
Abstract. The feasibility of conversion of 2,4,6-trinitrotoluene intoThe feasibility of conversion of 2,4,6-trinitrotoluene into
condensation monomers (nitro compounds, diamines,condensation monomers (nitro compounds, diamines, etcetc.) and.) and
their applications in the synthesis of aromatic polymers has beentheir applications in the synthesis of aromatic polymers has been
analysed within the framework of a general problem of 2,4,6-analysed within the framework of a general problem of 2,4,6-
trinitroluene conversion. The use of aromatic dinitro compoundstrinitroluene conversion. The use of aromatic dinitro compounds
and diamines for the preparation of oligomeric polyethers andand diamines for the preparation of oligomeric polyethers and
polyamides (or polyimides), respectively, is considered. Thepolyamides (or polyimides), respectively, is considered. The
possibility of the synthesis of polyamides and polyimides contain-possibility of the synthesis of polyamides and polyimides contain-
ing side aliphatic and aromatic groups and possessing better (ining side aliphatic and aromatic groups and possessing better (in
comparison with the corresponding unsubstituted polymers)comparison with the corresponding unsubstituted polymers)
characteristics is demonstrated. The bibliography includes 157characteristics is demonstrated. The bibliography includes 157
referencesreferences..

I. Introduction

Aromatic condensation polymers belong to the most important
class of thermostable high-molecular-mass compounds 1 ± 8 that
have foundwide application in themost advanced fields of science
and technology.9 In this connection, a search for sources of raw
materials for the synthesis of such polymers is the key problem,
which determines further progress in this branch of chemistry.10

Of special interest is the development of methods for the synthesis
of monomers from cheap and available raw materials, especially
those based on compounds subject to utilisation, e.g., the use of
phosgene for the preparation of polycarbonates 11 or of dichloro-
diphenyltrichloroethane (DDT) for the synthesis of a broad range
of condensation polymers.12 ± 16

Large-scale investigations 17 ± 22 carried out in Russia over the
past decade were aimed at the preparation of monomers and
aromatic condensation polymers based on 2,4,6-trinitrotoluene

(trotyl, TNT),23 a regnant, cheap and available product contained
in large amounts in out-of-date ammunition liable to liquidation.

The simplest TNT derivatives used as monomers in the
synthesis of condensation polymers include aromatic dinitro
compounds (monomers for aromatic oligo- and poly-ethers 24, 25)
and aromatic di- and triamines (monomers for aromatic poly-
amides and polyimides 10, 26 ± 30). Some transformations of TNT
into condensation monomers are depicted in Scheme 1.

II. Synthesis of condensation monomers based on
2,4,6-trinitrotoluene and its derivatives

Complete or partial reduction of TNT is the simplest reaction in
the series of TNT transformations (Scheme 1, route a). Mono-
aminodinitrotoluenes, diaminonitrotoluenes and 2,4,6-triamino-
toluene (TAT) can be obtained depending on the method and
conditions for TNT reduction.

Thus reduction of TNT with sulfides of monovalent metals
affords 4-amino-2,6-dinitrotoluene.31 Depending on the reaction
conditions, the reduction of TNT with hydrazine hydrate in the
presence of Raney nickel or iron chloride on activated charcoal
yields either 2-amino-4,6-dinitrotoluene or 2,6-diamino-4-nitro-
toluene.32 However, complete reduction of TNT resulting in TAT
presents the greatest interest. Complete reduction of TNT to TAT
is achieved by catalytic hydrogenation (Scheme 2, route a).33

Electrochemical reduction of TNT in dilute HCl in the presence
of TiCl3 (Scheme 2, route b) leads to TAT . 3HCl (yield 95%),18

which is much more resistant to oxidation than the free base.
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2,4,6-Triaminotoluene can be used for the synthesis of both
polymers, e.g., polyimides (PI) and a series of condensation
monomers, substituted diamines in particular.34, 35

Thus partial hydrolysis of TAT . 3HCl gave 2,6-diamino-4-
hydroxytoluene,35 whereas the reaction of TAT with a threefold
molar excess of phthalic anhydride resulted in 2,4,6-triphthalimi-
dotoluene, which was further converted into 2,4-diamino-6-
phthalimidotoluene.36 Since this procedure yields an isomer of
2,4-diamino-6-phthalimidotoluene (5%± 10%) along with the
main product, the pure monomer is prepared using the following
reaction sequence (Scheme 3):36

