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ABSTRACT: The AB and AB2 quinoxaline monomers 2-(4-hydroxyphenyl)-3-phenyl-6-fluoroquinoxaline
and 3-(4-hydroxyphenyl)-2-phenyl-6-fluoroquinoxaline (HPFQ) and 2,3-bis(4-hydroxyphenyl)-6-fluoro-
quinoxaline (BHFQ) were copolymerized to afford different degree of linear defects in hydroxyl-terminated
hyperbranched poly(phenylquinoxalines) (HT-HPPQs). The other set of BA and BA2 monomers 2-(4-
fluorophenyl)-3-phenyl-6-(4-hydroxyphenoxy)quinoxaline and 2-(4-fluorophenyl)-3-phenyl-6-(4-hydroxy-
phenoxy)quinoxaline (FPHPQ) and 2,3-bis(4-fluorophenyl)-6-(4-hydroxyphenoxy)quinoxaline (BFHPQ)
were also copolymerized to prepared fluorine-terminated hyperbranched poly(phenylquinoxalines) (FT-
HPPQs). On the basis of a MALDI-TOF study of the HT-HPPQ sample (AB2 20 mol %), random
copolymerization indeed occurred. In the case of HT-HPPQ, the properties of polymer such as solubility,
solution viscosity, Tg, and polymer degradation temperature were greatly influenced by the number of
hydroxyl group on the surface. However, the properties of FT-HPPQ were much less influenced by the
number of fluorine on the surface. The copolymers of AB and AB2 were soluble in most of aprotic solvents
and phenolic solvents displaying intrinsic viscosities ranged from 0.27 to 1.11 dL/g in m-cresol at 30.0 (
0.1 °C and glass transition temperatures (Tgs) ranged from 239 to 274 °C. Copolymers of BA and BA2
were also soluble in most of aprotic solvents and phenolic solvents displaying intrinsic viscosities ranged
from 1.01 to 1.15 dL/g in m-cresol at 30.0 ( 0.1 °C. HT-HPPQs and FT-HPPQs underwent 5% weight
losses when subjected to thermal gravimetric analysis ranged from 511 to 568 °C and from 556 to 588 °C
in nitrogen atmosphere, respectively. The enhanced thermal stabilities of FT-HPPQs could be attributed
to the fluorine terminal groups on the macromolecule surfaces. The melt viscosities of the HT-HPPQ
sample (AB2 20 mol %) was greater than 107 Pa‚s in the lower frequency range determined as a function
of frequency sweep on a RMS-800 rheometer at 320 °C. The melt viscosity linearly decreased as the
frequency increased. Thus, HT-HPPQ containing a 20 mol % AB2 monomer unit displayed a lower melt
viscosity compared to its linear analogue at whole frequency range. However, the relative melt viscosity
decrease of hyperbranched PPQ compared to its linear analogue was less than expected due to the
formation of possible inter- and intramolecular hydrogen bonding.

Introduction

Hyperbranched poly(phenylquinoxalines) (PPQs) from
AB2 monomers have been previously reported.1 Their
linear analogues are well-known as high performance
thermoplastics that have many desirable properties
such as melt and solution processabilities, excellent
mechanical properties,2 high glass transition tempera-
tures (Tgs),2 and promising optical properties with
stability.3 Self-polymerizable PPQ monomer mixtures
have been first synthesized in this laboratory and its
improved synthetic routes have been reported.4 It
contains both a nucleophilic site and a site activated
for nucleophilic substitution by a pyrazine ring. The AB
monomer mixture, which exists as two isomers, 3-(4-
hydroxyphenyl)-2-phenyl-6-fluoroquinoxaline and 2-(4-
hydroxyphenyl)-3-phenyl-6-fluoroquinoxaline, has been
polymerized in an NMP/toluene mixture to high molec-
ular weight. The BA monomer mixture, which also
exists as two isomers of 2-(4-fluorophenyl)-3-phenyl-6-

(4-hydroxyphenoxy)quinoxaline and 3-(4-fluorophenyl)-
2-phenyl-6-(4-hydroxyphenoxy)quinoxaline, has been
also polymerized in an NMP/toluene mixture to high
molecular weight.5 The AB2 monomer 2,3-bis(4-hydroxy-
phenyl)quinoxaline has been polymerized in an NMP/
toluene mixture to high molecular weight.1,6 The BA2
monomer 2,3-bis(4-fluorophenyl)-6-(4-hydroxyphenoxy)-
quinoxaline has been also polymerized in an NMP/
toluene mixture to high molecular weight (Scheme 1).1

Upon further investigation, we discovered that the
resulting copolymers display different physical proper-
ties such as solubility, solution viscosity, thermal prop-
erties, and so on, depending on their degree of surface
group interaction. For example, physical properties of
hyperbranched PPQs changed depending upon the
number of hydroxyl groups as polar surface group. On
the other hand, fluorine as less polar surface displayed
less change in properties regardless of the number of
fluorine atoms on the polymer surface. Although there
are a few examples of copolymerization of AB and AB2
monomers,7 there are no reported copolymers from both
self-polymerizable AB/AB2 and BA2/BA monomers to
yield a series of rigid hyperbranched polymers with
various degrees of linear defects and different number
of surface groups, which could significantly influence
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their physical properties, from different feed ratio of
monomers.

