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ABSTRACT: A new AB2 monomer, 5-amino-4-hydroxyisophthalic acid hydrochloride, was synthesized and
polymerized in poly(phosphoric acid) (PPA) to afford a carboxylic acid-terminated hyperbranched polybenzoxazole
(HPBO). Taking advantage of the large number of peripheral carboxylic acid groups on HPBO, polyarm-star
block copolymers, HPBO-b-mPEK and HPBO-b-pPEK, were conveniently prepared in the same reaction medium
with additional amounts of phosphorus pentoxide (P2O5) via “direct” Friedel-Crafts acylation reaction with 3-
and 4-phenoxybenzoic acids as AB monomers. All the resulting polymers displayed polyelectrolyte behaviors in
solution due to the large number of carboxylic acid termini. The UV-vis absorption intensities, which increased
as polymer concentration was increased, showed quasi-linear dependence in all sample solutions. The emission
intensity drastically decreased as the concentration of HPBO core polymer was increased, while the block
copolymers were not much affected by concentration variation. The emission behaviors of HPBO-b-mPEK and
HPBO-b-pPEK should be inherent to the chromophoric inner HPBO cores, which were shielded by the outer
linear PEK shells. The morphology study suggested that both proton conductivity and optical behaviors of HPBO
might be greatly influenced by the globular core-shell architecture.

Introduction

Fused aromatic-heterocyclic polymers such as polybenzox-
azoles (PBO), polybenzothiazoles (PBT), and polybenzimida-
zoles (PBI) continue to attract R & D interest mainly because
of their high-temperature capabilities as well as their attractive
mechanical, optical, and electronic properties,1,2 more recently
because of their potential for high-temperature fuel cell ap-
plications.3 However, they have limited processability due to
their insoluble nature and high softening temperature, which is
generally above their degradation temperature. Structural modi-
fication on these materials has been necessary to improve their
processability and specific property requirements. The tradi-
tional, linear structures of fused aromatic-heterocyclic polymers
have been well studied for decades; arguably, the enhancement
in their structural4 and optoelectronic5 properties has almost
plateaued. Thus, the requirements of next-generation materials
are driving the need to improve solubility for the better
processability, and the consideration of three-dimensional
structures as an alternative strategy to specific properties, which
could not be fulfilled by traditional aromatic-heterocyclic rigid-
rod polymers. For these combined requirements, materials with
dendritic structures such as dendrimers and hyperbranched
polymers have a great potential in the development of future
materials.6 Although there are numerous publications on den-
drimers and hyperbranched polymers for the past 20 years or
so,6b the reports on the syntheses and characterization of fused
aromatic-heterocyclic dendritic polymers are fairly rare.7 As
an initial entry into this area, a novel hyperbranched polymer
containing alternating quinoxaline and benzoxazole repeat units

was prepared via an aromatic-heterocyclic-forming reaction in
poly(phosphoric acid) (PPA).8

Herein we report the design and synthesis of a new AB2

monomer containing reactive moieties to engage in benzoxazole-
forming reaction in PPA to generate an all-aromatic hyper-
branched polybenzoxazole (HPBO), which was used as the core
block for star-branched block copolymers synthesized in the
same medium with additional optimized amount of phosphorus
pentoxide (P2O5). The characterization of resultant star-block
polymers was also investigated, and the results are reported here
as well.

Experimental Section

Materials. All chemicals and solvents including poly(phosphoric
acid) (PPA, assay g83% P2O5 content) and phosphorus pentoxide
(P2O5) were purchased from Aldrich Chemical Inc. and used as
received, unless otherwise specified. The AB monomers, 3- and
4-phenoxybenzoic acids for linear poly(ether ketone)s (PEK), were
purchased from Aldrich Chemical Co. They were purified by
recrystallization from toluene/heptane (5/5, v/v) mixture to give
shiny colorless needles (mp 147-148.5 and 162-164 °C, respec-
tively).9

Instrumentation. Elemental analysis and mass spectral analysis
were performed by System Support Branch, Materials & Manu-
facturing Directorate, Air Force Research Laboratory, Dayton, OH.
The melting points (mp) of all compounds were determined on a
Mel-Temp melting point apparatus and are uncorrected. Intrinsic
viscosities were determined using Cannon-Ubbelohde No. 200
viscometer. Flow times were recorded for methanesulfonic acid
(MSA) solution, and polymer concentrations were in the range of
0.5-0.1 g/dL at 30.0 ( 0.1 °C. Differential scanning calorimetry
(DSC) was performed under a nitrogen atmosphere with heating
and cooling rates of 10 °C/min using a Perkin-Elmer DSC7
equipped with TAC7 controller. The DSC thermograms were
obtained on powder samples after they had been heated to 400 °C
and cooled to 20 °C. Glass transition temperatures (Tg’s) were taken
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as the midpoint of the baseline shift. Thermogravimetric analysis
(TGA) was conducted both in air and nitrogen atmospheres with a
heating rate of 10 °C/min using a Perkin-Elmer TGA7. Proton
conductivity was evaluated using a two-point probe method with a
Solartron 1260 ac impedance analyzer with an amplitude of 10 mV
and a frequency range of 1-100 000 Hz at relative humidity of
50%. Each sample was fixed in a Teflon conductivity test cell
consisting of a working and a reference Pt electrodes. The sample
conductivity was determined by using σ ) (1/R)(L/A), where R is
the resistance, L is the sample thickness, and A is the cross-sectional
area. UV-vis spectra were obtained from a Perkin-Elmer Lambda
35 UV/vis spectrometer. Fluorescence studies were conducted with
a Perkin-Elmer LS 55 fluorescence spectrometer. The applied
excitation wavelength was the UV absorption maximum of each
sample. The field emission scanning electron microscopy (FE-SEM)
used in this work was LEO 1530FE. The energy-minimized
structures were performed by the CS Chem3D Ultra computational
package (version 8.0.3, CambridgeSoft Corp., Cambridge, MA
02140).

