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New bis(naphthalic anhydrides) and polyheteroarylenes based on them
with improved processability
A L Rusanov
A N Nesmeyanov Institute of Heteroorganic Compounds, Russian Academy of Sciences, Moscow

ABSTRACT. New bis(naphthalic anhydrides) containing 'hinge'
groups and/or bulky substituents are considered. It has been shown
that the majority of these monomers may be synthesised from
derivatives of naphthalic anhydride or acenaphthene with subsequent
oxidation of the bisacenaphthyls obtained. Reaction of these
compounds with aromatic diamines and bis(o-phenylenediamines)
gives polynaphthalimides and polynaphthoylenebenzimidazoles
combining solubility in organic solvents with high thermal and
chemical stability.

The bibliography contains 154 references.
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I. Introduction

The rapidly developing variety of modern techniques present ever-
increasing requirements for the polymers used in them.
Investigations on thermally and chemically stable polymers are fairly
widespread1"9 and in some of these the polyheteroarylenes, aromatic
polymers containing heterocycles in the main chains of the
macromolecule, have attracted particular interest. This interest is
explained by the spectrum of valuable, occasionally unique,
physicochemical and mechanical properties possessed by these
polymers and the materials based on them.1"21

A significant portion of the studies on the synthesis of polyhetero-
arylenes is devoted to polymers based on bis(phthalic anhydrides).
These monomers are widely used in the synthesis of polyimides22"25

and of the completely and partially 'ladder' polyheteroarylenes,26 the

polybenzoylenebenzimidazoles, polybenzoylene-S-triazoles, polyiso-
indoloquinazolinediones,27 etc., which are illustrated by the following
scheme:

Practically all these polyheteroarylenes are obtained using stepwise
processes with the possibility of stopping the reaction at the stages of
formation, of prepolymers soluble in organic solvents, processing of
the prepolymers into a product and subsequent cyclisation of them
in the form of the finished products with the formation of the
desired infusible and insoluble polyheteroarylenes as the already
finished goods.

It must however be noted that both the polyimides and the ladder
polyheteroarylenes based on bis(phthalic anhydrides) possess
comparatively low thermal and chemical stability.27 This is caused
to a significant extent by the strain of the five-membered imide
fragments of the resulting heterocycles and the high positive charges
on the carbon atoms of the carbonyl groups of these systems.

The logical route leading to a potential increase in the thermal
and chemical stability of the polyheteroarylenes is the replacement of
the bis(phthalic anhydrides) in the above-mentioned reactions by
bis(naphthalic anhydrides) the structure of which should be
determined by the formation of systems containing six-membered
imide rings, either on their own or condensed with other heterocyclic
fragments.
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Previous investigations have shown that on using
bis(naphthalic anhydrides) as monomers polynaphthalimides and
polynapht'ioylenebenzimidazoles are obtained which possess high
chemical and thermal stability and fire resistance compared with
analogous systems based on the bis(phthalic anhydrides).28^0

Η,Ν—ΑΓ— ΝΗ,

The polymers based on bis(naphthalic anhydrides) are therefore
more promising than those based on bis(phthalic anhydrides) from
the point of view of creating materials with improved properties.

It must however be noted that the polyheteroarylenes based on
bis(naphthalic anhydrides) are generally systems with a low ability to
be processed into articles. On the one hand the final polyhetero-
arylenes are infusible and are soluble in strong acids, such as
sulphuric, methanesulphonic or polyphosphoric, and on the other the
reactions using bis(naphthalic anhydrides) as stepwise processes are
difficult due to the reduced electrophilic reactivity of bis(naphthalic
anhydrides) and the ease of forming six-membered naphthalimide
systems.

Hence it follows that the development of polyheteroarylenes based
on bis(naphthalic anhydrides) characterised by a satisfactory
processability into articles is an important and urgent problem in the
chemistry of thermostable polymers. One of the most common
routes of improving the processability of polyheteroarylenes is the
conferring on them of solubility in organic solvents. The main ways
to solve this problem are:

1. The synthesis of polyheteroarylenes based on the most common
bis(naphthalic anhydrides), i.e. the anhydrides of naphthalene-
1,4,5,8-tetracarboxylic and perylene-3,4,9,10-tetracarboxylic acids

and nucleophilic co-monomers differing in the structure which causes
an improved processability of the desired polyheteroarylenes.

2. The development of bis(naphthalic anhydrides) containing
structural elements causing improved processability of the
polyheteroarylenes based on them and the use of the indicated
bis(naphthalic anhydrides) in reactions with di- and tetra-functional
nucleophilic comonomers.

Since the first of the above-mentioned approaches has been
considered previously,24'41'42 attempts will be undertaken in the
present review to analyse the results obtained in the second direction.

The main approaches43'44 to the conferment of solubility in
organic solvents to the polyheteroarylenes by modifying the initial
dianhydrides are:

a) the introduction of 'hinge' bonds into the molecules which
facilitate to a maximal extent the rotation of the individual
fragments of the macromolecule relative to one another and b) the
introduction into the molecule of anhydrides with bulky substituents.

A combined approach is frequently used, i.e. both hinges and
bulky substituents are introduced into the anhydride molecule.

These approaches and combinations of them were used in the
development of new bis(naphthalic dianhydrides) intended for the
preparation of polyheteroarylenes soluble in organic solvents.

II. Bis(naphthalic anhydrides) containing structural
elements causing improved solubility of the
polyheteroarylenes based on them

The simplest modification of the most common bis(naphthalic
anhydrides) directed towards improving the processability of the
polyheteroarylenes derived from them is the introduction of a single
bond or a hinge group between two naphthalic anhydride residues.
Analogous bis(naphthalic anhydrides)42 are most frequently obtained
from acenaphthene45 or its simplest derivatives using such
approaches as:
— the reaction of two molecules of acenaphthene or a derivative
with the appropriate compounds leading to the formation of bis-
acenaphthenes, subsequent oxidation46 of them and dehydration of
the resulting bis(naphthalic acids):
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— the reaction of two molecules of acenaphthoquinone derivatives
(product of partial oxidation of acenaphthene) with appropriate
compounds and subsequent oxidation of the resulting bis-
acenaphthoquinones to bis(naphthalic anhydrides):

2 I
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ο
II
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ο
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function with subsequent oxidation of the acenaphthyl group and
dehydration of the resulting acid function:

2 Ο

-H2O

— the reaction of two molecules of the naphthalic anhydride
derivative (derived from acenaphthene45) with appropriate
compounds leading to the formation of bis(naphthalic anhydrides):

Certain monomers of this type containing separate naphthalic
anhydride residues were obtained a fairly long time ago. Their
simplest representatives are as follows:

4,4'-Bis(naphthalic anhydride)47·48

Ί Ο

— the reaction of naphthalic anhydride derivatives with
acenaphthene or a derivative of it leading to the formation of
compounds containing both an acenaphthyl and an anhydride

Ο

4,4'-Ketobis(naphthalic anhydride)49'50

4,4'-Epoxybis(naphthalic anhydride)51"54
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4,4'-Thiobis(naphthalic anhydride)55·56

4,4'-Sulphonylbis(naphthalic anhydride)56,57

Ο

It must however be noted that polyheteroarylenes, primarily
polynaphthoylenebenzimidazoles, obtained from bis(naphthalic
dianhydrides) containing no more than one hinge group and the
simplest bis(<?-phenylenediamines), proved to be soluble only in
strong acids and were practically insoluble in a single organic
solvent.55'57^1

The simplest change in the structure of the bis(naphthalic
dianhydrides) directed towards obtaining the desired polyhetero-
arylenes soluble in organic solvents is the introduction of additional
hinge groups.

Significant attention has been paid to systems containing at least
two ether bonds in several bis(naphthalic anhydrides) containing
more than one hinge group. These monomers are obtained by the
reaction of two moles of 4-bromonaphthalic anhydride with an alkali
metal bisphenoxide in dipolar aprotic solvents55'62"68 according to
the following scheme:

Ο
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Some characteristics of individual bis(naphthalic anhydrides)
containing ether groups are shown in Table 1.

Table 1. Bis(naphthalic anhydrides) of general formula

Mp, °C Yield, % Ref.

271-272 81.6

93.0 [63]

287J-287.6 95.0

274.4-275J 96.7

294-295 70.0

[631

[65]

An alternative method of synthesising similar bis(naphthalic
anhydrides) is the use of 4-nitronaphthalic anhydride in place of
4-bromonaphthalic anhydride,69 however this process has only been
considered in an extremely fragmentary manner.
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The 4-bromo and 4-nitro derivatives of acenaphthoquinone66''0'72 Table 2. Some characteristics of bis(naphthalic anhydrides) of
also react with alkali metal bisphenoxides in the reactions considered general formula
above. In these cases bisacenaphthoquinones are formed in the first

stage.