Yet another pathway for TNT conversion into condensation
monomers (Scheme 1, route b) is based on the replacement of the
nitro groups of TNTby nucleophiles under conditions of aromatic
nucleophilic substitution.37 ± 39 It is of note that reactions of TNT
with bases are usually accompanied by the formation of an
anionic 1,3-s-complex A, which is further converted into a more
stable 2,4,6-trinitrobenzyl anion B rather than the nitro groups
being replaced.40, 41 This anion can undergo further chemical
transformations.
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These processes can only be prevented if `soft' nucleophiles, e.g.,
benzenethiols and their heterocyclic analogues are used or if the
reactions are carried out in dipolar aprotic solvents of the amide
type.42, 43 Thus reaction of TNT with benzenethiol in the presence
of K2CO3 in N-methylpyrrolidone (N-MP) (50 8C, 2 h) leads to
2-methyl-3,5-dinitrodiphenyl sulfide (yield 72%); the reduction of
the latter with hydrazine hydrate results in 3,5-diamino-2-meth-
yldiphenyl sulfide (yield 86%).

A broad range of condensation monomers was obtained
following the route c (Scheme 1), which is based on the demethy-
lation of TNT; this reaction yields 1,3,5-trinitrobenzene (TNB).

There are different ways to demethylate TNT; the most
important includes the oxidation of the methyl group to the
carboxy group and subsequent decarboxylation.44, 45

Aromatic nucleophilic substitution 37 ± 39 was used for the
replacement of the nitro group in TNB by alkoxy- 46 ± 48 or
perfluoroalkoxy groups.49 ± 55

The monosubstituted dinitro compounds thus obtained were
reduced to the corresponding diamines.46, 51 ± 53

Considerable attention has been given to the replacement of
the nitro groups in TNBby aryloxy groups.56 ± 58 One, two or three
nitro groups in TNB can be replaced using aromatic nucleophiles.

The replacement of the first nitro group in TNB occurs under
mild conditions (80 8C) and gives high (60%± 95%) yields of 3,5-
dinitrodiaryl ethers 56, 57 which are easily converted into the
corresponding aryloxy-substituted diamines. The replacement of
the nitro group in 3,5-dinitroaryl ethers requires more drastic
conditions, viz., heating to 150 8C. The yield of 3,5-diaryloxy-
substituted nitrobenzenes is 50%±70%. The formation of 1,3,5-
triaryloxybenzenes as a result of replacement of the nitro group in
3,5-diaryloxy-substituted nitrobenzenes is possible only at 200 8C
(yield 25%±30%).

The nitro group in 3,5-dinitrodiaryl ethers can easily be
replaced by a mono- or bisphenolic residue. Thus 3,5-dinitrodi-
phenyl ether reacts with 4-amino- or 4-acetamidophenol to give
3-nitro-5-[4-amino(amido)phenoxy]diphenyl ether. Hydrolysis of
3-nitro-5-(4-acetamidophenoxy)diphenyl ether leads to 3-nitro-5-
(4-aminophenoxy)diphenyl ether; subsequent reduction of the
latter gives 3-amino-5-(4-aminophenoxy)diphenyl ether.59
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It is noteworthy that 3-amino-5-(4-aminophenoxy)diphenyl
ether contains an ether bond which can be incorporated into the
main polymeric chain by polycondensation.

The replacement of the nitro group in dinitrophenyl ethers by
bisphenolic residues yields dinitro compounds and diamines
which contain no less than two ether groups; these can potentially
be incorporated into the main polymeric chain.60, 61

An alternative approach to the synthesis of such diamines
includes the reaction of bisphenols with a twofold molar excess of
TNB,57 subsequent treatment of the tetranitro compounds
formed with phenol and reduction of dinitro compounds to
diamines.

It is of note that the reduction of intermediate tetranitro
compounds allows preparation of a novel type of aromatic tetra-
amines, viz., bis(3,5-diaminophenoxy)arylenes.

Monosubstitution of TNB is also employed in the synthesis of
3,5-dinitrodiphenyl sulfide;42, 62 its reduction gives the corre-
sponding diamine. Oxidation of the sulfide group in 3,5-dinitro-
diphenyl sulfide to the sulfonyl group and subsequent reduction of
3,5-dinitrodiphenylsulfone yield 3,5-diaminodiphenyl sulfone.62

3,5-Diaminophenyl benzothiazol-2-yl sulfide was synthesised
from TNB in addition to monomers containing a phenylthio
group.63 The former is prepared by treatment of TNB with
2-mercaptobenzothiazole (which is less expensive than benzene-
thiol) and subsequent reduction of the benzothiazol-2-yl 3,5-
dinitrophenyl sulfide formed.

