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Abstract. Nitric oxide, nitrogen dioxide, nitrogen trioxide
as well as dimers of nitrogen dioxide are reactive initiators
of radical transformations of macromolecules and
modifying reactants for polymers. Features of the initiation
mechanism determining the composition of molecular and
radical products in polymers under the action of nitrogen
oxides are discussed.
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1. Introduction

Nitrogen oxides play an important role in various
chemical processes taking place in an atmosphere and affect
an environment [1-4]. These compounds in increasing
amount are ejected into atmosphere by industrial plants and
motor transport in creating thus a large ecological problem.
Investigations of kinetics and mechanism of reactions
initiated by nitrogen oxides are important for determination
of various organic compounds stability of vegetative and
animal origin as well as synthetic polymeric materials in
conditions of polluted atmosphere. On the other hand,
nitrogen oxides find a wide application for synthetic
chemistry [5-7] and may by used for chemical modification
of polymers, in particular for preparation of spin-labelled
macromolecules [8, 9]. The generation of spin labels takes
place in this case as a consecutive process including
formation and conversion of specific intermediate molecular
products and active free radicals. It is necessary to note
essential advantages of such a way of obtaining spin labels
not requiring application of complex synthetic methods based
on reactions of stable aminoxyl radicals with functional
groups of macroradicals [10]. If the polymers are capable
of reacting with nitrogen oxides, the formation of stable
radicals takes place spontaneously or by thermolysis of
molecular products of nitration [11, 12].

Nitrogen oxides of the three types: NO, NO,, NO,
are the most important for reactions with various organic
compounds and polymers. All of them represent free

radicals with different reactivity [13]. In the present review
the features of the mechanism of these oxides reactions
and also dimers of NO, with a number of polymers and
low-molecular compounds are considered. The special
attention is given to the analysis of the stable nitrogen-
containing radicals structure and kinetic features of their
formation. On the basis of the results of the analysis, the
conclusions on the mechanism of primary reactions of
initiation and intermediate stages of complex radical
processes under the action of nitrogen oxides are given.
The principles of the nitrogen oxides use for grafting spin
labels upon various polymers are considered.

2. Results and Discussion

2.1. Interaction of nitric oxide with
products of photolysis and radiolysis
of polymers

The NO radical is least reactive among three
examined nitrogen oxides. It is not capable of abstracting
hydrogen atoms even from the least strong tertiary or allyl
C—H bonds; the strength of H-NO bond amounts is only
205 kJ-mol! [ 14]. Nitric oxide cannot join the isolated double
bonds of the alkenes [15] and initiate radical reactions in
that way. For NO, the recombination with free radicals
with formation of nitroso compounds is a characteristic
process. The structure of stable nitrogen-containing radicals
formed from nitroso compounds (spin traps) in the
subsequent reactions can give information on the mechanism
of radical processes taking place in the reacting system.

Let’s consider such an opportunity by the example
of polymethylmethacrylate (PMMA). During photolysis
of PMMA in atmosphere of NO by unfiltered light of a
mercury lamp at 298 K, the formation of
acylalkylaminoxyl radicals R N(O)C(=0O)OR, was
observed with typical parameters of anisotropic triplet EPR
spectrum in a solid phase:

Al =2.120.1 mT €11=2.0027 + 0.0005 [16] (Fig. 12).
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Fig. 1. ESR spectra of PMMA after photolysis (a)
and radiolysis (b) in atmosphere of NO at 298 K

The occurrence of acylalkylaminoxyl radicals is the evidence of eliminating of methoxycarbonyl radicals in the

course of the polymer photolysis:
hv

PMMA "~ 5 ~(CH,)C(COOCH,)CH,C (CH,)~ (R)) + COOCH, (1)
The subsequent reaction with participation of NO gives acylalkylaminoxyl radicals:
‘COOCH, + NO — 0=N-COOCH, —X 5 RN(0')COOCH, @)

With the help of NO, it was possible to establish
the nature of intermediate short-lived radicals in a
photochemical process using EPR spectra of stable
nitrogen-containing radicals.

