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Phenoxazine polymers: synthesis and structure
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Phenoxazine polymers were obtained for the first time under conditions of chemical oxida-
tive polymerization in aqueous alcohols and in an interphase process. The interphase process
gave products with the higher molecular weight. Dependencies of the yields and degree of
polymerization of phenoxazine from polymerization method, concentration of reactants, their
ratio, reaction temperature and time, as well as chemical structures of the obtained polymers
depending on the synthesis conditions, were studied. The polyphenoxazine chain growth is
accomplished by the C—C-addition at the para-position of the phenyl rings with respect to
nitrogen. Even when an excess of oxidant was used, the polyphenoxazine structure has only
phenyleneamine units. The polymers obtained are amorphous and thermally stable.

Key words: polyphenoxazine, interphase oxidative polymerization, UV and IR spectro-

scopy, differential scanning calorimetry.

Interest of researches to the synthesis of electroactive
polymers with the system of polyconjugation is due to the
fact that, because of the development of modern techno-
logies, these polymers possessing a combination of unique
properties can find their application in the new fields of
studies.=4 Polyaniline is the most demanded polymer
from this class, that is explained by simplicity of its synthe-
sis under conditions of oxidative polymerization and its
stability under operating conditions. However, the search
for new electroactive polymers is restrained by limited sol-
ubilities of new monomers under standard conditions of
oxidative polymerization (in aqueous acids). This prompt-
ed the authors to develop methods for the synthesis of new
electroactive polymers.

In the present work, polymers of phenoxazine, a hetero-
cyclic compound having in its structure a nitrogen atom

and an oxygen atom binding two H
phenyl rings, were obtained for the |
first time. N

The processes of oxidative poly- (I @
merization of phenoxazine were stud- o
ied in aqueous alcohols and under
interphase conditions. For the polymers, their chemical
structure was established and thermal stability was studied.

Experimental

Ammonium persulfate (pure for analysis grade) was purified
by recrystallization according to the known procedure.’ Phen-
oxazine, 97% (Acros organics), hydrochloric acid (chemical-
ly pure grade), DMF (Acros organics), as well as methanol
(JT Baker), ethanol (pure for analysis grade), isopropanol (spe-

cially pure grade) and fert-butanol (pure for analysis grade) were
used as purchased. Toluene (pure for analysis grade) was puri-
fied by fractional distillation.® Aqueous solutions of reactants
were prepared using DI water.

For the oxidative polymerization of phenoxazine in aqueous
alcohols (isopropanol, methanol, ethanol, and ferf-butanol),
a required amount of the monomer was dissolved in alcohol, the
oxidant (ammonium persulfate) was dissolved in water or aq.
hydrochloric acid. The ratio of alcohol and water was 1 : 1 (v/v).
The aq. solution of ammonium persulfate was added dropwise to
the alcoholic solution of monomer incubated at 0 °C with con-
stant stirring. The temperature of the reaction was kept below
0 °C and the polymerization was carried out with constant, vig-
orous stirring. After the synthesis was completed, the product
that obtained was filtered off, repeatedly washed with DI water
to remove the reactant residues, and dried in vacuo until the
weight was constant (the yield was determined by thermogravim-
etry). Found (%): C, 77.1; N, 7.5; O, 10.9; H, 4.5. C{,H¢NO.
Calculated (%): C, 78.7; N, 7.7; O, 8.7; H, 4.9.

Interphase oxidative polymerization of phenoxazine. A re-
quired amount of monomer was dissolved in a mixture of organic
solvents, toluene and isopropanol in the ratio 1.5: 1.0 (v/v), the
oxidant (ammonium persulfate) was dissolved in water or aq.
hydrochloric acid. The ratio of the aqueous and organic phases
was 1:2 (v/v). The changes in the indicated ratios lead to
asharp decrease in the solubility of phenoxazine. Since the oxida-
tion reaction proceeds on the interface, the organic and aqueous
phases were mixed at once without gradual addition of the reac-
tants, which was the case in the synthesis of polyaniline. The
process was carried out with vigorous stirring using an electronic
stirrer with a RW 16 Basic upper drive (Ika Werke) in a narrow
cylinder-shaped round-bottom two-neck flask (for increasing ef-
ficiency of stirring) at 0 °C. After the synthesis was completed,
the reaction solution was precipitated first into a five-fold excess
of the methanol—DI water mixture in the ratio 1.5: 1.0 (v/v),
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then into isopropanol. The product that obtained was filtered off
and repeatedly washed with DI water to remove the reactant
residues and dried in vacuo until the weight was constant (the
yield was determined by thermogravimetry). Found (%): C, 79.1;
N,7.2;0,9.7; H, 4.0. C;,HgNO. Calculated (%): C, 78.7; N, 7.7;
0, 8.7; H, 4.9.