Monomers with functionalised aryl groups were synthesised
besides dinitro compounds and diamines containing non-reactive
aryl substituents.64 Among the former, aromatic diamines con-
taining free hydroxy and carboxy groups, e.g., 3,5-diamino-40-
hydroxy- and 3,5-diamino-40-carboxydiphenyl ethers, present
special interest.57, 64, 65
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Yet another fairly interesting route of TNT conversion into
condensation monomers includes reactions involving the methyl
group (Scheme 1, route d ). The methyl group of TNT, which is
effectively activated by nitro groups, reacts easily with aldehydes
to give trinitrophenyl-substituted alkenes.66

Such monomers can be converted into aromatic amines contain-
ing alkene substituents.

The reaction product of isophthalic aldehyde with a twofold
molar excess of TNT 66 is a promising starting monomer for
polycycloaddition reactions (e.g., the Diels ±Alder reac-
tion 67 ± 70).

III. Synthesis of polymers based
on 2,4,6-trinitrotoluene derivatives

1. Polyamides and polyimides
TAT presents the greatest interest among partial or complete
reduction products of TNT. TAT-based phthalimido-substituted
PI 75 were prepared by a selective polyacylation procedure.71 ± 74

The synthesis of phthalimido-substituted aromatic PI includes
treatment of TAT with an equimolar amount of phthalic an-
hydride; this results in a mixture of mono-, bis- and tris(o-
carboxybenzoyl)-substituted TAT derivatives with the predom-
inance of the monoderivative 1, which is due to a decrease in the
activity of the free amino groups following monoacylation.76

It is of note that the reaction of a free amino group in TAT
with the carbonyl group of the substituent of the acylated amino
group, due to their mutual meta-arrangement, is impeded in
comparison with that in the reaction product of o-phenylenedi-
amine with phthalic anhydride.73

In order to obtain isomeric poly-o-carboxyamides 3a ± c
(PCA) containing side o-carboxybenzamide groups, the acylation
product of TAT with phthalic anhydride (a mixture of isomers)
was treated with an equimolar amount of aromatic tetracarbox-
ylic dianhydrides 2a ± c {3,30,4,40-diphenyloxide tetracarboxylic
dianhydride (2a), 3,30,4,40-benzophenonetetracarboxylic dian-
hydride (2b) and 2,2-bis[(3,4-dicarboxyphenyl)phenoxy]propane
dianhydride (2c)} in N-MP at room temperature. The polyacyla-
tion process can be complicated due to the chemical heterogeneity
of the TAT monoacylation products. Thus bis(o-carboxyben-
zoyl)triaminotoluene effects the polymeric chain termination,
whereas non-acylated TAT favours the formation of branched
and even cross-linked structures. Notwithstanding, homogeneous
reaction solutions are formed in the synthesis of PCA 3a ± c with
side o-carboxybenzamide substituents (Scheme 4).

Phthalimido-substituted polyimides 4a ± c are obtained from
the corresponding PCA 3a ± c upon treatment with a fourfold
excess of the pyridine ± acetic anhydride mixture (1 : 1).77 This is
added to a solution of polycarboxyamide in N-MP at room
temperature. The temperature is then increased to 100 ± 110 8C
and the reaction mass is kept at this temperature for 4 h. This
reaction proceeds under homogeneous conditions and yields PI
4a ± c with a reduced viscosity (Zred)* 0.3 dl g71 and molecular
mass* (22 ± 105)6103.
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The imide structure of the products formed (the absorption
maxima are around 720, 1370, 1720 and 1780 cm71) and the
absence of non-cyclised units (within the limits of experimental
error) were confirmed by the IR spectroscopic data.

All the PI synthesised are readily soluble inN-MP,DMFand a
tetrachloroethane : phenol mixture (3 : 1). Good solubility of PI is
due to the presence of methyl and phthalimide substituents and
the isomeric character of the units in the polymer.

The softening temperatures (Tsoft) of PI 4a ± c established by
the thermomechanical method and the temperatures at which a
10% loss of the sample mass occurred (T10%) were determined by
the dynamic thermogravimetric analysis (TGA) and found to be
equal to 270 ± 360 and 400 ± 450 8C, respectively.

The stable monomer TAT . 3HCl is used for the synthesis of
aromatic PI along with the easily oxidisable free base TAT. In the
case of the former, it is first converted into a free base. To this end,
a TAT . 3HCl suspension is treated with pyridine whereupon
solubilisation of the starting material occurs, which is followed
by subsequent processing according to the procedure of PI syn-
thesis from the free base (TAT) (see Scheme 4).

