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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, Trov, NY 12180-3590

Abstract: Two new monomers, 4,4'-bis( 1-chloro-2,2-dicyano vinyl)biphenyl 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, aprotic
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 aromatic rings. Dielectric
measurements of some of the polymers revealed dielectric constants of at least 4.

INTRODUCTION

.\n analogy between dicyanomethylidine and carbonyl groups was pointed out by Wallenfells1

.n 1966. Because of the strong electron withdrawing characteristics of nitrile groups, (the

-lectronegativity of -CN substituted carbon atoms resembles that of N. 0, and F atoms), a

C=C(CN)2 group may be viewed as the structural equivalent of a carbonyl 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 structurally equivalent to

.he corresponding carbonyl derivatives.

0 0

CX C1 OR OR

NC CN NC CN

00

OH OH N- 0 N-I I

The application of this analogy in polymerization was not realized until Moore and Robello 2

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)type t

benzene and 4-amino phenyl ether has excellent thermal stability. The advantage of the i;



-naminontrile structural unit is that it can be cyclizea to an aminoquinoiine wnich maKes the

:vciized polymer stable and insoluble. Before cyclizanon. the enamrnonitmie aroup greatly

,nnances the solubility of the polymer in organic solvents. Another advantage is that

-oiv(enaminonttriles) have goot hydrolytic stabilitv (poly(amic acid) is sensitive to

vdroiysis). However. the cneiectric constant of polymer i is atnout &o. The enaimnonttrile

roup is strongty polarized as retlected in the carbon( 13 C) nuclear magnetic resonance (NMR)

<pectrum of the poiymer. The difference between the chemical shifts of the cz n atom

-earing the amino group and the carbon atom bearing two nimle groups is approxii-tey 110

ppm.

RESULTS AND DISCUSSION

NC ,N 'CC ('N NC 'iN NC CN

C1 '/7k- CI

. ,:etermine me influence of structural vanation on the dielectric behavior of

7oivenaminonitriles), it was decided to synthesize monomers containir :he mphenyl, I and
trphenyi, 2. because control of dielectric constant is a crucial factor for interlayer dielectic

.oDpications in VLSI. It is expected that the biphenyl and terphenyl ring in the polymer chains

-. il decrease the dielectric constant of the polymer by diluting the number of polarized

:naminonitrile goups in the pcsrner backbone. The poly (enaminonitnles) derived from

,ihenyi and terphenvi monomers should also give materials of higher glass transition,

•nhanced thermal stability, lower water absorption and reduced coefficient of thermal

,xpansion. A previously reported procedure2 for the preparation of bis(chlorovinylidene

cyanides) involves the condensation of malononitrile with terephthaloyl chloride in the preuoce
of a phase transfer catalyst. The precipitated sodium enolate was subsequently chlorinated with

phosphorus oxychlonde.
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_:e svntnesis of the desirei monomers thus required the analogous diacid chlondes as starting

• arenas. Biphenyl dicarboxviic acid chloride. 4. was prepared by Friedel-Crafts reaction of

iDnenvi with oxaivi chionae ana aiuminium cnlonde and suosequent chlorination of the

resulting biphenyl diacid. 3. with thionyl chloride. 4 However, the Friedel-Crafts reaction of

,)iphenyl with oxalyl liluide gave a large amount of ketonic by-products as determined by

.nfrarec (IR) spectrometry.

Oxalvl chloride

A I C I .C .S 1  _ 4• 3 3

CIOC Co

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 hypochlorite 5 and then converted to the diacid chloride.

0-0 Ac- 13 COd C>-C-- COCHI
AICI1., CS,,

NaOCI

SOC11I
CICCCCI HO-,C ___CO, H

4 3

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.



p-Terphenyl dicarboxylic acid, 6, was prepared from p-terphenyl and oxalyl chloride

following modified Friedel-Crafts reaction conditions.P The ketonic by-products were removed

-v recrystalizing terphenyl dicarboxylic acid chloride, 7, twice from benzene.

Oxalyl chloride; 6
HFO SOC12

Cloc ~ -- cod

7

A literature survey revealed that the oxidation of diacetyl p-terphenyl to terphenyl dicarboxylic

acid required fairly drastic reaction conditions. 7 It should be noted that p-terphenyl

dicarboxylic acid is not soiuble in 10% sodium hydroxide solution. 8

The condensation of bipnenNvl dicarboxylic acid chloride with malononitrle in the presence of a

-hase transfer catalvt produced only trace amounts of the desirea product ( <1% ) with

iiihenyl dicarboxvlic acia. 3. as the major product under various reaction conditions.

