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ABSTRACT. Polycondensation and polyaddition reactions using
_ silylated monomers are reviewed. Means of obtaining silylated
nucleophilic monomers and the influence of silylation on the
reactivity of nucleophiles containing amine, hydroxyl and thiol
groups have been analysed. It has been shown that in many cases
the use of silylated monomers enables polycondensation processes to
be carried out under mild conditions to give high molecular systems.
The bibliography contains 88 references.
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1. Introduction

Polycondensation chemistry has been enriched in the last two
decades by a series of new processes which significantly broaden the
scope of linear polycondensation and polycyclocondensation.
These include ‘direct” polycondensation,'? ‘activated’ polycon-
densation,® polycondensation using phase transfer catalysts,*
reductive polyheterocyclisation,>® etc. Polycondensation processes
using  silylated - monomers,”°  also  called ‘silylated’
polycondensation,'® must be included. ‘Silylated’ polycondensation,
like ‘direct’? and ‘activated’® polycondensation is based on a
change, usually an increase, in the reactivity -of one of the monomers
participating in the reaction, however, in contrast to the processes
mentioned above, ‘silylated’ polycondensation assumes a change of
reactivity in electrophilic and nucleophilic monomers including
diamines, bis-phenols, bis-thiophenols and multifunctional systems.!®

This approach was used for the first time in synthetic chemistry
by Klebe and collaborators”® from the middle sixties to the
beginning of the seventies and has been taken up once more in the
last 5—10 years. Some achievements in the area of ‘silylated’
polycondensation have been considered,”® however none of these
reviews gives a complete picture of the achievements of this rapidly
developing area of polycondensation. The present review is required
to fill this gap.

I1. Polycondensation reactions using silylated
nucleophiles

1. Methods of obtaining silylated nucleophilic monomers

The silylation of nucleophilic monomers reduces to the protection
of labile hydrogen atoms in their functional groups by tris-
(hydrocarbonyl)silyl residues, most frequently by trimethylsilyl or
dimethylphenylsilyl groups.

The most widespread method of silylating nucleophiles is
treatment of them with chloro-tristhydrocarbonyl)silane, most
frequently with chlorotrimethylsilane in inert solvents in the presence
of acceptors of the hydrogen chloride released

HX—Ar—XH + 2C1-SiR; —=—~ R;Si—X—Ar—X—SiR,,

— _NR'— —O— _S__- [ _/’-—\
X NR'—, —O—, —S—; R H,\z/

This method has been used successfully for the silylation of
primary diamines,''™3 secondary diamines,'** bis-phenols'*” and
bis-thiophenols.’® The silylation of secondary diamines, bis-phenols
and bis-thiophenols leads to a bis-silylated product while analogous
conversions of primary diamines may, depending on the conditions
of carrying out the reaction, lead to the preparation of both bis-
silylated!*** and N,N,N',N'-tetrakis-silylated diamines*’

Me,SiN—Ar—NSiMe, <~ H,N—Ar—NH, —
H H

— (Me;Si),N—Ar—N (SiMes)s.

The same method of silylation was successfully used for obtaining
N,N',0,0-tetrakis-(trimethylsilyl)-bis(o-aminophenols)*°

H H
Me;*Si—N\A /N—~SiMe3
SN .
Me,SiO O—SiMe,

—4HCL

H,N NH,
>Ar< + 4CISiMe,

HO OH
An alternative method of silylating bis-(c-aminophenols) is based

on the use of trialkylsilyldialkylamines,?'2* particularly of trimethyl-
silyldiethylamine in place of chlorotrimethylsilane

H H

HN NH, MeSIN  NSiMe,
/AI’\ + 4Me,SiN Etzw /AI‘\

HO OH Me,SiO OSiMe,

The last method has several significant advantages over silylation
with chlorotrimethylsilane, such as reaction being effected in an
excess of trialkylsilyldialkylamine in the absence of solvent and HC!
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acceptor since the reaction byproduct is diethylamine. It is
interesting to note?* that on silylation of aminophenols the phenolic
hydroxyls reacted first which made possible the isolation and
characterisation of the o-, m- and p-isomers of the following series of
compounds:

H
Me,SiOC,H,NH,, Me,SiOC,H,NSiMe,, Me,SIOC,H,N (SiMe,),.

Finally, silylated bis-phenols are obtained by treating various bis-
phenols with hexamethyldisilazane in inert solvents'S

H
HO—Ar—OH + Me SiNSiMe; ——— Me;SiO—Ar—O0SiMe;.

The same approach was used to obtain silylated derivatives of
hydroxybenzoic acids'®

o}
[ H
HO—Ar—C—OH + Me;SiNSiMe; —gr—
0
|
—Me,;Si0O—Ar—C—O0SiMe;.

2. Reactivity of silylated nucleophilic monomers

As mentioned above the silylation of nucleophilic monomers is
accompanied by a change in their reactivity. This problem has been
considered in greatest detail when applied to silylated primary
amines which possess an increased reactivity in reactions with
carboxylic acid chlorides. The high reactivity of N-silylated amines
may be explained by means of the mechanism presented below.?*

It is a characteristic of organosilicon compounds that Si atoms
have a high affinity for oxygen, and for fluoride and chloride ions
and also that a carbocation in a position 3 to silicon may be
stabilised by the o—m effect of the latter. A two-stage addition-
elimination mechanism has been proposed for the nucleophilic
substitution of acyl in acid chlorides by an N-trimethylsilylated
amine allowing for these special features of organosilicon
compounds?®

Cﬁ\* ?iMe3 I
Ar'——C\yﬂ;‘l—Ar — Ar‘—-C——II\}——Ar =Ar—C—0
& b

H

O-—SiMe; N—Ar

CQ\_
@
4
um

— Ar'—-c——g-—m + Me,Sicl.

Il
0

In the first stage of the reaction, attraction of the carbonyl oxygen
of the acid chloride for the Si atom of the N-silylated amine
facilitates nucleophilic attack by the nitrogen atom of the latter on
the carbonyl carbon of the acid chloride, with subsequent
rapid formation of a tetrahedral intermediate. In the second stage of
the process elimination of a chloride ion from the intermediate is
facilitated by the presence of the Si atom in the B-position
which leads to rapid formation of amide together with
chlorotrimethylsilane.?

The reactivity of S-trialkylsilated thiophenols may approach the
reactivity of N-silylated amines.'® Silylation of a hydroxyl group

leads to its protection from electrophilic attack®?® as a result of the
strong affinity of silicon for oxygen.

The reactivity of S-trimethylsilylbenzenethiol (I), N-trimethyl-
silylaniline (IT) and O-trimethylsilylphenol (III) towards electrophiles
has been compared.!® It was found that the relative reactivities of
these compounds on reaction with benzoyl chloride is expressed in
the series (I) > () > () and in reaction with 1-chloro-
2,4-dinitrobenzene in the series (I) > (II) > (III). O-Trialkylsilated
phenols (trialkylsilyloxybenzenes) may react with such electrophiles
as acid halides and activated organic halides only in the presence of
chloride or fluoride ion ‘

Ar—0O—SiMe, + X® — Ar—0°€ + Me,SiX.

The silylation of such tetrafunctional nucleophiles as bis-(o-amino-
phenols) leads, in full agreement with that mentioned above, to
activation of amino and deactivation of hydroxyl groups,’ which
facilitates?™®® the selective execution of the first stage of
polycyclocondensation and permits avoidance of gel formation.