+ M 0 - A r - 0 M -^

O - A r - 0

C=O
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Ο .

II

ο

Individual bisacenaphthoquinones were then oxidised further to
bis(naphthalic acids) and then converted into bis(naphthalic
anhydrides).71'72
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[63]

[73,74]

[73,74]

[73,74]

[73,74]

Practically all the reactions considered above for the synthesis of
bis(naphthalic anhydrides) containing ether groups may be used for
the preparation of bis(naphthalic anhydrides) containing thioether
linkages.55'63'73'74 In these reactions bis(thiophenoxides) are used as
starting materials instead of alkali metal bisphenoxides.
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Ar' =

Ar =

Some characteristics of bis(naphthalic anhydrides) containing
thioether groups are given in Table 2.

The bis(naphthalic anhydrides) are characterised by a lower
electrophilic reactivity than the bis(phthalic anhydrides). The
introduction into them of ether and thioether groups, which are
electron-donating substituents, causes a further reduction in their
electrophilic reactivity. This led to a switch from electon-donating to
electron-accepting hinge groups and in particular to the transition
from dianhydrides containing thioether groups to dianhydrides with
sulphone fragments. Synthesis was effected by the following
scheme:73·74

Some characteristics of the bis(naphthalic anhydrides) containing
sulphone groups are given in Table 2.

Another large group of bis(naphthalic anhydrides), the so-called
bis(ketonaphthalic anhydrides), were obtained by the Friedel — Craft
reaction of the diacid chlorides of aromatic dicarboxylic acids with
two moles of acenaphthene with subsequent oxidation of the
bis(acenaphthyls) to bis(ketonaphthalic acids) which undergo further
dehydration to bis(ketonaphthalic anhydrides)77"81 according to the
following scheme:

A1C1,
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Table 3. Properties of aroylenebis(naphthalic anhydrides)

Ο Ο

C-Ar-C-//

Ar Mp, °C Yield, % Ref.

CF3

-O-i-C
CF3

>450

434-436

309-311

313-314

341-342.5

288-290

70.8

90.2

93.0

94.0

89.1

[77,78,

[77,80]

[77,80]

[77,80]

[77,80]

[77]

308-309

- C B i 0 H 1 0 C - 278-280

57 [82,84]

[83,84]

An alternative method of synthesising the bis(ketonaphthalic
anhydrides) considered above and systems isomeric with them is the
Friedel — Craft reaction of a 4-chloroformylnaphthalic anhydride
with aromatic hydrocarbons.85

Table 4. Some characteristics of heteryl-containing bis(naphthalic
anhydrides) of general formula

Het Mp, "C Yield, % Ref.

377-379 40

355-356 42

352-364 73

315-335

Some characteristics of the bis(ketonaphthalic anhydrides)
synthesised are given in Table 3.

The same synthetic approach was used for obtaining
bis(ketonaphthalic anhydrides) containing a heteroorganic central

4-Chloroformylnaphthalic anhydride was also used for obtaining
bis(naphthalic anhydrides) containing phenyl substituted hetero-
cycles. The dianhydride of bis[l-phenyl-2-(4,5-dicarboxynaphthyl)-
benzimidazol-5-yl] sulphone was obtained by treating bis[(3-amino-

grouping, such as hexafluoroisopropylidene, diphenylsilyl and 4-phenylamino)phenyl] sulphone, a product from 4,4'-dichloro-

w-carboranylene (Table 3). diphenyl sulphone produced on an industrial scale, with two moles
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of 4-chloroformylnaphthalic anhydride and subsequent cyclo-
dehydration of the compound obtained.86'87
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The dianhydride of bis[2-phenyl-l-(4,5-dicarboxynaphthyl)benz-
imidazol-5-yl] sulphone, isomeric with this compound, was obtained
by treating 4,4'-dichloro-3,3'-dinitrodiphenyl sulphone with 4-amino-
acenaphthene, reduction of the nitro groups of the obtained
4,4'-di(aminoacenaphthyl)-3,3'-dinitrodiphenyl sulphone to primary
amino groups, benzoylation of these amino groups, cyclodehydration
of the 2-benzamido-imine fragments into 2-phenyl-l-acenaphthyl-
benzimidazole rings, oxidation of the acenaphthyl groups to peri
carboxyl groups and anhydride formation of the latter.87

Individual characteristics of the synthesised bis(naphthalic
anhydrides) containing various heterocycles are given in Table 4.

The derivatives of acenaphthene and naphthalic anhydride
containing α-diketone groups in the 4 position have been used for
obtaining bis(naphthalic anhydrides) containing phenylquinoxaline
fragments.88"91 The synthesis of these monomers was effected by the
following scheme:

The diacetyl and dicarboxyl derivatives of bis(naphthalic
anhydride) were obtained by the acetylation of acenaphthene,
nitration of the 4-acetylacenaphthene obtained96 and oxidation of
the resulting acetylnitroacenaphthene97

and subsequent formation and dimerisation of the diazo
compounds.98"100

IO]

R = — , — 0 — . —CH 2 —, — S O 2 — .

Some characteristics of the bis(phenylquinoxalinylnaphthalic
anhydrides) are given in Table 4.

The diffuse melting points of the bis(phenylquinoxalinyl-
naphthalic anhydrides) are probably due to these products being
mixtures of isomers, which is usual when forming bis and
polyphenylquinoxaline systems.92"94 In addition to phenyl, acetyl and
carboxyl substituents, capable of increasing the solubility of the
target polyheteroarylenes,95 were also introduced into the
bis(naphthalic anhydrides). R = COCH3, COOH .
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The dianhydride of l,r-bis(naphthyl)-4,4',5,5',8,8'-hexacarboxylic
acid is manufactured in the USSR on a semi-industrial scale at the
present time for the production of cubogens.101'102

Bis(naphthalic anhydrides) containing 1,1-dihaloethylene groups
have been synthesised since it is known that the introduction of these
fragments into macromolecules of various polyheteroarylenes are
capable of improving the solubility of the latter.1 0 2 '1 0 8 Proceeding
from the general chemistry of chloral derivatives,103'114 it might be
expected that the condensation of chloral with two molecules of
acenaphthene must lead to di(acenaphth-4-yl)trichloroethane and this
was found to be so. The oxidation of diacenaphthyltrichloroethane
with potassium and sodium dichromate in glacial acetic acid at
90 — 110 °C was accompanied by dehydrochlorination of the central
grouping and simultaneous anhydride formation of the peri
dicarboxyl groups.7 7 '1 1 0 '1 1 1

CC1 3
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c +
1

CC13

0
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Neither dehydrochlorination of the 1,1,1-trichloroethane groups to
1,1-dichloroethylene nor oxidation of the 1,1-dichloroethylene group
to carbonyl occurred when the usual conditions of carrying out these
processes were applied to this system.

It is interesting to note that on replacing chloral by bromal the
reactions considered occurred totally as expected1 0 3 '1 0 7 '1 0 9 '1 1 3 and led
to the formation of the dianhydride of l,l-bis(l,8-dicarboxynaphth-
4-yl)-2,2-dibromoethylene.80'112

-HBr

Since there are no literature data on the relative reactivities of
bis(naphthalic anhydrides) a quantum chemical calculation of certain
parameters was carried out by the PPP method,113 particularly of the
value of the electron affinity (A) which is a measure of the

electrophilic reactivity of the dianhydrides in reactions with
amines.114 The results of the calculations of the values of A for
various bis(naphthalic anhydrides) are given in Table 5.

Table 5. Electronic characteristics of bis(naphthalic anhydrides).

Ο

Compound

A,eV

Ο

3.1493 1.7426 0.2478 0.2478

Ο ο

4.0102 2.6044 0.2477 0.2477

3.7990 2.4770 0.2474 0.2469

3.4488 2.0819 0.2097 0.2184

Ο 3.8704 2.4896 0.2486 0.2475

Ο 3.6475 2.1878 07490 0.2475

Note: q\ is the positive charge on the 5 and 5' carbon atoms, qi is
the positive charge on the 4 and 4' carbon atoms.

As in the case of the bis(phthalic anhydrides) the greatest value of
A was found for the dianhydride of naphthalene-1,4,5,8-tetra-
carboxylic acid and the values of A for bis(naphthalic anhydrides)
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containing electron-accepting hinge groups were greater than those
for the bis(naphthalic anhydrides) with electron-donating groups.
Comparison of the absolute values of A shows that the values of A
for the bis(naphthalic anhydrides) were significantly greater than for
the bis(phthalic anhydrides), which agrees with the literature114 and
is explained by the high aromaticity of the bis(naphthalic
anhydrides). However the high values of A are not linked with the
higher reactivity of the bis(naphthalic anhydrides) compared with the
bis(phthalic anhydrides) since the reactivity depends on the strain in
the anhydride ring.

bis(naphthalic anhydrides) with electron-accepting hinge groups the
high positive charge is a characteristic of the carbonyl carbon atoms
in the 4 and 4' positions.