Radiolysis of PMMA in the presence of NO at room
temperature in addition to acylalkylaminoxyl radicals gives
iminoxyl macroradicals (Fig. 1b) with the following para-
meters of the ESR spectrum: AIIII =4.5+0.1 mT,
AY'=24£01 mT ; & =2.0025 £ 0.0005,

g1 = 2.0054 £ 0.0005 [16]. As for photolysis,
y-irradiation of PMMA is accompanied by the detachment
of ester groups and the formation of acylalkylaminoxyl
radicals similarly to the reaction (1). But radiolysis causes
an increase in the contribution of hydrogen abstraction
from methylene groups of the main chain with the
formation of corresponding macroradicals:

PMMA —Y) ~(CH3)C(COOCH3)C' H(CH,)C(COOCH,) ~ (R)) 3)
These macroradicals by recombination with NO are converted into nitroso compounds:
Rf +NO — ~(CH,)C(COOCH,)CH(NO)(CH,)C(COOCH )~( RNO) “4)

Nitroso compounds having o-hydrogen atom are easily transformed into oximes which in reaction with active
methoxycarbonyl radicals form registered stable iminoxyl radicals:

*COOCH,

R{NO — ~(CH,)C(COOCH,)C(=NOH)(CH,)C(COOCH,)~ N
~(CH,)C(COOCH,)C(=NO’)(CH,)C(COOCH, )~ + HCOOCH, (5)

Thus the composition of stable nitrogen-containing
radicals reflects primary reactions taking place in PMMA
under the action of light and y-radiation.

The application of nitric oxide enables to prepare
spin-labelled macromolecules in chemically inert and
insoluble polymers, for example in polyperfluoroalkanes.

Y

PTFE —'— ~ CF,C'FCF, ~ + NO — ~ ——> CF,CF(NO)CF, ~

~ CF,C' (NO)CF, ~ = ~ CF,C(=NO)CF, ~
v,NO

As was shown in the work [16], the radiolysis of
polytetrafluoroethylene (PTFE) oriented films and
copolymer of tetrafluoroethylene with hexafluo-
ropropylene initiates reactions with the formation of
iminoxyl macroradical according to the following
scheme:

AN

(6)
¥

~ CF,CF(CF, )CF, ~—"~~ ~ CF,CF(CF,NO)CF, ~ ——>

~ CF,CF(C'FNO)CF, ~ —~ CF,CF(CF=NO')CF, ~

Aminoxyl radicals in polyperfluoroalkanes are not
formed under these conditions. However, if one carries
out y-irradiation in the air, middle and end peroxide

(7

macroradicals appear with conversion into fluoroaminoxyl
macroradicals ~ CF,CF(NO )CF, ~ by the subsequent
exposure to NO. Their ESR spectra in oriented films are
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quintet of triplets (Fig. 2) with the parameters:

AIIII =0.46 mT, AIFI =1.11 mT, &1 =2.006;
AN =t12mT, 4¥ =161 mTand g1 =2.0071.
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Fig. 2. ESR spectrum of PFTE films previously
y-irradiated on air after subsequent exposure to NO

The following mechanism of the aminoxyl radical
formation in these conditions is proposed [17]:
~CF,CF,CF CF,~— ~CF, + CF,=CFCF ~ ®)

The end alkyl radical is oxidized into the end
peroxide radical:
~CF,+0,— ~CF,00 9)

In NO atmosphere, the end peroxide radicals are
converted as follows:

~ CF,CF,00 +NO — ~ CF,CF,0 + NO, (10)
~ CF,CF,0" + NO~ <> CF,CF,0ONO (11)
~ CF,CF,0' — ~ CF, + COF, (12)
~CF,+NO — ~CF,NO (13)
~ CFNO + CF=CFCF~ —2%,

~CF,N(O)CF,CF(NO)CF ~ (14)

Thus, spin-labelled macromolecules of fluoroalkyl
polymers can be prepared by using postradiating free
radical reactions in NO atmosphere.

2.2. Radical reactions initiated
by nitrogen trioxide

The radicals NO, play a significant role in chemical
processes occurring in the top layers of atmosphere [18].
These radicals are formed in reaction of nitrogen dioxide
with ozone:

NO, + 0, - NO, + O, (15)

Under the action of daylight, nitrogen trioxide is
consumed with liberation of atomic oxygen:

NO,— Y 5 No, +0 (16)

Its disappearance occurs in reaction with nitrogen
dioxide at night:

NO, + NO, = N,0, (17)

The NO, radicals are characterized by high
reactivity in reactions with various organic compounds
[18-22]. Typical reactions of these radicals are abstraction
of hydrogen atoms from C—H and addition to double
bonds. Furthermore, nitrogen trioxide can appear as an
oxidizer of organic compounds. Along with these reactions,
the radicals NO, are decomposed in thermal and
photochemical processes. The thermal decomposition of
nitrogen trioxide generated by pulse radiolysis of
concentrated water solutions of a nitric acid takes place
with high rate (k= 810 %, s") [23]:

kT

NO, ——> NO, +0O (18)