Coc COCI HOC-3-.F-COH
4 NCCHCN 3

PTC>

NC CN NC CN

NaO J-0- ONa

All phase transfer catalyzed reactions involve at least two steps9 : 1) transfer of one reagent

from its normal phase into the second phase and 2) reaction of the transferred reagent with the

local reagent. Therefore, 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 k2 and k3 are sufficiently larger than k1. The reaction yields from malononitrile

with terephthaloyl chloride and isophthaloyl chloride were 43% and 29%10, respectively,

which indicates that hydrolysis (or other side reactions) occur significantly. Therefore, the

unsuccessful attempt with the biphenyl dicarboxylic acid chloride can be attributed to the fact



B~lt2,N+OH" - Na'r + CI' Z BzEt.iN+Cl + Nar -0H

Aqueous phase

Organic phase k

BzEt3N-"OH, - RCOC1 I BzEu,,N-?CI + RCOOH

k, NCCH-,CN

oN0 C OH
CN I CN I CN

BzEt3AN C _ RCOC1 k-, R-C--< N ~ R- C=<K

BzEtN-Cl-

Scheme 1

-:tx tne nydrolysis of irn\diacid chloride under these conditions is much faster than the

:-ondensatiori reaction of terephthalovi chloride with malononiu'ile. Organic bases should

-nerer ore be employed to avoid hydrolysis of the acid chloride. Organic base-catalyzed

:,onuensation of acid chlondes with malononiuile was reported by Libis and Fleuryl I. The

mrethyl amimonium salt of bisenol 11 has been prepared1Q. but chlorination o~f compound II

,'aiied. The condensation of biphenyl diacid chloride with malononitrile catalyzed by

r: eh 't amine produced a ' iw~ous Iliquid product. Thle treatment of this product with a mixture

of dichloromethane and 5% hydrochloric acid, according to the previous procedure1 0 , did not

dive the desired product. Instead, only hydrolyzcd biphenyl diacid was obtained. It was

houizht that a stron~yer orcanic Oase should be used for the bipher.yl case because biphenyl

,niacid chloride is less reactive with malononit'2e than is terephthaloyl chloride, probably

hecause the two carbortyl chlorides at the pama positions on the same phenyl ring are more

CN

IEt3N

NC CNNC CN

E13 NH+ -0 1 0 Y,0 HNEt3

efficiently activated than the two acid chlorides connected through two phenyl rings. Several

organic bases which have slightly larger pKa values than malononimrle (see Table 1) were

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

condensation of biphenyl diacid chloride and malononitrile with diisopropvl amrine, 1,8-



,;.azaoicvcloj5.4.1k)luncec--:n DBIJ1 and Proton Sponge g ave the desired

~'isidiisopropyl ammonium) sait. 8. and the corresponding DBU and Proton SoongeT1M salts
amajor prooiuct. Easy worK upo and ouriication or the ois(ammoniumi salt prompted the

'Doice of diisooropvi amnine as mne rase tor thie condensation reaction.

CN CN

9CNF

NC

i±nie K, ..ues or the aimines usec "or tne r.-acuor.

Organic Base pKa

Triethyl aniine il1.01

Diisopropyl amine 1.1-,

')vrroiidine 17

DBU* 1 1.5 12b

Proton Sponge ~ 12.37

I .8-DiazaoicvcloI5-.4.)Iundec-7-ene.

.8!,-Bisdimethylamiuno)naphthalene.

It was found later that chlorination of the bistdiisopropyl ammonium) salt (8) or the

orres oondingY DBU salt could also be etfected without separation ot the corresponding amrine

woarochloride by-product. Thie tertiary base, DBU. gave higher yields than did diisopropyl

,.mine. because the secondary amine can form an amnide with the acid chloride.