The fact that all the bis(naphthalic anhydrides) possess a lower
reactivity than the dianhydride of naphthalene-1,4,5,8-tetracarboxylic
acid points to the expediency of synthesising polyheteroarylenes from
them using catalytic processes which are being used more in
polycondensation and polycyclocondensation reactions.115

III. Polyheteroarylenes from bis(naphthalic
anhydrides)

Table 6. Some characteristics of polynaphthoylenebenzimidazoles of
general formula62·63

30
Τ
Jg,

0.15

0.20

0.26

0.30

0.29

260

Values have been calculated for the positive charges on the
carbonyl carbon atoms to determine the reaction centre primarily
subject to nucleophilic attack.113 In the bis(naphthalic anhydrides)
containing electron-donating hinge groups a high positive charge q is
characteristic of the carbonyl carbon atoms at positions 5 and 5'. In

1. Polynaphthalimides
The majority of polynaphthalimides described in the literature are

products of the reaction of naphthalene-l,4,5,8-tetracarboxylic acid
with various diamines.116 Several bis(naphthalic anhydrides)
containing hinge groupings have been used for the synthesis of
polynaphthalimides.

Polynaphthalimides containing ether and thioether groups, which
are soluble in phenolic solvents, have been obtained by the reaction
of ether- and thioether-containing bis(naphthalic anhydrides) with
4,4'-diaminodiphenyl oxide.62·63 Reactions were carried out in
w-cresol at 10% concentration (calculated on the final polymer)
using quinoline or isoquinoline as catalyst. In contrast to the
tougher polymer from the dianhydride of naphthalene-1,4,5,8-tetra-
carboxylic acid, which is precipitated from m-cresol at this
concentration, the polyimides obtained were soluble in m-cresol up
to 15% concentration though their molecular weights were fairly low
(ηωι = 0.15-0.30 dlitre g"1). The logarithmic viscosities and glass
points of the polynaphthalimides synthesised are given in Table 6.
Thermogravimetric analysis of the polymers showed the start of a
mass loss at 450 °C in air and at 500 °C in a nitrogen atmosphere.

Ο
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An appreciable increase in the viscosity characteristics of
polymers was achieved using bis(ketonaphthalic anhydrides) as
monomers.117'118

NH2
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Synthesis of the polynaphthalimides was effected in /n-cresol using
benzoic acid as catalyst. The polynaphthalimides dissolved in
H2SO4, phenolic solvents and mixtures of tetrachloroethane with
phenol but polymers from dianhydrides containing ether bonds in
the central group dissolved in tetrachloroethane as well. Some
characteristics of the polynaphthalimides are given in Table 7.

Polynaphthalimides containing free carboxyl groups were obtained
by the reaction of the dianhydride of l,l-dinaphthyl-4,4',5,5',8,8'-
hexacarboxylic acid with 4,4'-diaminodiphenyl oxide and benz-
imidazole-containing aromatic diamines.119"121

High temperature (125 — 130 °C) polycyclocondensation was
carried out in dipolar organic solvents with the addition of base.
The polycondensation proceeds best of all in DMSO on adding
sodium acetate in equimolar quantities. This is linked with the
better solubility and stability of the monosodium salts formed at the
strongly acidic carboxyl group of the dianhydride and the
polynaphthalamide.122 The remaining free carboxyl groups are
probably catalysts of the polycyclocondensation process. The high
molecular polynaphthalamides obtained dissolve readily in the
presence of base in organic solvents (DMSO, DMAA) and in water.
The polynaphthalimides do not soften until decomposition begins at
520-525 °C according to TGA (AT = 10 °C mnT1). When
preparing polynaphthalimides in a chloride precipitating bath they
form films and filaments with a strength up to 35 cN tex"1 and an
elongation at break of up to 20%.

High solubility in organic solvents is also inherent of poly-
naphthalimides containing iV-naphthylimide or 7V-(4-phenoxy)-
naphthylimide substituents and which are synthesised as described123
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by the following scheme:

η Η,Ν

- 2 / T H 2 O

•ΝΗ,

o = c 0=C C=O 0=C C=

Polynaphthalimides with iV-naphthalimide o-substituents are
obtained by the reaction of 3,3'-diamino-4,4'-di-(4-aminophenoxy)-
diphenyl sulphone with an equimolar quantity of the bis(naphthalic
anhydride) with subsequent treatment with two moles of the
naphthalic anhydride under high temperature catalytic polycyclo-
condensation conditions in m-cresol with benzoic acid. This polymer
dissolves in phenolic solvents, in AT-methyl-2-pyrrolidone (N-MP)
and also in tetrachloroethane, it has a molecular weight of the order
of 60000, softens at 340 °C and has a 10% weight loss temperature
of 480 °C.

When the alternative sequence of adding mono- and dianhydride
to the reaction is used a polynaphthalimide with even more bulky
N-(4-phenoxy)naphthalimide ortho substituents is obtained which is
soluble in a wide range of solvents, including those mentioned
above and chloroform. The thermal characteristics of the poly-
naphthalimide synthesised were assessed from a thermomechanical
curve and from dynamic TGA data and were comparable with
the thermal characteristics of the polynaphthalimides with
ΛΓ-naphthalimide substituents (Table 8). The molecular weight of the
synthesised polymer was of the order of 25000 but it was not
possible to obtain films from it with satisfactory characteristics.

The high solubility of the systems obtained by both the first and
second routes is seemingly determined by the lack of symmetry of
the polymer molecules, by the presence of bulky side substituents,
which aid its solubility by breaking up the polymer structure, and by
the positive effect of the SO2 group and the mild cyclisation
conditions.

2. Polynaphthoylenebenzimidazoles
Significantly more attention has been paid to the poly-

naphthoylenebenzimidazoles based on the bis(naphthalic anhydrides)
described above than to the polynaphthalimides. This is readily
explainable even allowing for the fact that the bis(o-phenylene-
diamines), which are used to obtain the polynaphthoylene-
benzimidazoles, are less accessible and more expensive than the
aromatic diamines used in the synthesis of polynaphthalimides. The
naphthoylenebenzimidazole ring is one of the most stable hetero-
cycles (both thermally and hydrolytically),124 and polynaphthoylene-
benzimidazoles from naphthalene-1,4,5,8-tetracarboxylic acid
dianhydride have been used successfully to obtain fibres with a
unique set of properties.125"135
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Table 7. Some characteristics of polynaphthalimides of general catalytic polycyclocondensation in τη-cresol using benzoic acid as
formula117 catalyst. The reaction proceeds as follows:

Ar
Tired»

dlitre
r"

Solvent»

H 2 SO 4 m-cresol
TCE:
phenol

(3:1)

TCE

0.72 310 500

0.53

0.78

300

275

515

H9N

Λ O,

- O -

NH2

NH2

Vs-Ar_S-//
Ο

Ό

S>
-4nH2O

/ \ S _ c —// \ \ _ 0.78 335 520 + + t +/

Ar =

•Reduced viscosities of 0.5% solutions of polymers in H2SO4 at
25 °C.
**Softening points of polymers from thermomechanical analysis.
***10% Weight loss temperatures from dynamic TGA in air, AT =
5 °C min"1.
**** + signifies soluble, —insoluble, +/—partially soluble.

Sulphide-containing polymers were among the first to be
synthesised among the polynaphthoylenebenzimidazoles from
bis(naphthalic anhydrides) containing more than one hinge
group.55>73~76 These polymers were obtained by high temperature

7 \\_// ν

All the polycyclocondensations proceeded in solution (homoge-
neously) and led to the preparation of well cyclised polymers, the
individual characteristics of which are given in Table 9.

The sulphide-containing polynaphthoylenebenzimidazoles synthe-
sised were soluble in H2SO4 and in phenolic solvents (m-cresol,
phenol: tetrachloroethane mixture) which in conjunction with high
temperatures for softening (Tso{t = 310 — 380 °C) and decomposition
(Tdec = 450 — 470 °C) determine the well-known practical value of
these systems. At the same time all the sulphide-containing
polynaphthoylenebenzimidazoles have low viscosity characteristics
(Tired = 0.4 — 0.9 dlitre g"1) which do not permit materials with
usable deformational strength characteristics to be obtained from
them.
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Table 8. Some characteristics of polynaphthalimides of general
formula

.ι / Ν \ 0 7 N X II
o o=c c=o o=c c=o °

'ΤΎ l̂ r^TT^

M*

Solvent

N-
MP sol

TCE

25.ωθ 340

CHCU

anhydrides) containing a t least two sulphonyl groups in the
molecu le . 5 5 · 7 3 " 7 6

Ο

ο +

60.000 340 480 + + +

•Determined by sedimentat ion equil ibrium.

