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Abstract

Charge-Transfer Coaplexes of Polymers Containing 

Pendant Heterocyclic t ings

by

Libaniel lodriguez 

Adviser: Professor Nan-Loh Yang

Charge-transfer complexes of a se r ie s  of th ree  polymers 

containing pendant he terocyc lic  po la r  r in g s ,  poly(2- v in y lp y r id in e ) , 

P2VP, p o ly (3 -v iny lpy ridaz ine) , P3VPd, and po ly (4 -v iny lpy ridaz ine) , 

P4VPd, with iodine were s tudied . The P2VP polymer, upon complex 

formation with iodine a t  low tem peratures, led to  c ross link ing  and 

degradation of the polymer as well as generation of paramagnetic 

cen ters  in the  complex. These phenomena were not observed fo r  the 

polymers P3VPd and P4VPd under the  same conditions . The d iffe ren ce  in 

behaviour was ascribed to  the higher resonance energy of pyridine 

compared to  pyridazine.

For the study of the  P3VPd-Ij and P4VPd-Ij systems, two new 

polymers, P3VPd and P4VPd, and th e i r  monomers, 3- and 4 -v iny l­

pyridazine, as well as t h e i r  precursor a lcoho ls ,  3- and 4- (0 -hydroxy- 

e thy l)py ridaz ine  were synthesized and charac te rized  fo r  the  f i r s t  time



by us. Our study of the nev polyaers shoved th a t  the  d if fe ren ces  in 

d ire c t io n  and aagnitude of the d ipole  moment of the  pendant pyridazine 

r ings  vere responsible  fo r  the s te reo reg u la r i ty  of the  polyaers.

Dipole in te ra c t io n s  vere found to  cause s ig n if ic a n t  d if fe ren ces  in 

d i lu te  so lu tion  v isco s i ty  as v e i l  as thermal behaviour of the  tvo 

polyaers. For rad ic a l  P4VPd, an unusual r ig id  rod s tru c tu re  leading 

to  l iq u id  c ry s ta l l in e  behaviour, not found in P3VPd, vas observed.

The syn thesis  of the  tvo nev interm ediate a lcoho ls ,  3- and 

4-0- (hydroxyethyl)pyridazine required the developaent of a nev 

anhydrous ao lecu la r  formaldehyde reagent so lu tion  vhich ve employed 

su ccess fu lly .  Ve shoved these anhydrous so lu tions  v ith  con tro lled  

concentra tions of molecular formaldehyde to  be e f fe c t iv e  in the  

add ition  of one carbon to  organometallic species including Grignard 

reagents and demonstrated t h e i r  broad p o te n t ia l  fo r  organic syn thes is .

C harge-transfer complex formation of the  nev polymers v i th  iodine 

re su lted  in adducts v ith  d i re c t  curren t conductiv ity  a t  l e a s t  in the 

same range as the  semi-conductive P2VP-iodine system, i . e .  10*s to 

10'4 fl-cm'1.

The tvo nev polymers shoved b e t te r  thermal s t a b i l i t y  compared to  

P2VP. This property , combined v ith  semiconductive behaviour and 

spec ia l  p ro p e r t ie s  such as r ig id  rod and l iq u id  c ry s ta l  behaviour, 

suggests c lea r ly  th a t  polymers v i th  he te rocyc lic  pendant r ings  can be 

competitive systems to  the  uns tab le , highly conjugated backbone, 

ch a rg e-tran sfe r  complexes studied ex tensively  in  the  past tvo decades.
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I .  imODUCTIOR:

I t  i s  the ob jective  of th i s  th e s i s  vor': to  in v es t ig a te  a 

s e r ie s  of polymeric charge-transfe r  complexes v i th  systematic 

s t ru c tu ra l  v a r ia t io n s .  Three polymers vere studied: 

po ly (2 -v in y lp y rid in e ) , po ly (3 -v iny lpyridaz ine), and po ly(4-v iny l­

pyridaz ine) .  The l a t t e r  tvo polymers vere synthesized and 

charac te rized  fo r  the  f i r s t  time by us fo r  the purpose of t h i s  study.

Molecular complexes formed betveen e lec tron  donors and e lec tron  

accep tors , e .g .  pyridine v ith  I 2 , are knovn to  ex h ib i t  very 

in te re s t in g  e lec tro n ic  p ro p e r t ie s1 vhich a re  absent in the  individual 

components of the complex. An understanding of the manner in vhich 

c h arg e- tran s fe r  imparts sp ec if ic  and usefu l c h a r a c te r i s t i c s  to  the 

complexes formed is  highly d es irab le  fo r  the  purpose of the  con tro lled  

design of charge-transfe r  complexes v ith  nev and useful p ro p e r t ie s .

In recent years a grea t deal of vork has been done in the  area  of 

ch a rg e-tran sfe r  complexes of inorganic as v e i l  as organic and 

polymeric m a te r ia ls .  A large  pa rt  of these  s tud ies  deal v i th  the 

e f f e c t  th a t  complex formation has on the  e lec tro n ic  conductiv ity  of 

polymeric organic m a te r ia ls . 3 In th i s  a rea , i t  has been observed th a t  

some polymers can form charge transfer-complexes v i th  e lec tro n  donors 

such as Li and Na, and v ith  e lec tron  acceptors l ik e  AsF$, I 2 and Br2. 

These dopants, upon complexing v i th  the  polymer, can transform the 

e le c tro n ic  conductiv ity  of the system from a t o t a l  in su la to r  in the
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However, the a a jo r i ty  of the conductive polyaers studied and reported 

up to  now contain highly conjugated backbone s t r u c tu r e s . 1 This r ig id  

s t ru c tu ra l  fea tu re  alone aakes these  polyaers ra th e r  in so lub le . As a 

r e s u l t ,  t h e i r  ch a rac te r iz a t io n  requ ires  aethods app licab le  in the 

so l id  s t a t e .  The d e te ra in a tio n  of ao lecu la r  weights fo r  these  

polyacric  systeas has been very d i f f i c u l t  and in the  best of cases 

highly q u a l i t a t i v e . 1 In add ition , aost highly conjugated backbone 

conducting polyaeric  charge-transfe r  sy s teas ,  e .g .  doped polyacetylene 

and poly(p-phenylene s u l f id e ) ,  are  not s tab le  in a i r . 4*1 They are 

very sen s i t iv e  to  a taospheric  water vapor. Their e le c tro n ic  

conductiv ity  degrades rap id ly  when exposed to  a o i s tu r e . 6

The search fo r  s tab le  and useful ch arge-transfe r  polyaeric  

systems has brought a t te n t io n  to  polyaers containing e lec tro n  donor or 

e lec tro n  acceptor a o ie t ie s  pendant to  a vinyl polyaer backbone. This 

fe a tu re ,  in p r in c ip le ,  enables the  c h a rac te r iz a t io n  of the  i n i t i a l  

polyaer by various aethods, including ao lecu la r  weight d e te ra in a t io n  

before the  fo raa tio n  of the  coaplexes. The fo raa tio n  and charac­

te r iz a t io n  of the charge-transfe r  coaplexes in the  so lid  s t a t e  can 

then be studied s y s te a a t ic a l ly  by aethods such as so lid  s ta t e  1SC N li, 

IE, conductiv ity  aeasureaents e tc .  P o ly (2 -v iny lpyrid ine) ,  P2VP, and 

the two newly synthesized re la ted  analog polyaers po ly(3-v iny l­

py ridaz ine) ,  P3VPd, and poly(4-v in y lp y r id az in e ) , P4VPd, carry  e lec tron  

donating h e te rocyc lic  pendant r ings  with v a r ia t io n s  in d i re c t io n  and 

aagnitude of t h e i r  d ipole  aoaents.



POLYDft POL11ITT OP PBRDAHT TIIHL 610UP 
(based oa ae tk y l  d e r iv a t iv e )

(_CH-Cl2-)n

Poly(2-vinylpyridine) 
P2VP

( - C H - C H j - ) n

Poly(3- v in y lp y r id az in e ) , 
P3VPd

( - C H - C H j - ) n

2.16 D*

N
o  I 3.86 D«

V

4.34 D®

Poly(4- v in y lp y r id az in e ) , 
P4VPd

In a d d it io n ,  the  charge-transfe r  coaplexes of t h e i r  monoaeric 

ao lecu la r  analogs®*10 as well as those of P2VP11, show good 

seaiconduc- t in g  behaviour and auch b e t te r  s t a b i l i t y  in a i r  and 

a o is tu re  coapared with those of the  conjugated backbone polyaers 

aentioned above.

In order to  coapare pendant p y r id in e / I2 ch a rg e-tran sfe r  coaplexes
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and pendant pyridaz ine/I?  coaplexes, polyaers v i th  the  pyridazine 

ao ie ty  pendant to  the  aacroaolecule backbone vere prepared. This vas 

achieved by the po lyaeriza tion  of the  tvo nev aonoaers synthesized and 

charac te rized  by us fo r  the f i r s t  t i a e :  3- v inylpyridazine  and

4 -viny lpyridazine . Polyaerization  gave tvo nev polyaers: P3VPd and 

P4VPd. Thus, ve have a se r ie s  of th ree  s t ru c tu ra l ly  re la te d  polyaers: 

P2VP, P3VPd and P4VPd. Each polyaer contains a pendant he terocyc lic  

r ing  knovn to  fo ra  ch arg e-tran sfe r  coaplexes v i th  iodine.

In v es tiga tion  of the  po ly (2 -v iny lpyrid ine)- iod ine  sy stea  i s  a 

Bain focus in th i s  th e s i s  vork. P2VP/Ij c h arg e- tran s fe r  coaplexes are 

used as the cathode a a t e r i a l  fo r  l i th iu a - io d in e  c e l l s 12 because of i t s  

s t a b i l i t y  and good seaiconductive behavior. Previous s tu d ie s  by Yang 

e t  a l .  shoved th a t  the  perforaance of l i th iu a - io d in e  c e l l s  depend 

s ig n i f ic a n t ly  on the  p ro p e rtie s  of the  cathode a a t e r i a l  P2VP-1]. In 

order to  coaplete  the fo raa tio n  of the  ch a rg e-tran sfe r  coaplex of 

p o ly a e r - I2 , i n i t i a l  heat t re a ta e n t  i s  req u ired . 13 The physical and 

cheaical changes due to  th i s  t r e a ta e n t  are  not thoroughly understood. 

In th i s  pa rt  of the  vork ve se t  out to  in v es t ig a te  the  processes 

involved vhen P2VP i s  heated in the  presence of I 2 a t  the  re la t iv e ly  

lov teap e ra tu res  of 65°C to  60°C. For th i s  purpose, P2VP samples of 

tvo d i f f e r e n t  ao lecu la r  veights vere doped v i th  iodine in a r a t io  of 

one pyrid ine r ing  per 20 I 2 ao lecu les .

S o lu b i l i ty  s tu d ie s ,  13C NIE, ESR and GPC in v es t ig a t io n s  es tab ­

l ish ed  the generation of paramagnetic cen ters  in  the  cathode m ateria l 

and the  c ross link ing  of the  polymer as v e i l  as i t s  concurrent degra-
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dation as a function of polyaer ao lecu la r  weight, teap e ra tu re  and 

dura tion  of heat t r e a ta e n t .

P a ra l le l  to  the  P2VP-I2 s tud ies  considerable  e f f o r t  was invested 

in the  syn thesis  and ch a rac te r iz a t io n  of the  tvo new polyaers P3VPd 

and P4VPd. This involved the synthesis  of 3- and 4 - (fi-hydroxy- 

e thy l)py ridaz ines  followed by th e i r  dehydration to  give the  respective  

aonoaers and subsequent po lyaeriza tion  to  obtain  t h e i r  polyaers.

Several a t te a p ts  to  synthesize the in te ra e d ia te  alcohol

3- (fi- hydroxyethyl)pyridazine and the 3-v inylpyridazine  aonoaer vere 

aade previous to  th i s  th e s is  vork. One successfu l aethod re su l t in g  

from th a t  e f f o r t  yielded the 3 -v inylpyridazine aonoaer in an 

acceptable y ie ld  (257.) and high p u r i ty 14 (see Scheae 2 in section 

IV .A .l .a ) .  In th i s  aethod, no a t te a p t  was aade to  ch arac te r ize  or 

i s o la te  the  in te ra e d ia te  3- (/?-hydroxyethyl)pyridazine. The saae 

aethod and i t s  v a r ia t io n s  fo r  the synthesis  of 4- (/J-hydroxyethyl)- 

pyridazine and the 4-v inylpyridazine  aonoaer always re su lted  in the 

polyaer P4VPd.

Since contro l over the  po lyaeriza tion  reac tion  was des ired ,  a new 

aethod fo r  the  synthesis  of the  4 -vinyl aonoaer needed to  be 

developed. The r e s u l t  was the  aethod shown in Scheae 1 . 1S

This aethod involved the  a e ta la t io n  of ae thy lpyridazine  by 

l i t h i u a  d iisopropylaa ide  (LDA) a t  low teap e ra tu re  and anhydrous 

conditions followed by the condensation of the  l i t h i a t e d  ae thy lpyrid ­

azine v i th  anhydrous T1F foraaldehyde so lu tio n .  The re s u l t in g  alkyl- 

l i th iu a p y r id az in y l  anion was then reacted  v i th  water to  obtain  the



6

SCIEIE 1

Synthesis of it-vinyl pyridazines

LDA

n-nethylpyridazine

Clj L i4

CliO

n -p y r id az in y ln e th y ll i th iu n

CHj -CBj —0" Li*

B,0

CHj—CHj—OH

n-pyridaz iny le thoxy lith iun  n- (fi- hydroxyethyl)pyridazine

USOi
hydroquinone

C1=CI3

i- v inylpyridazine
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desired  a lcohol. These alcohols vere in  general obtained in good 

y ie ld .  Dehydration of the  alcohol was e ffec ted  by fnsed po tass iua  

hydrogen s n l fa te  in the  presence of hydroqninone as a rad ic a l  

in h ib i to r .  The 4 -vinylpyridazine aonoaer vas obtained by t h i s  aethod 

in  a  s a t i s f a c to ry  y ie ld ,  i . e .  47Z.

This process vas a lso  successfu l in the  syn thesis  of 3-(0-hydro- 

xye thy l)pyridaz ine  and 3-vinylpyridazine .

The nev aethod proved to  be aore e f f i c i e n t  than the  previous high 

te ap e ra tu re  and pressure  aethod fo r  the  fo llov ing  reasons:

1. I t  requ ires  only lov teapera tu re  and pressure  ( i . e .  -78°C 

and 1 a ta ) .

2. I t  allows the iso la t io n  in good y ie ld s  and c h a rac te r iza t io n  

of the  3- and 4-pyridazine a lcohols.

3. I t  gives acceptable y ie ld s  fo r  both aonoaers.

4. F in a l ly ,  no spec ia l  equipaent i s  needed as opposed to  the  prev­

ious aethod in vhich a  pressure  reac to r  vas required .

By t h i s  new procedure, th ree  new ao lecu les  vere i so la ted  and 

charac te rized  by ‘I  and 1SC NIK as v e i l  as e lea e n ta l  a n a ly s is .

CI3CI30I CIj CIj OB

3- (0- Iydroxyethyl)pyridazine 4- (/7-Iydroxyethyl)pyridazine
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CI=CI2

4- vinylpyridazine

3*Vinylpyridazine, vhich had been previously synthesized by a 

d i f f e r e n t  aethod, 14 was a lso  synthesized by the  nev aethod in a 

s a t i s fa c to ry  y ie ld .

In the  search fo r  the procedure shovn in Scheae 1, ve developed 

an anhydrous THF ao lecu la r  foraaldehyde so lu tion  v i th  con tro lled  

concentra tion . This so lu tion  proved to  be s tab le  a t  teapera tu res  as 

high as 0°C. lH NIR s tud ies  of t h i s  so lu tions  a t  0°C shoved 

foraaldehyde to  e x is t  in i t s  pure ao lecu la r  fo ra ,  and not in 

e q u i l ib r iu a  v i th  parafora  or ae th y lo ls  as in the  case of aqueous 

so lu tions  of foraaldehyde. 16

The aonoaers obtained by the nev aethod vere successfu lly  

polyaerized in bulk and in so lu tion  by ra d ic a l ,  th e ra a l  and anionic 

i n i t i a t i o n .  The respec tive  polyaers obtained vere charac te rized  by 

so lu tion  and so lid  1SC NIR as v e i l  as by e lea e n ta l  an a ly s is .  V iscosity  

aeasureaents  on d i lu te  so lu tions  of the  tvo nev polyaers revealed 

r ig id  rod so lu tion  behavior fo r  P4VPd not re ad ily  observable fo r  

P3VPd. This phenoaenon, ve believe vas caused by the  d i re c t io n  and 

la rge  aagnitude of the  d ipole  aoaent of the  pendant pyridazine r ing  in 

P4VPd. Theraal ana ly s is  of both polyaers revealed t h e i r  th e ra a l  

s t a b i l i t y .  Studies of the  ch arg e-tran sfe r  fo raa t io n  of the  polyaers
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with I j  were Bade by use of ESR and iodine uptake. Conductivity 

aeasureaents shoved th a t  the new polyaers upon foraing  charge-transfe r  

coaplexes with iodine becoae seai-conductors and conduct d i r e c t  

curren t a t  le a s t  a t  the  saae leve l as the ch a rg e-tran sfe r  coaplexes of 

P2VP with iodine, i . e .  10‘ 5 -10*J fl-ca*1.
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I I .  LITBUTU1E 1EVIEV

In th i s  sec tion  some basic background in the areas of charge- 

t r a n s fe r  and polymeric ch a rg e-tran sfe r  coaplexes i s  provided.

The poly(2-v iny lpyrid ine) polyaeric  systea  is  then revieved, 

concentrating  aain ly  on i t s  ch arg e-tran sfe r  coaplexes with I j  and the 

use of these  coaplexes as the cathode a a t e r i a l  in l i t h iu a  iodine 

c e l l s .  F ina lly  soae general background on pyridazine w ill  be 

discussed.

II .A . CHARGE-TRANSFER COMPLEXES

Charge-transfer complexes are  foraed as a r e s u l t  of p a r t i a l  

e lec tro n  t r a n s fe r  from the donor to  the  acceptor. The f r a c t io n  of 

e lec tro n  t r a n s fe r  va ries  g re a t ly ,  f roa  close to  zero to  a lao s t  one, 

depending on the e lec tro n  donor-acceptor p a i r  and on the  e lec tro n ic  

s t a t e  of the complex. C harge-transfer complexes are  a lso  viewed as a 

quantum mechanical resonance between a no-bond s t ru c tu re  and a 

s t ru c tu re  with a bond D*-A' . 17

The forces leading to  the formation of ch a rg e-tran sfe r  complexes 

are  thought to  be highly d i re c t io n a l  and favored only when the ground 

and e le c t ro n ic a l ly  excited  s ta te s  of the  acceptor and donor belong to  

the  same group th e o re t ic a l  species and a re  of the  same symmetry. This 

requirement allows the maximum overlap between the odd e lec tro n s  in 

the  excited  molecular o r b i t a l  of the  donor and the lowest excited 

s ta t e s  of the  acceptor. Once the  charge t r a n s fe r  complex is  formed,
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i t  shows a spec ia l  c la s s  of intense e lec tro n ic  absorption spec tra  

c h a r a c te r i s t i c  of the coaplex D*A and non-existing  in e i th e r  p a rtne r  D 

or A a lo n e . 17

The d iscussion above app lies  in general to  ch arg e-tran sfe r  

coaplexes in so lu tion , lovever, lu l l ik e n  observed in 1952 th a t  

c h arg e- tran s fe r  forces operate in aore or le s s  loca l ized  fashion in 

the  so l id  as in the l iq u id ,  l e  Bade th i s  suggestion in view of the 

fa c t  th a t  soae ao lecu la r  coaplexes e x is t in g  in so lu tion  can often 

appear as c ry s ta l l in e  s o l i d s . 17

Pyrid ine-iodine  is  an exaaple of a ch arg e-tran sfe r  coaplex known 

to  e x i s t  in so lu tion  as well as in the  so lid  s t a t e .  In so lu tio n ,  

these  coaplexes e x is t  as the quaternized py rid in iua  ion18 as well as 

the  t  I j -p y r id in e  coaplex. 18 In the  so lid  s t a t e ,  as the  polyaeric  

P2VP-Ij ch arg e-tran sfe r  coaplex, however, the  d e ta i l s  in donor 

acceptor in te ra c t io n  a re  s t i l l  not well understood.

