. After cooling to room temperature, the solvent was removed
under reduced pressure and the residue was taken up in water, and
then the mixture was extracted with ethyl acetate and acidified with
3 N HCI (150 mL). The organic solution was washed with water,
dried over Na,SOy4, and then evaporated. Afterward, the crude
product was purified by column chromatography (silica gel,
n-hexane/ethyl acetate 5:1) to give a light yellow solid. Yield: 1.75 g
(85%). 'TH NMR (300 MHz, CDCl5): 6 (ppm) 7.39 (d, J = 9.0 Hz,
2H), 6.80 (d, J = 9.0 Hz, 2H), 3.92 (t, J = 6.6 Hz, 2H), 3.62 (t, J
= 6.6 Hz, 2H), 2.97 (s, 1H), 1.80—1.70 (m, 2H), 1.57—1.50 (m,
2H), 1.42—1.29 (m, 12H).

1-{[4-(10-Hydroxydecyloxy)phenyl]ethynyl}-2,5-dimethoxy-4-[2-
(4-pyridyl)ethenyl]benzene (9). A solution of 5 (1.0 g, 2.72 mmol),
8 (0.78 g, 2.85 mmol), and PPh; (14.1 mg, 0.054 mmol) in 80 mL
of dry EtsN/THF (1:1) was degassed with nitrogen for 5 min. Then,
the solution was added with Cul (10.3 mg, 0.054 mmol) and
Pd(PPh3),Cl, (19.1 mg, 0.027 mmol) at room temperature, and it
was stirred to react at 50 °C overnight. The mixture was filtered,
and the solvent was removed in vacuum. The crude mixture was
extracted using dichloromethane, and the extract was washed with
water, dried over Na,SQOy, and then evaporated. After that, the crude
product was purified by column chromatography (aluminum oxide,
dichloromethane/acetone 40:1) to give a yellow solid. Yield: 1.28 g
(92%). '"H NMR (300 MHz, CDCl;): 6 (ppm) 8.56 (d, J = 4.5 Hz,
2H), 7.66 (d, J = 16.5 Hz, 1H), 7.50 (d, J = 9.0 Hz, 2H), 7.39 (d,
J =4.5Hz, 2H), 7.11 (s, 1H), 7.04 (d, J = 16.5 Hz, 1H), 7.04 (s,
1H), 6.87 (d, J = 9.0 Hz, 2H), 3.99 (t, J/ = 6.6 Hz, 2H), 3.97 (s,
3H), 3.89 (s, 3H), 3.62 (t, J = 6.6 Hz, 2H), 1.81—1.72 (m, 2H),
1.57—1.51 (m, 2H), 1.41—1.30 (m, 12H).
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1-{[4-(10-Methacryloyloxydecyloxy)phenyl]ethynyl}-2,5-dimethoxy-
4-[2-(4-pyridyl)ethenyl]benzene, PBB (M1). To a Schlenk tube,
compound 9 (1.0 g, 1.95 mmol), vinyl methacrylate (0.55 g, 4.88
mmol), 1,3-dichloro-1,1,3,3-tetrabutyldistannoxane (43.12 mg, 0.078
mmol), and 2,6-di-fert-butyl-4-methylphenol (25.78 mg, 0.117
mmol) in dry THF (2 mL) were purged with nitrogen for 15 min
at room temperature. The tube was sealed and heated with stirring
at 50 °C for 2 days. After cooling to room temperature, the reaction
mixture was extracted using dichloromethane, and the extract was
washed with water, dried over Na,SOy, and then evaporated. The
crude product was purified by column chromatography (aluminum
oxide, n-hexane/dichloromethane 1:1) and then washed with hexane
to give a light yellow solid. Yield: 0.97 g (85%). '"H NMR (300
MHz, CDCl5): 6 (ppm) 8.57 (d, J = 4.5 Hz, 2H), 7.66 (d, J = 16.5
Hz, 1H), 7.50 (d, J = 9.0 Hz, 2H), 7.39 (d, J = 4.5 Hz, 2H), 7.11
(s, 1H), 7.04 (d, J = 16.5 Hz, 1H), 7.04 (s, 1H), 6.87 (d, J = 9.0
Hz, 2H), 6.10 (s, 1H), 5.55 (s, 1H), 4.14 (t, J = 6.6 Hz, 2H), 3.97
(t, J = 6.6 Hz, 2H), 3.96 (s, 3H), 3.89 (s, 3H), 3.62 (t, / = 6.6 Hz,
2H), 195 (s, 3H), 1.81—1.75 (m, 2H), 1.58—1.53 (m, 2H),
1.42—1.30 (m, 12H). HRMS (EI): calcd for C3;H43NOs, 581.3141;
found 581.3146. Anal. Calcd for C3;H43NOs: C, 76.39; H, 7.45;
N, 2.41. Found: C, 76.15; H, 7.37; N, 2.44.

General Procedure for the Syntheses of Homopolymers and
Copolymers (P1—P5). All polymerization procedures were carried
out according to the free radical polymerization described by the
following steps. To a Schlenk tube, 1.5 g of monomers M1, M2,
or the mixture of M1 and M2 was dissolved in dry THF (7.5 mL)
with 20 wt % of monomer concentration and AIBN (2 mol % of
total monomer concentration) as an initiator. The solution was
degassed by three freeze—pump—thaw cycles and then sealed off.
The reaction mixture was stirred and heated at 60 °C for 24 h.
After polymerization, the polymer was precipitated into diethyl
ether. Then, the precipitated polymer was collected, washed with
diethyl ether, and dried under high vacuum.

