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NANOPARTICLE CATALYST FOR SYNTHESIZING POLYBENZOXAZOLE
WITH CONTROLLED POLYMERIZATION

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[0001] This application claims priority from U.S. Provisional Patent Application
No. 62/823,386 filed March 25, 2019, the contents of which are incorporated

herein in their entirety.

FIELD OF THE INVENTION
[0002] The instant invention relates generally to highly efficient AuPd nanoparticle

(NP) catalyst for synthesizing polybenzoxazole with controlled polymerization.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
[0003] This invention was not made with government support or grant(s).

BACKGROUND OF THE INVENTION

[0004] Polybenzoxazole (PBO) polymer is a sub-class of polybenzoazoles. The
highly aromatic nature and conjugated structure of alternating benzoxazole and
phenyl rings provides the PBO polymer with superior thermal and mechanical
stability characteristics. These characteristics make PBO fibers desirable
candidates for use in body armor, flame retardant materials, smart electronic
textiles, and ionic/separation membranes.

[0005] Conventionally, PBOs were made by condensing diaminobenzene diol and
terephthalic acid with polyphosphoric acid, which serves both as solvent and
catalyst. Use of phosohoric acid results in the PBOs being contaminated with
phosphoric acid (PA) units. One such disclosure is by Ying-Hung So et al in
Macromolecules 1998, 31, 16, 5229-5239 which discloses the mechanism of
poly(p-phenylenebenzoxazole) formation from terephthalic acid (TA) and
diaminodinydroxybenzene dihydrochloride (DADHB) in polyphosphoric acid
(PPA).

[0006] Extensive studies on PBO stability have revealed that these PA units

catalytically hydrolyze the benzoxazole ring upon exposure to humid and/or
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lighted environments, thereby causing unexpected and fast degradation of the
mechanical integrity of the polymer fibers. There is thus a need for a method to
make PBOs with functional polymers with controlled polymerization, purity and
properties to afford PBOs that maintain their thermomechanical stability and do
undergo degradation of the mechanical integrity of its polymers upon exposure to

humid and lighted environments.

SUMMARY OF THE INVENTION
[0007] The instant invention provides new nanoparticle (NP) based catalytic
approach to synthesize functional polymers with controlled polymerization, purity
and properties. Using the rigid organic polymer PBO as a desired model system,
we have demonstrated that AuPd alloy NPs are especially efficient catalyzing
multiple chemical reactions in one-pot, including formic acid (FA)
dehydrogenation, nitro-hydrogenation and amine/aldehyde condensation, to form
PBO.
[0008] The PBO shows excellent thermal stability up to 600 °C, which is
comparable to commercial PBO (Zylon®, Mw = 40 kDa). More importantly, our
PBO exhibits improved chemical and mechanical stability compared to Zylon®
after exposure to water and DMSO under either ambient or boiling conditions.
Our new synthesis thus addresses the long-standing PBO purity and degradation
problems by demonstrating that the AuPd NP catalyzed one-pot reaction can
yield highly pure PBO. Chemical purity, especially devoid of PA units helps PBO
to maintain its thermomechanical stability.
[0009] The present invention in one of its embodiment provides a process of
using a NP catalyst alloy to catalyze a one pot chemical reaction for synthesizing
functional polymers with controlled polymerization and properties, said process
comprising: (a) contacting, in a neutral atmosphere, a solution of 1,5-
diisopropoxy-2,4-dinitrobenzene with terephthalaldehyde, formic acid, and an
alloy NP catalyst to form a mixture; (b) stirring said mixture at an elevated
temperature ranging from about 60 to 90 °C for about 20 to 24 h; (c) forming a
precipitate by mixing said stirred solution with methanol; (d) collecting said
precipitate, in the form of a solid, and washing said collected precipitate with
methanol; (e) subjecting said collected precipitate to an atmosphere of reduced

pressure from about 20 hours to about 30 hours at a temperature of from about
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60° C to 90° C to yield a pre-PBO as a dark colored powder; and (f) heating said
pre-PBO at a temperature of about 250° C to about 350° C in an inert
atmosphere from about 5 hours to about 7 hours to yield PBO.