Thus, the objective of this research was to extend our
previous work on hyperbranched PPQ. A series of
copolymers by polycondensation of AB/AB2 and BA2/
BA monomers are to be prepared. The resulting poly-
mers are to be characterized and the properties of
polymers are to be compared depending on degree of
linear defects and the number of surface groups. Fur-
thermore, physical properties changes are to be specu-
lated by model compounds study.

Experimental Section

Reagents and Solvents. All chemicals, unless otherwise
mentioned, were purchased from Aldrich Chemical Inc and
were used as received. N-Methyl-2-pyrrolidinone (NMP) (Al-
drich) was distilled from phosphorus pentoxide under reduced
pressure. All other solvents were purchased from Fisher
Scientific Inc and were used as received. The intermediates
3,4-diamino-4′-hydroxydiphenyl ether (mp 220-221 °C),8 4,4′-
difluorobenzil [1,2-bis(4-fluorophenyl)ethanedione] (mp 120-
121 °C),9 and 2,3-bis(4-hydroxyphenyl)quinoxaline (mp 142 and
238 °C) were prepared by modified literature methods.1,6

Instrumentation. Infrared (IR) spectra were obtained with
an ATI Mattson Genesis Series FT-IR 5000 spectrophotometer.
Solid samples were imbedded in KBr disks. Proton and carbon
nuclear magnetic resonance (1H NMR and 13C NMR) spectra
were obtained at 200 and 50 MHz on a Varian Gemini-200
NMR spectrometer. UV-visible spectra were obtained at
Hewlett-Packard 8435 UV-Visible spectrophotometer. Pho-
toluminescence measurement was performed with Shimadzu
RF-5301PC Spectrofluorophotometer. Excitation wavelength
used was the UV absorption maximum of each sample.
Elemental analyses were performed by Galbraith Laboratories,
Inc., Knoxville, TN. Melting points (mp) were measured using
a Mel-Temp melting point apparatus and are uncorrected.
Intrinsic viscosities were determined with a Cannon Ubbelo-
hde No. 100 and 150 viscometers depending on solvent flow
time. The solutions were filtered through a 0.45 µm syringe
filter prior to the measurement. Flow times were recorded for,
m-cresol and or methanesulfonic acid (MSA) solutions with
polymer concentrations of approximately 0.5-0.1 g/dL at 30.0
( 0.1 °C. Differential scanning calorimetry (DSC) analyses
were performed in nitrogen with a heating rate of 20 °C/min
using a du Pont model 2000 thermal analyzer equipped with
differential scanning calorimetry cell. Themogravimetric analy-
ses (TGA) were obtained in nitrogen (N2) atmospheres with a
heating rate of 20 °C/min using a TA Hi-Res TGA 2950
themogravimetric analyzer. A Bruker-Franzen Analytik GMBH,
MALDI time-of-fight (TOF) mass spectrometer was used to
determine masses using a reflection mode. Dithranol and
potassium trifluoroacetate were used as UV-absorbing matrix
and cationizing salt, respectively. Melt viscosities were ob-
tained on a Rheometrics model RMS-800. The samples for the

melt viscosity determinations were compression molded on a
1 in. diameter cylinder mold that was filled with 1-1.5 g of
polymer. The mold was placed in a DAKE 100 klb press and
heated at 50-100 °C above the polymer Tg under the minimum
pressure required for adequate flow. A frequency sweep was
used for dynamic measurements. Monte Carlo simulation was
carried out by using Discover (version 2.8.0, Biosym Technolo-
gies, San Diego, CA). The system was set as completely pure
and the same reactivity of monomers.

2,3-Bis(4-octadecyloxyphenyl)-6-fluoroquinoxaline(AB2-
2R). Into a 500 mL, three-necked, round-bottom flask equipped
with a magnetic stirrer, a reflux condenser, and a nitrogen
inlet were placed AB2 monomer, 2,3-bis(4-hydroxyphenyl)-
quinoxaline, (10.0 g, 30.1 mmol), 1-bromooctadecane (21.1 g,
63.3 mmol), potassium carbonate (10.0 g, 72.4 mmol), a
catalytic amount of 18-crown-6, and acetone (300 mL). The
mixture was heated under reflux for 48 h, and 5% hydrochloric
acid was slowly poured in. The resulting white precipitate was
collected, air-dried, dissolved in warm acetone, and cooled to
room temperature to give white flakes (88% yield): mp 87.8
°C (DSC). Anal. Calcd for C56H85FN2O2: C, 80.33; H, 10.23;
N, 3.35. Found: C, 80.14; H, 10.53; N, 3.30. FT-IR (KBr, cm-1):

1346, 1609, 3259. Mass spectrum (m/e): 837 (M+, 100% rel-
ative abundance). 1H NMR (CDCl3) δ 0.85-0.91 (t, 6H, -CH3),
1.28-1.59 (s, 60H, -CH2-), 1.73-1.83 (t, 4H, -CH2-), 3.95-
4.01 (t, 4H, -OCH2-), 6.85-6.89 (d, 4H, Ar-H), 7.44-7.50
(m, 5H, Ar-H), 7.72-7.77 (d, 1H, Ar-H), 8.07-8.15 (t, 1H,
Ar-H). 13C NMR (CDCl3): δ 16.14, 24.71, 28.04, 31.22, 31.37,
31.42, 31.60, 31.97, 32.95, 33.93, 70.08, 114.22, 114.65, 116.34,
121.45, 121.96, 132.87, 133.11, 133.24, 140.21, 143.60, 143.87,
154.48, 154.53, 155.82, 161.79, 161.94, 162.10, 167.09.