Dimethyl 4-Hydroxyisophthalate (1). Into a 250 mL three-
necked round-bottom flask equipped with a magnetic stirrer, a
condenser, and dropping funnel, a solution of 4-hydroxyisophthalic
acid (15.0 g, 82.4 mmol) in 150 mL of dried methanol was charged.
Freshly distilled thionyl chloride (75.0 g, 630.5 mmol) was then
added dropwise for 30 min. The mixture was gently heated under
reflux for 4 h. Upon cooling to room temperature, white flakes
formed and were collected by suction filtration to give 16.3 g (94%
yield); mp 93-94 °C. Anal. Calcd for C10H10O5: C, 57.14%; H,
4.80%; O, 38.06%. Found: C, 56.89%; H, 4.72%; O, 38.15%. FT-
IR (KBr, cm-1): 3416, 3211, 2964, 1733, 1689. Mass spectrum
(m/e): 210 (M+, 100% relative abundance) 179, 151. 1H NMR
(CDCl3; δ ppm): 3.90 (s, 3H, CH3), 3.98 (s, 3H, CH3), 6.98-7.01
(d, 1H, Ar), 8.08-8.12 (dd, 1H, Ar), 8.53-8.54 (d, 1H, Ar), 11.19
(s, 1H, OH). 13C NMR (CDCl3; δ ppm): 52.09, 52.61, 112.14,
117.78, 121.44, 132.47, 136.58, 165.09, 165.99, 170.10.

Dimethyl 4-Hydroxy-5-nitroisophthalate (2). Into a 250 mL
three-necked round-bottom flask equipped with a magnetic stirrer,
a condenser, and nitrogen inlet, dimethyl 4-hydroxyisophthalate
(15.0 g, 71.4 mmol) was dissolved in acetic acid (150 mL). Nitric
acid (10 mL) was then added dropwise. The mixture was warmed
at 60 °C for 12 h. After cooling down, the mixture was poured
into water. The light yellow precipitate was collected, air-dried,
and recrystallized from ethanol to give 16.0 g (88% yield) of light
yellow crystals; mp ) 74.76 °C. Anal. Calcd for C10H9NO7: C,
47.07%; H, 3.55%; N, 5.49%; O, 43.89%. Found: C, 47.75%; H,
4.01%; N, 5.44%; O, 43.51%: FT-IR (KBr, cm-1): 3076, 2992,
1722, 1690. Mass spectrum (m/e): 255 (M+, 100% relative
abundance), 241, 237. 1H NMR (DMSO-d6; δ ppm): 3.89 (s, 3H,
CH3), 3.97 (s, 3H, CH3), 8.46-8.47 (d, 1H, Ar), 8.55-8.56 (d,
1H, Ar). 13C NMR (CDCl3, δ ppm): 52.72, 53.38, 117.60, 120.19,
130.61, 135.31, 138.50, 156.13, 163.70, 166.87.

Dimethyl 5-Amino-4-hydroxyisophthalate (3). Into a 500 mL
high-pressure bottle, dimethyl 4-hydroxy-5-nitroisophthalate (15.0
g, 58.8 mmol), palladium on activated carbon (10%, 1.0 g), and
acetic acid (200 mL) were charged. The bottle was placed on the
hydrogenation vessel. Hydrogen was charged and discharged five
times and agitated at 60-65 psi for 24 h. After filtered through
Celite 545 to remove catalyst, the solvent was removed on a rotavap.
The orange residue was recrystallized from deoxygenated ethanol
to give 12.1 g (91% yield) of brown needles; mp 161-163 °C,
205 °C (free amine, dec), 335 °C (hydrochloric acid salt, dec). Anal.
Calcd for C10H11NO5: C, 53.33%; H, 4.92%; N, 6.22%, O, 35.52%.
Found: C, 53.40%; H, 4.88%; N, 5.92%, O, 35.57. FT-IR (KBr,
cm-1): 3484, 3384, 2966, 1707, 1668. Mass spectrum (m/e): 225
(M+, 100% relative abundance), 193, 165, 162. 1H NMR (DMSO-
d6; δ ppm): 3.91 (s, 3H, CH3), 3.99 (s, 3H, CH3), 8.20-8.22 (d,
1H, Ar), 8.29-8.30 (d, 1H, Ar), 9.90 (NH, and OH). 13C NMR
(DMSO-d6; δ ppm): 52.63, 53.33, 114.02, 121.07, 123.06, 128.23,
129.45, 157.51, 165.63, 170.72.

5-Amino-4-hydroxyisophthalic Acid Hydrochloride (4). Into
a 250 mL three-necked, round-bottom flask equipped with a

magnetic stirrer, nitrogen inlet, and a condenser, dimethyl 5-amino-
4-hydroxyisophthalate (11.0 g, 48.8 mmol) and concentrated
hydrochloric acid (200 mL) were placed. The mixture was then
heated under reflux with vigorous stirring until the solution became
homogeneous. It took about 6 h. While the mixture was cooling
down, white flakes formed and were collected by suction filtration
and dried under the reduced pressure to give 7.1 g (74% yield) of
off-white crystals; mp >300 °C (dec). Anal. Calcd for C8H8ClNO5:
C, 41.13%; H, 3.45%; Cl, 15.18%; N, 6.00%; O, 34.24%. Found:
C, 40.81%; H, 3.40%; Cl, 15.26%; N, 5.56%; O, 33.50%. FT-IR
(KBr, cm-1): 1684 (carboxylic CdO), 2580, 2892 (COOH), 3406
(NH), 3396 (OH). Mass spectrum (m/e): 197 (M+, 100% relative
abundance). 1H NMR (DMSO-d6, δ ppm): 8.21-8.22 (d, 1H, Ar),
8.30-8.31 (d, 1H, Ar), 9.91 (broad s, COOH, NH, and OH). 13C
NMR (DMSO-d6; δ ppm): 114.01, 121.01, 123.05, 128.26, 129.47,
157.52, 165.64, 170.74.

