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ABSTRACT: A new self-polymerizable ABmonomer, 2,3-bis(4-phenoxyphenyl)quinoxaline-6-carboxylic acid,
was synthesized from the double condensation reaction bflfhhenoxybenzil and 3,4-diaminobenzoic acid. It

was polymerized to afford the corresponding hyperbranched poly(phenylquinoxaline) (PPQ) via a diaryl ketone
formation from the FriedetCrafts reaction of the carboxylic acid group (A) and the phenoxy ring (B) in
polyphosphoric acid (PPA)Ps medium. The polymerization was conducted at (i) 130 and°Gand (ii) with

and without additional amounts of,®s and monitored by analyzing the polymerization mixture sampled at
certain reaction temperature and time intervals with Fourier transform infrared (FT-IR) spectroscopy and gel-
permeation chromatography (GPC). Both FT-IR and GPC results corroborated our previously established optimal
conditions: (i) PPA:BOs ratio of 4:1 and (ii) efficient polymerization temperaturel 30 °C. Furthermore, the

series of 10 aliquots taken from the mixture prepared under the optimal conditions, precipitated into water, and
stored in the vials for a month showed visually a consistent trend and a transition in the polymer densities and
collectively allowed the visualization of a changeover in the macromolecular architecture from a “fanlike”
conformation at the early stage of polymerization to a denser, globular conformation at higher molecular weights.
The resultant hyperbranched PPQ was thermally stable with 5% weight loss at temperatures 6@ein3fith

air and helium atmospheres. It showed UV absorption maxima at3B8 nm and emission maxima at 433

446 nm. The subsequent chain-end functionality conversion for the parent hyperbranched polymer could be
performed in either a one-pot fashion or a two-staged process. Finally, some anomalous dilute-solution behavior
(negative or “inverse” polyelectrolyte effect) was observed for the chain-end-modified hyperbranched polymers
that appeared to be significantly influenced by the nature of solvents (acidic vs basic) and chain-end groups

(polarity).

Introduction In comparison to other classes of wholly aromatic hyper-
Poly(phenylquinoxaline)s (PPQs) are a well-known class of branghed p'olymerél, there are only a few examples of phe-
nylquinoxaline (PQ)-containing hyperbranched polymers re-

m-electron-deficient, aromatic heterocyclic polymers, which ; . pr 4
possess many desirable properties such as good processabiliyP0rted in the literaturé: They were prepared from either an
AB or A,B monomer with a preformed phenylquinoxaline as

high glass transition temperatures, and excellent thermome- o . )

chanical propertiesRecently, they have also received increasing the linking group (where A= activated fluoride or CeH and
attention for the possible uses in nonlinear opficahd B = OH or NH,) via an aromatic nucleophilic substitution
optoelectronic devices such as the electron transport layers inf€action or an activated (direct) amidation reaction under basic
light-emitting diode$ For example, a PPQ that contains ©F neytral condﬂons. To. our knowledge, prior to the work
thiophene segments has displayed an outstanding electrondescribed herein, there is no reported hyperbranched poly-
transporting capability in the poly(phenylenevinylene)-based (Phenylquinoxaline) that has been prepared from a polymeri-
light-emitting device<.In general, linear PPQs are prepared by Zation process based on an electrophilic-type reaction under
two different polymerization methods. The more traditional acidic conditions. Furthermore, because of our recent work in
method involves condensation between aromatic tetraketonesd€veloping an optimized conditions to effect Fried€rafts

and aromatic tetraamines under acidic conditihe other ~ acylation in PPA/ROs medium to prepare linear and hyper-
methods rely on the aromatic nucleophilic substitution reactions branched poly(etherketones)® from benzene-based AB and
between aromatic dihalides and aromatic bis(phenolate &alt)s, A2B monomers as well as block copolym€rand surface

or from the self-polymerization of AB monometsis well as ~ modification of carbon nanofibers and nanotubiese have a
aromatic amide-formiri and azomethine-formifreactions ~ continuing interest in defining the scope of the method and
In the latter cases, a preformed quinoxaline ring is incorporated therefore its applicability to similar heterocyclic-based mono-

in the monomer structures. mers.
Therefore, we have designed and synthesized a new but
t University of Dayton Research Institute. relatively simple phenylquinoxaline-containing ABnd evalu-
z82523béjtl;tl;‘:t%??:lol:cneivgeigérch L aborator ated its self-polymerizability with our opti.mized PPAIB},
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ketone), and its polymer derivatives that were chain-end for 24 h. After the reaction mixture had been allowed to cool to
functionalized with 3,5-dihydroxyphenylcarbonyl and 3,5- room temperature, the solution was filtered through silica gel. The
diallyloxyphenylcarbonyl groups. filtrate was poured into 5% hydrochloric acid solution and diluted
with methylene chloride. After separation from the aqueous phase,
the organic phase was subjected to a silica gel column chroma-
tography with petroleum ether to remove the excess 4-bromodiphe-
Materials. All chemicals and solvents including poly(phosphoric  nyl ether and then methylene chloride/hexane (33/67, v/v) elution
acid) (PPA), assay83% ROs content, phosphorus pentoxide to give 42.3 g (81% vyield) of white crystals. It was again
(P20s), and methanesulfonic acid (MSA) were purchased from recrystallized from toluene to give 32.1 g (62% yield) of white
Aldrich Chemical Inc. and used as received, unless otherwise flakes; mp173-174 °C, lit.1® 167—168 °C. Anal. Calcd for
specified. 3,4-Diaminobenzoic acid (mp 21818 °C) was recrys- CoeH1502: C, 86.17%; H, 5.01%; O, 8.83%. Found: C, 86.13%;
tallized from deoxygenated water. H, 5.40%; O, 8.43%. FT-IR (KBr, c#): 738, 3039, 3061. Mass
Instrumentation. Proton and carbon nuclear magnetic resonance spectrum ifve): 362 (M*, 100% relative abundanced NMR
(*H NMR and °3C NMR) spectra were measured at 270 and 50 (DMSO-ds, 6 in ppm): 6.97-7.00 (dd, 4H, Ar), 7.047.08 (m,
MHz on a JEOL-270 spectrometer. Infrared (IR) spectra were 4H, Ar), 7.15-7.21 (t, 2H, Ar), 7.38-7.44 (t, 4H, Ar), 7.49-7.52
recorded on a Beckman FT-2100 Fourier transform spectropho- (d, 4H, Ar).
tometer. Elemental analysis and mass spectral analysis were 1,2-Bis(4-phenoxyphenyl)benzif19(2). Method 1.Intoa 1 L
performed by System Support Branch, Materials Directorate, Air three-necked round-bottomed flask equipped with a magnetic stirrer,
Force Research Lab, Dayton, OH. The melting points (mp) of all a condenser, dropping funnel, and nitrogen inlet, 1,2-bis(4-
compounds were determined on a Mel-Temp melting point ap- phenyloxyphenyl)acetylene (4.0 g, 11.0 mmol) and trialkylmethy-
paratus and are uncorrected. Viscosities were determined using dammonium chlorides (Adogen 454, 1.25 g) were dissolved in
Cannon-Ubbelohde No. 150 viscometer. Flow times were recorded methylene chloride (200 mL). A solution of potassium permanga-

