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POLY(ENAMINONITRILES) CONTAINING BIPHENYL AND TERPHENYL
RINGS IN THE MAIN CHAIN.

J. A. Moore *. Sang Youl Kim

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, .NY 12180-3590 .

: Two new monomers, 4,4'-bis(1-chloro-2,2-dicyano vinyl)biphenyi and
4,4"-bis(1-chloro-2,2-dicyano vinyl)-p-terphenyl, have been synthesized and
polymerized with several diamines by vinylic nucleophilic substitution producing -
poly(enaminonitriles) with molecular weight varying from low to moderately high,
depending on the diamines used. The polymers were soluble in polar, aprotc
solvents before thermal curing, but became insoluble at high temperatures without
the evolution of volatle byproducts. These new polymers exhibit excellent thermal
stability, particularly when they contain para-linked aromatc rings. Dielectric
measurements of some of the polymers revealed dielectric constants of at least 4.

INTRODUCTION

An analogy between dicyanomethylidine and carbonyl groups was pointed out by Wallenfells!
‘n 1966. Because of the strong electron withdrawing cnaracteristics of nitrile groups, (the
clecronegativity of -CN substituted carbon atoms resembles that of N. O, and F atoms), a
C=C(CN)2 group may be viewed as the structural equivalent of a carbony! group. The groups
have similar inductive and resonance effects, and have close parallels in many reactions. The

following dicyanomethylidine derivatives may also be considered as structuraily equivalent to
:he corresponding carbonyi derivatives.
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The application of this analogy in polymerization was not realized until Moore and Robello2
prepared poly(enaminonitriles) from the bifuncticnal 1-chloro-2,2-dicyano vinyl monomers
with aromatic diamines. The poly(enaminonitrile) from 1,4-bis(1-chloro-2,2-dicyanovinyl) typet
benzene and 4-amino phenyl ether has excellent thermal stability. The advantage of the i 5 ::




:narmunonitrile swructural unit 1s that 1t can be cyclized to an arminoquinoiine wnich makes the
:vciized polymer stable and insoluble. Before cyciizaton. the enamunonimie group greatly
:nnances the solwubility of the poiyvmer in organic soivents. Another advantage 1s that
~oivtenaminonitriles) have good hydrolvtic stability (polytamic acid) 1s sensitive to

vdrolysis). However. the aieiectric constant ot polymer i 15 about 67, The enarmnomtrile
zroup 15 strongly polanzed as retlected in the carbon( 13C) nuclear magnetic resonance (NMR)
spectrum of the poivmer. The difference between the chemical shifts of the ¢z 'n atom
~earing the amino group and the carbon atom bearing two nimle groups 1s approxii..ately 110
ppm.

RESULTS AND DISCUSSION

NC N NC o ON NC N NC CN
v

C
v
l hi

-

70 uetermine tne influence of structural vanauon on the dielectric behavior of
~olvtenaminonitriles), 1t was decided to synthesize monomers containir :he biphenyl, 1 and
erphenvi, 2. because control of dielectric constant is a crucial factor for interlayer dielectric
.opticatons in VLSI. [t 1s expected that the biphenyl and terphenyl ring in the polymer chains
w11l decrease the dielectric constant of the polymer by diluting the number of polarized
»naminonitrile groups in the pciymer backbone. The poly (enaminonitniles) derived from
~iphenvl and terphenvl monomers should also give matenals of higher glass transition,
‘nhanced thermal stability, lower water absorpuon and reduced coetficient of thermal
:xpansion. A previously reported procedureZ for the preparation of bis(chlorovinylidene
cvanides) involves the condensation of malononitrile with terephthaloyl chioride in the presence

of a phase transfer catalyst. The precipitated sodium enolate was subsequently chlorinaied with
phosphorus oxychlonde.




c1ocO-coc1 + 2/

BzEt.N"Cl
! \IJOH/H:O/CF[:Clz
Y
NC CN NC OCN
oy

<PTC>

\)Na

l POCI,

\’CYC.\' NC CN
W
AR

Cl

The svnthests of the destrea monoemers thus required the analogous diacid chlondes as starting
~artenais. Biphenyl dicarboxyiic acid chlonde. 4. was prepared by Friedel-Crafts reaction of
sipnenyt with oxaiyi chiorige ana aiuminium cnlonde and suosequent chlonnation of the
resulting biphenyl diacid. 3. with thionyl chloride.* However, the Friedel-Crafts reaction of

niphenyl with oxalyl (hluride gave a furge amount of ketonic by-products as determined by
.atrarea (IR) specrometry.