Molecular weight of polyphenoxazine was measured by GPC
on a Milton Roy instrument equipped with a Milton Roy
RI-detector and a PLgel Sum MIXED-C column using N-methyl-
pyrrolidone as an eluent at 60 °C. The eluent flow rate was
1 mL min~!. The volume of injected sample was 150 uL. Poly-
styrene was used for the calibration. The accuracy of MW deter-
mination was ~5%.

IR spectra of the polyphenoxazine samples were recorded on
a Specord M-82 spectrophotometer in the region 4000—400 cm ™!
and processed using the Soft-Spectra program. The samples were
prepared in KBr pellets.

Electron absorption spectra of polyphenoxazine solutions in
DMF were recorded on a UV-1700 registration spectrophoto-
meter (Shimadzu) in the region 190—1100 nm.

13C NMR spectra were recorded on a Varian VXR-500
spectrometer in deuterated DMSO.

Analysis of polyphenoxazine samples by X-ray photoelec-
tron spectroscopy was performed in a XSAM-800 two-chamber
apparatus (Kratos Analytical Ltd.) using a characteristic line
MgK,, (hv = 1253.6 eV) as an exiting radiation.

Potentiometric measurements were carried out on a Solar-
tron 1286 electrochemical analyzer (Schlumberger, UK) in
0.1 M HCI at the potential scanning rate 5 and 10 mVs~1.
A solution of polyphenoxazine (4 uL) was deposited on the print-
ed electrodes and dried in air.

X-ray diffraction studies were carried out at room tempera-
ture on a DRON-2 computerized diffractometer (CuKo radia-
tion, A = 0.154 nm) with a modernized collimation allowing us
to record reflection with 0.5°6 and considerably decreasing para-
sitic background and fluctuations. We used an X-ray reflection
technique, placing samples in a special metallic cuvette with the
operating volume 17x17x1.5 mm3.

Thermal analysis of phenoxazine polymers was performed
on a TGA Netzsch TG 209 F1 instrument in the dynamic mode
of heating in the range 30—1000 °C in air and in the flow of
nitrogen. The samples were preliminary incubated at 30 °C for
15 min, and then, after the polymer was heated to 1000 °C, for
another 30 min. A weighted amount of polymers (100 mg) was
used, the rate of heating was 10 deg min~!, the rate of nitrogen
flow was 50 mL min~!. Calcined aluminum oxide was used as
astandard. Analysis samples was carried out in an Al,O5 crucible.

Calorimetric studies of phenoxazine polymers was performed
on a Mettler TA-4000 differential scanning calorimeter with
a DSC-30 heating cell in the range from room temperature to
350 °C at the rate 10 deg min~! under nitrogen atmosphere.

Results and Discussion
Methods for the synthesis of polyphenoxazine
Phenoxazine is insoluble in acids, therefore, its oxida-
tive polymerization cannot be carried out under standard

conditions, i.e., in dilute aqueous acids. The oxidative po-
lymerization of phenoxazine was for the first time suc-

cessfully accomplished in aqueous alcohols (isopropanol,
methanol, ethanol, and fert-butanol). The data on how
the yield of polyphenoxazine depends from the concentra-
tion of monomer, oxidant, acid, medium, temperature,
and the reaction time are given in Table 1.

The dependence of how the yield of polyphenoxazine
from the reaction conditions showed the following: the
yield of polymer increases with the increase in the con-
centration of monomer. It is desirable to carry out poly-
merization of phenoxazine at the stoichiometric or some-
what higher ratio [oxidant] : [monomer] = 1.25—1.50.
Like in polymerization of phenothiazine,” the tempera-
ture of the reaction mixture should be maintained be-
tween —10 and +15 °C. Under such conditions, molecular
weight of the oxidation products reaches M,, = 2.4+ 10%,
degree of polymerization is more than 130, index of poly-
dispersity is 1.2.