The polyimides 5a,c,d having similar but more ordered
structures were prepared by the reaction of 2,4-diamino-6-phtha-
limidotoluene (6) with aromatic tetracarboxylic dianhydrides
2a,c,d.36

Polyimides 5 are synthesised by high-temperature polycyclo-
condensation in m-cresol using quinoline as a catalyst. This
reaction proceeds under homogeneous conditions; the reaction
products contain no non-cyclised fragments (IR spectroscopic
data). All the PI synthesised are soluble in N-MP, m-cresol and
butyrolactone. Polyimide 5c is soluble in both the aforementioned
solvents and THF, chloroform and cyclohexanone, and PI 5d is
also soluble in acetone. This is due to the presence in PI 5c,d of
phthalimide and methyl substituents,m-phenylene fragments and
`hinged' hexafluoroisopropylidene groups.

According to the data from thermomechanical analysis, Tsoft

of the polymers 5a,c,d are 275 ± 350 8C, and T10%=415 ± 465 8C
(data from TGA in air at a heating rate of 4.5 8C min71). A
comparison of PI synthesised from diamine 6 in accordance with
Schemes 2 and 3 demonstrated that their thermal characteristics
and solubilities differ slightly from one another, presumably due
to the difference in their isomeric compositions.

The reaction of 3,5-diamino-2-methyldiphenyl sulfide (7) with
aromatic tetracarboxylic dianhydrides 2a ± d is carried out in
accordance with the following scheme (Scheme 5):

Scheme 5

Two approaches were used in the synthesis of PI 8a ± d: (1) the
reaction of the diamine 7 with aromatic tetracarboxylic dianhy-
drides in N-MP at room temperature, which yields PCA 9a ± d,
with subsequent imidisation of these polymers using the pyridi-
ne ± acetic anhydride mixture (1 : 1); (2) high-temperature
(160 8C) polycyclocondensation of the starting monomers in
m-cresol catalysed by quinoline.

In virtually all cases, the PI 8a ± d prepared in m-cresol were
characterised by higher values of Zred in comparison with the
polymers of the same structures prepared in N-MP. For example,
the Zred values for PI 8c prepared inm-cresol andN-MP are equal
to 0.80 and 0.30 dl g71, respectively.

High solubility in N-MP, DMF and m-cresol is a distinguish-
ing feature of the PI under study. The polyimide 8d is also soluble
in THF, cyclohexanone, chloroform, dichloromethane and even
in acetone. The presence of phenylthio substituents is one of the
factors which determine high solubility of PI 8, which is in keeping
with the published data.78 ± 80

Studies of the effects of methyl substituents on the properties
of PI by comparing characteristics of polymers based on 3,5-
diamino-2-methyldiphenyl (7) and 3,5-diaminodiphenyl sulfide
have shown that methyl-substituted PI possess higher solubilities.
The softening temperatures of the methyl-substituted PI are
250 ± 285 8C, i.e., somewhat higher than those of the correspond-
ing PI devoid of methyl groups. On the contrary, the decom-
position temperatures of methyl-substituted PI are lower
(310 ± 370 8C) than those of PI containing no methyl groups.14

Considerable attention has been given to the synthesis of
heterochain polymers containing no methyl groups, especially to
the synthesis of polymers based on aromatic diamines containing
a phenoxy substituent, which affects favourably the solubility of
aromatic condensation polymers.78 ± 85 For example, polyamides
11a,b (PA) were prepared on the basis of 3,5-diaminodiphenyl
ether (10). (Some aromatic PA are widely known owing to their
excellent thermal andmechanical properties.86 ± 88) These PAwere
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synthesised using terephthalic (12a) and isophthalic (12b) acid
dichlorides.89, 90

The synthesis of PA 11a,b was carried out using two different
approaches: (1) low-temperature polycondensation inN-MP 86, 90

and (2) low-temperature polycondensation in chloroform in the
presence of triethylamine as an HCl acceptor.86 ± 90

The polyamides 11a,b are readily soluble in organic solvents
[N-MP, dimethylacetamide (DMAA), DMF, m-cresol, etc.]; their
decomposition temperatures are 350 ± 400 8C. These character-
istics are in good agreement with those obtained in earlier studies
on aromatic PA containing phenoxy substituents.80, 83 Glass-
transition temperatures of the PA synthesised (236 ± 275 8C) are
lower than those of unsubstituted PA with similar structures.86, 87

This suggests that phenoxy substituents exert a plastifying effect.
Considerable attention has been given to the synthesis of PI

containing aromatic substituents. The interest in substituted PI is
due to the poor processability of unsubstituted PI.26 ± 30, 91, 92

Among PI containing aromatic substituents, phenoxy-substituted
polymers are especially popular. Such PI were pre-
pared 58 ± 61, 90, 93, 94 by treatment of phenoxy-substituted amines
10, 13 ± 16 with tetracarboxylic dianhydrides (Scheme 6).