Oxalyl chloride ]
OO AICk. CS,: H.O H Oﬁc;@‘ (- con

| soct,
Y

cioc 4 Y- -coa
4

The formation of ketonic by-products was avoided by reacting biphenyl with acetic anhydride.
The Friedel-Crafts acylation product, diacetyl biphenyl. 5. was oxidized to the corresponding
diacid with sodium hypochlorited and then converted to the diacid chloride.

AcO
- —» H, COC—< >—< >— COCH,
.‘\ICI'_;. CSQ_ S

l NaOCl

cioc 4 H-coa <2k HO,c 4 - H-co.H
4 3

O-O

Even though the procedure takes one more step than direct conversion of biphenyl to diphenic
acid, the oxidation reaction proceeded almost quantitatively, resulting in a higher total yield.

2y
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p-Terpnenyi dicarboxylic acid, 6, was prepared from p-terphenyl and oxaly! chloride
following modified Friedel-Crafts reaction conditions.® The ketonic by-products were removed
oy recrystallizing terphenyl dicarboxylic acid chloride, 7. twice from benzene.

AlCI - D -
Q—Q_Q Oxalg{l L‘Ohioﬁde; HO:C %9 EO:H
2 -1

o000
7

A literature survey revealed that the oxidation of diacetyl p-terphenyt to terphenyl dicarboxylic
acid required fairly drastic reaction conditions.” It should be noted that p-terphenyl
dicarboxylic acid is not soiuble 1t 10% sodium hydroxide solution.8

The condensation of bipnenyl dicarboxylic acid chloride with malononitnle in the presence of a
~hase transter catalvst produced only trace amounts of the desirea product ( <1% ) with
siphenyl dicarboxylic acia. 3. as the major product under vartous reaction conditions.

cloc 4 - coa > Ho,c{_-{O)-coH
4 3

NCCH,CN

\‘:P’I‘C>
/\ NC CN NC N
' NaO—L<| >—< >—Ll ONa

All phase transfer catalyzed reactions involve at least two steps®: 1) transfer of one reagent
from its normal phase into the second phase and 2) reaction of the transterred reagent with the
local reagent. Thererore, condensation of biphenyl diacid chloride with malononitrile under
phase transfer catalysis can be formulated as shown in Scheme 1. It is clear from Scheme 1 that
hydrolysis of the acid chloride could be a competing reaction and the desired product can be
obtained only if ky and k3 are sufficiently larger than ki. The reaction yields from malononitrile
with terephthaloyl chlonde and isophthaloyl chloride were 43% and 29910, respectively,
which indicates that hydrolysis (or other side reactions) occur significantly. Therefore, the
unsuccessful attempt with the biphenyl dicarboxylic acid chloride can be artributed to the fact

[




BZELN'OH: - Nav+ Cl' g BzELN'Cl' + Na™+ "OH

.i Aqueous phase

Organic phase
e

BzELN"OH' - RCOCl ~ — BzELN"CI' + RCOOH

ky | NCCH,CN

0O OH
BzEt,N* N RCOCI —» R "—(CN >R lC=<CN
t + - -
3 (CN ks E CN ™ CN
BzEt;N-CI'