The radicals NO, have three intensive absorption
bands in visible region of an optical spectrum with 4_ =
600, 640, 675 nm, and in UV region at 340-360 nm [18
19, 23-27]. Under the action of light, NO, dissociates by
two mechanisms including formation of NO, and atomic
oxygen similarly to reaction (18) or nitrogen oxide and
molecular oxygen [1]:

NO, - NO + 0, (19)

The efficiency of the NO, conversion by one or
either mechanisms is determined by spectral composition
of light. Above 570 nm, NO, decomposes into NO and O,
with the very high (~ 1) quantum yield; the basic products
of the photolysis are NO, + O below 570 nm. One of the
most widespread ways of NO, generation is the photolysis
of Ce (IV) nitrates in particular ceric ammonium nitrate
(CAN) (NH,),Ce(NO,),. The absorption spectrum of CAN
has a wide and intensive band with the maximum at
305 nm (¢=5890 1 - mol™'-cm™) which is conditioned by
an electron transfer to Ce*'from nitrate anion. Under the
action of light in the given spectral region there is a
photoreduction of CAN [26, 27]:

h

Ce""NO3 ——— Ce* + NO, (20)

Thus, the CAN photolysis gives different active
radical particles: NO, NO,, NO, and atomic oxygen.
Application of light of various spectral composition allows
to generate these particles in different ratio. Atomic oxygen
being a very active reactant[14] interacts with C—H bonds
of organic compounds. Macroradicals formed by the
action of atoms O on polymers can be converted in the
presence of NO into stable aminoxyl radicals. The use of
these processes for the purposes of chemical modification
of polymers is considered by the example of
polyvinylpyrrolidone (PVP) in the work [28].

The formation of NO, by reactions (20) and (18)
in the process of CAN photolysis is confirmed by ESR
spectra obtained at 77 K. The spectrum at the initial stage
of irradiation of PVP with CAN (0.05-0.2 mol-kg ') by
light with A > 280 nm is shown in Fig. 3a.
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Fig. 3. ESR spectra PVP with CAN irradiated by light
with 4> 280 nm at 77 K during 2 min (a) and 60 min (b)

It represents basically a triplet signal with obviously
expressed anisotropy of j~factor and hyperfine structure.
Essentially, it is in accordance with a spectrum of NO,
radicals trapped in ice at 77 K [29]. The analysis of
Fig. 3a has given much the same values of 4 and g-tensors:
A, =331 mT, 4, =493 mT, 4., = 5.31 mT, and

~ CH2(|:HCH2 ~ +0 ~ CH2(|3'CH2 ~
R4

The radicals R, are stabilized only at low
temperatures (77 K). Photolysis of samples at 298 K by
the same light results in the production of stable
dialkylaminoxyl radicals characterized by anisotropic ESR
triplet spectrum with parameters of gy; =3.18 mT and
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Fig. 4. ESR spectra of PVP with CAN irradiated
by light with 4 > 280 nm at 295 K

g = 2.0066, gy 1.9929, g, =2.0024.
During the further irradiation, additional lines appeared on
abackground of the NO, signal, which belongs most likely
to radicals of PVP (Fig. 1b) formed as a result of the
following reaction:

+ OH

21

AIIII= 2.0024 (Fig. 4). The cross-linkage of PVP
macromolecules takes place under these conditions with
the formation of a gel-fraction as a result of the
recombination of macroradicals R, with nitric oxide:

Do

N

~ CH2(|30H2 ~
No*

~ CH,CCH, ~
A

(\/Eo

(22)

Fig. 5. Yields of gel-fraction and aminoxyl radicals during photolysis of PVP
with CAN in concentrations of 0.19 mol-kg-' (a) and 0.13 mol-kg "' (b)

by light with A, > 280 nm at 295 K
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Both processes of gel and aminoxyl radical
formation are in direct correlation during photolysis of
PVP with CAN. The linear dependencies shown in Fig. Sa
and b indicate that fact. Formally, the kinetics of any
product N formation with monotonously decreasing rate
can be represented by the equation:

N =ar (23)

where a and n are empirical parameters, and
0 <n < 1. One can see from Fig. 5a and b, kinetic curves
are linearized in the same co-ordinates of equation (23).
The value of parameter » = 0.88 is obtained from analysis
of kinetic dependencies by a least-squares method. Such
regularity confirms the mechanism (22), according to
which the aminoxyl radicals are formed with participation
of nitric oxide and can be considered as crosslinks for
macromolecules. If crosslinking were to occur in some
other way, for example, by direct recombination of radicals

~ / N
~c=c_

+ NOZ -~ /C_C_N02

R, aminoxyl radicals and gel accumulations would not be
correlated as follows from Fig. 5a and b. Such a simple
method of crosslinking PVP can be applied for obtaining
hydrogels used as specific sorbents [30].