The PI 17 ± 21 can be prepared by three routes:95 (1) low-
temperature polycondensation inN-MPwith subsequent catalytic
imidisation of the PCA formed in the reaction solution in the
presence of pyridine ± acetic anhydride (1 : 1); (2) high-temper-
ature polycondensation in N-MP in the presence of azeotrope-
forming compounds; (3) high-temperature polycondensation in
m-cresol catalysed by isoquinoline.

A comparison of PI prepared by three different methods has
demonstrated that high-molecular-mass polymers are formed in
nearly all cases.

Polyimides 17 and 18 except for those PI based on pyromellitic
dianhydride are soluble inN-MP,m-cresol and a tetrachloroetha-
ne ± phenol mixture, which suggests a favourable influence of the
phenoxy substituents on the solubility of the polymers. The values
of Zred for these polymers inN-MP are equal to 0.30 ± 0.83 dl g71

(Mw4 48 000). Some PI demonstrate good film-forming proper-
ties. The softening temperatures (Tsoft) (180 ± 380 8C) and T10%

(500 ± 550 8C) of the polymers 17 and 18 differ significantly from
one another.

Polymers 17 based on 3,5-diaminodiphenyl ether (10) may be
considered as PI analogues based on m-phenylenediamine. A
comparison of properties of these two groups of polymers suggests
that the introduction of phenoxy substituents leads to an increase
in the solubility of the polymers and a decrease in their glass-
transition temperatures, indicating that phenoxy groups behave
as chemical plasticisers. This finding is in good agreement with the
literature data.78 ± 84, 96 ± 101

Polyimides 19 ± 21 have Zred=0.22 ± 1.00 dl g71 (N-MP) and
Mw up to 77 000 (N-MP, sedimentation data). With the exception
of polypyromellitimide, these polymers are soluble in organic
solvents. Some of them form films. The polymers 19 ± 21 prepared

in accordance with Scheme 6 have low softening temperatures
(165 ± 213 8C) and high decomposition temperatures
(T10%=470 ± 550 8C), which determines their processability
into articles using solvent-free methods.

A comparison of various characteristics of these PI has shown
that polymers 19 based on bis(3-amino-5-phenoxy)diphenyl
bisphenol ethers manifest the best solubility; some of them are
soluble even in cyclohexanone. They also have the lowest Tsoft .

In addition to PI containing five-membered imide rings, PI
with six-membered imide rings, viz., polynaphthylimides and
polyperyleneimides, have been synthesised; the latter are known
to be more hydrolytically stable and thermostable than polynaph-
thylimides.102 ± 105

The synthesis of phenoxy-substituted polynaphthylimides and
polyperyleneimides 90, 106 was carried out as follows:
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All these reactions were carried out in phenolic solvents
(m-cresol, m- or p-chlorophenols) under high-temperature poly-
condensation conditions using benzoimidazole and/or benzoic
acid as a catalyst. The polymerisation process is homogeneous in
all cases and yields deeply coloured polymers.

Some of the polymers synthesised are well soluble in organic
solvents and possess good thermal characteristics. Thus the
polynaphthylimide

is soluble not only in N-MP and the tetrachloroethane ± phenol
mixture (3 : 1), but also in DMF, chloroform and, partially, in

DMA. Enhanced solubility of this polynaphthylimide in compar-
ison with the polymers prepared from the same dianhydrides and
aromatic diamines containing no phenoxy substituents 105, 107

demonstrates a positive influence of the hydroquinone bis(3-
amino-5-phenoxy)diphenyl ether structure on the solubility of
the polymers.

Polyimides containing phenylthio- and phenylsulfonyl side
groups 62, 94 were prepared from the diamines 22 and 23 in
accordance with Scheme 7.

The polyimides 25a ± d based on 3,5-diaminodiphenyl sulfone
(23) are characterised by lower Zred values (0.25 dl g71) than PI
24a ± d based on 3,5-diaminodiphenyl sulfide (22)
(0.79 ± 1.20 dl g71). This difference may be due to the negative
effect of the electron-withdrawing phenylsulfonyl group on the
reactivity of the amino groups.