The low viscosity and corresponding molecular weight
characteristics of the sulphide-containing polynaphthoylenebenz-
imidazoles may be due to the presence of the electron-donating
sulphide groups in the initial bis(naphthalic anhydrides) which
determines the reduced electrophilic reactivity of these monomers.
With the aim of increasing the latter, attempts were undertaken
to obtain polynaphthoylenebenzimidazoles using bis(naphthalic

Ar =

These systems were synthesised by high temperature catalytic
polycyclocondensation in m-cresol using benzoic acid as catalyst as
in the preparation of the polynaphthoylenebenzimidazoles from
sulphide-containing bis(naphthalic anhydrides).55'73"76

All the reactions for polyheteroarylene synthesis with the
exception of processes using the dianhydride of 4,4'-bis(l,8-
dicarboxynaphthalene-4-sulphonylphenyl) sulphone took place under
homogeneous conditions and led to the preparation of the desired
polyheteroarylenes in close to quantitative yield.

Some characteristics of the synthesised polynaphthoylene-
benzimidazoles are given in Table 9.

The synthesised polynaphthoylenebenzimidazoles are more
soluble than the polymers of this class obtained previously from
4,4'-sulphonylbis(naphthalic anhydride),55 which indicates the
positive effect of the introduction of a second sulphonyl group into
the dianhydride and correspondingly into the main chain of the
macromolecule. An exception is the polymer with three sulphonyl
groups in the chain. The lack of solubility of this polynaphthoylene-
benzimidazole in the solvents listed is explained by its crystallinity
which was 20 — 30% according to X-ray data.

On the other hand the polynaphthoylenebenzimidazoles
containing two or more sulphonyl groups were less soluble than the
analogous systems containing sulphide groups.
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Table 9. Some characteristics of polynaphthoylenebenzimidazoles of σ-phenylenediamine fragments of the monomers or by the end
general formula7*"76 groups of the growing chains of the macromolecule.

X - A r - X

- o -

Ar
dlitre g"1 (25 °C)

H,SO, TCE,
phenol

— S —

— s —

Ο
II

- S - 0.4
II

ο

ο
II

- S — 0.4

II

ο

ο

II

II

ο

ο
II

- S - 04
II

ο

- s o 2 Η2Ν

HoN
-Η,ο

, °C - s o 2

— S — 0.4 0.5 330 450

0.5 0.5 310 470

Table 10. Reduced viscosities of polynaphthoylenebenzimidazoles of
0.8 0.7 330 460 formula

0.4 380 460

380 430

400

0.3 350 420

- A i O

synthesised in mixtures of m-cresol with P2O3 (method a) and
w-crcsol with benzoic add (method b), reaction time 30 h.137

Ar
i, dlitre g '

method a method*

-
-0-
-

-0-
-

-0-
-

-Ο-

ΠΟ
0.94

3.95

1.18

1.00

0.97

1.89

1.03

1.00

0.75

1.10

0.68

0.49

0.30

1.03

0.62

370 410 *ηΓβ<ι was measured in tetrachloroethane: phenol mixture at 25 °C.

The low viscosity characteristics of the polymers, which are
somewhat unexpected for systems based on dianhydrides activated
by sulphonyl groups, are probably explained by the occurrence of
side reactions breaking the naphthoylenebenzimidazole rings by

This hypothesis is in complete agreement with the concept of a
correlation between the electrophilic reactivity of the initial
anhydrides and the sensitivity of the desired carbonyl-containing
heterocycles towards hydrolysis and the action of nucleophilic
reagents.136 The same circumstance determines the low thermal
stability of the synthesised polynaphthoylenebenzimidazoles during
TGA in air. As is seen from Table 9 the 10% weight loss
temperature was 400—430 °C under these conditions. The
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unsatisfactory properties of the synthesised polyheteroarylenes
indicates the inexpediency of using bis(naphthalic anhydride) systems
containing sulphonyl groupings bound directly to the anhydride
rings.

Table 11. Some characteristics of polynaphthoylenebenzimidazoles
of general formula

Ar
Tired,

dlitre
argon

Solvent

:F 3 COOH

sol

TCE:
phenol
(1:3)

1.10 395 490 470 +

-0- 0.68 368 490 490 + +/- +/-

- C H r 0.29 - 460 440 + + +

0.49 404 450 430 + + +

-O- 030 360 460 430
- C H r 0.20 380 450 340

CH3

CH3

-

- 0 -
-CH2-

1.00

0.75
0.37

373

312
355

460

460
460

450

450
440

0.40 340 520

- 0 - 050 320 - 500
-CH2- 0.70 320 - 380

polyphosphoric acid, m-cresol with di-m-cresyl phosphate, m-cresol
with P2O5, phenol with P2O5 and p-chlorophenol with P2O5).

Ar

C H 3

= — C — , — O — , — S O , — , — S — , R = — , — Ο — ,

C H ,

— C H 2 —

The best of the systems studied proved to be m-cresol with P2O5
which is particularly obvious from the comparative data given in
Table 10 on the viscosity characteristics of the polynaphthoylene-
benzimidazoles obtained in mixtures of m-cresol with P2O5 and
m-cresol with benzoic acid.137 Nevertheless the polynaphthoylene-
benzimidazoles synthesised in other solvents and particularly in a
mixture of m-cresol and benzoic acid possessed viscosity
characteristics (Table 11) and molecular weights which are
sufficiently high for obtaining strong and elastic films (Table 12)
possessing interesting electrical and physical properties.

The thorough investigations on the thermal,138 dynamic,
mechanical138 and relaxation139'140 characteristics of the poly-
naphthoylenebenzimidazoles of this series showed that these systems
are of significant practical interest.

A logical evolution and continuation of the studies in this field is
the development of polynaphthoylenebenzimidazoles from the
dianhydride of 4,4'-epoxybis[(p-phenyloxy)dinaphthalene-l,l',8,8'-
tetracarboxylic acid].71 Reaction of this with bis(o-phenylene-
diamine), 3,3',4,4'-tetra-aminodiphenyl oxide, 3,3',4,4'-tetra-amino-
diphenylmethane and 3,3'-diaminobenzidine occurred according to
the following scheme:

Significantly better results were obtained in the synthesis of
polynaphthoylenebenzimidazoles from bis(naphthalic anhydrides)
containing ether bonds.65""*8 These reactions were effected under
conditions traditional for the synthesis of similar systems, viz. high
temperature polycondensation in m-cresol using benzoic acid as
catalyst,65 and in other solvents137 (mixtures of m-cresol with R = - , - O - , - C H 2 - .
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under conditions of high temperature catalytic polycyclisation in
phenolic solvents. All the reactions in the synthesis of the
polynaphthoylenebenzimidazoles proceeded from beginning to end
under homogeneous conditions and led to the formation of polymers
with moderate viscosity characteristics (Table 12).

Polynaphthoylenebenzimidazoles based on aroylene-bis(naphthalic
anhydrides) are of significant interest and are obtained according to
the following scheme:77·80·81

Table 12. Properties of films based on polynaphthoylene-
benzimidazoles of general formula

Η
η 0

\ /

0
'"Λ

-C-Ar-

il
0

c-v
II >

ο /
\

0

0 +
/

0

AT

Mechanical
properties, 25 °C

σ, kg cm"

Electrical properties

io-y
Q.cm

_nV/ s -// Vo-
V—/ \ — /

o-

o-

-0-

-

-0-

-

-0-

-

-Ο-

Ι 120

1080

1350

910

920

1110

950

980

85

85

70

75

60

80

70

113

2

7

3

4

1

3

6

1

1.7

1.4

1.2

1.4

1.5

1.4

0.94

1.6

NH2

- 4 Λ Η 2 Ο

ΝΗ2

- R -

R = - , - O - , - S O 2 - , - C ( C F 3 ) 2 - , - C H 2 -

Ar =

Ο
II

x = - ο - , - c - , - s - .
II II
ο ο

"ρ is the bulk resistance, **tan6 is the loss factor.

The introduction of an additional oxygen atom did not lead to an
improvement in polymer solubility. The polymers were soluble in
acidic and phenolic solvents but were insoluble in DMSO and N-MP.

Comparison of the softening temperatures and the region of
marked thermal destruction indicated that these polymers may be
successfully processed into objects by pressing.

The synthesis of these polynaphthoylenebenzimidazoles was
effected by high temperature polycondensation in m-cresol using
benzoic acid as catalyst. All the reactions to synthesise poly-
naphthoylenebenzimidazoles occurred in a homogeneous manner and
led to the preparation of fully cyclised high molecular polymers.
Some characteristics of the polynaphthoylenebenzimidazoles based
on aroylene-bis(naphthalic anhydrides) and 3,3',4,4'-tetra-amino-
diphenyl oxide are given in Table 13.

