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Thermally Induced Structural Transformation of Bisphenol-1,2,3-
triazole Polymers: Smart, Self-Extinguishing Materials**

Beom-Young Ryu and Todd Emrick*

In modern organic polymer chemistry, step- and chain-growth
polymerization methods are critically important for the
fabrication of high-volume and specialty plastics, foams,
gels, and rubbery materials. Such materials have enabled
new applications that have transformed society.! Despite the
many advances realized through polymer chemistry, many
imperfections remain problematic, often associated with
aging and cracking of the material, and leaching of additives.”
Environmental contamination and bioaccumulation of addi-
tives, such as plasticizers, anti-oxidants, and flame-retardants,
are particularly problematic.”! Added inorganic salts com-
promise the physical and mechanical properties of polymers,
while halogenated flame retardant additives are bio-accum-
luative, and thus threaten the environment and human
health.*! Organic/polymer chemistry advances that address
this additives problem are needed urgently, and will be
beneficial in terms of both materials performance and safety.

Specific to the area of polymer flammability is the need
for novel polymers that exhibit non-flammable properties in
the absence of additives. Key to discovering inherently non-
flammable polymers is a mechanistic organic understanding
of polymer decomposition. Structurally simple hydrocarbon
polymers like polyethylene combust readily and completely.
Other polymers, especially aromatic structures, possess
decomposition mechanisms that prevent complete combus-
tion. For example, polymers based on bisphenol C (BPC)F!
lose Cl, to generate a carbene, then rearrange to diphenyla-
cetylenes that, at high temperature, aromatize and char. We
adapted this concept to totally halogen-free materials, by
developing a new class of deoxybenzoin polymers, which at
high temperature undergo dehydration, conversion to diphe-
nylacetylenes, and aromatization/char.! The charring event is
critically important for precluding further oxidative combus-
tion, by providing a self-extinguishing mechanism.
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We recently took interest in the insights reported by
Gilchrist and co-workers on the conversion, by flash vacuum
pyrolysis, of bisphenyl-1,2-3-triazoles to phenylindoles and
nitrogen gas (Scheme 1).7® This organic structural rearrange-
ment provides a new opportunity in polymer synthesis and
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Scheme 1. Thermally induced structural rearrangement of diphenyl-
1,2,3-triazole.

materials applications, but to our knowledge there is no prior
report on the synthesis of polymers containing BPT in the
backbone. Here we describe the synthesis of BPT-containing
aromatic polyesters by step-growth polymerization, giving
para- and meta-linked structures. Characterization of the
BPT-polymers produced in this work revealed exceptional
examples of high performance materials, thus representing
new opportunities in additive-free, non-flammable macro-
molecular materials chemistry.

Scheme 2 shows our preparation of BPT-containing
aromatic polyesters from the corresponding BPT monomer
precursors. The phenyl azide and trimethylsilylethynyl
(TMSE) precursors to monomers 1 and 2 were connected
by copper catalyzed click cycloaddition,” using CuBr and
2,2'-bipyridyl, in polar solvents such as DMF, to give the
desired bis-phenolic triazole structures. Recrystallization
from acetic acid/water gave 4-BPT (1) and 3-BPT (2) in 60—
70% yield, in sufficiently pure form to use directly in
polymerization chemistry.

BPT-containing polymers were prepared by interfacial
polycondensation of BPT monomers 1 or 2 with isophthaloyl
dichloride as the difunctional comonomer, benzyltriethylam-
monium chloride as the phase-transfer catalyst, and CH,Cl, as
the organic phase. Typical of interfacial polymerization, a film
was seen to develop in the stirring heterogeneous reaction
mixture during the course of the polymerization, indicating
successful polymer formation at the fluid—fluid interface. The
4-BPT aromatic polyesters isolated from this reaction (65 %
yield on ca. 1-gram scale) were found to be poorly soluble in
common solvents (e.g., THF, DMF, and NMP), making
spectroscopic characterization difficult. Thus, we performed
the interfacial polymerization experiments using bisphenol A
(BPA) as a comonomer with BPT and isophthaloyl chloride,
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Scheme 2. Synthetic procedures for BPT polymers. bpy = bipyridine,
Bz =benzoyl, DCM =dichloromethane, 4-BPT = 1,4-bis (4-hydroxy-
phenyl)-1,2,3-triazole, 3-BPT =1,4-bis(3-hydroxyphenyl)-1,2,3-triazole.

in attempts to improve the solubility and processability of the
BPT-containing materials. However, these copolymers
proved only partially soluble, and also difficult to character-
ize. Nonetheless, thermal characterization of these 4-BPT
polymers (which does not require solubility) was particularly
promising, revealing exceptionally low heat release capacities
(HRC) of <50Jg'K™, and total heat releases (THR) of
<7kJg™". This data, obtained by pyrolysis combustion flow
calorimetry (PCFC),!'” an oxygen consumption technique,
places these novel BPT aromatic polyesters in the ultra-low
flammability category, despite the absence of additives.