[0010] A preferred embodiment provides a process wherein the neutral
atmosphere consists of a gas that is not capable of participating in or affecting the
outcome of the one-pot chemical reaction. Yet another preferred embodiment
provides a process wherein the NP catalyst is an AuPd NP system. Also provided
in another preferred embodiment is a process wherein the neutral atmosphere
essentially consists of an inert gas selected from, for example, nitrogen or argon,
and the NP catalyst is an AuPd/C NP alloy consisting an AuPd NP catalyst on a
carbon support.

[0011] Provided in other preferred embodiments is a process wherein the AuPd
catalyst particle size is selected from about 4, 6, 8 and 10 nm, with 8 nm being
the preferred particle size for said process. Yet other preferred embodiment
provides a process wherein said mixture is stirred for 24 hours at about 80° C.
Yet another preferred process provides a process wherein said collected
precipitate is subjected to an atmosphere of reduced pressure for about 24 hours
at a temperature of about 80° C to yield a pre-PBO as a dark colored powder. A
further preferred embodiment provides a process wherein the pre-PBO is heated
in an annealing oven at a temperature of about 300° C in an inert (for example
nitrogen) atmosphere for about 6 hours to yield PBO.

[0012] A particularly preferred embodiment of this aspect of the invention
provides a process of using an AuPd NPNP catalyst to catalyze one pot chemical
reactions for synthesizing functional polymers with controlled polymerization and
properties, said process comprising: (a) contacting, in a nitrogen atmosphere, a
solution of 1,5-diisopropoxy-2,4-dinitrobenzene with terephthalaldehyde, formic
acid, and a NP catalyst to form a mixture; (b) stirring said mixture at about 80 °C
for about 24 hours; (c¢) forming a precipitate by mixing said stirred solution with
methanol; (d) collecting said precipitate, in the form of a solid, and washing said
collected precipitate with methanol; (e) subjecting said collected precipitate to
an atmosphere of reduced pressure for about 24 hours at a temperature of about
80° C to yield a pre-PBO as a dark colored powder; and (f) heating said pre-PBO
at about 300° C in an annealing oven under a Nitrogen atmosphere for about 6
hours to yield PBO.
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[0013] Another aspect of the instant invention provides an alloy NP system
capable of catalyzing a one pot chemical reaction for synthesizing functional
polymers with controlled polymerization and properties. A preferred embodiment
provides a NP system wherein the NP system is a catalytically active AuPd/C NP
alloy consisting an AuPd NP catalyst on a carbon support. A further preferred
embodiment of this aspect of the invention provides an NPAuUPd/C having a
particle size of between about 4 and about 10 nm, with the particle size of
between 6 and 8 nm being preferred and the particularly preferred particle size

being about 8 nm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]FIGS 1A, 1B, and 1C: show representative TEM images of 8 nm Au
seeding NPs (FIG 1A) and 8.2+0.4 nm AuPd/C (FIG 1B); and FIG 1C shows the

alloy structure of the NPs using elemental mapping.

[0015]FIGS S2A-C: depict TEM images of 10, 6, and 4 Au NPs respectively are
given in FIGS S2A-C.

[0016]FIG 3: This figure shows schematic wherein 8 nm AusePds1/C (2.5 mol%)
was used to catalyze FA-induced reduction of 1,5-diisopropoxy-2,4-dinitrobenzene
and subsequent condensation with terephthalaldehyde in NMP to form poly(p-
phenylene-(4,6-diisopropoxy-1,3-phenylene) diethanimine), denoted as pre-PBO.

[0017]FIGS S3A-C: depict TEM images of 10, 6, and 4 AuPd NPs respectively are
given in FIGS S3A-C.

[0018]FIGS 4A-C: depict the stability comparison of the PBO synthesized using

the instant invention and Zylon®.

[0019]FIG S7: shows the thermal gravimetric analysis (TGA) under a N2
atmosphere of the weight loss of the pre-PBO.