As is evident from the data of Table 13 the poly-
naphthoylenebenzimidazoles synthesised are soluble in H2SO4 and in
phenolic solvents. The molecular weights of the polymers were
sufficiently high to make stable films from them and the
decomposition temperature (490 — 550 °C) was sufficiently large for
these polymers to be processed into objects by pressing.
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Table 13. Some characteristics of polynaphthoylenebenzamidazoles
of general formula77·80'82-84

Ο —

AT Ired.

dlitre g" 1

(H}SO4)

°C

Solvent

m-cresol TCE:
phenol

(3:1 )

HjSOiN-MP

/ \ \ _ C - / / \ \ - 1.40 355 520 + +

3.90 370 530

0.53 - 490 +/- + +

1.80 360 545 +

1.57 375 550 + +

- C B I O H 1 0 C - 0.40 - 550 + + +

Film prop-
erties, 25 "C

σ, kg cm"

1260 15

1100 13

1000 11

1040 11

1080 13

920 10

Even better solubility was a characteristic of the poly-
naphthoylenebenzimidazoles based on bis(naphthalic anhydrides)
with a heteroorganic central group, such as hexafluoroiso-
propylidene,82·84 diphenylsilyl83·84 and w-carboranylene.82·84 These

polymers were synthesised by the following scheme:

CF3

- C B 1 0 H i 0 C - , R = - , - O - .

The synthesis of these polymers was effected by high temperature
catalytic polycyclocondensation in m-cresol using benzoic acid
as catalyst. Some characteristics of the polynaphthoylene-
benzimidazoles containing heteroorganic central groupings are given
in Table 13. The introduction of diphenylsilyl and hexafluoro-
isopropylidene groups led only to a quantitative increase in the
solubility of the polynaphthoylenebenzimidazoles in phenolic
solvents82"84 while the introduction of the w-carboranylene group
into the macromolecule was accompanied by conferment of solubility
in N-MP to the polymer.83·84

The introduction of the 1,1-dichloroethylene and 1,1-dibromo-
ethylene groups into the macromolecule by the use of the
appropriate bis(naphthalic anhydrides) has an extremely
important effect on the properties of the polynaphthoylene-
benzimidazoles.111·112·141

NH2

η Ο.

R = - , - Ο - , - C - , - S - ; H a l = Cl, Br.
II II
ο ο
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T h e synthesis of polynaphthoylenebenzimidazoles with 1,1-
dichloroethylene a n d 1,1-dibromoethylene bridge g r o u p s 7 7 ' 8 0 · 1 1 1 ' 1 1 2 ' 1 4 1

was effected in w-cresol with benzoic acid fulfilling the function of
catalyst. I n every case the synthesis of the polynaphthoylene-
benzimidazoles took place homogeneous ly a n d led t o the format ion
of fully cyciised a n d in some cases high molecular systems.

Table 14. Viscosity a n d molecular weight characteristics of
polynaphthoylenebenzimidazoles of f o r m u l a 1 4 1

V H2SO4,25 °C 10"3M

0.39

0.73

0.98

1.14

33

108

117

Comparison of the viscosity and molecular weight character-
istics142 of one of the similar polynaphthoylenebenzimidazoles is
shown in Table 14.

Some characteristics of the synthesised polynaphthoylenebenz-
imidazoles containing 1,1-dihaloethylene groups are given in
Table 15. It follows from an analysis of these data that all the
polynaphthoylenebenzimidazoles synthesised are soluble in sulphuric
acid and in phenolic solvents. High softening temperatures and high
decomposition points under conditions of dynamic TGA are
characteristic of the majority of these systems.

Under conditions of isothermal storage at temperatures exceeding
300 °C all the polymers considered underwent significant weight loss
mainly with evolution of hydrogen halide. Among the alternative
dehydrohalogenation reactions, monomolecular and intramolecular,
the latter is more probable since in the heat treatment process the
polymers do not lose their solubility in H2SO4. In view of the high
lability of the peri protons143 it might be suggested that the most
probable course for the dehydrohalogenation is that expressed by the
following scheme:

-HHaT

Similar 'naphtho-(9,10)-acenaphthyl' structures have been
described in the literature.144 When applied to the polymers their
formation may lead to a new highly condensed system of general
formula

R -

which enables the results obtained to be considered as a new
approach to the synthesis of ladder or double-chain polymers.26'27

Table 15. Some characteristics of polynaphthoylenebenzimidazoles
of general formula

Ο Ο

•R—

Ircd,

dlitre

Solvent

m-crcsol
TCE,

phenol
HJSQI

-0-

-S02-

-0-

ρ _

II

CCI2

c -
II

CC1 2

c -
IfII

CC1 2

c -
IIIf

CC1 2

c-
II

CC1 2

c -
II
CBr 2

0.80

2.00

030

0.70

0.80

0.30

450

380

410

370

380

380

500

500

490

490

500

490

In appearance the polymers based on l,r-bisnaphthyl-4,4',5,5',
8,8'-hexacarboxylic acid145"148 are systems extremely close to the
polynaphthoylenebenzimidazoles containing 1,1-dihaloethylene
groups.

The polynaphthoylenebenzimidazole based on 3,3',4,4'-tetraamino-
diphenyl oxide and the dianhydride of l,r-binaphthyl-4,4',5,5',8,8'-
hexacarboxylic acid has been studied in most detail. The optimum
method of synthesising this polymer is the reaction of the
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monosodium salt of the acid component with the bis(o-phenylene-
diamine) in DMSO.146

η Ο
DMSO, -2η Η2Ο

—Ο

NH,

As a result of the increased basicity of the tetramine compared
with the diamines149 the reaction to prepare the polynaphthoylene-
benzimidazole took 3 — 5 h at 115 — 120 °C, i.e. was more rapid than
the synthesis of the polynaphthalimides, leading to the preparation
of a polymer with [η] > 1.3 dlitre g"1. Carrying out the synthesis of
the polynaphthoylenebenzimidazole at higher temperatures led to gel
formation and an increase in polymer viscosity.

Table 16. Characteristics of the threads and elementary fibres from
the initial polynaphthoylenebenzimidazole

- O

and of the products of its chemical and thermal cyclisation.

Characteristic Initial
polymer

Chemical cyclisation
products

perytene-
containing

anthan throne-
containing

Thermal treat-
ment product

Oth,, sR tex"

Elongation to break thread, %
Tensile strength
£,GPa

in air
in inert medium

Zero tensile strength
temperature 7Ό, °C
01, %

20-25

20-25

5.7

530
600
580

-

7

13
-

540
610
-

-

12

15-27

-

550
620
-

-

20-25

15-30

6.9

550
610
630

65

This polynaphthoylenebenzimidazole dissolved in organic solvents
only on addition of concentrated alkali solutions (10% KOH). After
precipitation in an acid bath the polymer underwent 10 — 15%
destruction.

Stable films were obtained by drying solutions of the monosodium
salts of the polynaphthoylenebenzimidazole. The formation of
fibres took place in a stable manner in baths of composition
DMSO-water-cone. HC1.

Significant attention has been paid to the product of converting
polynaphthoylenebenzimidazole into perylene-147 and anthanthrone-

• • 148
containing systems.
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In order to convert the initial polynaphthoylenebenzimidazole into
a perylene-containing structure it was decarboxylated in 10% KOH
solution (attempts to prepare a 1 % solution of the polymer in a less
alkaline medium were unsuccessful). The conversion of the
dicarboxydinaphthyl into perylene fragments produced 70% but [η]
for the polymer solutions reached 0.8 dlitre g"1 which is significantly
greater than the viscosity of the polynaphthoylenebenzimidazoles
from the dianhydride of perylene-3,4,9,10-tetracarboxylic acid.150'151

A cyclisation reaction with H2SO4 was used to convert the initial
polynaphthoylenebenzimidazole into an anthranthrone-containing
structure. The process proceeded efficiently in 2% oleum at 40 °C
giving 80% cyclisation after 2 h and the reduction of [η] of the
polymer did not exceed 0.1 dlitre g"1.

In addition to cyclisation by alkaline and acidic reagents the
highly condensed systems may be obtained by thermal treatment of
the initial polynaphthoylenebenzimidazoles in an inert medium. Not
only was cyclodehydration observed but in addition cyclo-
decarboxylation processes occurred as a result of which the thermally
treated systems contain both perylene and anthanthrone rings.
Thermal treatment is the optimum method of cyclisation of
polynaphthoylenebenzimidazole fibres which is
data of Table 16.