P1 (HPBB). 'H NMR (300 MHz, DMSO-ds): ¢ (ppm) 8.44 (br,
2H), 7.53—6.77 (br, 10H), 3.80 (br, 10H), 1.66—1.24 (br, 21H).

P2 (PBB-CAZ,). '"H NMR (300 MHz, DMSO-ds): ¢ (ppm) 8.46
(br, 2H), 7.97—6.75 (br, 18H), 3.88 (br, 14H), 1.43—1.08 (br, 26H).

P3 (PBB-CAZs). 'H NMR (300 MHz, DMSO-dg): 6 (ppm) 8.48
(br, 2H), 7.92—6.76 (br, 50H), 4.33—3.83 (br, 30H), 1.43—0.06
(br, 46H).

P4 (PBB-CAZs,). 'H NMR (300 MHz, DMSO-dc): 6 (ppm) 8.48
(br, 2H), 7.88—6.76 (br, 80H), 4.34—3.83 (br, 45H), 1.43—0.16
(br, 65H).

P5 (HCAZ). '"H NMR (300 MHz, DMSO-dg): 6 (ppm) 7.89 (br,
2H), 7.32—7.00 (br, 6H), 4.34—3.94 (br, 4H), 0.99—0.15 (br, SH).

Sample Preparation of Supramolecular Side-Chain Copoly-
mers (i.e., H-Bonded Side-Chain Dendritic Complexes). H-
bonded side-chain dendritic complexes were made of appropriate
(fully H-bonded) molar ratios of H-acceptor copolymers (P3 and
P4) and dendritic H-donors (G1COOH—G3COOH) in THF
solutions, and then the solvent was removed by slow evaporation
and followed by drying under vacuum at 50 °C.

Results and Discussion

Syntheses and Characterization of Polymers. The synthetic
routes of monomer PBB (M1) and polymers P1—PS5 are shown
in Scheme 1. The starting material 1 (i.e., 4-iodo-2,5-
dimethoxybenzaldehyde) was synthesized by following a re-
ported procedure* via iodination of 2,5-dimethoxybenzaldehyde
with iodine and silver nitrate in the presence of methanol. The
aldehyde group of compound 1 was further reduced to a benzyl
alcohol and then was transformed into a benzyl chloride group
with hydrochloric acid in the presence of 1,4-dioxane to give
compound 3, which was converted to the corresponding
phosphonate ester 4 by Michaelis—Arbuzov reaction under the
triethyl phosphite treatment with a yield of 90%.** Compound
5 was prepared by means of Horner—Wadsworth—Emmons
(HWE) olefination reaction between compound 4 and pyridine-
4-carboxaldehyde using potassium fert-butoxide as a base in
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Table 1. Composition, Yields, Molecular Weights, and
Degradation Temperatures of Polymers P1—P5

molar ratio

feed
monomer polymers yield M, PDI T4
polymer  (PBB/CAZ) (x/y)* (%) (g/mol)” (My/My,)” (°C)*
P1 (HPBB) 1/0 1/0 73 14 400 1.72 357
P2 (PBB-CAZ,) 1/1 171 88 38100 3.24 323
P3 (PBB-CAZs) 1/5 1/5 85 45600 2.99 305
P4 (PBB-CAZ,) 1/10 1/9 81 53100 3.69 300
P5 (HCAZ) 0/1 0/1 75 47800 3.65 276

“ Determined by 'H NMR spectra. © Weight-average molecular weight
(My,) and polydispersity index (PDI) determined by GPC in THF using
polystyrene as a standard. © Temperature (°C) at 5% weight loss measured
by TGA at a heating rate of 20 °C min~! under nitrogen.

THF to give 60% yield.** Compound 6 in 80% yield was
obtained by reaction of 4-bromophenol with 10-bromodecanol
under Williamson etherification condition (K,COs/acetone). The
latter Sonogashira (Pd-catalyzed) coupling reaction of compound
6 with 2-methyl-3-butyn-2-ol afforded compound 7 in the
presence of a catalytic amount (1 mol %) of Pd(PPhs),Cl, in
Et;N with a yield of 78%,* which was then deprotected with
KOH/1,4-dioxane to acquire compound 8 in 85% yield.
Subsequently, the three-conjugated rings of compound 9 with
a yield of 92% was prepared through a second Sonogashira
coupling reaction between compounds 8 and 5 in EtzN/THF
(1:1). Finally, monomer PBB (M1) with a high yield of 85%
was obtained by transesterification reaction*® between compound
9 and an excess amount (2.5 equiv) of vinyl methacrylate in
the presence of a higher concentration of 1,3-dichloro-1,1,3,3-
tetrabutyldistannoxane as a catalyst and 2,6-di-fert-butyl-4-
methylphenol as an inhibitor in THF. The yield is much better
than that reported*’ by our previous esterification reaction. The
final chemical structure of monomer PBB (M1) was confirmed
by 'H NMR spectroscopy, HRMS, and elemental analysis (see
Experimental Section and Supporting Information).