Scheme |

‘nat the nydrolysis of hipnenyi diacid chloride under these conditions 15 much faster than the
condensation reaction of terephthalovi chloride with malononimie. Organic bases should
‘nerefore be empioved to uvoid hvdrolysis of the acid chlonde. Organic base-catalyzed
conaensation of acui chlondes with malonomutnie was reported by Libis and Fleury“. The
methvl ammonium salt of bisenol IT has been preparedlo. but chlorination ¢! compound II
“ailed. The condensation of biphenvl diacid chloride with malononitrile catalyzed by
'riethvlamine produced a viscous liquid product. The weatment of this product with a mixture
ot dichloromethane and 57 hvdrochloric acid, according to the previous procedurelo, did not
Jive the desired product. Instead, only hydrolyzed biphenyl diacid was obtained. It was
*hought that a stronger organic base should be used for the bipheryl case because biphenyl
diacid chloride 15 less reacuve with malenonitrile than 1s terephthalovl chioride, probably
hecause the two carboryl chlorides at the para positions on the same phenyl ring are more

CloC coa + 2
O .

l Et;N

NC CN NC CN [

EiNH* -0 —L Lo HNE

efficiently activated than the two acid chlorides connected through two phenyl rings. Several
organic bases which have slightly larger pKy values than malononitrile (see Table 1) were

selected and examined in the condensation of biphenyl diacid chloride with malononitrile. The

icondensation of biphenyl diacid chloride and malononitrile with diisopropyl amine, 1,8-

o wem om
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:idzaoicyclo|5.4.0lunaec-7-zne :DBU) ana Proton Sponge*™M :ave the desired

~istdiisopropyl ammontum) salt. 8. ana the corresponding DBU and Proton Soonge:TM salts

.» 4 major product. Zasy wOrk up ana punticaton ot the oistammonium) sait prompted the
.~0ice of diisopropy! amine i4s the base 10r the congensanon reaction.

DY

Taole oo b onues of the amines use@ for the reacaon. s -

Organic Base PKa
Triethvl amine i1.01
Diisopropyl amine H1L13
Pyrrolidine 11.27
DBU* 11.512b
Proton Sponge " 12.37

~1.3-Diazapicyclof 3.4.0jundec-7-ene.
<*1,8-Bistdimethylamino)naphthalene.

ft was found later that chlonnation of the bistdiisopropyl ammonium) salt (8) or the
corresponding DBU salt could also be etfected without separation of the corresponding amine
‘varochloride by-product. The teruary base, DBU. gave higher vieids than did diisopropyl

mine. because the secondary amine can torm an armide with the acid chlonde.

cloC O—Q- cocl ju

— —_> HNOC-Q—D— CONH W"

Chlorination of the bis(triethyl ammonium) salt with SOCI2 and PCl5 was unsuccessful and

he difficulty of chlorination was attributed to the ease of expulsion of maiononitrile anion from




‘ne postulated intermediate.i) If the explanation tor the failed chlorination 1s correct. the
chlorination with phosphorus oxychloride could avoid the problem. With POCI 2. the reacuon

/—\v o
NH, "0 C
- N 7 A
_kNHr-o cN - POCL _?/ pZ ¢l
7 oN Oy 0N
L R” CN
l N f——k L -
== -\ _/ ~H: O\ s —
R N | ! P
i ()/ S -

siermediate may not deveiod negauve charge on e carpon atom adjacent to tne nimle groups.
"e cnlorination of his tunsopropyl ammonium) salt 8 proceeded successtully with
shosphorus oxychloride in dichloroethane. The successful chlorination may stem from
“ormation of a stable phosphate salt which is u good leaving group. The chlorination of 8 with

naivt chlonde was unsuccesstul.