Hyperbranched Polybenzoxazole (HPBO, 5). Into a 250 mL
resin flask equipped with a high-torque mechanical stirrer, nitrogen
inlet, and outlet, PPA (60 g) was placed and stirred with dried
nitrogen purging for 10 h. The monomer, 5-amino-4-hydroxyisoph-
thalic acid hydrochloride (1.5 g, 6.4 mmol), was added, and the
resulting mixture was dehydrochlorinated under reduced pressure
(1 mmHg) at 60 °C for 24 h, 100 °C for 24 h, and 130 °C. Upon
completion of the dehydrochlorination step, the mixture was gently
heated to 160 °C for 4 h. When the temperature was approach 160
°C, the mixture became viscous. The mixture was further heated
to ensure complete ring closure to 180 °C for 24 h. At the end of
the reaction, water was added into the flask and poured into a
Warring blender and the bundles chopped, collected by suction
filtration, washed with diluted ammonium hydroxide and then
Sohxlet-extracted with water for 3 days and methanol for 3 days,
and finally dried under reduced pressure (1 mmHg) at 150 °C for
48 h to give 1.01 g (97.6% yield) of brown solids. An intrinsic
viscosity of 0.42 dL/g (30 ( 0.1 °C in MSA) and 0.20 dL/g (30 (
0.1 °C in NMP) were determined. Anal. Calcd for C8H3NO3: C,
59.64%; H, 1.88%; N, 8.69%; O, 29.79%. Found: C, 53.86%; H,
2.73%; N, 7.65%; O, 33.74%.

Hyperbranched PBO-block-mPEK Star Block Copolymeriza-
tion (6). Into a 100 mL resin flask equipped with a high-torque
mechanical stirrer, nitrogen inlet and outlet, PBO 5 (0.10 g, 0.62
mmol) and PPA (20 g) were placed. The mixture was heated to
130 °C and stirred for 8 h until the mixture became homogeneous.
The AB monomer, 3-phenoxybenzoic acid (1.0 g, 4.67 mmol), and
P2O5 (5.0 g) were added. The temperature was maintained at 130
°C for 48 h. At the end of the reaction, water was added to the
flask and poured into a Warring blender. After the polymer bundles
had been chopped, collected by suction filtration, and washed with
diluted ammonium hydroxide, it was Sohxlet extracted with water
for 3 days and then methanol for 3 more days, and finally dried
under reduced pressure (1 mmHg) at 150 °C for 48 h to give 1.00 g
(98.4% yield) of deep purple solids. An intrinsic viscosity of 1.65
dL/g (MSA, 30 ( 0.1 °C) was determined. Anal. Calcd for
C12.41H7.41N0.12O2.12: C, 77.23%; H, 3.85%; N, 1.02%; O, 17.89%.
Found: C, 76.14%; H, 4.20%; N, 0.79%; O, 17.67%.

Hyperbranched PBO-block-pPEK Star Block Copolymeriza-
tion (7). Into a 100 mL resin flask equipped with a high-torque
mechanical stirrer, nitrogen inlet, and outlet, PBO 5 (0.10 g, 0.62
mmol) and PPA (20 g) were placed. The reaction conditions and
work-up procedures were the same as those for 6 to give 0.98 g
(96.5% yield) of light pink solids. An intrinsic viscosity of 0.55
dL/g (MSA, 30 ( 0.1 °C) was determined. Anal. Calcd for
C12.41H7.41N0.12O2.12: C, 77.23%; H, 3.85%; N, 1.02%; O, 17.89%.
Found: C, 77.04%; H, 4.01%; N, 0.88%; O, 17.72%.

Extraction of Free mPEK from HPBO-b-mPEK. mPEK is
amorphous polymer, and it is readily soluble in methylene chloride
(CH2Cl2), but HPBO-b-mPEK is not. Therefore, the purple powder
sample of HPBO-g-mPEK (1.00 g) was dispersed in CH2Cl2 in a
closed vial at room temperature for 24 h. The suspension was
collected by filtration. It was repeatedly dispersed in fresh CH2Cl2

and collected by filtration until no sign of dark spot from filtrate
(free mPEK in CH2Cl2) on a thin-layer chromatography (TLC) plate.
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The collected suspension was dried under reduced pressure (0.01
mmHg) to give 0.98 g of purple powder. The result indicated that
the most of mPEK had been covalently attached onto HPBO.

Results and Discussion

AB2 Monomer Synthesis. The AB2 monomer for the
hyperbranched benzoxazole parent polymer (HPBO), 5-amino-
4-hydroxyisophthalic acid hydrochloride (4), was synthesized
via a four-step sequence (Scheme 1). Thus, 4-hydroxyisophthalic
acid was first converted to the corresponding bis(methyl ester),
1, followed by nitration in glacial acetic acid to form the
precursor, dimethyl 4-hydroxy-5-nitroisophthalate (2). Finally,
the requisite AB2 monomer was obtained in good yield after
Pd/C-catalyzed hydrogen reduction of 2, followed by treatment
with concentrated HCl. All intermediates and the monomer were
verified by conventional techniques such as melting point, proton
and carbon nuclear magnetic resonance spectroscopy (1H and
13C NMR; see Supporting Information Figures S1a and S1b,
respectively), Fourier-transform infrared spectroscopy (FT-IR),
high-performance liquid chromatography (HPLC), and elemental
and mass spectral analyses.

Polymerization of AB2 Monomers. The polycondensation
of the AB2 monomer 4 to afford the parent polymer HPBO 5
was carried out at monomer concentration of 2.5 wt % and final
reaction temperature at 180 °C in PPA (83% assay). We
observed that soon after the reaction temperature had reached
160 °C, the mixture became very viscous, which was an
indication of substantial molecular weight build-up. The mixture
was further heated to 180 °C to ensure complete ring closure
before work-up (Scheme 2). The final product was subjected
to Soxhlet extraction with water for 3 days to completely remove
residual PPA and methanol for an additional 3 days to remove
any remaining low molecular mass impurities. The yield of
product after complete work-up was almost quantitative, which
was an indication of high conversion.