The polymerization reactions with good yields (ranging
73—88%) were carried out in THF at 60 °C through free radical
polymerization in the presence of azobis(isobutyronitrile)
(AIBN) as an initiator. The feeding ratios of monomers PBB
M1) to CAZ (M2) were 1:0, 1:1, 1:5, 1:10, and O:1,
respectively, to acquire H-acceptor polymers P1—P5. The
chemical structures of polymers P1—P5 in DMSO-ds were
verified by 'H NMR spectroscopy in comparison with those of
their monomers PBB (M1) and CAZ (M2) (see Supporting
Information). In the '"H NMR spectra of polymers, the disap-
pearance of proton peaks in the region of vinyl (methacrylate)
groups with chemical shifts at 5.4—6.1 ppm indicated that all
monomers were reacted. The copolymer compositions were
estimated by comparing the relative integration areas of the
peaks at 8.5 ppm (corresponding to two protons of a-pyridyl
groups in PBB) and 6.7—7.9 ppm (corresponding to the other
overlapped aromatic protons of PBB and CAZ units), respec-
tively. Regarding the compositions of copolymers P2—P4, the
actual compositions of P2 and P3 are very close to the feeding
ratios of monomers, except that P4 has a slightly lower molar
ratio than that of feeding. All polymers are soluble in common
organic solvents, such as THF, DMSO, and DMF. The weight-
average molecular weights (M) and polydispersity indexes
(PDI) of polymers P1—PS5, determined by gel permeation
chromatography (GPC) with THF as the eluting solvent and
polystyrene as standards, are in the range 14 400—53 100 g/mol
and 1.72—3.69, respectively. The compositions (input and output
molar ratio), molecular weights (M), PDI values, and yields
of polymers P1—P5 are summarized in Table 1.

The existence of hydrogen bonds in the H-bonded complexes
can be confirmed by FTIR spectroscopy. Therefore, the IR
spectra (at room temperature) of H-acceptor polymer P3,
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Figure 3. FTIR spectra of (a) H-acceptor polymer P3 (PBB-CAZs),
(b) dendritic H-donor G1ICOOH, and (¢) H-bonded side-chain dendritic
complexes P3/G1COOH at room temperature.

H-donor G1COOH, and H-bonded side-chain dendritic com-
plexes (side-chain copolymers with pendent dendrimers) P3/
G1COOH shown in Figure 3 are compared to analyze the
formation of hydrogen bonds between H-acceptor polymer P3
and H-donor dendrimer GICOOH. In contrast to the O—H
bands of pure H-donor (H-bonded dendritic dimer) G1ICOOH
at 2627 and 2562 cm™!, the weaker O—H bands observed at
1925 and 2500 cm™! in the H-bonded side-chain dendritic
complex P3/G1ICOOH are indicative of stronger hydrogen
bonding between the pyridyl groups of polymer P3 and the
carboxylic acid of GICOOH in the H-bonded complex. On
the other hand, a stretching vibration of C=0 at 1695 cm™! in
pure G1ICOOH is shifted toward higher wavenumber and
overlapped with the band of the ester carbonyl groups at 1725
cm™! in the H-bonded dendritic complex P3/G1COOH, which
shows that the carbonyl group was in a less associated state
than that in the pure H-bonded dimer state of H-donor
G1COOH. These results suggest that hydrogen bonds were
formed between P3 and G1COOH in the solid state of the
H-bonded dendritic complex P3/G1COOH. The other H-bonded
complexes discussed in this study should have similar conse-
quences as the demonstrated H-bonded complexes.*®

Thermal Properties. The thermal stabilities of polymers
P1—P5 were evaluated by thermogravimetric analyses (TGA),
and their corresponding data are also summarized in Table 1.
The TGA analyses indicate that the degradation temperatures
(Tq) of polymers with 5% weight loss (under nitrogen) are
between 276 and 357 °C, and Ty values decrease with increasing
the molar ratio of monomer CAZ (M2) monotonically. Hence,
homopolymers P1 (HPBB) and PS5 (HCAZ) have the highest
and lowest thermal stabilities, respectively, which means that
the carbazole unit of monomer CAZ (M2) is less stable than
the light-emitting unit of PBB (M1) in polymers P1—P5 (see
Supporting Information).

The phase transition temperatures of polymers P1—P5 and
H-bonded side-chain dendritic complexes containing H-acceptor
polymers P2 (PBB-CAZ,), P3 (PBB-CAZs), and P4 (PBB-
CAZ,y), which were determined by differential scanning calo-
rimetry (DSC) under nitrogen, are summarized in Table 2.
Polymers P1—P5 only show glass transition temperatures (7s),
but without any melting and crystallization peaks. The T, values
of polymers P1—P5 (ranging 63—142 °C) gradually increase
as the CAZ (M2) molar ratio increases. Hence, higher T, values
of copolymers with higher CAZ contents can be originated from
the contribution of the bulky carbazole pendent groups, where
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Table 2. Glass Transition Temperatures of Polymers P1—P5 and
H-Bonded Side-Chain Dendritic Complexes Containing
H-Acceptor Polymers P2—P4

polymer or polymer or
H-bonded complex T, (°C) H-bonded complex T, (°C)
P1 (HPBB) 63 P2/G3COOH —<
P2 (PBB-CAZ,) 88 P3/G1COOH 81
P3 (PBB-CAZs) 117 P3/G2COOH 86
P4 (PBB-CAZy) 125 P3/G3COOH 83
P5 (HCAZ) 142 P4/G1COOH 88
P2/G1COOH 60 P4/G2COOH 99
P2/G2COOH 68 P4/G3COOH 89

“ Omitted due to the possible unstabilized H-bonded structures originated
from the highest steric hindrance between the highest generation of
dendrimer G3COOH and the denser H-acceptor units in P2.

the mobility of polymeric chains are restricted due to the steric
hindrance and rigidity of carbazole units.

