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Abstract—By the reaction of hexachlorocyclosphosphazene with resorcinol in the immiscible pyridine—
cyclohexane system, hexa-(m-hydroxyphenoxy)cyclotriphosphazene is synthesized, the optimum yield of
which of 84% is achieved in a uniform mixture of the indicated solvents and the molar ratio HCP : resorcinol =
1 : 12. When used for the synthesis of oligomers mixtures of chlorocyclophosphazenes (PNCl,),, where n =
3, 4, and 6, also complete replacement of chlorine atoms occurs, and with a yield of up to 80%, the formation
of mixed oligohydroxyphenoxycyclophosphazenes takes place. The synthesized oligomers are characterized
using 3'P NMR spectroscopy and MALDI-TOF mass spectrometry.
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In recent years, significant progress has been made
in the field of the synthesis of fire-resistant phospha-
zene-containing epoxy oligomers, which are synthe-
sized either by oxidation of allyl groups in aryloxy rad-
icals connected to phosphorus atoms or by the interac-
tion of epichlorohydrin with hydroxy-aryloxy
phosphazenes (HAP) on the basis of cyclic chlorine
phase [PNCl,];_3 and bisphenols, in particular,
bisphenol A [1].

The main problem of the synthesis of HAP is the
high functionality of chlorocyclophosphazenes and
the propensity for partial gelation during their interac-
tion with diphenol, even when the ratio of the starting
materials is close to equipolar. Therefore, to obtain
soluble HAP with a maximum degree of substitution
of chlorine atoms in cyclophosphazenes, it is neces-
sary to use a significant excess of diphenol, the separa-
tion of which from the target phosphazene polyphe-
nols is a difficult and time-consuming task.

Synthesis of individual polyphenol
P;N;(OArOH)¢, where Ar is the residue of dipheny-
lolpropane, is proposed in [2]. However, this method
is multistage and does not provide an acceptable yield
of the final phosphazene-containing polyphenol.

Use of sodium monophenolates of bisphenol A in a
molar ratio of 1 : 12 for the reaction with hexachloro-
cyclotriphosphazene (HCP) leads to the formation of
hexahydroxyaryloxycyclotriphosphazene containing,
according to MALDI-TOF mass spectrometry, com-
pounds with two fully or partially substituted triphos-
phazene rings bound by a dioxydiphenylene radical [3,

4]. Epoxidation of these polyphenols in an environ-
ment of excess epichlorohydrin in the presence of
K,CO; led to the formation of phosphazene-contain-
ing epoxy oligomers with an epoxy number of 12—13
and a phosphorus content up to 3%. Hardened with
standard hardening agents for epoxy oligomers, they
have a lower flammability [5].

In order to obtain HAP and phosphazene-contain-
ing epoxy oligomers based on them with a high con-
tent of phosphorus, in the present work, the interac-
tion of HCP with resorcinol was carried out:

P,N;Cl, + m-HOC,H,OH

—=LE— PN, (m-OC¢H,OH),
I

Dry pyridine was used as an acceptor of the result-
ing HCI, carrying out the reaction in the medium of
which, according to 3P NMR spectra, entails the for-
mation of the target product I with fully substituted
cycles only at a molar ratio of HCP : resorcinol =1 : 18
(Fig. 1, singlet signal dp = 9.8 ppm). The laser mass
spectrum of this product (Fig. 2) demonstrates the
presence in its composition of the main compound
with m/z = 790, exactly -corresponding to
hexa(hydroxy-m-phenoxy)cyclotriphosphazene 1.
Low intensity signals in the region of m/z > 1300 cor-
respond, apparently, to compounds whose molecules
are constructed from two fully or partially substituted
phosphazene cycles bound by dioxyphenylene bridges.
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Fig. 1. 3'p NMR spectra of products of the reaction of HCP with resorcinol obtained in pyridine medium (a) and in an equivalent vol-
ume mixture of pyridine—cyclohexane (b) at a molar ratio of HCP : resorcinol =1:8 (1, 5), 1:10(2,6),1:12(3, 7),and 1 : 18 (4, §).
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Fig. 2. MALDI-TOF mass spectra of m-hydroxyphenoxycyclotriphosphazenes prepared in pyridine (/) and an equilibrium mix-
ture of pyridine—cyclohexane (2). The molar ratio of HCP : resorcinol = 1: 18 (/) and 1 : 12 (2).