NH,- .
O v < ex
T CN N
POCI,
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Terphenyl monomer 2 was also prepared by the same procedure. Both monomers were stable
solids which could be purified by recrystallizaton from chlorobenzene and could be stured at

room temperature in a desiccator for many weeks without any decomposition.
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3ist 1-chloro-2.2-dicyanov iny 1 monomers | and 2 were poiymerized with several diamines as
nown 1n Scheme 2 1o rroguce polyenaminonttriles). In a typical polvmenzation procedure,
syuimoiar amounts ot the bisti-chloro-2.2-dicyanovinyl) monomer and the diamine were
TXeq at room temperature 1n & poiar apronc soivent. N-methyl pyrrolidone ( NMP) containing

acceptor, The mixture turned dark brown and then gradually changed to light brown as
nolymerization proceeded. The solution was warmed to 75 "C and surred for i4 hours to
.ompiete the reaction. The polvmer was precipitated in water and collected by filtration. The
~otvmer was puritied by reprecipitation from NMP solution into water. The filtered polymer
-vas washed with deionized water several times and then dried in vacuum at 90 °C for a day.
Polymerization of monomer 2 was carried out 1n a 2 to | mxture of NMP and
:examethylphospnoramiat (HMPA) comaining 2% LiCl.

Scheme 2
NC CN NC CN
Cl ] Ar T Cl
NH;— Ar- NH,
NC CN

{ ] Ar 1 NH-Ar'—NH_Eln_

NC CN




11 Aar= 3 ar= 0+

12 ar= 430~ ar = o0
13 ar= 4 3l Ar =

14 ar= 3 Ar =

CH-O OCH,
O x- OO~
OO~ a- ~Oo-Lro-O-
The model compound. +.4™-bis[1-t14-pheno~.vphenviamino)-2.2-dicvanovinyi| biphenyl 10,
ras also prepared by reacting tiphenvi monomer I with 4-phenoxv anthine. This model

-ompound represents anprovimately one and one half repeating units ot polvmer 11. The
odel compound wis obtained i very 2ood vield under mild conaitions.

16 Ar =

56

NC  ON
NC O CON l
NC CN
Oro-0r -0 vi-0r0-0
NC CN
10

The spectroscopic data for polymer 11 closely matched those of the model compound 10. All
solymers except 16 were soluble in polar aprotic solvents such as NMP, N,N-
Jimethyliformamide (DMF), N.N-dimethylacetamide (DMAc) and dimethyisulfoxide (DMSO).
Polymer 16 was only soluble in hot DMSO, pyridine and NMP containing LiCl. Fingernail
creasable, transparent yellow tilms were cast from DMF soiution except tor polymer 13 and
14. Films of polymer 13 and 14 were somewhat brittle, probably because of relatively low
molecular weight of these polymers. In the polymerization of poly(enaminonitrile) 14, steric
hindrance caused by the bulky methoxy group affects the reaction more adversely than the
nucieophilic character of the amine is increased by methoxy groups at the 2 and 2' posttions. It
seems that benzidine, the comonomer of polymer 13, is the least reactive among the diamines
used. The high viscosity of polymer 16, compared with number average molecular weight (see

, O
S
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T2l Z.omay sem rom L.Cl ADIen increases ihie rolarity of sutvent. NMP, ond thus
lvanng power. resuling 1n & more extended DOlvmer ¢nain In sotuuon.

“.ote 2. Inminsic viscosity int an DMF at 25 °Ch and motecuiar weight (Mno o

weoenamnomitniles: 11 120 230 4. 15 ana 16. N{olecutar wetgnt was ootamea trom end-
OUD ahatvsis with - NMR,

Poivmer ey tn
o 11,38 17.000
2 143 20.000
3 .30
i+ .35 -
'3 .42 20.000
) 191" 25.000
AP o 27 w280

TN QLRI MO Ul T 2N WS Caleulated (tom the integral ntensity of the ring protons

T WIINE MOICEY § Lue AT CNdIN and WRe Rie LTl INtensity ol ine ring protons of the

LuLoN 1o prepare Mol teraniinomuriles) with amine end groups. This metnod is possible only
> ne reaks of the aromauc ning protons ot the amine end group are not superimposed on the
Zah~ Iromoother protons, [he peak from amine ena groups can be seen clearty at 0.7-6.4 ppm.
2 ~aruad positive eaarge developea on the enamine nirogen atom througn conjugaton with
-2 woudle bond causes 4 sniit of electron density in the adjacent ring. s J result of this effect,