The products of thermal treatment of
naphthoylenebenzimidazole exceed the threads
'LOLA' in the magnitude of the oxygen index (OI). In decomposition
point they are superior to 'LOLA' however they are inferior to it in
thermal stability assessed by heat treatment and are inferior to
'Arimid-PM' threads in strength. Polynaphthoylenebenzimidazoles
soluble in organic solvents were obtained by the reaction of various
bis(o-phenylenediamines) with bis(naphthalic anhydrides) containing
phenylquinoxaline rings88'90 according to the following scheme:

confirmed by the

the initial poly-
'Arimid-PM' and

Table 17. Some characteristics of polynaphthoylenebenzimidazoles
of general formula

- R - l

R

-0-
-CH2-

-S0 2 -

-

-0-

-CH2-

-S0 2 -

R1

-O-
-0-
-0-

-0-
—SOo~

-S02-

-so2-

Hred, dlitre

© ν 2 4J

25 °Q

1.4
2.1
1.0

0.8

1.6

2.3

1.8
0.4

Τ,Λ,

°c

340
320
320

340

360

340

340

350

Άνα,

C

455
470
455

460

480

470

460

490

Solvent

m-cresol
TCE:

phenol
phenol

+/-
+ +/- +/-
+ + +/-

+ + +/-

+ + +/-

+ + +

+ + +/-

+/-

Film proper-

ties, 25 "C

σ, kg c m " 2

1020 18

950 24

1080 20

990 20

1100 20

1300 25

1050 23

980 23

The synthesis of these polynaphthoylenebenzimidazoles was
effected in m-cresol using benzoic acid as catalyst. The poly-
condensation reaction occurred in a homogeneous manner and led to
the formation of high molecular (Table 17) polymers with a high
degree of cyclisation.

NH 2

NH 2

+ n Ο

D

R = - , - O - , - C H 2 - , - S O 2 - ; R ' = - , - O - , - C H 2 - , - S O 2 -
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Table 18. Some characteristics of polynaphthoylenebenzimidazoles

of general formula 1 5 2

η** dlitre g"1

(H2SO4,25°C)
CC

Ίο%
°c

Solvent

m-cresol TCE:
phenol

N-MP TCE

Film proper-
ties, 25 °C

σ, kg cm" E.%

-

-0-
-CH

r

- c -II
0
CF

3
I

1

I
1

CF
3

2.50

1.20

0.90

_

0.60

460
420
430

430

420

550 +

500 +

500 +

500 +

520 +

+ +/- -

+ +/- -

+ t/- -

t +/- -

+ t +

1000

1020

1080

1000

-

7
7
6.5
7

-

Polynaphthoylenebenzimidazoles based on other bis(naphthalic
anhydrides) containing phenylquinoxaline rings also possess
characteristics closely similar to those given in Table 17.

These systems combine high (350 ± 20 °C) softening
temperatures with high viscosity characteristics (sufficient for reliable
film formation) and solubility in organic solvents. It must however
be noted that these polymers are only soluble in phenolic solvents or
mixtures of the latter with halogenated hydrocarbons. From this
point of view there is considerable interest in polynaphthoylene-
benzimidazoles obtained from bis(o-phenylenediamines) and bis[l-
phenyl-2-(l,8-dicarboxynaphth-4-yl)benzimidazol-5-yl] sulphone152 by
the following scheme:

The polynaphthoylenebenzimidazoles were synthesised in m-cresol
using benzoic acid as catalyst at 160—190 °C. The polycondensation
reactions were carried out under homogeneous conditions and led to
the formation of the desired polymers possessing high viscosity
characteristics (Table 18) and a high degree of cyclisation.

A distinctive feature of the polynaphthoylenebenzimidazoles
considered is their solubility in N-MP which is a most acceptable
solvent.

It is interesting to note that the polynaphthoylenebenzimidazoles
are more soluble than the corresponding polynaphthalimides which
is explained by the presence in their molecules of a 'pyridine'
nitrogen atom1 5 3 '1 5 4 which is readily protonated (being the first stage
of the solution of these polymers in protogenic solvents) and also by
the amorphous nature of these systems caused by the presence in
them of a broad set of isomeric structures.153'154

oOo

Analysis of the data given in this review indicates the emergence
during the last two decades of many new accessible bis(naphthalic
anhydrides) characterised by the presence in their structures of
elements determining improved solubility (and general processability)
of the polyheteroarylenes based on them. The bis(naphthalic
anhydrides) containing ether groups may be used for preparing
systems related to the polyesterimides but differing from them in a
higher glass point. At the same time the majority of the new
bis(naphthalic anhydrides) may be used for preparing new poly-
naphthoylenebenzimidazoles combining satisfactory processability
with very high thermal, fire and chemical resistance.

References

1. C L Segal (Editor) High Temperature Polymers, Dekker, New
York, 1967, p. 197

2. V V Korshak Termostoikie Polymery (Thermostable Polymers),
Nauka, Moscow, 1969, 411 pp

3. V V Korshak Khimicheskoe Stroenie i Temperaturnye
Kharakteristiki Polimerov (Chemical Structure and Temperature
Characteristics of Polymers), Nauka, Moscow, 1970, 419 pp

CF3

R - R = - , - O - , - C H 2 - , - C O - , - C - .

CF3



Russian Chemical Reviews 61 (4) 1992 469

4. A H Frazer High Temperature Resistant Polymers (Polymer
Reviews, Vol. 17) (Translated into Russian), Khimiya, Moscow,
1971, 294 pp

5. Η L Lee, D G Stoffey, Κ Neville New Linear Polymers
(Translated into Russian), Khimiya, Moscow, 1972, 280 pp

6. R J Cotter, Μ Matzner Ring-Forming Polymerisation, Pt. B-l,
Academic Press, New York, 1972, p. 568

7. R J Cotter, Μ Matzner Ring-Forming Polymerisation, Pt. B-2,
Academic Press, New York, 1972, p. 395

8. Κ Buehler Teplo- i Termostoikie Polimery (Thermostable
Polymers), Khimiya, Moscow, 1984, 1055 pp

9. A L Rusanov, D S Tugushi, V V Korshak Uspekhi Khimii
Poligeteroarilenov (Progress in the Chemistry of
Polyheteroarylenes), TGU Izd., Tbilisi, 1988, 180 pp

10. I E Kerdash, Ε Ν Teleshov Itogi Nauki. Khimiya i
Tekhnologiya Vysokomolekulyarnykh Soedinenii (Progress in
Science. Chemistry and Technology of High Molecular
Compounds), VINITI Izd., 1971, Vol. 6, 168 pp

11. I I Jones Macromol. Sci. Rev., 1968, C2 303
12. C S Marvel Pure Appl. Chem., 1968, 16 351
13. C S Marvel Appl. Polymer Symp., 1973, (22) 47
14. C S Marvel /. Macromol. Sci., Rev. Macromol. Chem., 1975, 13

219

15. Ε S Krongauz Usp. Khim., 1973, 42(10) 1854 [English
translation in Russ. Chem. Rev., 1973(10)]

16. A A Izyneev, Μ Μ Teplyakov, V G Samsonova,
A D Maksimov Usp. Khim., 1967, 36(12) 2090 [English
translation in Russ. Chem. Rev., 1967(12)]

17. V V Korshak, Μ Μ Teplyakov Progress Polimernoi Khimii
(Progress in Polymer Chemistry), Nauka, Moscow, 1968, p. 198

18. V V Korshak, Μ Μ Tepliakov J. Macromol. Sci., Rev.
Macromol. Chem., 1971, C5 409

19. G Mandric St. Cere. Chim., 1972, 20 1001
20. V V Korsak, A L Rusanov, L Κ Plieva Faserforsch. und

Textiltechn., 1977, 28 371
21. Ε W Neuse Advances in Polymer Science, Springer Verlag,

Berlin-Heidelberg-New York, 1982, Vol. 47, p. 1
22. Ν A Adrova, Μ I Bessonov, L A Laius, A P Rudakov

Poliimidy — Novyi Klass Termostoikikh Polimerov (Polyimides, a
New Class of Thermostable Polymers), Nauka, Leningrad,
1968, 211 pp

23. M M Bessanov, Μ Μ Koton, V V Kudryavtsev, L A Laius
Poliimidy — Klass Termostoikikh Polimerov (Polyimides, a Class
of Thermostable Polymers), Nauka, Leningrad, 1983, 328 pp

24. V V Korshak, A L Rusanov, I Batirov Novoe ν Oblasti
Termostoikikh Poliimidov (Progress in the Area of
Thermostable Polyimides), DONISh, Dushanbe, 1986, 102 pp

25. C Ε Sroog /. Polym. Sci., Macromol. Rev., 1976, 11 161
26. Μ Μ Tessler /. Polym. Sci., Al, 1966, 4 2521
27. A L Rusanov, S Ν Leont'eva, Ts G Iremashvili Usp. Khim.,

1975, 44(1) 151 [English translation in Russ. Chem. Rev.,
1975(1)]