Star-Branched Block Copolymers. Because of the avail-
ability of large number of the carboxylic acid end groups of
HPBO 5, star-branched block copolymers could be prepared
and utilized to tailor their physical properties for various
applications. The average number of available reactive car-
boxylic acids on HPBO is equal to the degree of polymerization
plus one (DP + 1), when the o-aminophenol focal point group
is assumed to be intact. However, when the reactivity of
functional group is high and the concentration of monomer is
low (it was 2.5 wt % with reference to the amount of PPA used),
the focal point would most likely react with one of peripheral
carboxylic acids to form an intramolecular loop.10 Hence, it is
very likely that the number of available functional carboxylic
acids on HPBO was equal to DP. By taking advantage of these
reactive groups, polyarm-star block copolymers could be
prepared by Friedel-Crafts acylation reaction using either 3-
or 4-phenoxybenzoic acids as an AB monomer in the same pot

with additional amount of phosphorus pentoxide (P2O5). The
optimized reaction medium PPA/P2O5 can promote “direct”
Friedel-Crafts acylation reaction, in which a carbocation ion
(-C+dO T -CtO+, also known as acylium) could be
generated directly from carboxylic acid instead of acid chloride
as a polymer-forming reaction (Scheme 3).11 Although one-
pot syntheses of star block copolymers are possible by simply
adding the corresponding monomers and additional P2O5 into
the HPBO/PPA mixture right after homopolymerization, the
parent polymer HPBO was isolated and completely worked up
in this study in order to keep the molecular weight constant so
that the resultant samples could be reasonably compared with
each other. In this way, the isolated HPBO was redissolved in
PPA, and then the corresponding AB monomer and the required
amount of P2O5 was added. The resultant star block copolymers
are denoted as HPBO-b-mPEK and HPBO-b-pPEK for HPBO-
block-meta-poly(ether ketone) and HPBO-block-p-poly(ether
ketone), respectively. The presence of free PEKs in the star
block copolymers was indirectly determined by a simple
extraction-and-weighing experiment on HPBO-b-mPEK (see
Experimental Section for details). Considering possible loss
during work-up routines, we estimated less than 2 wt % of free
mPEK in the HPBO-b-mPEK. Thus, it could be assumed that
most of PEKs were covalently linked to the HPBO.

Solution Properties. It has been established that hyper-
branched polymers have generally higher solubility in a given
solvent than their linear analogues with similar molecular
weights.12 Expectedly, the parent polymer HPBO 5 was found
to be soluble in most of polar aprotic solvents (PAS) such
as N,N-dimethylacetamide (DMAc), N,N-dimethylformamide
(DMF), and N-methyl-2-pyrrolidinone (NMP), while its linear
analogue, which is only soluble in strong acids such as
sulfuric acid and methanesulfonic acid (MSA), is insoluble
in these amide solvents.13 However, we found that the extent
of solubility of HPBO in PAS depended on the dryness of
the sample. It was soluble in these solvents when the sample
was not completely dry. Once the sample had been subjected
to rigorous drying, it became much less soluble in PAS, but
it could still dissolve quite well in strong acids such as
trifluoroacetic acid (TFAA), sulfuric acid (MSA), and tri-
fluoromethanesulfonic acid (TFMSA). While an in-depth
investigation of this phenomenon was beyond the scope of
this project, we could, however, theorize that the relationship
between sample’s solubility and dryness in common polar
aprotic solvents is presumably due to the formation of strong
intra- and intermolecular hydrogen bonding, which are driven
by the large number of peripheral carboxylic acids. The
proposed hydrogen-bonded structures are depicted in Scheme
4, and we offer a tentative explanation as follows. When the
sample contains certain amount of water, the formation of intra-
or intermolecular hydrogen bonding within a HPBO macro-
molecule or among a group of HPBO macromolecules, respec-
tively, is hampered by water molecules (Scheme 4a), each of
which can accept two hydrogen bonds and donate two hydrogen
bonds as opposed to a COOH group, which can only accept a
hydrogen bond and donate a hydrogen bond. For example, when
its residual water content was more than 5 wt % by TGA, a
HPBO sample was soluble in PAS, and there were no insoluble
gels observed in the solutions. On the other hand, when the
sample was completely dry (i.e., without water molecules act
as some sort of plasticizer), intra- and intermolecular hydrogen
bonding could be formed strongly among the HPBO macro-
molecules, which could be more tightly packed in a 3-dimen-
sional fashion (Scheme 4b). As a result, completely dried HPBO
showed limited solubility in PAS. To provide a proof for the
above scenario, a HPBO sample was freeze-dried while it was
still wet after Soxhlet extraction with water. The freeze-dried

Scheme 1. Monomer Synthesisa

a a: SOCl2/MeOH, reflux; b: HNO3/AcOH, 60 °C; c: H2 (65 psi),
EtOH, rt; d: conc HCl, reflux.
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HPBO sample appeared to be much softer and fluffier, whereas
another HPBO sample that had been dried in a vacuum oven
under reduced pressure was rock hard. Furthermore, the freeze-
dried sample was freely soluble in polar aprotic solvents. Thus,
this empirical comparison together with the similar solubility
behaviors that were observed and reported for the hydroxyl-
terminated hyperbranched poly(phenylquinoxaline)7a and car-
boxylic acid-terminated hyperbranched poly(ether-ketone)s10

could serve to buttress our explanation.
During the viscosity measurements, we observed that the

HPBO parent polymer, which has numerous carboxylic acids
on its periphery, displayed a strong polyelectrolyte behavior

as a function of its concentration in both acidic (MSA) and
basic (NMP) media (Figure 1). In the case of the HPBO in
acidic solvent (MSA), both reduced and inherent viscosities were
drastically increased. Since the carboxylic acids (pKa ∼ 4.2)
on HPBO can act as proton acceptors in the presence of much
stronger acid (in this case, MSA with a pKa ∼ -2), the resulting
protonated HPBO became a polyelectrolyte (Scheme 5a). In the
case of the HPBO sample in basic NMP solvent, the existence
of polyelectrolyte effect is rather surprising because both NMP
and carboxylic acid are not strong enough as a base and an
acid to engage in a complete proton transfer process (i.e., salt
formation). However, it is known that NMP can complex