Polymerization of phenoxazine was also for the first
time successfully accomplished in the interphase process
developed by us earlier for the oxidative polymerization of
diphenylamine33:? and phenothiazine1?. In the interfa-
cial polymerization, the reactants (monomer and oxidant)

Table 1. Polymerization of phenoxazine in aqueous alcohols

c [Ox]: [M] [HCI]:[M] T/°C t/h Yield
/mol L1 (%)
mol/mol
0.02 1.25 0 0 3 91
0.05 1.25 0 0 3 93
0.10 1.25 0 0 3 95
0.15 1.25 0 0 3 85
0.20 1.25 0 0 3 —a
0.05 0.66 0 0 3 57
1.00 0 0 3 71
1.50 0 0 3 96
5.00 0 0 3 68
1.25 5 0 3 90
1.25 10 0 3 86
1.25 20 0 3 79
1.25 30 0 3 79
1.25 0 —10 3 86
1.25 0 15 3 93
1.25 0 40 3 71
1.25 0 60 3 64
1.25 0 0 1 96
1.25 0 0 6 89
1.25 0 0 24 86
1.25 0 0 3 900
1.25 0 0 3 90¢
1.25 0 0 3 934

Note. C is the concentration of phenoxazine, Ox is the oxidant,
M is the monomer. Isopropanol was the reaction medium.

@ Is not soluble in isopropanol.

b Methanol was the reaction medium.

¢ Ethanol was the reaction medium.

4 tert-Butanol was the reaction medium.
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are distributed between two immiscible phases: the union-
ized form of monomer is in the organic medium, whereas
the oxidant is in the aqueous phase; the growth of polymer
occurs on the interface. Variations in the organic solvents
allow one to use a great number of earlier unavailable
monomers, which are insoluble in aqueous acids, whereas
the presence of oxidant and acid in a separate phase gives
one an opportunity to vary their type and concentration
keeping unstable oxidation products intact. Since the oxi-
dation proceeds on the interface, there is no necessity in
a gradual addition of reactants, like it is desired in the
synthesis of polyaniline.

The following system has proved the most suitable me-
dium for the interfacial polymerization of phenoxazine:
a solution of monomer in the toluene—isopropanol sol-
vent mixture (1.5:1.0, v/v) and an aqueous solution of
oxidant ((NH,4),S,054) in the ratio 2 : 1 (v/v). The changes
in the indicated ratios leads to a sharp decrease of the
phenoxazine solubility. The data on how the yield of
polyphenoxazine depends from the concentration of
monomer, oxidant, acid, temperature, and the reaction
time are given in Table 2.

As in the case of interphase oxidative polymerization
of phenothiazine,” the presence of an acid in the reaction
medium leads to the drop in the yield of polyphenoxazine.
The interphase process is better to carry out in the absence
of an acid and at high enough concentrations of the mono-
mer (0.1—0.2 mol L—1), as well as at stoichiometric or
somewhat higher ratio [oxidant] : [monomer] =1.25—1.50
in the range —10 —+15 °C. For the best results, the inter-

Table 2. Interfacial polymerization of phenoxazine

C [Ox]: [M] [HCI]:[M] T/C t/h Yield
-1

/mol L mol/mol (%)

0.05 1.25 0 0 3 39

0.10 1.25 0 0 3 85

0.20 1.25 0 0 3 89

0.10 0.66 0 0 3 35
1.00 0 0 3 35
1.50 0 0 3 64
5.00 0 0 3 88
1.25 1 0 3 93
1.25 3 0 3 73
1.25 5 0 3 67
1.25 10 0 3 47
1.25 0 -10 3 25
1.25 0 15 3 71
1.25 0 40 3 80
1.25 0 60 3 76
1.25 0 0 1 76
1.25 0 0 6 82
1.25 0 0 24 75

Note. C is the concentration of phenoxazine, Ox is the oxidant,
M is the monomer.

facial polymerization of phenoxazine should be carried
out for 3—6 h. The molecular weight of the oxidation
products (M,,) reached 3.7 - 104, degree of polymerization
was higher than 200, index of polydispersity, 1.1.

The product of phenoxazine oxidation is a blue pow-
der, completely soluble in N-methylpyrrolidone, DMF,
DMSO, dioxane, acetone, THF, chloroform.

Chemical structure of polyphenoxazine

The structure of phenoxazine polymers obtained by
two methods, i.e., polymerization in aqueous alcohols
and in the interphase process, was studied by IR and UV
spectroscopy.

The IR spectra of all the polyphenoxazine samples
exhibit an absorption band at 3380 cm™~! corresponding to
the stretching vibrations of the vy_y bonds in the phenyl-
enamine structures. The band around 3055 cm~! in the
polymer is related to the stretching vibrations of the ve_y
bonds in the benzene ring.