Experimental Section

for methanesulfonic acid (MSA) oN-methyl-2-pyrrolidinone
(NMP) solution, and polymer concentrations were approximately
0.5-0.1 g/dL at 30.0+ 0.1 °C. Differential scanning calorimetry
(DSC) analysis runs were performed in nitrogen with both heating
and cooling rate set at PC/min using a Perkin-Elmer DSC7 model
thermal analyzer equipped with differential scanning calorimetry
cell. Themogravimetric analysis (TGA) was conducted in helium
(He) and air atmospheres at a heating rate of@Onin using a

TA Hi-Res TGA 2950 thermogravimetric analyzer. Gel permeation
chromatography (GPC) was carried out on a Waters 150-CV

nate (16.0 g, 101 mmol) in acetic acid (30 mL) and water (500
mL) was slowly added through a dropping funnel. The mixture
was gently heated under reflux for 10 h. After cooling to room
temperature, the mixture was poured in large flask, potassium
bisulfate was added until the mixture became clear, and then a small
amount of sodium bicarbonate was added. The organic layer was
then separated, dried over magnesium sulfate, and filtered, and
solvent was removed under the reduced pressure to give 4.22 g of
light yellow solid, which was redissolved in hot ethanol or heptane
and allowed to cool to room temperature to give 3.88 g (89% yield)

equipped with 254, 280, and 420 nm UV detectors. Tetrahydrofuran of light yellow powder; mp 119120°C, lit.1°113-114°C. Anal.

(THF) was used as the eluting solvent.
1-(2-Methyl-3-butyn-2-ol)-2-(4-phenoxyphenyl)acetylené Into

Calcd for GgH1g04: C, 79.17%; H, 4.60%. Found: C, 79.83%;
H, 4.89%. FT-IR (KBr, cmi!): 1667. Mass spectrurm(e): 394

a 1 L three-necked, round-bottom flask equipped with a magnetic (M*, 100% relative abundancéH NMR (DMSO-ds, 4 in ppm):
stirrer, a condenser, and nitrogen inlet, 4-bromodiphenyl ether (50.17.00-7.06 (dd, 4H, Ar), 7.06:7.11 (m, 4H, Ar), 7.26-7.25 (t, 2H,

g, 201 mmol), freshly distilled 2-methyl-3-butyn-2-ol (64.3 g, 892
mmol), copper(l) iodide (0.11 g, 0.60 mmol), triphenylphosphine
(0.33 g, 1.3 mmol), and bhis(triphenylphosphine)palladium(ll)
chloride (1.12 g, 1.6 mmol) were placed. The solids were carefully

Ar), 7.37-7.44 (t, 4H, Ar), 7.787.96 (dd, 4H, Ar).2*C NMR
(DMSO-dg, & in ppm): 117.43, 120.49, 125.09, 127.54, 130.16,
132.23, 154.87, 163.56, 193.14.

Method 2. Into a 250 mL three-necked round-bottomed flask

washed in with triethylamine (500 mL). The mixture was heated equipped with a magnetic stirrer, a condenser, dropping funnel,
under reflux for 24 h. After the reaction mixture had been allowed and nitrogen inlet, phenol (8.0 g, 85.0 mmol) and potassium
to cool to room temperature, the solution was filtered through silica carbonate (13.5 g, 98 mmol) were dispersed in NMP (100 mL).
gel. The filtrate was poured into 5% hydrochloric acid solution and Then the mixture was heated at 1EDovernight. After the reaction
diluted with methylene chloride. After separation from the aqueous mixture had been allowed to cool to 13C, a solution of 4,4
phase, the organic phase was subjected to purification via a silicadifluorobenzil (10.0 g, 40.6 mmol) in NMP (50 mL) was slowly
gel column chromatography with methylene chloride/hexane elution added through a dropping funnel. The mixture was heated at 145
to give 40.5 g (80% yield) of light yellow oil. Anal. Calcd for  °C for 10 h. Upon cooling to room temperature, the mixture was
Ci7H1602: C, 80.93%; H, 6.39%,; O, 12.68%. Found: C, 80.88%; filtered and the filtrate was poured into 5% hydrochloric acid. The

