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ABSTRACT: Poly[bis[4-[(trimethylsilyl)ethynyl]anilino]phosphazene] was prepared by reaction of poly-
(dichlorophosphazene) with 4-[(trimethylsilyl)ethynyl]aniline. Cosubstituent poly(organophosphazene)s
were synthesized by sequential reaction of poly(dichlorophosphazene) with 4-[(trimethylsilyl)ethynyl]a-
niline and sodium trifluoroethoxide. Trimethylsilyl groups were removed by treating the polymers with
aqueous KOH in methanol to give acetylene-substituted polyphosphazenes. These polymers were soluble
in common organic solvents including acetone, methanol, N,N-dimethylformamide, and dimethyl sulfoxide.
Thermal reactions of the polymers were studied by means of differential scanning calorimeter (DSC) and
IR. Cross-linked polymer films were obtained by molding the polymers at 180 °C under pressure. Hexakis-
(4-ethynylanilino)cyclotriphosphazene was also prepared from hexachlorocyclotriphosphazene, and its thermal
reaction was studied by DSC and IR. DSC measurement for the compound demonstrated a cure onset
temperature at 180 °C and a cure maximum temperature of 236 °C.

Introduction

Cyclotriphosphazenes with skeletal nitrogen and phos-
phorus atoms exhibit unusual thermal properties such as
flame retardancy and self-extinguishibility.! Their poly-
meric species, poly(organophosphazene)s, are generally
prepared by ring opening polymerization of hexachloro-
cyclotriphosphazene and subsequent substitution reaction
with various nucleophiles.2 In addition to the thermal
properties imparted by phosphorus and nitrogen elements
on backbones, they can have the wide range of physical
properties generated by variation in side groups.3~7

Cyclotriphosphazenes and polyphosphazenes have been
used toimprove thermal and physical properties of organic
polymers. Cyclotriphosphazenes have incorporated into
organic polymeric systems as pendants,31! cross-linking
agents,!? and additives.! Several grafted copolymers
between polyphosphazenes and organic polymers were also
reported.13.14

Thermal polymerization of thermally curable organic
compound substituted cyclotriphosphazenes is an alter-
native route to obtain polymers containing the phospha-
zene moiety. For example, maleimido-substituted aro-
matic cyclotriphosphazenes were thermally polymerized
to produce polymers with excellent flame retardancy and
high char yields at 800 °C.15-17 However, no polyphos-
phazene substituted by maleimido groups was reported,
probably due to synthetic problems with substitution
reaction. Rigid and polar nucleophiles often cause pre-
cipitation during substitution reaction with poly(dichlo-
rophosphazene), which leads to incomplete replacement
of chloro groups. The remaining chloro groups may react
with moisture to initiate degradation of the polymer.

In the present work, we synthesized soluble and ther-
mally curable poly(organophosphazene)s as well as cy-
clotriphosphazene. We chose acetylenic compounds as
reactive side groups, which are thermally curable under
moderate conditions without the evolution of volatiles.!8-26

Results and Discussion

Cyclotriphosphazene Containing Acetylenic
Groups. Hexakis(4-ethynylanilino)cyclotriphosphazene
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(3) was prepared as described in Scheme I. Hexachlo-
rocyclotriphosphazene was allowed to react with 4-[(tri-
methylsilyl)ethynyl]aniline in the presence of triethyl-
amine to give compound 2. Deprotection reaction was
carried out in a solution of aqueous KOH and methanol.
Compound 3 was isolated as white solids by recrystalli-
zation from diethyl ether/n-hexane. No distinct melting
point was observed by either a melting point apparatus
or DSC up to 350 °C. In the 3'P NMR spectra, both
compounds 2 and 3 showed singlet peaks at 3.0 ppm. In
the tH NMR spectra, compound 2 showed a singlet peak
at 0.2 ppm for trimethyl protons and two doublet peaks
with an AB spin system centered at 7.0 and 7.4 ppm for
benzene ring protons, while compound 3 exhibited two
singlet peaks at 3.4 and 7.2 ppm corresponding to acet-
ylenic protons and benzene ring protons, respectively
(Figure 1a).