3. Condensation and addition polymers based on silylated
diamines .

As was shown above N-trialkylsilylated amines are some of the
most reactive organosilicon compounds. They react with various
electrophiles such as acid chlorides and anhydrides, isocyanates,
benzyl halides, aldehydes, etc.® All these reactions have been used to
obtain nitrogen-containing condensation and addition polymers."’

a) Synthesis of polyamides

It is known® that on reacting N-trimethylsilyl-protected amines
with carboxylic acid chlorides, amides are formed with the
elimination of chlorotrimethylsilane as byproduct and not
trimethylsilylamides with elimination of hydrogen chloride as a
byproduct

o)
|
(”) __»R_%_C_R' 1 Me,SiCl
R—N—SiMe, 4 Cl—C—R— o

H I
—X—->R—N—C—R" 4+ HCI

!
SiMe,

This amidation reaction is widely used successfully in the synthesis of
polyamides. Thus high molecular aromatic polyamides have been
obtained?>*® by the interaction of N,N'-disilylated aromatic diamines
with diacid chlorides of aromatic dicarboxylic acids under low
temperature polycondensation conditions in solution

0 0
It I
n ,»xegsi—g—Ar—g_SiMea + nCIC—~Ar'—C—Cl

-10° C
ZanMesSiCl

o o)
J ]
- [—Ar-N~C——Ar'——C—N—] (1)
H H 4
R R

A= —7 DN, N\
Sanl
A4
Comparison of the polyamidation process being considered
with the traditional method of synthesis of aromatic polyamides,
viz. reaction of diamines with diacid chlorides of dicarboxylic
acids,®? using the synthesis of poly-(p-phenyleneterephthalamide)

as example, showed®® that N,N'-disilylated p-phenylenediamine
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reacts much more rapidly with terephthaloyl chloride. Polyamides
with higher viscosity characteristics are obtained. Some results of
syntheses of aromatic polyamides are shown in Table 1.

Table 1.
formula

Viscosity characteristics of aromatic polyamides of

0. 0
i
[—Ar—N—(l:I-—Ar’—C—N—-l (Ref.25)
H H dn

Ty, dlitre g7, conc. H,80,, 30 °C
Ar A from Nesilylated | from unsilylated
A o
=N _/\_
| 1] 2.45 1.08
\/ \/
Vam 7\
<5 L - 3.49 0.9
<L -y T4 3.23
/\\
<y “ 2.4 1.19
Y ’\'
L=l 3 1 J 2.5 145
\7
7 N_cu 7\ TN
-3 - 3.2 1.40
2 \_o/\ -
O | 1)
4
7~ \o—7\ 2\
<L Ly 3.9 1.50

Note. Polymerisation was carried out in N-methyl-2-pyrrolidone
(NMP) containing LiCl, at ~10 to —5 °C for 5 h.

*Polymerisation was carried out in a mixture of NMP and
hexamethylphosphoramide (HMPA) containing LiCl at ~10 to -5 °C
for 12 h.

Analysis of the data shown in Table 1 indicates that without
exception polyamides are obtained with significantly higher viscosity
characteristics from silylated diamines than from free diamines.

The use of silylated diamines is particularly expedient in those
cases when high molecular compounds cannot be obtained from free
monomers of this class. The preparation of high molecular
polyamides based on weakly basic diamines, which have low
reactivity, is extremely problematical. The N-silylation of such
diamines is a reliable method of activating them'>!>3* and may be
illustrated using aromatic N,N’-diphenyl-substituted diamines as an
example.!3343% These compounds, being extremely low in
reactivity, are activated by silylation to such an extent that
their reaction with diacid chlorides of aromatic dicarboxylic
acids under high temperature polycondensation conditions in

tetramethylene sulphone leads to the formation of high molecular
poly-(N-phenyl)amides:!>343%

o} (0]
i fi
rzMegSl—N-—Ar——N—SiMea—{— nCl—C—Ar'—C—Cl ~“mMesicl
7 \ / \
UL
o} [0} -
| o
- —Ar—-I\[I——C—Ar’——C—I\]I—
0 ()
= - V4 N7 _ln
Ar=—Z N_ _ /77N _ o /TN . A S
=X oL O O == Y
A4
Some characteristics of the poly-(N-phenyl)amides synthesised are

given in Table 2.

Table 2, Conditions of synthesis and viscosity characteristics of
poly-(N-phenyl)amides of general formula

_ o o -
I I
—Ar—l?’—C—Ar’—C—IIJ~ (Refs.13, 34)
0 0
- 7 NF —n
Polycondensation .
Ar Ar conditions s, dlitre g7 T, °C
7,°C | timeh
—_ N\ ‘
<> I 60 | % | 165 |25
\7
<~ - - 200 6 | 2.2 |25
AN
< -3 7 60 | 2 | 1% | 195
\%
L0~ | - w0 | % 1 |

*Niny Was measured in H,SO, at 30 °C and a concentration of
0.5 g dlitre™; ** Ty was determined by differential thermal analysis
(DTA) at a heating rate of 10 °C min™".

Analysis of the data given in Table 2 indicates that, as in the
processes considered above for unsubstituted polyamides, the use of
N-silylated diamines made it possible to obtain systems with
extremely high viscosity characteristics. The poly-(N-phenyl)amides
synthesised had Ty 195—255 °C. They dissolved in various solvents,
including dimethylformamide (DMF), m-cresol and chloroform.
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Tetrafluoro-m-phenylenediamine is a diamine with low basicity.
It too may be activated by silylation.36 High molecular
fluorine-containing polyamides are obtained by reacting its
N,N'-bis-trimethylsilylated derivative with diacid chlorides of
aromatic dicarboxylic acids under low temperature polycondensation
conditions in solution

f 0 0

H H P
nMegSi—N—( N—N—SiMe; -+ nCl—C—Ar—C—Cl —gmmsier—
VAN
F" 7 F
F
-7 .
I I
. —"/ \‘— —C—Ar—C—N—
VAN
F 1 F
- F n

It is interesting to note that silylated aromatic diamines form high
molecular polyamides even on reaction with the poorly reactive
diacid chlorides of aromatic dicarboxylic acids. The preparation of
fluorine-containing polyamides by reaction of N-silylated aromatic

diamines with tetrafluoroisophthaloyl chloride wunder low
temperature polycondensation conditions in solution is an example®’
o T o
H H If I °
nMe;Si—N—Ar—N—SiMe; -+ nCl—C—I/ Nl e —
SN\,
F |/ F
F
WS S w
i |
—Ar~N——C—N/ \\I—C—N
o \l/ \F
_ F _ln
TN RTN
| VA N e

Ar— _/\l_ TN
/

R= —0—, —CH,—.

Fluorine-containing aromatic polyamides obtained by a scheme
analogous to this possessed Mimn equal to 0.43 dlitre ¢! and T, equal
to 245—280 °C (Table 3).

In addition to aromatic systems, aliphatic-aromatic polyamides
have also been obtained based on N-silylated diamines. In particular
high molecular aliphatic-aromatic polyamides are obtained by the
polycondensation of N-silylated lysine with the diacid chloride of an
aromatic dicarboxylic acid:*®

@] [¢]
H H H I I
nMeySi—N—C-—(CH,)};—N—SiMeg+ nCl—C—Ar—C—Cl —
|
C—O—FEt
i
(6]
(o] o -
25°C H H H | I
Zamesici” | —N—C—(CHz)y—N—C—Ar—C—
C—O—Et
[}
o] n
~_7\
Ar_—-\\—- —

Polyterephthalamides obtained from N-silylated lysine possessed
Nsp = 1.02 [hexamethylphosphoramide (HMPA)].3®

The interaction of silylated diamines with diacid chlorides
according to Scheme (1) may be effected not only in solvents but
also under conditions of solvent-free vacuum ‘deposition’
polycondensation (from the gas phase) making it possible to obtain
thin films on appropriate substrates.® Thin polyamide films may
also be obtained using unsilylated diamines*** however a
temperature of the order of 100 °C is required to remove the HCl
formed during the reaction. On using N-silylated diamines the
solvent-free vacuum ‘deposition’ polycondensation from the gas
phase takes place at temperatures of the order of 60 °C with
separation of neutral chlorotrimethylsilane. Metallic plates capable
of erosion may be used as substrates and are coated with thin
polyamide films. It is interesting to note that poly-p-phenylene-
terephthalamide (Kevlar), usually a highly crystalline polymer,
applied using silylated diamine, forms an amorphous transparent
film.