During the heating run of polarizing optical microscopy
(POM) study in the glassy state of polymers, homopolymer P1
(HPBB) exhibited weak birefringent behavior (up to the clearing
point of 125 °C) corresponding to a characteristic mesophase
at 90 °C (see Supporting Information), which was further
confirmed by powder X-ray diffraction (XRD). The diffraction
pattern has two diffuse halos in the small- and wide-angle
regions, respectively, indicating the absence of any positional
order as a smectic or highly ordered phase.*’ Hence, these results
suggest that the mesogenic homopolymer P1 showed the
nematic phase [glassy (64 °C) nematic (125 °C) isotropic].
However, only homopolymer P1 formed the nematic phase, and
the other polymers P2—P5 do not have any mesogenic proper-
ties, which is probable that the incorporation of the bulky
carbazole groups into the copolymer system will disturb the
self-assembly of rigid rods in PBB units and thus to prohibit
from their mesogenic behavior.

To elucidate the H-bonding effect on the thermal properties
of supramolecular side-chain dendritic complexes, OXD den-
dritic H-donors (bearing benzoic acids) were introduced to be
H-bonded with light-emitting H-acceptor copolymers P2 (PBB-
CAZ,), P3 (PBB-CAZs), and P4 (PBB-CAZy), where P2/
G3COOH is omitted due to the possible unstabilized H-bonded
structures originated from the highest steric hindrance between
the highest generation of dendrimer G3COOH and the denser
H-acceptor units in P2. As shown in Table 2, both series of
H-bonded side-chain dendritic complexes containing H-acceptor
polymers P3 and P4 show only a single T, which suggests good
miscibilities between OXD dendritic H-donors (i.e.,
G1COOH—-G3COOH) and H-acceptor polymers (i.e., P3 and
P4). Besides, since no melting and crystallization were observed
in the DSC measurements, it suggests that these H-bonded
dendritic complexes possess amorphous characteristics. More-
over, neither phase separation nor mesogenic properties were
observed in the POM measurements. However, the T, values
of supramolecular side-chain dendritic complexes (containing
P3 and P4) are notably lower than those of their H-acceptor
copolymers (i.e., P3 and P4). This result may be explained by
that the free volumes of the H-bonded side-chain dendritic
complexes were enhanced by the bulky dendritic structures of
the OXD H-donors.

In comparison with different generations of H-bonded side-
chain dendritic complexes containing P3 and P4 (i.e., P3/
G1COOH—-G3COOH and P4/G1COOH—-G3COOH), both
series of T, values increase initially with enlarging the generation
number of the OXD dendron from GI1 to G2, reaching the
highest values at dendrimer G2 (i.e., P3/G2COOH and P4/
G2COOH). With the further increase of the generation number
to dendrimer G3, both series of 7, values begin to decrease.
The initial increase in the 7, value is probably due to the increase
of the molecular weight in a larger dendron (from GI1 to G2),
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Table 3. Absorption and PL Emission Spectral Data of
H-Acceptor Monomer M1 (PBB) and Polymers P1—P5 in THF
Solutions and Solid Films

b b
APL,sol™ APLfilm

polymer Aabssol” (nm) (nm) (nm)  Dpp o
M1 (PBB) 320, 385 445 495 0.52
P1 (HPBB) 320, 385 449 496 0.49
P2 (PBB-CAZ;) 294, 320, 342, 385 447 487 0.68
P3 (PBB-CAZs) 294, 328, 342, 385 445 469 0.83
P4 (PBB-CAZy) 294, 328, 342, 385 444 466 0.94
P5 (HCAZ) 294, 328, 343 348, 364 352, 367

“ Measured in dilute THF solutions.  Excited at the maximum absorption
of PBB units.  Solution fluorescence quantum efficiencies were measured
in THF, relative to 9,10-diphenylanthracene (®p;, = 0.90).

104 —=— P1 (HPBB)
—e— P2 (PBB-CAZ)
—A— P3 (PBB-CAZ)
084 —&— P4 (PBB-CAZ)

o
»
]

Absorbance (a.u.)
o
H
1

0.2

0.04

T ¥ T ¥ T ¥ T M 1
300 350 400 450 500
Wavelength (nm)

Figure 4. Absorption spectra of H-acceptor polymers P1—P4 in THF
solutions, normalized at the maximum absorption peak of the light-
emitting PBB segments at 385 nm.

which is similar to the phenomena observed in our previous
study of H-bonded dendrimers.?” However, the further decrease
in the T, value of the highest generation number (G3) is due to
the free volume effect (increasing with enlarging the size of
the dendritic OXD wedges so as to decrease the adjacent
polymeric chain interactions) being more dominant than the
molecular weight effect, which was also described in our
previous polyfluorene polymers containing OXD dendritic
pendants.* Therefore, the competition between the free volume
effect and the molecular weight effect influenced the T, values
of H-bonded side-chain dendritic complexes containing P3 and
resulted in the following order: P3/G2COOH > P3/G3COOH
> P3/G1COOH. A similar tendency was also observed in
analogous H-bonded dendritic complexes containing P4. How-
ever, there were some possibilities for unstabilized H-bonded
structures of complexes made from the highest generation of
dendrimer G3COOH and the denser H-acceptor units in M1
and P2 due to the steric hindrance within the higher generations
of dendrimers and hence to induce the incomplete H-bonded
complexes. Therefore, the decrease of T, values in the com-
plexes might be also attributed to the plasticizing effect of the
non-H-bonded dendrimers, which were homogeneously dis-
persed in the complexes.