2.3. Free radical and ion-radical reactions
under the action of nitrogen dioxide and
its dimers

Nitrogen dioxide effectively reacts with various low-
and high-molecular organic compounds [5-7, 31]. However,
it must be emphasized that NO, is a free radical of moderate
reactivity, and the ONO-H bond strength [14] makes up
320 kJ mol™'. Therefore, radicals NO, are capable of
initiating free radical reactions by abstraction of hydrogen
atoms from the least strong, for example, allyl C—H bonds
or addition to double C=C bonds [32, 33]:

(24)

This process causes further radical conversions of olefins with formation of dinitro compounds and nitro

nitrites: ||
- | - OZN—(ll—(lt—NOZ (25)
/C—Cll—NOZ + N02 —_— | |
e ONO—C|3—C|3—N02 (26)
From Jellinek’s data [31], butyl rubber destroys under the action of NO,:
~C(CH3)=CH~ +NO, =—= ~C(CHg)-CH(NO,)~ — destruction (27)

As a consequence of primary reactions of nitrogen
dioxide radicals with the isolated double bonds, stable
aminoxyl radicals can be generated. Such transformations
are characteristic for rubbers.

2.3.1. Preparation of spin- labelled rubbers

The possibility of obtaining spin-labelled rubbers
by interaction of their solutions in the inert solvents with
the mixture of nitrogen dioxide and oxygen has been
demonstrated in the work [34]. Such rubbers can be
prepared simply and rapidly by reactions of block
polymeric samples with gaseous NO, [35]. The
experiments were carried out on 1,4-cis-polyisoprene (PI)
and copolymer of ethylene, propylene and dicyclo-
pentadiene. The samples had the form of cylinders of 1.5
cm height and 0.4 cm in diameter. On exposure of these
polymers to NO, (10°-2.3-10° mol-I"") at 295 K, identical
ESR spectra were registered. The spectra represent an
anisotropic triplet with parameters which are typical for
dialkylaminoxyl radicals withA]) = 3.1 mT and £11 =
=2.0028 =+ 0.0005 (Fig. 6a). The spectra

with such parameters testify that the correlation time of
rotational mobility 7 at the given temperature exceeds
10 ?s. At increasing temperature up to 373 K, the isotropic
triplet signal with & = 1.53 + 0.03 mT and = 2.0057 +
+0.0005 was observed (Fig. 6b), that is caused by essential
decreasing correlation time (5-10"" < 7, < 107 s). The
change of 7, with temperature (Fig. 7) is described by the
relation z__z exp(E/RT), where logf, = -14.2, and E'is the
activation energy of rotational diffusion (34.7 kJ-mol™).

The scheme of the aminoxyl radical formation
includes three basic stages: generation of macroradicals
in reaction of NO, with rubbers; synthesis of
macromolecular nitroso compounds and spin trapping of
macroradicals by nitroso compounds.

As can be seen from this scheme, the accumulation
of aminoxyl radicals should be accompanied by cross-
linkage of macromolecules. The presence of oxygen
inhibits the aminoxyl accumulation as a result of
conversions of primary nitroalkyl and allyl macroradicals
into peroxide radicals.
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Fig. 6. ESR spectra of PI after exposure to NO, at 295 K (a)
and 373 K (b)

2.4. Mechanism of initiation of radical
reactions by nitrogen dioxide dimers

As noted above, nitrogen dioxide can initiate free
radical reactions in compounds containing weakest C—H
bonds or double C=C bonds. However, the effective
formation of stable nitrogen-containing radicals was also
observed in aromatic polyamidoimides, polycaproamide,
polyvinylpyrrolidone (PVP) [8] and also aromatic
polyamide (AP) [12]. These facts allow considering other

Fig. 7. Temperature dependence of the correlation time
of rotational diffusion of PI macromolecules measured
using aminoxyl radicals as spin labels

probable mechanisms of the radical processes initiation.
The fact is that the basic radical products of interaction
of nitrogen dioxide with polymers containing amide groups
are iminoxyl and acylalkylaminoxyl radicals which are
produced from oximes and acylnitroso compounds [8,
12]. The occurrence of these predecessors of stable
radicals is in turn connected with the nitric oxide formation.