Scheme 2. Synthesis of Hyperbranched Poly(Benzoxazole) (HPBO) 5 (Idealized Structure with o-Aminophenol as Focal Group and
COOH as Terminal Groups)

Scheme 3. Synthesis of Polyarm-Star Block Copolymers 6 and 7

1544 Lim et al. Macromolecules, Vol. 42, No. 5, 2009



strongly with an aromatic carboxylic acid via the combination
of acid/base interaction and hydrogen bonding.14 Such com-
plexation (see Scheme 5b) is equilibrium-driven; i.e., the higher
the NMP’s number density (in other words, the more dilute
HPBO concentration in NMP), the more complexes would form

within each HPBO macromolecule, leading to more extended
structure. Thus, we speculate that upon dilution HPBO macro-
molecules stretch out to greatly expand their hydrodynamic
volumes, which results in the observed sharp increase in
viscosity.

Scheme 4. Schematic Representation of Proposed 3-D Hydrogen-Bonded Structures in HPBO: (a) Hydrated Sample; (b) Completely
Dried Samplea

a The structural units shown in red are on the same plane while those shown in blue are out of the plane as a result of rotation around the C-C
bond indicated by blue arrows.

Figure 1. Solution behaviors of HPBO and its polyarm-star block copolymers: (a) HPBO in MSA; (b) HPBO in NMP; (c) HPBO-g-mPEK in
MSA; (d) HPBO-g-pPEK in MSA.
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Because of the polyelectrolyte effect, it was difficult to
determine intrinsic viscosity ([η]) via the usual multipoint (five-
point) measurement. Therefore, the approximate [η] values were
obtained by extrapolating the initial two-point to zero concentra-
tion. HPBO had an intrinsic viscosity of 0.42 dL/g at 30 ( 0.1
°C in MSA solution and 0.20 dL/g at 30 ( 0.1 °C in NMP
solution. The value obtained from the MSA solution is about 2
times higher than that obtained from the NMP solution.
Furthermore, the slopes for the reduced and inherent viscosities
are negative in both solutions. The latter result implies that the
hydrodynamic volume of HPBO is getting larger as its
concentration is lowered. With the caveat that the extrapolation
to zero concentration might have overestimated the intrinsic
viscosity values, this seems to suggest that in MSA solution
the HPBO macromolecule is more “opened up” and chain-
extended than when it is in NMP solution.

The star block copolymers, HPBO-b-mPEK and HPBO-b-
pPEK, displayed much higher solution viscosities than the
HPBO core due to the attachment of linear arms (Figure 1c,d).
The copolymers had different reduced viscosity behavior
compared to HPBO (Figure 1a). This implies that the molecular
architecture of block copolymers has been changed. However,
they still displayed polyelectrolyte effect because both block
copolymers contained a large number of carboxylic acid chain
ends. Another noteworthy point is that the viscosities of HPBO-
b-pPEK (with stiffer pPEK chains) are lower than that of HPBO-
b-mPEK (with more flexible mPEK chains). A plausible
explanation for this otherwise surprising result is that the average
molecular weight of pPEK chains could be significantly lower
than that of mPEK as evidenced by our previous finding that
the homopolymerization of 4-phenoxybenzoic acid and 3-phe-
noxybenzoic acid under the same conditions had led to pPEK
with [η] ) 0.69 dL/g and mPEK with [η] ) 2.10 dL/g,
respectively.15 This is most likely because semicrystalline pPEK
would start to fall out of the solution upon reaching certain
molecular weight during polymerization.

Thermal Properties. HPBO is hygroscopic, stemming from
the large number of carboxylic acids on its periphery and easily
absorbs moisture even after having been dried under reduced
pressure. Thus, it is not surprised that the outgassing of absorbed

moisture featured prominently in the DSC thermogram of HPBO
as a broad endotherm centered at 122 °C during the first heating
scan (Figure 2a). Following immediately is another broad
exotherm peaked around 223 °C, which would be attributed to
the thermal relaxation of HPBO. It has been shown that the
growing polymer molecules can store strain energy induced by
viscosity and shear during polymerization in a viscous reaction
medium such as PPA. Such stored strain energy would be
released under appropriate thermal conditions.15 The third
endotherm was observed above 337 °C, assignable to the loss
of carboxylic acids in the form of carbon dioxide. The glass
transition temperature (Tg) was not detected in the range from
room temperature to 400 °C in the second heating scan (Figure
2b). HPBO-b-mPEK displayed a Tg at 142 °C in the first heating
scan, which was slightly increased to 144 °C during the second
heating scan. Because m-poly(ether-ketone), mPEK, is an
amorphous polymer, the HPBO-b-mPEK star block copolymer
was also expected to be amorphous. The detected Tg value is
∼7 °C higher than that of mPEK homopolymer (Tg ) 137 °C)
prepared under the same conditions.11,15 This Tg increase could
be because the rigid inner HPBO core was “holding” one end
of each mPEK chain, restricting its mobility. In the case of
HPBO-b-pPEK, it displayed melting endotherm peaked at 332
°C (heat of fusion, ∆Hf ) 38 J/g) in the first heating scan (Figure
2a). This value is ∼12 °C lower than that of pPEK homopolymer
(Tm ) 344 °C, ∆Hf ) 33 J/g).11,15 The melting point depression
of HPBO-b-pPEK could be originated from the poorer chain
mobility of pPEK from being tied to the rigid HPBO core.
Hence, the pPEK chains in the star block copolymer should
form less stable crystals (i.e., the degree of crystallinity is much
reduced as compared to that of pPEK homopolymer). In the
second heating scan (Figure 2b), HPBO-b-pPEK displayed Tg

at 164 °C, which was comparable to that of pPEK homopolymer
(Tg ) 159 °C, first heating scan; Tg ) 165 °C, second heating
scan).11,15 However, the Tm associated with a smaller endotherm
detected during the second heating scan was 14 °C lower, at
318 °C, which might imply that the chain mobility of pPEK in
HPBO-b-pPEK was also poorer, in addition to lower degree of
crystallinity.