[0020]FIG S8: shows the IR spectra of the newly prepared pre-PBO and PBO.

FIGS S9A-B: show UV-Vis absorption spectra (FIG S9A) and PL spectra (FIG S9B)
of PBO and Zylon® in methane sulfonic acid (7 x 10 g/mL).

[0021]FIG. $10: shows GPC chromatograms of pre-PBOs formed using AuPd
NPs with varying NP sizes.
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EXAMPLES

Materials

[0022] All reagents were used as received from commercial sources. 1,5-Difluoro-
2,4 dinitrobenzene (97 %) was purchased from TCI. Oleylamine (OAm, >70 %),
1,2,3,4-tetrahydronaphthalene (tetralin), 1-octadecene (ODE, technical grade,
90%), oleic acid (OA, 90 %), borane tert-butylamine complex powder (BBA, 70 %),
silver(ll) acetylacetonate (Ag(acac)z) (98 %), potassium carbonate (99 %), 2-
propanol (99.5 %), hexadecanediol (90%), terephthalaldehyde (99 %), and formic
acid (90 %) were from Sigma-Aldrich. Platinum (ll) acetylacetonate (Pt(acac)z) (98
%), palladium (IlI) acetylacetonate (Pd(acac)z) (99 %), hydrogen tetrachloroaurate
(1) hydrate (HAuUCl4*3H20) (98 %), were from Strem Chemicals. Hexane (98.5 %),
isopropanol (100 %), ethanol (100 %) and acetic acid (98 %) were purchased from
Fisher Scientific. Single layer graphene oxide was purchased from Graphene
Supermarket. These chemicals were used without further purification. The

deionized water was obtained from a Millipore Autopure System.

[0023] Synthesis of 4 nm Au NPs
[0024]0.2 g HAuCIl4 was dissolved in 10 mL of tetralin and 10 mL of OAm at 4 °C

under Ar flow and vigorous magnetic stirring. 0.5 mmol of BBA was dissolved in 1

mL of tetralin and 1 mL of OAm via sonication. The solution was then injected into
the HAuUCl4 solution. The mixed solution was then stirred for 1 h at 45 °C before 40
mL of acetone was added to collect Au NPs via centrifugation (8500 rpm, 8 min).
The product was dispersed in 20 mL hexane, precipitated out by adding 40 mL of

ethanol and centrifugation, and re-dispersed in hexane.

[0025] Synthesis of 6 nm Au NPs
[0026]0.2 g HAuCls was dissolved in 10 mL of tetralin and 10 mL of OAm at 4 °C

under Ar flow and vigorous magnetic stirring. 0.5 mmol of BBA was dissolved in 1

mL of tetralin and 1 mL of OAm via sonication. The solution was then injected into
the HAuCl4 solution. The mixed solution was then stirred for 1 h at 4 °C before 40
mL of acetone was added to collect Au NPs via centrifugation (8500 rpm, 8 min).
The product was dispersed in 20 mL hexane, precipitated out by adding 40 mL of

ethanol and centrifugation, and re-dispersed in hexane.
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[0027] Synthesis of 8 nm Au NPs
[0028] 30 mg of 6 nm Au NPs was added to a solution made from 10 mL ODE, 10

mL OAm and 0.1 g HAuCls at room temperature under Ar flow and vigorous

magnetic stirring. The reaction solution was then heated to 80 °C at 5 °C/min and
kept at this temperature for 2 h. The reaction solution was cooled down to room
temperature and the 8 nm Au NP product was separated as described in the

synthesis of 6 nm Au NPs.

[0029] Synthesis of 10 nm Au NPs
[0030]30 mg of 8 nm Au NPs was added to a solution made from 10 mL ODE, 10

mL OAm and 0.12 g HAuCls at room temperature under Ar flow and vigorous

magnetic stirring. The reaction solution was then heated to 80 °C at 5 °C/min and
kept at this temperature for 2 h. The reaction solution was cooled down to room
temperature and the 8 nm Au NP product was separated as described in the

synthesis of 6 nm Au NPs.