In the IR spectra of polyphenoxazine, the strong bands
at 1587 and 1483 cm™! are observed, which correspond to
the stretching vibrations of the vc_c bonds in the aromat-
ic rings (Figs 1 and 2).

The absorption bands at 1330, 1290, and 1270 cm™!
are related to the stretching vibrations of the v-_y bonds
(see Refs 11—13). The IR spectra of polyphenoxazine have
no absorption band in the region 1650 cm~! correspond-
ing to the stretching vibrations of the v-—y bonds in the
quinodiimine structures.

The bands in the region 869 and 836 cm™! are due to
the out-of-plane deformation vibrations of the §-_y; bonds
inthe 1,2,4-trisubstituted benzene ring. This indicates that,
as in the case of polyphenothiazine,”-1® polymerization of
phenoxazine proceeds by the type of C—C-addition at
para-position of the phenyl ring with respect to nitrogen.

The band at 739 cm~! is related to the out-of-plane
deformation vibrations of the §-_y bonds in the 1,2-di-
substituted benzene ring of the terminal groups. Intensity
of this band depends on the method of polymerization. In
the IR spectra of phenoxazine polymers obtained under
the interphase conditions, the intensity of the band at
739 cm~! is lower (Fig. 2), i.e. degree of polymerization
is higher.

Analysis of the results of spectroscopic studies allows
us to suggest a chemical structure of polyphenoxazine as
the following form:

H

N .
O
SN

Iz
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. ) ; . Fig. 2. The IR spectra of polyphenoxazine obtained by the inter-
1600 1200 800 v/em™! facial polymerization in the presence of 0.1 (a), 0.15 (b), and

Fig. 1. The IR spectra of polyphenoxazine obtained by polymer-
ization in isopropanol in the presence of 0.0625 (a), 0.075 (b),
and 0.250 mol L~! of (NH,),S,05 (¢). [Monomer] = 0.05 mol L~1,
T =0 °C, the reaction time was 3 h.

Thus, polyphenoxazine is a half-staircase heterocyclic
polymer containing, together with nitrogen atoms, atoms
of oxygen, which are involved into the general system of
polyconjugation. The polymeric structure contains no
quinodiimine units, that was confirmed by the X-ray
photoelectron spectroscopic data. These data show that
only phenyleneamine units are present in the structure of
polyphenoxazine independent on the method of polymer-
ization. The peak corresponding to the bond energy 400.5 eV
isrelated to the C—N bond (see Ref. 14). The UV spectro-
scopic data confirm these observations. Figure 3 shows

0.5 mol L~! of (NH,4),S,05 (¢). [Monomer] = 0.1 mol L~!,
T= 0 °C, the reaction time was 3 h.

examples of the electron absorption spectra of polyphen-
oxazine obtained by the interfacial polymerization. The
band at A, = 329 nm characterizes a reduced amine
form (the m—n*-transition) of the polymer. There is
no absorption band in the long-wave region at 620 nm
corresponding to the oxidized quinonoid form, even in the
cases when the stoichiometry of the molar ratio oxi-
dant : monomer is exceeded. The absence of the quinodi-
imine units in the structure of polyphenoxazine was also
confirmed by the 13C NMR data. The '3C NMR spectrum
of the polymer contains no signal corresponding to the
carbon atoms of the C=N groups 8 = 148 (see Refs 7and 13).

We also studied how concentration of the oxidant af-
fects the structure of polyphenoxazine formed. When phen-
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360 460 560 660

Fig. 3. The electron absorption spectra in DMF of polyphen-
oxazine obtained by the interfacial polymerization in the pres-
ence of 0.10 (1), 0.125 (2), 0.15 (3), and 0.50 mol L—! of
(NH,),S,05 (4); 5 is the spectrum of monomer. [Monomer] =
=0.1 mol L-!, 7=0°C, the reaction time was 3 h.

A/nm

oxazine is polymerized in isopropanol, an increase in the
concentration of the oxidant leads to a decrease in intensi-
ty of the band at 739 cm~! corresponding to the out-of-
plane deformation vibrations of the §c_y bonds in the
1,2-disubstituted benzene ring of the terminal groups (see
Fig. 1), whereas under the interphase conditions, the
growth in the ratio [oxidant] : [monomer] in the order 1.0,
1.5, 5.0 produces no significant changes in the structure of
the polymer (see Fig. 2).