An attempt was made to synthesize compound 3 by
substitution reaction of hexachlorocyclotriphosphazene
with 4-ethynylaniline in the presence of triethylamine,
but unidentified compounds for which 3P NMR spectra
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Figure 1. 60-MHz 'H NMR spectra of cyclotriphosphazene 3
and polymer 9b, both in acetone-d.

2

z

o

wd

=

(=]

o]

i

x a}

<

1

ot

&

- b

=

2 —_—

i | I L I 1 1

0 100 200 300

TEMPERATURE (°C)
Figure 2. DSC thermograms of cyclotriphosphazene 3: (a) first
scan and (b) second scan, both with a heating rate of 10 °C/min
under nitrogen atmosphere.

Table I
Cyeclotriphosphazene Characterization Data
BIP
NMR,¢
compd 'H NMR,® ppm ppm elemental analysis, %

2 70,74 (dd,24 H,CsHy) 3.0
2.7 (s, H,0, NH)
0.2 (8, 54 H, SiCHy)

found: C, 62.39; H, 6.54; N, 9.63
caled: C, 62.66; H, 6.71; N, 9.97

3 7.2 (s, 24 H, CsHY) 3.0 found: C, 68.96; H, 4.01; N, 14.95
2.8 (s, H;0, NH) caled: C, 69.30; H, 4.37; N, 15.16
3.4 (s,6 H,CH)

@ The 'H and 3'P NMR spectra were obtained in acetone-dg.

showed a complicated pattern of peaks were obtained.
This result may be ascribed to part of the substitution
reaction occurring with acetylenic groups instead of amino
groups. Characterization data for compounds 2 and 3 are
summarized in Table I

Cross-linking reaction of acetylenic groups was examined
by DSC. Thermograms were obtained by scanning the
sample twice from 30 to 350 °C with a heating rate of 10
°C/min under nitrogen atmosphere (Figure 2). Inthefirst
scan, a strong exotherm was observed between 180 and
280 °C due to inter- and intramolecular reaction of acet-
ylenic groups. No significant exotherm appeared in the
second scan, which indicated that most acetylenic groups
had been reacted during the first scan. A shiny dark brown
film (0.1 cm thick) was obtained by molding compound 3
at 220 °C under a pressure of 10 000 lb/in? for 1 h. The
film was brittle and insoluble in organic solvents such as
alcohols, N,N-dimethylformamide, and dimethyl sulfox-
ide. Figure 3 shows IR spectra of compound 3 and the
cured material. The characteristic bands for C-H stretch-
ing and C-C triple bond stretching modes of the acetyl-
enic groups appeared at 3200 and 2100 em™1, respectively.
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Figure 3. IR spectra of cyclotriphosphazene 3 (KBr pellet): (a)
uncured and (b) cured at 220 °C under 10 000 1b/in? for 1 h.
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Figure 4. TGA thermogram of cured cyclotriphosphazene 3

obtained with a heating rate of 10 °C/min under nitrogen
atmosphere.
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After curing, the bands from the acetylenic groups almost
disappeared and new bands near 2840-2960 cm~! appeared.
The thermal stability of the cured material was investi-
gated by a thermogravimetric analysis. The resultshowed
that the onset temperature of decomposition was 360 °C
and the total weight loss at 600 °C was about 10% (Figure
4), The compound had char yields of 70% at 800 °C.

