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Abstract

Convenient methods of the synthesis of new perfluoroaromatic monomers of BB and AB types and
polyimides on their basis were developed. The effect of the structural factors (the nature of aromatic
framework, substituents and bridges, isomerism) on the reactivity of monomers and major characteristics
of polyimides was discussed. It was established that the obtained polyimides possess promising properties

for optoelectronic applications.
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INTRODUCTION

Fluorinated aromatic polyimides (PI)
(Scheme 1) are used in modern optoelectronic
applications [1] due to their unique transparen-
cy and low optical losses in the nearest IR, vis-
ible and UV spectral regions, good dielectric
properties, high hydrophoby and thermal sta-
bility [2]. All the key properties that are required
for the materials improve with an increase in
fluorine content, but the synthesis of highly
fluorinated PI is restricted by low availability
and low reactivity of polyfluorinated diamine
monomers.

In this connection, the goal of our work was
to study the amination of highly fluorinated
aromatic compounds with anhydrous (liquid)
ammonia as the shortest way to obtain the
monomers of AB and BB types; to develop

special methods for the synthesis of highly flu-
orinated PI on the basis of obtained mono-
mers; to study the effect of structural factors
(isomerism and the nature of aromatic frame-
work, substituents and bridges) on the char-
acteristics of PIL

AMINODEFLUORINATION OF POLYFLUOROAROMATIC
COMPOUNDS WITH ANHYDROUS AMMONIA

Polyfluoroarylenediamines used as monomers
to obtain PI materials for optoelectronic appli-
cations should be highly pure, that is, they
should not contain impurities of either monoam-
ines or hydrodefluorinated compounds. This is
due to the fact that monoamines terminate the
growth of PI chain, while hydrogen-contain-
ing fragments of molecules decrease the trans-
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parency of PI at the working wavelengths of
optical telecommunication devices (the near IR
region).

It is known that aminodehalogenation of
arenes in aqueous ammonia, which is usually
carried out in steel autoclaves at high tempera-
tures (up to 250 °C) is often accompanied by
competing transformations, such as hydroxy-
and/or hydrodehalogenation of arenes, pro-
ceeding with the participation of water and the
material of autoclaves. For example, the ac-
tion of aqueous ammonia on hexafluorobenzene
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at 180—220 °C leads to the formation of a mix-
ture of isomeric tetrafluorophenylene diamines
and 2,4,5-trifluorophenylene-1,3-diamine. The
concentration of the products of hydrodeflu-
orination is essentially dependent on tempera-
ture and reaction time, as well as on the con-
centration of NH,F (the accompanying prod-
uct of aminodefluorination process) and Fe3"
ion (formed in the oxidation of the autoclave
surface). Under rigid conditions, even the prod-
uct of double defluorination (2,5-difluorophe-
nylene-1,3-diamine) is formed [3].
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The method of polyfluoroarene amination
developed by us is based on the use of anhy-
drous liquid ammonia as the reagent and reac-
tion medium at the same time. It was demon-
strated that in anhydrous ammonia (or in its
mixtures with aprotic solvents) in a steel auto-
clave mono- and bisamination of various
polyfluoro(het)arenes proceeds selectively; the
products of hydrodefluorination are not formed
even at 220 °C.

Under these conditions, aminodefluorination
of hexa- and pentafluorobenzenes, octafluoro-
toluene, decafluorobiphenyl was carried our
(Scheme 2, a) [4], and also 2,3,5,6-tetrafluoro-
and 3-chloro-2,4,6-trifluoropyridine (see Scheme 2,
d), pentafluoro-, 3,5-dichlorotrifluoro- and
4-chlorotetrafluoropyridines (see Scheme 2, e)
[5]. Temperature points at which the introduc-
tion of the first, second and third amino group
into the aromatic ring are carried out vary sub-
stantially, which provides the conditions for se-
lective synthesis of mono-, di- and triamino
derivatives (using perhalogenopyridines as ini-
tial compounds) with high yield and purity.