Foraation of the pyrid ine-iod ine  coaplex has been studied by UV, 

IR1* and 13C NIR. 18 In 13C N1R the fo raa tio n  of the  ch arg e-tran sfe r  

coaplex has been asce rta ined  by a coaparison of the  spectrua of the 

uncoaplexed pyridine to  th a t  of the  ao lecule  in the  coaplex. I t  was 

observed ex p er iaen ta lly  th a t  soae carbon absorptions in the  coaplex 

s h i f t  downfield by as auch as 13 ppa. 18 This s h i f t  i s  caused by the 

new e le c tro n ic  d i s t r ib u t io n  upon coaplexation and has been found to  be 

c o n s is ten t  with p red ic tions  of theo ry . 18 The saae type of s h i f t s  in 

aagnitude and d i re c t io n  has been observed by us fo r  the  po ly(2- v iny l­

pyrid ine)- iodine ch a rg e-tran sfe r  coaplexes in so l id  s ta t e  18C NIR



12

sp ec tra .  This i s  not su rp ris in g  since in genera l ,  the e lec tro n ic  

s ta t e  of the pendant molecule is  very s im ila r  to  th a t  of the  iso la ted  

molecule. 3 Thus, the  e lec tro n ic  in te ra c t io n s  of the  pendant 

ch arg e- tran s fe r  complexes are  e s s e n t ia l ly  the  same as those of a 

randomly o rien ted  ensemble of the  small molecule ch arg e-tran sfe r  

complexes. 3

II .B .  P01Y(2-VINYLPYRIDINE)-IODINE SYSTEM

The presence of the he terocyc lic  nitrogen in poly(v inylpyrid ine) 

imparts basic  p ro p e r t ie s  to  the polymers. Poly(2-v iny lpyrid ine) 

undergoes most of the chemical reactions  reported fo r  a lky lpy rid ines . 

Among the most important ones are: reac tion  with ac id s , qua tern iza tion  

with a lky l ha lides and N-oxidation. The polymer resembles pyrid ine in 

i t s  a b i l i t y  to  form complexes with several metal ions including Cu34, 

Co34 and I n 34. I t  a lso  forms molecular complexes with I s , 11' 10 

phenol, SO2 and many Lewis bases.

Poly(2-v inylpyrid ine) exh ib its  good thermal s t a b i l i t y  when dry. 

I t s  g la ss  t r a n s i t io n  temperature has been shown to  be in the  range of 

100° to  120°C depending on the molecular weight of the  polymer. 30*31 

The thermal s t a b i l i t y  of the  polymer decreases upon protonation or 

conversion to  1- alkylpyridinium s a l t . 33 In general the  thermal s tab­

i l i t y  of the  polymer decreases with the  ex ten t of q u a te rn iza t io n . 33

Poly(2-v inylpyrid ine) is  moderately hygroscopic, soluble  in 

methanol, THF, a ce t ic  acid and pyrid ine . I t  i s  inso lub le  in benzene, 

to luene and cyclohexane. The polymer shows weaker b a s ic i ty  than i t s
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aonoaeric counterpart.  For exaaple, 2 -e thy lpyrid ine  has a pi* of 5.89 

while P2VP shows a pi* of 3 .5 . 31

Dry poly(2-vinylpyrid ine) in r e la t iv e ly  pure fo ra  ex h ib its  

e lec tro n ic  in su la t in g  p ropertie s  ty p ica l  of aost  v inyl polyaers. 

lowever, qua tern iza tion  of the  f ree  base with a lky l ha lides  or the 

add ition  of water or ac id s , including Lewis acids can ia p a r t  

seaiconducting p ro p e rtie s  to  the polyaer. P2VP has been coaplexed 

with TCNQ (7 ,7 ,8 , 8- te tracyanoquinodiaethane). The conductiv ity  of the 

coaplex has been con tro lled  over several orders of aagnitude by 

varying the aaount of TCNQ. Conductiv ities as high as lO ^ f l’Ca*1 have 

been obtained in these  s y s te a s . 34 The uses of P2VP range froa  

a g r ic u l tu ra l  and aed ica l uses to  photographic and b a tte ry  

a p p l ica t io n s .  i i '> 3

C harge-transfer coaplexes of P2VP with ao lecu la r  iodine have been 

u t i l i z e d  as the  cathode a a te r i a l  in s a a l l  so l id  s ta t e  b a t te r ie s  in 

which long l i f e  under low curren t d ra in  i s  req u ired . 13 Applications 

of these  b a t te r ie s  include iap lan tab le  cardiac paceaakers. The use of 

P2VP/I3 as a cathode a a t e r i a l  o ffe rs  aany advantages: i t  provides high 

energy d e n s i ty , 11 long she lf  l i f e  and in a d d it io n ,  no gas i s  generated 

during the  operation of the  b a t te r y . 13

II .C .  PYIIDAZINE

Pyridazine and i t s  d e r iv a tiv e s  have been known since the  19th  

Century. 3 Although the basic  syntheses and r e a c t iv i ty  were 

inves t iga ted  in the  ear ly  years, in te r e s t  in these  coapounds was not
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very in tense . Unlike the other tvo d iaz in es ,  py ria id ine  and pyrazine, 

and th e i r  b icy c l ic  compounds, pyridazines do not occur coaaonly as 

na tu ra l  products.

Several extensive reviews on pyridazine and i t s  d e r iv a tiv e s  are 

ava ilab le .*  as-ar Studies on pyridazines range froa  the 

t h e o r e t i c a l 2*-as* to  t h e i r  a n t i - v i r a l *0 and a n t i -c an c e r*1 a c t i v i t i e s .  

However, s tu d ie s  on the charge-transfe r  coaplexes of pyridazine are 

ra th e r  l i a i t e d .

In general pyridazines are  coaplete ly  a i s c ib le  with water and 

alcohols due to  the lone e lec tron  p a ir  in the nitrogen being capable 

of fo ra ing  hydrogen-bond with hydroxylic so lven ts . The b a s ic i ty  of 

the pyridazine ring i s  lower than th a t  of pyridine (pKa 2.33 fo r  

pyridazine and 5.23 fo r  py rid ine).  Pyridazine has a high dipole 

aoaent of 3.45 D, perhaps aaong the h ighest fo r  organic a o ie t ie s .a a b  

I t  has a r e la t iv e ly  high b o il ing  point of 208°C which has been 

a t t r ib u te d  to  e l e c t r o s t a t i c  forces a r is in g  f ro a  the high peraanent 

d ipole  aoaent.*

A few pyridazine-iodine  ch arge-transfe r  coaplexes have been 

reported  recen tly .  The fo raa tion  of these  coaplexes has been studied 

by >H NIR, 10 x-ray crys ta llog raphy , I I  and e lea e n ta l  a n a ly s is . 0 The 

coaplexation of pyridazine to  iodine in  a r a t i o  of one pyridazine to  

1. 0-1 .4  I 2 ao lecules  was found*. The re s u l t in g  adducts are  reported 

to  possess low e lec tro n ic  r e s i s t i v i t y ,  high s t a b i l i t y  to  aabient 

conditions and ex ce llen t th e ra a l  s t a b i l i t y .

lo re  re cen tly ,  pyridazine-iodine  ch arg e-tran sfe r  coaplexes have
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been used in combination poly(2- v iny lpy r id ine)- iod ine  complexes as the 

cathode m ateria l fo r  li th ium -iodine  c e l l s .  This cathode m ateria l 

mixture r e s u l t s  in longer she lf  l i f e  fo r  the  b a t t e r i e s  and higher 

cu rren t d e n s i t ie s .  The reasons fo r  the  improvement of p ro p e r t ie s  upon 

use of th i s  m ateria l as opposed to  P2VP/la alone as the  cathode 

m ateria l are not yet understood. 33

Studies of pyridazine from the point of view of polymer chemistry 

a re  scarce. The most recent re p o r t ,  i s  th a t  fo r  poly(3-vinylpyrid- 

a z in e ) ,  by our group in Chemical Communications. 14
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I I I .  P0LY(2-nULPTUPIIE)- IOIHB STSTBI

Poly(2-v iny lpyrid ine) i s  used as the  cathode a a t e r i a l  in 

l i th iu a - io d in e  c e l l s .  The performance of these  c e l l s  depends 

s ig n i f ic a n t ly  on the  p ro p e r t ie s  of the  polymeric ch a rg e-tran sfe r  

a a t e r i a l .  In order to  complete the  fo raa tio n  of the  conductive 

ch arg e- tran s fe r  complex, i n i t i a l  heat treatm ent i s  requ ired . This 

treatm ent causes physical and chemical changes previously not 

understood. Ve repo rt  here our f ind ings r e f le c t in g  these  changes.

I I I .A .  EXPERIMENTAL

I I I .A . I .  Heat treatm ent of the  cathode a a t e r i a l

Samples of po ly (2-v iny lpy r id ine) ,  P2VP, (C atalyst Research Corp.) 

of molecular weights 2 X 104 and 4 X 10s were ground and passed 

through a standard 270 mesh sieve . Before use, each sample was d ried  

under vacuum fo r  a t  le a s t  24 hours and then dry mixed with iodine in a 

r a t io  1/ 20, p o ly a e r / I3 , in a  ro l led  g lass  j a r  fo r  twenty minutes. The 

m ateria l was then pressed in to  a p e l l e t  21.3 mm in diameter and 0.66 

mm th ick  using 3.6  kilograms of fo rce  with a hydraulic  p re ss .  The 

p e l l e t  was herm etica lly  sealed in to  a c e l l  case which i t  completely 

f i l l e d .  The amount of m ateria l in  each c e l l  was about 0.75 grams.

The c e l l s  were subjected to  heating a t  60° and 65°C fo r  various 

du ra tio n s .  The cathode m ateria l was then removed from the c e l l  fo r  

determ ination of c rosslink ing  and cen tra t io n  of paramagnetic cen te rs .
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111.1 .2 .  D eteraination of percent crosslinked  polymer

For each d e te ra in a t io n ,  cathode a a t e r i a l  f roa  two c e l l s  was added 

to  80 aL of 20% NaOH aqueous so lu tion . The s lu r ry  was subjected to  

continuous s t i r r i n g  fo r  a t  l e a s t  two hours u n t i l  the  polyaer lo s t  i t s  

v io le t-b la c k  co lor. The mixture was then f i l t e r e d  through l i l l i p o r e  

HVLPO 2500 f i l t e r  d isk s .  The polyaer was reaoved froa  the  f i l t e r  disk 

and dried  a t  75°C fo r  a t  l e a s t  two hours in a vacuua oven connected to 

a aechanical puap. The weight of the  d ried  polyaer was taken as the 

t o t a l  weight of the polyaer, crosslinked and noncrosslinked. The 

d ried  polyaer was then t re a ted  with aethanol a t  45°C fo r  i n i t i a l  

removal of the  noncrosslinked polyaer. The a ix tu re  was f i l t e r e d .  The 

polyaer remaining on the f i l t e r  disk was washed with d i s t i l l e d  water 

and c o lle c ted .  I t  was fu r th e r  t re a ted  with 0.1 N S2O33'  to  reaove I 2 

possib ly  reaa in ing .

The S2O33'/p o ly a e r  a ix tu re  was f i l t e r e d ,  the  polyaer was washed 

with d i s t i l l e d  water and reaoved fo r  t r e a ta e n t  with concentrated HC1. 

The p re c ip i ta te  a f t e r  HC1 t re a ta e n t  was again f i l t e r e d ,  washed and 

d r ied .  The weight of th i s  d ried  polyaer was taken to  be the  weight of 

the  c rosslinked  polyaer.

111.1 .3 . Spin density  aeasureaents

Electron spin resonance absorption of the  h e a t- t re a te d  cathode 

a a t e r i a l  was aonitored with a JEOL model JES-1E-3I ESR spectrometer 

operated a t  X-Band. Spectra were obtained a t  a microwave power level 

where the  peak-to-peak s igna l in te n s i ty  response to  the  square root of
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the aicrov&ve power was l in e a r  and a t  aodulation aap li tudes  of le ss  

than one-fourth of the l in e  width. A aanganese Barker, consis t ing  of 

aanganese ion dispersed in aagnesiua oxide, was f i t t e d  to  the 

aicrowave dual cavity  as a standard to  co rrec t  fo r  any change in the 

cav ity  Q between runs. Saaples of pure DPPH of accura te ly  known 

weight were used as spin density  standards.

All f i r s t  d e r iv a tiv e  curves were doubly in teg ra ted  by the  Vyard 

aethod . 33 Spin density  ca lcu la tio n s  a re  based on the assuaption of

one spin per DPPH (1 ,1 -diphenyl- 2-p icrylhydrazyl) ao lecule . The

quan tity  of DPPH was a lso  deterained  exper iaen ta lly  by aeasureaent of 

i t s  o p t ic a l  density  in benzene, ABaz = 519 no, log t = 4.89. The 

agreement in spin density  between th i s  determination and th a t  from the 

double in te g ra t io n  was s a t i s fa c to ry .

g Values fo r  the ESR absorptions were ca lcu la ted  using the 

equation: g = 6651 /  (3357 - AH), assuaing a g value fo r  the fourth

l in e  of the  In** aarker equal to  1.980 and a aicrowave frequency of 

9300 Iflz. AH is  aeasured from the fourth  In** l in e  to  the  cen ter of 

the  ES& absorption peak linewidth. The r e la t iv e  e r ro r  involved in 

th i s  d e te ra in a tio n  is  ± 0.0005.

I I I .A .4. Gel peraeation  chroaatography, GPC

The gel peraeation  chroaatography in s tru aen t  used was a Vaters

Associates lode l 15C high teapera tu re  GPC Systea with a lo d e l 730 Data 

lodu le . D iaethylforaaaide a t  50°C was used as the  aob ile  phase. 

Soluble portions of the  P2VP-I2 systea  a f t e r  heat t r e a ta e n t  were
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ex&ained fo r  molecular weight changes. For th i s  purpose, standard 

P2VP samples of known molecular weight were mixed with I j  in a r a t io  

of twenty I? molecules per pyrid ine r in g .  These samples were packed 

in to  g la ss  ampules which were then evacuated fo r  15 minutes a t  room 

temperature with a mechanical pump and then sealed under vacuum. Heat 

treatm ents  were carr ied  out fo r  24 hours a t  60°C *1°C. i t  the  end of 

the  heating period , the ampules were opened and the contents were 

mixed with concentrated NaOH so lu tion  to  e x tra c t  I 2 from the polymer. 

The so lid  remaining was subjected to  NaOH treatment again , then 

f i l t e r e d ,  washed with d i s t i l l e d  water and dried  under vacuum. The 

brown polymeric m ateria l was then t re a ted  with methanol. Part of i t  

d isso lved  to  give a yellowish so lu tion , containing an undissolved 

brown so lid  crosslinked  m ate r ia l .  The soluble polymer, presumably 

degraded, was recovered from the methanol so lu tion . This s tep  was 

achieved by evaporating the methanol under vacuum, d isso lv ing  any 

im purit ie s  remaining in the recovered polymer with e th e r  and f i l t e r i n g  

again. The P2VP thus recovered, approximately 67. of the  t o t a l  polymer 

t r e a te d ,  was dried  under vacuum, dissolved in DIF and i t s  average 

molecular weight determined by GPC using the same standards and 

conditions under which the  I w of the o r ig in a l  untrea ted  P2VP was 

determined.

I I I .A .5. Solid s ta t e  C IAS/CP NIR

Solid s ta t e  lSC IAS/CP NIR spec tra  were obtained a t  50.3 IHz 

through the use of an IB1 VP 200 FT NIR spectrometer with a so lid
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s t a t e  attachment fo r  magic angle spinning and cross p o la r iz a t io n ,  

IAS/CP. Contact times vere between 1.3 to  2.5 B ill iseconds . Line 

broadening was op tia ized  to  obtain the best s ignal to  noise r a t io  

without a f fe c t in g  the linew ith .

I I I .A .5 . a. Ti experiaent

The aea8ureaent of Tt fo r  untreated P2VP and crosslinked P2VP was 

done on the saae in s truaen t described above. l3C CP/IAS spec tra  were 

obtained a t  50.3 IHz and contact t i a e s  of 2.0 B illiseconds fo r  

c ro ssp o la r iz a t io n .  In th i s  experiaent the inversion recovery pulse 

sequence, 180- r- 90 was u t i l i z e d .  The t i a e  allowed fo r  long itud ina l 

re lax a tio n  of the spin systea  to  occur, r ,  was varied froa  0.4 seconds 

to  120 seconds and a waiting t i a e  of 6 seconds was allowed in between 

pulse sequences. The saaples used were: un treated  standard 

po ly(2-v iny lpyrid ine) l«  2.4 I  10s and crosslinked poly(2-v inyl­

p y r id in e) .  The c rosslinked  P2VP was obtained by t r e a t in g  a sample of 

the  standard P2VP, ( l w 2.4 I  10s ) ,  in the  saae Banner described in the 

GPC experiment above. The n u ll  method34 was used in order to  estim ate 

Ti fo r  the  carbons of in t e r e s t .  In th i s  method, a t  n u ll  amplitude of 

the  s ig n a l ,  Tt i s  equal to  r / I n  2.

I l l .B .  RESULTS AND DISCUSSION

Figure 1 shows the fo raa tio n  of c ro ss lin k s  in P2VP during the 

course of heat t r e a ta e n t .  The high ao lecu la r  weight, 4 I  10s , polyaer 

foraed c ro ss l in k s  a t  a auch f a s t e r  r a te  than th a t  with the  lower
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Figure 1. Percent P2VP crosslinked  as a  function  of Molecular 

weight, temperature and dura tion  of heat t r e a ta e n t .
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■olecular weight of 2 I  104. A comparison of the  curves a t  65°C and 

60°C fo r  the  sample with the molecular weight of 4 I  10s ind ica tes  the 

marked d if fe ren ce  in the  time required fo r  the onset of c ross link ing  

due to  a f iv e  degree d iffe rence  in temperature. l ig h e r  temperature 

leads to  a much f a s t e r  i n i t i a l  r a te  in the  c ross link  formation. The 

decrease in the  net percent of polymer c rosslinked during l a t e r  stage 

heating in d ica tes  th a t  degradation of the  polymer takes place 

concurrently  with the  process of c ro ss lin k in g . The degradation of 

P2VP was fu r th e r  sub s tan tia ted  through GPC s tud ies  of the  samples with 

c ro ss l in k in g . For the  same heat treatm ent temperature of 60°C, the 

low molecular weight polymer a t ta in ed  a much lower leve l of 

c ro ss link ing  than the higher molecular weight polymer. This i s  to  be 

expected, because lower molecular weight polymer would requ ire  a 

higher number of in te rch a in  linkages per u n it  mass to  become 

cross linked . Controlled experiments demonstrated th a t  

po ly(2- v in y lp y r id in e ) , when heated by i t s e l f ,  does not become 

crosslinked .

Additional evidence fo r  the  c ross link ing  of P2VP was obtained 

through s o l id  s t a t e  l3C 1AS/CP NIR s tu d ie s .  Figure 2 shows the  so lid  

s ta t e  13C NIR spec tra  of P2VP-I2 systems h e a t- t re a te d  (spectrum A) and 

without heating  (spectrum B). The two sp ec tra  in d ica te  th a t  

heat- trea tm en t leads to  considerable broadening of the  absorption 

l in e s  fo r  C2 and Ca+/?. The h a lf  height l in e  width fo r  Cj i s  broadened 

considerably from 238 Iz  to  374 Iz ;  the  combined Co+0 carbon peak, 

from 335 Hz to  622 Iz .  These carbon atoms are  the  ones on and



SPECTIU1 1

88

Co. C/J

SPECTIUI B

88

TTr T 1— I--------------------------   1---------------------------------V I
150 100 50 0

ppa

FIGOIE 2. Solid  s t a t e  1*C RIK sp ec tra  of P2VP-Ij sys tea .

A. IEAT TIEATED

B. CORTKOL

88 -  Spinning Sidebands



24

adjacent to  the P2VP backbone and hence th e i r  mobility would be 

considerably hindered because of the  reduction in polyaer backbone 

segmental aotion due to  c ross link ing . Thus, a lover lev e l of ao tiona l 

averaging of loca l magnetic f i e ld  and hence broader Nil absorptions 

are  to  be expected35. The P2VP-I} systems, untreated  and heat 

t r e a te d ,  show no s ig n if ic a n t  d iffe rence  in 13C Nil absorption chemical 

s h i f t s .  This ind ica tes  th a t  the h e a t- t re a ta e n t  a t  60°C and 65°C did 

not s ig n i f ic a n t ly  a l t e r  the s t ru c tu re  of the polyaer. Evidence here 

s trong ly  supports th a t  poly(2-v iny lpyrid ine) as a cathode component 

can become crosslinked due to  heat t r e a ta e n t  a t  these  low 

tem peratures. Furthermore, the d is so lu t io n  processes in our 

experimental scheme were extremely harsh, i . e .  concentrated HC1 was 

used to  remove non-crosslinked polyaer and S2O33* to  reaove I j .  In 

a d d it io n ,  we have performed q u a n t i ta t iv e  d e te ra in a tio n  of I j  reaoved 

and r e s u l t s  ind icated  I 2 was almost completely reaoved. The 

crosslinked  m ateria l was observed to  remain insoluble  even a f t e r  a two 

days of treatm ent with concentrated HC1.