Poly(organophosphazene)s Containing Acetylenic
Groups. Thereaction of poly(dichlorophosphazene) with
4-[(trimethylsilyl)ethynyl]laniline was carried out in 1,4-
dioxane (Schemes II and III). The resulting polymer 5§
showed a broad peak centered at —3.0 ppm in the 3'P NMR
spectrum. The cosubstituent polymers (8a—c) were pre-
pared by sequential treatment of poly(dichlorophospha-
zene) with 4-[(trimethylsilyl)ethynyl]aniline and sodium
trifluoroethoxide in tetrahydrofuran. In the 'H NMR
spectra, three peaks appeared at 0.2, 4.5, and 7.2 ppm,
corresponding to trimethyl, methylene, and benzene ring
protons, respectively. Contents of trifluoroethoxy groups
were determined from the peak areas of benzene ring
protons and methylene protons. 3P NMR spectroscopy
showed three peaks around -2.5 and —6.5 ppm for gem-
inally substituted phosphorus nuclei and —4.6 ppm for
mixed substituted phosphorus nuclei.
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Table I1
Poly(organophosphazene) Characterization Data
3P NMR,¢ My X M,X
polymer ppm elemental analysis, % 10 10
5 -3.0 found: C, 61.96; H, 6.73; N, 9.31 8.2 9.0
caled: C, 62.60; H, 6.71; N, 9.97
6 -3.0 found: C, 68.42; H, 4.52; N, 14.55
caled: C, 69.30; H, 4.37; N, 15.16
8a -6.5,-3.0 found: C, 25.45; H, 2.54; N,5.87 13 11
caled: C, 26.70; H, 2.48; N, 6.44
8b -6.5,-4.6, found: C, 33.84; H, 3.71; N, 6.52 12 16

-2.0 caled: C, 35.40; H, 3.51; N, 7.30

8c -7.0,-2.5 found: C, 51.10; H, 5.61; N, 8.05 9.5 15
caled: C, 52.50; H, 5.51; N, 8.97

9a -6.5,-3.0 found: C, 24.71; H, 2.03; N, 7.06
caled: C, 25.34; H, 1.97; N, 6.82

9b -6.5,-4.6, found: C, 31.95; H, 2.51; N, 7.83

-2.0 caled: C, 33.41; H, 2.41; N, 8.35

9c -7.0,-2.5 found: C, 51.87; H, 3.56; N, 11.92
caled: C, 53.42; H, 3.50; N, 12.15

@ The 3P NMR spectra were obtained in acetone-ds.

Trimethylsilyl groups were removed by treating the
polymers with a aqueous KOH solution in methanol. No
decomposition was detected by 3P NMR spectroscopy,
which showed spectra similar to those of the protected
polymers. In the 'H NMR spectra, the peak for ethynyl
protons appeared at 3.4 ppm (Figure 1b).

Cosubstituent polymers (9a—c) were soluble in various
organic solvents including tetrahydrofuran, methanol,
N,N-dimethylformamide, and dimethyl sulfoxide. Poly-
mer 6 dissolved in methanol, N,N-dimethylformamide,
and dimethyl sulfoxide. Characterization data for the
polymers are summarized in Table II.

DSC thermograms of the polymers were obtained by
scanning the sample twice from —50t0 350 °C with a heating
rate of 10 °C/min under nitrogen atmosphere. Figure 5
shows the DSC thermogram of polymer 9b. In the first
scan, a small inflection and a strong exotherm appeared
at 10 °C and around 230 °C due to glass transition and
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Figure 5. DSC thermograms of polymer 9b: (a) first scan and
(b) second scan, both with a heating rate of 10 °C/min under
nitrogen atmosphere.
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Figure 6. IR spectra of polymer 9b (KBr pellet): (a) uncured
and (b) cured at 180 °C under 10 000 1b/in? for 20 min.

TRANSMITTANCE

cross-linking reaction, respectively. No exotherm or
distinct transition was observed in the second scan. The
polymers exhibited no discernible glass transition as
contents of 4-ethynylanilino groups increased. Cure onset
temperatures in all of the polymers were near 180 °C. In
cases of the polymers with high contents of acetylenic
groups (6 and 9c¢), exotherms were still observed in the
second scan.