[0031] Seed-mediated synthesis of AusePde1/C from 4 to 10 nm
[0032] 76 mg of Pd(acac)z, 15 mL OAm, and 0.30 mL OAc were mixed under N2z at

70 °C for 30 min to form a clear solution. Then 18 mg of Au NP seeds from 4 to 10

nm dispersed in 2 mL hexane was dropped into the solution. The solution was
heated to 260 °C at 2 °C/min and kept at 260 °C for 1 h before it was cooled to
room temperature. The AusesPds1 NPs were separated by adding 100 mL ethanol
and centrifuging at 9500 rpm for 8 min. The product was purified by dispersing in
hexane and flocculating with ethanol, and precipitating by centrifugation (9500 rpm,
8 min). The purification process was repeated once, and the final NP product was
redispersed into hexane for further use. 10 mg of AusoPds1 NPs were dissolved in
hexane in a 100 mL vial and 100 mg of Ketjen carbon support was carefully added
to it. This colloidal mixture was sonicated for 2 h. The reaction mixture was then
cooled down to room temperature. 120 mL of ethanol was added, and the mixture
was centrifuged at 8000 rpm for 8 mins. This procedure was repeated twice. The
AuzePds1/C NPs were recovered by adding acetone. Acetone was evaporated and
the resultant AusgPdes1/C NPs were weighed, followed by annealing under 95% Ar
+ 5% H2 at 500 °C for 10 mins, which gave AussPds1/C NPs with different sizes for
further study.
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[0033] Synthesis of 1,5-diisopropoxy-2,4-dinitrobenzene

[0034] To a mixture of potassium carbonate (5.5 g, 40 mmol) and 2-propanol (40
mL), 1,5-difluoro-2,4 dinitrobenzene (2.04 g, 10 mmol) was added while stirring
under nitrogen. After reacting for 2 days at room temperature, a generated
precipitate was filtered and then rinsed several times with water. The obtained solid

was dried at 80 °C for 12 h in a vacuum to provide a yellow powder (2.243 g, 79%).

[0035] Synthesis of pre-PBO

[0036] Under a nitrogen atmosphere, 1,5-diisopropoxy-2,4-dinitrobenzene (0.284
g, 1.0 mmol) was dissolved in NMP (3 mL), to which terephthalaldehyde (0.134 g,
1.0 mmol), formic acid (10 mmol) and AuPd/C (30 mg, 7%) were added, and then

the mixture was stirred at 80 °C for 24 h. The solution was poured into 80 mL of

methanol to produce a precipitate, which was filtered and rinsed several times with
methanol. The obtained solid was then dried at 80 °C for 24 h in a vacuum to

produce a dark purple powder (0.336 g, yield 93%).

[0037] Conversion of pre-PBO to PBO
[0038]1 g of the pre-PBO was weigh out and heated at 300 °C in an annealing

oven under a N2 atmosphere for 6 h to ensure complete conversion to PBO.

[0039] Conversion of pre-PBO to PBO using 8 nm AusePde1/C
[0040] The 8 nm AusePds1/C (2.5 mol%) was used to catalyze FA-induced reduction

of 1,5-diisopropoxy-2,4-dinitrobenzene and subsequent condensation with

terephthalaldehyde in NMP to form poly(p-phenylene-(4,6-diisopropoxy-1,3-
phenylene) diethanimine), denoted as pre-PBO in the schematic below, which was
further subject to heating treatment at 300 °C under a N2 atmosphere for 6 h to
remove isopropyl groups and to promote ring closure for the formation of PBO (FIG
3).