Thermogravimetric analysis (TGA) of the 4-BPT poly-
arylates showed a two-step weight loss curve (about 12%
weight loss at 300-400°C), which would be expected from the
initial structural rearrangement (resulting in loss of N,), and a
47% char yield (i.e., residual mass after burning) at 850°C
(Figure 1). Taken together, this outstanding set of thermal
properties compelled us to investigate routes to more soluble,
processable BPT-containing polymers, without resorting to
the addition of flexible hydrocarbon chains that would
improve solubility, but also markedly increase the heat
release, and reduce char yield.

In order to increase the processability of BPT-containing
polymers without compromising their exceptional thermal
properties, 3-substituted BPT polyarylates were prepared.
This was intended to exploit the kinked (and thus less rigid)
structure of the meta-substituted 3-BPT framework, relative
to the linear, para-substituted, 4-BPT case. Under interfacial
polymerization conditions similar to those used for 4-BPT, the
yields of isolated 3-BPT/isophthaloyl chloride aromatic
polyesters, and their copolymers with BPA, were in the 85—
90 % range. Fortunately, the solubility of the 3-BPT polymers
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Figure 1. TGA thermograms of 3-BPT polyarylates (—) and 4-BPT
polyarylates (~—-) (heating rate 10°Cmin~" in N,).

was improved markedly over the 4-BPT materials, exhibiting
excellent solubility in N-methyl-2-pyrrolidone (NMP) (ca.
100 mgmL'). Moreover, 1:1 3-BPT:BPA copolyarylates
exhibited solubility in DMF, tetrachloroethane (TCE), and
NMP. The 3-BPT/BPA copolymer compositions tracked
closely to the monomer ratio introduced to the organic
phase at the outset of the polymerization (as confirmed by
'"H NMR spectroscopy).

The molecular weights and polydispersity indices (PDIs)
of the 3-BPT polymers were estimated by gel permeation
chromatography (GPC) against polystyrene calibration
standards, eluting with NMP (0.05M of LiCl) at 80°C. The
3-BPT polymers isolated from five different reaction batches
showed number-average molecular weights (M, ) in the range
of 9800-10900 gmol ™', weight-average molecular weights
(M,,) in the range of 27600-30900 gmol !, and PDIs of 2.5-
2.9. Similar molecular weights were achieved in the 3-BPT/
BPA copolymerizations, for example M, =7800 gmol™,
M, =17900 gmol ', and PDI=2.3.

Like the 4-BPT materials, 3-BPT-containing polymers and
copolymers exhibited TGA curves that showed a two-step
weight loss, reflecting loss of nitrogen (N,) associated with
conversion of the triazole moieties to indoles (Figure 1).
Interestingly, we observed that the char yield of the 3-BPT
polymer at 850°C was significantly higher (56 % ) than the 4-
BPT materials (47 % ). We attribute the higher char yield of
the meta-linked 3-BPT polymers to its lower crystallinity and
closer proximity of the phenyl rings, making it better suited
for thermally induced aromatization than the para-substi-
tuted structures. An analogous para vs. meta effect is seen in
the commercial aromatic polyamides poly(p-phenylene ter-
ephthalamide) (Kevlar) and poly(m-phenylene terephthala-
mide) (Nomex). Kevlar is highly crystalline, has excellent
thermal stability (decomposition >500°C), and high char
yield, but heat release values significantly higher than those of
Nomex (Nomex char yield = 43 % and heat release capacity
= 99Jg'K™'; Kevlar char yield = 38% and heat release
capacity = 363 Jg 'K !).'Yl Clearly the meta-substitution
provides a distinct advantage with regards to these key
thermal properties, for both the commercial high perfor-
mance polyamides and the novel BPT structures described
here.
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Figure 2 shows FT-IR spectra of 3-BPT polyarylate (M,, =
30900 gmol '), before and after heating to 350°C for 10 min.
Notable changes in the FT-IR spectrum were seen after
heating, between 1700 and 1000 cm™'. Triazole signals at
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Figure 2. FT-IR spectra of 3-BPT polymer 3 (-----), and the same
polymer after heating at 350°C for 10 min (—).

1475 cm™" and 1035 cm ™! (triazole ring stretching vibrations),
were noticeably absent after heating, indicating the antici-
pated thermally induced structural transformation. The new
IR signal at 1435cm™ (phenylindole skeletal vibrations)
reflects the expected formation of phenylindole groups. In
addition, at these high temperatures, we expect some ester
bond degradation occurred, as noted by the appearance of a
carboxylate signal at 1670 cm ™" in the spectrum. Pyrolysis gas
chromatography—mass spectrometry (GC-MS) characteriza-
tion of 3-BPT polyester 3, run at 400°C for 6 min, revealed a
gradual loss of N, and CO, in the 4-10 min time-frame, and a
sharp peak of isophthaloyl fragments at 24 min (see Support-
ing Information).