"2 reaks Of the ring protons of the amine motety 1n the polvmer chain appeared at lower field,

. NcloN

N H(;L—\I—Q—D-LNH—O-O—QM
S

.\’C.S_CN

THERMAL PROPERTIES

"he thermal propernes ot these polvmers were examined by TGA and DSC. Previous work20
howed that polvienaminonitriles) could be cvclized without evolution ot volatle by-products
©2 1 polymer containing so:ie amount of aminoquinoiine structures. DSC unalysis showed a

rnad exothermic peak tor all six polvienaminominles). The maxima of these peaks appeared
‘rom 330 °C 1o 400 °C depending on the structure of the polymers. When the samples were
.ooled and rescanned. no exotherms were observed.IR spectra of a film of poiymer 11 were
“1ken periodically while the sample was heated at 400 °C in a nirogen atmosphere. As curing
of the polymer proceeds the enamine stretching band at 3260 cm-1 disappears and is replaced
bv two new bands at 3365 cm"! and 3480 cm-! which are characteristic of primarv amines. At




ne <ame ume. tne intensity ot the nitriie band at 2210 cm- ¢ decreases to approximately half
.~mpared with the 1ntensity of the nitrile band of the uncured polymer. These changes in IR
JeCira dare consistent with mtramoiecular cyciizauon of an enaminonitrile unit to an
.minoguinoiine structure.

.=y
1Y

The intramolecuiar ouchization was also retiected in tne DSC curves wnere the
naximum exothermic peak appeared at different temperatures depending on the structure of the
:mine comonomer (see Table 3).

“aote 3. Exothermuc peak temperature and Tg of poly(enaminonitnies) observed by DSC.

Polymer Exothermic Peak Tg

Temperature (°C) *C)

18 330 220

12 230

i3 70 257

14 50

) 60 240

10 +35

< After cunng.

Polveenaminonitriles) 1112, 14, 15 and 16 from amines bearing electron donating groups
"owed the maximum exotnerm around 350 °C. The polymer trom benzidine. which does not
~ave any electron donaung or withdrawing group on the nng, showed a maximum at 370 °C.
"hese resuits support the proposal that the rearrangement reaction occurs through electrophilic
romatic substitution aremum-ion mechanism)!3 In this mechamsm. ciectron donating
_nups taotlize the intermeaiates. while electron withdrawing groups which increase a positive
.narge on the ring destabilize the intermediates.
Thermogravimetric analysis of the six polymers in air and under nirogen showed that the
poiymers have excellent thermal stability.Structural effects on the thermal stability are clearly
-sflec.2d: better thermal stability is obtained the more para-linked aromatic rings are in the
colvimer chain,

The tnermal stability ot six polymers 11,12, 13, 14, 15 and 16 is summarized in Table 4.
The temperature at which [0% weight loss of polymers 15 and 16 with more para-linked
2romauic rings in the chain is higher than for polymers 11 and 12. The 10% weight loss
-2mperatures of polymer 11 and 12 indicate the etfect of flexible linking groups on thermal
stability of polymers. Polymer 12, which has two ether linkages. was less stable in air and
nitrogen than polymer 11 which has only one ether linkage in the repeating unit. Polymer 14,
~nich has methoxy groups on the aromauc rings, showed the least thermal stability among
these s1x polymers. Generally, replacement of hydrogen by other atoms except tluorine resuizs
.1 reduced thermal stability. At elevated temperature in an oxidizing atmosphere, hydrogen
substituents themselves become reactive. In air, polymer 11 has a higher 10% weight loss

temperature than does polymer 13, even though polymer 13 exhibited better thermal stability




v

-naer nitrogen. This apparentiy contlicting result may stem from the moiecular weight of the
polymers, which has more effect in air than in nitrogen. Intminsic viscosities of polymer 11 and
13 are 0.38 dL/g and 0.30 dL/g, respectiveiy.

Table 4. Weight Loss of Poly(enaminonimies) in TGA.