2,3-Bis(4-fluorophenyl)-6-(4-methoxyphenoxy)quinox-
aline (BA2-OCH3). A 500 mL, round-bottom flask equipped
with a magnetic stirring bar, a reflux condenser, a Dean-Stark
trap, and a nitrogen inlet was charged with 38.0 g (0.154 mol)
of 4,4′-difluorobenzil, 38.0 g (0.165 mol) of 3,4-diamino-4′-
methoxydiphenyl ether, acetic acid (200 mL), and toluene (100
mL). The reaction mixture was stirred and gently heated at
reflux overnight. The water that was generated was removed
as a toluene azeotrope. The reaction mixture was then allowed
to cool to room temperature and poured into 1 L of a slurry of
ice and water containing 50 mL of concentrated hydrochloric
acid. The precipitate that formed was collected by suction
filtration, washed with water, dried in a vacuum oven at 80
°C, and dissolved in hot toluene or acetic acid. The solution
was filtered and then allowed to cool to room temperature to
give 65.9 g (97% based on 4,4′-difluorobenzil) of white
needles: mp 140-141 °C; mp 144 °C (DSC). Anal. Calcd for
C27H18F2N2O2: C, 73.63; H, 4.12; N, 6.36. Found: C, 73.70; H,
4.36; N, 6.20. FT-IR (KBr, cm-1): 1229, 1506, 1601, 2922. Mass
spectrum (m/e): 440 (M+, 100% relative abundance). 1H NMR
(DMSO-d6) δ 3.78 (s, 3H, -OCH3), 7.02-7.22 (m, 9H, Ar-H),
7.51 (s, 4H, Ar-H), 7.58 (d, 1H, Ar-H), and 8.12 ppm (d, 1H,
Ar-H).

General Polymerization Procedure of Copolymers
from AB and AB2 Monomers to Hydroxyl-Terminated
Linear and Hyperbranched Polymers. A typical synthesis
of hyperbranched PPQ was conducted in a three-necked,
round-bottom flask equipped with an overhead stirrer, a
Dean-Stark trap with a reflux condenser, and a nitrogen inlet
and outlet. The flask was charged with monomer (20 wt % to
NMP) and potassium carbonate (20 mol % excess to hydroxyl
group). The solids were carefully washed in with the toluene
and NMP mixture. The mixture was then heated until the
toluene began to reflux. The reaction mixture was maintained
at 150-160 °C until water could no longer be observed in the
Dean-Stark trap, which typically took about 3-5 h. Upon
dehydration, the solution was slowly heated to 180 °C over 1
h under a strong nitrogen flow. The solution was then heated
until the NMP began to reflux. Heating at reflux was contin-
ued until the solution viscosity drastically increased. This
usually took approximately 30-180 min at NMP reflux tem-
perature depending on the ratio of AB/AB2 monomers. The
viscous elastic reaction mixture was diluted with NMP,
allowed to cool to room temperature, and poured into large

Scheme 1. Structures of Self-Polymerizable AB, AB2,
BA, and BA2 Monomers
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quantity of a methanol/acetic acid (2/1, v/v) mixture. The
orange powdery polymer that coagulated was collected by
filtration and air-dried overnight. The polymers were dissolved
in MSA or NMP again and passed through a pressurized filter
to remove any insoluble salts. The filtrate was poured into
methanol/water (9/1, v/v) mixture and boiled for several h to
remove any trapped salts. The polymers were then Soxhlet
extracted with water for 3 days and methanol for 3 days. The
polymers were collected and dried at 200 °C over phosphorus
pentoxide at reduced pressure (1 mmHg) for approximately
48 h. The yields of polymers were essentially quantitative:
HT-HPPQ [η] ) 0.37-1.29 dL/g (m-cresol or MSA, 30 ( 0.1
°C) and Tg ) 239-308 °C (DSC).

General Polymerization Procedure of Copolymers
from BA and BA2 Monomers to Fluorine-Terminated
Linear and Hyperbranched Polymers. The copolymeriza-
tions of AB and AB2 monomers were performed the same as
any typical synthetic procedure. The viscous reaction mixture
was diluted with NMP, allowed to cool to room temperature,
and poured into large quantity of a methanol/acetic acid (2/1,
v/v) mixture. The white powdery polymer that coagulated was
collected by filtration and air-dried overnight. The polymers
were dissolved in NMP again and passed through a pressur-
ized filter to remove any insoluble salts. The filtrate was
poured into methanol/water (9/1, v/v) mixture and boiled for
several h to remove any trapped salts. The polymers were then
further Soxhlet extracted with water for 3 days and methanol
for 3 days. The polymers were collected and dried at 200 °C
over phosphorus pentoxide at reduced pressure (1 mmHg) for
approximately 48 h. The yield of polymers were essentially
quantitative: FT-HPPQ [η] ) 0.53-1.13 dL/g (m-cresol, 30
( 0.1 °C) and Tg ) 206-225 °C (DSC).

Stock Solution Preparation. To estimate the sample
concentration and relative UV-absorption and PL intensity,
we prepared stock solutions (1.0 × 10-4 mol/L). Each sample
(0.5 × 10-4 mol) was dissolved in a volumetric flask containing
500 mL of THF.