In this connection, a participation of NO, dimeric
forms in radical initiation should be considered. The main
dimers of NO, are planar nitrogen tetroxide O,N-NO, (PD)



Polymers in Polluted Atmosphere. Free Radical and lon-Radical Conversions Initiated by Nitrogen Oxides 39

and nitrosyl nitrate ONONO, (NN). 4b initio calculations
[33] show that these dimers are formed with the most
probability in NO, atmosphere; the form of nitrosyl
peroxynitrite ONOONO is too unstable to be considered
as an efficient participant of reactions, however it can

RH + ONONO, — [R'H'(NO--ONO,)] = R'+ NO + H' + ONO,’

The recombination of radicals with nitric oxide
forms nitroso compounds that undergo isomerisation into
oximes [39] to produce iminoxyl radicals in the reaction
with NO,:

>C=NOH +NO, — >C=NO+HNO, (30)

The tertiary nitroso compounds are effective spin
traps and the source of stable aminoxyl radicals:

RN=0 + R, — R,(R)N-O' (31)

Thus the mechanism involving reactions (29-31)
could formally explain an appearance of stable radicals in
the polymers not containing specific chemical bonds
reacting with NO, mono radicals. However, there are

O
2N02 —_— OzN-NOz + Q —_—
0]

The triplet ESR spectrum of radicals R | in Q (Fig.
8) has parameters: AN = 2.82 mT and g = 2.0053.

The mechanism (33) is confirmed by kinetic data.
The relationships between the initial rates of the R
accumulation and partial pressures of NO, and N, O,

2mr

—H

Fig. 8. ESR spectrum of R~ obtained by the exposure
of Q to nitrogen dioxide at 295 K

play the role of an intermediate compound at oxidation of
nitric oxide by oxygen [36]. As NN has strong oxidative
properties [37], the generation of radicals can take place
by an electron transfer from donor functional groups with
the formation of intermediate radical cations [9, 38]:

(29)

certain obstacles connected with energetic properties of
NO, dimers [33] for realizing such mechanism; the energy
of syn- and anti forms of NN exceeds that of PD
respectively 29.8 and 18.4 kJ-mol!; that is the equilibrium

O,N-NO, == 2NO, —= ONONO, (32

should be shifted to PD in a gas phase.

The diamagnetic PD is capable of generating
nitrogen-containing radicals in a specific reaction with the
system of the conjugated double bonds of p — quinones
(Q) [40]. On exposure of Q to nitrogen dioxide, the
formation of radicals of oxyaminoxyl type (Roxy) [41] takes
place by the following scheme:

O
Ho~~_H
E +NO, (33)
H H
o
R

oxy

calculated from known equilibrium constants are shown
in Fig. 9, from which it is clear that the experimental
values of the initial rates depend linearly on the partial
pressures of N O, and not of NO,. Thus, both forms of
NO, dimers can be active.

P, - 107/ Pa

N_O,

2

2 4 6 8

N
h

9 A1 A
W,.107 mol kg~ s

-3
Pyo- 107/ Pa

Fig. 9. Dependence of initial rates of accumulation
of R, at295 K on partial pressures of NO, and N,O,
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2.5. Experimental confirmations
of ion-radical mechanism of polymers
nitrosation

Registration of radical cations by the ESR method
in the presence of nitrogen dioxide could provide direct
experimental evidence that the initiation proceeds via NN
by scheme (29). However, because of high reactivity and
fast decomposition [42], these particles are difficult to
detect by this method. Nevertheless, the formation of
radical cations can be revealed indirectly in the act of
their decomposition with detachment of a proton. The
possibility of detecting radical cations during their
decomposition accompanied by the proton emission has
been demonstrated by the example of interaction of
nitrogen dioxide with poly(2-vinylpyridine) (PVPyr).
Pyridine is known to be capable of accepting protons to
yield pyridinium cations. Hence, if protons are formed
during decomposition of radical cations by reaction (29),
they can be detected easily from IR spectra typical to

~CH,CHCH,» + NOONO, === |~+CH,CHCH

Z "N Z "N

G G

NO

ONO,~

pyridinium cations. Note that pyridine conversions can
be nitrated only under quite severe conditions. For
example, N-nitropyridinium nitrate was obtained only when
pyridine was treated with NO, — ozone mixture in an inert
solvent [43]. However, nitrogen dioxide efficiently
interacts with PVPyr.