[0041] Thermal gravimetric analysis (TGA) under a N2 atmosphere showed that the
pre-PBO has a weight loss of 25.7%, which agrees well with the calculated weight
loss of 27.3% for the pre-PBO/PBO conversion (FIG S7). IR spectra of the newly
prepared pre-PBO and PBO show characteristic benzoxazole C=N, C-N, and C-0O
vibration peaks at approximately 1620, 1360, and 1054 cm™!, respectively, which
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are similar to that of the commercial PBO, Zylon® (FIG S$8). UV-Vis absorption
spectra taken in methane sulfonic acid solutions of PBO and Zylon® show the
nearly identical absorption and photoluminescence (PL) peaks (FIG $9), indicating
the highly aromatic nature and conjugated structure of alternating benzoxazole and
phenyl rings within PBO and Zylon® (36). The two split absorption peaks of 404 nm
and 428 nm for PBO are induced by intermolecular interactions, consistent with
that of the Zylon® sample (37). A more interesting aspect of this reaction is that the
degree of polymerization is dependent on the size of the AuPd NPs. Among 4, 6,
8 and 10 nm AuPd NPs tested, pre-PBO was formed with a molecular weight (Mw)
of 21, 2.4, 3.6 and 3.0 kDa, respectively, as measured by gel permeation
chromatography (GPC) (FIG $10). The 8 nm NPs induced the highest degree of
polymerization in the one-pot reaction process. ICP-AES measurements show that
the PBO synthesized using our method is metal- and PA-free. As a comparison,
Zylon® contains 0.5 % (by weight) of P, which means that there is one PA group

for every ~25 repeating PBO units.

[0042] Stability test of the PBO and Zylon® at room temperature
[0043] The PBO (100 mg) and Zylon® (100 mg) was immersed in different solvents
(10 mL) and stored at room temperature for a month. After that, the solid was

filtered and dried at 80 °C for 24 h under vacuum.

[0044] Stability test of the PBO and Zylon® in boiling water
[0045] The PBO (100 mg) and Zylon® (100 mg) was boiled in water at 100 °C for
5 days. After that, the solid was filtered and dried at 80 °C for 24 h under vacuum.

[0046] Fabrication of PBO films

[0047] The PBO or Zylon® (500 mg) was dissolved in methanesulfonic acid at 80
°C for 5 h. The solution was then cast on a glass substrate to obtain a thin film,
which was dried at 80 °C for 3 h and 130 °C for 3 h. The film was peeled off the

glass substrate by immersing the substrate in water. The obtained film was dried

at 80 °C for 12 h under vacuum for further mechanical tests.

[0048] Characterization
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[0049] Samples for transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) analyses were prepared by depositing a single drop of diluted NP
dispersion/suspension on amorphous-carbon-coated copper grids. Images were
obtained by a JEOL 2010 TEM (200 kV). TEM with a field-emission electron source
and scanning TEM analyses were obtained on a Hitachi HD2700C (200 kV) with a
probe aberration correction at Brookhaven National Laboratory. X-Ray powder
diffraction (XRD) patterns of the samples were collected on a Bruker AXS D8-
Advanced diffractometer with Cu Ka radiation (A = 1.5406 A). The compositions of
the NPs were measured by inductively coupled plasma—atomic emission
spectroscopy (ICP-AES). For ICP-AES analyses, the dried NPs were dissolved in
warm aqua regia (~70 °C, 30 min) to ensure the complete dissolution of metal into
the acid. The solution was then diluted with 2% HNOs3 solution. The measurements
were carried out on a JY2000 Ultrace ICP-AES equipped with a JY-AS 421 auto
sampler and 2400 g/mm holographic grating. The analyses of products after
tandem reactions were carried out by GC-MS using an Agilent 6890 GC coupled
to a 5973 mass spectrometer detector with a DB-5 (Agilent) fused silica capillary
column (L x [.D. 30 m x 0.25 mm, df 0.25 um) and helium as carrier gas. The gas
chromatograph was temperature programmed from 65 °C (3 min initial time) to 300
°C at 6 °C min-! (isothermal for 20 min final time). The mass spectrometer was
operated in the electron impact mode at 70 eV ionization energy. Mass
spectrometric data were acquired and processed using the GC-MS data system
(Agilent Chemstation), and compounds were identified by gas chromatographic
retention index and mass spectrum comparison with authentic standards, literature
and library data, and unknown compounds were characterized by interpretation of
the fragmentation pattern of their mass spectra. A TGA/DSC 1 STARe System from
Mettler Toledo provided with a horizontal balance was used to measure the thermal
stability. Approx. 10 mg of sample was placed in an alumina pan and heated from
100 to 900 °C or 300 to 900 °C with an 80 mL/min nitrogen purge and heating rate
of 10 °C/min. The change in weight was continuously registered. The tensile
strength of sample films was tested with a constant span length of 5 cm using
upper/lower grips (Instron 2714-006) on an Instron 5942 load frame. Load was
applied by moving the crosshead at a rate of 0.1 mm/min while measuring the force
with a 500 N load cell (Instron 2580-105). The tensile strength was evaluated from