Results and Discussion
Synthesis of Hydroxyl-Terminated Hyper-

branched PPQs (HT-HPPQ). The AB2 monomer was
self-polymerized in an NMP/toluene mixture in the
presence of potassium carbonate to afford HT-HPPQ
1a. HT-HPPQ 1a was prepared by the same procedure
used for the self-polymerization of the AB monomer as
shown in Scheme 2.4

The dark elastic jellylike polymer solutions were pour-
ed into a large excess of methanol containing 5% hydro-
chloric acid to precipitate the product. The polymers
were carefully worked-up following the procedure de-
scribed in experimental part. The yields of polymers
were essentially quantitative. The excellent solubility
of linear poly(phenylquinoxalines) (PPQs) have been
proven by the interesting thermal behaviors of self-poly-
merizable AB quinoxaline monomers had been re-
ported.4c,4e This behavior is due to two phenyl rings at
the 2- and 3-positions of the 2,3-diphenylquinoxaline
ring being 44° out of plane; thus chain packing is
difficult, resulting in a very slow rate of crystallization
from the melt. The structure of isomeric repeating unit
provide good solubility of resulting linear poly(phen-
ylquinoxaline).4 However, the residual solvent free
polymer HT-HPPQ 1a could only be dissolved in organ-
ic acids such as methanesulfonic acid (MSA) and sulfuric
acid at room temperature. The intrinsic viscosity was
able to be determined from the solution in MSA to give
0.60 dL/g (30 ( 0.1 °C).1 The poor solubility could be
originated by existing large number of surface hydroxyl
groups that could form strong inter- and intramolecular
hydrogen bonding. Thus, the Tg of HT-HPPQ 1a was
308 °C, which was approximately 52 °C higher than that
of the linear PPQ 1h (256 °C, see Table 1).

HPPQs from the Copolymerization of AB and
AB2 Monomers. In general, the hyperbranched poly-
mer is well-known to be highly solubile compared to its
linear analogue.10 Since irregular size of globular mo-
lecular shape in hyperbranched polymer prevents mo-
lecular packing and cavities in the structure allows the
penetration of solvent. The unusual limited solubility
of HT-HPPQ 1a obtained from the AB2 monomer
compared to its linear analogue4 could be due to the
large number of hydroxyl groups on the hyperbranched
macromolecules. It is worthwhile to attempt to change
the number of hydroxyl groups at the chain ends and,
thereby, increase the solubility. Thus, several copoly-
merizations of the AB and AB2 monomers were carried
out to afford a series of HT-HPPQ copolymers 1b-1g
(Scheme 2). The copolymerizations were carried out by
the general procedure for the self-polymerization of the
AB monomer.4 High molecular weight copolymers were
obtained within 3 h as judged by the dramatic increases
in the solution viscosities. HT-HPPQs 1b-1g after
complete workup and dryness were soluble in polar
aprotic solvents such as N-methyl-2-pyrrolidinone (NMP),
N,N′-dimethylformamide (DMF), N,N′-dimethylaceta-
mide (DMAc), dimethyl sulfoxide (DMSO), etc. The

Scheme 2. Synthesis of HT-HPPQsa

a Key: K2CO3, NMP/toluene, 150-180-202 °C.

Table 1. Properties of Linear and Hydroxyl-Terminated
Hyperbranched PPQs

composition TGA

no.
AB

(wt %)
AB2

(wt %)
[η]a

(dL/g)
Tg

b

(°C)
Td5%

c

in N2 (°C)
char %

at 800 °C

1a 0 100 0.60d 308 511 70
1b 50 50 0.68 274 559 65
1c 60 40 0.37 263 568 69
1d 70 30 0.31 255 542 69
1e 80 20 0.27 239 556 68
1f 90 10 0.56 247 556 64
1g 95 5 1.11 254 549 58
1h 100 0 1.29 256 584 66

a Intrinsic viscosity measured in m-cresol at 30.0 ( 0.1 °C.
b Inflection in baseline on DSC thermogram obtained in N2 with
a heating rate of 20 °C/min. c Temperature at which 5% weight
loss occurred on TGA thermogram obtained with a heating rate
of 20 °C/min. d Intrinsic viscosity measured in methanesulfonic
acid at 30.0 ( 0.1 °C.
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intrinsic viscosities of HT-HPPQs 1b-1g ranged from
0.27 to 1.11 dL/g (m-cresol, 30 ( 0.1 °C) and Tgs were
239-274 °C. Thus, it could be stated that the limited
solubility of HT-HPPQ 1a originated from a large
number of polar hydroxyl groups, which could form
strong inter- and intramolecular hydrogen bonding.

Monte Carlo Simulation. Assuming that the puri-
ties of monomers were 100% and the reactivity of the
functional groups on the monomers were the same. A
total number of 50 000 AB and AB2 monomers with
different ratio were randomly reacted. The theoretical
molecular weight distributions of the hyperbranched
PPQs as a function of AB2 content were calculated using
a Monte Carlo simulation. The results are shown in
Figure 1. As the AB2 content increased, the molecular
weight distribution (MWD) broadened. The reaction
time was shorter as the AB2 content increased to reach
100 000 g/mol.