Linewidths and re lax a tio n  times derived from nuclear magnetic 

resonance are s en s i t iv e  ind ica tions  of molecular ao tion  in polymers. 35 

Spin l a t t i c e  re lax a tio n  times of l3C in polymers are  of p a r t ic u la r  

in t e r e s t  since they are  d i lu te  n u c le i ,  th e re fo re  each carbon shows a 

c h a r a c te r i s t i c  Ti r e f le c t iv e  of t h e i r  sp ec if ic  domain. 35 The spin 

l a t t i c e  re lax a tio n  mechanism is  dominated by d ip o la r  in te ra c t io n  of 

carbon with attached pro tons35 and i t  i s  the re fo re  g re a t ly  a ffec ted  by 

molecular motions ( i . e .  segmental motion, tumbling e t c . ) .
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Relaxation s tud ies  on a ta c t ic  polystyrene revealed th a t  above a 

c e r ta in  ao lecu la r  weight ( 10«), the  re lax a tio n  nechanisa is  dominated 

by segaental aotion and not by ov e ra l l  re o r ie n ta t io n  of the  whole 

molecule.* 7■*8 For such a systea , any fa c to r  hindering segaental 

ao tion  would slow the re laxa tion  aechanisa. Thus long T j ’s would 

r e s u l t .

By analogy to the systea above, our P2VP systems, treated and

untreated, should be affected in the saae Banner.

Figures 3 and 4 show spec tra  fo r  the  Tt measurement of untreated

P2VP and crosslinked  P2VP resp ec tiv e ly .  Our in te r e s t  cen ters  on

determining the Tt of Cj and th a t  of the  combined absorption fo r  

carbons a and /?, Ca+0. These carbons would be the aos t a ffec ted  by a 

decrease of segaental notion of the polyaer,

T j ’s were ca lcu la ted  by estim ating  fro a  the  graphs, the  t i a e  r ,

a t  which the  absorptions fo r  Cj and Co + 0 were n u l l .  The n u ll  

absorp tion , ro , was estimated by d i r e c t  c o r re la t io n  between the 

in te n s i ty  of the absorptions and the  t i a e  r  needed fo r  the  ab­

sorp tion  peaks to  recover f roa  a low negative to  a low p o s it iv e  value.

Table 1 Tj Values fo r  Carbons 2 and a + 0 of
Untreated and Crosslinked Poly(2-v inylpyrid ine)

P2VP Untreated P2VP Crosslinked
Carbon _ Tj= r / 0.69 Tj= r / 0.69

2

a + 0

52 sec * 5 

50 sec * 5

72 sec * 5 

65 sec * 5
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a I

j

C o, Cl4

I

r  = 120 sec.

r = 90 sec.

r  = 25 sec.

t  = 12 sec.

0 .4  sec.7

Figure 3. Solid  s t a t e  1*C MAS/CP Tt experiaent fo r  P2VP.

C2, A0 a t  t  s  37 sec . Tt = 52 sec.

Co I ,  A0 a t  t  g 35 sec . Tt = 50 sec.
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t  = 90 sec.
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r  = 25 sec.

Figure 4. Solid  s t a t e  **C US/CP Ti experiaen t fo r  

c rosslinked  P2VP.

Cj, A0 a t  t  g 50 sec . Tj = 72 sec .

Ct * 0 t A0 a t  t  g 45 sec . T» = 65 sec.

r  = 120 sec.
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Data from Table 1 ind ica te  in a q u a l i ta t iv e  Banner an increase in

the average Ti value fo r  the carbons on or close to  the backbone a f te r

c ross link ing  of the polyaer. Q uantita tive  r e s u l t s 47 froa  da ta  in 

Figures 3 and 4 ind ica te  fo r  Cj of the c rosslinked polyaer, an 

increase  in Tt by 4 seconds and no change in Ti fo r  the  Cfl+̂  

absorp tion . The value obtained fo r  C? follows the trend in Table 1. 

However, d i f f i c u l ty  in base line  d e te ra in a t io n  fo r  Figures 3 and 4 

toge ther with the lack of a data  point fo r  the  crosslinked polyaer 

lead to  erroneously low T) values and render the q u a n t i ta t iv e  re s u l t s  

inconclusive. The increase in Ti however, suggests th a t  the  average 

segmental mobility of the polyaer ao lecules  decrease due to  

c ross link ing  and the re fo re  the  re laxa tion  process becoaes le ss  

e f fe c t iv e  (longer T i ’s ) .  This r e s u l t  along with the broadening of the 

absorptions fo r  C2 and Co + 0 in Figure 2 , give support to  our find ing

th a t  P2VP c ro ss l in k s  a f t e r  being heated in the presence of I 2.

The degradation of P2VP concurrently with the c rosslink ing  

process during heat t r e a ta e n t  i s  c le a r ly  indicated  by GPC s tud ies  on 

the  soluble  polymer portions . Poly(2-v in y lp y r id in e ) - I2 systems with 

two d i f f e r e n t  molecular weight polyaer saaples were exaained. Figure 

5 shows the GPC chromatograms froa  a systea  with a narrow molecular 

weight d i s t r ib u t io n ,  l w = 1.1 X 10s : "curve A" fo r  untreated  polyaer: 

"curve B" fo r  soluble f r a c t io n  a f t e r  t r e a ta e n t .

The chroaatograa shows s u b s ta n t ia l  degradation of the  polyaer 

ao lecu les  accoapanying the c ross link ing  process. The so luble  portions 

of the  systems contain a f r a c t io n  of polyaer with an average ao lecu lar
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A. Soluble portion  of P2VP 

a f t e r  t r e a ta e n t .

. P2VP standard un trea ted .

I .  1.0 x 10'
I .  2.8 x 10'

30 2025

Figure 5. GPC of P2VP: A. Soluble portion  of P2VP a f t e r  t r e a ta e n t ,

B. Untreated P2VP standard .
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weight close  to  th a t  of the  o r ig in a l  saaple plus a f r a c t io n  of polyaer 

with very low ao lecu la r  weights. Systeas with d i f f e r e n t  P2VP 

ao lecu la r  weights show s i a i l a r  behaviors.

Thus, the fo raa tio n  of a charge t r a n s fe r  coaplex of P2VP with I 2 

a t  a teapera tu re  of 60°C leads to  cross link ing  of aost of the  polyaer 

ao lecu les  with an accoapanying degradation of the  chain. This is  

co n s is ten t  with the  observation of aaxiaa or p la teaus  in the  percent 

c ro sslink ing  vs. t i a e  curves (Figure 1) .  Figure 6 shows a ty p ic a l  ESR 

absorption of heat t re a ted  cathode a a t e r i a l .  The aaxiaua slope l in e  

width, AHnsi ranges froa  IS to  20 gauss. Longer t r e a ta e n t  t i a e  leads 

to  a s ignal a t  a narrower l in e  widths, le a t in g  produced paraaagnetic 

cen te rs  in the systea  with higher ra te  a t  higher teap e ra tu re  (Figure 

7). Lower ao lecu la r  weight polyaers lead to  higher spin density . A 

spin density  of 9 X 10*5 sp in /g  of cathode a a t e r i a l  corresponds to  ca. 

one spin per 3 X 10s pyridine r in g s .  Controlled heat t r e a ta e n t  

experiaen ts  on fresh ly  prepared P2VP-I2 saaples revealed ESI hyperfine 

s t ru c tu re s  a t  ear ly  stages of heating . These s t ru c tu re s  reseable  a 

t r i p l e t  absorption with a hyperfine s p l i t t i n g  constant of 10 Gauss, 

superiaposed on a s in g le t .  As heat t r e a ta e n t  continues, the  f in e  

s t ru c tu re s  disappear and only the  s in g le t  absorption i s  observed.

This observation is  co n s is ten t with observations by David e t  a l .*8’ 40 

on i r r a d ia te d  P2VP and P4VP. They suggested th a t  the  two types of 

absorp tions , the  t r i p l e t  and the s in g le t ,  correspond to  a benzil ic- 

type ra d ic a l  and a r ing  carbon ra d ic a l  re sp ec tiv e ly .  In our case , i t  

i s  then possib le  th a t  as the  b en z il ic - ty p e  of rad ica l  i s  foraed,
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Figure 6 . Typical ESI absorption of heat t re a te d  cathode a a t e r i a l .
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Figure 7. Absolute spia d ensity  of heat t re a te d  cathode a a t e r i a l  

as a  function  of ao lecu la r  weight, te ap e ra tu re  and 

dura tion  of heat t r e a ta e n t .
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c ross link ing  of the  polyaer occurs and in the  l a t t e r  s tages of

t r e a ta e n t ,  the  only ra d ic a ls  reaain ing  in the  saaple a re  those on the

r in g  carbons. Furtheraore, ESI observations of a f re sh ly  aixed 

P2VP/Ij saaple a t  rooa teapera tu re  shoved a s in g le t  absorption whose 

in te n s i ty  increases with t i a e .  However no hyperfine s t ru c tu re s  were

observed fo r  th i s  saaple a t  low te a p e ra tu re s .

S o lu b i l i ty  s tud ies  of th i s  rooa teapera tu re  saaple shoved no 

c ro ss l in k in g  of the polyaers. This experiaent suggests th a t  the 

s in g le t  absorption is  due to  a ring  carbon rad ic a l  and th a t  aoderate 

heating  of the  P2VP/I2 a a t e r i a l  i s  needed in order to  generate the 

ra d ic a ls  responsib le  fo r  c rosslink ing  of the polyaer.

I I I .C .  CONCLUSION

Heat t r e a ta e n t  a t  60°and 65°C of P2VP-Ij cathode a a t e r i a l  fo r  

l i th iu a - io d in e  c e l l s  leads to  the  following physicocheaical changes.

1. Delocalized e lec tro n s  are  generated. The ra te  of generation 

increases  with teapera tu re  and is  higher fo r  low ao lecu la r  

weight polyaers.

2. The polyaer coaponent, P2VP, of the  cathode becoaes chea ica lly  

crosslinked  without su b s ta n t ia l  a l t e r a t io n  of i t s  cheaical 

s t ru c tu re .  The c ross link ing  process i s  accoapanied by 

degradation re s u l t in g  in generation of aonoaer and o ligoaer .

The c rosslink ing  process is  favored by higher t r e a ta e n t  

te ap e ra tu re  and higher ao lecu la r  weight.
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IV. POLT(VmiPTinillllBS)

Pyridazine- iodine charge-transfe r  coaplexes ex h ib it  iaproved 

seaiconductive behavior**10 and are  aore s tab le  to  aabient conditions 

in coaparison to  pyrid ine-iod ine  adducts. Analogous to  the  P2VP-Ia 

sys tea , t h i s  suggests th a t  vinyl polyaers containing pendant 

pyridazine r ings  Bay lead to  in te re s t in g  polyaeric  ch arg e-tran sfe r  

sy steas .

Poly(3-vinylpyridazine) and poly(4- vinylpyridazine) were the 

polyaers of choice. The s ta r t in g  aonoaers could in p r in c ip le  be 

obtained by the a o d if ica t io n  of the  aethyl group in 3-aethylpyridazine 

and 4-ae thy lpyridazine . Having the pyridazine ao ie ty  pendant to  the 

polyaer a t  these  p o s it ions  would enable us to  Bake r e la t iv e  

coaparisons between the new polyaers and the w e ll-es tab lished  

poly(2-v iny lpy rid ine )  systea .

In t h i s  work the  synthesis  of two new aonoaers, 3- and 4 -v iny l­

pyridazine, and th e i r  po lyaers, P3VPd and P4VPd, was conducted. 

C harac te riza tion  was accoaplished by e leaen ta l  ana lys is  and NIH 

spectroscopy.

IV.A. EXPERIMENTAL

IV.A.I. Synthesis of 3- and 4 -vinylpyridazine

IV .A .I .a .  Synthesis of 3-vinylpyridazine (Pressure reac to r  aethod)

The aonoaer 3 -vinylpyridazine was synthesized using 3-aethyl- 

pyridazine as the  s t a r t in g  he te rocyc lic  a a t e r i a l .  3 -Ie thy lpyridaz ine
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s ta r t in g  m ateria l i s  a dark brown liq u id  (FV 94.12, b .p . 214°C, d 

1.031). 3 -le thy lpy r idaz ine  (20.5 g, 0.22 aol in 40 aL of I 30) was 

hydroxyaethylated by a ix ing  i t  with 37X aqueous fo ra a l in  (30 g, 0.33 

ao l)  in the  presence of a c a ta ly t ic  aaount of p ip e rid in e  (0.7  g ) . The 

reac tion  was carr ied  out in a s e r ie s  4560 Parr bench top pressure 

a in i - r e a c to r  equipped with a s e r ie s  4840 teapera tu re  c o n tro l le r  and a 

aechanical s t i r r e r  under a nitrogen pressure of 175 p s i .  The reac tion  

was allowed to  proceed fo r  6 hours a t  150°C with continuous s t i r r i n g .  

At the  end of the  reaction  period , the  reac to r  was cooled to  rooa 

temperature and the n itrogen pressure re leased . The re s u l t in g  

reac tio n  mixture, a brown l iq u id ,  was removed from the  reac to r .

Excess water, formalin and s ta r t in g  a a t e r i a l  were reaoved from th i s  

m ixture, by con tro lled  evaporation in a Kugelrohr d i s t i l l a t i o n  

apparatus. The m ateria l l e f t  a f t e r  th i s  treatm ent, 3- (0-hydroxy- 

e th y l)p y r id az in e ,  was a dark brown viscous l iq u id .

The alcohol obtained by the procedure above was subsequently 

dehydrated by a base. 3- (0- hydroxyethyl)pyridazine (19.7 g) in a 50 

mL round bottom f la sk  with (0.1 g) of 4 ,4 ’-n e th y len eb is (2 ,6 -d i- t-  

butyl)phenol as a rad ica l  in h ib i to r ,  was dehydrated with powdered 

sodiua hydroxide (1.5 g) under reduced pressure  (1 .0  aa Ig) a t  120°C 

in a lu g e lro h r  apparatus. This procedure yielded a c lea r  yellow 

l iq u id ,  3 -v inylpyridazine , (4.9 g ) ,  257. y ie ld .  This procedure is  

depicted in Scheme 2 .
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SCEEIE 2

Synthesis of 3-vinylpyridazine

CH 3

, ° J

3-IETHYLPYRIDAZINE

37 p e r c e n t  
f or mal i n

CH30

c 5h , 0nh
pi per i di  ne

150 psi

CHj CHj OH

OJ
V "

3 - (0-HYDEOIYETHYL)PYRIDAZINE

CH=CH;

NaOH
r a d i c a l

i nhi bi t or
1 naHg, 120°C

3-VINYLPYRIDAZINE
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IV .A .l.b . Synthesis of 4 -v inylpyridazine (pressure  reac to r  aethod)

The aethod used here was exactly  as the  one described in the 

sec tion  above. V ariations in teapera tu re  and pressure  were aade a f t e r  

the  i n i t i a l  unsuccessful a t t e a p ts .  For exaaple 100°C, ins tead  of 

150°C and 70 ps i  ins tead  of 150 p s i .  Every v a r ia t io n  in pressure  

and/or teap e ra tu re  gave always polyaer P4VPd; no alcohol could be 

iso la te d .

The synthesis  of the  4-vinyl aonoaer becaae ra th e r  involved. The 

s t a r t in g  a a t e r i a l  4 -ae thylpyridazine  is  ex treae ly  expensive as 

coapared to  i t s  counterpart 3 -ae thy lpyridazine. In order to  have 

reasonable aaounts of 4-aethylpyridazine  a v a i la b le ,  i t  was synthesized 

in our labora to ry . This syn thesis  and the v a r ia t io n s  we observed are 

b r ie f ly  described below.

IV .A .I .e .  Synthesis of 4-ae thylpyridazine

The sy n the tic  route  is  depicted in Scheae 3. The aethod aain ly  

followed a pub lica tion  by l iz z o n i  e t  a l . 41 in 1954. The only 

d if fe ren ces  in procedure were the  hydrogenation and the y ie ld .  In 

th e i r  paper they hydrogenate u n t i l  the  th e o re t ic a l  aaount of hydrogen 

i s  consuaed. They repo rt  a f in a l  4-ae thy lpyridazine  y ie ld  of 91.47..

Ve hydrogenated u n t i l  no aore hydrogen was consuaed and our y ie ld  was 

c o n s is ten tly  407.. The co lo r le ss  c le a r  l iq u id  obtained in our 

syn thesis  was shown by coupled and decoupled l , C Nit to  be pure 

4-ae th y lp y r id az in e .
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SCHEIE 3 

Synthesis of 4-nethylpyridazine

H3

I2N-NH2-2HC1 re f lux  in H2O

CITRACONIC HYDRAZINE
ANHYDRIDE DIHYDROCHLORIDE

CHa

o

H0A-  N/ '
4-METHYL-3,6- 

PIRIDAZINEDIOL

POCLi

CH a

Cl

4-METHYL 3,6- 
DICHLOROPYRIDAZINE

Pd-CHARCOAL W  
60 psi

CH]

o

S '
4-METHYLPYRIDAZINE 

y ie ld  407i
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IV .A .l .d .  Synthesis of 4- (/J-hydroxyethvl)pyridazine (aethod based 
on ao lecu la r  formaldehyde so lu tion  reagent)

The reac tion  scheae i s  shown in Scheme 1 on page 6 of th i s  

th e s i s .  A 1000 aL th ree  neck round bottoa  f la sk  containing a magnetic 

s t i r r i n g  bar was stoppered with rubber sep ta . The septa  were secured 

to  the  necks of the f la sk  by copper wire. Dry nitrogen gas was passed 

through the  f la sk  by needles connected to  a n itrogen tank a t  one end 

and to  an o i l  bubbler a t  the o ther.  The f la sk  was flame dried  and dry 

nitrogen gas allowed to  flow continuously through the f la sk  in order 

to  ensure the dryness of the v esse l.  Once cooled, the  dry f la sk  with 

a l l  of i t s  attachments was placed in a dry ice acetone bath (-78°C).

Lithium d iisopropylaaide (LDA) was prepared by f i r s t  in je c t in g  

in to  the  dry cooled f la sk  200 mL of dry THF and 12.04 g (0.119 mol) of 

diisopropylamine. Diisopropylaaine was previously d ried  by reflux ing  

over calcium hydride fo r  several days, then d i s t i l l e d  under n itrogen , 

d iscard ing  the f i r s t  f r a c t io n  and c o l le c t in g  only the  middle f ra c t io n  

of the  d i s t i l l a t e .  All transfe rences  to  reac tion  vesse ls  or to  

measurement vesse ls  throughout t h i s  method were done through long 

s ta in le s s  s te e l  needles. Fluids were t ra n s fe r re d  by displacement with 

dry n itrogen .

To the  THF d iisopropylaa ide  s t i r r e d  mixture, 45.6 ml (31.6 g, 

0.114 mol) of 2 .5  1 bu ty llith ium  in hexanes were slowly added. 

B utyllith ium  was used as received from Aldrich. After a d d it io n ,  the 

mixture was removed from the dry ice-acetone bath and allowed to  reach 

room tem perature. S t i r r in g  was maintained a t  a l l  tim es. The mixture 

was kept a t  room temperature fo r  30 minutes, then cooled again to
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-78°C in a dry ice-acetone bath.

To the cooled Mixture 10 g of 4-aethylpyridazine  (0.104 so l)  in

100 aL of dry THF were added. The reac tion  Mixture iMMediately turned

a purple color and s ta r te d  to  s o l id i fy .  After th i s  add ition  was 

coapleted the  reac tion  vesse l was reaoved f ro a  the  dry ice-acetone 

bath and allowed to  wans up to  rooa te ap e ra tu re .  Dry TIF (500 mL) was 

added in order to  f a c i l i t a t e  s t i r r i n g .  A fter 30 a in u te s  a t  rooa 

te ap e ra tu re ,  the  so lu tion  turned fro a  purple to  a dark brown co lor.

Vhile a t  rooa teap e ra tu re ,  200 a l  of THF containing 0.130 aol 

(3 .9 g) of anhydrous Molecular foraaldehyde (prepared as described 

below ( IV .A .l .e ) )  were added to  the  s t i r r e d  reaction  Mixture. The 

co lor of the  reac tion  Mixture changed froa  dark brown to  a l ig h t  

yellow as the condensation reac tion  proceeded.