“olymer 0% Weight Loss 10% Weight Loss Residual Weight %
Temperature in N2 Temperature in air at 900 *Cin N2

11 00 °C 530°C 31
12 520°C 500 °C 73
13 610°C 500 °C 77
14 470°C 450°C 71
15 o040 °C 570°C 84
16 250°C 345°C 30

DIELECTRIC PROPERTIES

i1 was reported earlier? that poivienaminomtrle) [ had a dielectric constant greater than 5 which
.3 large compared with that of a corresponding polyimide and this high dielecinc constant was
Ambuted to the presence of the srongly polarized enarinonitrile group. Polvtenaminonitriles)
:rom oiphenyl monomer | and terphenyl monomer 2 should exhibit lower dielectric constants
nan polymer XII. Dielectric constants of these polymers were measured with mercury
:lectrodes using an HP 4274A LCR meter at room temperature. The frequency range was 0.1
0 100 KHz. The films had been cast from DMF solunon. The results are shown in Table 5 to
« The aielecic constant ot poly(enaminonitriles, 11, 12, 13 and 14 at 1) KHz were 4.95,
2.94, 4.53 and 4.04, respectiveiy. These values are smaller than the dielectric constant of
poly(enaminonitrile) XII. These resuits clearly show the dipole dilution effect on dielectric

constant of the polymer. A bulky monomer lowers the number of strongly polarized
2namunonitrile groups per unit volume.




Table 3. Dielectric measurement tor poiv(enaminonimmie) 11. The rilm thickness was
17.9 um. After the initial measurement, the film was soaked in boiling water for 3 hours. and
-hen redried in vacuum at 110 °C for 3 days

Frequency  Before being Atter being After being
(KHz) soaked in water soaked in water redried 1n vacuum
€ tan & g€ tan € tan 8
0.1 .19 0.0124 3.88 1.0143 310 9.0093
0.2 5.16 0.0116 5.84 0.0132 5.09  0.0089
04 5.14  0.0105 5.81 0.0119 5.06 0.0082
1 5,10 0.0097 377 0.0110 5.03  0.0080
2 508 0 0.0093 375 0.0104 5.01  0.0079
4 206 0.0091 72 9.0099 5.00 9.0079
10 T 0d 10097 569 90100 197 00087
20 T 10106 506 0.0103 495 0.0095
) SR 10120 o4 30108 193 0107
100 <95 P04 60 9.0117 489 0120

Table 6. Dielectmc measurement for poly(enaminonitrile) 12. The tilin thickness was

"4 1 um. After the initial measurement, the film was soaked in boiling water tor 3 hours.

Frequency t3etore being After being
soiaked in water soaked in water

(KHz) ¢ tan 8 £ @an d

0.1 4.08 0.0085 4.53 1.0096
0.2 1.07 0.0080 4.51 (.0091
0.4 4.06 0.0072 4.50 0.0083
1 4.04 0.0068 4.47 0.0079
2 4.03 0.0066 4.46 0.0076
4 4.02 0.0066 1.44 0.0074
10 1.00 0.0073 4.42 {.0079
20 399 0.0083 4.41 0.0084
40 3.97 0.0096 4.39 0.0093

100 3.94 0.0117 4.36 0.0108




“.ole T DielecTic measurement tor polvtenamunonimie) 13. The film thickness was

~.% um. After the in1ial measurement. the film was soaked in boiling water ror 3 hours, and
wen rearied in vacuum at i 10 °C for 3 davs.

Srequency  etore peng Atter peing After neing
{KHz) waked in water soaked in water redried 1n vacuum
g an 8 g an d g an o
)1 S L0148 703 ).0423 -+.93 L0124
0.2 +.74  0.0136 594  ).0346 190 0.0116
0.4 472 0.0122 5.87 0.0288 4.88 0.0106
S 0112 378 00236 135 2.0100
- <00 90106 373 00207 183 0.0096
- L nd 20104 <69 10186 ~.81 1.0094
Ny S0 9108 63 YO16Y 478 0098
2 .S rOiis 2590 90160 176 00102
10 .57 L0126 550 90154 +.74 L0107
00 SRR 0148 2500 00150 2700 0109

“aple ». Dielectnic measurement tor poiytenaminonitnile) 14, The film thickness was
Soum.