H, 6.43%; O, 12.89%. Mass spectrumv¢): 252 (M", 100%
relative abundance).
4-Phenoxyphenylacetylené® Into a 1 L three-necked round-

resulting precipitate was collected, air-dried, and dissolved in hot
ethanol or heptane and allowed to cooled to room temperature to
give 13.6 g (85% yield) of light yellow powder; mp 12022 °C,

bottomed flask equipped with a magnetic stirrer, a condenser, andlit.1® 113—-114°C. Anal. Calcd for GeH104: C, 79.17%; H, 4.60%.

nitrogen inlet, 1-(2-methyl-3-butyn-2-ol)-2-(4-phenoxyphenyl)acety-
lene (40.0 g, 159 mmol) was dissolved in toluene (700 mL). A
solution of potassium hydroxide (2.2 g, 39.2 mmol) in methanol
(40 mL) was added. The mixture was heated under reflux 14 h.
The solution was concentrated 46100 mL and then purified by
silica gel column chromatography with pentane elution to give 28.0
g (90% yield) of light yellow oil. Anal. Calcd for GH;00: C,
86.57%; H, 5.19%; O, 8.24%. Found: C, 86.52%; H, 5.25%; O,
8.29%. Mass spectrunm(e): 194 (M*, 100% relative abundance).
1,2-Bis(4-phenoxyphenyl)acetyleré18 (1). Into a 1 L three-

Found: C, 79.19%; H, 4.75%. FT-IR (KBr, crt): 1666. Mass

spectrum ifve): 394 (M*, 100% relative abundance)d NMR

(DMSO-ds, 0 in ppm): 7.0:7.05 (dd, 4H, Ar), 7.057.10 (m,

4H, Ar), 7.19-7.26 (t, 2H, Ar), 7.36-7.44 (t, 4H, Ar), 7.78-7.95

(dd, 4H, Ar).3C NMR (DMSO<g, 6 in ppm): 117.40, 120.46,

125.06, 127.51, 130.16, 132.20, 154.84, 163.56, 193.11.
2,3-Bis(4-phenoxyphenyl)quinoxaline-6-carboxylic Acid (3).

Into a 250 mL three-necked round-bottomed flask equipped with a

magnetic stirrer, a condenser, and nitrogen inlet, 3,4-diaminobenzoic

acid (2,65 g, 17.4 mmol) was dissolved in acetic acid (150 mL).

necked round-bottomed flask equipped with a magnetic stirrer, a 4,4-Diphenyloxybenzil (6.55 g, 16.6 mmol) was then added and
condenser, and nitrogen inlet, (4-phenoxyphenyl)acetylene (28.0heated under reflux for 12 h. Upon cooling to room temperature,
g, 144 mmol), 4-bromodiphenyl ether (27.7 g, 151 mmol), copper- the resulting dark red solution was filtered, and the filtrate was
(I) iodide (0.10 g, 0.53 mmol), triphenylphosphine (0.30 g, 1.1 poured into 5% hydrochloric acid. The resulting light yellow
mmol), and bis(triphenylphosphine)palladium(ll) chloride (1.00 g, precipitate was collected by suction filtration and air-dried. It was
1.4 mmol) were placed. The solids were carefully washed in with recrystallized from ethanol to give 7.0 g (83% yield) of bright
triethylamine (500 mL). The mixture was then heated under reflux yellow powder; mp 224 226°C. Anal. Calcd for G3sH2,N,O4: C, CDV
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Figure 1. *H and3C NMR spectra of monomes with tentative peak
assignments: (a) proton; (b) carbon.

77.63%; H, 4.34%; N, 5.49%; O, 12.54%. Found: C, 77.71%; H,
4.39%; N, 5.27%; O, 12.41%: FT-IR (KBr, cr¥): 1242, 1488,
1588, 1697. Mass spectrunm/fg): 510 (M*, 100% relative
abundance)!H NMR (DMSO-ds, 6 in ppm); see Figure 1 for
labeling of the protons: 6.997.02 (d,Js; ~ 8.2 Hz; 4H, Ar), 7.06-
7.09 (d,Jsq4 ~ 7.7 Hz; 4H, Ar), 7.177.22 (t,Jg7 ~ 7.2 Hz; 2H,
Ar), 7.39-7.45 (t,J7 ~ 8.2,J;5 ~ 7.7 Hz; 4H, Ar), 7.52-7.55 (d,
Jus ~ 7.7 Hz; 4H, Ar), 8.14-8.17 (d,Js ~ 2; 1H, Ar), 8.26-8.29
(dd, J13~ 2 Hz, J;2 ~ 8.7 Hz; 1H, Ar), 8.618.62 (d,J3; ~ 2 Hz;

1H, Ar). 13C NMR (DMSO-dg, 0 in ppm): 117.72, 119.10, 123.94,
129.03, 130.08, 131.57, 131.66, 131.83, 133.19, 139.55, 142.20
153.23, 153.83, 155.82, 157.69, 166.53.

Self-Polymerization of AB, Monomer in PPA (83 wt % P,0s
Content) at 160°C (4a). Into 250 mL resin flask equipped with a
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viscosity was determined to be 0.07 dL/g (0.5% solution in MSA
at 30.0+ 0.1 °C). Anal. Calcd for GzHzoN,O3: C, 80.47%; H,
4.09%; N, 5.69%; O, 9.75%. Found: C, 78.69%; H, 4.34%; N,
5.27%; O, 10.81%.