After add ition  of the foraaldehyde so lu tio n ,  the reac tio n  Mixture

was s t i r r e d  fo r  1 hour, a t  the end of which water was added to  the

reac tion  Mixture u n t i l  LiOH p re c ip i ta te d .  The so lid  LiOH was reaoved 

fro a  the r e s u l t in g  Mixture by f i l t r a t i o n  and washed severa l t i a e s  with 

THF. The washings were coabined with the i n i t i a l  so lu tio n .  The 

alcohol 4- (/?-hydroxyethyl)pyridazine was recovered by reaoval of THF 

in a ro ta ry  evaporator (60°C, lOaa Hg). The y ie ld  was 9 1 .97, (12.12 

g)-

3 - (0-hydroxyethyl)pyridazine was obtained by the saae Method in 

45.57, y ie ld .  The s ta r t in g  M ateria l,  3 -ae thy lpyridazine , was d i s t i l l e d  

under vacuua before use (45°C, laa  Hg). The d i s t i l l a t e  was a c le a r ,  

l ig h t-g reen  l iq u id .
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The setup used to  generate foraaldehyde and s o lu b i l iz e  i t  is  

shown in Scheie 4 along with the  vesse l described in the  procedure 

above.

IV .A .I .e . Preparation of anhydrous molecular foraaldehyde so lu tions  

The so lu tions  with con tro lled  concentrations of molecular 

foraaldehyde were prepared as follows. The apparatus as shown in 

Scheie 4, consisted  of two round b o t to i  f la sk s  (500 ■! th ree  neck and 

50 iL one neck) connected through a D r i e r i t e - f i l l e d  g lass  drying tube. 

The s i a l l e r  f la sk  was f i t t e d  with a high vacuui stopcock as a 

n itrogen  gas in l e t .  The la rg e r  f la sk  was equipped with a g la ss  tube 

reaching close  to  i t s  bottom, a nitrogen gas o u t l e t ,  a la g n e t ic  

s t i r r i n g  bar and a high vacuui connection. The e n t i r e  s y s te i  could be 

evacuated. The apparatus was f l a i e  d ried  under vacuui and then

flushed with dry nitrogen gas before use. Foraaldehyde gas was

generated under vacuum by heating a desired  quan tity  of o-poly(oxy-

methylene), a-POM, inside the small f la sk  slowly with a flame. The

a-POM was made as described below and dried overnight under vacuum a t 

room temperature before use. The required amount of dry THF was 

t ra n s fe r re d  in to  the  la rg e r  f la sk  through a connecting needle under 

n itrogen . THF was d ried  by re flux ing  over calcium hydride fo r  several 

days then d i s t i l l i n g  and c o l le c t in g  the  middle f r a c t io n  under 

n itrogen . The use of a-POM and not parafora  i s  c r i t i c a l .

Formaldehyde molecules generated from parafora  exh ib it  a g rea t  

tendency to  repolymerize. Parafora i s  known to  contain la rg e r  amounts
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SCHEIE 4

SETUP FOR SOLUBILIZATION OF FORMALDEHYDE

N2 INLET
RUBBER SEPTA TO VACUUI n2 OUTLET 

/ /^RUBBER SEPTUM

- 78° C DRY THF 
LDA 4 MEPD/ SOLID a-POM

DRY ICE-ACETONEDRY ICE-ACETONE

BATH BATH
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of water than o-POI.18

Foraaldehyde gas generated by pyro lysis  was ca r r ied  through the 

D r ie r i te  tube under vacuum and condensed in to  s t i r r e d  dry TIF a t  

-78°C. The so lu tions  thus generated were observed to  remain c lea r  a t  

0°C fo r  severa l days. >1 N il spec tra  of t h i s  so lu tions  a t  0°C allowed 

us to  quantify  the  amount of molecular foraaldehyde in so lu tio n .

IV .A .l . f .  Preparation of o-poly(oxynethylene)18

a-POM was obtained by KOH polymerization of a methanol f ree  407. 

aqueous foraaldehyde so lu tion .

An aqueous foraaldehyde so lu tion  was prepared by re flux ing  400 g 

of parafora  in 600 aL of d i s t i l l e d  water in a 2000 aL round bottoa 

f la s k ,  f i t t e d  with a long wide s tea  condensor. Reflux was maintained 

u n t i l  the  so lu tion  was c le a r .  This required about four days a t  

moderate re flux ing  ra te s .  Slow re f lu x  is  needed since vigorous re flux  

tends to  deposit too auch parafora  in the s tea  of the condensor, 

leading to blockage and build-up of pressure  in s ide  the  re flux ing  

v esse l .  This pressure build-up aay lead to  rupture  of the  vessel or 

condensor. At the end of the  re f lu x  period , the  so lu tion  was allowed 

to  cool and was then f i l t e r e d  in to  a la rge  Erlenaeyer f la s k .

Potassiua  hydroxide (7.6 g) was then dissolved in the  so lu tio n ,  which 

was allowed to  s i t  fo r  3 days. After th a t  period of t i a e  a la rge  

amount of c ry s ta ls  deposited in the  bo ttoa  of the  f la s k .  The c ry s ta ls  

were scratched o ff  the  f la s k ,  recovered by f i l t r a t i o n  and washed 

severa l t in e s  with hot d i s t i l l e d  water. The y ie ld  was 280 g, (707.).
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IV .a . l .g .  Dehydration of 4- (0-hydroxyethyl)pyridazine

The alcohol obtained by the nev aethod was acid-dehydrated in the 

presence of a rad ica l  in h ib i to r . 43 A 50 a l round bo ttoa  f la sk  

containing a s a a l l  aagnetic  s t i r r i n g  bar and 12.0 g (0.096 ao l)  of

4- (/?-hydroxyethyl)pyridazine was f i t t e d  with a re f lu x  condenser. The 

alcohol in t h i s  setup was aixed with 0.12 g. of fused po tass iua  

hydrogen su l fa te  and 0.12 g of hydroquinone as a rad ic a l  in h ib i to r .  

This a ix tu re  was refluxed under s t i r r i n g  fo r  8 hours a t  100°C. At the 

end of th i s  period the f la sk  was f i t t e d  with a a i c r o d i s t i l l a t i o n  

condenser equipped with a the raoae te r  and a vacuua connection. 

D is t i l l a t io n  of the  aonoaer was ca r r ied  out a t  1.0 aa Ig  and a 

te ap e ra tu re  range of 58°C to  75°C fo r  the  4 -vinyl aonoaer, and 34°C to 

55°C fo r  the  3-vinyl aonoaer. The d i s t i l l a t e  re s u l t in g  froa  th i s  

procedure proved to  be a a ix tu re  of s ta r t in g  a a t e r i a l  plus vinyl 

aonoaer by 1JC NIR. R e d is t i l l a t io n  of these  a ix tu re s  yielded the 

r e l a t iv e ly  pure aonoaers 4 -vinylpyridazine (bp laa  Ig ,  62°C to  64°C, 

477. y ie ld ) ;  and 3-vinylpyridazine (bp la a ,  47°C-51°C, 407, y ie ld ) .

Base dehydration was a tteap ted  fo r  the  new alcohols as described 

in  I I I .A . I . a .  Yields of the aonoaer were very poor and a la rge  aaount 

of polyaer was l e f t  in the  dehydration vesse l .

Froa the  acid dehydration, a brown so lid  a a t e r i a l  a lso  reaained 

in  the  round bottoa  f la s k  containing the  i n i t i a l  a lcohol. This 

a a t e r i a l  was shown by iSC NIR to  be the  vinyl polyaer.
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IV.A.2. Polymerization

Solution and bulk polymerization of the  tvo nev monomers was 

conducted by means of rad ic a l  and auionic i n i t i a t i o n .  Adventitious 

thermal polymerization of the nascent macromolecule occurred in s i tu  

during dehydration of the  a lcohols. Large amounts of the  two 

polymers, were obtained through th i s  route .

IV.A.2 .a. Anionic polymerization in to luene.

Phenyl magnesium bromide was used as the  i n i t i a t o r  fo r  anionic 

polymerization of 3-vinylpyridazine . Toluene (40 mL, previously dried  

by Cal2 , then r e d i s t i l l e d )  was s t i r r e d  in a 100 mL th ree  neck round 

bottom f la sk  stoppered with rubber sep ta . One mL of 3 .0  I  PhlgBr (in  

e th e r)  was added to  the  toluene through a septum. All manipulations 

were performed under n itrogen . The monomer 3 -vinylpyridazine (4.9 g 

in 10 mL of toluene) was added dropwise. The molar r a t io  of monomer 

to  the  c a ta ly s t  was ca. 15:1. Polymerization was ca rr ied  out fo r  two 

hours in a water bath a t  room temperature. The so lu tion  became dark 

brown and the v isco s i ty  increased progressive ly . At the  end of the 

polymerization re ac tio n ,  50 mL of water were added and s t i r r i n g  

continued to  allow the d is so lu t io n  of the  polymer and some monomer 

in to  the  water lay e r .  A fter separation  of the  water layer  from the 

to luene lay e r ,  the  water was removed in a ro ta ry  evaporator. A brown 

crude polymer was obtained. The crude polymer was f i r s t  washed with 

to luene and then dried  under vacuum a t  120°C fo r  0 .5 hours. The 

polymer was obtained as a brown colored m a te r ia l .  The y ie ld  was 157..
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IV.A.2.b. Anionic polymerization in TIF.

Polymerization of 4-vinylpyridazine and 3-vinylpyridazine were 

a lso  ca r r ied  out in dry TIF so lu tion  by PhlgBr i n i t i a t i o n . 41* Two 20 

x 150 ■■ pyrex g lass  tubes were stoppered with rubber septa  wrapped in 

Teflon tape . The tubes were flame dried  and flushed with dry nitrogen 

to  minimize moisture. Dry TIF, 30 ml, were t ra n s fe r re d  in to  each tube 

through a needle under a n itrogen atmosphere. The r e s t  of the 

manipulations were conducted in a dry box.

To each of the  tubes, 0.5 g of 4 -vinylpyridazine and 3 -v iny l­

pyridazine were added re sp ec tiv e ly . The vinyl monomers were kept over 

molecular sieves and under n itrogen before use. To each of the tubes 

containing the monomer so lu t io n s ,  5 (il of 3 I  PhlgBr were added. A 

white cloudy p re c ip i ta te  formed immediately and no fu r th e r  reaction  

occurred in both reaction  mixtures. This p re c ip i ta te  was removed from 

so lu tion  by f i l t r a t i o n  and washed several times with TIF to  remove 

unreacted monomer. In each case, a very small amount of highly 

hygroscopic polymer was obtained. Both polymers turned to  a dark 

brown co lor and gummy appearance upon exposure to  a i r  moisture. They 

were d ried  in a vacuum oven under continuous evacuation .at 60°C 

overnight to  remove solvent and water. Small amounts of polymer were 

recovered a f t e r  th i s  s tep ,  brown b r i t t l e  hygroscopic m ateria l in the 

case of P3VPd and pink powdery m ateria l in the  case of P4VPd.

Elemental ana lys is  of these  polymers ind ica ted  th a t  both contained a 

la rge  amount of oxygen contaminants, perhaps o r ig in a tin g  from water 

and l g ( 0I ) 2.
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IV.A.2.C. Anionic polymerization in bnlk

The two monomers were polymerized in bulk by PhlgBr. All 

manipulations were ca r r ied  out in a dry box. To two small (10 mL) 

round bottom f la sk s  stoppered with rubber sep ta , 1.5 g of 4-v iny l­

pyridazine and 3-vinylpyridazine were added re sp ec tiv e ly  followed by 

20 pL of 3.0 I  PhlgBr (in  e th e r)  to  each monomer so lu tio n .  Polymer­

iza t io n  occurred immediately in both cases. For the  case of 4 -v iny l­

pyridazine so lid  formed immediately. A fter a few minutes, both f la sk s  

were opened and th e i r  contents poured in separa te  beakers containing 

THF. The polymers p re c ip i ta ted  in the THF and were recovered by 

f i l t r a t i o n  followed by several washings with THF and d ried  under 

vacuum. Both polymers were obtained in low y ie ld  (ca. 67) with P4VPd 

in b e t te r  y ie ld  than P3VPd. Solid s ta t e  1SC Nil ind ica ted  th a t  these  

m a te r ia ls  obtained from th i s  type of polymerization were indeed the 

polymers sought.

IV.A.2.d. Thermal polymerization

As indica ted  before , base or acid dehydration yie lded the monomer 

plus a brown so l id .  This brown so lid  proved to  be in every case the 

polymer of the  respec tive  vinyl monomer. These polymers were iso la ted  

by d isso lv ing  in methanol and re p re c ip i ta t in g  in e th e r ,  and then by 

heating  the  co llec ted  so l id  a t  180°C under high vacuum in a Kugelrohr 

appara tu s .

Base dehydration and the pressure  rea c to r  method produced a lso  a 

f r a c t io n  of polymers of apparent high molecular weight in so lub le  in
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■ethanol. They vere soluble only in a c id i f ie d  water. These polyaers 

were p u r if ied  in soae cases in a Soxhlet apparatus by re flux ing  

■ethanol fo r  several days. l , C so lid  s ta t e  Nil of the  polyaers thus 

obtained, proved thea to  be the desired  polyaers.

IV.A.2.e. Radical po lyaeriza tion  in bulk

Bulk polymerization of the  two new aonoaers was successfu lly  

in i t i a t e d  by hydrogen peroxide as the th e ra a l  i n i t i a t o r .  The 

po lyaeriza tion  was conducted as follows:

1.0 aL of fresh ly  d i s t i l l e d  aonoaer was placed in a 1 x 10 pyrex

tube. A small aagnetic  s t i r r e r  was placed ins ide  the tube and

predetermined aaounts, in the range of j<L, of hydrogen peroxide were 

added by Beans of a a ic rosy r inge . lo n o a e r / in i t i a to r  r a t io s  of 120-270

were ty p ic a l ly  used. The polymerization tube was placed in a

th e ra o s ta t te d  o i l  bath and polymerization was allowed to  proceed 

overnight a t  a teapera tu re  of 105°C with s t i r r i n g .  Vhen the c lea r  

yellowish a o n o a e r - in i t ia to r  a ix tu re  was placed in the  hot o i l  bath , 

the co lor of the  a ix tu re  turned to  a deep purple co lor within the 

f i r s t  5 to  10 a in u te s .  The v isco s i ty  of the s t i r r e d  a ix tu re  increased 

slowly with t i a e .  At the  end of the po lyaer iza tion  period the 

reac tio n  a ix tu re  s o l id i f ie d .  The polyaer was recovered by d is so lu t io n  

in aethanol and re p re c ip i ta t io n  in e th e r .  This procedure was repeated 

u n t i l  the  ae thano l-e ther  so lu tion  above the p re c ip i ta te d  polyaer was 

c le a r .  The polyaer was then recovered by f i l t r a t i o n ,  washed with THF 

and dried  under vacuum a t  75°C fo r  severa l days. The re s u l t in g
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m ate ria ls  were a dark brown b r i t t l e  so lid  in the  case of poly(3-v inyl­

py ridaz ine) ,  and a dark purple powder in the  case of poly(4-v in y l­

p y ridaz ine) .  The y ie ld s  of polyaers were in the  range of 12 to  257., 

c o n s is ten tly  lower fo r  P3VPd. 1JC NIR along with elemental analys is  

were used to  e s ta b l is h  the  id e n t i ty  of the  polyaer products.

IV .A .2 .f. Radical po lyaeriza tion  in  so lu tion

4 -Vinylpyridazine was polymerized by rad ic a l  i n i t i a t i o n  in water 

and in 1.0 N H2SO4 so lu tio n s .  A ty p ic a l  experiment was conducted as 

follows: predetermined amounts of aonoaer and hydrogen peroxide 

i n i t i a t o r  were mixed with a small volume of the  desired  solvent 

(monomer/solvent r a t io  ca. 1/10) in a 25 mL round bo ttoa  f la sk  

containing a magnetic s t i r r e r .  The f la sk  was then placed in a 

th e ra o s ta t te d  o i l  bath (95°C) and allowed to  re f lu x  with s t i r r i n g  

overnight. In the  case fo r  non-acidic water the  polymerization 

a ix tu re  changed color from c lea r  yellow to  purple. As the polymer­

iza t io n  proceeded, a purp lish  p re c ip i ta te  was observed. At the  end of 

the  polymerization, the  polyaer was recovered by f i l t r a t i o n ,  washed 

with THF, d ried  and studied by ISC NIR. The polyaer was obtained in 

very low y ie ld s ,  i . e .  7-9X, and was ra th e r  hygroscopic. For the  H2 SO4 

aqueous medium, the  polymerization proceeded without polyaer 

p re c ip i ta t io n .  The co lor of the  so lu tion  turned f ro a  i t s  i n i t i a l  

l i g h t  purple to  in tense ly  purple. The polyaer was recovered by 

evaporation of water, washing thoroughly with THF and drying in a 

vacuum oven a t  70°C fo r  several days. The y ie ld  was again very low.
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IV.1 .3 . Polyaer C haracterization

IV.1 .3 .a. Nuclear aagnetic  resonance (NIR)

>1 and l3C NIR so lu tion  spec tra  were obtained in a IBI VP 200 

FT-NIR sp ec tro ae te r .  1 5 aa probe vas used to  obtain the  spec tra  of 

the s a a l l  ao lecules  and a 10 aa probe was used to  obtain  the  so lu tion  

spec tra  of the polyaers. >1 NIR was obtained a t  200 l l z ,  saaple 

concentrations ranged froa  2 to  57., and re lax a tio n  delay between 3 and 

5 seconds. The solvents used were aethanol-d« with te t r a a e th y ls i la n e  

(TIS) as an in te rn a l  re fe rence , DjO with 3 - ( t r i a e t h y l s i l y l )  propionic 

ac id , sodiua s a l t  (TSP) as an in te rn a l  re ference .

13C NIR spec tra  were obtained a t  50.3 IHz a t  concentrations 

between 5 and 107, with the saae solvents as indica ted  above. In these 

experiaen ts  a large  re laxa tion  delay vas allowed (9 to  15 seconds) in 

order to  obtain  good s ignal in te n s i ty  fo r  the  quaternary carbons.

For the polyaers, high concentration 15-207. and long re laxa tion  

delay t ia e s ,1 5 -2 0  seconds were required even when a 10 aa probe was 

used. The solvent used vas DjO with TSP as an in te rn a l  reference and 

a t ra c e  aaount of D2SO4 to  iaprove the  s o lu b i l i ty  of the polyaers.

Experiaental d e ta i l s  fo r  l3C so lid  s ta t e  CP/IAS NIR have been 

described in sec tion  I I .A .5.

IV.A.3.b. V iscosity  aeasureaents

Viscosity  aeasureaents of the  P3VPd and the  P4VPd d i lu te  aethanol 

so lu tions  were conducted in a th e ra o s ta t te d  water bath 21* 0 . 1°C with 

an Ubelohde v isco ae te r .  The concentration range fo r  each case vas
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froa  0.2 to  1 g a /d l .  The saaples were allowed to  e q u i l ib ra te  

thermally in the water bath fo r  30 minutes before aeasureaents. The 

v isco s i ty  aeasureaents conducted in the  Obelohde d i lu t io n  viscometer 

showed re la t iv e ly  short e ff lu x  t i a e s  ( i . e .  90-100 seconds). The 

d iffe ren ces  in the e ff lux  t i a e s  between the aost  concentrated and the 

le a s t  concentrated so lu tions  was about 2 seconds.

In view of th i s  disadvantage fu r th e r  aeasureaents were conducted 

in a Cannon-Vanning seai-micro ca l ib ra ted  v iscoae te r  designed fo r  

ex tra  low charge. The c a l ib ra t io n  constant fo r  th i s  v iscoae te r  vas

0.003765 centistokes/second a t  24°C. The aeasureaents were conducted 

in a thermostated water bath a t  24°C with DMF as the so lvent. The 

v isco ae te r  vas thoroughly cleaned between aeasureaents. The s ize  of 

each sample was 0.2 mL and e ff lu x  t i a e s  were of the order of 250-280 

seconds with s ig n if ic a n t  d iffe rence  in e ff lux  times between saaples of 

d i f f e r e n t  concen tra tions .

IV.A.3.C. E lectron Spin Resonance (ESR)

ESR spec tra  fo r  poly(vinylpyridazines) were obtained following 

the procedure given fo r  P2VP (see section  I I .A .3 ). The area  under the 

curve fo r  the  s ignal As was estimated based on the re la t io n sh ip .

A. = h(AHg, i ) 2

1 .e .  the a rea  i s  proportional to  the product of height of the  f i r s t  

d e r iv a tiv e  curve(h), with the  square of the  l in ev id th  AH( hi .
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IV .1 .3 .d . Direct curren t conductivity

The aeasureaents were carr ied  out using two aethods.

Method 1, Direct aeasureaent: The polyaer saaple vas coapressed 

in an I I  press between the two d ies  of an I I  p e l le t  Baker using a 

polypropylene r ing  guide. The d i re c t  curren t e l e c t r i c a l  re s is ta n c e  

was Beasured a t  rooa teapera tu re  using a Keithley aodel 160 d i g i t a l  

a u l t i a e t e r .  The d i re c t  current conductiv ity  of the  saaple vas 

ca lcu la ted  froa  the aeasured re s is ta n c e ,  the  th ickness of the p e l le t  

and the contact area.