ClG + CC HNOC-O-- -CONH

Chlorination of the bis(triethvl ammonium)i salt with SOCl2) and PCI5 "~as unsuccessful and

:he difficulty of chlorination was attributed to the ease of expulsion ot majononiarie anion from



*".e postulated intermediate. i( !f the explanation for the failed chlorination is correct, the
Thlorination with phosphorus oxychloride could avoid the problem. With POClI. the reacuon

NH,"O V '1-

NH,"() CN POCI - Cl 7
L_ R CN

_ NH,- 0 '

-:2iri ediate may not c;e eiut negau, e charge on ine caroon atom adjacent to tme nimrle groups.
The cnlorination of his diisopropyl ammonium) salt 8 proceeded 'uccessfully with

phosphorus oxychloride in dichloroethane. The successful chlorination may stem from

'ormation of a stable phosphate salt which is a good leaving group. The chlorination of 8 with

)\avi' clonde was unsuccessrul.

Cl C
CN C N('N I CN

POCI3

NC CICH2,CH 2 CI NC

NC __ IN, C CI

81

Terphenyl monomer 2 was also prepared by the same procedure. Both monomers were stable

,oiids which could be purified by recrystallization from chlorobenzene and could be stured at

room temperature in a desiccator for many weeks without any decomposition.



COCI - C CN

Cod

NCN

___ IN

2 NCCHCN

NC - NC _

NC L.NC CI

9

:3isi !-chloro-2.2-dic.,anotin' I monomers I and 2 were polymerized with several diamines as

,"o'.un in Scheme 2 to 'ro CuC poly(enarninonitriles). In a typical polymenzation procedure,

:.uimoiar amounts ot :he bis( l-chloro-2.2-dicyanovinyl) monomer and the diamine were

mnixea at room temnerature in a poiar apronc solvent. N-methyl pyrrolidone NMP) containing

" LiC1 in the presence ot one equivalent of [2.2.21 diazabicyclooctane tDABCO) as an acid

acceptor. The mixture turned dark brown and then gradually changed to light brown as

noiymerization proceeded. The solution was warmed to 75 'C and stirred for 14 hours to

:ompiete the reaction. The polymer was precipitated in water and collected by filtraion. The

oiymer was purified 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.

?olymerization of monomer 2 was carried out in a 2 to I mixture of NMP and

:examethylphospnoramId HMPA) containing 2% LiCI.

Scheme 2

NC CN NC CN

C NH-Ar-- NH

NC CN

Ar NH-Ar'- NH
NC CN



11 A = ---'&~--Ar=
12 Ar = Ar -- 00-

13 Ar = -Q---\ r=

14 Ar = -Q--=- Ar-

CH 3O OCH,

15 Ar = -A2'-L *-0 r'0

16 Ar = - - - - Ar' = -00

The model compound. 44-'-his I -i4-phenoxvphenvamino-2.2-dicvanovinyij biphenyl 10,

-as also orepared by reacutnc hinhenyi monomer 1 with 4-phenoxy aniline. This model

.ompound represents anr-p)-:matekv one and one half repeating units ot polymer 11. The

:.odei com)una was obtainea un ver, ood vieid unoer mild conwtions.

NC CN

NC CN

NC CN

0 00H N N H -- 0
NC CN-

10

The spectroscopic data for polymer 11 closely matched those of the model compound 10. All

polymers except 16 were soluble in polar aprotic solvents such as NMP, N,N-

Jimethylformamide (DMF), N.N-dimethylacetamide tDMAc) and dimethylsulfoxide (DMSO).

Polymer 16 was only soluble in hot DMSO, pyndine and NMP containing LiCI. Fingernail

creasable, transparent yellow films were cast from DMF solution except for 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(enaminonitile) 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' positions. 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

°ceO



:-e .may ,,ter :rom L. •;fnic :ncreases jne tolanty r ,utvent. N.IMP, .nd thus

:'ivaung power. resuidng in a more extenaea Dolymer cnain in soution.

.. 1e ". ':mnsic viscositv nl (in DMF at 25 'C') ,o motecuiar weiznt (Mn,,f
.naninonitne; I, i2. 3 , 14. 15 ano 16. ,Ioiecuiar .veiunt vas ,otaineo from end-
...., ',:a Cis~ ,,,th • . 'CM R.