The solubility of the PI 24a ± d in organic solvents strongly
depends on the nature of the dianhydride used. The values of Zred
of the polymers inN-MP are fairly high (0.79 ± 1.20 dl g71), while
moderate softening temperatures (210 ± 250 8C) combine with
high decomposition temperatures (400 ± 460 8C).

The polyimides 26a,c,d containing benzothiazol-2-ylthio
groups were prepared by high-temperature polycyclocondensa-
tion of the diamine 27with the dianhydrides 2a,c,d inm-cresol.108

All the PI 26were synthesised under homogeneous conditions.
These polymers have Zred=0.29 ± 0.42 dl g71, Tsoft=215 ±
265 8C and T10%=325 ± 400 8C. The polymer 26a is soluble in
N-MP, the PI 26c, in N-MP and THF and the PI 26d is soluble in
N-MP, THF and chloroform. The positive influence of benzo-
thiazol-2-yl side groups on the solubility of the polymers has been
observed previously.109, 110

PI containing functional side groups, first of all, hydroxy
groups, were synthesised along with PI prepared from TNT
derivatives devoid of reactive substituents.65, 111

Recently,112 ± 119 PI containing free hydroxy groups have
attracted the keen attention of investigators because of the
possibility of forming hydrogen bonds, which increases the glass-
transition temperatures of the polymers, favours their solubilities
in amide solvents and enhances moisture absorption.116

It is noteworthy that hydroxy groups can be used as the
reaction centres for the introduction of other side groups, e.g.,

Y = bond (10), O O

OPh

(14);

= ,,

C

O

C

O

.

N

OPh

Y

O

O

N

C

C C

C

O

O

n

O

O

N
C

CC

O

OPh

O O

C

C

C
N

O

O

O

OPh n

+ n

NH2

S

H2N

S N

m-cresol, quinoline

160 8C, 5 h

72nH2O

O

O

C

O

C

O

O

C

O

C

X

27

2a,c,d

n

26a,c,d
n

S

O

O

C

N

CX

O

O

C

N

C

NS

X= O (a), OC6H4C(CH3)2C4H4O (c), C(CF3)2 (d).

NH2

YPh

H2N

22, 23

n + n

O

O

C

O

C

X

O

O

C

O

C

2a ± d

72nH2O

m-cresol,
quinoline

H H
N

YPh

NC C

O O

COOH HOOC

X

n

YPh

O

O

C

N

CX

O

O

C

N

C

n

24a ± d, 25a ± d

Ac2O±C5H5N 72nH2O

Y= S (22, 24), SO2 (23, 25);

X = O (a), CO (b), OC6H4C(CH3)2C6H4O (c),C(CF3)2 (d).

Scheme 7

906 A L Rusanov, L G Komarova, D Yu Likhatchev, S A Shevelev, V A Tartakovsky



unsaturated substituents able to form crosslinked structures;117

chromophores imparting nonlinear optical properties to the
PI 120 ± 122 and thermally unstable side groups prone to thermal
decomposition with the formation of low-permittivity nano-
foams.123 ± 125

Polyimides based on 3,5-diamino-40-hydroxydiphenyl ether
(28), 2,6-diamino-4-hydroxytoluene (29) and the tetracarboxylic
dianhydrides 2a ± d were prepared in two steps.

The first step includes the preparation of PCA 30a ± d and
31a ± d in N-MP under mild conditions (25 8C). The second step,
viz., polycyclisation of PCA, is carried out in the absence of the
pyridine ± acetic anhydride mixture to prevent acylation of the
hydroxy groups. After addition of toluene to the reaction mixture
(for azeotropic distillation of water), the reaction temperature is
raised to 180� 10 8C and the solution is kept at this temperature
for 6� 1 h. This method has recently found wide acceptance in PI
synthesis.95, 126 Cyclisation of PCA 30a ± d and 31a ± d from all the
aromatic tetracarboxylic dianhydrides 2a ± d occurs under homo-
geneous conditions and yields PI 32a ± d and 33a ± d with moder-
ate viscosities (Zred=0.28 ± 0.80 dl g71) and high degrees of
cyclisation.

All the PI synthesised represent amorphous polymers with
glass-transition temperatures of 223 ± 369 8C typical of flexible-
chain PI and decomposition temperatures of 378 ± 439 8C. They
are well soluble in organic solvents; the PI based on the dianhy-
dride 2dmanifest the best solubility.