Self-Polymerization of AB, Monomer in PPA/P,Os (4/1, wiw)
at 130 °C (4b). Into a 250 mL resin flask equipped with a high-
torque mechanical stirrer, nitrogen inlet and outlet, and pressure
regulator, PPA (83% assay, 80 g) was placed and stirred with dried
nitrogen purging at 100C for 10 h. The monomer 2,3-bis(4-
phenoxyphenyl)quinoxaline-6-carboxylic acid (4.0 g) was added
and heated to 130C until it become a homogeneous mixture. It
usually took about 1 h. The color of mixture became dark brown.
P,Os (20.0 g; 25 wt % relative to PPA) was then added in one
portion, and the temperature was maintained 43B@or 24 h. The
mixture became very viscous aftg h at 130°C and started to
stick to stirring rod. At the end of the reaction, water was added
into the flask. The resulting precipitates were collected by suction
filtration, washed with diluted ammonium hydroxide and then with
large amounts of water, stirred in boiling water for 100 h, and finally
dried in the presence of phosphorus pentoxide under reduced
pressure (1 mmHg) at 200 for 48 h. The yield was essentially
quantitative £99% yield). Its intrinsic viscosity is 0.56 dL/g (MSA,
30+ 0.1°C). Anal. Calcd for GzH1gN,O3: C, 80.47%; H, 4.09%;
N, 5.69%; O, 9.75%. Found: C, 80.08%; H, 4.57%; N, 3.69%; O,
10.34%.

Self-Polymerization of AB, Monomer in PPA/P,Os (4/1, wiw)
at 160 °C (4c). Into a 100 mL resin flask equipped with a high-
torque mechanical stirrer, nitrogen inlet and outlet, and pressure
regulator, PPA (83% assay, 40 g) was placed and stirred with dried
nitrogen purging at 100C for 10 h. The monomer, 2,3-bis(4-
phenoxyphenyl)quinoxaline-6-carboxylic acid (1.80 g, 3.5 mmol),
and RBOs (4.0 g) were added, and the mixture was heated t6C30
until it become a homogeneous mixture. It took about 3 h. The
mixture was then heated at 180, and it soon stuck to the stirring
rod, rendering further efficient stirring/mixing impossible. It took
around 3 h. At the end of the reaction, water was added into the
flask. The resulting clusters were taken into a Waring blender and
the bundles chopped, collected by suction filtration, washed with
diluted ammonium hydroxide and then with a large amount of water,
stirred in boiling water for 100 h, and finally dried in the presence
of phosphorus pentoxide under reduced pressure (1 mmHg) at 200
°C for 48 h. The yield was essentially quantitatived9% yield).
The polymer was insoluble in most organic solvents and only
formed gel in methanesulfonic acid. Anal. Calcd fagl gN,Os3:
C, 80.47%; H, 4.09%; N, 5.69%. Found: C, 78.34%; H, 4.34%);
N, 5.27%.

Self-Polymerization of AB, Monomer in PPMA at 110 °C
(4d). Into a 100 mL three-necked, round-bottom flask equipped
with a mechanical stirrer and nitrogen inlet and outlet, the monomer
2,3-bis(4-phenoxyphenyl)quinoxaline-6-carboxylic acid (1.0 g, 1.96
mmol) and PPMA (10 mL) were added and heated to I @or
8 h. The color of mixture became dark purple. The mixture was
'‘poured into ice water. The resulting purple precipitates were
collected by suction filtration, washed with diluted ammonium
hydroxide and then with a large amount of water, stirred in boiling
water for 48 h, and finally dried in the presence of phosphorus

high-torque mechanical stirrer and nitrogen inlet and outlet, pressurepentoxide under reduced pressure (1 mmHg) at ZD@or 48 h.

regulator, and side opening for additions, poly(phosphoric acid)

The yield was essentially quantitative 9% yield). Its intrinsic

(PPA, 60 g) was charged. PPA was degassed under reduced pressukgscosity was 0.50 dL/g (MSA, 3@ 0.1 °C). Anal. Calcd for

by freezing in liquid nitrogen and melt in warm water several times.
Then the monomer, 2,3-bis(4-phenoxyphenyl)quinoxaline-6-car-
boxylic acid (3.0 g, 5.9 mmol), was introduced. As soon as the

CaaH1gNoO3s: C, 80.47%; H, 4.09%:; N, 5.69%; O, 9.75%. Found:
C, 78,12%; H, 4.33%; N, 5.27%; O, 10.77%.
Preparation of Star-Block Poly(phenylquinoxaline—ether—

monomer was added and the stirring started, the mixture becameketone)-block-meta-poly(ether—ketone) (5).Into a 250 mL resin

deep blue-purple. The mixture was heated to 260for 48 h.
Although the mixture had become deep red, its viscosity was not
significantly increased. Water was added into the mixture and
warmed at 66-70 °C overnight under the nitrogen. The resulting
bright yellow solids were collected by suction filtration and washed
with diluted ammonium hydroxide and a large amount of water.
The polymer was finally dried under reduced pressure (0.05 mmHg)
at 200°C for 150 h to give essentially quantitative yield. Its intrinsic

flask equipped with a high-torque mechanical stirrer, nitrogen inlet
and outlet, and a pressure regulator, PPA (83% assay, 80 g) and
P,0s (25 wt % to PPA 20.0 g) were placed and heated to 430
until it became a homogeneous mixture. After the PPA medium
had been allowed to cool to 100, the monomer 2,3-bis(4-
phenoxyphenyl)quinoxaline-6-carboxylic acid (0.4 g, 0.78 mmol)
was added. The color of resulting mixture became deep purple.
The mixture was heated to 13C for 6 h, and then 3-phenox36DV
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benzoic acid (3.6 g, 16.8 mmol) was added. The mixture was stirred