the breaking load, the width of the specimen, and its thickness. Gel permeation
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chromatography (GPC) was performed using an Agilent 1260 equipped with two
Poroshell 120 EC-C18 columns heated at 35 °C (4.6x100mm, 2.7um) and a UV-
Vis Diode-array detector (DAD) and refractive (RI) detector. The eluant was
inhibitor-free THF, and the system was calibrated with standard polystyrene
standards ranging from 580 — 1,500,000 Da. UV-Vis absorption spectra were
measured using an Agilent Technologies Cary 5000 UV-Vis Spectrophotometer.
PBO samples were dissolved in methanesulfonic acid (MSA) (concentration: 7 x
106 g/mL) for the measurements. The solution PL measurements were performed
on an Edinburgh Instruments Fluorescence Spectrometer FS5. The samples were
dissolved in MSA for measurements. The PL measurements were employed with
excitation at 335 nm for monomer and 365 nm for dimer, tetramer, PBO and
Zylon®.

[0050] Hydrolysis and Ring Opening of Benzooxazole catalyzed by phosphoric
acid
[0051] Commercial PBOs or Zylon®, are made by condensing diaminobenzene

diol and terephthalic acid with polyphosphoric acid as both solvent and catalyst.
As a result, they are inevitably contaminated with phosphoric acid (PA) units.
Extensive studies on PBO stability have revealed that these PA units catalytically
hydrolyze the benzoxazole ring upon exposure to humid and lighted
environments, causing unexpected and fast degradation of the mechanical

integrity of the polymer fibers, as depicted below:
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[0052] Comparing PBO Stability to Zylon® Stability
[8053] Stability of PBO and Zylon® were tested by exposing them to different

environmental conditions and measuring their thermal and mechanical stability
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changes. Thermal stability of the PBO and Zylon® powders were assessed using
TGA under a N2 atmosphere (FIGS 4A-C). PBO (Mw = 3.6 kDa) displays an onset
decomposition temperature at 600 °C, whereas Zylon® (Mw = 40 kDa) has it at 650
°C. After immersion in water or DMSO under ambient conditions for a month, the
Zylon® sample had a significantly reduced (35 °C or 45 °C decrease) onset
decomposition temperature, whereas our PBO remained fairly constant (only 16
°C or 14 °C decrease) (FIG 4A). After the samples were immersed in boiling water
for 5 days, the onset decomposition temperature of Zylon® was reduced to 500 °C,
while the PBO was at 570 °C (FIG 4B). The difference in PBO and Zylon® thermal
stability was also observed in 5% (Ts) and 20% (Tz20) mass loss temperatures.
Zylon® suffered a significant depression of Ts (587 °C) and Tae (889 °C) than the
PBO (TsfT2o at 835 °C/AB83 °C). Tensile stress measurements on 7.6 um thick PBO
and 10.5 um thick Zylon® films revealed that the Zylon® film was subject to a larger
stress change than the PBO one after immersion in boiling water, and after 10-
days of immersion in boiling water, the PBO film retained higher mechanical stress
(20 MPa) than the Zylon® one (16 MPa) (FIG 4C and the inset).
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WE CLAIM:

1. A process of using an alloy NP catalyst to catalyze one pot chemical
reactions for synthesizing functional polymers with controlled polymerization and
properties, said process comprising:

(@) contacting, in a neutral atmosphere, a solution of 1,5-diisopropoxy-2,4-
dinitrobenzene with terephthalaldehyde, formic acid, and a NP catalyst to form a
mixture;

(b) stirring said mixture at an elevated temperature ranging from about 60 °C
to about 90 °C from about 20 h to about 24 h;

(© forming a precipitate by mixing said stirred solution with methanol,

(d) collecting said precipitate, in the form of a solid, and washing said
collected precipitate with methanol,

(e) subjecting said collected precipitate to an atmosphere of reduced
pressure from about 20 hours to about 30 hours at a temperature of from about
60° C to 90° C to yield a pre-PBO as a dark colored powder; and

) heating said pre-PBO at a temperature of about 250° C to about 350° C in

an inert atmosphere from about 5 hours to about 7 hours to yield PBO.

2. A process of Claim 1, wherein the neutral atmosphere consists of a gas
that is not capable of participating or affecting the outcome of the one-pot
chemical reaction.

3. A process of Claim 2 wherein the NP catalyst is an AuPd NP system.

4, A process of Claim 3 wherein the neutral atmosphere essentially consists

of a gas selected from nitrogenand argon.

5. A process of Claim 1 wherein the NP catalyst is an AuPd/C NP consisting

of an AuPd NP catalyst on a carbon support.

6. A process of Claim 5 wherein the AuPd catalyst particle size is selected

from about 4, 6, 8 and 10 nm.
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7. A process of Claim 6 wherein the AuPd catalyst particle size is 8 nm.
8. A process of Claim 7 wherein said mixture is stirred for 24 hours at about
80° C.
9. A process of Claim 8 wherein said collected precipitate is subjected to an

atmosphere of reduced pressure for about 24 hours at a temperature of about 80°
C to yield a pre-PBO as a dark colored powder.

10. A process of Claim 9 wherein said pre-PBO is heated in an annealing oven
at a temperature of about 300° C in a Nitrogen atmosphere for about 6 hours to

yield PBO.

11.  An alloy NP system capable of catalyzing a one pot chemical reaction for

synthesizing functional polymers with controlled polymerization and properties.

12.  The NP system of Claim 11 wherein the system is a catalytically active

AuPd/C NP consisting of an AuPd NP catalyst on a carbon support.

13. A NP AuPd/C NP of Claim 12 having a particle size of between about 4
and about 10 nm.

14. A NP of Claim 13, wherein the particle size is between about 6 and about

8 nm.

15. A NP of Claim 14 wherein the particle size is about 8 nm.

16. A process of Claim 3 wherein the AuPd catalyst particle size is 8 nm.

17. A process of Claim 16 wherein said mixture is stirred for 24 hours at about
80° C.



WO 2020/198247 PCT/US2020/024498

10

15

20

14

18. A process of Claim 17 wherein said collected precipitate is subjected to an
atmosphere of reduced pressure for about 24 hours at a temperature of about 80°

C to yield a pre-PBO as a dark colored powder.

19. A process of Claim 18 wherein said pre-PBO is heated in an annealing
oven at a temperature of about 300° C in a Nitrogen atmosphere for PBO

formation.

20. A process of using an AuPd nanoparticle (NP) catalyst to catalyze one pot
chemical reactions for synthesizing functional polymers with controlled
polymerization and properties, said process comprising:

(@) contacting, in a nitrogen atmosphere, a solution of 1,5-diisopropoxy-2,4-
dinitrobenzene with terephthalaldehyde, formic acid, and a NP catalyst to form a
mixture;

(b) stirring said mixture at about 80 °C for about 24 hours;

(© forming a precipitate by mixing said stirred solution with methanol,

(d) collecting said precipitate, in the form of a solid, and washing said
collected precipitate with methanol,

(e) subjecting said collected precipitate to an atmosphere of reduced
pressure for about 24 hours at a temperature of about 80° C to yield a pre-PBO
as a dark colored powder; and

) heating said pre-PBO at about 300° C in an annealing oven under a

Nitrogen atmosphere for about 6 hours to yield PBO.
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