MALDI)TOF Mass Analysis of Copolymer 1e.
MALDI-TOF analysis of homopolymer FT-HPPQ 2a
has been previously reported.1 The copolymer of HT-
HPPQ 1e, which contained 20 mol % of the AB2
component, has been studied (Figure 2, parts a and b).
A series of signals, which were 296 Da apart, was
observed to 8000 Da. The oligomers (n ) x + y ) 3-27)
were randomly formed by the reaction of AB and AB2
monomers. Each set of peaks, which was separated 16
Da apart, provided the ratio of AB and AB2 components
in the macromolecules. According to their m/z values
from Figure 2b and Table 2 where it is zoomed in the
range of m/z ) 2000-2800, the peaks marked a ap-
peared to be macrocyclic oligomers (m/z ) 2076.3
corresponding to x ) 7, m/z ) 2372.8 corresponding to
x ) 8, and m/z ) 2668.5 corresponding to x ) 9) formed
by AB monomers (Scheme 2 and Table 2). The peaks
marked b appeared 16 Da higher than those marked a
at 2091.9, 2788.2, and 2684.3 and represent an oxygen
atom count. Thus, this series of macrocyclic oligomers
contained an AB2 component (y ) 1). The peaks marked
c appeared 18 Da higher than those marked b at 2110.9,
2406.1, and 2701.6. It could be the oligomers containing
an AB2 (m ) 1) and fluorine atom (F) as a focal point.
The peaks marked d appeared 16 Da higher than those
marked c at 2126.4, 2422.7, and 2718.7 and are most
likely due to two AB2 components (m ) 2) and F. The
peaks marked e and f appeared 16 and 32 higher than
d and presumably correspond to three AB2 components
(m ) 3) plus F and four AB2 components (m ) 4) plus

F. In summary, The AB and AB2 monomers displayed
very similar reactivity. Therefore, random copolymers
were mainly observed.

Synthesis of Fluorine-Terminated Hyper-
branched PPQs (FT-HPPQ). The BA2 monomer was
self-polymerized in an NMP/toluene mixture in the
presence of potassium carbonate. The polymerization
was carried out by the same procedure used for the self-
polymerization of the AB monomer as shown in Scheme
3.5 The resulting white FT-HPPQ 2a had an intrinsic
viscosity of 1.13 dL/g (m-cresol at 30.0 ( 1 °C) and a Tg
of 225 °C. We have reported the characteristic solution
behavior of homopolymer 2a, which was soluble in THF
and most aprotic solvents and was analyzed with GPC
using a refractive index detector, a light scattering
detector, and a viscosity detector.1

Hyperbranched polymers are known to be molecular
bearing, which can reduce the melt viscosity of ther-
moplastic.11 FT-HPPQ 2a has been tested as potential
processing aids by blending with commercial polycar-

Figure 1. Calculated molecular weight distributions of linear
and hyperbranched PPQs [Monte Carlo simulation with a total
number of 50 000 (AB2 + AB)].

Figure 2. MALDI-TOF mass spectrum of HT-HPPQ 1e (AB2
20 mol %): (a) full scale and expanded into 2600 to 6400 Da;
(b) expanded into 2000 to 2800 Da.

Table 2. MALDI-TOF Analysis

entry x y m/z m/z m/z

a 7-9 0 2076.3 2372.8 2668.5
b 6-8 1 2091.9 2388.2 2684.3
c 6-8 1 (+F) 2110.2 2406.1 2701.6
d 5-7 2 (+F) 2126.4 2422.7 2718.7
e 4-6 3 (+F) 2142.5 2438.6 2734.8
f 3-5 4 (+F) 2158.3 2454.7 2750.9
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bonate (PC). FT-HPPQ 2a indeed linearly lowered melt
viscosity of PC, which does not have a shear thinning
property in melt.1

HPPQs from the Copolymerization of BA and
BA2 Monomers. Various weight ratios of the BA
monomer and BA2 monomer were copolymerized in an
NMP/toluene mixture in the presence of potassium
carbonate to yield hyperbranched PPQ copolymers 2b-
2e (Table 3). The polymerizations were carried out by
the same procedure used for the self-polymerization AB
monomer as shown in Scheme 3.4

High molecular weight copolymers were also obtained
within 2 h as judged by the dramatic increases in the
solution viscosities. FT-HPPQs 2b-2e, after complete
workup and dryness, were soluble in polar aprotic
solvents such as N-methyl-2-pyrrolidinone (NMP), N,N′-
dimethylformamide (DMF), N,N′-dimethylacetamide
(DMAc), dimethyl sulfoxide (DMSO), and so on. The
intrinsic viscosities of HT-HPPQs 2b-2e ranged from
1.01 to 1.15 dL/g (m-cresol, 30 ( 0.1 °C) and Tgs were
206-221 °C.

Thermal Properties of HT-HPPQs. The physical
properties of dendritic macromolecules such as dendri-
mers and hyperbranched polymers are significantly
influenced by the nature of their surface functional
groups. The glass transition temperature (Tg) of den-
dritic macromolecules with identical interiors but dif-
ferent surface groups could be one method to observe
changing properties.12 For example, the Tg of hyper-
branched polyphenylene with different terminal groups
can be altered by more than 100 °C.12e The different
surface groups also influence polarity, solubility, and

in many cases the dimension and the shape of the
dendritic macromolecules.13

DSC thermograms were obtained on powder samples
after they had been heated to 350 °C and air-cooled to
ambient temperature. The Tg was taken as the midpoint
of the maximum baseline shift. As shown in Table 1 and
Figure 3, the linear PPQ displayed a Tg as high as 256
°C ([η] ) 1.29 dL/g).