The introduction of alkoxy substituents into the PI macro-
molecules enhances their solubilities. It is known that the presence
of methoxy substituents in PI macromolecules increases their
solubilities in organic solvents.96 The methoxy-substituted PI are
prepared starting from 3,5-diaminoanizole.46

The PI 34a ± c were synthesised by the reaction of 3,5-
diaminoanisole with dianhydrides 2a,b and pyrromellitic dian-
hydride (35) using three different procedures:90 ± 92 low-temper-
ature condensation of 3,5-diaminoanisole with tetracarboxylic
dianhydrides in amide solvents followed by thermal (route 1 ) or
catalytic (route 2) imidisation of the PCA formed in the presence
of the pyridine ± acetic anhydride mixture (1 : 1) and high-temper-
ature (150 ± 180 8C) condensation in m-cresol in the presence of a
catalyst (quinoline, isoquinoline or benzoic acid) (route 3).

The reaction of 3,5-diaminoanisole with tetracarboxylic dia-
nhydrides in amide solvents (e.g., N-MP) is carried out at room
temperature. This reaction proceeds in a homogeneous system
and yields PCA with relatively high Zred (0.47 ± 1.12 dl g71).

Catalytic imidisation affords PI more soluble in comparison
with polymers synthesised by solid-phase methods;96 therefore,
this approach presents the greatest interest. Catalytic imidisation
is performed by adding the pyridine ± acetic anhydride mixture to
a prepolymer solution and stirring the boiling reactionmixture for
several hours. In all cases studied, the imidisation was accompa-
nied by precipitation of the polymer from the reaction mass in the
form of a swollen gel. It is noteworthy that this does not prevent
the cyclisation of the o-carboxyamide fragments into imide frag-
ments with a high degree of conversion.

Polypyromellitimide 34c does not soften unless the decom-
position temperature is reached. The softening temperatures of
polyimides 34a,b are 300 and 310 8C, respectively.

Depending on the structure of the central fragment of the
dianhydride, the thermal stabilities of the PI synthesised decrease
in the following order: 34c> 34b> 34a. This is consistent with
the generally accepted viewpoint on the correlation between the
structures of the polymers and their thermal stabilities.127, 128

Dynamic TGA studies of thermal stabilities of PI prepared
(air, heating rate 4.5 8C min71) have shown that T10% depends
only insignificantly on the polymer structure: T10% is * 400 8C
for all the PI studied. The relatively low thermal stabilities of the
polymers 34a ± c can be attributed to the presence of the methoxy
groups.

The polyimides 34b,c are insoluble in amide-type (including
N-MP) or any other solvents; only the PI 34a is soluble inm-cresol
and the tetrachloroethane ± phenol mixture (3 : 1). Presumably,
the `hinged' groups have a more pronounced effect on the
solubility of the polymers than methoxy substituents.

The high solubility of the polymer 34a in phenolic solvents has
made it possible to obtain virtually colourless films with a tensile
strength of 114 MPa (at 25 8C) and elongation at rupture of 9%.

An attempt to synthesise the PI 34a by high-temperature
condensation in m-cresol was less successful, although this was
performed in a homogeneous medium. The Zred value of the
polymer 34a thus prepared is much lower than that of the
corresponding polymer obtained by catalytic cyclisation of PCA.
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Polymers containing perfluoroalkyl side groups also present
substantial interest.49 ± 51 Such polymers have found wide appli-
cation in aerospace and electronic engineering owing to their high
thermal stabilities, mechanical strengths and good insulating
characteristics.129 ± 133 These technological fields have a continu-
ing demand for transparent PI (coating of solar batteries) and low-
permittivity PI (reduction of delay periods in electric circuits). The
optoelectronic industry requires PI transparent at the wavelengths
exceeding that of the visible light and possessing controllable
refraction indices. Introduction of fluorine into polyimide materi-
als is one of the most efficient approaches to the synthesis of such
PI.134 ± 136 The introduction of side fluoroalkoxy groups into the
starting monomers is also widely used.

The synthesis of fluorinated PI based on diamines of the
general formula

has been described.137

However, the values of Zred of the polymers thus prepared
were relatively low and decreased with an increase in the length of
the fluoroalkoxy group. Thismay be due to two reasons, viz.: (1) a
decrease in the reactivities of fluorinated diamines as nucleophiles
due to the presence of electron-withdrawing fluoroalkoxy groups;
(2) the steric hindrance of the amino group in the ortho-position
relative to the bulky fluoroalkoxy group. This circumstance has
stimulated the search for new ways to synthesise fluorinated PI.