Frequency (apacitance £ @an o

KHz) Fiolh

01 Y 37 429 0.0197
n.2 n¥.%3 126 0.0175
0.4 08.37 4.23 0.0153
I 67.76 4.19 0.0135
2 A7.40) 117 0.0123
4 n7.08 +.15 0.0116
10 26,61 412 0.0113
20 06.29 4.10 0.0115
40 n3.96 408 0.0118
100 H3.4(0) 4.04 0.0120

\ dipole moment of 4.21 D was calculated for the following enaminonitrile when the amino

croup was coplanar with the double bond. !+
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T.bie 9 contains dieiectric data ot four poly(enaminonutriles) ana the volume ot the repeating
anit of each polymer. The volume was calculated from group contribution parametersd. Even
*hough the dielectric constant is not directly proportional to the volume of the repeating unit, the
fara show that the larger the repeating unit volume, the lower the dielectric constant. Polymers
14 and 12 have very small differences in dielectric constants compared to the difference of
repeating unit volumes. This result could be caused by the bulky methoxy group which
~ccupies volume without contributing significantly to the net dipole moment of the molecule
and torces the large dicyano groups off the same side of the molecule. resulting in a reduction
t the net dipole moment.'© Polymer 13 has a lower dielectric constant than polymer 11
+nich has a larger repeaung unit volume. This discrepancy mav be the resulr of absence of the
stner uinkage, resulting 1n more ngid structure which makes onentation of the polar groups
~ore cificult. The oxygen atom aiso atfects the net dipole moment.

.ble v. Repeaung unit volume and dielectric constant of poly(enaminonitriies)

Polymer Volume of Repeating Unit*  Dielectric Constant
«cm3/mol) at 100 KHz
12 449 3.94
14 419 4.04
11 373 4.95
13 363 4.53

< Calculated from group contribution parameter1?.

Electronic, atomic and orientation polarization are all caused by charges that are locally bound
:n atoms, moiecules or the structure of solids. Another type of polarization in the bulk sample,
the so called intertacial polarization, can occur when the sample contains defects or a separated
~hase. } 7 The separated phases cause a localized accumulation of charge at the interfaces which
increases the dipole moment . resulting 1n unusually high values of dielectric con. ant at low
‘requency. Interfacial polarization principally influences the low frequency (10-3 10 102 Hz)
dielectric properties and decreases as frequency increases. The dielectric data of polymers
11.12. 13 and 14 did not show the phenomenon expected from interfacial polarization.

Orientation polarization 1s a relatively slow process compared with electronic and atomic
polarization. Dielectric relaxation is the lag in dipole orentation behind an alternating electric
field. Under the influence of such a field, the polar molecules of the system rotate toward an
equilibrium distribution in molecular orientation with a corresponding dielectric polarization. 18
When the polar molecules are very large or the viscosity of the medium is very high, the
rotating motions of the molecules are not sufficiently rapid for the attainment of equilibrium




dielectric constant of the sample and €" is the imaginary part of the dielectnic constant , anown
as the dielectric loss factor. The ratio of €' and €" is called tan 6.

energy dissipated per cycle
energy stored per cycle

tan6=§-;=
£

Tan & is usually called the dielectric loss tangent or the dissipation factor. The dielectric
constant and dielectric loss at high frequency are characteristics of the chemical structure of the
~olymer. Tan d becomes increasingly sensitive to small molecules such as residual solvent,
sater or impurnities in poivmer films at low frequency. If there 1s a sigmficant amount of
-zsidual solvent or 1onic impunues such as LiCl, tan & would be high at low trequency and
much lower ac high trequencies. As shown in Table 3, 6, 7 and 8, tan § for polymer 11, 12,
13 and 14 changes very little over the whole trequency range examined. indicating the
polymer samplcs were free of any significant amount of impurities. However, it was found that
the € and the dissipation factor of polymer 11 and 13 decreased slightly (see Table 5 and 7)
~hen the films which were soaked in boiling water for 3 hours were redried in vacuum at 110
'C for 3 days. This observauon may be an indication that the films contained a small amount of
.onic species, probably LiCl which was used to increase solubility during the polymerization,
and the ionic impurities were diffused out when the films were soaked in water.