HT-HPPQ 1a obtained from AB2 monomer displayed
a Tg of 308 °C.1 This Tg is approximately 52 °C higher
than that of the linear analogue 1h. It is postulated that
this is due to strong inter- and intramolecular hydrogen
bonding between surface hydroxyl groups. The HT-
HPPQ copolymers displayed Tgs in the range of 239 to
274 °C depending on their AB2 unit content, which
determined the number of hydroxyl groups. As the AB2
content increased up to 20%, the intrinsic viscosities and
Tgs of the hyperbranched copolymers decreased. It was
postulated that the viscosity decrease and the Tg
decrease in lower contents of AB2 monomer were due
to the decrease in branch length. On the other hand, as
the AB2 content increased from 30% to 50%, both the
viscosities and the Tgs of the hyperbranched copolymers
increased. It is postulated that the AB2 content in-
creased and the number of hydroxyl group on the
macromolecule surface increased, hydrogen bonding
between the chain ends became significant resulting in
an increase in Tg and affected intrinsic viscosity. The
thermal properties of the HT-HPPQs are summarized
in Table 1. The temperature at which a 5% weight loss
occurred when the polymers were subjected to TGA in
N2 ranged from 511 to 584 °C. As the number of
hydroxyl groups at the chain ends increased, the
thermal stabilities of polymers generally decreased. The
linear PPQ 1h having the minimum number of hydroxyl
groups displayed the highest degradation temperature
at 584 °C. The char yields (58-70%) at 800 °C were for
all the HT-HPPQs.

Thermal Properties of FT-HPPQs. DSC thermo-
grams were obtained on the copolymers after they had
been heated to 350 °C and air-cooled to ambient tem-
perature (Figure 4). For comparison purposes, the
thermograms of the linear PPQ 2f and the hyper-
branched PPQ 2a are included in Figure 4. As stated
before, the Tgs of these polymers are 223 and 225 °C,
respectively. All the Tgs and viscosities of the fluorine-
terminated PPQ copolymers were similar regardless of
their BA2 content. These results are dramatically dif-
ferent from those obtained with HT-HPPQ 2a copoly-

Scheme 3. Synthesis of FT-HPPQsa

a Key: K2CO3, NMP/toluene, 150-180-202 °C.

Table 3. Properties of Linear and Fluorine-Terminated
Hyperbranched PPQs

composition TGAc

no.
BA

(wt %)
BA2

(wt %)
[η]a

(dL/g)
Tg

b

(°C)
Td5%

in N2 (°C)
char %

at 800 °C

2a 0 100 1.13 225 575 68
2b 60 40 1.06 217 582 63
2c 70 30 1.07 221 588 64
2d 80 20 1.01 217 581 63
2e 90 10 1.15 206 556 59
2f 100 0 0.53 220 550 59

a Intrinsic viscosity measured in m-cresol at 30.0 ( 0.1 °C.
b Inflection in baseline on DSC thermogram obtained in N2 with
a heating rate of 20 °C/min. c Temperature at which 5% weight
loss occurred on TGA thermogram obtained with a heating rate
of 20 °C/min.

Figure 3. DSC thermograms of HT-HPPQs with heating rate
of 20 °C/min: (a) 1a, (b) 1b, (c) 1c, (d) 1d, (e) 1e, (f) 1f. (g) 1g,
and (h) 1h.
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mers. This is again postulated to be due to the charge
repulsion of fluorine atoms at each chain end in the FT-
HPPQ 2a. The properties of FT-HPPQs 2b-2e copoly-
mers are summarized in Table 3.

The temperatures at which the FT-HPPQs 2a-2e
underwent a 5% weight loss when subjected to TGA
ranged from 550 to 588 °C, which were higher than
those of HT-HPPQs. Although one more aromatic ether
linkage was incorporated into each repeating unit, the
thermal stabilities of the FT-HPPQs were better than
those of the HT-HPPQs. This is because thermal
degradation is heavily dependent on the surface func-
tional groups at the chain ends.

Thermal Properties of Monomers and Model
Compounds. To provide evidence of the assumption
that hydrogen bonding would be the main reason for a
significant increase in the Tg of HT-HPPQ 1a compared
to its linear analogue 1h, the DSC thermograms of AB
(single hydroxyl group) monomer mixture and AB2 (two
hydroxyl groups) monomer are compared in Figure 5
and Table 4. From the first heating run, the AB

monomer mixture exhibited two melting endotherm at
peak maxima at 130.4 °C and the second minor endo-
therm at peak maximum at 165.8 °C. Even though there
is no isomeric mixture in AB2 monomer, two major
melting peaks were monitored at the peak maximum
at 141.8 °C and 238.3 °C from the first heating run. Two
minor melting peaks, which postulated to be originated
from dissociation of hydrogen bonding, were at 177.2
°C (∆Hdiss1 ) 22.3J/g) and 252.5 °C (∆Hdiss2 ) 11.7 J/g).
In comparison of the Tgs between AB and AB2 in the
second heating runs, Tg (131.0 °C) of AB2 monomer was
46.6 °C higher than that of AB (84.4 °C) monomer
mixture. This different on Tgs of AB and AB2 monomers
could be an evidence to support Tg increase in HT-
HPPQ 1a originated by hydrogen bonding. Dissociation
of hydrogen bonding of AB2 monomer could be moni-
tored even in the second heating run at 256.6 °C (∆Hdiss
) 1.6 J/g). To prevent hydrogen bonding, flexible alkyl
chains were introduced on AB2 to afford AB2-2R
monomer as shown in Scheme 4, the crystallization rate
was fast enough to display very similar thermal behav-
iors at each cycle. The melting temperatures of AB2-
2R were at 87.8 °C and 85.8 °C in both the first and
the second heating runs with recrystallization temper-
ature at 65.5 °C (∆Hexo ) 10.3J/g) without detectable
Tg (Figure 5) by DSC.