Some novel representatives of such PI were synthesised from
perfluoroalkoxy-substituted m-phenylenediamines 36 based on
TNT and various aromatic tetracarboxylic dianhydrides.51 ± 54

This reaction is carried out in m-cresol in the presence of
isoquinoline (160 8C, 5 h). The homogeneous reaction conditions
favour the preparation of PI completely soluble in N-MP.
Depending on their structures, such PI are also soluble in other
organic solvents. Thus the polymers 37c are soluble in chlorinated
solvents but are insoluble in acetone, whereas the PI 37d are
soluble in acetone, but not in chlorinated hydrocarbons. High
solubility of the PI 37 may be due to the presence of side
perfluoroalkoxy and bridging groups 96, 136 as well as to the
amorphous structure of these compounds (X-ray diffraction
data).

Virtually all PI 37 are high-molecular-mass compounds with
Tsoft=155 ± 265 8C (thermomechanical analysis data) and

T10%=400 ± 430 8C, which exceed those of the methoxy-substi-
tuted PI 35. It should be noted that Tsoft of the polymers 37
decreases with an increase in the length of the fluoroalkoxy group.
Colourless strong elastic films were cast from solutions of the PI
37 in THF. Pressing of these PI at temperatures exceedingTsoft by
100 8C at 10 MPa produced transparent yellowish articles. The
polymers 37 possess relatively low refraction indices and dielectric
constants (e), which is in good agreement with the known
data.124, 137

2. Aromatic oligo- and polyethers
Aromatic nucleophilic substitution of nitro groups can be
employed for the preparation of aromatic polyethers,24, 25, 138

although there are few examples of such reactions.138 A serious
problem in the synthesis of polyethers from mononuclear dinitro
compounds is passivation of the second nitro group following
replacement of the first nitro group by a nucleophile. What is also
essential is that nitro group activators usually occupy the ortho-
and para-positions. Therefore, the possibility of using 3,5-dini-
trodiphenyl sulfone, a TNT-based mononuclear compound con-
taining an electron-withdrawing activating group in the meta-
position with respect to the nitro groups, in the synthesis of
aromatic polyethers is of interest for investigators.90

Themodel reaction of 3,5-dinitrodiphenyl sulfonewith phenol
was carried out in N-MP (150 8C, 6 h).

The synthesis of the polyether 38 based on 3,5-dinitrodiphenyl
sulfone and bisphenol A was carried out under identical condi-
tions.
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Although the polyether formed has low molecular mass
(n=5, Mn=1900, Mw=2600), this reaction has demonstrated
the feasibility of polyether synthesis from mononuclear dinitro
compounds containing an activating group in the meta-position
with respect to the nitro groups, which is in agreement with the
earlier data.139 It seems therefore expedient to use the dinitro-
compound,

which represents the reaction product of 4,40-dimercaptodiphenyl
sulfide with a twofold molar excess of 3,5-dinitrodiphenyl sulfone
and subsequent oxidation of the sulfide groups to the sulfonyl
groups, as a startingmonomer for the synthesis of high-molecular-
mass polyethers.

IV. Conclusion

The development of condensation monomers and polymers based
on TNT and its derivatives offers a solution for two different
problems, viz., utilisation of TNT and design of cheap and
accessible PI with enhanced processability into articles.

Taking into account the increasing interest in dendritic
polymers in the past two decades,140 ± 151 it may be expected that
the progress in the chemistry of monomers and polymers based on
TNT will be associated with the synthesis of such polymers. It
should be noted that TAT is an ideal trifunctional core for the
synthesis of novel representatives of dendritic PA and PI, while
1,4-bis(3,5-diaminophenoxy)benzene can serve as a tetrafunc-
tional core for the preparation of dendritic PA and PI.

The A2B-type monomers derived from TNT 152, 153 can find
application in the synthesis of superbranched polymers.154 ± 157 In
particular, 3,5-diamino-40-carboxydiphenyl ether can be used for
the preparation of superbranched aromatic PA containing periph-
eral amino groups, whereas 3,5-dinitro-40-hydroxydiphenyl ether
is a promising starting material for the synthesis of superbranched
aromatic polyethers based on aromatic nucleophilic nitrosubsti-
tution.

The novel architecture of these polymers determines their
novel properties which in turn opens up new areas for their
application.

This review has been written with financial support of the
International Science and Technology Center (Grant No. 419).
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