Cross-linked polymer films were prepared by curing the
polymers at 180 °C under a pressure of 10 000 1b/in? for
20 min. Figure 6 shows IR spectra of polymer 9b. The
bands at 3450, 3300, and 2060 cm™! were interpreted as
the stretching modes of N-H, C-H, and C-C triple bonds,
respectively. The IR spectrum of the cured polymer did
not show much difference from that of polymer 9b except
that the absorbances of the C-H band and of the C-C
triple bond band decreased, which indicated intra- and
intermolecular cross-linking reactions occurred only be-
tween acetylenic groups. The cured polymer films pre-
pared from the polymers with low contents of acetylenic
groups (9a,b) were pale brown and transparent, while the
films from polymers 6 and 9¢ were dark brown and brittle.
All cured polymers were insoluble in organic solvents such
as acetone, alcohols, N,N-dimethylformamide, and di-
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methyl sulfoxide. Thermogravimetric analysis results
showed that the onset of decomposition occurred in the
cured polymers around 290 °C.

Experimental Section

Materials and Instrumentation. Hexachlorocyclotriphos-
phazene (Aldrich) was purified by fractional vacuum sublimation
at 60 °C at 0.5 Torr. Reagent grade solvents were dried and
purified as follows: Triethylamine was distilled over BaO. Tet-
rahydrofuran and 1,4-dioxane were distilled over sodium-
potassium alloy. Toluene was distilled over CaH,. All of the
other reagents were purchased from Aldrich and were used
without further purification. Poly(dichlorophosphazene) was
prepared by the thermal polymerization of hexachlorocyclo-
triphosphazene at 250 °C. An average of 40-50% conversion to
the linear polymer was obtained. Proton-decoupled 3P NMR
spectra were obtained with the use of a Bruker AM-300
spectrometer. Chemical shifts were reported in parts per million
relativeto 85% H3PO,at 0 ppm. 'H NMR spectra were recorded
onaBruker AM-3000r a JEOL PMX60spectrometer. IR spectra
were obtained with the use of a Bio-Rad Digilab Division FT'S-80
spectrometer. Gel permeation chromatography was carried out
with a Spectra-Physics SP8810 liquid chromatograph fitted with
a SP8430 refractive index detector and a Doyosoda TSK gel
column. Tetrahydrofuran was used as the eluent. Approximate
calibration of the column was accomplished by means of a narrow
molecular weight polystyrene standard obtained from Doyosoda.
Thermal analyses were performed by a Du Pont 910 differential
scanning calorimeter and a Du Pont 951 thermogravimetric
analyzer fitted with a 9900 computer thermal analyzer. Elemental
analyses were performed by a Carlo Erba 1108 or a Perkin-Elmer
240C elemental analyzer at Korea Research Institute of Chemical
Technology and Korea Basic Research Center.

4-[(Trimethylsilyl)ethynyl]aniline.2” To a solution of 4-
iodoaniline (10 g, 45.7 mmol) in triethylamine (100 mL) and (tri-
methylsilyl)acetylene (7.7 mL, 54.5 mmol) under nitrogen were
added dichlorobis(triphenylphosphine)palladium (1.3 g, 1.85
mmol) and copper iodide (0.2 g, 1.05 mmol). Thereaction mixture
was stirred at 0 °C for 2 h. After an additional 10 h of stirring
at room temperature, the reaction mixture was concentrated to
dryness by evaporation under reduced pressure. The crude
product was isolated by sublimation (35-45 °C, 0.1 mmHg) and
further purified by column chromatography on silica gel (ethyl
acetate~hexane) to yield 4.95 g (57.3%), mp 99-101 °C (lit.Z"
95-96 °C).

Hexakis[4-[(trimethylsilyl)ethynyl]anilino]cyclotri-
phosphazene (2). To a solution of 4-[(trimethylsilyl)ethynyl]-
aniline (8.05 g, 42.6 mmol) and triethylamine (5 mL) in toluene
(50 mL) was added dropwise a solution of hexachlorocyclotriphos-
phazene (1.23 g, 3.53 mmol) in toluene (20 mL). The solution
was stirred at refluxing temperature for 3 days. The solvent was
removed by evaporation under reduced pressure. The product
was isolated by column chromatography on silica gel (30% ethyl
acetate in hexane) and further purified by recrystallization from
diethyl ether/n-hexane to yield 2.31 g (51.7%).

Elemental analysis, 'H NMR, and 3'P NMR data are given in
Table I.