Table 3. Some characteristics of polyamides of general formula

— F —

o o}
H | I H
—Ar——-N—C—j/ N—C—N— | (Ref37)
VAV AN
F | F
- F _n
Ar nhy, diitre g7 3 °c
AN
| 0.43 25
\7
L 0.56%+* 275
NN
w3 0.63 280
D W e N
-0 0.82 280

Note. Polyamide synthesis was effected in chloroform containing
triethylamine hydrochloride at 60 °C for 6 h.
* Ninn Was measured for 0.5% solutions in DMA at 30 °C;
** determined by DTA at AT = 10° min™ (air);
*** polycondensation was carried out at 0 °C for 6 h.

‘Activated’ polycondensation reactions’ have been used for
obtaining polyamides in addition to the reactions of silylated
diamines with diacid chlorides. In particular silylated diamines
react with bis-(2,4-dinitrophenyl) esters of dicarboxylic acids.’®
These processes, accompanied by the separation of O-silylated
2,4-dinitrophenol as a byproduct, are examples of polycondensation
reactions using both activated nucleophiles and electrophiles.
The examples given above demonstrate the application of
polycondensation with silylated diamines to the efficient preparation
of various polyamides.

b) Synthesis of polyureas
Silylated diamines have been used for obtaining polyureas by

applying both polycondensation!? and polyaddition®? processes.
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In particular, the reaction of N,N'-di(trimethylsilylated) aromatic
diamines with N,N'-dichloroformyl-p-dianilinobenzene!? proceeded
according to Scheme 2 and N-phenylated polyureas were partially or
completely obtained.  Conditions of syntheses and individual
characteristics are given in Table 4.

(0] (¢]
i — i
ACl—C—N—2  N-N—C—Cl 4 nMe;Si—N—R—N—SiMe; -
| =" L
0 0 .
v U _
il 1l
—masar— | —<_ >—N’C—I‘|I—R—I‘f—c—f‘11— 2
0" " ()
_ \/ NS in 7T
CNeR-Ne = N N_o_ N\_n_
NRA== O
X X
VRN —
—N N—, —NX >—-N-
N—/ | = {
)
A4 AV 4
Table 4. Conditions of synthesis and some characteristics of
polyureas of general formula
- o o -
If
= —-I[\I—C——III—R—II\I—-C—II\I— (Ref.12)
00
— N/ 7 —in
Polycondensation conditions* Properties of polymers
~N—R—N—
ok solvent T,°C | time,b y'.f’ N dlitre g7*
_ﬁ_g—*/\_o_g“>\_§’- omTCE 120 | 5 | 80| o
= = anisole 120 5 80 0.19
o-dichlorobenzene 120 5 | 81 0412
nitrobenzene 120 5 | 8 0.19
sulpholan 120 5 | 8| 022
» 120 2% | 88 0.27
" 180 5 7 0.09
« sulpholan 80 | % | 9| o2
7 120 3 85 0.24#**
” 160 2 & 0,35%**
» 200 2% | 8 0.26%+*
- N- silpholan 9 | 24 |75 008
/I\\ = /!\ " 220 5 |7 0.09
ﬂ 3 " %20 2% | 82 0.43
! L) 50 2 170 0.09

* Polycondensation was carried out by reacting 1 mmole N,N'-di-
chloroformyl-p-dianilinobenzene with 1 mmole silylated diamine in
3 ml solvent in a stream of N;

** viscosity was measured for 0.5% solutions in NMP at 30 °C;
*** viscosity was measured in conc. H,SO,.

Table 5. Thermal characteristics of polyureas of general formula
0 0
| I
—R—I}I—C—IIJ—R’—N—C—I“I——
x4 4 ox

(Ref.12)

T °C*
R R X X’
inar | inN;
e I \_ol\_| s\
<=/ < - | {2 H %65 | 29
N\
G N N N— » H 385 420
\——/ N
N N\ I\
= =/ > 3| s | s
N\
L a3~ g H o | 835 | 340

* Tyec is temperature at which polymer mass has lost 10% (TGA,
AT = 10 °C min™).

As follows from analysis of the data given in Table 4 high
molecular polymers were obtained in only one case, however the
favourable influence of silylation of amines was recorded in the
viscosity characteristics of the polyureas. Polymers with significantly
lower viscosity characteristics were obtained from unsilylated
diamines. @ The completely and partially phenylated polyureas
obtained from silylated aromatic diamines dissolved readily in
organic solvents such as dimethylacetamide (DMA), tetrahydrofuran
(THF) or m-cresol and surpassed significantly in solubility the
unsubstituted aromatic polyureas and also polymers from silylated
piperazine, which are crystalline systems.

The introduction of phenyl substituents in place of comparatively
labile hydrogen atoms into polyureas increases not only the solubility
but also the thermal stability of these systems (Table S) which is in
agreement with the results of investigations on various classes of
heterochain and heterocyclic polymers.*?

An additional method of synthesising polyureas using silylated
diamines was described by Klebe in 1964.2 It was shown that
addition of N,N’-disilylated diamines to a diisocyanate led to the
preparation of N-silylated polyureas which were readily methanolised
into unsubstituted polyureas

H H :
nMe,SiN—R—NSiMe, +n0=C=N—Ar—N=C=0 —
|
R nE

a I
2 ——III——R—I\:—C—N—Ar—N—C—]
L Me;SiR R'SiMe,
o
, [ I 1 ]
— N—R—N—C—N—Ar—N—C—
H H H H n
a)R:——N/ N—, R’ < N, Ar =" \l‘ )
N — /Mo
7 N\_ R = 7 N\ _
B R=—{ D, Ri=Me, ir=—¢ >
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The polyaddition reaction occurs under homogeneous conditions
even on carrying it out in non-polar solvents (Table 6) due to the
lower polarity of N-silylated polyureas compared to unsubstituted
polyureas.“

Table 6. Synthesis of aromatic polyureas in various solvents.*

Solvent Thass dlitre g™
DMSO 0.54
Tetramethylenesulphone 0.60
Tetrachloroethane (TCE) 0,91
Anisole 0.77
Nitrobenzene 0.65
Toluene 0.74
Note. Reaction of N,N'-bis(trimethylsilyl-substituted 4,4'-diamino-

diphenylether was carried out at 100 °C for 10 h; viscosity was
measured for 0.5% solutions in conc. H,SO4 at 30 °C.

It should be mentioned that polyureas obtained by the
methanolysis of N-silylated polymers are characterised by low
crystallinity and good solubility in organic solvents in difference to
polyureas obtained by the usual method (diamines with
diisocyanates).

¢) Synthesis of polyimides

By analogy with the widespread two-step method of synthesis of
polyimides*> = their preparation from silylated diamines occurs
through the formation of intermediate polymers which are converted
thermally into the desired systems.’“*? The polyaddition of
N-silylated aromatic diamines to dianhydrides of aromatic
tetracarboxylic acids occurs with ring fission of the latter with the
formation of trimethylsilyl esters of polyamidoacids which then form
imides at a temperature >200 °C with the separation of
trimethylsilanol

0 (0]
L
iN—Ar—NSi /N A TN\ 50° C
nMesSxIl\_II r II\I_!51Me3+nO\C /Ar \C /0——>

Il I
0 (o)

_ o o —
— Ar—N-— B A >200° C
— . C>A" < ) 3 Me;SIOH
MeySi—0—C C—0—SiMe;
Il i
1 (o] (¢] n
_ o o _

C C
o | —Ar—N > A SN
Ar I?I\C/Ar \C/N

The presence of trimethylsilyl groups in the polyamidoacid esters
determines the significantly greater stability of these polymers
compared to unsubstituted polyamidoacids and also their increased
solubility in non-polar solvents. The latter circumstance enables the
synthesis of similar polymers not only in dipolar aprotic solvents of
the type of DMA and N-methylpyrrolidone (NMP) but also in
ethers or hydrocarbons. In several cases these processes are
accompanied by precipitation of the polyamidoacid from solution
(Table 7), however polyamidoacids with high inherent viscosities
were obtained in practically all the solvents tested (Table 7).