at 130°C for 18 h. It was moderately viscous and allowed to cool
to ~100°C and poured into water. The resulting precipitates were
collected by suction filtration, washed with diluted ammonium
hydroxide and then with large amounts of water, stirred in refluxing
water for 100 h, and finally dried in the presence of phosphorus
pentoxide under reduced pressure (1 mmHg) at XD@or 48 h.
The yield was essentially quantitative $9% yield). The intrinsic
viscosity value of 1.46 dL/g (MSA, 3@ 0.1°C) was determined.
Anal. Calcd for GsHg1No 202.1: C, 79.54%; H, 4.08%; N, 0.24%;
0, 16.13%. Found: C, 79.07%; H, 4.29%; N, 0.36%; O, 14.79%.
Preparation of 3,5-Dihydroxy-Terminated Poly(phenylqui-
noxaline—ether—ketone) (6a).Into a 250 mL resin flask equipped
with a high-torque mechanical stirrer, nitrogen inlet and outlet, and
a pressure regulator, PPA (83% assay, 80 g) amd 25 wt % to
PPA, 20.0 g) were placed and heated to 280until it became

homogeneous. After the reaction medium had been allowed to cool

to 100°C, the AB, monomer 2,3-bis(4-phenoxyphenyl)quinoxaline-
6-carboxylic acid (4.0 g, 3.92 mmol) and the end-capper 3,5-

dihydroxybenzoic acid (1.21 g, 7.84 mmol) were added at the same

time. The color of mixture became deep purple. The mixture was
heated to 130°C for 2 h and 160°C for 24 h. When the
polymerization was terminated, the mixture was moderately viscous
It was allowed to cool to 100C (still fluid) to facilitate pouring
into water. The resulting precipitates were collected by suction
filtration, washed with diluted ammonium hydroxide and then with
large amounts of water, Soxhlet-extracted with water for 50 h and
then with methanol for 50 h, and finally dried in the presence of
phosphorus pentoxide under reduced pressure (1 mmHg) at 10
°C for 48 h. The yield was essentially quantitatived9% yield).
The reduced viscosities at 0.5 g/dL were 0.09 dL/g (NMP 430
0.1 °C) and 0.21 dL/g (MSA, 30t 0.1 °C). Anal. Calcd for
CyoH24N206: C, 76.43%; H, 3.85%. Found: C, 76.05%; H, 4.28%.
Preparation of 3,5-Diallyl-Terminated Poly(quinoxaline—
ether—ketone) (6b).Into a 100 mL three-necked, round-bottomed
flask equipped with a magnetic stirrer, nitrogen inlet, and a

condenser, hydroxyl-terminated hyperbranched polymer (example

5; 3.5 g, 5.57 mmol), potassium carbonate (4.0 g, 28.90 mmol),
allyl bromide (3.37 g, 27.86 mmol), and DMAc (50 mL) were
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Scheme 1. Synthesis of Self-Polymerizable ABAonomer?
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a(a) KMnO,, Adogen 454, CKLCl,, AcOH/water, reflux; (b) phenol,
0K2COs, NMP, 140C; (c) AcOH, reflux.
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with 4-phenoxyacetylene in triethylamine in the presence of
copper(l) iodide, triphenylphosphine, and bis(triphenylphos-
phine)palladium(ll) chloride. The similar Pd-catalyzed ethyny-
lation of 4-bromophenyl ether with 2-methyl-3-butyn-2-ol was
used to prepare 1-(2-methyl-3-butyn-2-ol)-2-(4-phenoxyphenyl)-
acetylene, which was then deprotected in a toluene/KOH/MeOH
mixture to afford 4-phenoxyphenylacetylene. The structure and
purity of the AB, monomer were confirmed by conventional

placed. The reaction mixture was then heated and maintained at0rganic characterization methods, namely nuclear magnetic

90—100°C for 16 h. During this time period, the orange solution
became light yellow in color and homogeneous. After it had been
allowed to cool on its own, the mixture was filtered through a cake
of Celite 545 to remove any insoluble salts. The filtrate was poured
into a beaker containing 5% hydrochloric acid (300 mL), and the
mixture was warmed around 670 °C for 2 h. The white powder
was collected, air-dried, dissolved in dichloromethane, precipitate
in methanol, collected, and dried under the reduced pressure in th
presence of phosphorus pentoxide at°&for 48 h. The yield

resonance spectroscopy (Figure 1), FT-IR, elemental analysis,
and high-performance liquid chromatography (purit¥00%).
Thermal Properties and Space-Filing Model of AB
Monomer. The monomer3 displayed an unusually slow
crystallization behavior, as shown in Figure 2. It showed a sharp

d melting at 232°C with heat of fusion of 80.22 J/g in the first

cheating DSC scan. Strangely, there was no recrystallization peak
detected during cooling scan. During the second heating scan,

was essentially quantitative. The reduced viscosities at 0.5 g/dL however, this monomer did show a glass transition temperature

were 0.15 dL/g (NMP, 3@t 0.1°C) and 0.35 dL/g (MSA, 3Gt
0.1°C). Anal. Calcd for GgH3N,Os: C, 77.95%; H, 4.55%; N,
3.95%; O, 13.54%. Found: C, 77.82%; H, 4.49%; N, 3.67%; O,
13.45%.

Results and Discussion

Monomer Synthesis.The phenylquioxaline-containing AB
monomer B) was synthesized from the double condensation of
4,4-diphenoxybenzil Z) and commercially available 3,4-
diaminobenzoic acid, as outlined in Scheme 1. Whil€-4,4
diphenoxybenzil Z) had been prepared from Alg&tatalyzed
Friedel-Crafts reaction of oxalyl chloride in carbon disulfide
or in methylene chloridé? we explored two alternate synthetic
routes to2 via (i) KMnO, oxidation of 1,2-bis(4-phenoxyphe-
nyl)acetylen&’ (1) and (i) fluoride displacement reaction of
commercially available 4;4difluorobenzil by phenolate anion.

at 87°C, a recrystallization temperature at 141, and a melting
temperature at 231C with heat of fusion of 78.40 J/g. The
observed slow crystallization could be rationalized by examining
its molecular structure with a computer-generated (MM
method; HyperChem, Release 6), energy-minimized space-filling
model. As shown in Figure 3, the dihedral angle between 2-
and 3-substituents on the quinoxaline ring is relatively large,
~44°, and the two phenyl ether substituents are also relatively
volume-demanding. Thus, we would expect that its crystal
packing would be hampered, resulting in very a slow crystal-
lization.