In the case of monomers BA and BA2, the DSC
thermograms of BA (single hydroxyl group) monomer
mixture and BA2 (single hydroxyl group) monomer are
compared in Figure 6 and Table 4. From the first
heating run, the BA monomer mixture exhibited single
melting endotherm at peak maximum at 238.1 °C with
left shoulder, which may be originated from crystals of
isomeric mixture. For the BA2 monomer, single melting
peaks were monitored at peak maximal at 223.2 °C from
the first heating run. In comparison of the Tgs between
BA and BA2 in the second heating run, Tg (90.4 °C) of
BA2 monomer was similar to that (89.8 °C) of BA
monomer mixture. The similarity in Tgs as well as Tms
of BA and BA2 monomers could be an evidence to
support similar Tg in FT-HPPQ 2a. When hydroxyl
groups were protected to eliminate hydrogen bonding
by methyl group on BA2 to afford BA2-OCH3 monomer
as shown in Scheme 4, the melting temperature sig-
nificantly dropped to 143.8 °C in the first run and
displayed lowered Tg at 48.0 °C in the second heating
run. There was no crystal melting in the second run like
AB2-2R, since the crystallization rate was not fast
enough with the short methyl substitute.

This indicates that Tgs as well as Tms of quinoxaline
monomers may vary depending on the degree and
presence of hydrogen bonding in the molecules. Multiple
morphisms in some of the quinoxaline monomers are
believed to be caused by monomers that are trapped in

Figure 4. DSC thermograms of FT-HPPQs with heating rate
of 20 °C/min: (a) 2a, (b) 2b, (c) 2c, (d) 2d, (e) 2e, and (f) 2f.

Figure 5. DSC thermograms of AB, AB2, and AB2-2R with
heating rate of 20 °C/min.

Table 4. UV Absorption, Emission, and Thermal
Properties of Quinoxaline Compounds

DSCc

monomer
λab

a

(nm)
λem

b

(nm)
Tg

(°C)
Tm1
(°C)

∆Hf1
(J/g)

Tm2
(°C)

∆Hf2
(J/g)

AB 367 441 84.4 130.4 54.5 165.8 7.1
AB2 376 441 131.0 141.8 129.3 238.3 92.0
AB2-2R 373 434 ND 87.8 142.8 ND ND
BA 366 412 89.8 238.1 120.9 ND ND
BA2 369 416 90.4 223.2 113.5 ND ND
BA2-OCH3 369 426 48.0 143.8 96.4 ND ND

a Obtained in 10-4 mol in THF solution. b Obtained in 10-4 mol
in THF solution with excited at absorption maximum. c Obtained
in N2 with a heating rate of 20 °C/min.
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their amorphous forms after melt. In most cases of
quinoxaline monomers, only solvent-induced crystal-
lizations were possible for the monomer mixtures as
demonstrated by AB2-2R, on which long alkyl chains
act as flexible spacers to allow the mobility of recrys-
tallization. The same DSC thermograms could be ob-
tained after recrystallization of molten monomer mix-
tures from proper solvents. Furthermore, the thermal
studies of monomers made it possible to predict relative
the thermal properties of HPPQs.

UV Absorption and Emission Properties. Qui-
noxaline compounds are well-known to be photolumi-
nescent (PL) and electroluminescent (EL) materials,
because they displayed surprisingly unaltered from
luminescent properties without electron-transporting
layer and long-term stability.14a In practice, 2,3-diphen-
ylquinoxaline compounds poses excellent solubility,14b-i

since the 2- and 3-position phenyl rings are 44° out of
plane to quinoxaline ring, which consisted of a fused
aromatic heterocyclic ring and two additional aromatic

rings; they are disrupting the molecular packing and
are conjugated enough to be optically active.1,14c

Stock solutions (1.0 × 10-4 mol/L) of each sample were
prepared in THF and UV absorption and emission were
obtained. The absorption maxima of AB, AB2, and AB2-
2R are 367, 376, and 373 nm in that order (Figure 7a
and Table 4). Additional hydroxyl group on AB2 com-
pared to AB causes a 9 nm red-shifted absorption
maximum. When hydroxyl groups on AB2 were replaced
by AB2-2R (R ) C18H37), the absorption maximum was
3 nm blue-shifted. Thus, the effective conjugate length
at ground state of AB2 is the longest among them, since
this molecule can form a stable dimer in solution as
depicted in Figure 8. The dihedral angle of 2- and
3-phenyl rings to the quinoxaline ring was reduced from
44 to 36°, which might result in an increasing effective

Scheme 4. Synthesis of 2,3-Bis(4-octadecyloxyphenyl)-6-fluoroquinoxaline (AB2-2R) and
2,3-Bis(4-fluorophenyl)-6-(4-methoxyphenoxy)quinoxaline (B2A-OCH3)a,b

a Key: C18H37Br, K2CO3, acetone, reflux. bKey: acetic acid, reflux.