'oh% ner " I f (!L /g) ,In

.7.000

.2 ,.43 _0.000

14 '03O). .35

A.42 20.000

).9 ! "5.000

'•. " \1!P ......... " " I . ' ,it ".5 C,

-e. r a. era Le " '",...2, ,, it " kas "alcuiated -) " e i nteTrai ;:itent', (,t th rn protons

"..ane moict. . ,. ; I,,mer :ain anu the ;:ve.:a intensity )i ne nng protons of the

:,ne znc grouDs. !unu:, te *oivmrenzatlon. ,,iight excess or amine was added to the

,tlon to prepare ,\rcnaninonitriles.) with amine end groups. ",iis method is possible only

Me CeaKS of the aromatic nng protons of the amine end group are not suDenmDosed on the

::om other vrotonN. he peak from amine ena groups can be seen t.eariv at o.7-6.4 ppm.

: arnai positive t.narge ,eN elopea on the enamine nitrogen atom throuin con ugaton with

, 2 ,oule tond cause, a ,nitt of electron density in the adjacent ring. .\s a result of this effect,

* ,..,KS ot the "n, proton, tit the amine moiety in the polvmer chain anppared at lower field,

nim.

NC 0CN

5-5

NC,._CN1)

FHERMAL PROPERTIES

The tnermai propertes or these polymers were examined by TGA and DSC. Previous work 20

>oved that poly(enaminonitrles) could be cyctized wvthout evolutin of volaile by-products

a noivmer containing so,ne amount of aminoquinoiine structures. DSC analysis showed a

mao exotnermic peak for all six poiyenaminonitriles). The maxima of these peaks appeared

."r"m 50 C to 400 C depending on the structure of the polymers. When the samples were

..aoied and rescanned. no exotherms were observed.IR spectra of a film of polymer 11 were
- ken periodically while the sample was heated at 4(X)0 C in a nitrogen 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- I and 3480 cm- 1 which are characteristic of primary amines. At



7,.e same time. me intensitV or the nitrile band at 22 10 cm- decreases to approximately half

.:mpareci with the intensity of the nitrile band of the uncured polymer. These changes in IR

-eczra ire consistent 'xith intramoiecular cyciization of an enaminonirile unit to an

.::,:nouuinoiine structure.

,e intramoiecu-ar .cilzatnon was aiso refiected in me OSC .irves wnere the

,aximum exothermc peak appeared at different temperatures depending on the structure of the

• mine comonomer (see Table 3).

.ore 3. Exothermuc peak temperature and Tg of polvenaminonmles) observed by DSC.

Polymer Exothermic Peak Tg

Temperature (C) 'C)

I1 350 220

12 '50

13 '7() 325

14 '50

15 60 240

16 ,55
SAfter cunngu.

:,,.%,,enaminonitriles) 1. i1. 14. 15 and 16 from amines bearing electron donating groups

-oweu me maximum exotnerm around 350 *C, The polymer from benzidine. which does not

'a:e any electron donating or withdrawing group on the ring, showed a maximum at 370 *C.
7e-e results support the proposal that the rearrangement reaction occurs through electrophilic

-nmat'c ,ubstitution (arenium-ion mechanism 113 In this mechanism. ciectron donating

utm , ,tawlize the intermeciates. while electron witndrawing groups which increase a positive

- narge on the nng destabilize the intermediates.

ThermoLravimetric analysis of the six polymers in air and under nitrogen showed that the

ooiymers have excellent thermal stability.Structural effects on the thermal stability are clearly

- rlec.ed: better thermal stability is obtained the more para-linked aromatic rings are in the

;:olvmer cnain.

-he tnermal stability ot six polymers 11, 12. 13, 14, 15 and 16 is summarized in Table 4.

The temperature at which 10% weight loss of polymers 15 and 16 with more para-linked

aromatic rings in the chain is higher than for polymers 11 and 12. The 10% weight loss

"emperatures of polymer 11 and 12 indicate the effect of flexible linking groups on thermal

,tabiiity of polymers. Polymer 12, which has two ether linkages, was less stable in air and

;,ttrogen than polymer 11 which has only one ether linkage in the repeating unit. Polymer 14,

.,nich has methoxy groups on the aromatic rings, showed the least thermal stability among

:hese six polymers. Generally, replacement of hydrogen by other atoms except fluorine resuts

:.i 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



.;ncer nitrogen. This apparentiy conflicting result may stem from the moiecuiar weight of the
polymers, which has more effect in air than in nitrogen. Intrinsic viscosities of polvmer 11 and
13 are 0.38 dL/g and 0.30 dL/g, respectively.