Scheme 5. Schematic Representation of Polyelectrolyte Structures: (a) Salt Formation in MSA Solution; (b) Proposed Complexation,
Leading to Hydrodynamic Volume Expansion and Observed Polyelectrolyte Effect, in Dilute NMP Solutiona

a Hydrogen bonds are highlighted in red.
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Thermo-oxidative and thermal stabilities of HPBO, HPBO-
b-mPEK, and HPBO-b-pPEK were determined by thermo-
gravimetric analysis (TGA). Since all the terminal groups
(total number ∼DP) of HPBO were hygroscopic carboxylic
acids, HPBO displayed a stepwise weight-loss profile (Figure
3a). The early weight loss started around 200 °C when absorbed
moisture outgassed. The discrepancy between the theoretical
and experimental carbon numbers in the elemental analysis result
(see Experimental Section) could be explained by this moisture
uptake. The next weight loss around 380 °C was associated with
the decomposition of carboxylic acid into carbon dioxide, which
was also observed in a DSC study (see Figure 2a). The observed

temperature for thermal CO2 release agreed well with a previous
study on the solid-state decomposition of benzoic acid deriva-
tives.16 The amount of carbon dioxide loss is ∼27.0 wt %, which
is in excellent agreement with the calculated value of 27.3
wt %.

The HPBO-b-mPEK and HPBO-b-pPEK samples were
expected to be less hygroscopic because the number density of
carboxylic acid groups in the star-block copolymer system is
made smaller by the additional PEK repeat units. Hence, the
TGA thermograms of both HPBO-b-mPEK and HPBO-b-pPEK
do not show the early weight loss around 200 °C (Figure 3a).
The 5 wt % weight loss temperatures (Td5%’s) of HPBO-b-mPEK

Figure 2. DSC thermograms of HPBO and its polyarm-star block copolymers: (a) first heating scan; (b) second heating scan.

Figure 3. TGA thermograms of HPBO and its polyarm-star block copolymers: (a) in air; (b) in nitrogen.

Scheme 6. Idealized Structural Representation of Repeat Unit Segment in Two Liming Cases: (a) Fully Protonation of HPBO in MSA
Solution; (b) Completely Neutral HPBO Structure in NMP Solution (See Scheme 5 Also)a

a In (a), the degrees of conjugation and aromaticity (shown in red) are reduced because of protonation and rotation around the C-C bonds
(indicated by the blue arrows).
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and HPBO-b-pPEK were 380 and 480 °C in air, respectively.
The Td5%’s of the samples in nitrogen were 368 and 510 °C,
respectively (Figure 3b).

Optical Properties of HPBO. Since the linear analogues of
HPBO, in particular rodlike poly(benzobisoxazole)s, are highly
conjugated and therefore optically and electronically active,17

it would be of special interest to assess how the hyperbranched
architecture and the surface carboxylic groups influence HPBO’s
optical properties. Thus, the UV-vis absorption and fluores-
cence measurements of HPBO were conducted in both acidic
MSA and basic NMP solutions. HPBO in acidic MSA solution
displayed two strong absorption peaks in the UV region at 250
nm and the visible region at 350 nm (Figure 4a). HPBO in basic
NMP solution showed those peaks at 281 and 352 nm,
respectively (Figure 4b). In considering the environment effect,
the wavelength values for the peaks in near-visible region were

comparable, but for those in near-UV region there is a 31 nm
span in the wavelength values between acidic and basic
solutions. In addition, the intensity for the 250 nm peak is higher
than that for the 350 nm peak in MSA, but the reverse is
observed for the 281 and 352 nm peak in NMP. Furthermore,
the intensity for the 350 or 352 nm peak was almost linearly
dependent on HPBO concentrations in both solutions (see insets
for Figure 4a,b), indicating that there was basically no concen-
tration effect in the ground-state absorption of HPBO. We
rationalize these results in terms of how the extents of
coplanarity and conjugation length are adversely affected when
the environment becomes highly acidic that all the lone-pair
electrons are protonated, effectively hampering the delocalization
process among the benzoxazole units, as shown in Scheme 6.

In the case of HPBO-b-mPEK in MSA solution (Figure 4c),
the absorption maximum in the near-UV region remained

Figure 4. UV-absorption spectra of sample solutions: (a) HPBO in MSA; (b) HPBO in NMP; (c) HPBO-g-mPEK in MSA; (d) HPBO-g-mPEK in
NMP; (e) HPBO-g-pPEK in MSA; (f) HPBO-g-pPEK in NMP.
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unchanged with respect to that of HPBO, but that in the near-
visible region was red-shifted from 350 to 381 nm (∆ ) 31
nm). However, in the NMP solution (Figure 4d), the near-visible
absorption band of HPBO had practically vanished, while the
near-UV absorption peak was slightly red-shifted from 281 to
288 nm (∆ ) 7 nm).

In replacing mPEK with pPEK in the star block copolymer,
we observed that the near-visible absorption band in MSA
solution was red-shifted from 350 to 416 nm (∆ ) 66 nm) in
the visible region, while the near-UV absorption at 250 nm
remained intact (Figure 4e). In switching from MSA to NMP,
we found that the near-UV absorption was red-shifted from 281
to 291 nm (∆ ) 10 nm). Similar to HPBO-b-mPEK in NMP,
the near-visible band of HPBO at 352 nm had reduced to being
a “shoulder” to the 291 nm band (Figure 4f).