Fig. 10 represents the IR spectra of the original
PVPyr films and the same films exposed to NO,
(5-10*mol-1I'") [38]. After 90 min exposure at room tem-
perature, two intense bands were observed in the spectrum
at 2400-2600 and 2200 cm™ corresponding to the stret-
ching vibrations of NH" pyridinium cations [44]. The bands
at 1600-1430 cm!, attributed to the stretching vibrations
of C=C and C=N bonds of pyridine rings, are present in the
initial spectrum of PVPyr [44]. During exposure to NO,, a
band at 1650 cm! corresponding to the stretching vibrations
of C=N* bonds arises in the spectrum simultaneously with
the bands at 24002600 and 2200 cm™'. This process may
be schematically depicted as follows [38]:

[ ] —
—»  ~wCH,CCHy + H'+ NO + ONO,

Z "N

L

wCH,CHCHp~ + H' + ONO,  —» ~~CH,CHCH~

Z "N
I

NS NS

Thus pyridine rings fix an occurrence of radical cations
as a result of an electron transfer to NN, and in doing so the
ion-radical mechanism (29) is experimentally confirmed. It
is possible to believe that such oxidative mechanism of
generating radicals is characteristic for compounds with the
ionization potential providing electron transfer from donor
groups of molecules to NN. This regularity can be followed
from examples of thermal and photochemical nitration of

T, %
801~
1
60~ ﬁ
2
40F
20
1 1 1 1 1 | |
3600 2800 2000 1600 1200 800 400
v, CM~ !

= NH+ ONOZ_

(34)
I

aromatic compounds under the action of nitrogen dioxide.
According to UV spectroscopy data, NN can form charge-
transfer complexes with methylbenzenes [45, 46]. For the
complexes, a bathochromic shift in the corresponding
absorption bands was observed with an increase in number
of methyl substituents in the benzene ring. This shift correlates
with a decrease in the ionization potential from 8.44 to
7.85 eV passing from p-xylene to hexamethylbenzene.

Fig. 10. IR spectra of the original PVPyr films (1)
and after exposure to NO, (2)
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2.6. Effect of nitrogen dioxide on aliphatic
and aromatic polyamides
Oxidative ion-radical mechanism of conversions

induced by NN explains high activity of aliphatic
polyamides and AP to nitrogen dioxide as well as the nature

of stable radicals and molecular products of nitration.
Amide groups can serve as donor electrons in polyamides.
The regularities of aliphatic transformations in particular
polycaproamide [8, 9] may be described by the following
scheme:

+e
v CH,CONHCH,» + ONONOy — > | v CH,CONHCH, o~
NO ONO,

:

° + —_
~CH,CONCH,wvwv + H + NO + ONO,

' ° |

NO
(39)

(d

ONO . O

. . . | |
w1 CHCONCHyvv + NOy —> w2 CHCONCHp v —— v CH,CONCH v + NO

Reactions (35) at durable exposure lead to
practically full disappearance of -NH- groups in macromo-
lecules. Amidyl macroradicals leaving the “cage” are
decomposed with breaking the main chain and can also
be converted into N-nitrite by recombination with the
monomer form of NO,. The decomposition of N-nitrites
is registered in polycaproamide acylalkylaminoxyl

Fig. 11. ESR spectrum of polycaproamide
after exposure to NO, at 295 K

The main free-radical products of AP (poly-m-
phenylene isophthalamide) exposure to NO, are iminoxyl
radicals of two isomeric forms [12]. At the initial stage of
the AP exposure, the ESR spectrum shown in Fig. 13a is
observed. It represents anisotropic triplet with
AN= (4.8 £ 0.1) mT, AE= (2.0024 £ 0.0003) and

| gl\ =(32+0.1)mT, & =(2.0047 £0.0003). By

its specific form and measured parameters, this signal

macroradicals. The ESR spectrum of these radicals is
shown in Fig. 11. It represents a triplet anisotropic signal
with AIT}] = 1.94 mT and gy = 2.003. In IR spectra of
polycaproamide exposed to nitrogen dioxide, stretch bands
of N=O in nitroso amide groups at 1504 and 1387 cm’
are also observed (Fig. 12).