Optical Properties. The absorption and photoluminescence
(PL) spectra of H-acceptor monomer M1 (PBB) and polymers
P1—PS5 were measured in both solution and solid states, and
their photophysical properties are summarized in Table 3. As
shown in Figure 4, the absorption intensities of copolymers
P2—P4 at 294, 328, and 342 nm (in THF solutions) increase
dramatically by raising the CAZ content, which are attributed
to the absorption bands of the CAZ moieties. The additional
absorption bands of polymers P1—P4 at ca. 320 and 385 nm
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Figure 5. Normalized PL spectra of H-acceptor polymers P1—P4
excited at the maximum absorption (397 nm) of the light-emitting PBB
segments in solid films.

are assigned to the light-emitting PBB segments of the H-
acceptor moieties. The copolymers do not demonstrate any new
(or shifted) bands in the absorption spectra, indicating no
interaction between the CAZ and PBB moieties in the ground
state. The absorption spectra of the polymers in solid films are
similar except for 5—7 nm of red shifts in contrast to those in
THEF solutions (see Supporting Information). The PL emission
spectra of polymers P1—P4 in solid films show 22—47 nm of
significant red shifts, i.e., P1 (47 nm) > P2 (40 nm) > P3 (24
nm) > P4 (22 nm), in comparison with their corresponding dilute
solutions (see Table 3), which is due to the formation of 7—m
stacking and molecular aggregation in solid state. Furthermore,
compared with copolymers P2—P4 in solid films as shown in
Figure 5, homopolymer P1 exhibits the largest red shift, i.e.,
47 nm, in PL spectra. With the increase of CAZ contents in
copolymers P2—P4, the PL peaks are blue-shifted from 487
nm in P2 to 466 nm in P4. This result clearly indicates that the
dilution effect by the CAZ moieties can be incorporated into
the copolymers to suppress the intermolecular t—s stacking
and the aggregation of the light-emitting PBB units in polymers
and thus to reduce the red shifts (by aggregation) in the PL
emission spectra. As listed in Table 3, the PL quantum yields
(®p1) of polymers P1—P4 in solutions were in the order of P1
< P2 < P3 < P4, where P4 has the largest quantum yield (®py,
= 0.94) due to the highest content of CAZ moieties. This
consequence indicates that the dilution effect of CAZ units in
the copolymers will reduce the aggregation and self-quenching
of the PBB segments to acquire higher PL quantum yields.
In order to investigate the generation effect of OXD dendrons
on the absorption spectra of H-bonded side-chain dendritic
complexes (in solid films), the absorption spectra of model
compound 1 (containing an OXD unit, which is illustrated in
the Supporting Information) in THF solution and H-acceptor
polymer P3 in solid state are compared.®’ As shown in the
absorption spectra of Figure 6, the maximum absorption
wavelength Apax.aps 0f model compound 1 in THF solution is
ca. 305 nm (from OXD units) and that of H-acceptor polymer
P3 in solid state is ca. 296 nm (from CAZ units). Nevertheless,
the major absorption bands of H-bonded side-chain dendritic
complexes containing P3 in solid films are dominated at ca.
296 nm (from CAZ units) with a shoulder at ca. 315 nm (from
OXD units), which are originated from the combined absorption
band of the OXD and CAZ moieties. The longer absorption
band at ca. 397 nm is attributed to the characteristic absorp-
tion of the light-emitting PBB units. By increasing the genera-
tion number of the dendritic H-donors in the H-bonded side-
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Figure 6. Absorption spectra of H-acceptor polymer P3 and its
H-bonded side-chain dendritic complexes in solid films normalized at
the maximum absorption (397 nm) of the light-emitting PBB cores
along with model compound 1 (containing an OXD unit with the
maximum absorption around 305 nm in THF solution).

Table 4. Photophysical Properties of H-Bonded Side-Chain
Dendritic Complexes Containing H-Acceptor Monomer M1
(PBB) and Polymers P2—P4

H-bonded complex ApL film (nm) AlpL” (nm) RFI”
M1/G1COOH 561 66 0.93
M1/G2COOH 555 60 1.25
M1/G3COOH —< —< —¢
P2/G1COOH 547 49 0.91
P2/G2COOH 536 46 1.76
P2/G3COOH - —< -
P3/G1COOH 530 61 1.56
P3/G2COOH 520 51 2.16
P3/G3COOH 509 40 3.14
P4/G1COOH 523 57 2.09
P4/G2COOH 512 46 2.44
P4/G3COOH 498 32 445

¢ Different degrees of red-shifted PL emissions between the H-boned
side-chain dendrimers and their corresponding H-acceptor copolymers. ©

Relative fluorescent intensities (RFI) were calculated by the ratios of
the core emission intensities excited at the absorption peaks of the OXD
units (305 nm) and the PBB cores (397 nm). © Omitted due to the possible
unstabilized H-bonded structures originated from the highest steric hindrance
between the highest generation of dendrimer G3COOH and the denser
H-acceptor units in M1 and P2.