Figure 6. DSC thermograms of BA, BA2, and BA2-OCH3
with heating rate of 20 °C/min.

Figure 7. UV-absorption and emission spectra in THF
solutions (1.0 × 10-4 mol/L).
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degree of conjugation, and thus the absorption maxi-
mum red-shifted. The emission maxima for the mono-
mer AB, AB2, and AB2-2R are 441, 441, and 434 nm,
respectively (Figure 7a and Table 4). AB and AB2
displayed the same emission maxima indicating energy
band gaps are almost identical. However, AB2-2R has
a slightly smaller band gap. This could be simply
because bulky octyl groups isolate the quinoxaline
moiety, and there is no interaction between quinoxaline
moieties possible.

The absorption maxima of BA, BA2, and BA2-OCH3
are 366, 369, and 369 nm in that order (Figure 7b and
Table 4). There was no significant shift on absorption
maxima depending on the number of fluorine atoms.
Additional fluorine group on BA2 compared to BA
causes merely a 3 nm red-shifted absorption maximum.
Not like AB to AB2, when hydroxyl groups on BA2 were

replaced with BA2-OCH3, the absorption maximum was
not changed. This is because the hydroxyl group located
a phenyloxy away from the quinoxaline ring does not
influence the effective conjugation length at ground
state of BA2-OCH3 as depicted in Figure 7b. The
emission maxima for the monomers BA, BA2, and BA2-
OCH3 are 412, 416, and 426 nm, respectively (Figure
7b and Table 4). The emission maxima of BA and BA2
displayed the close values indicating that additional
fluorine atom does not affect energy band gap. However,
the emission maximum of BA2-OCH3 was 14-16 nm
red-shifted, and the right shoulder of the emission peak
was much larger compared to those of BA and BA2,
suggesting there were higher chances of excimer forma-
tion among these molecules in THF solution. To test this
phenomenon, stock solutions were diluted with pure
THF, and both UV-absorption and emission scans were
run as a function of concentration. Interestingly, the
model compounds AB2-2R and BA2-OCH3 showed that
the intensities of UV-absorption were stronger as con-
centration increased (Figure 9a and Figure 10a). The
plots of intensities at absorption maxima vs concentra-
tion followed linear dependence for both cases (small
figures in Figure 9a and Figure 10a). However, emission
behaviors of AB2-2R and BA2-OCH3 were completely
reversed (Figure 9b and Figure 10b). The emission
intensity of AB2-2R linearly increased as concentration
increased (Figure 9b), whereas that of BA2-OCH3 was
linearly decreased (Figure 10b). In summary, the polar-
ity of materials greatly influence the thermal properties
as well as optical properties.

Figure 8. Space filling model after energy minimization of
AB2 dimer formed by hydrogen bonding (dihedral angles of 2-
and 3-phenyl rings to the quinoxaline ring are 36°).

Figure 9. UV-absorption and emission spectra of AB2-2R in
THF solutions.

Figure 10. UV-absorption and emission spectra of BA2-OCH3
in THF solutions.
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Melt Viscosity. The melt viscosities of a sample of
the hyperbranched HT-HPPQ 1e with intrinsic viscosi-
ties of 0.27 dL/g were determined as a function of
frequency on a RMS-800 rheometer at 320 °C with 1%
strain (Figure 11a). The melt viscosities of HT-HPPQ
1e were approximately 107 Pa‚s, which was lower than
that of linear analogue 1h, in the all frequency range
from 10-2 to 102. The melt viscosity was linearly
decreased as the frequency increased. Thus, hyper-
branched PPQ 1e displayed a better shear thinning
effect. This is a great advantage for a processing aid.
However, the melt viscosity decrease of HT-HPPQ 1e
compared to the linear analogue (Figure 10b) was less
than expected. It is postulated that this was due to the
presence of the large number of hydroxyl groups at the
chain ends. Intermolecular hydrogen bonding can be
formed in the melt. Thus, the effect of the change in
molecular shape was counterbalanced by the effect of
hydrogen bonding.

Conclusion
Hyperbranched copolymers of HT-HPPQs, and FT-

HPPQs were prepared from self-polymerizable AB and
AB2 monomers and BA and BA2 monomers, respec-
tively. In the cases of HT-PPQs, solubility, solution
viscosities, Tgs, and thermal stabilities varied depending
on AB2 unit contents in the HT-HPPQ copolymers. The
number of hydroxyl groups which could form inter- and
intramolecular hydrogen bonding is supposed to be the
main reason for altered solubility, Tgs, and degradation
temperatures. From the thermal studies on monomers,
present hydrogen bonding was supporting evidence of
Tgs changes in HT-HPPQ. The Tg of AB2 monomer was
about 35 °C higher than that of the AB monomer. On

the other hand, solubility, Tgs, and solution viscosities
of FT-HPPQs were not much affected by fluorine
surface groups. However, the thermal stabilities were
heavily affected by kinds of surface groups.

The melt viscosities of sample of the HT-HPPQ was
started approximately from 107 Pa‚s at 10-2 rad/s to
below 104 Pa‚s at102 as a function of frequency on a
RMS-800 rheometer. Thus, hyperbranched PPQ did
display a shear thinning effect. However, the melt
viscosity decrease of hyperbranched PPQ compared to
linear analogue was less than expected due to the
formation of hydrogen bonding in the melt.
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