Method 2 , K irchhoff’s Lav aethod: The scheaatic  fo r  aeasureaent

of re s is ta n c e  by K irchhoff’s lav is  shown below.

saaple =L=
r e s i s t a n c e , I s @23

voltage source, V*

known 
r e s i s t a n c e , I a

voltage aeasured, V»

The saaple was coapressed between two a e ta l  d ie s .  Pressure vas 

supplied to  the  polyaer-iodine saaple u n t i l  a p e l l e t  was foraed . The 

pressure  vas re leased  before aeasureaen ts . I M i s  s e t  by a v a r iab le  

r e s i s t o r  adjusted to  a re s is tan ce  a t  the  saae lev e l of th a t  of the
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saaple aeasured d i r e c t ly .  Va is  provided by a standard voltage 

supply. Va , the  p o te n t ia l  drop across the va riab le  r e s i s t o r ,  is  

aeasured by a a u l t i a e t e r .

in  equation c o rre la t in g  Va with Va can be derived froa  

K irchhoff’s law:41b

Va = V.
I .

By changing the applied voltage Va , a s e r ie s  of Va values can be 

obtained. Froa the slope of the p lo t  of Va vs. Va and the known value 

fo r  Ra , the re s is ta n c e  Rs and conductiv ity  at of the saaple can be 

ca lcu la ted .

o ̂  - L = L
Rg-A [ ( 8lope)Ra - Ra]-A

L and A are  the  th ickness and the area  of the  p e l l e t  re sp ec tiv e ly .

The voltage supplied , Va was always in the  range leading to  a constant 

slope in the p lo t ,  in d ica tin g  no e lec tro ch ea ica l  reac tion  tak ing  place 

during aeasureaent.

IV .A.3.e. Doping with iodine

Doping of the  polyaers (P3VPd and P4VPd) with iodine fo r  

conductiv ity  aeasureaents  was ca r r ie d  out a t  60°C under vacuua.

Polyaer iodine saaples were aixed in the desired  r a t io s  (1 :1 .5 ,  1:3,
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1:7, 1:10 polyaer:iodine) in g lass  aapules. The aapules vere 

evacuated with a aechanical vacuua puap fo r  20 a in u te s ,  sealed under 

vacuua, and then placed in an oven a t  60»C fo r  24 hours, i t  the  end 

of th i s  period the  aapules vere opened and the  contents s tored  in 

screw cap v ia ls  u n t i l  the t i a e  of the  aeasureaents. The a a t e r i a l  

a f t e r  heat t r e a ta e n t  vas a lu s trous  granu lar a a t e r i a l  with a e t a l l i c  

appearance.

ESR aeasureaents and conductiv ity  aeasureaents on these  doped 

saaples as v e i l  as on the native  saaples vere conducted.

IV. A.3 . f . Iodine uptake

Iodine uptake by the polyaers vas aeasured in order to  de tera ine  

the  r a t io  by which the  polyaer coabines with iodine in the  charge 

t r a n s f e r  coaplex. This aeasureaent vas Bade by exposing a weighed 

aaount of polyaer powder to  ao lecu la r  iodine vapors and d e te ra in ing  

the  e q u i l ib r iu a  weight gain by the  polyaer saap le . Veighed saaples of 

polyaer vere placed in g la ss  v ia ls  of known weight. The weight of the 

v ia ls  plus the polyaer saaples vas recorded. The saaples vere placed 

in a g la ss  vacuua d e s s ic a to r ,  with i t s  bo ttoa  lined  with iodine 

c ry s ta l s .  The d e ss ica to r  vas covered and evacuated fo r  20 a inu tes  

with the  a id  of a high vacuua puap a t  rooa te ap e ra tu re .  i t  the end of 

t h i s  period , the  vacuua valve of the  d e ss ic a to r  vas turned o ff  and the 

evacuated d e ss ica to r  placed in a th e rao s ta ted  oven a t  60°C fo r  24 

hours. After t h i s  t r e a ta e n t  the d e ss ic a to r  vas reaoved f ro a  the  oven. 

The v ia ls  containing saaple and iodine vere reaoved and veighed
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accu ra te ly . After weighing, the saaples containing iodine vere placed 

in another eapty g lass  vacuua d e ss ic a to r .  Vacuua was continuously 

applied to  the saaple in order to  reaove uncoaplexed iodine. The 

weight of the saaple plus iodine vas recorded p e r io d ica l ly  u n t i l  a 

constant value vas a rr ived  a t .  At th i s  point the  weight gain of the 

saaple was deterained  and the r a t io  by which ao lecu la r  iodine coabines 

with the  polyaer pyridazine r in g s ,  vas c a lcu la ted .

IV.A.3.g. Theraal analysis

D if fe re n t ia l  Scanning C a lo riae try ,  DSC and Theraal G ravinetric  

Analysis, TGA thermograms of P3VPd and P4VPd were obtained with a Du 

Pont 990 th e ra a l  analyzer with a 910 DSC nodule and a 950 TGA nodule. 

DSC and TGA vere conducted a t  a n itrogen  flow ra te  of 10 a l / a in  and a 

10 °C/nin heating r a te .  The DSC thernograa fo r  each saaple vas 

recorded as the saaple vas heated to  a predeterained teapera tu re  ( i . e .  

200°C). Then the saaple vas cooled slowly to  rooa teap e ra tu re  and i t s  

DSC thernograa recorded again up to  200°C.
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IV.B. KKSULTS AND BISCUSSION

IV .B .l. Synthesis of aonoaers and alcohol in te ra ed ia te s  

IV .B .l .a .  l ig h  pressure  aethod fo r  aonoaer synthesis

The high pressure aethod vas used successfu lly  fo r  the  f i r s t  

syn thesis  of 3 -vinyl pyridazine. For the  syn thesis  of 4 -v iny l­

pyridazine only polyaer vas produced by th i s  aethod.

The aonoaer 3-v inylpyridazine , a c le a r  ye llov ish  o i ly  l iq u id ,  vas 

obtained in 257, y ie ld .  The aonoaer, l ik e  i t s  parent coapound, i s  a 

high b o il in g  l iq u id .  I t  b o ils  a t  120°C a t  1.0 aa Ig . The

3-vinylpyridazine  aonoaer vas found to be soluble in ch lorofora , 

methylene ch lo rid e ,  toluene and v a te r .  I t  i s  inso luble  in cyclohexane 

and hexanes, fo ra ing  tvo phases. In e thy l e th e r  i t  p r e c ip i ta te s  as a 

vh ite  povder vhich l iq u e f ie s  upon reaoval of the  e th e r .  The c lea r  

yellov o i ly  l iq u id  3 -vinylpyridazine vas observed to  tu rn  brovn upon 

s to rage , even vhen stored over ao lecu la r  sieves and a t  lov 

tem peratures, ( i . e .  -17°C to  0°C). The general procedure used to  dry 

the aonomer before po lyaeriza tion  vas to  d i lu te  i t  in aethylene 

ch lo ride  and s to re  the  so lu tion  over anhydrous aagnesiua s u l f a te .  The 

aonoaer so lu tion  vas f i l t e r e d  to  reaove aagnesiua su l fa te  before use. 

■ethylene ch loride  vas then reaoved by evaporation.

In Figure 8 , a l , C Nit spectrua of 3 -v iny lpyridazine , spectrua B, 

is  presented toge ther v i th  th a t  of i t s  parent coapound 3-aethyl- 

pyridazine, spectrua 1. The 3 -vinylpyridazine spectrua  is  consis ten t
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Figure 8 . S o lu tioa  l »C K it sp ec tra  of 3-aethy lpyridazine  1, 

and 3 -v inylpyridazine  B.
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with the  absorptions of analogous vinyl aonoaers. The absorptions of 

the  new aonoaer vere assigned by coaparison a with those of aethyl- 

pyridazine as well as by proton coupled 1SC Nil.

Figure 8 c lea r ly  su b s ta n t ia te s  the  id e n t i ty  of the  3- v iny l­

pyridazine aonoaer and i t s  p u r i ty .  The in te n s i ty  of the  peak 

absorption fo r  carbon 3, a quaternary carbon of the pyridazine, is  

auch weaker coapared to  o ther absorp tions, perhaps due to  i t s  lack of 

NOE enhanceaent and longer re lax a tio n  t i a e s .

i t t e a p t s  to  synthesize 4 -v inylpyridazine by the  high pressure 

aethod vere unsuccessful. The s ta r t in g  a a t e r i a l  4-ae thylpyridazine  

was synthesized and characterized  by 1*C N it. Figure 9 shows 1SC NIR 

spec tra  of 4 -ae thy lpyridazine; spectrua A, proton coupled, spectrua B, 

decoupled. The decoupled spectrua ind ica tes  the  high pu rity  of the 

coapound and the coupled spectrua v e r i f i e s  the  cheaical s h i f t  

a ss ignaen ts .  Values fo r  the  J c -h coupling constants  are  ind ica ted .

This pure a a t e r i a l  was used in the  pressure  reac to r  aethod. The 

r e s u l t in g  reac tion  a ix tu re  a f t e r  hydroxyaethylation in the  pressure 

reac to r  was a brown liq u id  plus a s o l id .  This was in co n tra s t  to  the

hydroxyaethylation of 3-ae thylpyridazine  systea  in which a f t e r  the

saae reac tion  no so lid  was p resen t.  The l iq u id  and so l id  re s u l t in g  

f ro a  the  reac tion  a ix tu re  vere separated. The so lid  vas washed with 

ae thano l,  then with water and oven d ried  a t  60°C under vacuua fo r  24 

hours. This s o l id  whs apparently  a high ao lecu la r  weight polyaer

in so lub le  in ae thanol, TIF, water and ethano l. I t  vas soluble  in

water containing tra c e  aaounts of ac id . This a a t e r i a l  was shown by
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Figure 9. 1*C I I I  spectruu of 4-ae thy lpyridazine  in ■eth&nol-d<.

A, proton coupled

B, proton decoupled
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13C so lid  NIK. to  be the polyaer P4VPd. The l iq u id  re s u l t in g  from the 

hydroxyaethylation reaction  was t re a te d  in a ro ta ry  evaporator to  

reaove water. The re su l t in g  dark brown s ticky  a a t e r i a l  was soluble in 

aethanol. I t  was shown by 1SC Nit in so lu tion  to  be the  polyaer 

P4VPd. However, i t s  high s o lu b i l i ty  in several so lvents  ( i . e .  water, 

ae thanol, e t c . )  and s ticky  nature ind ica te  a low ao lecu la r  weight 

f r a c t io n .

Figure 10 shows a so lid  s ta te  l , C Nit spectrua of the  apparently 

high ao lecu la r  weight f r a c t io n  obtained froa  t h i s  procedure. Broad 

absorptions a re  observed fo r  a l l  the a ro a a t ic  carbons as well as fo r 

the a and 0 a l ip h a t ic  carbons. The absorption peak due to  C< cannot 

be observed unless a very long re lax a tio n  delay is  allowed and a large 

nuaber of FID’s are  c o lle c ted ,  ( i . e .  tD > 25 seconds and NS > 1000 

scans). The pyridazine ring is  a ttached through C« to  the  vinyl 

backbone of the aacroao lecu lar chain. Due to  the  low a o b i l i ty  of the 

chain, the  re lax a tio n  t i a e  of t h i s  carbon becoaes auch longer compared 

to  th a t  of the  small molecule. The same e f fe c t  i s  observed in 

so lu tio n .  Figure 11 shows the so lu tion  1JC N1& spectrum of the 

apparently  low molecular weight P4VPd obtained from t h i s  method. The 

re lax a tio n  delay was 26 seconds and more than 2000 t r a n s ie n ts  were 

co lle c te d .  Again, the  peak assigned as C«, was not observed when 

re lax a tio n  delay times sh o rte r  than 20 sec were used between pu lses .

IV .B .l .b .  3- and 4 - (0-hydroxvethyl) pyridaz ines , method based on 
molecular formaldehyde so lu tion  reagent

The two new alcohols were obtained in good y ie ld  following the
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Figure 10. Solid  s t a t e  »*C CP/IAS Hit spectrua  of 

poly(4- v inylpyridazine).
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Figure 11. Solution >*C Nil spectrua of po ly(4-v inylpyridazine) 

f ro a  p ressure  rea c to r  aethod.

Solvent i s  DjO, re fe rence  dioxane.
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reac tio n  scheae shown in Scheie 1, (sec tion  I I . A. ) .  The re s u l t in g  

alcohol in both cases was a dark brown non-viscous l iq u id  with a 

reddish to  purple hue. These a lcohols s o l id i f ie d  a t  -17°C. Atteapt 

to  d i s t i l l  thea to  iaprove th e i r  pu rity  re su lted  in thermal 

polymerization of the v inyl aonoaers produced by the  thermal 

dehydration of the  a lcohol. The temperatures required to  d i s t i l l  

these  a lcohols were ra th e r  high (160°C a t  1.0 aa Ig  in the  luge lrohr 

appara tus) .  At th i s  high temperature other s ide  reac tio n s  could a lso  

take place. Dehydration is  one of the reac tions  known to occur fo r  

t h i s  type of alcohols a t  high te ap e ra tu re s . 44 45 In our case, th i s  

re su l ted  in the generation of large aaounts of polyaer, P3VPd or 

P4VPd, in s ide  the  d i s t i l l i n g  f la s k .  Another possib le  type of side 

reac tion  i s  dehydroxyaethylation 48 e i th e r  a t  high teap e ra tu re  or in 

basic  aed ia . This process is  favored when the  hydroxy proton is  close 

enough to  the  nitrogen atoms in the ring  to  fo ra  a new s ix  aeaber ring 

through hydrogen bonding. The loss  of the hydroxyaethyl group then 

occurs as shown below.80.

SCHEIE 5

N

This r e s u l t s  in the  loss  of the  alcohol and i t s  conversion back 

to  the  s t a r t in g  m a te r ia l .  This process was observed by Ohsawa 18 in
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secondary and t e r t i a r y  su b s ti tu ted  2 -pyridaziny le thanols . l , C NIR of 

the newly synthesized alcohols show evidence of t h i s  phenomenon.

Figure 12 shows a 13C NIR spectrum of 3 - (0-hydroxyethyl)pyridazine.

The peak assignments were based on coupled and decoupled l J C NIR 

sp ec tra  as well as on the  comparison of NIR data  from 2- hydroxyethyl 

a lcohols attached to  o ther oxygen, nitrogen and su lfu r  he terocyc lic  

rings 47. The spectrum c lea r ly  shows the presence of pure alcohol 

toge ther with the  s ta r t in g  molecule, 3-methylpyridazine. In th i s  

spectrum one can observe a small absorption a t  63.4 ppm downfield from 

the Cp absorption of the  a lcohol. Ve assigned th i s  peak to  the 

absorption of the  Cp with i t s  hydroxy groups involved in hydrogen bond 

with the  N-2 in the  pyridazine r ing . Spectra from 3-(/?-hydroxyethyl)- 

pyridazine samples with lower content of s ta r t in g  m ateria l have a lso  

been obtained. Figure 14 shows a 1JC NIR spectrum of 3- (0 -hydroxy- 

e thy l)py ridaz ine  in methanol-di. Compared to  the spectrum in Figure 

12, t h i s  sample contains a very low concentration of the  s ta r t in g  

m a te r ia l .  The alcohol in such a pure s ta t e  could only be obtained 

through r e d i s t i l l a t i o n  a t  the r isk  of losing  a major portion  to  

thermal polymerization. The spectrum in Figure 12 serves as an 

in d ica t io n  fo r  the  cy c liza t io n  of the 3-alcohol and i t s  e f f e c t  in 

dehydroxymethylation as evidenced by the presence of s t a r t in g  

compound, 3-methylpyridazine.

Figure 13 shows a proton coupled ‘ *C NIR spectrum of

3- (0-hydroxyethyl)pyridazine in the  presence of 3-methylpyridazine.

The peaks corresponding to  the  alcohol are  marked. In the  aromatic
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Figure 12. 1 *C HU of 3- (0*hydroxyethyl)pyridazine.

Solvent i s  DjO, reference  TSP.

• Absorptions due to  s t a r t in g  M ate ria l ,  3-aethyl- 

pyridazine.
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Figure 13. Proton coupled »*C N il spectrua of 3- (0-hydroxyethyl) 

pyridazine.

Solvent i s  D20, reference TSP not shown.

* Absorptions due to  s ta r t in g  a a t e r i a l ,  3-aethyl- 

pyridazine.
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Figure 14. Proton decoupled ‘ *C lfH spectrua of

3 - (0-hydroxyethyl)pyridazine.

Solvent i s  a e th a n o l 'd i ,  reference n S .
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region, Cj absorption fo r  the  alcohol appears a t  164.6 ppa and Cj of 

the  s ta r t in g  a a t e r i a l  a t  161.2 ppa. The r e s t  of the  peaks show the 

expected s p l i t t i n g  by the  a ttached protons. Table 2 l i s t s  the 

absorption peaks as well as the J c -h coupling constants fo r  the 

a lcohol.

Since th i s  is  the f i r s t  synthesis  and iso la t io n  of th i s  Molecule, 

c h a rac te r iz a t io n  by >H NIR i s  a lso  important. Figure 15 shows the ‘H 

NIR spectruM of 3 - (0-hydroxyethyl)pyridazine, The assignments were 

aade by a coaparison with re la ted  a lcohols, aa in ly  2- (/?-hydroxyethyl)- 

pyrid ine 47. Beside the  absorption a t  2.7 ppa corresponding to  the 

methyl group of 3-methylpyridazine, very few other im purities  are  

observed. Table 3 l i s t s  cheaical s h i f t s  plus Jh-h couplings f ro a  th i s  

spectrum.

Figure 16 shows a proton decoupled 1*C NIE spectrua of 

4- (0- hydroxyethyl)pyridazine; Figure 17 a proton coupled 1SC NIE 

spectrum. The carbon spec tra  ind ica te  th a t  th i s  alcohol was obtained 

in high p u r i ty .  A very small amount of s ta r t in g  m ateria l mixed with 

t h i s  alcohol was evidenced by the low in te n s i ty  absorption a t  19 ppm. 

C ycliza tion  by hydrogen bond formation occurs le s s  read ily  fo r  t h i s  

alcohol as evidenced by the very low in te n s i ty  of the  absortion  

downfield fro a  the  alcohol Cp a t  61.7 ppa (Figure 16). Figure 17 

shows the  expected s p l i t t i n g  fo r  each of the  alcohol carbons. Table 2 

l i s t s  the  chemical s h i f t s  plus the  J c .h coupling constan ts  obtained 

fro a  these  spec tra  fo r  the  newly synthesized alcohol. Figure 18 shows 

a l H NIE spectrua of 4- (/J-hydroxyethyl)pyridazine. The only
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a fi
CHj CHj OH

4- (/?- hydroxyethyl)pyridazine 
1

o fl
CH2CI2OH

° 1  
\ y

3- (/?-hydroxyethyl)pyridazine 
2

TABLE 2
13C NIR chemical s h i f t s  and Jc-h coupling constan ts  fo r  4 - (0- hydroxy- 
e th y l)p y rid az in e ,  1, and 3- (/?-hydroxyethyl)pyridazine, 2.

1 (ppm)

Jc-h(Hz)

VJ

153.3

111.3

141.5

0

VJ

128.1

167.8

. . 

151.2 

112.9

-------- a—

35.6

260.9

------

60.9

285.3

d<,leOH 

r . t . ,T I S

2 (ppm) 164.6 132.0 131.4 152.6 40.6 63.2 D30

He-h(Hz) 0 169.3 172.4 184.6 256.3 289.9 r . t . ,T S P
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Figure 15. <H NIE spectrua  of 3- (/?-hydroxyethyl)pyridazine. 

Solvent i s  DjO, reference  TSP.

* Absorptions due to  s ta r t in g  a a t e r i a l ,  3-aethyl- 

pyridazine.
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Figure 16. l *C If li  spectrua of 4- (/9-hydroxyethyl)pyridazine 

Solvent i s  d<-aethanol, re ference  TIS
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Figure 17. Proton coupled l *C Nil spectrua of

4- ( 0- hydroxyethyl)pyridazine.

Solvent i s  d |-a e th an o l ,  re ference  T1S.
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Figure 18. ‘1 HW spectrua of 4- (0-hydroxyethyl)pyridazine.

Solvent i s  d«*aethanol, reference TIS.

* Absorptions due to  s ta r t in g  a a t e r i a l ,  aethyl- 

pyridazine
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ia p u r i ty  in th i s  case i s  the s ta r t in g  a a t e r i a l  and v a te r  in r e la t iv e ly  

s a a l l  aaounts (2.4 ppa). Table 3 l i s t s  cheaical s h i f t s  plus Jb-b 

coupling constants f ro a  th i s  spectrua.