Table 7. Synthesis of polyamidoacids in various solvents.”

Solvent . TN, dlitre. g Reaction conditions
DMA 1.77 P
NMP 1.46 P
bis-Methoxyethyl ether 0.92 P
1,4-Dioxan 0.80 P
THF 0.97 P
Chloroform 0.99 P
Acetonitrile 0.88 0
Nitrobenzene 0.81 0
Toluene 0.92 0
Note. Synthesis of polyamidoacids was carried out by reacting

N,N’-bis-(trimethylsilyl)-substituted bis-(4-aminophenyl)ether with
pyromellitic anhydride at 20 °C for 1 h and then at 50 °C for 12 h;
inherent viscosities were measured for 0.5% solutions in DMA at
30 °C; P denotes reaction in solution; O denotes formation of solid
during reaction.

The thermal conversion of silylated polyamidoacids into
polyimides occurs slowly and completion of imide formation requires
higher temperatures compared with the cyclisation of unsubstituted
polyamidoacids.

A single-stage process for synthesising polyimides using
N-silylated diamines™ > has been applied to obtain polyimides
containing residues of aliphatic diamines and polyimides difficult to
obtain as high molecular systems from unsubstituted aliphatic
diamines.® In addition these processes were used successfully to
obtain polynaphthylimides distinguished by an enhanced stability
towards hydrolysis.*®

The synthesis of polyimides using N-silylated diamines, as when
using unsubstituted diamines, may (by analogy with that suitable for
polyamides® considered above) be used for applying thin films to
appropriate substrates using solvent-free vacuum ‘deposition’
polycondensation from the gas phase.””* In the first stage of
applying thin polyimide films, the aromatic diamine and dianhydride
are applied to the substrate under high vacuum which is then heated
to effect imide formation.

Polycondensation wusing N-silylated diamines may also be
used when appropriate with derivatives of aromatic polycarboxylic
acids containing various electrophilic functional groups. Thus the

—
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interaction of 4-chloroformylphthalic anhydride with N,N'-bis-(tri-
methylsilyl)-substituted  4,4-diaminodiphenyl ether proceeded

through a polycondensation/polyaddition reaction with the
formation of the trimethylsilyl esters of polyamidoacids®
(¢]
4
nMeQSiII:lI—Ar——gSiMeS-FnCl—C—Ar’<C>O e
i
(0]
_ o —
” O—SiM
, —U—ole, 200° C
—— —Ar——g——c—— Ar <C_N m——)
0 Ii
L o _n
_ 0 —

H

- —-Ar——N—C— ard S
H e

5 I
0 n

Results of the synthesis of intermediate polymers in various
solvents are given in Table 8.

Table 8. Synthesis of copolyamido-amidoacids in various solvents.*

Solvent ks, dlitre g™ Reaction conditions
DMA 1.82 P
NMP 1.48 p
Acetonitrile 1.44 0
Nitrobenzene 1.2 0
bis-Methoxyethyl ether 1.00 0
1,4-Dioxan 0.75 0
THF 0.9 0
Chloroform 0,59 0
Benzene 0.57 0

- Note. Synthesis was effected by reacting N,N’-bis-(trimethylsilyl)-
substituted 4,4'-diaminodiphenyl ether with 4-chloroformylphthalic
anhydride at —5 °C for 1 h and then at 50 °C for 4 h.

* Inherent viscosities were measured for 0.5% solutions in NMR at
30 °C. :

As is seen from Table 8 only reactions in NMP and DMA media
proceed homogeneously. Nonetheless polymers were obtained in
practically all solvents with comparatively high solution inherent
viscosity. The silylated intermediate polymer may be converted into
a polyamidoimide by thermal treatment under the same conditions
used in the synthesis of polyimides.

d) Synthesis of polyamines :

‘In spite of the fact that alkyl halides are aminolysed with
difficulty compared with carboxylic acid chlorides, they may also
interact with N-silylated amines.® According to Klebe'* benzyl
chloride reacts with N-silylated amines at temperatures >100 °C
forming benzylamines and trialkylsilyl chloride in quantitative yield.
Ammonium salts and cyclic sulphone catalytically increase the rate
of the process. This reaction was extended to the synthesis of
polyamines which are difficult to obtain as high molecular
compounds by the reaction of diamines with dihalo compounds
because of side reactions. Polycondensation of reactive dihalides of
the benzyl chloride type with N-silylated piperazine, carried out in
bulk at 150 °C, led to the formation of a high molecular polyamine'*

Me
n PhMe,Si—N N—SiMesPh+n CIH,C— \-CH2C1 — ST
- Me
- —N/ N—CH2—< \-CHz ,
-~ n
m —1 97 (CHC)y).
Table 9. Conditions of synthesis and viscosity characteristics of

aromatic polyamines of general formula
—Ar—N—Ar'—N—] (Ref.61
[ ],

n

Polycondeasation
Ar A’ conditions® (tempera- {1,y **dlitre g™
tureftime, °C/h)
A\
| =L d-s0 S~ | 100/7—150/14 0.62
7
< » 150/12 0.57
< Y-l ) g 150/42 0.42
<L 303 > 100/7—150/14 0.60
A\ , —
NS | 1007242407484 0.5
Vv § =
Y
<=~ , 220/48% 037
Y
-<_\~Cﬂr< > > 100/ 24—240/48 0.45
oL > > 15048 0,66

*Polycondensation was carried out in the presence of KF;
**inherent viscosities were measured for 0.5% solutions in NMP at
30 °C;
***polycondensation in tetramethylenesulphone.

A similar substitution reaction occurs on treatment of activated
haloaromatic compounds with N-silylated aromatic amines. In this
way secondary aromatic amines were formed together with
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trimethylsilyl halides.®’ Correspondingly new aromatic polyamines
were successfully obtained from activated aromatic difluoro
compounds and N-silylated aromatic diamines®!

n Me,SiN—Ar—NSiMe,+n F—Ar'—F _100-150°C
H H o MeSIF

271 MesSF [“Ar“g_‘m '_N—]n’

H
AL TN TN g N
l TN T =/

o T
NS
O —(CH. _- Y N N
R=—0—, —CH,—; Ar' = L )R>
¢}
i
R'=—80,—, —C—

The polycondensation reaction was carried out in DMSO in the
presence of fluorine-containing catalysts (KF, CsF) at 100—150 °C.
Polyamines with comparatively high viscosity characteristics were
obtained as a result (Table 9).

The presence of a catalyst is essential to obtain high molecular
polyamines. The use of the corresponding dichlorides in place of
activated aromatic difluorides led to the preparation of only low
molecular polymers. Introduction of a nitro substituent into
aromatic dihalo compounds increased their reactivity and led to the
formation of ' polyamines with higher inherent viscosities.
These aromatic polyamines dissolved readily in organic solvents like
NMP and had T; ~ 200 °C. They are potential engineering
plastics.®!