Electroactivity of phenoxazine polymers

The phenoxazine polymers obtained are electroactive,
that was confirmed by cyclic voltammetry. The polymer
immersed in the electrolyte is capable of reversible oxida-
tion-reduction when the sign of applied potential changes.
Figure 4 shows an example of cyclic voltammogram of
polyphenothiazine obtained under conditions of interfa-
cial polymerization. The redox-peaks can be clearly iden-
tified on the cyclic voltammogram, whose intensities in-
crease with the increase in the rate of potential scanning.

i/mA cm—2
0.020 |
0.015 f
0.005 F

0F

—0.005 |

—0.2 0 0.2 0.4 0.5 0.8 E/V

Fig. 4. The cyclic voltammograms of polyphenoxazine in 0.1 M HCI
at the rate of potential scanning 5 () and 10 mV s~! (2).

Thermal stability of polyphenoxazine

Thermal stability of phenoxazine polymers was stud-
ied by TGA and DSC. Figure 5 shows the temperature
dependence of the polyphenoxazine loss in weight upon
heating to 1000 °C in the flow of nitrogen and in air.

The loss in weight in polyphenoxazine at low tempera-
tures is related to the removal of moisture.13~18 In the
polymer obtained in isopropanol, the loss in weight at
230 °C is due to the decomposition of the low-molecular-
weight oligomers, whose presence was shown by GPC.
Polyphenothiazine obtained by the interfacial polymer-
ization contains no low-molecular-weight oligomers, and
the TGA integral curves show no loss in weight in the
indicated temperature range. This is confirmed by the DSC
data (Fig. 6, curve a). The DSC thermogram of polyphen-
oxazine obtained in isopropanol has an endothermic peak
at 285 °C related to decomposition.1¥—25 On the re-heat-
ing, this peak is absent (Fig. 6, curve b). The X-ray
crystallographic data show that polyphenoxazine is an
amorphous polymer regardless of the polymerization con-
ditions.

In the inert medium above 580 °C, the loss in weight is
gradual. At 1000 °C depending on the polymerization
method, the residue is 35—51%. Polyphenoxazine obtained
by the interfacial polymerization possesses higher thermal
stability.

Processes of thermooxidative destruction of polyphen-
oxazine begin at 430—520 °C depending on the polymer-
ization method. For polyphenoxazine obtained by poly-
merization in isopropanol and in the interphase process,
the 5% loss in weight is observed at 250 and 190 °C, where-
as the 50% loss in weight, at 630 and 580 °C, respectively.

M (%)

90

60

30

230 430 630 830 T/°C
Fig. 5. The loss in weight of the phenoxazine polymers upon
heating to 1000 °C at the rate 10 deg min~! in the flow of argon
(1, 3) and in air (2, 4). Polyphenoxazine was obtained by poly-
merization in isopropanol (/, 2) and by the interfacial polymer-
ization (3, 4). [Monomer]| = 0.05 (I, 2) and 0.1 mol L~ (3, 4),
[oxidant] = 0.0625 (1, 2) and 0.125 mol L1 (3, 4), T=0°C, the
reaction time was 3 h.
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a
1 1 1 1 1 1
80 130 180 230 280 330 T7/°C
b
80 130 180 230 280 330 T/°C

Fig. 6. The DSC thermograms of polyphenoxazine, obtained by
polymerization in isopropanol, upon heating in the flow of argon
to 350 °C at the rate 20.0 deg min~! (@) and upon re-heating (b).

It is known!4.15:18.19 that polyaniline loses a half of its
initial weight at 450 °C.

In conclusion, the processes of chemical oxidative po-
lymerization of phenoxazine under homogeneous and
heterophase conditions were accomplished for the first
time to obtain new heterocyclic polymer containing, to-
gether with nitrogen atoms, atoms of oxygen involving
into the chain of polyconjugation. It was studied how the
polymerization method and reaction conditions affect the
product structures.

The IR spectroscopic data showed that the chemical
oxidative polymerization of phenoxazine proceeds as
a C—C-addition at para-position of the phenyl rings with
respect to nitrogen. It was shown that regardless of the
polymerization conditions, only phenyleneamine units are
present in the structure of polyphenoxazine. Phenoxazine
polymers are amorphous.

Heterocyclic phenoxazine polymers are electroactive
and possess high thermal stability. Processes of thermo-
oxidative destruction of polyphenoxazine start at
430—520 °C. In the inert medium at 1000 °C depending
on the reaction conditions, the residue is 35—51%.
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