NIR sp ec tra l  da ta  c lea r ly  e s ta b l ish  the id e n t i ty  of the  newly 

synthesized 4 - (0- hydroxyethyl)pyridazine and 3 - (0-hydroxyethyl)- 

pyridazine. A strong tendency fo r  the  3 -alcohol to  cyc lize  by foraing 

a hydrogen bond with the  r ing  nitrogen i s  seen in Figure 12. The

4 -alcohol shows very low tendency to  cyclize  since the  hydrogen bonded 

s tru c tu re  with the c lo se s t  n itrogen would be sub jec t to  unfavorable 

s t r a in .  This is  supported by the c o n s is ten tly  high y ie ld  fo r

4- (/0-hydroxyethyl)pyridazine 91/1 and low y ie ld  fo r  the  3- (0- hydroxy- 

e thy l)py ridaz ine  457,. The auch lower y ie ld  fo r  the  3 -alcohol is  a 

d i r e c t  r e s u l t  of the cy c liza t io n  and ensuing dehydroxyaethylation as 

shown in Scheme 5.

IV .B .I .e .  Anhydrous ao lecu la r  foraaldehyde so lu tions

The search fo r  a su i ta b le  aethod to  synthesize  the  two new 

alcohols in acceptable y ie ld  led us to  the  aethod shown in Scheae 1. 

This procedure requ ires  the use of anhydrous ao lecu la r  foraaldehyde 

so lu tio n .  At f i r s t ,  the  coaaon procedure of reac tin g  the  ac tiva ted  

spec ies ,  p y r id a z in y la e th y l l i th iu a s ,  with anhydrous foraaldehyde gas 

was a t te a p te d .  In g enera l,  t h i s  i s  achieved by passing anhydrous 

foraaldehyde gas generated f ro a  the  pyro lysis  of p a ra fo ra , through the 

so lu tion  containing the  ac tiv a ted  species a t  e i th e r  rooa teapera tu re  

or -78°C. This aethod always gave low y ie ld s  of unrecoverable
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o 0
C 1)C 1]0I

4- (0-hydroxyethyl)pyridazine 
1

0
CIj CIj OHA,
° iV

3- (/?-hydroxyethyl)pyridazine 
2

TABLE 3
*H NIR chemical s h i f t s  and Jb-h coupling constants  fo r  4 - (0- hydroxy- 
e th y l)p y r id az in e ,  1, and 3 - (0-hydroxyethyl)pyridazine, 2. conditions 
same as above.

Compound Hfl_________  OH_______ Eg_______ Hj_______ Hj_______ H4+5

1 (ppm) 2.9 t  3.8 t  4.7 b 9.0  d 7.6 a 9.1 s 

Jh-h(Hz)  12.3 12.3  5.1 7.8 0_________

2 (ppa) 3.1 t  3 .9  t  5.4 b 9 .0  a - 7.7 a

Jh-h(Hz)  12.6 12.6_______  14.0_______ ;_________  19.5
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alcohols plus la rge  aaounts of parafora . This i s  aos t  l ik e ly  due to 

the  anionic po lyaeriza tion  of foraaldehyde a t  high local 

concen tra tions . Foraaldehyde gas is  a very d i f f i c u l t  reagent to  

c o n tro l .  NIR s tud ies  of the  crude alcohols obtained in TIF 

c o n s is ten tly  shoved the presence of s a a l l  aaounts of d issolved 

ao lecu la r  foraaldehyde suggesting the  p o s s ib i l i ty  of preparing THF 

ao lecu la r  foraaldehyde so lu t io n s ,  lo le c u la r  foraaldehyde so lu tions  

with con tro lled  concentrations in dry TIF were then prepared and 

brought in to  contact with the ac tiv a ted  p y r id a z in y la e th y l l i th iu a  

species  to  prevent the fo raa tion  of parafora . With these  reagent 

so lu tions  good y ie ld s  of recoverable alcohols were obtained without 

the  fo raa t io n  of parafora  in the  reac tion  v esse l .  The anhydrous 

ao lecu la r  foraaldehyde so lu tion  as a syn thetic  reagent c lea r ly  

rep resen ts  an iapo rtan t breakthrough.

Q uantita tive  l H NIR a t  0°C allowed us to  a sc e r ta in  th a t  a t  le a s t  

947* of the  a-POl pyrolysed becoaes ao lecu la r  foraaldehyde and reaains 

as such in so lu tio n .  Figure 19 shows a ‘I  NIR spectrua of a 

foraaldehyde so lu tion  prepared by pyrolyzing 2.5 g of a-POI and then 

condensing the foraaldehyde generated in to  165 aL of dry TIF. The 

concentra tion  intended fo r  the  so lu tion  was 0.5  I ;  q u a n t i ta t iv e  *1 NIR 

d a ta  shoved a concentration of 0.47 1. This aethod can give 

foraaldehyde concentrations up to  3 .3  I .  Figure 20 shows a l H NIR 

spectrua  of a 3.0 I  foraaldehyde so lu tion  in TIF.

These so lu tions  were shown to  be e f fe c t iv e  in reac tin g  with 

Grignard reagen ts .  Reaction of a 0.45 I  so lu t io n  of anhydrous
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Figure 10. l I  Ffll spectrua of a 0.47 1 foraaldehyde solution 

ia tetrahydrofuran.

Ho deuterated solvent.

leference is TIF absorption at 1.73 ppa.
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Figure 20. *1 HU spectrua of a 3.0 I  foraaldehyde solution 

in TIF. Conditions as in Fig. 19.
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foraaldehyde in TIF with 0.4 ao les  of cyclohexyl aagnesiua chloride in 

250 aL TIF produced cycohexylcarbinol in 67% y ie ld .

This new reagent of anhydrous foraaldehyde so lu tion  with 

con tro lled  concentration represen ts  a a a jo r  iaproveaent over the 

conventional aethod of using foraaldehyde gas or fo ra a l in  so lu tion  a t  

high pressure  fo r  the  synthesis  of 3- and 4- (/?- hydroxyethyl)- 

pyridazine. Ve believe th a t  th i s  reagent so lu tion  has f a r  reaching 

p o te n t ia l  as an organic reagent fo r  the  addition  of one carbon to 

ac tiva ted  species under anhydrous conditions.

IV .B .l .d .  3- and 4 -Vinylpyridazines, acid dehydration

Acid dehydration of the 3- and 4- (/?-hydroxyethyl)pyridazines 

re su lted  in acceptable y ie ld s  of the  desired  aonoaers. Figure 21 

shows a 1SC NIE spectrua of 4 -v inylpyridazine . The ass ignaen ts  were 

aade based on the proton coupled l , C NIE spectrua (Figure 22). These 

spec tra  show th a t  the  4 -vinylpyridazine aonoaer was obtained in high 

p u r i ty .  The absorptions a t  123 and 132 c lea r ly  show the vinyl 

func tiona l group. Figure 23 shows a proton spectrua of 4 -v iny l­

pyridazine. This spectrua shows evidence of the presence of 

4 -ae thylpyridazine  s ta r t in g  a a t e r i a l  as an ia p u r i ty  in r e la t iv e ly  low 

concen tra tions . Table 4 l i s t s  the  1SC NIE cheaical s h i f t s  of 

4 -v inylpyridazine  along with J c -h coupling constants obtained froa  the  

NIE sp ec tra .  Table 5 shows >H NIE cheaical s h i f t s  along with Jh-h 

coupling constants obtained froa  the  NIE spec trua . Figures 24 and 25 

show 1JC NIE spec tra  of 3-v iny lpyridazine , proton decoupled and
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Figure 21. Proton decoupled i 9 C MOt spectrua of 4-vinylpyridazine. 

Solvent is d4-aethanol, reference TIS.
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Figure 22. Frotoa coapled X,C M il spectrua  of 4- v iny lpyridaz ine . 

Solvent i s  d«-aethanol, reference  TIS.
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Figure 23. NIE spectrua of 4 -v iny lpyridazine .

Solvent i s  aethanol-d«, reference  T1S.

* Absorptions due to  s t a r t in g  a a t e r i a l ,  aethyl- 

pyridazine.
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C1=CI3 CI=Ci3

4 -vinylpyridazine 3 -vinylpyridazine
3 4

TABLE 4
13C NMR chemical s h i f t s  and J c -h coupling constants fo r  4 -v iny l­
pyridaz ine , 3, and 3-v iny lpyridazine , 4.

VVll|/vUilU

3 (ppm) 

J c h ( H z )

152.6

183.1

>1

137.5

0

_

124.4

154.1

150.5

183.1

------a------

132.4

155.6

123.1

303.6

d<,leOH 

r . t . ,T 1 S

4 (ppm) 159.6 128.9 125.6 152.4 135.0 122.1 d<,IeOB

J c . h ( H z ) 0 171.0 174.0 183.1 158.6 318.3 r . t . ,T I S
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a 0 
CI=CI2

« 0 
CI=C13

. A , . A
•C°J *l ° i

V
4-vinylpyridazine 

3
3-vinylpyridazine 

4

TABLE 5

>H NIB chemical s h i f t s  and Jh-h coupling constants fo r  4 -v iny l­
pyridaz ine , 3, and 3 -v iny lpyridaz ine , 4. conditions same as above.

Compound Ha_______ Hj_________  Hg_________ Hfl___________ _______

3 (ppm) 9,31 s 7.7 d 9.17 d 6,8 a 6.31+5,75 d

Jh-h(Hz)  3.9_______ 0_______ 7.8 5.3________ 28.8 128.9

4 (ppm) - 7.69 m 7.95 d 9.08 d 7.04 a 6.36+5.75 d

Jh-h(Hz)  0 23.4 6.8 13.1 28.8 135.7
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Figure 24. Proton decoupled >*C NIE spectrun of 3 -v inylpyridazine . 

Solvent i s  d j-ne thano l,  reference  TiS.

* Absorptions due to  s t a r t in g  M ate ria l ,  3-nethyl- 

pyridazine.
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Figure 25. Proton coupled 11C NIK spectrun of 3 -v iny lpyridaz ine . 

Solvent is  a e th a n o l-d ^  reference  TIS.

* Absorptions due to  s ta r t in g  a a t e r i a l ,  3-aethyl- 

pyridazine.
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coupled re sp ec tiv e ly .  These spec tra  show th a t  although the aononer 

has been obtained in good y ie ld  and high p u r i ty ,  soae 3-nethyl- 

pyridazine s ta r t in g  a a t e r i a l  i s  present (ae thy l,  a t  21.9 ppa; low 

in te n s i ty  absorptions in the  a ro aa tic  reg ion). Because of cy c liza tio n  

followed by dehydroxyaethylation of the 3 -alcohol, 3 -ae thylpyridazine  

i s  present in both the  alcohol and the vinyl aonoaer.

Figure 26 shows a *11 NIB spectrua of 3-v inylpyridazine . The 

presence of 3 -ae thy lpyridazine, 2 .7  ppa, i s  again in evidence. The 

absorption peaks of the monomer were a l l  assigned by comparison with 

sp ec tra  of known vinyl he terocyclic  aonomers as well as by the  J h - h  

coupling expected fo r  each peak.

Tables 4 and 5 show 1JC NIB chemical s h i f t s ,  J c -h coupling

constan ts  and ‘H NIB chemical s h i f t s  along with Jh-h coupling 

constan ts  fo r  3 -vinylpyridazine.

Table 6 shows the re s u l t s  of the elemental ana lys is  (Oneida 

Besearch Services) of the newly synthesized 3- and 4- alcohols and 3- 

and 4-vinyl monomers. The experimental r e s u l t s  are in reasonable 

agreement with the th e o re t ic a l  values. For samples 1 and 2, the 

experimental value fo r  oxygen is  higher than the th e o re t ic a l  value. 

This i s  aos t  l ik e ly  caused by to  the presence of water ao lecules  

assoc ia ted  with the v ic in a l  nitrogen atoas through double hydrogen 

bonding *. The corrected values were ca lcu la ted  based on assuaptions 

th a t  the  value fo r  n itrogen is  ao s t  r e l i a b le  and th a t  a l l  excess 

oxygen content i s  caused by water. Saaples 3 and 4 show a auch c lo se r

agreement between theory and experiment, with only a  sn a i l  excess of
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Figure 26. l I  IflR spectrua of 3- v iny lpyridaz ine .

Solvent i s  d ^ 'ae thano l,  re fe rence  TIS.

* Absorptions due to  s t a r t in g  a a t e r i a l ,  3-aethyl- 

pyridazine.
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TiBLE 6 : Eleaental analys is  of alcohols and vinyl aonoaers

Saaple C N B 0

1 theor. 58.05 22.56 6.49 12.93
exp.
corrected*

57.45 21.32 7.20 13.83

value 58.66 21.77 7.14 12.41

2 theor. 58.05 22.56 6.49 12.93
exp. 54.13 19.43 7.20 18.68
corrected*
value 59.53 21.37 6.88 12.21

3 theor. 67.90 26.39 5.97
exp. 66.24 26.03 6.03

4 theor. 67.90 26.39 5.70
exp. 66.10 26.61 5.97

1. 3 - (/?-hydroxyethyl)pyridazine

2. 4 - (0- hydroxyethyl)pyridazine

3. 3 -v iny lpyrid ine

4. 4 -v iny lpyrid ine  

* See tex t
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hydrogen, again due to  hydrogen bonded water molecules. The s l ig h t ly  

lover values fo r  carbon aust be caused by the presence of the 

unavoidable aethy lpyridazines .

The two aonoaers, 3 -vinylpyridazine and 4 -v iny lpyridazine , 

obtained fro a  acid dehydration of the  in te ra ed ia te  alcohols are c lea r  

yellowish l iq u id s ,  soluble in aethanol, THF, toluene and water, 

insoluble  in cyclohexane and e thy l e th e r .  Both aonoaers change color 

upon storage of a few days. The 3-vinylpyridazine aonoaer changes to  

a dark brown color while the 4 -vinylpyridazine changes to  a deep 

purple co lo r.  Both aonoaers polyaerize  upon standing fo r  several 

days, as evidenced by th e i r  polyaer p re c ip i ta t io n  in THF. These 

self-polym erized polymers are in general of very low molecular weight 

and highly hygroscopic appearing gummy in nature .
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IV.B.2 Polymerization and C haracterization

In th i s  work the two pyridazine polymers P3VPd and P4VPd were 

obtained by th ree  d i f f e r e n t  rou tes :  i ,  thermal polymerization; i i ,  

ionic polymerization; i i i ,  ra d ic a l  polymerization.

For the thermal polymers the re  were f iv e  sources: the pressure

reac to r  method in the  case of P4VPd; acid and base dehydration of the 

fi- hydroxyethylpyridazine alcohols fo r  both P3VPd and P4VPd; heating 

the two corresponding alcohols a t  80°C to  120°C during r e d i s t i l l a t i o n ;  

p u r i f ic a t io n  of the monomers by r e d i s t i l l i n g  a t  60°C to  75°C under 

vacuum and f in a l ly  from polymerization of the monomers upon storage a t  

room temperature. The f i r s t  th ree  processes involving heating 

produced a dark brown b r i t t l e  m ateria l th a t  could be dried  and made 

in to  a powder. In the  f i r s t  two cases two f ra c t io n s  of polymer could 

be d is t in g u ish ed : a methanol-soluble, apparently  low molecular weight 

f r a c t io n  and an apparently high molecular weight f r a c t io n  inso lub le  in 

methanol but so luble  in water containing a t ra c e  of ac id . For the 

l a s t  th ree  cases, the re su l t in g  polymers were completely soluble  in 

methanol.

For ionic polymerization, the  re su l t in g  polymer appeared to  be of 

very low molecular weight, highly hygroscopic and always tu rn ing  gummy 

upon exposure to  a i r .  In ion ic  polymerization of the  new monomers, 

e i th e r  in toluene or in THF, re su lted  always in immediate 

p re c ip i ta t io n  of the polymerizing molecule. I t  i s  apparent th a t  the 

growing macromolecule p re c ip i ta ted  as low molecular weight oligomers. 

Once p re c ip i ta t io n  occurred the  polymerization came to  a  s top . The
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l i a i t e d  aaount of i n i t i a t o r  added was apparently  dep le ted , with 

unreacted aonoaer reaain ing  in so lu tio n .  I f  aore i n i t i a t o r  was added, 

aore polyaer was observed to  p re c ip i ta te .  The y ie ld s  of polyaer were 

always very low fo r  low concentrations of i n i t i a t o r  added.

The th i r d  and aost successful type of po lyaer iza tion  in th i s  work 

was in i t i a t e d  by hydrogen peroxide in bulk and in so lu tion  a t  

teape ra tu re s  of 92°C to  105°C. This ra d ic a l  po lyaer iza tion  aethod was 

the  s ia p le s t  and aost reproducible . Unlike anionic p o ly aer iza t io n ,  

ra d ic a l  po lyaeriza tion  had the advantage of not having to  exclude 

a o is tu re .  In f a c t ,  water was used as the  solvent in soae of the 

p o lyaer iza tion  experiaen ts .

The polyaers obtained by rad ic a l  po lyaer iza tion  in so lu tion  were 

hygroscopic, of low ao lecu la r  weight and in general t h e i r  y ie ld s  were 

low ( i . e .  7Z). Radical po lyaeriza tion  in bulk gave b e t te r  y ie ld s  

( i . e .  257.) and aonoaer to  i n i t i a t o r  r a t io  could be read ily  con tro l led .  

Thus, i n i t i a t i o n  due to the  added i n i t i a t o r  could be d is t ingu ished  

fro a  thermal and s e lf -p o ly a e r iz a t io n .  Po lyaeriza tions  a t  d i f f e r e n t  

aonoaer to  rad ic a l  i n i t i a t o r  r a t io s  were conducted. V iscosity  

aeasureaents  of the  polyaers thus produced showed th a t  the  higher 

a o n o a e r - to - in i t ia to r  r a t io  led co n s is te n t ly  to  la rg e r  s ize  molecules. 

This i s  in agreeaent with the  general re la t io n sh ip  between ao lecu la r  

weight and i n i t i a t o r  concen tra tions . Compared to  the  thermal and 

anionic  polyaers , the  ra d ic a l  polyaers could be p u r if ie d  and 

ch arac te r ized  aore rea d i ly .

In general a l l  of the  polyaers of low ao lecu la r  weight were



93

soluble  in water, aethano l, and DIF, and insoluble  in e th e r ,  TIF and 

cyclohexane. Figure 27 shows a so lu tion  |SC Nil spectrua of P3VPd 

obtained froa  NaOH. The i n i t i a l  polyaer was p u r if ied  by d isso lv ing  in 

aethanol and re p re c ip i ta t in g  in e th e r  several t i a e s .  The pyridazine 

i a p u r i t i e s  reaain ing  a f t e r  the  p re c ip i ta t io n  t r e a ta e n t  were reaoved by 

drying in a Kugelrohr d i s t i l l a t i o n  apparatus a t  150°C fo r  1 hour a t  

1.0 aa Ig .  The polyaer spectrua (A) is  displayed toge ther with a 

spectrua (B) of 3 -ae thy lpyridazine. A coaparison of the  two spectra  

c le a r ly  e s ta b l ish e s  the id e n t i ty  of po ly (3 -v iny lpy ridaz ine) . The 

a ro a a t ic  carbons fo r  both coapounds correspond c lo se ly .  Soae of the 

polyaer a ro aa tic  absorptions s h i f t  s l ig h t ly ,  possibly  due to  polymer 

conforaations. The Co and C/7 carbons of the  polyaer backbone show a 

broad absorption between 21-44 ppa and appear to  be a combination of 

overlapping peaks. The broadness of the  Ca+/7 and Cs absorptions 

suggests r ig id i ty  in the  polymeric backbone as well as the lack of 

s te re o re g u la r i ty  fo r  the  polyaer a t  high po lyaeriza tion  te ap e ra tu re s .

Figure 28 shows a so lu tion  1JC Nil spectrua of P4VPd froa  

spontaneous p o lyaer iza tion . The absorptions are  again broad, in 

general. The sharp l in e s  in the  a ro aa tic  region are  aos t  l ik e ly  due 

to  oligomers of very small s iz e .  The absorption fo r  C4 (140-144 ppm) 

is  of very low in te n s i ty .  The a l ip h a t ic  absorptions a re  very broad. 

This again suggests some r ig i d i t y  of the  polyaer and lack of 

s te re o re g u la r i ty  even fo r  low ao lecu la r  weight th e ra a l  po lyaers.

Figures 29 and 30 show so l id  s ta t e  1SC Nit of P3VPd and P4VPd 

th e ra a l  polyaers froa  acid dehydration, re sp ec tiv e ly .  The absorption
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Figure 27. 1*C so lu tion  HIE spectrua of: 1, po ly(3-v in y l­

pyridazine) obtained f ro a  base dehydration of 

3 - (0-hydroxyethyl)pyridazine. B, 3 -ae thy lpyridazine. 