At the same time they may readily be reduced to the
corresponding poly-(o-amino)amines>**'™%% which in their turn may

be used to obtain a large range of heterocyclic polymers®

- ¢) Synthesis of polyazomethines

The majority of aromatic polyazomethines are not obtained as
high molecular compounds because of their insolubility and
infusibility. Kurosaki and collaborators'®%® have intensively
investigated reactions to obtain aromatic polyazomethines and found
new synthetic routes to these systems using N-silylated aromatic
diamines. One method led to the polycondensation reaction of
N, N'-bis-(trimethylsilyl)-substituted aromatic diamines with aromatic
bis-(diethylacetals) in NMP leading to an intermediate polymer
which was soluble in organic solvents. This was reprocessed into
films by conversion at 200 °C into insoluble polyazomethines

H H H H
nMe,sm—/ j—NSiMea-i-n 0.~ >——C(OEt)2 e |

7
- Cl)Et (l)Et
, A 7\ o
—N—“ }—T—(I:—<=>~(I:— R EIOG
L J} \/ G H H Jn
s TN/ NCN=CcH - N\_CH=—
N" ‘NCH\__/CH],
L \/ n

G = H, SiEt,.

Another method is the polyaddition of N,N,N',N'-tetrakis-(tri-
methylsilyl)-substituted aromatic diamines with aromatic dialdehydes
in NMP with the formation of soluble intermediate polymers, with

\
%mc e HNO,

N—s~~
H
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subsequent conversion (thermal) into insoluble polyazomethine
films'?

" (MesSN— \—N(SlMe3)+n()_C-—/_\—C—O e,

)

Me,SxO OSlMes
_ 7 _/— _100°C
— | —N- N—C. —C-— —
. ]‘ <
MeSi N/ SlMea n
_ _/\__ — f\
N N= C N C=
n

Similar intermediate polymers were formed in both cases in the
first stages subsequently undergoing PB-elimination with the
formation of azomethine bonds in the main macromolecule chains.

4, Polymers based on O-silylated bis-phenols

The possibility of using O-silylated bis-phenols to obtain high
molecular compounds has been studied in detail by Kricheldorf and
collaborators'> 17677 who synthesised high molecular polyesters
and polyethers based on these monomers.

a) Synthesis of polyesters

The possibility was shown in 1979 of synthesising polyaryl esters
from O-Sﬂylated bis-phenols and diacid chlorides of dicarboxylic
acids'?

(0] (0]

. i I 250°C
n Me;SiO—Ar—O0SiMey+n Cl—C—Ar—C—Cl

“2n MesSiCI

(o] (o] }
It il
N [—O——Ar——O—C—Ar’—C— n
or from trimethylsilyloxybenzoyl chlorides

n Me;SiO—Ar—C—Ct "¢ [ _o—ar—c—
I -nMegSiCl I
n

by polycondensation in bulk at 200—300 °C.

The drawback of the thermal polycondensation of two different
monomers (A—A and B~B types) such as O,0’-trimethylsilyl-
substituted  2,2-bis-(4-hydroxyphenyl)propane and isophthaloyl
chloride is the possibility of distilling or subliming out the more
volatile monomer which disturbs the stoichiometry of the starting
materials and leads to a reduction in the degree of polymerisation.

* This drawback is eliminated in the homocondensation of monomers
of the A—B type such as trimethylsilyloxybenzoyl chloride.
The molecular weight of a polymer obtained from a m-hydroxy-
benzoic acid derivative (type A—B) was greater than that of a
polymer from O-silylated bis-phenol and isophthaloyl chloride.
Thus the silylation method is useful for the high temperature
preparation of polyarylates from monomers of type A —B.

The homocondensation reaction of m- and p-silyloxybenzoyl
chlorides has been carried out in bulk and in solution.5”%®
Polycondensation of m-trimethylsilyloxybenzoyl chloride in bulk at
250 °C led to the preparation of a polyaryl ester of molecular weight
10000 —14000,% while polycondensation of the p-isomer in a high
boiling solvent at 320 °C led to the preparation of a polymer of
molecular weight 20000—50000.% In the latter case crystalline

oligomers separated from solution in the first stage of the
polycondensation, the molecular weight of which continued to grow

on heating. Polycondensation was accelerated by such catalysts as
triethylamine hydrochloride and benzyltriethylammonium chloride
leading to polyaryl esters with large molecular weights.

O-Silylated bis-phenols also react with aryl phosphodichloridates
with the formation of aromatic polyphosphates which are polyesters

in the wide sense of the word®"™®

(0] (]
. . I 280° C I
n MesSiO—Ar—O0SiMe; +-nCl—P—Cl — meser | —O—Ar—O0—P—
l
O—Ph O—Phdn

Polycondensation in bulk was carried out at 180—300 °C in the
presence of catalytic amounts of benzyltriethylammonium chloride.
Polyphosphates of molecular weight up to 12000 were obtained in
this way.

b) Synthesis of polyethers

The possibility of using 0,0 '-bis-trimethylsilylated bis-phenols to
obtain polyethers in addition to polyesters has been
investigated.'617717  Activated difluoro-aromatic compounds were
selected as comonomers of silylated bis-phenols

n MegSiO—Ar—OSiMey+n F—Ar —F —————

—art Me,SiF

—~ [~Ar—O—Ar'—O—]y

The wuse of the corresponding derivatives of the
diphenylsulphone'® and benzophenone!” series as activated difluoro-
aromatic compounds enabled the preparation valuable poly(ether
sulphones)'®’? and poly(ether ketones).!””

These polymers are usually obtained by high temperature
polycondensation of bis-phenols with activated dihalo-aromatic
compounds in solutions of alkali metal salts”*’® The main
drawback of these processes is the need to purify the desired
polymers from reaction by products, viz. metal salts, and also from
the expensive high boiling solvents used in obtaining them.

The use of silylated monomers enables polymers to be obtained
which require no purification from large amounts of metal salts.

The reduction in reactivity of silylated bis-phenols requires the

synthesis of polyesters to be conducted at elevated temperatures .

using catalysts such as KF and CsF.

The interaction of 0,0 '-trimethylsilyl-substituted bis-phenols with
4,4'-difluorodiphenylsulphone, which was carried out in bulk at
temperatures up to 340 °C (Table 10), led to the preparation of
poly(ether sulphones) with molecular weights reaching 17 500.1

n Me,SiO—Ar—OQOSiMeg+n F—/ >‘—SO 7 \—F A MeSE

-

_o—"" \\_ -
_,[—Ar - > so—/ —0 ]n
ll\ie
= NN TN\ S
o= L D= L Ol >
Me
7N — —
\=/ h = ! <=
SN
I

a

—a bt .8
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The reaction of 0,0’'-dimethylsilylated bis-phenols with
4,4-difluorobenzophenone!” leading to polyetherketones was effected
under analogous conditions.

o
1 Me;SiO—Ar—OSiMey+n F— {_> {:\,_F — s
0
N VPN e NP B 2N ]
[ A0 _ )= )0,
Me
SN _/— ‘\x // AN V4 TN
AN LA™
iy
NS
Me\ Irle /Me I;de
TN TN _ SN N\ _TN\_
—/ N T N
Me/ Me \Me Me
N TN\ TN TN
{OA >~ AL DL D>

= (Y
A Vavd
Some characteristics of the poly(ether ketones) obtained are
shown in Table 11.
As continuation of these investigations the synthesis of fatty
aromatic poly(ether ketones) with alternating aliphatic ‘looseners’
(spacers) and aromatic ether ketone blocks has been effected”

nMeSiO—¢ > (—CHi),, - :>—05iMe,+
0 0
o | — |
S TP TN
+nF—<=/ ¢ (/=__> o _¢ \_/ Fomest
o
N 7 N__cu—y 7N\ _/—\__ _
[—0\_,(CH2)M B d"

(0]
N\ o0 N\ _ "_) _/—\_]
(—<__/ o <), <L >},
m=26, 10, 14; y=0, 1, 2, 3.