In interpreting these results, we assume that the chromophoric
component of the star block copolymers is the structural
segments at the “interphase” where the peripheral COOH groups
had made covalent linkages with the PEK chains. The assump-
tion is reasonable because this is the location where the structural
difference between HPBO and the star block copolymers could
occur. The progressive shift of absorption maxima of HPBO,
HPBO-b-mPEK, and HPBO-b-pPEK in both MSA and NMP
solutions could be related to the geometry or conformation of
HPBO’s chromophoric component at the “inter phase” that is
sensitive to protonation and, perhaps, other unknown processes
as well. A noteworthy inference from these results is that
numerous attachments of mPEK or pPEK to HPBO appear to
promote greater electronic delocalization (i.e., an increase in
the effective conjugation length or molecular planarity or both)
in acidic MSA solution, while such mechanism is not accessible
in basic NMP solution. We speculate that such mechanism is
driven by the ability of MSA to protonate all lone-pair electrons
and the consequential intramolecular hydrogen bonding leading
to higher degree of coplanarity between the adjacent chro-
mophoric benzoxazole units (see Scheme 7). Apparently, the
para-para catenation of pPEK appears to be able to exert more
bathochromic influence than the mPEK’s meta-para catenation,
judging from the wavelength shift between HPBO-g-pPEK (∆
) 56 nm) and HPBO-g-mPEK (∆ ) 31 nm) of the HPBO
absorption band at 350 nm.

Emission maxima of HPBO in MSA solution were in the
blue region at 408 and 432 nm (Figure 5a). The peak intensity
almost linearly decreased as concentration was increased due

to an excimer quenching, which is favored by higher chro-
mophore concentrations. The HPBO/NMP solution showed
emission peak at 461 nm, which was 53 nm red-shifted as
compared to that in MSA solution (Figure 5b). In conjunction
with the results from UV-vis absorption study, the result also
supports that the conformation of HPBO changes in different
solvent systems (See Scheme 6). The shift should be attributable
to the protonation to carboxylic acids and oxazole units on
HPBO in strong acidic MSA. As in the case of MSA solution,
NMP solution also displayed a decreasing trend in the emission
intensity as the HPBO concentration was increased.

In the case of HPBO-b-mPEK, the emission peak in MSA
solution was at 447 nm, which was red-shifted by 39 nm as
compared to the HPBO/MSA solution (Figure 5c). The intensity
was much less influenced by concentration variation and slightly
decreased as the HPBO-b-mPEK concentration was increased.
This was because the star block copolymer’s chromophoric units
were well shielded by the mPEK shell. The NMP solution of
had an emission peak at 591 nm, which was 144 and 130 nm
red-shifted as compared to the HPBO-b-mPEK/MSA solution
and HPBO/NMP solution, respectively (Figure 5d). This
indicates that the structure and properties of HPBO-b-mPEK’s
excited state are different from that of HPBO and also sensitive
to solvent that is capable of engaging in specific interactions,
e.g., acid-base equilibrium. It was noteworthy that the peak
intensity drastically diminished as the star block copolymer’s
concentration was increased up to 0.7 mmol/L (Figure 5d, inset).
But it reverted back to reach the highest intensity at 0.9 mM,
and the result was reproducible. The origin of this behavior is
presently unknown, but the result seems to imply that there is
some kind of changeover in the polymer conformational
dynamics in this specific concentration range.

The HPBO-b-pPEK/MSA solution displayed emission peak
at 472 nm, which was 25 nm red-shifted as compared to that of
HPBO-b-mPEK/MSA solution. The intensity also remained
almost constant. Thus, similar to the results from the UV-vis
absorption studies discussed above, the fluorescence results
suggest that the conformation of the HPBO core would be
somehow dependent on which type of PEK polymer was
attached. Furthermore, if using its UV absorption behavior as a
guide, this star block copolymer in NMP solution was expected
to show more red shift in its fluorescence. However, as it turned
out, the HPBO-b-pPEK/NMP solution displayed an emission
maximum at 452 nm but with low intensity. This is because

Scheme 7. Proposed Structure (b) for the “Interphase” Segment for Either HPBO-b-mPEK or HPBO-b-pPEK Where in MSA
Protonation at the Imidazole Nitrogen or the Carbonyl and Imidazole Oxygens Leads to Two Types of Hydrogen-Bonded

Six-Membered Ring Structures; Ring Structures Increase the Extent of Molecular Planarity (Highlighted in Red) in Comparison with
the Neutral State, Idealized in Structure (a), Where Free Rotation around the C-C Bonds Indicated by Blue Arrows Would Disrupt

Coplanarity of the Adjacent Benzoxazole Units
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NMP is not a good solvent for semicrystalline pPEK.18 Thus,
the conformation of the star block copolymer must be in a

greatly contracting mode in NMP, and thus, the HPBO’s
chromophoric units inside the block copolymers are being

Figure 5. Fluorescence spectra of sample solutions: (a) HPBO in MSA; (b) HPBO in NMP; (c) HPBO-g-mPEK in MSA; (d) HPBO-g-mPEK in
NMP; (e) HPBO-g-pPEK in MSA; (f) HPBO-g-pPEK in NMP.

Figure 6. Energy-minimized space-filling structures of HPBO (CS Chem3D Ultra v8.0.3): (a) top view; (b) side view.
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“squeezed” close to each other, promoting the intramolecular
excimer quenching. In addition, the effective conjugation length/
coplanarity of HPBO’s chromophoric units in the block
copolymer was also forced to be shorter than the chromophoric
units in HPBO-b-mPEK.

On the basis of the results from the absorption and emission
studies, it could be tentatively concluded that the protonation
process in MSA significantly influences the excited state rather
than the ground state of the chromophoric units located near
the periphery of HPBO and at the “interphase” segment of the
star block copolymers. However, while similar results with
fluorescence Stokes shifts as a function of solvent polarity and
the shielding effect of dendrimers19 and dendrons20 toward
excimer quenching have been reported, the observed emission
behaviors of our hyperbranched and star block systems are quite
unique in a strongly acidic environment.

An energy-minimization computation study was conducted
with a model HPBO molecule consisting of 20 repeating units.
Although high molecular weight hyperbranched polymer is
expected to have a globular architecture, an energy-minimized,
space-filling molecular model shows that the structure of HPBO

with 20 repeating units is quite planar (Figure 6). From this
result, we could surmise that the degree of HPBO conjugation
would be high enough to promote emitting light in the blue
region as presented in the Figure 5.