Polymerization. On the basis of our previous studi€sye
carried out the aromatic electrophilic substitution polymeriza-
tions with the following conditions: (i) with/without additional
amounts of BFOs to PPA (83 wt % RPOs content) and (ii) at the
reaction temperatures of 130 and 180. The first set of

The main reason that we explored route (i) was because of thepolymerization experiments was conducted with 5 wt % of

availability of 1 from an Air Force custom synthesis contract.
It was prepared from the ethynylation of 4-bromophenyl ether

monomer concentration in PPA at 180 and without addition
of P,Os (Scheme 2). It was observed that as soon asCtBQ/



2798 Baek and Tan Macromolecules, Vol. 39, No. 8, 2006

T Scheme 2. Polymerization in Various Condition%
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Figure 3. Space-filling model of monome (Hyperchem Release 6.0). :gg%j:
. — 130°C-6h
monomer was added to PPA at room temperature, the mixture’s 130°C-10h
. . . . .- S 0
became deep purple, indicating the formation of a positively £ }§8o8:§§';
charged, reactive intermediate (acylonium). However, the reac-

tion did not result in a high-molecular-weight polymer as
revealed by GPC analysis and solution viscosity determination
(Figure 4a and Table 1). Despite a prolonged heating afC60
for 48 h, there were still traces of monomers and oligomeric
products ranging from dimers to heptamers.

In the second set of polymerization experiments, th®sP
content of polymerization medium was optimized with PPA/ ' ' ' ' '

Intensity

P,Os weight ratio at 4/1, and the reaction was monitored with ’ 8 ® 10 1 12
GPC? (Figure 4b and Table 2). We observed that until the Retention Time (min)
reaction temperature had approached 10Ghe polyconden- Figure 4. GPC traces of hyperbranched polymers: 4a)prepared

sation process did not progress well and produced only small from PPA (83% ROs content) at 160C; (b) 9b prepared from PPA
amounts of dimers and trimers. When the reaction temperature(83%)/R0s (4/1, wiw) as functions of temperature and time.
approached 13€C, polymerization reaction proceeded rapidly,

as evidenced by a drastic increase in the bulk viscosity. As This might be because after all the ABionomers had been
shown in Figure 5a,b, the molecular weight and molecular consumed, the focal point (A or the @& group), which was
weight distribution gradually increased during the first 10 h at critical in the subsequent stage of molecular weight buildup,
130°C, and then both slowly leveled off during the next 20 h. became kinetically inaccessible as a result of being “burie(&[)x/
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Table 1. Polymerization Conditions and Isolated Yields

P05 [7] yield

entry medium (wt%) temp(C) time(h) (dL/g} (%)
4a PPA 0 160 48 0.07 ~97
4b PPA 25 130 24 0.56 >99
4c PPA 25 160 3 gel >99
ad MSA 10 110 8 0.50 =99

a|ntrinsic viscosity measured in MSA at 36 0.1 °C.

the branches” or was destroyed by intramolecular cyclization.
The final polymer had an intrinsic viscosityy{) of 0.56 dL/g
(MSA, at 30+ 0.1°C). In a separate polymerization experiment,

Poly(phenylquinoxaline ether-ketone) Synthesis 2799

Table 2. GPC Results of Hyperbranched Polymer 4b in a PPA/FDs
(4/1, wiw) Mixture

entry tempfC) time(h) Mys(g/mol) My (g/mol) MWD
1 20 1 570 630 111
2 60 2 570 630 1.11
3 100 1 1150 1310 1.14
4 130 1 1350 1640 121
5 130 2 2310 2860 1.24
6 130 4 3710 4660 1.26
7 130 6 3840 4900 1.28
8 130 10 4480 6340 1.42
9 130 23 4870 7270 1.49
10 130 28 5220 7990 1.53

°C, the polymer became an insoluble gel (Table 1). Thus, these
results confirmed the optimal conditions, which we had reported
previously®3 with respect to the reaction temperature and the
requirement for a “booster” amount ob®s to accelerate the
electrophilic substitution reaction and polymerization in PPA/
P,Os. For comparison purposes, a similar polymerization in a
superacid medium containing 10 wt % phosphorus pentoxide
in methanesulfonic acid (PPMA, also known as Eaton’s
reagent)! was also carried out at 12C for 10 h. The resulting
polymer had a comparable intrinsic viscosity of 0.50 dL/g
(MSA, at 30+ 0.1°C).

To monitor the polymerization process, FT-IR measurements
were conducted for all samples used in the GPC analysis, and
the composite FT-IR spectra are provided as part of the
Supporting Information. As the polymer-forming process was
progressing, the intensity of the characteristic carboxylic acid
CO stretch at 1699 cm and an associated band at 1645 ém
diminished until the reaction temperature approached°T30
After an hour at 130C, FT-IR indicated that most of carboxylic
acids had disappeared with the emergence of product keto-CO
band at 1653 cmmt. This result was in a good agreement with
GPC analysis and also supported that the optimum reaction
temperature was 13TC.

Qualitative Profile on the Evolution of Polymer Density
during AB , Polymerization. An important difference between
the step-growth process of a linear polymer and that of a
hyperbranched polymer is that in the former case the number
of end groups per macromolecule is independent of the degree
of polymerization (DP) (i.e., it is always 2), whereas during
the course of generating a hyperbranched polymer from an AB
monomer, the number of B groups at the chain ends of the
hyperbranched molecule at any given time is BP1. It is
expected that when the DP increases, the macromolecular shape

when the reaction temperature was allowed to approach 1600f the hyperbranched polymer should be correspondingly

Figure 6. Photograph of hyperbranched polyn#dr samples from aliquots of equal weight taken at various time and temperature and precipitated
in water and stored a month: (1) 2G—1 h; (2) 60°C—2 h; (3) 100°C—1 h; (4) 130°C—1 h; (5) 130°C—2 h; (6) 130°C—4 h; (7) 130°C—6

h: (8) 130°C—10 h; (9) 130°C—23 h; (10) 130°C—28 h.