Table 10. Conditions for polycondensation of 4,4'-difluorodi-
phenylsulphone with O,0’-trimethylsilyl-substituted bis-phenols and
some characteristics of the poly(ether sulphones) obtained of general
formula

[—Ar o—" N—s0,— /_\—o—]n (Ref 16)

N/
Polycondensation conditions
Ar Yield, % T, °C
temperature, °C time, b
A;le
K- | o 0.5/2.5 % 185195
Me
Va
LT30S | omorm0j340 | 0.5/0.5/2.0 9 240—245
Ly 250/320 0.5/2.5 % 20
N
=< 250/320 0.5/2.5 9 27
—7

. The poly(ether ketones) obtained in this way were crystalline
substances, not forming mesophases.

2,6-Difluoropyridine is another activated difluoro-aromatic
compound reacting with silylated bis-phenols’!

N
E Vs \_ . -~ CsF
. A F | nMe;SiO—Ar—OSiMe, T aMesSE

- [—Ar-—O—"/ N\l—o—] ’

N7
- iy 4
N7 N\ Y —C— O
Ar*”<=/ XL X=— f ., —O "/\I/\ ,
Me \/\C/
[
(6]
O <> -
X/ = AN

Table 11. Some characteristics of poly(ether ketones) of general
formula
0
I —
—a—0-"N_/ \_o_| ®Ref1D
IR Gl §
Ar 4 M: —;‘ Ty***, °C [Mp****, °C
P;!e
TN 7T\ 1.4 00 | 60 — -
(- 1| 14500 | 60000 | 51153
Me
Me Me Me
I\ —\_ 1.06 | 1700 | 3200 |143—145 | —
=/ \—
Me Me Me
TN /N . —
<=>\ /<=>—- 1.09 9000 | 40000 {17375
()
\/
AT N_en 7\ 1. 7000 _ 1R4 .
\=> S0, <=> 1.46 184—186
AVA — Hp Hp 152—154 | 241243
NNz
T\ 2.2 — — - 343—345
="
TN 185 | — — | = |40z
—/ \—

*Measured for 1% solutions in H,SO,4 at 25 °C; **measured by
osmometry in chloroform; ***measured by GLC in THF;
****determined by DSC at a temperature rise rate of 20° min~".

These processes are carried out in bulk at a maximum
temperature of ~300 °C using CsF as catalyst by analogy to the
synthesis of polyethers mentioned above (Table 12). As a result of
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the low boiling point of 2,6-diflucropyridine (123 °C) a portion of it
is removed from the reaction. Consequently the polycondensation
processes were carried out with a small excess of 2,6-difluoropyridine
(Table 12).

Table 12. Conditions of preparation and some characteristics of
polyethers of general formula
2N
7 "
Excess of 4

Ae 2,6-diflucro- Yield, % ity dlitre g

pyridine, mol.

M‘ 0 99 0.25
_\\-Cl-</_\ 1.0 % 0.41
/'__\ Me —\ 3.0 96 0.47

e adbe 0 % 0.20
: i\ C 1.0 97 0.42
I
0
:\_C>- 1,0 98 0.50
>\ 0 | 0.45
= 1.0 % 1.00
\—-/
\te - % 1.40
~ \l—- 1.0 60 0.5
\Y%

*Measured for solutions (¢ = 2 g litre?) in a mixture of
dichloromethane —formic acid —trifluoroacetic acid (molar ratios
70:10:20) at 25 °C.

The conditions for carrying out the reaction of 2,6-difluoro-
pyridine with silylated bis-phenols and the viscosity characteristics of
the polyethers obtained are shown in Table 12.

As is seen from Table 12 the polyethers were obtained in
almost all cases in yields exceeding 90% and with n;, lying at
0.20—1.40 dlitre g~'. The best viscosity characteristics were inherent
in the ﬁlm-formmg polyether obtained from O,0'-disilylated

phenylhydroquinone.

The molecular weight and thermal characteristics of the products
of interaction of 2,6-difluoropyridine with silylated bis-phenols are
shown in Table 13.

In addition to the homopolymeric polyesters the synthesis has
been undertaken of copolymeric structures using an equimolar
mixture of 2,6-difluoropyridine with 4,4’-difluorobenzophenone or

4,4-difluorophenylsulphone as electrophilic comonomers’'
nMe;SiO—Ar—OSiMe, + % F_l/ N\“_p +
N/

+ n/zF—<;>—x—<__-_>_F

N
—»[(—Ar-—o—ﬂ/ \1_0_) ——(——Ar-O——\ \—x—
nj2

—2nMesSiF

n} 2]

7
e Ar T \____/ \___/ N TN
x—“f P A= N N -
\Me \ph ;
= —80,—: Ar=—_\_ 2 —
X = —S0,—; Ar K > _/<=>_ ‘<==\‘“
NMe \ph
A;!e
TN\ _c_7ZT\
4 _cI \*¥
Me

Table 13. Properties of polyethers of general formula

N:
[—-A'—O—H/ j\ﬂ—] (RefT1)
AV n
[
A e My 10 T3 | Mpo, Temperature for mass loss °C, %
dite g*| mol |°C | °C 5 10 50
Me .
e W I N I (K 95 {108 | — | 442 462 520
N
Me
SN0l — — o} — | #9 | 45 | 50
=)
_@_C_Q_ 048 | — 195 | — | 48 | 49 | 350
\0
/
{
0
(- oo | — (M9 | 23| 40 | 48 | 620
V4
L~ p — 10| 22| 30 | w0 | s
<L > 0440 | 1200 | T | — | 4 | &5t | 485
ey ; .
7/\|— 0.3 | 2000 |6 | — | #5 | 460 | 560
V
* Measured for solutions in dichloromethane (¢ = 2 g litre™);

** date of DSC at heating rate 20° min™".

As follows from the data presented in Tables 14 and 15 polymers
were obtained by copolycondensation possessing fairly high Tinn
(0.44 —1.56 dlitre g™ ) in combination with T} lying within the limits
118 —-147 °C.
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¢) Synthesis of copolymers containing ether and ester groups

In addition to the synthesis of polyethers and polyesters the
silylated monomers have been used for making high molecular
compounds containing both ether and ester groups.!® The reaction of
di-methylsilylated m- and p-hydroxybenzoic acids with 4,4’-difluoro-
diphenylsulphone has been carried out for this purpose: 6

nMeasiO—'l/ | .
——([;—OSlMey{— nF—/ > —/ > —F MesE
o
1) —
—c—0-2"\ /
(/o > S0, — —o
n

Table 14. Yields and some properties of copolymers obtained by

thermal condensation of 2,6-difluoropyridine with 4,4'-difluoro-
benzophenone and silylated bis-phenols.”

bis- Trimethylsilylated bis-phenols Yield, % ks diitre g7 T, °C
Ho-{__ 3ot 81 1.05 120°*
=
Ho—{__ 30 8 0.70 18
e
_/ T\
Ho-{__ }—oH 97 0.4 123
ey
HO </=\—</ \¢OH % Hp 128%**
*Measured in a mixture of dichloromethane, formic and

trifluoroacetic acids (70:10:20) ¢ = 2 g litre™ at 25 °C;
** after annealing at 180 °C for 1 h, m.p. = 278 °C;
***m.p. = 293 °C,

Table 15. Yields and properties of polyethers obtained by block
copolycondensation of 2,6-difluoropyridine with 4,4'-difluorodi-
phenylsulphone with various silylated bis-phenols.™

bis-Trimethylsilylated bis-phencl Yield, % ks, diitre g T, °C
HO—C >\.on 85 0.47 131
Vi
Ho-{__}-o 8 149 138
\Me
Vamm
Ho—{”_}-oH % 1.5 147
\Ph
Me
|
B0 )~ -0 97 1,56 147
Me

* Measured for solutions in mixtures of dichloromethane, formic and
trifluoroacetic acids (70:10:20) at ¢ = 2 g litre™!