28. Ζ Yu Plonka, V Μ Al'brekht Vysokomol. Soedin., Ser. A, 1965,
7 2117

29. R L Van Deusen, Ο Κ Goins, A J Sicree ACS Polymer
Preprint, 1966, 7 528

30. R L Van Deusen /. Polym. Sci., B, 1966, 4 211
31. R L Van Deusen, Ο Κ Goins, A J Sicree /. Polym. Sci., A,

1968, 6 1777
32. F Ε Arnold, R L Van Deusen Macromolecules, 1969, 2 497

33. F Ε Arnold, R L Van Deusen /. Appl. Polym. Sci., 1971, 15
2035

34. A H Gerber /. Polym. Sci., Polym. Chem. Ed, A, 1973, 11
1703

35. A A Berlin, Β I Liogon'kii, V Μ Shamraev, G V Belova Izv.
Akad. Nauk SSSR, Ser. Khim., 1966, (5) 945

36. G Μ Shamraev, A A Dulov, Β I Liogon'kii, A A Berlin
Vysokomol. Soedin., Ser. A, 1970, 12 401

37. V V Korshak, A L Rusanov, S A Pavlova, et al. Dokl. Akad.
Nauk SSSR, 1975, 221 1334

38. V Κ Belyakov, I V Belyakova, S S Medved', et al. Vysokomol.
Soedin., Ser. A, 1971, 13 1739

39. Ε Ρ Krasnov, V A Aksenova, A A Belyaev, et al. Vysokomol.
Soedin., Ser. A, 1973, 15 1606

40. Ε Ρ Krasnov, V A Aksenova, S Ν Khar'kov Vysokomol.
Soedin., Ser. A, 1973, 15 2093

41. S V Vinogradova, Ya S Vygodsky, V V Korsak, Τ Ν Spirina
Acta Polymerica, 1979, 30 3

42. V I Zapadinskii, Β I Liogon'kii, A A Berlin Usp. Khim., 1973,
42(11) 2037 [English translation in Russ. Chem. Rev., 1973(11)]

43. F W Harris, W A Feld, L Ν Lanier ACS Polymer Preprint,
1976, 17(2) 353

44. F W Harris, L Ν Lanier Structure-Solubility Relationships in
Polymers, Academic Press, New York — San Francisco —
London, 1977, p. 183

45. M M Dashevskii Atsenaften (Acenaphthene), Khimiya,
Moscow, 1966, 460 pp

46. Β V Suvorov, D Kh Sembaev, G D Tkacheva, et al. Khimiya i
Fizika Vysokomolekulyarnykh Soedinenii (Chemistry and
Physics of High Molecular Compounds), Nauka, Alma-Ata,
1981, Pt. 14, Vol. 55, p. 3

47. L A Jones, R Watson Can. J. Chem., 1972, 51 1833
48. Κ Gurdeska, G Kabas, A Pugin, et al., US P. 3 898 234, 1975
49. Κ Dziewonski, W Kahl, W Koczorowska, A Wulfson Roczn.

Chem., 1933, (13) 154
50. J G Robinson, S A Brain, US P. 4 334055, 1982
51. Ζ Jedlinski, U Gaik, Ζ Mzyk, et al. ACS Polymer Preprint,

1979, 20(2) 559
52. Ζ Jedlinski, Β Kowalski, G Fabjanska-Sweca, U Gaik Chem,

Stosow., 1985, 29 73
53. German P. 545 212; Published in Frdl, 1933, (18), 1510
54. G Τ Morgan, Η A Harrison J. Indian Chem. Soc, 1930, 49 413
55. TV Kravchenko, Τ I Dvalishvili, Τ A Romanova,

G D Tkacheva Vysokomol. Soedin., Ser. B, 1982, 24 852
56. L I Rudaya, L A Smolenkova, I Ya Kvitko, et al., Author's

Certificate No. 977457, USSR; Byull. Izobret., 1982, (44)
57. A L Rusanov, A M Berlin, S Kh Fidler, et al. Vysokomol.

Soedin., Ser. A, 1981, 23 1586
58. U Gaik, Β Koval'ski, Ζ Edlinski, et al. Izv. Akad. Nauk Kaz.

SSR, Ser. Khim., 1981, (5) 19
59. Ζ Jedlinski, U Gaik, Β Kowalski, et al. Macromol. Chem.,

1982, 183 1615
60. U Gaik, Β Koval'ski, A L Rusanov, et al. Tez. Dokl.

Mezhdunarodnogo Mikrosimpoziuma po Polikondensatsii
(Abstracts of Reports of the International Microsymposium on
Polycondensation), Alma-Ata, 1981, p. 19

61. A L Rusanov, A M Berlin, S Kh Fidler, et al. Vysokomol.
Soedin., Ser. A, 1981, 23 1586

62. G A Loughran, F Ε Arnold, US P. 3 987 003, 1980
63. G A Loughran, F Ε Arnold ACS Polymer Preprints, 1977,

18(1) 831



470 Russian Chemical Reviews 61 (4) 1992

64. G A Loughran, F Ε Arnold Org. Prep. Proced. Int., 1976, 8 98
65. Ζ J Jedlinski, Β Kowalski, U Gaik Macromolecules, 1983, 16

522
66. Ζ J Jedlinski Macromol. Chem. Suppl., 1984, 7 17
67. Ζ J Jedlinski, U Gaik, Β Kowalski, Polish P. 131 685, 1986;

Ref. Zh. Khim., 1987, 18S554P
68. Ζ J Jedlinski, Β Kowalski, Polish P. 133 225, 1986; Ref. Zh.

Khim., 1987, 8S588P
69. F J Williams, US P. 3 850 964, 1974
70. Ζ J Jedlinski, Polish P. 234517, 1981
71. V V Korshak, A L Rusanov, A M Berlin, et al. Vysokomol.

Soedin., Ser. A, 1989, 31 51
72. V A Ustinov, Ε Ρ Perepechkina, V V Plakhtinskii, et al.,

Author's Certificate No. 653 249, USSR; Byull. Izobret., 1979,
(11)

73. V V Korshak, A L Rusanov, A M Berlin, et al. Vysokomol.
Soedin., Ser. B, 1984, 26 713

74. V V Korshak, A L Rusanov, A M Berlin, et al. Chem. Stosow.,
1986, 30 171

75. V V Korshak, Ε G Bulycheva, A M Berlin, et al. Tez. Dokl. XI
Mezhdunarodnogo Mikrosimpoziuma po Polikondensatsii
(Abstracts of Reports of the Xlth International
Microsymposium on Polycondensation), Prague, 1987, p. A7

76. A L Rusanov, V V Korshak, Μ Ο Shalikiani, et al. XXXI
IUPAC Macromolecules Symposium. Merseburg, 1987, p. 187

77. V V Korshak, A L Rusanov, A M Berlin, et al., USSR P.
784258, 1980; Swiss P. 666032, 1988; French P. 2584407,
1988; British P. 2176778, 1989; Indian P. 164 541, 1989;
German P. 3 526 155, 1987

78. British P. 1069337, 1965
79. V V Korshak, A L Rusanov, A M Berlin, et al. Dokl. Akad.

Nauk Tadzh. SSR, 1988, 3 311

80. V V Korshak, Ε G Bulycheva, Ζ Β Shifrina, et al. Acta
Polymerica, 1988, 39 460

81. V V Korshak, A L Rusanov, Ζ Jedlinski, et al. Acta
Polymerica, 1991, 42(2/3) 53

82. V V Korshak, A L Rusanov, A M Berlin, et al. Dokl. Akad.
Nauk SSSR, 1988, 301 115

83. V V Korshak, A L Rusanov, Μ Ρ Prigozhina, et al.
Plastmassy, 1990, (3) 5

84. Ε G Bulycheva, Μ Ρ Prigozhina, 11 Ponomarev, et al. Acta
Polymerica, 1991, 42(2/3) 63

85. J Sonnenberg, US P. 4002645, 1977; Chem. Abs., 1977, 86
140666x

86. V V Korshak, A L Rusanov, A M Berlin, et al. Vysokomol.
Soedin., Ser. A, 1992, 34

87. A L Rusanov, V V Korshak, I Batirov, et al. Tez. Dokl. I
Regional'no Soveshchaniya po Khimicheskim Reaktivam Respublik
Srednei Azii i Kazakhstana (Abstracts of Reports of the 1st
Regional Conference on Chemical Reactions of the Republics
of Central Asia and Kazakhstan), Dushanbe, 1986, p. 77

88. V V Korshak, A L Rusanov, Τ V Lekae, Author's Certificate
No. 1037646, USSR, 1983; Byull. Izobret.^

89. V V Korshak, A L Rusanov, Τ V Lekae, Author's Certificate
No. 1 100871, USSR, 1984; Byull. Izobret.

90. V V Korshak, A L Rusanov, Τ V Lekae Vysokomol. Soedin.,
Ser. B, 1988, 30 439

tThe year and page number in Byull. Izobret. are not given in
the Russian original for references 88, 89, 110, 141 and 152
(Ed. of Translation).