The excess of resorcinol needed to obtain product 1
was significantly reduced by carrying out reaction (1)
in a system of two immiscible solvents, pyridine and
cyclohexane [6]. Since the latter does not dissolve

resorcinol, this reaction proceeds mainly in the pyri-
dine phase with a local excess of diphenol. As can be
seen from the 3'P NMR spectra (see Fig. 1), the pre-
dominant formation of compound 1 is already
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Fig. 3. 3l)pNMR spectra of hydroxyaryloxyphosphazenes synthesized at a molar ratio of HCP : resorcinol = 1 : 12 and the volume

ratio of pyridine : cyclohexane = 75 : 25 (1) and 25 : 75 (2).

observed at the molar ratio HCP : resorcinol =1 : 8,
which also agrees with the mass spectrum of MALDI-
TOF (Fig. 2), in which only the trace peaks of the
above-mentioned oligomers with m/z > 1300 appear.

The more equal volume ratio of pyridine—cyclo-
hexane is optimal for carrying out the reaction in a
two-phase system. With an increase in the proportion
of pyridine in the solvent mixture, HAP is formed, the
3P NMR spectra of which indicate an incomplete
replacement of chlorine atoms in phosphazene cycles
(Fig. 3, spectrum 7).

Quantitative substitution of chlorine atoms in HCP
in its interaction with resorcinol indicates the possibil-
ity of using higher chlorocyclophosphazenes or their
mixtures with HCP for the synthesis of HAP.

In the present work, we used a mixture of three
chlorocyclophosphazenes (a trimer, a tetramer, and
a hexamer) formed during the ammonolysis of PCl;
ammonium chloride in the presence of zinc chlo-
ride [7].

The interaction of resorcinol with a mixture of
these chlorocyclophosphazenes under conditions sim-
ilar to those for individual HCP (equal volume mix-
ture of pyridine—cyclohexane [PNClI,] : resorcinol =
1 : 4) leads to the formation of HAP, which according
to the 3'P NMR spectra (Fig. 4) consists mainly of a
mixture of three fully substituted cyclic phospha-

POLYMER SCIENCE, SERIESB  Vol. 61

No.3 2019

zenes—trimeric (&p = 9.8 ppm), tetrameric (dp =
—10.8 ppm), and hexameric (8p = —17.0 ppm).

3'P NMR spectra of HAP based on a mixture of
chlorocyclophosphazenes are consistent  with
MALDI-TOF mass spectra containing peaks of com-
pounds P,N,(OC,H,OH),, withn=3,4and 6 (m/z=
790, 1052, 1578, respectively). Low intensity peaks in
the range of values m/z = 1400—1500 can be attributed
to compounds whose molecules are constructed from
two trimeric phosphazene cycles linked by one (m/z =
1468) or two (m/z = 1358) dioxiphenylene radicals.

The reaction of the synthesized HAP with epichlo-
rohydrin in the presence of alkaline agents yielded oli-
goepoxyphosphazenes, which have an epoxy number
of up to 20%, contain 7—8% of phosphorus, and are
cured with ordinary hardeners to form self-extinguish-
ing or completely noncombustible compositions.

EXPERIMENTAL
Raw Materials

Hexachlorocyclophosphazene, a white crystalline
substance (7, = 113.0°C; 3'P NMR spectrum—singlet
with 8, = 19.9 ppm), was obtained by the method
described in [7].