Solvent i s  DjO plus t ra c e  aaount of DjS0<.
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Figure 28. Solution >>C NIE spectrua of po ly(4-v inylpyridazine) from 

s e l f  po lyaeriza tion  of 4 -v inylpyridazine .

Solvent i s  DjO, reference i s  TSP.

* Absorptions due to  s t a r t in g  a a t e r i a l ,  aethyl- 

pyridazine.
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Figure 29. Solid s ta t e  l , C CP/IAS H li spectrua of po ly (3-v iny l­

pyridazine) obtained froa  acid dehydration of

3- (/J-hydroxyethyl)pyridazine.

88 = spinning s ide  bands
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Figure 30. Solid s t a t e  1SC CP/US R lt  spectrua  of po ly (4 -v iny l­

pyridazine) obtained f ro a  acid dehydration of

4 - (0-hydroxyethyl)pyridazine. 

ss = spinning side bands
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peaks fo r  a l l  carbons as shown in both Figures are broad suggesting 

the r i g i d i t y  and lack of s te re o re g u la r i ty .  This was the  case fo r  a l l  

the  th e ra a l  polyaers obtained throughout th i s  work. Solid  s ta t e  13C 

Nik was conducted on these apparently high ao lecu la r  weight th e raa l  

polyaers in order to  avoid the s o lu b i l i ty  problea and to  take 

advantage of the  c rosspo la r iza tion  as well as high concentration in 

so l id .

13C Nik spec tra  of the th e ra a l  and the anionic P3VPd and P4VPd 

polyaers showed in general broad absorptions fo r  the a ro a a t ic  as well 

as the  a l ip h a t ic  absorptions. Their quaternary carbons ( i . e .  C3 and 

C«) showed slow re laxa tion  as the nora, requ iring  long re laxa tion  

delay fo r  th e i r  observation in Nik. In c o n tra s t ,  the polyaers 

obtained by ra d ic a l  po lyaeriza tion  showed sharper 13C Nik absorptions 

fo r  a l l  the  carbons including a auch narrower and well defined 

a l ip h a t ic  region and sho rte r  re lax a tio n  delay.

Figure 31 shows a 13C Nik of poly(3- v inylpyridazine) obtained 

f roa  rad ica l  po lyaeriza tion  in bulk of 3 -vinylpyridazine a t  a aonoaer 

to  i n i t i a t o r  r a t io  of 150. At th i s  r a t i o  the  polyaer obtained is  of 

r e l a t iv e ly  low ao lecu la r  weight and showed good s o lu b i l i ty  in water. 

Coaparison of th i s  spectrua with th a t  of thermally polyaerized P3VPd 

(Figure 27) revea ls  a narked d iffe ren ce  in the  absorption peaks fo r  

the  a l ip h a t ic  region (35 to  50 ppa) as well as fo r  the  absorption peak 

fo r  Cj (158 ppa). The C3 l inks  the  pyridazine r ing  to  the  polyaer 

backbone. I t s  13C Nik absorption should be t a c t i c i t y - s e n s i t i v e . 48 

For the  th e ra a l  polyaer the  a l ip h a t ic  absorptions are  broad and the  C3
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Figure 31. >*C H it spectrua  of P3VPd obtained by rad ic a l

po lyaeriza tion  in  bulk.

Solvent i s  DjO, reference  TSP.
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absorption appears to  be composed of several peaks. The spectrua fo r  

the  ra d ic a l ly  polyaerized P3VPd shows instead  narrower a l ip h a t ic  

region absorptions of r e la t iv e ly  high in te n s i ty  and a Cj absorption 

coaposed of 2 peaks. This suggests th a t  rad ic a l  po lyaeriza tion  occurs 

in aore o rderly  Banner than th e ra a l  p o lyaer iza tion . The d iffe rence  in 

po lyaeriza tion  te ap e ra tu re ,  i . e .  rad ic a l  a t  105°C vs th e ra a l  a t  160°C, 

aust  play a s ig n if ic a n t  ro le .

Figure 32 shows a »*C Nil spectrua of poly(4-vinylpyridazine) 

obtained by rad ica l  po lyaeriza tion  in bulk a t  a aonoaer to  i n i t i a t o r  

r a t io  of 120. This spectrua shows narrow and well defined absorptions 

fo r  a l l  of the  carbons in the polyaer. The absorption fo r  C< of th i s  

polyaer appears to  be a s ing le  peak suggesting a high 

s te re o re g u la r i ty .  The absorptions a t  41.6, 47.8 and 43.8 ppa are due 

to  Co and C0.

Figure 33 shows the t a c t i c i t y -  s en s i t iv e  quaternary carbon 

absorptions fo r  th ree  d i f f e r e n t  v inyl polyaers: A, th e ra a l  P3VPd, froa  

Figure 27; B, P3VPd ra d ic a l ly  polyaerized , f ro a  Figure 31; and C,

P4VPd ra d ic a l ly  polyaerized , f roa  Figure 32. Absorption A is  coaposed 

of severa l peaks and spans a width of 16 ppa while absorption B spans 

only 5 ppa and is  c le a r ly  coaposed of two d i s t i n c t  absorp tions. 

Absorption C spans 4 ppa and very c le a r ly  shows a s ing le  peak. This 

Figure i l l u s t r a t e s  c le a r ly  the high s te re o re g u la r i ty  of the  polyaerR 

obtained fro a  ra d ic a l  po lyaeriza tion .

Figure 34 shows a 1JC Nik spectrua of P4VPd polyaerized in bulk 

by rad ic a l  i n i t i a t i o n  a t  a aonoaer to  i n i t i a t i o n  r a t io  of 270. At
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Figure 32. ISC NIE spectrua of P4VPd obtained by ra d ic a l  

po lyaer iza tion  in bulk.

teferenced  to  TSP in D3O by sp ec tro ae te r  re fe rence .
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Figure 33. Expanded l *C N il sp ec tra  fo r  quaternary polyaer carbons

A. Theraal P3VPd

B. la d ic a l  P3VPd

C. ta d ic a l  P4VPd
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Figure 34. **C NIE of high aolecular weight radically polyaerized

in bulk P4VPd.

Solvent is D3O plus trace D3SO4 , spectroaeter 

reference used.
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th i s  r a t io  the ao lecu la r  weight of the  polyaer i s  high and requ ires  a 

tra ce  aaount of acid , e .g . D2S0« fo r  coaplete d is so lu t io n  of the 

polyaer in DjO. The e f fe c t  of the acid can be seen by the downfield 

s h i f t  of C« by 3 ppa. This Carbon, as seen in Figure 34, i s  coaposed 

of two absorp tions, which a lso  suggest a high degree of t a c t i c i t y  fo r 

th i s  polyaer. Figure 35 shows 1 *C Nit of P4VPd obtained by rad ica l  

po lyaer iza tion  in so lu tion  using 1.0 N I 2SO4 as the  so lven t. The 

spectrua shows a downfield s h i f t  fo r  C4 and a ra th e r  coaplex a l ip h a t ic  

area . This p a r t i c u la r  polyaer f roa  po lyaeriza tion  a t  a aonoaer to  

i n i t i a t o r  r a t io  of 32 was a hygroscopic a a te r i a l  and l ik e ly  of low 

ao lecu la r  weight.

Table 7 shows the re s u l t s  fo r  the  e leaen ta l  ana lys is  of P3VPd and 

P4VPd obtained by the d i f f e r e n t  po lyaeriza tion  aethods. The 

experimental r e s u l t s  fo r the  rad ica l  polyaers are  c lose  to  the 

th e o re t ic a l  values. The presence of oxygen can be explained in p a r t  

by the water ao lecu les  associated  with soae of the  pyridazine r in g s .  

After co rrec t ion  fo r  oxygen and hydrogen due to  water, a b e t te r  

agreement is  achieved. The C/N r a t io  i s  within experimental e r ro r ;  

the  N/I r a t i o  i s  higher than 0.337.. The rad ica l  P4VPd polyaer shows 

f a r  b e t te r  experiaen ta l values coapared to  the  corresponding P3VPd. 

Table 7 ind ica tes  a la rge  disagreement between the th e o re t ic a l  and 

experiaen ta l  values fo r  the  anionic polyaers and a b e t te r  agreement 

fo r  the  th e ra a l  polyaers. This d isagreeaent extends to  the  C/N and 

C/I r a t io s  as w ell.  I t  i s  well known th a t  under conditions s i a i l a r  to  

the  th e ra a l  and the anionic po lyaer iza tions  in th i s  work, the
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Figure 35. **C Nil oi P4VPd ra d ic a l ly  polyaerized in 0.1 N IjSO*

so lu tio n .

DaO so lven t ,  spec troae te r  reference  used.



TABLE 7: Eleaental ana lys is  of the  new 
Percent by weight.

po lyaers .

Saaple C N C/N I N/H 0

theor. 67.92 26.41 3.0 5.66 0.33 0.00

1 exp. 63.21 24.30 3.03 4.85 0.44 7.52

co rr .*
value 69.15 26.58 3.04 4.27 0.44

2 exp. 66.00 25.77 2.99 5.30 0.38 3.85

corr.*
value 68.30 26.68 3.09 4.98 0.37

3 exp. 61.86 21.15 3.41 5.21 0.29

4 exp. 62.36 21.53 3.37 5.26 0.29

5 exp. 33.18 11.22 3.45 4.71 0.17

6 exp. 47.73 17.18 3.23 5.02 0.24

1. P3VPd ( rad ic a l)  5. P3VPd (anionic)

2. P4VPd (rad ic a l)  6 . P4VPd (anionic)

3. P3VPd (thermal)

4. P4VPd ( th e ra a l)

* correc ted  value fo r  the  presence of water.
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pyridazine ring can open and extrude nitrogen*0 . This ring  opening 

side  reac tion  has the p o te n t ia l  fo r  generating defec t s t ru c tu re s  of 

e thy len ic  or ace ty len ic  groups pendant to the  po lyaeric  backbone.*0 

The extrusion  of n itrogen leads to  the  high experiaen ta l value fo r  the 

carbon to  nitrogen r a t i o .

The anionic polyaers showed ‘ *C Mil sp ec tra  reseab ling  in q ua lity  

the  spectrua shown in Figure 28 with no c le a r  in d ica tio n  of the  ring 

opening products. Although th i s  kind of N il spectrua i s  a good 

ind ica tion  fo r  the  presence of the desired  polyaer. However the 

e lea e n ta l  analys is  data  suggest th a t  besides the desired  polyaer, 

o ther in t r a c ta b le  products f roa  r ing  opening, s ide  reac tion  and oxygen 

i a p u r i t i e s  froa  l g ( 0H)2 are p resen t.  Nil observations froa  the 

r e s u l t s  of anionic po lyaeriza tion  were ex treae ly  usefu l in the 

beginning of th i s  p ro jec t  in a sce rta in ing  the  p o ly a e r iz a b i l i ty  of the 

two new aonoaers.

The 13C Nil spec tra  shown along with the  e lea e n ta l  ana lys is  in 

Table 7 strongly  support the id e n t i ty  of the  polyaers obtained by 

ra d ic a l  and th e ra a l  p o lyaer iza tion . Between these  two aethods, the 

aore d e s irab le  i s  the rad ica l  p o lyaer iza tion . This aethod i s  s ia p le ,  

e f fe c t iv e  and allows fo r  the con tro l of the  aacroaolecule  s ize  by 

aan ipu la tion  of i n i t i a t o r  concentra tion , la d ic a l  po lyaer iza tion  was 

the  aethod used to  obtain  the  polyaers on which aost of the  physical 

aeasureaents  were conducted as described below.
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IV.B.3. Polyaer P roperties  

IV.B.3.&. V iscosity  Measurements

Molecular weight i s  an iapo rtan t aeasureaent in the 

ch a rac te r iz a t io n  of new polyaers ao lecu la r  weight. In the  present 

study the  d i lu te  so lu tion  v isco s i ty  of the  new polyaers was aeasured 

to  e s t i a a t e  ao lecu la r  s iz e .  The v isco s i ty  of d i lu te  so lu tions  of 

P3VPd and P4VPd in aethanol was coapared with the  v isco s i ty  of a 

po ly(2- v iny lpyrid ine) s tandard , a polyaer re la ted  in s t ru c tu re  to  the 

two new polyaers (Figure 36).

Curve 1 shows the reduced v isco s i ty  (ifred) and inherent v isco s i ty  

(>7inh) ex trapo la ted  to  zero concentration fo r  po ly(2- v in y lp y r id in e ) , 

l w 2 X 10*. Curves B and C show the rjrtd of P3VPd and P4VPd. 

Extrapo lation  to  i n f i n i t e  d i lu t io n  y ie ld s  an i n t r in s i c  v is c o s i ty ,  

approx iaate ly  0.06 d l /g  fo r  P3VPd and 0.049 d l /g  fo r  P4VPd.

Assuming th a t  a d i r e c t  coaparison can be Bade between the  two new 

polyaers in so lu tion  and P2VP so lu t io n s ,  these  values in d ica te  th a t  

the  polymers P3VPd and P4VPd have approximately one-th ird  the 

hydrodynamic volume of the  2 1 10* molecular weight P2VP standard.

This gives a q u a l i ta t iv e  estim ation  of the  s ize  of these  

macromolecules. Both the  molecular s ize  f ro a  v is c o s i ty  da ta  and the 

conversion of the  vinyl group of the  aonoaer in to  a l ip h a t ic  backbone, 

based on NMR in d ica te  the  success of the  syn thesis  of the  two new 

p o ly aers .

The da ta  shown in Figure 36 fo r  the  P3VPd and P4VPd so lu tions  

were obtained under exper iaen ta l  conditions g iving very short  flow
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Figure 36. I n t r i n s i c  v is co s i ty  of: A, standard P2VP 1* 2x10*

B, P3VPd th e ra a l ly  polyaerized and C, P4VPd th e ra a l ly  

po lynerized .

Solvent used vas aethanol, th e rao s ta ted  bath 

a t  21°C.
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time d iffe rence  between pure solvent and saaples of d i f f e r e n t  

concentra tions. These data  can be u t i l i z e d ,  a t  b e s t ,  to  estimate 

molecular s iz e .  In order to  observe in b e t te r  d e t a i l  the d i lu te  

so lu tion  behavior of the  two new polymers, fu r th e r  v isco s i ty  

measurements were conducted in a a ic ro c a p i l la ry  viscometer with much 

longer flow tim es, i . e .  lower shear.

The d i lu te  so lu tion  behavior of two P4VPd saaples and one P3VPd 

sample prepared a t  d i f f e r e n t  monomer-to-radical i n i t i a t o r  r a t io s  were 

s tud ied . Figure 37 shows the p lo ts  of reduced v is co s i ty  against 

concentration  fo r  a P3VPd and P4VPd sample. A d i s t i n c t  maximum is  

observed from both P4VPd systems. The g re a te r  value of the maximum 

fo r  t/red is  associated  with lower monomer to  i n i t a to r  r a t io .  For the 

P3VPd system no conspicuous maximum is  d isplayed. Two types of 

systems exh ib it ing  such maxima were documented: p o ly e lec tro ly te s  and 

r ig id  rod so lu tio n s .  For p o ly e lec tro ly te  so lu t io n s ,  the charges in 

the polyion can be suppressed by the add ition  of a s a l t  in high 

co n cen tra tio n . 58 For th i s  case, the  v isco s i ty  behaviour of the 

p o ly e le c tro ly te  resembles th a t  of uncharged polymers, i . e .  a l in e a r  

increase  of j?r ed v i th  concentra tion . However, fo r  ra d ic a l ly  

polymerized P4VPd in d i f f e r e n t  so lvents with d i f f e r e n t  s a l t s  a t  

d i f f e r e n t  concen tra tions , the  re s u l t s  always showed the  same type of 

curve with a maximum as shown in Figure 37. The s a l t s  used were NaCl 

and KBr up to  a concentration of 1.0 I .  Thus the  p o ly e lec tro ly te  

e f f e c t s  can be ruled out.

The v isco s i ty  behavior of the  P4VPd so lu tions  i s  consis ten t with
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Figure 37. V iscosity  aeasureaents in s e a i -a ic ro  v isco ae te r .  

t; r e d  vs. concentration fo r :

A. P4VPd polyaerized in bulk by rad ic a l  i n i t i a t i o n  

a t  a a o n o a e r / in i t ia to r  r a t io  of 270.

B. P4VPd polyaerized in  bulk by ra d ic a l  i n i t i a t i o n  

a t  a a o n o a e r / in i t ia to r  r a t i o  of 128.

C. P3VPd polyaerized in bulk by ra d ic a l  i n i t i a t i o n  

a t  a aonoaer to  i n i t i a t o r  r a t i o  of 241.



112

th a t  of r ig id  rod polyaers. At low shear r a t e ,  below a c r i t i c a l  

concen tra tion , the  polyaer so lu tion  is  iso tro p ic  with the 

aacroaolecules  unoriented. In th i s  low concentration range, the 

v isco s i ty  of the  so lu tion  increases with concentration as expected. 

Vhen the polyaer concentration exceeds a c r i t i c a l  concentration  the  

polyaer so lu tion  becoaes an iso trop ic  with s ig n if ic a n t  o r ie n ta t io n  of 

the aacroaolecules  along the d ire c t io n  of the  flow in the c ap i l la ry  

v isco ae te r  re s u l t in g  in a p rec ip itous  decrease in v i s c o s i ty . 51 

Figure 38 shows p lo ts  of polyaer so lu tion  v isco s i ty  vs. concentration . 

Based on data  froa  Figure 37 and a given v isco s i ty  constant fo r  the 

v isco ae te r  ( 0.003765 cen tis tokes /second) . The v isco s i ty  p lo ts  show 

auch aore pronounced aaxiaa coapared to  the i^ed p lo t .  A c r i t i c a l  

concentration  of 0.0023 g/aL is  obtained froa  P4VPd prepared by 

a o n o a e r / in i t ia to r  r a t io  of 270. A higher c r i t i c a l  concentration of

0.003 g/aL fo r  the  polyaer froa  a lower a o n o a e r - to - in i t ia to r  r a t io  of 

128 is  a rr ived  a t  as expected, i . e .  lower aonoaer r a t io  leading to  

s a a l le r  ao lecu la r  s iz e ,  requ iring  a higher c r i t i c a l  concentration fo r  

o r ie n ta t io n .

The dipole  in te ra c t io n  between the pyridazine rings of the 

aonoaer u n its  can be a strong driv ing  force  fo r  the  fo raa t io n  of 

synd io tac tic  P4VPd polyaer. For i s o ta c t ic  propagation th e re  would be 

a s trong  dipole  repu ls ive  force between the two pyridazine r ings  of 

the  t e r a in a l  and the incoaing aonoaers (100 to  200 k c a l /a o le ) . 54 The 

two d ipo les  with a aoaent of ca. 4.3 D would be only 2.5 1 a p a r t .  I t  

i s  obvious th a t  the  synd io tac tic  propagation i s  e n e rg e t ic a l ly  f a r  aore
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C x 103

t] t s .  concentration for:

1. P4VPd polyaerized in  bnlk by ra d ic a l  i n i t i a t i o n  

a t  a a o n o a e r / in i t ia to r  r a t i o  of 270.

B. P4VPd polyaerized in bulk by ra d ic a l  i n i t i a t i o n  

a t  a  a o n o a e r / in i t ia to r  r a t i o  of 128.

C. P3VPd polyaerized in  bulk by ra d ic a l  i n i t i a t i o n  

a t  a  aonoaer to  i n i t i a t o r  r a t i o  of 241.
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favorable based on both d ipole and s t e r i c  considera tions . Once the 

synd io tac tic  polyaer is  foraed, the  ao lecule  w il l  tend to  assuae a 

p lanar zigzag conforaation with the  pyridazine d ipo les  favorably 

a ligned , i . e .  a r ig id  rod.

For the  P3VPd systea , the  pyridazine dipole  i s  p a r a l l e l  to  the 

double bond func tiona l group in con tra s t  to  the  perpendicular 

arrangeaent fo r the  P4VPd systea . The d ipole  driv ing  force fo r  

sy nd io tac tic  placeaent no longer p re v a i ls .  The re s u l t in g  P3VPd 

polyaer aolecule  w ill  not be s ig n if ic a n t ly  s te reo reg u la r .  The r ig id  

rod conforaation in so lu tion  does not p e r s i s t ,  hence absence of a 

maximum in the v isco s i ty  p lo t  (Figures 37 and 38).

The dipole  in te ra c t io n  a lso  manifests i t s e l f  in the  high y ie ld  of 

polymer fo r  P4VPd in rad ica l  polymerization compared to  P3VPd. At a 

aonoaer to  i n i t i a t o r  r a t io  of 270 fo r  the  P4VPd sy s tea ,  a y ie ld  of 257. 

was obtained fo r  a 24 hour p o lyaer iza tion . For the  P3VPd sys tea , 

under the  same conditions but with a aonoaer to  i n i t i a t o r  r a t io  of 

240, a y ie ld  of only 77, was obtained. This d iffe ren ce  can be ascribed 

in p a r t  to  the d ip o la r  e f f e c t .  For P4VPd, both s t e r i c  and dipole 

e f fe c t s  favor synd io tac tic  p o lyaer iza tion , while fo r  P3VPd, the  s t e r i c  

e f f e c t  counterac ts  the d ipole  e f fe c t .