D
0.51+

0.34

0.17

1600 800
1

2000
v, cm’

3600 2800

Fig. 12. IR spectra of original films of polycaproamide (a)
and after exposure to NO, (b)

corresponds to a spectrum of iminoxyl radicals (I) in a
solid phase. At later stages (Fig. 13 b), a signal of the
second iminoxyl radical (II) appears. The spectrum of
radicals II is also anisotropic triplet but with other

parameters: A= (4.1 % 0.1) mT, g, = (2.0024+0.0003)

and Af =(@2.6+0.1)mT, & =(2.0050 & 0.0003).

Based on the mechanisms (29, 30), the process of iminoxyl
radical formation is represented schematically as follows:



42

ONONO2

O=0

Q
~C—HN a

Evgeniy Davydov et al.

G —HN@NC@

NO ONO,

O

I/

NO H* ONO,

Thus, the interaction of AP with NO, by the ion-
radical mechanism is capable of initiating conversions of
chemically inert phenyl rings into much more reactive
cyclohexadiene groups.

2.7. Conversion of nitrogen dioxide PD
into NN under the influence of amide
groups of macromolecules

As indicated above, the equilibrium (32) should be
shifted to PD in a gas phase due to the higher energy of
NN in comparison with that for PD [33]. Nevertheless,
the effective formation of stable radicals is observed in
polyamides exposed to nitrogen dioxide by ion-radical
mechanism. On this basis it is possible to suggest that the
shift of equilibrium (32) to the formation of NN in
polyamides is caused by specific donor-acceptor
interaction of PD with amide groups which induce the

l NO,

0

]
__NE

N

+ HN02
.

I

conversion into NN and consequently the ion-radical
process by the scheme (29). As the indicator of PD
conversion into NN, the dependence of the yield of
oxyaminoxyl radicals (R, ) and iminoxyl radicals (R, )
on the contents of AP (poly-m-phenylene isophthalamide)
in the composites of AP with p-benzoquinone (Q) has
been used. As noted above, the formation of R and R,

is connected correspondingly with PD and NN. The results
obtained are shown in Fig. 14. One can see from the figure,
the concentration of radicals R accumulated
monotonously decreases with the increase of AP relative
content, while concentrations of R, radicals vary within
10-20 % of the average value, that is, within the accuracy
of integration of ESR spectra. This fact indicates obvious
dependence of the R yield on the contents of polymers
with amide groups in composites, suggesting that PD is
converted under the influence of amide groups into NN
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Fig. 13. ESR spectrum of AP after exposure
to NO, at 295K

that generates stable radicals R, in AP. It is significant
that an appreciable decrease of the yield of Ry radicals
was not observed in control experiments when polymers
of other chemical structure, for example, acetyl cellulose
were used in composites with Q. Therefore one can

+Q, ky R
> OXy

-1 + a’ k3

-3

where a is an amide group. Taking into
consideration the stationary state of PD, NN, [PD---a],
[NN---a] concentrations, the following equations for rates
of accumulation of radicals Ry and R, can be obtained:

dn _ kiko[Q1(k_3 + k4 INO, 1

dt— (k_y+ky)k_; +ko[Q1+kslal)—k_sks[a] (38)

d[IL, 111 _ kikska[a]INO, 1 a9

dt (k_3 +ky Nk_y + ky[Q1+ k3[a])— k_3k3[a]

where [NO;] is the concentration of nitrogen dioxide in
a gas phase, [a] is the concentration of amide groups.
These equations can be simplified if concentrations of
amide groups in composites are comparatively high, and
the conversion of PD into NN occurs rather effectively,

that is k;[a]>>k_ | +k,. Then

d[R,,1  kk,(k ,+k,)NO,T

d Kk, [a] (40)
d[Ri]
“Binl _ g

r 1 (41)

\
/

[R110°, mol kg™

/
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Fig. 14. Dependence of concentrations of R__ (1)
and R, (2) in Q + AP after exposure to NO,
on weight ratio of Q and AP

conclude that amide groups play special role in the
PD — NN process.

The decrease of a relative yield of R, radicals
while adding polymers with amide groups to composites
(Fig. 14) is apparent from the formal kinetic scheme:

(37)

k
[PD... a] —~[NN... a] —R;,

Thus the rate of accumulation of R, radicals is
determined by [NO» ], and concentrations of these radi-

cals accumulated on exposure to nitrogen dioxide do not
depend appreciably on AP contents (Fig. 14, curve 2). In
contrast, the yield of R~ decreases as the polyamide is
added to composites and [«] is increased. These diagram
points are representative of competitive pathways for PD
interactions with Q and amide groups.