Aminodefluorination of tetrafluorophthalic
acid with anhydrous ammonia leads to the se-
lective synthesis of 4-amino-3,5,6-trifluo-
rophthalic acid with the high yield (see Scheme
2, b); isomeric 3-amino acid is not formed [6].
Under the action of dicyclohexylcarbodiimide,
aminophthalic acid gets transformed quantita-
tively into 4-amino-3,5,6-trifluorophthalic anhy-
dride which is the simplest aromatic monomer
of AB type.

Monoaminaiton of octafluoronaphthalene
with anhydrous ammonia leads to the forma-
tion of 2-aminoheptafluoronaphthalene as the
major product (preparative yield is 85—90 %),
while diamination gives a mixture of isomeric
1,6-, 1,7-, 2,6- and 2,7-diaminonaphthalenes
with substantial predominance of the 2,7-iso-
mer (about 70 %) (see Scheme 2, c¢) [7]. For the
selective synthesis of perfluorinated diaminon-
aphthalenes, a method based on reversible mod-
ification of amino group was developed. It was
shown that the ratio of 2,7/2,5 isomers for
amination of 2-X-heptafluoronaphthalenes
X = ﬁH, NH, and NHAc) increases with an
increase in the electron-donor effect of sub-
stituent X. For instance, 2,7-diaminohexafluo-
ronaphthalene is formed in the reactions of 2-

aminoheptafluoro- or octafluoronaphthalene
with excess NaNH, in anhydrous ammonia;
under these conditions, the amino group in the
aromatic ring gets ionised through proton elim-
ination. 2,6-Diaminohexafluoronaphthalene is
formed in the interaction of 2-acetylamidohep-
tafluoronaphthalene with anhydrous ammonia,
followed by hydrolysis of acetylamido group.

In some cases high purity monomers of BB
type were isolated using reversible selective
complexing with 18-crown-6. The developed
procedure allows one to separate target prod-
ucts from the trace amounts of monoamines
and to separate the mixtures of isomeric poly-
fluoroarylenediamines. The selectivity of the
formation of crystal associates depends on the
enthalpy of melting of the crystal phase: as-
sociates possessing higher heat of melting are
selectively crystallized from the solutions of the
mixtures of isomeric diamines with the lack
of the crown ether [4, 7, 8].

Thus, a combination of aminodefluorina-
tion of perfluoroarenes by anhydrous ammo-
nia (the amount of the introduced amino groups
depends on process temperature) and co-crys-
tallization of arylenediamines with the crown
ether (selectivity depends on the relations be-
tween the heats of melting of isomeric associ-
ates) is an efficient and convenient method to
obtain new perfluorinated monomers of BB and
AB types.

SYNTHESIS OF NEW POLYIMIDES BASED ON
PERFLUORINATED MONOMERS WITH LOW REACTIVITY

The features and regularities of polycon-
densation of perfluoroarylenediamines possess-
ing low reactivity were studied with the help
of "F NMR spectroscopy and modelling of the
internal and end fragments of the polymeric
chain. On this basis, special experimental pro-
cedures were developed for obtaining highly
fluorinated PI (Scheme 3): high temperature
solid-phase growth of the polymer chain (meth-
od a) and a single-reactor synthesis of PI in
the melt of benzoic acid (methods b, ¢). PI based
on new monomers of BB type and the first
aromatic PI of AB type containing no hydro-
gen atoms were synthesized. The structure of
polymers was characterized by spectral meth-
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ods (NMR, IR, and MALDI TOF) and elemen-
tal analysis.

Highly fluorinated PI containing hexafluo-
ronaphthylene fragment in the main chain were
obtained through two-stage polycondensation of
hexafluoronaphthylene-2,6- and hexafluo-
ronaphthylene-2,7-diamines (6FPNDA and
6FMNDA, respectively) or their mixture with
4 4'-oxydiphthalic dianhydride (ODPA) [9] (see
Scheme 3, method a and Table 1). Reaction con-
ducted in amide solvents at 80 °C for 40—50 h
leads to the formation of low molecular mass
prepolymers containing amino acid and imide
fragments inside the chain; the anhydride end
groups in these molecules are hydrolysed to a
substantial extent. Solvent removal followed by
slow heating of prepolymer mass from 150 to
250 °C provides the growth of the polymer
chain. Soluble PI with the number mean mo-
lecular mass Mn = 3500—7500 were obtained
using this operation. The mass spectra of PI
contain a repeating fragment with the period
m/z 540 amu, equal to the molecular mass of
the structural unit of Cy4HF¢N,O5 polymer. So,
fragmentation and destruction of macromole-
cules do not occur during solid-phase polycon-
densation. Subsequent heating of PI to 350 °C
causes further increase in the molecular mass
of the polymer and allows obtaining insoluble
polyimide films. Increased ability of 6FMNDA
(in comparison with 6FPNDA) to undergo poly-
condensation is due to the absence of conjuga-
tion of amino groups, as conjugation prevents
the formation of high molecular mass PI. It
should be stressed that the use of available and
cheap mixture of monomers 6FMNDA + 6FPNDA
(at a ratio of 3:1) provides the formation of
PI with the molecular mass and properties com-
parable with those of structurally uniform poly-
mer ODPA /6FMNDA.