A mixture of hexachlorocyclophosphazene, octa-
chlorocyclotetraphosphazene, and dodecachlorocy-
clohexaphosphazene is a white or light gray powder,
well soluble in organic solvents. The composition
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Fig. 4. 3p NMR spectra of initial mixture of chlorocyclophosphazenes (PNCI,),, (/) and products of their reaction with resorci-
nol (2). Here and in Fig. 5, the molar ratio [NPCl,] : diphenol = 1 : 4; the volume ratio of pyridine : cyclohexane = 50 : 50.

according to 3P NMR spectroscopy: 68% P;N;Cl¢
(0p = 19.9 ppm); 21% P,N,CI; (8p = —6.6 ppm), and
11% P¢N¢Cl,, (0p = —15.0 ppm).

Resorcinol—white crystals (7, = 110.8°C)—was
purified by repeated recrystallization from toluene.

Pyridine was dried over KOH with the addition of
a small amount of HCP and distilled at atmospheric
pressure; T, = 115.6°C.

Cyclohexane was dried with calcined CaO and at
atmospheric pressure; 7, = 80.7°C.

Synthesis
of Hexa-(m-hydroxyphenoxy)cyclotriphosphazene
in a Mixture of Pyridine and Cyclohexane

In a three-necked flask, equipped with a mechani-
cal stirrer, a reflux condenser, and a thermometer, 1 g
(0.0029 mol) of HCP was charged and dissolved with
stirring in 15 mL of cyclohexane. After complete dis-
solution of HCP, a solution of 3.79 g (0.0345 mol) of
resorcinol in 15 mL of pyridine (HCP molar ratio :
resorcinol = 1 : 12) was added. The reaction mixture
was stirred at 90°C for 2 h, after which the mixture of
pyridine and cyclohexane was distilled off under
reduced pressure, and the residue was dissolved in gla-
cial acetic acid and precipitated in 500 mL of water.
The solid precipitate was decanted, filtered, and
washed with acidified and then distilled water until
neutral wash water. The product was dried under
reduced pressure to constant weight.

According to chromatography mass spectrometry,
compound I contains a small amount of the original
resorcinol, which could not be completely removed by
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precipitating the acetic acid solution of the reaction
mixture in a large excess of water.

The resulting substance is a white or pale yellow
powder, insoluble in water and highly soluble in polar
solvents. The vyield of hexa-(m-hydroxyphe-
noxy)cyclotriphosphazene 1 is 1.89 g (84% of the cal-
culated value); 6p = 9.8 ppm, m/z = 790:

C H N P
Found, %: 55.29 3.74 5.52 12.10
Calculated for 54.75  3.80 5.32 11.78

P3N3C36H340,, %:

Synthesis of Oligomers Based
on a Mixture of Chlorocyclophosphazenes

In a three-necked flask equipped with a mechani-
cal stirrer, a reflux condenser, and a thermometer, 1 g
(0.0087 mol per NPCl, unit) of a mixture of chlorocy-
clophosphazenes was loaded and dissolved with stir-
ring in 15 mL of cyclohexane (molar ratio of NPCl, :
resorcinol = 1 : 4). After the chlorophosphazenes were
completely dissolved, a solution of 3.79 g (0.0345 mol)
of resorcinol in 15 mL of pyridine was poured into the
resulting solution. The reaction mixture was stirred at
90°C for 2 h.

The product was isolated as described above,
obtaining a white or pale yellow powder, insoluble in
water and well soluble in polar solvents. The output of
the mixture of oligo-(m-hydroxyphenoxy)cyclophos-
phazenes was 1.81 g (80.4%).
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Fig. 5. MALDI-TOF mass spectra of oligomeric m-hydroxyphenoxycyclophosphazenes based on a mixture of chlorocyclophos-

phazenes.

Study Methods

3'P NMR and '"H NMR spectra were recorded on a
Bruker AM-360 instrument at frequencies of 146 and
360 MHz, respectively. MALDI-TOF mass spectrom-
etry analysis was performed on a Bruker Auto Flex I1
instrument, and quantitative determination of carbon,
hydrogen, and nitrogen (configuration CHNS/O) was
performed on a Thermo Flash-2000 instrument.
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