91. A L Rusanov, S S Bocharov, Τ V Lekae, et al. Dokl. Akad.
Nauk Tadzh. SSR, 1989, 32 463

92. Ρ Μ Hergenrother /. Macromol. Sci., Rev., C, 1971, 6 1
93. Ρ Μ Hergenrother Polym. Eng. Sci., 1976, 16 303
94. Ε S Krongauz Usp. Khim., 1977, 46(1) 112 [English translation

in Russ. Chem. Rev., 1977(1)]
95. V V Korshak, A L Rusanov Usp. Khim., 1983, 52(5) 812

[English translation in Russ. Chem. Rev., 1983(5)]
96. W Eskert, German P. 535069, 1931
97. Ν S Dokunikhin, G Ν Vorozhtsov Zh. Org. Khim., 1966, 2 148
98. Ν S Dokunikhin, G Ν Vorozhtsov, F I Kichina Zh. Org.

Khim., 1968, 4 2000
99. G Ν Vorozhtsov, Ν S Dokunikhin, Ν Β Fel'dblyum Zh. Org.

Khim., 1975, 11 1517
100. G Ν Vorozhtsov, Ν S Dokunikhin, Ν I Vorozhtsov Zh. Org.

Khim., 1976, 11 1499
101. Β I Stepanov Vvedenie ν Khimiyu i Tekhnologiyu

Organicheskikh Krasitelei (Introduction to the Chemistry and
Technology of Organic Dyestuffs), Khimiya, Moscow, 1977, p.
432

102. Ν S Dokunikhin, G Ν Vorozhtsov, V I Alekseev Khim.
Promst. (Moscow), 1981, (10), 592

103. V V Korshak, A L Rusanov Usp. Khim., 1989, 58(6) 1006
[English translation in Russ. Chem. Rev., 1989(6)]

104. A L Rusanov Itogi Nauki i Tekhniki. Khimiya i Tekhnologiya
Vysokomolekulyarnykh Soedinenii (Progress in Science and
Technology. Chemistry and Technology of High Molecular
Compounds), Izd. VINITI, Moscow, 1990, Vol. 26, p. 3

105. V V Korshak, A L Rusanov, S Kh Fidler, et al. Plastmassy,
1984, (10), 28

106. Ε R Kekharsaeva, Ε Β Shustov, A K Mikitaev, V Τ Dorofeev
Plastmassy, 1985, (2) 9

107. Τ Lesiak, J Nowakowski Polimery, 1980, 25 81
108. Τ Lesiak, J Nowakowski Polimery, 1981, 26 Q
109. F I Luknitskii Chem. Rev., 1975, 75 259
110. V V Korshak, A L Rusanov, A M Berlin, et al., Author's

Certificate No. 866999, USSR; Byull. Izobret.

111. V V Korshak, A L Rusanov, A M Berlin, et al. Dokl. Akad.
Nauk SSSR, 1988, 299 131

112. V V Korshak, A L Rusanov, A M Berlin, et al. Soobshch,
Akad. Nauk GSSR, 1986, 121 537

113. V V Korshak, V A Kosobutskii, A I Bolduzev, et al. Izv. Akad.
Nauk SSSR, Ser. Khim., 1980, 1553

114. D V Pebalk, Β V Kotov, Ο Ya Neiland, et al. Dokl. Akad.
Nauk SSSR, 1974, 236 1379

115. V V Korshak Usp. Khim., 1982, 51(12) 2096 [English
translation in Russ. Chem. Rev., 1982(12)]

116. V V Korshak, A L Rusanov, I Batirov Plastmassy, 1982, (8) 14
117. A L Rusanov, Ε G Bulycheva Abstracts of Posters, STEPI,

Montpellier, France, June 4-Ί, 1991, pp. 1-12
118. D Sek, Ρ Pijet, A Wanic Abstracts of Posters, STEPI,

Montpellier, France, June 4-7, 1991, pp. 1-9
119. B O Kalashnikov, L S Efros, G Ν Vorozhtsov, et al.

Vysokomol. Soedin., Ser. B, 1986, 28 232
120. G Β Kyznetsova, I G Silinskaya, Ο V Kallistov, et al.

Vysokomol. Soedin., Ser. A, 1988, 30 586
121. G Β Kuznetsova, Β Ο Kalashnikov, Μ A Lazareva, et al.

Vysokomol. Soedin., Ser. B, 1989, 31 763
122. G Ν Vorozhtsov, Ν S Dokunikhin, Ν I Vorozhtsova Zh. Org.

Khim., 1975, 11 1499



Russian Chemical Reviews 61 (4) 1992 471

123. V V Korshak, A L Rusanov, Ζ Β Shifrina, et al. Dokl. Akad.
Ν auk SSSR, 1986, 289 367

124. V V Korshak, S A Pavlova, Ρ Ν Gribkova, et al. Izv. Akad.
Nauk SSSR, Ser. Khim., 1977, (6) 1381

125. US P. 3 539677, 1970
126. USP: 3 562380, 1971
127. Chem. Eng. News, Sept. 23, 1968, p. 40
128. W Η Gloor Fiber Spinning and Rawing (Edited by Ε Coplan),

Interscience Publications, New York, 1967, p. 151
129. Chem. Week, Sept. 19, 1966, p. 121
130. W Η Gloor ACS Polymer Preprint, 1966, 7(2) 819
131. W Η Gloor ACS Polymer Preprint, 1967, 6 151
132. W Η Gloor ACS Polymer Preprint, 1969, 9 159
133. G I Kudryavtsev, A M Shchetinin Khim. Volokna, 1968, (6) 2
134. Khim. Volokna, 1975, (3) 68
135. G I Kudryavtsev, A A Askadskii, I F Zhudoshchev Vysokomol.

Soedin., Ser. A, 1978, 20 1879
136. V V Korshak, A L Rusanov /. Macromol. Sci., Rev. Macromol.

Chem., C, 1982, 21 275
137. Ζ Jedlinski, Β Kowalski, U Gaik Macromol. Chem., 1985, 186

457
138. U Gaik, Β Kowalski, Ζ Jedlinski, et al. Thermochim. Ada,

1985, 83 309
139. S Smigasiewicz, Β Kowalski Mater. Sci. (PRL), 1984, 10 491
140. S Smigasiewicz, Β Kowalski /. Polym. Sci., Polym. Phys. Ed.,

1986, 24 1961
141. V V Korshak, A L Rusanov, A M Berlin, et al., Author's

Certificate No. 866999, USSR, 1981; Byull. Izobret.
142. V Ν Tsvetkov, V Β Novakovskii, I A Strelina, et al.

Vysokomol. Soedin., Ser. A, 1989, 31 40
143. Β A Reinbardt, Τ Τ Tsai, F Ε Arnold New Monomers and

Polymers, Plenum Press, New York —London, 1984, p. 41
144. R L Letsinger, G A Gilpin, W J Vulvo /. Org. Chem., 1962, 27

672
145. V V Korshak, A L Rusanov, A M Berlin, et al. Vysokomol.

Soedin., Ser. B, 1981,23 42
146. B O Kalashnikov, L S Efros, Β Kh Strelets, et al. Vysokomol.

Soedin., Ser. B, 1986, 28 671
147. Β Ο Kalashnikov, L S Efros, Β Kh Strelets, et al. Vysokomol.

Soedin., Ser. A, 1987, 29 2415
148. R A Sadekova, I K Pronichkina, Ε Ρ Perepechkina, et al.

Khim. Volokna, 1987, (1) 29
149. L Ν Balyatinskaya, Yu F Milyaev, V V Korshak, et al. Dokl.

Akad. Nauk SSSR, 1978, 238 862
150. A A Berlin, Β I Liogon'kii, Β I Zapadinskii, G Μ Shamraev

Tez. Dokl. Mezhdunarodnogo Simpoziuma po
Makromolekulyarnoi Khimii (Abstracts of Reports of the
International Symposium on Macromolecular Chemistry),
Budapest, 1969, p. 18

151. A A Berlin, Β I Liogon'kii, G Μ Shamraev Usp. Khim., 1971,
40(3) 513 [English translation in Russ. Chem. Rev., 1971(3)]

152. V V Korshak, A L Rusanov, A M Berlin, Τ V Polina,
Author's Certificate No. 788 689, USSR, 1980; Byull. Izobret.

153. G C Berry, Τ G Fox Polymers in Space Research (Edited by
L Segal, Μ Shen, Ε Ν Kelley), Marcel Dekker, New York,
1970, p. 91

154. G C Berry, Τ G Fox /. Macromol. Sci., A, 1969, 3 1125