2.8. Ab initio calculations
of energies for conversions
of nitrogen dioxide dimmers

For validating the mechanism proposed of the
conversion of PD into NN, the calculations of energy
changes in the process of nitrogen dioxide interaction with
the simplest amide (formamide) have been carried out
within the framework of density functional theory by the
Gaussian 98 program [47]. The B3LYP restricted method
for closed and open shells was used. The aim of the
calculations is to correlate energy consumptions for
PD — NN with those for other stages of the radical
generation process. The energies of the following states
according to scheme (37) were calculated:
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2NO, +NH,COH (42)
O,N-NO, + NH,COH (43)
ONONO, +NH,COH (44)
[O,N-NO,- NH,COH] (45)
[ONONO, - NH,COH] (46)
N'HCOH +NO + HNO, (47)
NH,CO +NO + HNO, (48)

The geometry optimization of all structures was
performed applying the basis set 6-31G (d, p). The given
process includes intermediate molecular complexes of PD
and NN with formamide (45, 46). The changes of minimum
energies are shown in Fig. 15. One can see the formation
of PD from NO, is energetically advantageous process [33],
whereas NN is generated from NO, in an endothermic
reaction. The complexation of PD with formamide is
accompanied by the release of energy:
AE =28 kJ-mol"'. However, PD in the complex (45) is not
capable of reacting with formamide and can leave only the
reacting cage. At the same time, PD in the complex can be
converted approximately with the same energy consumption
into NN (46), which further reacts by the electron transfer
reactions (47, 48) giving radicals, nitric oxide, nitric acid
and significant release of energy (44-57 kJ-mol™'). Such
sequence of transformations seems to be more efficient in
comparison with a direct interaction of NN and formamide
by state (44), as the energy of dimers in complexes (45)
and (46) is lower than that of an initial state (42).

E, hartrees
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-580.09-

Fig. 15. Changes of minimum energies calculated
for reactions of NO, with formamide

3. Conclusions

Nitrogen oxides are the effective initiators of radical
reactions for a number of polymers with formation of
various molecular nitration products and stable nitrogen-
containing radicals. Nitric oxide does not react directly,
but it recombines with free radicals formed in polymers
by UV photolysis or yradiolysis. The nitroso compounds

formed in the subsequent reactions are converted into stable
radicals. By this way, spin labels can be inserted even to
chemically inert polyperfluoroalkanes. However, the
chemical structure of macromolecules can be essentially
changed in that case of rather hard conditions of radical
generation. In this connection, nitrogen trioxide obtained
by photolysis of the Ce (IV) nitrates is promising in
application for spin labels synthesis. Under the action of
visible and close UV light on these additives, the radicals
and nitric oxide are formed simultaneously with
transformation finally into spin labels. The light of such
spectral composition does not cause undesirable side
effects on macromolecules. Nitrogen dioxide is capable
of interacting with the least strong C—H and double C=C
bonds initiating thus radical reactions in the given system.
The dimeric forms of nitrogen dioxide actively react by
mechanism depending on the chemical structure of those
forms. The dimers in the form of nitrosyl nitrate represent
oxidizing agent initiating ion-radical reactions with the
formation of stable nitrogen-containing radicals. Amide
groups can induce a transition of energetically less
capacious planar dimers of NO, into nitrosyl nitrate. This
specific ion-radical mechanism determines the high activity
relative to NO, even with such stable polymers as aromatic
polyamides.
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MOJIIMEPH B 3ABPYJITHEHIA ATMOC®EPI.
BLJIbHO-PAIMKAJIBHI TA HOHHO-PAJIUKAJIBHI
HEPETBOPEHHS, BUKJIIMKAHI OKCUJJAMU A30TY

Anomauin. Oxcuou, diokcuou ma mpuoxkcuou azomy
paszom 3 oimepamu OiOKCcUdy azomy € pearKyiliHo30amHuMu
iniyiamopamu paouKanibHux nepemeopenb MaKpoOMoIeKyl i
Moougpikyiouumu peazenmamu noiimepie. Pozensnymi ocnoeHi
cmaoil mexawizmy IiHiYil06aHHA, AKUU 6USHAYAE CKAAO
MONEKYNIAPHUX | paOuKanbHux npooyKmie 6 nonimepax, GUKIUKAHe
OKCUOaMU aA30My.

Knrwwuogi cnosa: oxcuo azomy, nonivep, peakyis, paouxar,
EIIP-cnexmp.