Aromatic monomers with electron-deficient
framework or substituents, such as 2,4-diami-
nohexafluorotoluene (6FTDA), diamines of
polyfluorinated pyridines and AB type mono-
mer, are substantially less reactive than the
derivatives of perfluoronaphthalene. These di-
amines interact with ODPA or 4,4'-hexafluor-
oisopropylidenediphthalic anhydride (6FDA)
very slowly: the condensation solution obtained
in amide solvents at 80 °C for 75 h contains the
initial diamine (up to 15 %) and compounds with

one modified amino group. Molecules with two
modified amino groups practically are not
formed at the liquid-phase stage. The solid-
phase chain growth procedure, even in the cy-
clic mode (repeated dissolution of PI followed
by heating) results only in the formation of low
molecular mass PI. For this reason, high tem-
perature polycondensation in high boiling sol-
vents with the addition of acid catalysts ap-
pears to be more practical for polycondensa-
tion of monomers with low reactivity. In par-
ticular, the melt of benzoic acid, which is not
toxic in comparison with high boiling chlorine-
containing solvents and can be easily separated
from the product, may be used as efficient cat-
alytic medium for a single-stage synthesis of
fully imidized PL

Highly fluorinated PI based on 6FDTA and
ODPA were synthesized by polycondensation in
the melt of benzoic acid with azeotropic distil-
lation of water at the initial stage [10] (see
Scheme 3, method b). Synthesis without water
removal leads to the formation of co-polyim-
ide co-PI) which contains two types of poly-
fluoroaromatic fragments originating from
6FTDA and 2,4,5-trifluorophenylene-1,3-di-
amine (3FPDA) (see Scheme 3, method ¢, Ta-
ble 1). The appearance of modified fragment
in the PI chain is due to hydrolysis of CF; group
and subsequent decarboxylation, both proceed-
ing at high temperature under the action of
water on the monomer, oligomer or polymer.
The composition of co-PI depends on polycon-
densation conditions. For instance, the fraction
of the 3FPDA fragment increases when the
reaction is performed in a sealed ampoule.

Polyimides containing the pyridine fragment
with variable y-substituent in the main chain
were synthesized using method ¢ from 6FDA
and 3,5-difluoropyridylene-2,6-diamines: y-
X =H (2FHPyDA), Cl (2FCIPyDA), NH, (2FPyTA)
[11] (see Scheme 3). The molecular masses of
these PI depend on the electron effect of y-
substituent and the solubility of the polymer.
It was established that exclusively a-amino
groups participate in the polycondensation of
2FPyTA. This most reactive monomer gives the
PI with M, = 17 000 within 3 h at 135 °C, after
which the reaction mixture gets separated into
two phases, and polycondensation stops. For
polyimide based on less reactive 2FHPyDA,
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M,, = 30 000 is achieved within 24 h under step-
wise heating to 190 °C; PI remains soluble in
the melt of benzoic acid. Perhalogenated
2FCIPyDA forms PI having relatively low mo-
lecular mass because of the minimal nucleo-
philic properties of amino groups (see Table 1).

Polycondensation in the melt of benzoic acid
was used to obtain the first perfluorinated ar-
omatic PI of AB type with 10—12 links in the
chain [6] (see Scheme 3, method c). Further
growth of macromolecules is limited by the low
reactivity of amino group, limited mobility of
the end groups of the rigid polymer chain,
and partial destruction of anhydride fragments —
about 30 % of macromolecules have decarbox-
ylated end fragments. The MALDI TOF mass
spectrum of this PI contains the groups of
signals with the period m/z 199 (the mass of
the structural unit CgF3;NO,) corresponding to
the molecules of PI and its monodecarboxy-
lated analogue.