chain dendritic complexes, the intensity of the absorption band
in the OXD moieties at ca. 305—315 nm is proportional to the
generation number of the H-donor dendrimers. The photophysi-
cal properties of H-bonded side-chain dendritic complexes
containing H-acceptor monomer M1 (PBB) and polymers
P2—P4 in solid films are summarized in Table 4, where M1/
G3COOH and P2/G3COOH are omitted due to the possible
unstabilized H-bonded structures originated from the highest
steric hindrance between the highest generation of dendrimer
G3COOH and the denser H-acceptor units in M1 and P2. From
the results of Table 4, the least red-shifted PL emissions of Adpy
in P2/G1COOH and P2/G2COOH have the evidence of the
possible unstabilized H-bonded structures of complexes made
from P2. Therefore, the possible unstabilized H-bonded struc-
tures of complexes made from P2 will be similar to those made
from P1, in which the H-bonded structures are possibly unsteady
due to the steric hindrance between the denser H-acceptor units
in P1 (as well as P2) and the higher generation of dendrimers,
especially for the highest generation of H-bonded complexes
containing G3COOH.

The photophysical properties of both series of H-bonded side-
chain dendritic complexes containing H-acceptor polymers P3
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Figure 7. Normalized PL spectra of H-acceptor polymer P3 and its
H-bonded side-chain dendritic complexes excited at the maximum
absorption (397 nm) of the light-emitting PBB cores in solid films.

and P4 in solid films (see Table 4) are evaluated accordingly.
Compared with H-acceptor polymer P3 (PBB-CAZs) in Figure
7, the supramolecular side-chain dendritic complexes P3/
G1COOH—-G3COOH (excited at the maximum absorption of
the light-emitting PBB units) exhibit red-shifted PL emissions
with Amax values at 530, 520, and 509 nm, respectively. This
result is similar to our previous work®' that red shifts of PL
emissions are expected in the H-bonded structures, where the
nonphotoluminescent H-donors bearing benzoic acids (as solid
solvents) were H-bonded to the photoluminescent H-acceptors
containing pyridyl groups. Therefore, analogous H-bonded side-
chain dendritic complexes containing different generations of
dendritic H-donors appeared to have different degrees of red-
shifted PL emissions in comparison with H-acceptor polymer
P3. The red shifts of PL emissions in H-bonded side-chain
dendritic complexes P3/G1COOH—G3COOH are 61, 51, and
40 nm, respectively, where the higher generation of the
H-bonded side-chain dendritic complex has a smaller red-shifted
PL emission than the lower generation of the H-bonded side-
chain dendritic complex. It clearly indicates that the larger
dendritic wedges on the side chains have a larger site isolation
or dendritic dilution effect than the smaller dendritic ones, so
the higher generations of dendrimers efficiently minimize the
interchain interaction and lower the aggregation extent between
the light-emitting PBB units. The PL emission data of H-bonded
dendritic dendrimers containing P4 are also summarized in Table
4, which demonstrate similar trends as those of H-bonded
dendritic dendrimers containing P3. However, in contrast to the
same generation of OXD dendron, H-bonded dendritic com-
plexes containing P4 have smaller degrees of red-shifted PL
emissions than H-bonded dendritic complexes containing P3
(see Table 4). This might be due to the larger dilution effect of
CAZ units in P4 (PBB-CAZ,) with higher CAZ contents than
that in P3 (PBB-CAZs), where a higher CAZ molar ratio of
P4 reduces the interchain interaction between the light-emitting
PBB units in these H-bonded side-chain dendritic complexes.

Because of the significant spectral overlap in the absorption
spectrum of homopolymer P1 and the emission spectra of model
compound 1 (containing an OXD unit) and homopolymer P5
(as shown in the Supporting Information), the energy transfer
from the OXD dendritic wedges and CAZ pendant groups to
the light-emitting PBB cores can be expected. This effect was
also probed by photoluminescent excitation (PLE) and absorp-
tion spectra of H-bonded side-chain dendritic complexes
containing P4 (see Figure 8). Similar spectral features of PLE
spectra appear to match those of their corresponding absorption
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Figure 8. UV spectra and PLE spectra of H-acceptor polymer P4 and
its H-bonded side-chain dendritic complexes in solid films normalized
at the light-emitting PBB units (397 nm), where PLE spectra were
monitored at the corresponding maximum PL emissions.
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Figure 9. PL spectra of H-acceptor polymer P4 and its H-bonded side-
chain dendritic complexes in solid films, which were excited at the
dendritic peripheral OXD units (at 305 nm for open symbols) and at
the maximum absorption of the light-emitting PBB cores in H-bonded
side-chain dendritic complexes containing dendritic H-donors (ca. 397
nm for solid symbols).

spectra, where PLE spectra were monitored at the corresponding
maximum PL emission. This result indicates that the existing
sites of CAZ pendent groups, peripheral OXD dendritic wedges,
and light-emitting PBB cores (ca. 296, 305, and 397 nm,
respectively) in such supramolecular side-chain dendrimers
provide the characteristics of light-harvesting capability, i.e.,
antenna effect. Since only the energy transfer of the dendritic
OXD units in the H-bonded side-chain dendritic complexes is
concerned, the excitation wavelength of 305 nm was chosen at
the maximum absorption of the dendritic OXD units. As shown
in Figure 9, different generations of H-bonded dendritic
complexes containing P4 (P4/G1COOH—G3COOH) have PL
emissions at wavelengths of 545, 539, and 522 nm, respectively.
Upon excitation of the dendritic OXD units at 305 nm,
H-bonded dendritic complexes apparently generated identical
predominant emission peaks as those excited at the maximum
absorption of the PBB cores. Whereas, no major PL emission
from OXD dendrons was detected, and thus an efficient energy
transfer from the peripheral OXD units to the PBB cores is
confirmed. Furthermore, the functionalized OXD dendritic units
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Table 5. Electrochemical Properties of H-Acceptor Polymer P4
and Its H-Bonded Side-Chain Dendritic Complexes