CbhVv
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Table 3. Properties of Hyperbranched Polymer Samples

TGAC elemental analysis
air helium calcd found
entry [712 (dL/g) Tg? (°C) Ted (°C) Taso€ (°C) char (%) Taso€ (°C) char (%) C H C H
4a 0.07 149 147 505 2 516 36 80.31 4.29 78.69 4.34
4b 0.56 113 144 520 3 533 51 80.31 4.29 80.08 4,57
4c gel ND ND 525 2 536 53 80.31 4.29 78.34 4.34
ad 0.50 91 90 513 3 517 45 80.31 4.29 78.12 4.33

aIntrinsic viscosity measured in MSA at 38 0.1 °C. P Glass transition temperatur@gf determined by DSC with heating rate of 2G/min. ¢ The
temperature at which 5% weight loss occurred on TGA thermogram obtained with heating ratéQino.

Scheme 3. Functionalization of Hyperbranched Polymer
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a(a) PPA/BOs at 130°C; (b) PPA/RBOs at 160°C; (c) CH=CH—-CH,—Br, K,CO;, DMAc, room temperature to 9C.
1.5 1.5

changing from a two-dimensional fan (dendron-like) to a three-
dimensional sphere (dendrimer-like). We theorize that such a i _—
transition in the macromolecular architecture should be observ- 4.2
able by following the density profile of the growing hyper-
branched polymer during the polymerization process. To monitor 3
and visualize qualitatively this dynamic density change during
the chain-growth process of hyperbranched poly(phenylqui-
noxaline-ether-ketone), in a separate experiment, sampling the
polymerization mixture at various temperature and time intervals <
was conducted (see Table 2). Thus, 10 aliquots were taken and
precipitated into distilled water in separate vials which were
allowed to stand for a month at room temperature (Figure 6)
before GPC analysis. The related GPC results that tracked the 0.0 ' - ' - e 0.0
progressive change are summarized in Table 2 and Figure 4b. 300 3% 400 450 500 850 600 650 700
As expected, it was observed that the polymer density decreased Wave Length (nm)
at the early stage (Figure 6, 100, 1 h, vials 1-3) as evidenced Figfurr:eZé- Un\qfo—n\gﬁq 233((;%123(1 agld rﬁemrii;i?rf; esgii(rfrt]r% :;hn)"_onglmrife?nd
by qualitatively the swelling and apparent fluffiness of the ﬁg )(/short- dash): polymedd ( (J’Iaghydot-dash). ; poly
polymer samples. When the polymerization temperature ap-
proached 130C (Figure 6, vial 4), the polymer density started
to increase and apparently continued the upward trend (vialsin that order, indicating that with the ketone linkages between
5—-10). Therefore, these qualitative results not only correlate the chromophoric units, hyperbranched polymer can retain
well with the observation that the drastic rise in the bulk practically the same linear absorption properties of the monomer
viscosity at polymerization temperature approaching 30ut (Figure 7) since keto linkages do not normally increase
also provide experimental evidence for the existence of the conjugation length. The emission peak values of the monomer
conformational (density) changes in the chain-growth processand polymer sampleda and 4d in THF solutions were also
of hyperbranched polymers. identical. It is interesting to note thdb, which was prepared
Optical Properties. The UV—vis absorption spectra of the in PPA/ROs medium, is about 13 nm red-shifted in reference
AB, monomer and the polymer samplek,(4b, 4d) in THF to the emission peak dfd, which was prepared in PPMAJ®s
solutions were almost identical at 369, 370, 371, and 365 nm, and has a comparable molecular weight (based;prdlues).

MMR 3, 369 nm 1.2
———- PMR4a, 370 nm
————— PMR 4b, 370 nm
—_—— PMR 4d, 365 nm || g9
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©
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———= PMR4a, 434 nm
————— PMR 4b, 446 nm || 06
PMR 4d, 433 nm
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Table 4. Polymerization Conditions, Viscosity Data, and Isolated Yields of Functionalized Hyperbranched Polymers

entry PPA (wt %) POs (wt %) temp (C) time (h) [y] or »* (dL/g) yield (%)
5 100 25 130 (6) (18) 1.46 >99
6a 100 25 160 24 0.21(0.09¥ >99
6b DMAc K2COs 90—-100 16 0.35(0.15y >908

a|ntrinsic viscosity measured in MSA at 39 0.1 °C. ® Reduced viscosity at 0.5 g/dL measured in MSA at30.1°C. ¢ The values in parentheses are
reduced viscosities at 0.5 g/dL in NMP at 300.1 °C.
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fanlike morphology associated the low molecular weights. (ii)
4b has a globular (coreshell) morphology with much greater
amount of free volumes, which was initially occupied by the
viscous PPA. During the aqueous workup, PPA was dissolved
away, leaving many inter- and intramolecular voidgtmuntil

it was thermally consolidated during heating to 3&Q Thus,
during the cooling scan (10C/min), the Ty reverted to its
original value around 144C (see Table 3). (iii) In the case of
4d, we suspect that the residual MSA, that was more difficult
to completely remove because of its stronger binding with
via organic salt formation, might have acted as a plasticizer to
greatly lower the glass transition.

Thermogravimetric analysis (TGA) of these polymers showed
that they were highly heat-resistant. The temperatures at which
a 5% weight loss was observed were in the range of- 525
°C in air and 515-536 °C in helium.