CHARACTERISTICS OF POLYFLUOROAROMATIC
POLYIMIDES

The data on the thermal and thermooxidative
stability of PI, hydrophobicity, optical and di-
electric properties are presented in Table 1. The
data obtained demonstrate the effect of struc-
tural factors (aromatic framework, isomerism,
substituents and bridges) on the properties of PL

It was established that the isomerism of
hexafluoronaphthylene fragment affects the
quality of PI film. The ODPA /6FPNDA film is
fragile, which is likely to be due to relatively
low molecular mass. In addition, this film is not
transparent because of the formation of spe-
cific crystal structure that is characteristic of
PI with para-substituted fragments of the
framework. Quite contrary, the asymmetric
position of the meta-substituted fragments in
the PI chain of ODPA/6FMNDA enhances its
flexibility and free volume. As a result, this PI
forms a flexible and transparent film charac-
terized by the low value of transmission cut-
off (Aiyi-or)- It should be noted that the pres-
ence of para-substituted fragments in the
ODPA/(6FMNDA + 6FPNDA) co-PI at the ra-
tio of 3:1 insignificantly worsens the optical
characteristics of the film.

It was established that the combination of
asymmetric pendant CF; group and fluorine
atoms (a fragment of 6FTDA) is extremely
favourable for the characteristics under inves-
tigation. Polyimides based on 6FTDA demon-
strate good solubility in organic solvents includ-
ing such a low-boiling solvent as chloroform,
and have high vitrifying temperature, thermal
and thermooxidative stability. Due to the high
fluorine content, flexible PI films have low di-
electric constant and dehumidification. All these
characteristics get improved with the substitu-
tion of the oxygen bridge by hexafluoroisopro-
pylidene passing from ODPA /6FTDA to 6FDA/
6FTDA. In addition, due to the electron and
steric effects, CF; groups decrease the forma-
tion of inter- and intrachain charge-transfer
complexes, which provides the characteristics
that are extremely important for optoelectron-
ic materials: colourless 6FDA/6FTDA films,
excellent transparency in the UV and visible
spectral regions, and very low A, value.

Perfluorinated aromatic PI of AB type does
not have flexible bridges and pendant groups
in the structure but demonstrates good solubil-
ity in various organic solvents. In spite of rela-
tively low molecular mass, this PI possesses
satisfactory thermal and thermooxidative sta-
bility. The A,y value for this compound is
shifted to longer wavelengths in comparison
with that for highly fluorinated CFj;-contain-
ing PIL. One cannot exclude that this effect is
due to the conjugation of chromophore groups.
In the spectrum of PI in the near IR region,
absorption of the harmonics related to C-H
and O—H bonds is absent, which characterizes
perfluorinated PI of AB type as promising
materials for optoelectronic systems.

It was established that PI 6FDA/2FHPyDA,
6FDA /2FCIPyDA and 6FGA/2FPyTA are close
in thermal and thermooxidative stability to PI
based on polyfluoroarylenediamines. Other prop-
erties of PI containing pyridine fragment are
still under investigation. The presence of po-
tentially modifiable fragments, such as nitro-
gen atom in the aromatic framework and a sub-
stituent (H, Cl, NH,) in g position, in the struc-
ture of these polymers provides the possibility
of chemical transformations directed at ren-
dering promising properties to these polymers.
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CONCLUSION

The shortest cheap method of selective syn-
thesis of new perfluorinated aromatic mono-
mers of BB and AB types through direct ami-
nation of polyfluorinated derivatives of ben-
zene, naphthalene and pyridine with anhydrous
ammonia used as the reagent—medium system
was developed. Practically reasonable and effi-
cient methods of obtaining PI based on diamines
with low reactivity were developed. New high-
ly fluorinated PI were developed, possessing a
set of valuable key (optical and dielectric) and
technological (solubility in organic solvents and
thermal stability) properties, which character-
izes them as promising materials for high-tech-
nological applications.
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