7abie 4. Weight Loss of Polyenanmnonimies) in TGA.

olymer 10% Weight Loss 10% Weight Loss Residual Weight %
Temperature in N2 Temperature in air at 900 "C in N2

11 600 "C 530 "C 31
12 520 °C 500 "C 73

13 610'C 500 'C 77

14 470 "C 450C 71
15 o40 C 570 "C 84

16 550 *C 545 °C 80

DIELECTRIC PROPI.R'TIES

: as reportea eariier 3 that poiylenaminonitile) I had a dielectric constant greater than 5 which
.s large compared with that of a corresponding polvimide and this high dielectric constant was
attributed to the presence of the strongly polarized enaminonitrile group. Poly enaminonitriles)
:rom olphenyl monome" I and terphenyl monomer 2 should exhibit lower dielectric constants
:*nan polymer XII. Dielectric constants of these polymers were measured with mercury
:iectrodes using an HP 4274A LCR meter at room temperature. The frequency range was 0.1
o (X) KHz. The films had been cast from DMF solution. The results are shown in Table 5 to

The aielecmc constant of polv(enaminonitriles) 11. 12, 13 and 14 at 1(X) KHz were 4.95,
Z.94, 4.53 and 4.04, respectively. These values are smaller than the dielectric constant of
poly(enaminonitrile) XII. These results clearly show the dipole dilution effect on dielectric
constant of the polymer. A bulky monomer lowers the number of strongly polarized
enaminonitrile groups per unit volume.



Table 5. Dielecmc measurement for poiy(enanunonmmiei 11. The film thickness was

17.9 .m. 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 After being After being

(KHz) ,oaked in water soaked in water redried in vacuum
E tan 6 6 tan 6 6 tan 6

0.1 5.19 0.0124 5.88 0.0143 5.10 9.0093

0.2 5.16 0.0116 5.84 0.0132 5.09 0.0089

0.4 5.14 0.0105 5.81 0.0119 5.06 0.0082
1 5.10 0.0097 5.77 0.0110 5.03 0.0080

2 5.08 0.0093 5.75 0.0104 5.01 0.0079

4 5.0)6 0.0091 5.72 :).0099 5.00 0.0079
40 0 -. ).0097 5.69 ') 0100 1 97 0.0087

20 0106 5.6 0.0103 -1.-)5 ').0095

.() ' 0120 5. 04 ).0108 1.93 ) 0107

100 9 ) )141 -.60 0.0117 4.89 .0120

Table 6. Dielecuic measurement for poly(enaminonitrile) 12. The film thickness was

-4 1 am. After the initial measurement, the film was soaked in boiling water for 3 hours.

Frequency ,etore being After being
soaked in water soaked in water

KHz) ." tan6 tano

0. I 4.08 0.0085 4.53 0.0096

0.2 -1.07 0.0080 4.51 0.0091

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 4.44 0.0074

10 4.00 0.0073 4.42 0.0079

20 3.99 0.0083 4.41 0.0084

40 3.97 0.0096 4.39 0.0093
100 3.94 0.0117 4.36 0.0108



..oie Dieiecmc measurement *or rpolyenarmnonimie) 13. The film tnicKness was

.- z um. After the initiai measurement, me film was soaked in noliin2 water ror 3 hours, and

.en reoined in vacuum at ,() 'C ,or 3 days.

?requency ,,etore eing -,fter oeini ',fter neimi

KHz) oaed in water soaked in water redried in vacuum

'an, tano :ano

.0148 03 0423 -. 93 W124

0.2 4.74 0.0136 5.94 0.0346 4.90 0.0116

0.4 4.72 0.0122 5.87 0.0288 4.88 0.0106
' 10112 5. 78 0.0236 ".5 1).0100

)0106 5.73 0.0207 -1.83 0.0096
-. . - '10104 <.69 ).0 186 -. 81 ).()094

,') ')I 0 o3 )0169 78 1,.0098

2) . 1 .5)6() " 76 ' 0102
-0O 1 0126 5 55 -).0154 /.74 ).0107

05) 145 ;.5o) 0.0150 - 0o ).0109

aole ,,. Dielectic measurement tor poiy(enaminonimle) 14. The film thicKness was

Frequency ('aacitance 6 tan 6

,KHz) F K 1o1 1l

.1 9 37 4. 29 0.0197

'). 2 o8.. 3 ,t 26 0,0175

0.4 8.37 4.23 0.0153

i 67.76 4.19 0.0135

2 67.40 4.17 0.0123

4 1)7.08 4.15 0.0116

10 )0.61 4 12 ).0113
20 o6.29 -4.10 0.0115

40 )5.96 4 08 (.0118

100 05.40 4.04 0.0120

\ dipoie moment of 4.21 D was calculated for the following enaminonitnle when the amino