The conditions for carrying out the polycondensation processes,
yields and properties of the target copolymers are shown in Table 16.

It should be mentioned that attempts to involve activated dichloro
aromatic compounds such as 4,4'-dichlorodiphenylsulphone and
4,4'-dichlorobenzophenone in reactions to obtain ester bonds proved
unsuccessful. These compounds have too low a reactivity to
undergo polycondensation reactions thh phenolic groups rendered
inert by silylation.

5. Polymers based on V,0O-silylated aminophenols

The synthesis of polymers based on monomers containing
silylated hydroxyl and amino groups is broadly represented by
the synthesis of polybenzoxazoles using N,N',0,0'-tetrakis-(tri-
methylsilyl)-bis-(o-aminophenols) and diacid chlorides of dicarboxylic

acids.20,22.79—81
Me blN NSxMeJ i I
+ n Cl—C—Ar—C—Cl ————
|/ —2n Me,SiCl
Me3Sx0 SiMe,
B 0 [o] ;
voo1 |l I S
L N—C—Ar—C—Na_1
N 1
i i\ —
Lz N
|| OSiMe,  MeSi0 |
0 i
SINEY »
[ —LTArTLT ZAA
X ) o [ L
x| ~2m Hp0 N[ H
7 on HO m 0" X7 N0 .

OO AT,
L O

_/_\__o_/ N\

w=— U \/\) N/

The synthesis of polybenzoxazoles based on silylated bis-(o-amino-
phenols) has been carried out by two-stage®®’®! and one-stage®
methods. A detailed study of the two-stage process® and
particularly of its first stage showed that, as in the synthesis of
polyamides considered above, the use of silylated, rather than
unsilylated, nucleophilic monomers led to the preparation of
significantly higher molecular systems (Table 17).

The data given in Table 17 refer to poly-(o-hydroxy)amides
devoid of silyl protection on the phenolic hydroxyls as a result of
isolation from the reaction solution with methanol. Removal of silyl
protection is necessary to increase the nucleophilic reactivity of the
phenolic hydroxyl at the ring-closing stage. Polycyclodehydration of
the poly-(o-hydroxy)amides thus obtained was carried out by heating
at 250—260 °C in vacuum for 30 h. The polybenzoxazoles obtained
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dissolved only in concentrated H,SO4. As a result their reprocessing
into various materials such as films was effected at the stage of
poly-(o-hydroxy)amides which are soluble in DMF, NMP, DMSO
and pyridine. Some characteristics of polybenzoxazoles and films
based on them are shown in Table 18.

Table 16. Conditions of carrying out block polycondensation of
4,4'-difluorodiphenylsulphone with disilylated hydroxybenzoic acids
and some characteristics of the copolymers of general formula

7\
{—Af"‘;‘ﬁ’j:}%rx_/*-] Re16)
n
Reaction conditions
[ Yel % | T,°C
temperature, °C time, b
“/ \| 250/320 0.5/2.5 o 137
V

AN 950/320 0.5/2.5 % | a5

N i

Table 17. Comparison of T of poly-(o-hydroxyamides) from

bis-(0-aminophenols) and their silylated derivatives

i H i H ﬁ
NN N’C‘@' (Ref20)
oA Aon

I
rii Method A Method B
NI/
N/ N/
—" I 0.33 0.50
VAVARR VAN
Me
|
ﬂ -/ \I/ 0.46 0.5
| |
VAVAR. 2VAN
Note. Method A was polycondensation using unsilylated

bis-(0-aminophenol); method B was polycondensation using silylated
bis-(o-aminophenol); polycondensation was carried out by reaction
of bis-(o-aminophenol) (2.5 mmole) with isophthaloyl chloride
(2.5 mmole) in DMA (5 ml) at 0—5 °C for 8 h in a stream of Ny;
all polymers were obtained in quantitative yield; viscosities were
measured in DMA at 30 °C and ¢ = 0.5 g dlitre ™.

The most interesting synthesis of polybenzoxazoles from

silylated monomers is that based on weakly basic bis-o-amino-

phenols. One of such monomers is 2,2-bis-(3-amino-4-hydroxy-

phenyl)-1,1,1,3,3,3-hexafluoropropane. Further interest in the
polymer based on it arises because aromatic polycondensates
containing the hexafluoroisopropylidene group are characterised by a
combination of enhanced solubility and good thermal
characteristics.®

A detailed study of hexafluoroisopropylidine-containing poly-
benzoxazoles obtained according to:

. ;{ CF, H - o o
SN A d A NSiMes I I
n , + nCl—C—Ar—C—Cl—
Mesio” N CFs N NosiMe,
(o) (0]
CFa g It A I H
. _C /\/ —CAACN AL MeoH
—2nMesSiCl i " ﬂ I TanMeOSiMe;
\/\osmp.3 Me;sio” N dn
(o] (0]
CF3 H | A | H
I
CFs \/\on o/’ 1.
CFy
| N N
e B u/\[/\c ar—c? \ﬂ/\_
| ——Ar—
CFs \/"\¢’ 4 \o/\/
Ar=— N\ _ TN VAVAN \ , /—_' X—
() <) e
N N \/—
CF;
- o 4%~
CF3
showed that silylation of 2,2-bis-(3-amino-4-hydroxyphenyl)-

1,1,1,3,3,3-hexafluoropropane led to an increase in the nucleophilic
reactivity of this monomer.2’® Thus n,y was equal to 0.08 dlitre g
for the polyisophthalamide based on the unsilylated monomer but
TNizy Was 0.64 dlitre g! for the poly-(o-hydroxy)amide based on the
silylated monomer and synthesised under the same conditions.
Introduction of the hexafluoroisopropylidene grouping imparted
increased solubility not only for the poly-(o-hydroxy)amide but also

for the polybenzoxazole in full agreement with the previous report

(Table 19).82

Viscosity and thermal characteristics of the hexafluoroiso-
propylidene-containing  polybenzoxazoles and some strength
characteristics of films based on them are shown in Table 20.

The thermal characteristics of hexafluoroisopropylidine-containing
polybenzoxazoles shown in Table 20 surpass in some degree the
corresponding characteristics of analogous systems obtained by
reductive polyheterocyclisation.*®®84  This is in agreement with
existing ideas®® on the influence of the method of synthesis of
polybenzazoles on their properties.

The low strength characteristics of films obtained from
hexafluoroisopropylidene-containing polybenzoxazoles (Table 20) are
somewhat surprising. Nonetheless these polymers are considered to
be very promising thermostable polymeric materials. %’

6. Polymers based on S-silylated dithiols

In spite of the fact that the reactivity of S-trialkylsilylated thiols is
close to the reactivity of N-silylated amines, reactions of compounds
containing an Si—S bond have been paid insignificant attention by

5
|
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investigators.  Nonetheless the reaction of S-silylated aromatic
dithiols with activated dihalo aromatic compounds has been carried
out:'®
nMe,zSi—S—Ar—S—SiMe; +- nX—Ar'—X s
[—S—Ar—S—Ar'—],,
TN NN N0 N
A==~ XX R0

X =F, Cl;
N e N e N
Ar=—__ )50 _ ) p—

2) the majority of silylated monomers are readily soluble in
organic solvents which facilitates polycondensation and polyaddition
reactions in various reaction media, from low to high boiling and/or
polar solvents; .

3) polycondensation processes using silylated monomers may be
carried out in neutral media with separation of neutral compounds
as byproducts, particularly chlorotrimethylsilane, which may be used
once again to obtain silylated monomers;

4) in several cases silylation of nucleophilic monomers leads to an
increase in reactivity which makes it possible to carry out the
synthesis of polymers under milder conditions and at higher rates.
In individual cases silylation is an effective route to involve
unreactive compounds in polymer synthesis; v

5) the silylation of multifunctional monomers wused in
polyheterocyclisation reactions may lead to an increase in the
difference in reactivity of neighbouring reaction centres thus enabling
a smoother course for selective polyacylation.