Chain-End Functionalization. Because of the large number
(DP +1) of phenyl ether end groups, various chain-end
functionalizations of the phenyquinoxaline hyperbranched poly-
mer are possible to modify or tailor its properties. To illustrate
these possibilities, we conducted the one-pot synthesis experi-
ments to generate the derivative polymérsnd 6 from the
in-situ polymerization of the ABmonomer3 with (i) an AB
monomer and (ii) a carboxylic acid-based end-capper that can
engage in FriedeiCrafts acylation (Scheme 3). In case (i), the
star-branched polymes was generated from monoma&rand
3-phenoxybenzoic acid, an AB monomer for a meta-poly(ether
ketone). It had an intrinsic viscosity of 1.46 dL/g (MSA, at 30
+ 0.1 °C) (Table 4). In case (ii), the dihydroxyl-terminated
hyperbranched polyméta was prepared from monomarand
3,5-dihydroxybenzoic acid and had a reduced viscosity of 0.21
dL/g at 0.50 g/dL. The hyperbranched polyn@erwas further
reacted with allyl bromide in DMAc in the presence of

Figure 8. Solution viscosity behaviors ofa as a function of
concentration: (a) in MSA; (b) in NMP. Note that in (b) the data points
for both reduced and inherent viscosities are practically identical.

potassium carbonate to afford corresponding allyl-terminated
hyperbranched polyméb (Scheme 3). Because of the anoma-
lous dilute solution behaviors of both polymé&aand6b, only
reduced viscosity values are given in Table 4.

Dilute Solution Behaviors of Hyperbranched Polymers 6a

However, the differences {8.2 nm) in Stokes’ shift ofib (76
nm) and those ofta (64 nm) and4d (68 nm) are not large
enough for speculation. and 6b. We are perplexed by the observation that the dihy-
Thermal Properties. The glass-transition temperatur@g's) droxyl-terminated hyperbranched polyméa displayed two
of the polymers were determined by differential scanning distinctly opposite solution-viscosity behaviors in acidic (MSA)
calorimetry (DSC). The thermograms were obtained on powder and basic (NMP) solvents as a function of concentration. In a
samples after they had been heated to 4D@nd cooled to 20  strongly acidic solution, the polymer displayed a typical
°C with heating and cooling rate of 10C/min. Each glass  (positive) polyelectrolyte effect (Figure 8a), whereas in a weakly
transition temperatureTg) was taken as the midpoint of the basic solution it showed an inverse (negative) polyelectrolyte
maximum baseline shift from the second run. The polymer effect (Figure 8b); namely, its inherent viscosity were getting
samplesta ([#] = 0.07 dL/g),4b ([#] = 0.56 dL/g),4c ([n] = smaller and approaching negative values as the concentration
gel), and4d ([#] = 0.50 dL/g), which were prepared under decreased, seemingly suggesting a great reduction in the
different reaction conditions, displayédg's at 149°C, 113°C, hydrodynamic volume. In contrast, the allyl-terminated hyper-
not detectable, and 9%C, in that order. The vast differences branched polyme6b in NMP behaved normally (Figure 9b),
among theT values for the supposedly same polymer structure while in MSA it displayed a positive polyelectrolyte behavior
underscore the dependence of thermal properties on the historyFigure 9a). Thus, it appears that protonation of the quinoxaline
of the samples. To explain the data, we offer the following groups in the bulk of the hyperbranched polyméasand 6b
interpretations from considering the roles of molecular weight are important in inducing the polyelectrolyte effect observed
and free volumes: (ahas the highesky value, even though  for both polymers in MSA. For the observed inverse polyelec-
it has the lowest MW (oligomers). We suspect that it has the trolyte effect, we speculate that the polar hydroxyl groups with
least amount of free volumes because of the more compact,their capabilities to accept protons from MSA and engag&B\/
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0.6 functionalized with 3,5-dihydroxyphenylcarbonyl and 3,5-
diallyloxyphenylcarbonyl groups. Because of our lack of
expertise to further the dilute-solution study of these hyper-
branched heterocyclic polymers, it is hoped that our report will
stimulate some great insights from the polymer science com-

munity to better explain the observation.
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Figure 9. Solution viscosity behavior ob as a function of
concentration: (a) in MSA; (b) in NMP.

hydrogen bonding with NMP are likely a determinant respon-
sible for the observed viscosity properties.

Conclusion

A new phenylquinoxaline-containing ABmonomer was
designed and synthesized as a further example to demonstrate
the scope of utility for the efficient synthesis of aromatic ether
ketone-based polymers using our optimized PR@4Method.

At the optimal temperature~(130 °C) and PPA/EOs (4:1)
composition, the corresponding hyperbranched polymer was
successfully synthesized and thus explicated that the presence
of electron-withdrawing quinoxaline structure did not adversely
affect the reactivity of the ABmonomer in the FriedelCrafts
polycondensation with respect to the formation of the reactive
acylonium from the carboxylic acid group. During the optimiza-
tion study, we also followed qualitatively the evolution of
polymer density as a simple way of visualizing the existence
of a changeover in the macromolecular architecture. These
qualitative results not only correlate well with the observation
that the drastic rise in the bulk viscosity at polymerization
temperature approaching 13C and the corresponding GPC
data but also provide an experimental evidence for the existence
of the conformational transition in the chain-growth process of (
hyperbranched polymers. As an extension of our effort in new
polymer synthesis, we showed that the subsequent chain-eno(
functionality transformation for the resulting hyperbranched
polymer could be performed either in a one-pot fashion or a (
batch process. Finally, we also observed some anomaly in the
context of polyelectrolyte effect in a preliminary dilute-solution
study of the hyperbranched derivatives that were end-group-
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