Hexakis(4-ethynylanilino)cyclotriphosphazene (3). To
a solution of compound 2 (0.68 g, 0.54 mmol) in 5% tetrahy-
drofuran in methanol (100 mL) was added 1 N aqueous KOH
(3.2 mL). The solution was stirred at room temperature for 10
h. The solvent was removed by evaporation under reduced
pressure. The product was isolated and purified by recrystal-
lization twice from diethyl ether/n-hexane toyield 0.38 g (84.6 %).

Elemental analysis, 'TH NMR, and 3P NMR data are given in
Table I.

[NP(NHC¢H,-p-C.SiMe;):]. (58). To a solution of 4-[(tri-
methylsilyl)ethynyl]aniline (4.64 g, 24.6 mmol) and triethylamine
(5 mL) in 1,4-dioxane (30 mL) was added a solution of poly-
(dichlorophosphazene) (0.71 g) in 1,4-dioxane (30 mL). The
reaction mixture was stirred at refluxing temperature for 3 days.
After concentration of the reaction mixture to 30 mL by
evaporation under reduced pressure, the polymer was precipitated
in hexane and further purified by precipitation from tetrahy-
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drofuran into water and tetrahydrofuran into hexane to yield
1.52 g (58.9%).

HNMR (DMSO-dg) 66.9-7.4 (8 H, C¢Hy), 3.5-4.1 (H,0, NH),
0.2 (18 H, SiCHs).

Elemental analysis, 3'P NMR, and molecular weight data are
given in Table II.

Typical Procedure for Synthesis of Polymers 8a-c:
Preparation of 8b. Poly(dichlorophosphazene) (1.5 g) dissolved
intetrahydrofuran (20 mL) was added slowly to a stirred solution
of 4-[(trimethylsilyl)ethynyllaniline (1.46 g, 7.71 mmol) and tri-
ethylamine (1.1 mL) in tetrahydrofuran (30 mL). The reaction
mixture was stirred at refluxing temperature for 5 h and was
then cooled to room temperature. To the mixture was added
dropwise a solution of sodium trifluorcethoxide prepared from
trifluoroethanol (36.1 mmol) and sodium hydride (36.0 mmol) in
tetrahydrofuran (60 mL). The reaction mixture was stirred at
refluxing temperature for 40 h. After concentration of the
reaction mixture to 30 mL, the polymer was precipitated into
hexane and further purified by precipitation from tetrahy-
drofuran into water to yield 2.25 g (60.0%).

TH NMR (acetone-ds) 6 7.0-7.6 (2 H, C¢Hy), 4.3-4.7 (3H, CHy-
CFjy), 3.0 (H,0, NH), 0.2 (4.5 H, SiCHj).

Elemental analysis, 3'P NMR, and molecular weight data are
given in Table II.

Typical Procedure for Synthesis of Polymers 6 and 9a-c:
Preparation of 9b. To a solution of polymer 8b (0.2 g) in
methanol (20 mL) was added 1 N aqueous KOH (0.9 mL). The
solution was stirred at room temperature for 3h. After removal
of the solvent by evaporation under reduced pressure, the polymer
residue was washed with water. The polymer was further purified
by precipitation from methanol into water to yield 0.08 g (45.7%).

'H NMR (acetone-ds) 6 7.0-7.6 (2 H, C¢H ), 4.2-4.8 (3H, CH,-
CF3), 3.4 (0.5 H, CH), 3.0 (H,0, NH).

Elemental analysis, 31P NMR, and molecular weight data are
given in Table II.

Curing of Compound 3 and the Polymers 6 and 9a—c. A
Carver Laboratory press (Model 2518) was used. Anappropriate
amount of a polymer or compound 3 was placed between 1 cm
X 1 c¢m pieces of polyimide film (Kapton H-type, 25 um thick).
Curing of compound 3 and a polymer was carried out at 220 °C
under 10 000 lb/in2 for 1 h and at 180 °C under 10 000 1b/in? for
20 min, respectively. The resulting film was removed from the
polyimide film, washed with methanol and water, and dried under
1-2 mmHg at 100 °C for 12 h.
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