PCFC characterization of these 3-BPT aromatic polyes-
ters exhibited a HRC of 23Jg 'K~ and THR of 4.5kJg™".
Such low heat release values for hydrocarbon-based polymers
are rare (lower even than inorganic-based polyphospha-
zenes!'"), and these values for BPT structures rank very close
to those of the aromatic polyimide Kapton, one of the few
commercialized ultra-low flammability polymers (Table 1).
We also note that BPA/3-BPT copolymers, having an
equimolar BPA:BPT ratio, gave a HRC of 102 Jg~'K™', and
THR of 11.3 kI g™'. Thus, entries 2 and 4 of Table 1 show that
interrupting the BPT homopolymer structure with BPA units
removes the influence of the meta- vs. para-substitution seen
for the BPT homopolymers. Nonetheless, it is remarkable to
observe that inserting 50 % BPTas a comonomer in the classic
BPA polymeric structure leads to a 400 % reduction in HRC
from BPA-only structures (i.e., compare entries 1 and 4 in
Table 1). In a small-scale flame test (Figure 3) performed in
our laboratories, conducted by placing a thin film (2x0.5 x
0.025 cm) of 3-BPT polyarylate in a propane torch flame at a
45° angle for 5-10s, the film was seen to extinguish
immediately (i.e., self-extinguish) following removal from
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Table 1: Heat release capacity (HRC), total heat release (THR), and
charring properties of BPT-containing polymers and commercial high-
performance materials.

Entry Polymer HRC THR Char
Dg 'K kg [%]"!

1 BPA polyarylate 456+13 17.7+0.5 26

2 4-BPT/BPA (50/50) 9544 12.040.5 38

3 4-BPT 46+5 6.81+0.3 47

4 3-BPT/BPA (50/50) 102+5 11.3+0.4 44

5 3-BPT 2343 4.6+0.2 56

6 Kevlart 363+2 8.8+£0.5 38

7 Nomext! 99+0.5 6.6+0.2 43

8 Kapton®® 14 4.0 66

[a] Data taken from the references.'"! [b] Data obtained from TGA at
850°C in nitrogen (heating rate 10°Cmin™").

a) \ b)

45°
2cm l l

Figure 3. a) Small-scale flame test configuration. b) Samples after the
test (left: 3-BPT polyarylate; right: Kapton).

propane torch
flame

the flame, with little smoke evolution. In a propane torch
flame, 3-BPT polyarylates charred immediately, and the char
maintained its shape during the course of the test (i.e.,
without dripping).

To better understand these novel BPT-containing struc-
tures as materials, we generated preliminary data associated
with their mechanical properties. Specimens for tensile tests
(M,,=30900 gmol ', T,=195°C) were prepared by thermal
pressing at 240 °C. The ultimate strength, tensile modulus, and
extension at break of 3-BPT/isophthaloyl chloride polymers
were measured on an Instron (Model 5564) as 95 +25 mPa,
2.5+ 0.3 GPa, and 4.5 £ 0.6 %, respectively. These properties,
while unoptimized and derived from relatively low molecular
weight polymer films, already demonstrate significant
mechanical strength, with tensile strength intermediate
between commercial BPA polyarylate (i.e., Ardel, 69 MPa)
and a commercial liquid crystalline aromatic copolyester (i.e.,
Xydar, 110-135wMPa).'”l We expect that the mechanical
properties of BPT-polyarylates (and other BPT-containing
structures) will improve as higher molecular weight samples
are prepared and utilized. Figure 4a shows a 3-BPT polymer
sample (M, = 10900 gmol ', M, = 30900 gmol*, 2 x 0.5 x
0.025 cm) as a thin, flexible film after processing by pressing
at 240°C. Moreover, we were intrigued to see that low
molecular weight versions of BPT polymer 3 (i.e., M, =
3200 gmol™!, M, = 5730 gmol™") readily formed fibers
from the polymer melt (at 260°C), by simply pulling the
material with tweezers from the hot stage of a melting point
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Figure 4. a) 3-BPT polymer film formed by hot-pressing. b) 3-BPT
fibers pulled from the melt.

apparatus (Figure 4b). We anticipate that blending of these
structures with other fiber-forming polymers will permit
additional opportunities in fiber-based applications. Finally,
we note that the 3-BPT structures prepared so far are
advantageous for their amenability to both solution and
thermal processing, and do not require special processing
conditions of polybenzoxazoles and polyimides, or polymer
precursors as in the case of Kapton.

In summary, we synthesized novel BPT monomers and
polymers by click cycloaddition and interfacial polyconden-
sation, and investigated their heat release and mechanical
properties. This work shows that BPT homopolymers and
copolymers are viable candidates for applications in which
ultra-low flammability materials are needed. Further added
benefit is derived from having such exceptional thermal
properties without requiring additives of any sort. The meta-
linked 3-BPT structures are particularly promising for their
combined thermal properties and facile processibility, and we
envisage this concept adding value across a range of polymer
materials that can accommodate BPT within the structure.
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