polymer or optical band Eoxonset” HOMO LUMO*
H-bonded complex gap” (eV) V) (eV) (eV)
P4 (PBB-CAZy) 2.79 1.24 —5.64 —2.85
P4/G1COOH 2.75 1.26 —5.66 —2.91
P4/G2COOH 2.76 1.27 —5.67 —2.91
P4/G3COOH 2.77 1.27 —5.67 —2.90

“ Estimated from the onset wavelength of optical absorption in solid
films. * The onset oxidation potential vs SCE. ¢ LUMO values were
estimated by the deduction of optical band gaps from HOMO values.

or the light-emitting PBB cores can be independently addressed
by changing the excitation wavelengths in PL experiments. By
excitation of the electron-transporting dendrons and the light-
emitting cores selectively, it provides a window to study the
photoinduced energy transfer between proton donors and
acceptors.

In addition, different generations of OXD dendritic H-donors
were investigated to evaluate their antenna effect in the
supramolecular side-chain dendrimers. Thus, the values of
relative fluorescent intensities (RFI) in H-bonded side-chain
dendritic complexes were calculated from the intensity ratios
of their PBB core emissions by respective excitations at the
maximum absorption peaks of the OXD dendrons (by the
sensitized absorption at 305 nm and then energy transfer to PBB
core emissions) and the maximum absorption peaks of the PBB
cores (by the direct core absorption at 397 nm), respectively.
The RFI values of H-bonded side-chain dendrimers containing
H-acceptor copolymer P4 and H-donor dendrimers G1ICOOH
to G3COOH are 2.09, 2.44, and 4.45, respectively (as shown
in Figure 9 and Table 4), which indicates that the intensity of
the sensitized emission (by the energy transfer from OXD
dendritic absorption at 305 nm) is even stronger than that of
the direct PBB core emission (by the direct core absorption at
397 nm) in the H-bonded side-chain dendrimers. Therefore, the
RFI values are much enhanced in the higher generations of
H-bonded dendritic complexes (with the maximum values in
both series of H-bonded side-chain dendritic complexes bearing
the highest generation of H-donor dendrimer G3COOH), which
is attributed to the higher absorptions by the larger numbers of
OXD units in the higher generations of dendritic wedges as
well as the further reduced aggregation of the light-emitting
PBB cores by the more bulky sizes of dendrons in the higher
generations of OXD H-donors.

Electrochemical Properties. The electrochemical behavior
of H-acceptor copolymer P4 and its H-bonded side-chain
dendritic complexes were investigated by cyclic voltammetry
(CV), and the results are summarized in Table 5. The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels were calculated according to
the following equation: Exomo/Erumo = —e(Eox/onset/ Eredionset T
4.4) (eV).>* The onset potentials were determined from the
intersections of two tangents drawn at the rising and background
currents of the CV curves. Since the onsets of the oxidation
potentials (i.e., Eoxonset) for H-acceptor copolymer P4 and its
H-bonded dendritic complexes were obtained from the CV
measurements, the HOMO (i.e., Egomo) values were calculated
from the previous equation, i.e., Egomo = —e(Eox/onset T 4.4)
(eV), where Eox/onset 1S the onset oxidation potential versus the
saturated calomel electrode (SCE). H-acceptor copolymer P4
and its H-bonded dendritic complexes show the onset potentials
of oxidation between 1.24 and 1.27 V in the anodic scans (see
Table 5). The reduction potential peaks of H-acceptor copolymer
and H-bonded side-chain dendrimers were not observed in the
CV measurements, so crude estimations of LUMO values in
the reduction processes of H-acceptor copolymer P4 and its
H-bonded side-chain dendrimers were made by the deduction
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Figure 10. Normalized EL spectra of PLED devices with the config-
uration of ITO/PEDOT:PSS/polymer (P4 or its H-bonded side-chain
dendritic complexes)/BCP/Alqs/LiF/Al.

of optical band gap values from HOMO values. The optical
band gaps estimated from the absorption onsets of H-acceptor
copolymer P4 and its H-bonded side-chain dendritic complexes
in solid films are also listed in Table 5, which reveals that
H-acceptor copolymer P4 has a larger band gap than its
H-bonded side-chain dendrimers. Comparing the H-bonded side-
chain dendritic complexes with various generations of OXD
dendritic wedges, their LUMO values are not remarkably
changed. However, it seems that the H-bonded side-chain
dendritic complexes have slightly lower LUMO values than
H-acceptor copolymer P4 similar to a previously reported