IV .B.3.b. Paraaagnetisa  and d i re c t  curren t conductiv ity .

The polyaers P3VPd and P4VPd in t h e i r  so lid  pure fo ra  ex h ib it  ESR 

absorp tions between the th i rd  and fourth  l in e s  of the  I n 43 Barker, 

where ESR s igna ls  fo r  aost organic f ree  ra d ic a ls  in a doublet ground
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4th Line of 
I n 4* la rk e r

Figure 39. ESI absorption of neat P3VPd ra d ic a l ly  polyaerized 

• g * 0.0005
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4th Line of 
I n 44 Barker

g = 2 .0038

Figure 40. ESI absorption of: A. neat P4VPd polyaer obtained by 

rad ic a l  po lyaer iza tion )  B. P4VPd/Ij a t  1 /1 .2 r a t io  

• g * 0.0005
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s ta t e  appear. This i s  in con tra s t  to  P2VP which does not show any 

absorption in i t s  na tive  fo ra .  Figure 39 shows a ty p ic a l  absorption 

fo r  undoped P3VPd. In genera l, a l l  the  ESI s igna ls  fo r  doped and 

undoped P3VPd and P4VPd are  s t ru c tu re le s s  s in g le ts ,  in d ica t in g  th a t  

the  unpaired e lec trons  are  de loca lized . The neat polyaer shows ESR 

signa ls  with AIas i of 10 Gauss while the  doped polyaers, between 15 

and 20 Gauss. Figure 40 shows ESR absorptions of P4VPd doped with 1} 

a t  a r a t io  of 1 :1 .2 , fo r  polyaer repeat u n i t -12 curve B, and neat 

rad ic a l  P4VPd curve A. A s ig n if ic a n t  s h i f t  fo r  the g value of the 

doped polyaer i s  c le a r ly  observed.

Tables 8 and 9 show spin d e n s i t ie s ,  e le c tro n ic  cond u c tiv i t ie s  and 

g values fo r  a s e r ie s  of th e ra a l  P3VPd and P4VPd doped with 1} a t  

d i f f e r e n t  r a t i o s ,  as well as rad ica l  P3VPd and P4VPd, doped and 

undoped. All the  saaples show coaparable spin d e n s i t i e s ,  na tive  and 

doped. The g values fo r  aost  of the  saaples appear to  be within the 

saae range. Only fo r  the P4VPd/l2 saaple was a s ig n if ic a n t  deviation  

observed (Figure 40, curve B). The g value s h i f t  observed in th i s  

case, f roa  2.0038 to  2.0085, can be a t t r ib u te d  to  the  d e lo ca liza t io n  

of paraaagnetic  cen ters  in to  the  iodine systea  which has a sp in -o rb it  

coupling p a ra a e te r53 of 4060 c a ' 1. The large  g value s h i f t  i s  in 

agreeaent with th i s  very high pa raae te r .  For exaaple, the  

2 ,3 ,5 ,6 -te tra iodo-1 ,4 -benzosea iqu inone  anion has a g value of 

2.01217.5* The neat polyaers show a high delocalized  spin density .

In soae cases, even higher coapared with the doped polyaers. lowever, 

the  ro le s  of these  de loca lized  spins in e lec tro n ic  conduction are  not
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TABLE 8 : Spin density  and conductiv ity  of P3VPd doped with I 2

Saaple Spin Density Conductivity g*0.0005
P3VPD/I2 (sp in /g) fl-i*ca-i

neat P3VPd 1.14 X 10*■ 1 X 1 0 * 2 . 0 0 2 6

1:1.5 2.77 X 10** 2.4 I  10*« 2.0048

1:3 8.79 X 10‘ * 1.8 X 10“* 2.0044

1:7 8.25 X 1 0 ^  1.0 X 10*« 2.0047

1:10 1.7 X 10‘ 7 1.7 x 10-5 2.0041

neat P3VPd* 8.6 x 10^  2.0078

TABLE 9: Spin density  and conductiv ity  of P4VPd doped with I 2

sample
P4VPD/I,

Spin Density 
(sp in /g)

Conductivity 
fl*1•cu*1

g*0.0005

neat P4VPd 4.40 X 1017 1 X 10*10 2.0068

1:1.5 5.40 I  1017 1.7 I  10-< -

1:3 5.60 X 1017 6.6 X 10-5 2.0046

1:7 2.40 I  1017 1.8 X 10-5 2.0042

1:10 6.75 I  1017 1.9 I  10-5 -

neat P4VPd* 3.96 x 1017 - 2.0038

P4VPd/I2 1: 1.2 1.19 x 10i« - 2.0085

* Polyaers obtained by bulk rad ic a l  p o lyaer iza tion .
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yet e s tab lish ed . For the  native  polyaers, the  cond u c tiv i t ie s  are  auch 

lover than 10' 10 f l ' ^ c a * 1. Only polyaers coaplexed with I j  r e s u l t  in 

a seaiconducting systea .

This find ing  c lea r ly  ind ica tes  th a t  the  ch a rg e-tran sfe r  coaplex 

between the polyaer and Is i s  responsib le  fo r  conduction and not the 

de loca lized  spins in the native  systea . Data froa  Tables 8 and 9 

suggest th a t  the  conductive behavior of the  two new polyaers is  

r e la t iv e ly  unaffected by the  aaount of I 2 p resen t.

IV.B.3.d. Iodine uptake by P3VPd and P4VPd.

In order to  a sc e r ta in  the r a t io  by which ao lecu la r  iodine 

combines with the rings to  fora  the ch a rg e-tran sfe r  coaplex in each of 

the  polyaers , we conducted se ts  of" approach to  equilibrium " 

experiments. Figure 41 shows the t i a e  required to  reach equilibrium  

fo r  saaples of P3VPd-l2 and P4VPd-l2 systems. The t i a e  Curve A 

in d ica tes  th a t  P3VPd complexes with I 2 in a r a t io  of 1 pyridazine ring 

to  1.5 molecules of I 2. The P4VPd polyaer combines with I 2 in a r a t io  

of 1 pyridazine ring per 1.2 ao lecules  of I 2, Curve B. These r a t io s  

a re  co n s is ten t  with those found by lo a re  e t .  al.® fo r  aonoaeric 

c h arg e- tran s fe r  complexes between pyridazine and I 2 , i . e .  1.0 to  1.4 

ao les  of I 2 per aole of pyridazine r in g s .

IV.B.3.d. Thermal analys is

DSC fo r  the  thermal P3VPd and P4VPd showed on f i r s t  heating a
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broad shallow endothera between 80-120°C, no ad d it io n a l  endothera was 

observed up to  260°C. The shallow t r a n s i t io n  was not observed upon 

slow cooling back to  rooa teapera tu re  and reheating  of the  saae 

saap le . Theraograviaetric  s tu d ie s  of these  polyaers show th a t  th i s  

t r a n s i t io n  corresponds to  weight lo s s ,  perhaps due to  solvent or water 

ao lecu les  associated  with the  pyridazine r ings  in the  polyaers. The 

absence of observable endotheras fo r  the second heating of th i s  

polyaer coabined with i t s  r ig i d i ty  and lack of s te re o re g u la r i ty  

suggests th a t  th i s  polyaer is  devoid of c ry s ta l l in e  o rgan ization . A 

s i a i l a r  s i tu a t io n  i s  observed fo r  the  anionic P3VPd and P4VPd. DSC 

fo r  these  polyaers shows on f i r s t  heating a s e r ie s  of sharp endotheras 

over a vide range of te ap e ra tu re ,  i . e .  140-220°C. These sharp 

endotheras are  not observed a f t e r  the  saaple was cooled slowly to  rooa 

te ap e ra tu re  and reheated. Ins tead , a ra th e r  f e a tu re le s s  theraograa is  

obtained. TGA fo r  these  polyaers ind ica tes  weight loss  s ta r t in g  a t  

the  te ap e ra tu re  of onset of the  f i r s t  DSC endothera and continuing 

throughout. I t  is  possib le  th a t  the  endotheras observed correspond 

not only to  the  loss  of associated  solvent and water, but a lso  to  

chea ica l reac tions  ocurring during heating.

Figure 42 suaaarizes the  DSC theraograas fo r  ra d ic a l  and th e ra a l  

P4VPd, as well ra d ic a l  p3VPd, including f i r s t  and second heating . For 

the  ra d ic a l  P4VPd, endotheras (curves A and B) were observed a t  109°C 

and 160°C fo r  both the  high and the  low ao lecu la r  weight polyaers upon 

heating . The area  under the  curve fo r  these  endotheras corresponds to  

an energy of 1.86 c a l /g  and 5.07 ca l /g  re sp ec tiv e ly .  These energy
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Figure 42. DSC theraograas of:

1. ia d ic a l  P4VPd, f i r s t  heating

B. ia d ic a l  P4VPd, reheat

C. Theraal P4VPd fo r  coaparison

D. I a d ic a l  P3VPd, f i r s t  heating

E. Ia d ic a l  P3VPd, reheat
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values a re  too low to  be a t t r ib u te d  to  B elting  of the  polyaers. TGA 

shoved no weight loss fo r  these  saaples up to  a teap e ra tu re  of 240°C. 

Slow cooling to  rooa teap e ra tu re  followed by reheating  of the  saaples 

showed the  coaplete loss  of the  f i r s t  endothera and a diminution of 

the  second. Therefore the second endotheras observed aus t  correspond 

to  changes of order in polyaer organization  upon heating .

Both NIB and v isco s i ty  da ta  support a r ig id  rod conforaation fo r  

the  s te reo reg u la r ,  aost l ik e ly  sy n d io tac t ic ,  polyaer. For such 

aacroao lecu les , l iq u id  c ry s ta l  behaviour is  expected. The p reva iling  

low energy t r a n s i t io n  a t  160°C can be a t t r ib u te d  to  B elting  of the 

neaa tic  phase of the polyaer in to  an iso tro p ic  phase. Curve C shows 

DSC theraograas of thermal P4VPd fo r  coaparison.

Radical P3VPd, curves D and E, shows only an endothera in the DSC 

theraograa a t  180°C which diminishes upon second heating . 13C NIB 

data  in d ica te  a s ig n if ic a n t  lev e l of i s o ta c t i c  placeaent (Figure 31). 

The 180°C endothera can be a t t r ib u te d  to  the  d is to r t io n  of the  h e l ic a l  

fragments of the  polyaer required by the  i s o ta c t ic  s te re o re g u la r i ty .

TGA theraograas fo r  the new ra d ic a l  polyaers showed b e t te r  heat 

s t a b i l i t y  fo r  P3VPd and P4VPd compared with P2VP a t  temperatures below 

240°C (Figure 43). The high d ipole  aoaent of the  pendant pyridazine 

r ings  of the  new polyaers au s t  play an important ro le .  At 

temperatures above 240°C, the  pyridazine r ing  could be destroyed 

through n itrogen  ex trusion .
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Figure 43 TGA theraograas of:

A. Iad ic a l  P3VPd

B. Ia d ic a l  P4VPd

C. P2VP

* P2VP a e l t s  a t  t h i s  point and tu rn s  to  

a  brown charred a a t e r i a l .
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V. CONCLUSION

The f i r s t  syntheses and ch arac te r iz a t io n  of P3VPd and P4VPd have 

been accomplished. Solution behavior and c h arg e- tran s fe r  complexes of 

the  new polymers with iodine were studied in d e t a i l .  The preparation 

of the  polymers involved the f i r s t  synthesis  of the monomers 3- and 

4 -v iny lpyridazine . The search fo r  a su i ta b le  route to  the new 

monomers re su lted  in two d i f f e r e n t  methods. Both required the  f i r s t  

syn thesis  of the  in term ediate a lcoho ls ,  3- and 4 - (0-hydroxy- 

e thy l)p y rid az in e .

The f i r s t  method required high pressure and temperature in an 

aqueous medium to  produce acceptable y ie ld s  of 3 - (0-hydroxyethyl)- 

pyridazine and no recoverable 4- (/?-hydroxyethyl)pyridazine. 1SC NIE 

spec tra  ind ica ted  th a t  3- (/9-hydroxyethyl)pyridazine formed six-member 

cyc lic  s t ru c tu re s  through hydrogen bonding of the  alcohol hydrogen 

with the  N-2 atom of the  pyridazine r in g ,  while fo r  the  

4- (/7-hydroxyethyl)pyridazine such hydrogen bonding was not favored.

The 3 -alcohol cyclic  s t ru c tu re  formed in aqueous medium, could be 

s ta b i l iz e d  by surrounding water d ipo le s ,  re s u l t in g  in good y ie ld s  fo r  

the  3- (0-hydroxyethyl)pyridazine. The conditions of high pressure  and 

temperature applied to  the  4 -alcohol favored dehydration followed by 

po lyaer iza tion  of the  re s u l t in g  v inyl aonoaer, y ie ld ing  the  polyaer 

P4VPd.

The second method, involving an anhydrous molecular formaldehyde 

reagent so lu tion  a t  low teap e ra tu re  and pressure  in a mildly basic
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solvent gave a high y ie ld  of 4- (0-hydroxyethyl)pyridazine and improved 

y ie ld s  of 3- (/?-hydroxyethyl)pyridazine over the f i r s t  aethod. The two 

vinyl aonoaers, 3-v inylpyridazine and 4-v iny lpyridaz ine , were then 

obtained in good y ie ld s  by acid dehydration of the  in te ra ed ia te  

a lcoho ls .  The four new aolecules  r e s u l t in g  fro a  th i s  synthesis  were 

a l l  high b o il ing  l iq u id s  caused by th e i r  s trong peraanent d ipole 

aoaents . The alcohols were s tab le  a t  rooa teap e ra tu re  while the  3- 

and 4 -vinyl aonoaers polyaerized on standing fo r  severa l days.

The aethods e s tab lished  in th i s  work fo r  the  syntheses of the  new 

su b s t i tu ted  pyridazines in acceptable y ie ld s  are iapo rtan t not only 

f roa  the  point of view of polyaer c h ea is t ry ,  but a lso  fo r  pyridazine 

c h ea is try  in general.

The two new pyridazine aonoaers were successfu lly  polyaerized 

ra d ic a l ly  and th e ra a l ly .  Anionic po lyaeriza tion  gave the desired  

polyaers in low y ie ld s .  However, a b e t te r  understanding i s  needed 

concerning the processes occurring during th i s  type of po lyaer iza tion . 

For thermally polymerized polyaers, 1SC NIR s tud ies  coabined with 

thermal ana ly s is  suggest r ig id i ty  of the chain backbone and lack of 

stereo- re g u la r i ty .  At high thermal po lyaer iza tion  teap e ra tu re  the 

o r ie n ta t io n a l  e f f e c t  of d ipole  in te ra c t io n s  on the  placement of 

incoaing aonoaers was overcome by thermal energy.

Radical thermal po lyaeriza tion  of the  two aonoaers was in i t i a t e d  

by hydrogen peroxide. The e f fe c t  of i n i t i a t o r  concentration  on 

ao lecu la r  s ize  of the  re s u l t in g  polyaers was observed through 

v is co s i ty  s tu d ie s .  The y ie ld  of P3VPd polyaers was always lower as
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coapared to  P4VPd. This, ve b e lieve , i s  the  r e s n l t  of the  d ifference  

in resonance s t a b i l i s a t io n  of the  propagating ra d ic a ls  by the 

pyridazine r ing  in the  two nonosers. Pyridasine , nnlike pyrid ine , 

shovs two d i f f e r e n t  resonance s t ru c tu re s .  One of then , with a  double 

bond between the two ring  n itrogens , i s  not favored.* This r e s u l t s  in 

only one favorable resonance-stab ilized  s t ru c tu re  fo r  the  propagating 

ra d ic a l  with the  pendant r ing  in the  P3VPd systen and two favorable 

resonance s ta b i l iz e d  s tru c tu re s  fo r  the  ra d ic a ls  in the  P4VPd systea  

(see below). Thus b e t te r  overa ll  polyner y ie ld s  were obtained fo r  the 

l a t t e r  systen.

—CH—CHj— -CH-CIj—

P3VPd

-C i-C I-CH-CIj—C H —C H 2

P4VPd

The d if fe ren ce  in  d irec t io n  and nagnitude of the  d ipole  nonent 

f o r  the  two nonoaers plays an iap o rtan t  ro le  in  the  ra d ic a l  polyaer­

iz a t io n  process as well as in  the  p ro p e r t ie s  of the  r e s u l t in g
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polyaers. l , C NIK, thermal analys is  and v isco s i ty  s tud ies  of the 

rad ica l  polyaers revealed r ig id  rod behaviour fo r  P4VPd not observable 

fo r  P3VPd. l ig id  rod behavior i s  the  r e s u l t  of sy nd io tac tic  placement 

of incoming aonoaers caused by unfavorable d ipo le -d ipo le  repu ls ive  

forces fo r  i s o ta c t ic  placeaent between pyridazine r in g s .  The 

i s o ta c t i c  placeaent i s  estimated based on a d ipo le -d ipo le  in te ra c t io n  

equation to  be a t  le a s t  200 kca l/ao le  le s s  e n e rg e t ic a l ly  favored 

coapared to  the synd io tac tic  p laceaent. The synd io tac tic  placeaent 

iaposes s t r in g e n t  s t ru c tu ra l  conformations fo r  the  polyaer chains, 

r e s u l t in g  in r ig id  rod fo raa tion  and l iq u id  c ry s ta l  behaviour. For 

rad ica l  P3VPd, a very favorable d ipo le -d ipo le  in te ra c t io n ,  300 

k c a l /ao le ,  between neighboring rings in i s o ta c t i c  placeaent can be 

achieved through ring  ro ta t io n  to  assuae a leve l of head to  t a i l  

d ipo le -d ipo le  arrangeaent. However, s t e r i c  repulsion  plus th e ra a l  

energy a t  400 K does not preclude extensive i s o ta c t i c  p laceaent.

S to ich ioae try  fo r  charge-transfe r  coaplexation of the  pyridazine 

r ings  in P3VPd and P4VPd with iodine were determined to  be of the 

r a t io  1:1.4 and 1 :1 .2 , r ings to  iodine, re sp ec tiv e ly .  These coaplexes 

showed sea iconductiv ity  a t  l e a s t  a t  a lev e l s im ila r  to  the  P2VP-lj 

systems, i . e .  10*5 to  10*4 f l - c a '1. However, the  e f f e c t  th a t  charge 

t r a n s f e r  coaplex formation with iodine had on polyaers was found to  be 

d i f f e r e n t  fo r  poly(vinylpyridazine) systems as compared with P2VP.

Our study showed th a t  P2VP cross links  in the  presence of iodine a t  

r e l a t iv e ly  low teape ra tu res  while no such process was observed fo r  

P3VPd and P4VPd under s i a i l a r  conditions. This d if fe ren ce  can be
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ascribed  to  the  higher resonance s ta b i l i z a t io n  of pyrid ine (134 

k J /a o l ) 85 as coapared to  pyridazine (52 k J /a o le )S5. The fo raa tion  of 

b e n z i l ic  ra d ic a ls  followed by cross link ing  of the  polyaer would 

th e re fo re  be aore favored in P2VP than in P3VPd and P4VPd. ESI 

sp ec tra  suggesting th i s  type of rad ic a l  were observed fo r  the  P2VP/I3 

systea  and not observed fo r  the  P3VPd/I] and P4VPd/l2 systeas . For the 

th ree  p o ly n e r / l2 ch arge-transfe r  coaplexes, g values were coaparable 

except fo r  the  coaplexes of ra d ic a l ly  polyaerized P4VPd with iodine. 

These complexes showed a high g value, suggesting a high 

d e lo ca l iz a t io n  of the unpaired e lec trons  in to  the  iodine systea . This 

e f f e c t  aay be caused by the s t ru c tu ra l  re g u la r i ty  of the polyaer, 

allowing spec ia l in te ra c t io n s  between the pyridazine r ings  and iodine. 

The new polyaers showed s ig n if ic a n t  d iffe ren ces  in s o lu b i l i ty  coapared 

with P2VP. ESR s tud ies  showed high spin density  fo r  the  na tive  fo ra  

of P3VPd and P4VPd . no spin density  fo r  P2VP.

The e f f e c t  of the  s treng th  and d ire c t io n  of the  d ipole  aoaent of 

the  pendant r ings  was observed in the  so lu tion  p ro p e rtie s  and 

s t ru c tu re  of the  new P3VPd and P4VPd polyaers. However, the  e f fe c t  of 

d if fe ren ces  in d ipole aoaents on the  p ro p e r t ie s  of the  charge-transfe r  

coaplexes of P3VPd and P4VPd with iodine were not read ily  observed.
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