Proton Conductivity of HPBO and Its Star Block
Copolymers. Since there are numerous surface carboxylic acids
present on the HPBO polymer, the proton conductivity was
measured with two-point probe conductivity measurement at
the relative humidity of 50% (Figure 7). For benchmarking,
Nafion 115 was also evaluated under the same measuring
conditions and found to display higher proton conductivity.
However, the conductivity of Nafion 115 was dropping drasti-
cally when the temperature was raised above 70 °C. On the
other hand, HPBO showed an initial value of 6.6 × 10-4 S/cm
at 28 °C, which gradually increased as temperature was
increased up to 90 °C before the decay started. Expectedly, the
relatively lower proton conductivity of HPBO as compared to
Nafion 115 could be explained in terms of their large acidity
difference. The pKa values of Nafion 115 and HPBO are ca. -
621 and 4.2,22 respectively. Thus, their pKa difference is
approximately ∼10 to 11 orders of magnitude, but the difference
in their proton conductivities is approximately an order of
magnitude. It appears that in HPBO there is a nonlinear
relationship between the acidity (at the molecular level) and
proton conductivity (in the bulk state), and rather surprisingly
at first, there is less temperature dependence in its proton
conductivity. We suspect that the unique dendritic features of
HPBO, namely (i) a large number of carboxylic acids per
molecules and (ii) most of carboxylic acids would be present
at the periphery of HPBO (see Figure 8b), may be the
contributing factors. Further, since the dissociation of proton
from carboxylic group is a function of temperature as opposed
to the complete ionization of sulfonic group at room conditions
(provided that enough water are present), it is reasonable to
assume that the concentration of mobile protons in HPBO would
increase with an increase in the surrounding temperature.
Tentative explanations aside, this intriguing result has prompted
us to further pursue a HPBO modified with sulfonic acid termini

Figure 7. Proton conductivities of Nafion 115 and HPBO.

Figure 8. SEM images of samples: (a) HPBO (×100 000); (b) magnified image of (a); (c) HPBO-g-mPEK (×100 000); (d) HPBO-g-pPEK (×100 000).
Scale bars are 100 nm.
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to validate or refute our hypothesis. The synthesis and charac-
terizations of such sulfonic acid-terminated HPBO are currently
underway.

The proton conductivities of HPBO-b-mPEK and HPBO-b-
pPEK were out of detection limit, since the number of carboxylic
acids in copolymers was diluted by PEK units.

Scanning Electron Microscopy (SEM). The SEM images
were obtained from powder samples. The morphology of HPBO
appears to be made up of aggregating nanospheres (Figure 8a).
Interestingly, these nanospheres could be discerned by two parts:
a dense inner hard core is covered by fluffy outer shadow-like
shell (Figure 8b, arrows). The diameters of the nanospheres are
in the range of 10-40 nm. The inner hard part could be assigned
to aromatic benzoxazole rings, and the fluffy outer shell could be
mostly dominated by the carboxylic acids based on the fact that
the electron density of inner aromatic benzoxazole rings is much
higher than that of carboxylic acids. The SEM analysis visually
supported the scenario in terms of the macromolecular architecture
and surface chemistry at the molecular level to explain the higher
than expected proton conductivity (see Figure 7) because of the
relatively low acidity of the carboxylic acid and the observed
optical behaviors of HPBO (see Figures 4 and 5).

The SEM image of HPBO-b-mPEK reveals that HPBO is
well surrounded by mPEK (Figure 8c). The morphology is also
dominated by the aggregations of nanospheres with diameter
range of 10-40 nm. However, the interface between HPBO
and mPEK could not be discerned since both are consisted of
aromatic rings. The difference in the electron density between
HPBO and mPEK may not be distinguishable. Thus, the
morphology provides an indication that mPEK is grafted to the
surface of HPBO. In the case of HPBO-b-pPEK (Figure 8d),
the diameter dimension is much smaller than that of HPBO-b-
mPEK apparently because pPEK is a semicrystalline polymer
and, therefore, more compact. Overall, the particulate aggregates
appear to be in much larger dimensions (>200 nm), while the
individual particle dimension is 10-20 nm.

Conclusion

The AB2 monomer, 5-amino-4-hydroxyisophthalic acid hy-
drochloride, was successfully synthesized and polymerized to
afford high molecular weight hyperbranched polybenzoxazole
(HPBO). The resultant HPBO was used as the core block for
the subsequent synthesis of polyarm-star block copolymers. All
the isolated polymers displayed polyelectrolyte behaviors in
dilute solutions due to the presence of carboxylic acids on their
peripheries. Specifically, since HPBO had the highest number
of hydrophilic carboxylic acids per given weight, it clearly
displayed stepwise weight-loss profile due to the bounded water
and carboxylic acid decomposition. The UV-vis absorption
behaviors for all samples with respect to the concentration were
pseudo-linear dependence. However, the emission characteristics
were significantly different between the HPBO parent polymer
and the star block copolymers. While the emission intensity
drastically decreased as the concentration of HPBO parent
polymer was increased due to excimer quenching, the star-block
copolymers were more or less unaffected by similar polymer
concentration changes. This is apparently because in these star
block copolymers the chromophoric units of the HPBO core
were well protected from excimer quenching by their outer linear
PEK shells in a good solvent. The unusual proton conductivity
and emission behavior might have come from the morphology
at the molecular level. The SEM image of HPBO showed that
globular core-shell architecture of the HPBO in solid state.
The high concentration of carboxylic acids on the surface of
HPBO could be a reason why HPBO showed higher proton
conductivity. While various hyperbranched polymers have been
specifically synthesized for proton conductivity applications, as

far as we know, the proton conductivities of these polymers
are not based on carboxylic acid groups. Although the proton
conductivity of our carboxylic acid-based hyperbranched poly-
mer (HBPO) is still quite inferior, the observation that it is less
temperature-dependent than Nafion provides some important
insight for the design of improved high-temperature proton-
conducting polymers.
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