consequence.>*

Electroluminescence (EL) Properties. The electrochemical
properties as well as the HOMO and LUMO energy levels of
H-acceptor copolymer P4 and its H-bonded side-chain dendritic
complexes are crucial parameters for the device configuration
and further confine the electron—hole recombination zone to
the emission layer sufficiently. Therefore, H-acceptor polymer
P4 and its H-bonded dendritic complexes were fabricated into
four-layer PLED devices, with a configuration of ITO/PEDOT:
PSS (50 nm)/polymer (P4 or its H-bonded dendritic complexes)
(55—70 nm)/BCP (10 nm)/Alq; (30 nm)/LiF (1 nm)/Al (150
nm) using standard procedures of spin-coating and vacuum
deposition methods, where polymer (P4 or its H-bonded
dendritic complexes) was used as the emission layer and
PEDOT:PSS as the hole transporting layer (anode buffer).
Besides, BCP (HOMO = —6.70 eV, LUMO = —3.20 eV), Algs
(HOMO = —6.00 eV, LUMO = —3.30 eV), and LiF/Al were
employed as a hole-blocking layer, an electron-transporting
layer, and a bilayer cathode, respectively. As shown in Figure
10, under forward bias voltages, the electroluminescence (EL)
spectra of H-acceptor polymer P4 and its H-bonded dendritic
complexes show EL emissions in the range of 464—519 nm,
indicating that the emission color can be effectively tuned from
blue to green by incorporating light-emitting H-acceptor co-
polymer P4 with various generations of OXD dendritic donors
into the supramolecular side-chain polymer structures. These
EL features are similar to those observed with corresponding
PL emissions of the respective solid films. The electrolumines-
cence (EL) properties of the PLED devices are summarized in
Table 6, and their current—voltage and luminescence—voltage
characteristics are displayed in Figure 11. A comparison of their
turn-on voltages, the PLED device bearing H-bonded dendritic
complex P4/G1COOH, has a lower turn-on voltage than that
bearing H-acceptor P4. From this result, it can be concluded
that the integration of OXD dendritic wedges (electron-
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Table 6. Electroluminescence (EL) Device Performance
Characteristics of H-Acceptor Polymer P4 and Its H-Boned
Side-Chain Dendritic Complexes®

polymer or luminance power max
H-bonded AEL film Von? efficiency® efficiency® luminance
complex (nm) (V) (cd/A) (Im/W) (cd/m?) (V)
P4 (PBB-CAZy) 464 8.5 0.75 0.109 947 (24)
P4/G1COOH 519 6.5 0.39 0.070 408 (18)
P4/G2COOH 506 7 0.11 0.034 242 (19.5)
P4/G3COOH 492 85 —d —d 58 (22)

¢ Device configuration: ITO/PEDOT:PSS/polymer (P4 or its H-bonded
side-chain dendritic complexes)/BCP/Alqs/LiF/Al. bV, the turn-on voltage
of light. © Measured at 100 mA/cm?. ¢ Undetectable (less than 100 mA/cm?).
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Figure 11. (a) Current density—voltage (/—V) curves and (b)
luminance—voltage (L—V) curves of PLED devices with the config-
uration of ITO/PEDOT:PSS/polymer (P4 or its H-bonded side-chain
dendritic complexes)/BCP/Alqs/LiF/Al.

transporting) into the supramolecular structures can remarkably
improved device performance with a reduced turn-on voltage
(though with a lower power efficiency). However, with higher
generations (from G1ICOOH to G3COOH) of OXD dendritic
wedges in the supramolecular H-bonded dendritic complexes,
the turn-on voltages and power efficiencies of the PLED devices
become worse (higher). This may be due to the intrinsic
insulation properties of the higher generations of the OXD
dendritic wedges with more 2-ethylhexyloxy end groups (as a
shielding effect for electron and hole transporting) which
consequently deteriorate the charge-carrier transporting proper-
ties and lead to higher turn-on voltages.> In addition, the PLED
device bearing H-bonded dendritic complex P4/G1COOH has
the best EL performance characteristics with a maximum
luminance and luminous efficiency of 408 cd/m? at 18 V and
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0.39 cd/A at 100 mA/cm?, respectively, which are generally
better than those of corresponding PLED devices bearing
H-bonded dendritic complexes P4/G2COOH and P4/
G3COOH. This could be presumably attributed to the larger
dendron shells of the higher generations of OXD H-donors,
which have a larger influence on the carrier mobility and
trapping process.>>>*

Conclusion

A series of novel H-bonded acceptor copolymers containing
different molar ratios of hole-transporting carbazole (CAZ) units
and light-emitting PBB moieties (bearing three conjugated
aromatic rings and a terminal H-acceptor) were successfully
synthesized. By the complementary surroundings via the com-
plexation with different generations of OXD dendritic donors
(G1COOH—-G3COOH), the emission wavelengths of H-
acceptor copolymers can be easily adjusted in their self-
assembled structures of H-bonded side-chain dendritic com-
plexes. As a result, all light-emitting, hole-transporting, and
charge-transporting groups possessing novel photophysical and
thermal properties are obtained in the supramolecular side-chain
copolymers (i.e., H-bonded side-chain dendritic complexes).
Moreover, the incorporation of carbazole units in the acceptor
copolymers shows higher glass transition temperatures than the
acceptor homopolymer itself, and the emission wavelengths of
H-acceptor polymers can be tuned (up to 61 nm of red shift)
by H-bonds. In addition, the larger dendritic size (i.e., the higher
generation) of H-donors can afford stronger site-isolation and
dendron-dilution effects, and thus better energy-transfer phe-
nomena can be achieved. The PLED devices with the config-
uration of ITO/PEDOT:PSS/(P4 or its H-bonded dendritic
complexes)/BCP/Alqs/LiF/Al were fabricated, and the emission
colors from blue to green can be effectively tuned by incorpo-
rating various generations of OXD dendritic donors in the
supramolecular side-chain polymer structures.
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