To determine the effect of absorbed water on the dielectric properties, the polymer films were
soiled 1n water for 3 hours and subjected to dielectric measurement (see Table 5, 6 and 7). As
expected, the dielectric constants of the polymers increased after soaking in boiling water. It is
interesting that polymer 13 absorbed less water than polymer 11 (see Table 10), while the
change in dielectric constant after soaking in boiling water is much larger than in polymer 11.
This result may stem from the absorbed water in the film 13 which acts like a plasticizer
making the very rigid polymer chain more mobile, resulting in greater orientation of the
polarized enaminonitrile group.

The dissipation factor of the dried film fluctuated very little over the frequency range used.
After the films were soaked in water, tan & data of polymer 13 showed the characteristic
changes caused by absorbed water: tan J rapidly decreased as frequency increased. However,
tan & of polymer i1 and 12 were almost constant over the frequency range examined. It may
stem from the interaction of the absorbed water in polymer 11 and 12 with oxygen atoms
(ether linkage) and enaminonitrile groups, which atfects the relaxation time of the absorbed
water molecule. Further investigation of the change in tan & over a wider range of frequency
and temperature is needed to understand these phenomena.

-

with the field. The polarization then acquires a compcnent out of phase with the field, and the
displacement current acquires a conductance component in phase with the field, resulting in
dielectric loss which is usually a thermal dissipation of energy. The complex dielectric
constantl9 of the dielectric material is expressed as €% = €' - i€" where €' is the measured




Table 10. Water absorption and dielectric constant change of poly(enaminonitriles).

Polymer Water Absorption Dielectric Constant
(%) Change (%) at 100 KHz
11 317 13.3
12 2.41 11.0
13 2.24 26.4
CONCLUSIONS

Two new monomers. 1 and 2. have been synthesized and polymerized with several diamines,
sroducing poly(enaminonitriles) with molecular weights vaning from low to moderately high,
Jjepending on the diamine comonomers. The polymers. except 16. were soluble in polar,
protic solvents such as NMP, DMF. DMAc and DMSQ before curing, but became insoluble
:n any organic solvents after uring. Polymer 16 was only soluble in hot DMSO, pyridine and
NMP containing 2% LiCl. Tough films were cast from DMF solutions of polymer 11, 12, 15
and 16. The films of polymers 13 and 14 were somewhat brittle.

These poly(enaminonitriles) undergo curing at 350 - 400 *C without formation of volatile by-
sroducts. Maximum exothermic peak temperatures due to curing varied with the diamine
<tructure: electron donating substituents on the aromanc ring decreased the curing temperature.
Poly(enaminonitriles) from biphenyl and terphenyl monomers with aromatic diamines which
Jdo not have side groups on the aromatic ring have excellent thermal stability. Polymers with
more para-linked aromatic rings in the polymer chain have better thermal stability. Side groups,
.uch as methoxy attached to the aromatic nng reduced the thermal stability of the polymer. The
dielectric constants of polymers 11, 12, 13, and 14 were found to be 4.95, 3.94, 4.53 and
4.04 at 100 KHz, respectively. The dielectric constants of poly(enaminonitriles) depend on the
volume of the repeating unit and the number of polar atoms such as oxygen in the polymer
chain. A polymer with larger repeating unit volumes has a lower dielectric constant because the
strongly polarized enaminonitrile group is more diluted. When the two poly(enaminonitriles)
have similar repeating unit volumes, the polymer without polar atoms in the chain exhibited a
lower dielectric constant than the polymer with polar atoms.
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