IouD '. as coplanar ituh the double bond. 14



0 NC CN

HN H

7,bie 9 contains dielectric data of four poly(enaminonimles) ana the volume of the repeating

.int of each polymer. The volume was calculated from group contribution parameters 15 .Even

hough the dielectric constant is not directly proportional to the volume of the repeating unit, the

.ara 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

.1ccuoies volume without contributing significantly to the net dipole moment of the molecule

ind forces the large dicyano groups off the same side of the molecule, resulting in a reduction

r te iet dipole moment. 1 6 Polymer 13 has a lower dielectric constant than polymer 11

nich h' as a larger repeating unit volume. This discrepancy m1v be the result of absence of the

::ner :inkaze. resulting in more rigid structure which makes orientation of the polar groups

nore cufficult. The oxygen atom also affects the net dipole moment.

7-ble 9. Repeating unit volume and dielectric constant of poly(enaminonitnles)

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 parameter 15 .

Electronic, atomic and orientation polarization are all caused by charges that are locally bound

.n atoms, molecules or the structure of solids. Another type of polarization in the bulk sample,

the so called interfacial polarization, can occur when the sample contains defects or a separated

?-hase. 17 The separated phases cause a localized accumulation of charge at the interfaces which

increases the dipole moment, resulting in unusually high values of dielectric con. ant at low

frequency. Interfacial polarization principally influences the low frequency (10- 5 to 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 is a relatively slow process compared with electronic and atomic

polarization. Dielectric relaxation is the lag in dipole orientation 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



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

,onstant 19 of the dielectric material is expressed as 6* = 6' - iS;" where 6' is the measured

aielectnc constant of the sample and " is the imaginary part of the dielectric constant, .nown

as the dielectric loss factor. The ratio of C' and 6" is called tan .

tan " energy dissipated per cycle
energy stored per cycle

Tan 5 is usually called the dielectric loss tangent or the dissipation factor. The dielectric

-onstant and dielectric loss at high frequency are characteristics of the chemical structure of the

polvmer. Tan 8 becomes increasingly sensitive to small molecules such as residual solvent,

. ater or impurities in polymer films at low frequency. If there is a significant amount of

.-esidual solvent or ionic impurities such as LiCI, tan 6 would be high at low frequenry and

:much lower at high frequencies. As shown in Table 5, 6. 7 and 8, tan 6 for polymer 11, 12,

13 and 14 changes very little over the whole frequency range examined, indicating the

polymer samplcs were free of any significant amount of impurities. However, it was found that

the E 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 observation 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.

7o determine the effect of absorbed water on the dielectric properties, the polymer films were

-oiled in 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 8 data of polymer 13 showed the characteristic

changes caused by absorbed water: tan 8 rapidly decreased as frequency increased. However,

tan 8 of polymer 11 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 affects the relaxation time of the absorbed

water molecule. Further investigation of the change in tan 8 over a wider range of frequency

and temperature is needed to understand these phenomena.



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

Polymer Water Absorption Dielectric Constant

(%) Change (%) at 100 KHz

11 3.17 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,

producing poly(enaminonimles) with molecular weights varing from low to moderately high,

jepending on the diamine comonomers. The polymers, except 16. were soluble in polar,

.'protic solvents such as NMP. DMF, DMAc and DMSO before curing, but became insoluble

in any organic solvents after ,uring. Polymer 16 was only soluble in hot DMSO, pyridine and

NMP containing 2% LiCI. 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-

products. Maximum exothermic peak temperatures due to curing vaned with the diamine

,tructure: electron donating substituents on the aromatic ring decreased the curing temperature.

Polytenaminonitriles) from biphenyl and terphenyl monomers with aromatic diamines which

Jo 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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