Table 18. Some characteristics of polybenzoxazoles of general
formula
N N, |
IS \C_A,_C//I: , ) . iy
R N X! Table 19.  Solubility of hexafluoroisopropylidene-containing poly-
" (o-hydroxy)amides and polybenzoxazoles.2
and polybenzoxazole films. 2
Solubility of poly-(o-hydroxy)amide
A Tax °C Properties of films Ar Solubility of polybenzoxazole
Iai Ar T °C o-chloro-
\I7 nair | M| o, kgom® ‘ e % NMP [DMSO| DMF | PN THF | Me€o | Chenol
/ AVAVA AVAVA ++ |+ |+t +
\‘(\‘ “/\l “ 290 570 620 1980 7 I _ +—__' _ +T # +__+‘ ‘i—‘
/NN V4 V4
Me (- el B e S e e e
AVANINA V4 AVAVA — - =] - — _ — —
| | ﬁ | I e I I \“/ ﬁ S e e I I I
VAVAR. VAN A4 === = = = =
AVAVAN L N
- — e -+
* Determined by thermomechanical analysis at a heating rate of s \w_/ N +t # —_t = p = =l
° min~ in ai /T N/ + + - - | ++
10° min™ in air; F
** temperature for loss of 10% initial weight (TGA, heating rate ] 3 NI NI AR (I 44 4t +
10° min ). —{)4]_{;}— E e = I = = Bl
CF,

The properties of the polysulphides obtained are shown in Table 21.
As is seen from Table 21 aromatic polysulphides with moderate 1,
(0.6—0.7 dlitre g™') were obtained from the reaction (HMPA, 50 °C)
of S-silylated dithiols with bis-(4-chloro-3-nitrophenyl)sulphone.
Bis-(4-fluorophenyl)sulphone possesses little reactivity. Its reaction
in solution with S-silylated dithiols was effected in TMS at 220 °C
using CsF as catalyst. The polysulphides obtained possessed TMiun
close to 0.3 dlitre g™,

Summing up all the above mentioned results on polycondensation
and polyaddition reactions using silylated nucleophiles!® it should be
noted that:

1) silylation of nucleophilic monomers leads to compounds which
are easy to purify, in particular, silylated products may be purified
by distillation;

Note. (+ +) denotes soluble at room temperature;
soluble or swells; (-) insoluble.

(+) partially

The discussed merits of reactions using silylated monomers have
swung the interest of investigators towards polycondensation
reactions in the presence of silylated agents.

II1. Polycondensation reactions in the presence of
silylating agents
Since the synthesis of polymers using silylated monomers requires

previous synthesis and purification of the latter a simpler way of
obtaining polymers would be their synthesis in the presence of

—
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silylating agents. Thus on reacting 3,8-diaminophenanthridine with
terephthaloyl chloride in a mixture of NMP and HMPA at 0 °C in
the presence of chlorotrimethylsilane, a higher molecular polyamide
was obtained than in the presence of such widely used additives as
LiCl and CaCl, (Table 22).

o} (6]

/TN /TN oL mesial
nHN— S S NH+ nCl c— <

C—N
I H
o)
H — — H
- NN\ /TN
I P e G e b G
o) NC—N
I H
(@] n

Table 20. Some characteristics of polybenzoxazoles of general
formula
CF,
AN AN
]| A | l
CF\/ o No/ N\
and films based on them.?®
e Tiess °C Properties of films
Ar Thinks dhtregl e oC dos _ﬁu__
(H,50,, 30 °C)| ‘e nair |inNy| opkgem? [, %
AVA VA
[ - 260 530 | 545 - -
/TN - 310 545 | 559 - -
N/
{\“/ \' 0.76 325 540 | 560 | 930 6
\Vava
—C >;0—<_ }— 0.49 300 525 | 530 | 430 2
CF,
— | —
- \\_c|—/ Nl 046 205 545 | 555 | 680 3
CF

Determined by thermomechanical analysis at a heating rate of
10° min! in air.

A similar approach to obtaining high molecular polyamides has
been used in copolymer synthesis.’

Another example of carrying out a polycondensation in the
presence of a silylating agent is the homocondensation of p-amino-
benzoic acid in pyridine in the presence of SiCl,.

2n-HN— S—C—OH+SiCly—
="
o)

2n

Tetrachlorosilane has also been used as silylating agent in
the reaction of p-phenylenediamine with terephthalic acid and of
m-phenylenediamine with isophthalic acid.® The results of these
processes, belonging to a variety of ‘direct’ polycondensatican,1’2 are
shown in Table 23.

Table 21. Conditions of synthesis and viscosity characteristics of
aromatic polysulphides of general formula [-S—Ar—S— Ar'—1,18
Synthesis conditions —':n
Ar Ar? : %
solvent | T, °C “‘l‘:" :g
- N so T
-/ - 50X _ ) HMPA | 50 | 24 |0.64
o/ o,
TN\ .
N N/ > dito | 50 | 24 |0.67
I N N ‘
ANV AR N4 » dito | 50 | 24 |0.76
7N\ Vs \ a
./ - $0,—¢ ) ™S |[220 ] 24 [0.29
N/ ,
NN » dito | 220 | 2 {0.30
SN0 /N o
N/ 0 AN » dito 20 | 24 {0.30

*Solvents for polycondensation: HMPA is hexamethylphosphor-
amide, TMS tetramethylenesulphone; **m,, was measured in
HMPA at 30 °C.

\ N .
\= /_ﬁ N ] + 510, + 4nHCL.

Table 22. Influence of LiCl, CaCl, and Me;SiCl in solvents on Tisn
of poly-3,8-phenanthridinonediylterephthalamide.®¢
LiCl MesSiCl CaCl,
Solvent
I ] 2 3 ‘ 45 | 2 l 3 1
HMPA-NMP (1:1) 3 3.79 l — 6,13 6.68 - —
NMP-DMA (1:1) 0.83 3.9 1400 0.74 — 184 4.48

*1 mole LiCl per mole diamine, etc.

As follows from the data shown in Table 23 an oligomer is
obtained in 41% yield when a stoichiometric amount of SiCly is
used. On using a 20% excess of SiCl, the polyamide was obtained
in quantitative yield and its molecular weight was 13400.

Polyamides with lower molecular weight characteristics were
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1 obtained on reacting p-phenylenediamine with terephthalic

acid.

£ This is evidently linked with the low solubility of terephthalic acid in

the reaction medium.

presence of SiCl,.%®

Table 23. Conditions of synthesis of aromatic polyamides in the

- Molar ratio M
Monomers SiCl: [gﬁ.‘:ﬁf{] Yield, % [in*, dlitre g "
monomer
0 050 | 074 | 4 0‘13,; -
- —d g 062 | 067 | % 1. 110
HN—_)-C-oH 0.63 | 1.00 | % 1,97 13400
0 0
HO—L</__>.-(!— ¢ ) 0.8 | 0.5 | % 0.60 | 5300
%
Ho_l';“/\\{i—oﬁﬂrﬂm—lf\l—mz 0.62 | 0,66 | 98 05 | —
\V4 \Y4

Note. Polycondensation was carried out at 0 °C for 24 h.

* Measured in H,SO4 at 30 °C;
chlorobenzene : pyridine (2:1).

**solvent pyridine;

*** gsolvent

the polycondensation.

— 00o—
for "the synthesis
development stage at the present time.
area continues to remain little studied.

distinguishing feature of the silylation method is the fact
silylated nucleophilic monomers differ markedly in reactivity

polymers.
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