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ABSTRACT 

This repor t  covers work performed on polyazine polymers of the general  

formula ftrC-Ar-CH=N-N+n where A r  represents  a, HOQcH2@OH and 

C H 3 0 @ C H 2 q O C H 3 .  These three azine polymers were prepared by the solu-  

t i o n  method, y ie ld ing  in fus ib l e  yellow brick-dust  polymers, and by the  

m e l t  method, y ie ld ing  in fus ib l e ,  higher molecular weight black polymers. 

The azine polymers were shown t o  lose  ni t rogen upon hea t ing  and form a 

thermally s t a b l e  polysti lbene-type polymer. Therefore, thermoanalytical 

s tud ie s ,  employing thermal gravimetric ana lys i s ,  d i f f egen t i a l  thermal 

analyses  and ca lor imet r ic  analyses,  were performed t o  monitor the para- 

meters of the azine decomposition. Data on the weight-loss temperature 

ranges, the  k i n e t i c s  of decomposition and the  ex ten t  of decomposition 

were obtained from the yellow polymers. Both the  yellow so lu t ion  and t h e  

black melt polymers w e r e  thermally evaluated by thermal gravimetr ic  anal-  

yses t o  determine t h e i r  r e l a t i v e  s t a b i l i t i e s  i n  ni t rogen and i n  a i r ,  both 

i n  r e l a t i o n  t o  the  method of synthesis  and t o  the  nature  of the A r  moiety. 

The e f f e c t  of p a r t i c l e  s i z e  on thermal s t a b i l i t y  was simultaneously eva- 

lua ted .  

polymers by means of in f ra red  s tud ie s ,  elemental ana lys i s  and viscometry; 

and an approximate 5 for these yellow polymers obtained. 

Molecular weight determinations were performed on the yellow 

The polyst i lbenes derived from the polyazines possess high thermal 

s t a b i l i t y  i n  ni t rogen and i n  a i r .  
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I. Introduct ion.  

In a previous report '  there  was  summarized r e s u l t s  of preliminary s tud ie s  

on the  syntheses of polymeric azines ,  &C-Ar-CE=N-N.), i n  which A r  represents  

a d iva len t  aromatic moiety. Selected az ine  monomers were synthesized t o  serve 

as prototypes f o r  t he  az ine  polymers; and the  mechanism, k ine t i c s ,  and decom- 

pos i t i on  temperatures of these monomers were inves t iga ted  and reported.  I 

The condi t ions required f o r  t he  synthes is  of high molecular weight black 

az ine  polymers were es t ab l i shed  and used successfu l ly  t o  synthesize them by 

m e l t  polymerization techniques.' It w a s  a l s o  shown i n  the report '  t h a t  these  

polymeric azines  were i n  f a c t  thermally unstable  a t  temperatures i n  excess 

of 3OOOC and, by the very act of decanposit ion,  produced successfu l ly  ther- 

mally s t a b l e  s t i l b e n e  polymers. These r e s u l t s  ind ica ted  the  need f o r  more 

d e t a i l e d  inves t iga t ions  i n  several  areas of t h i s  research. 

The f i r s t  a r ea  concerned a more d e t a i l e d  examination of the  decomposition 

of the  polymeric azines  i n t o  polyst i lbenes,  which was formulated 1 according 

t o  the reac t ion  
fRC-Ar-CH=N-N3n 4 ffIC-Ar-CH4 n + n R21' (eq* 1) 

1 and on which the  ab la t ive  p rope r t i e s  of these polymers were predicted.  

Thermoanalytical methods were used t o  study t h i s  decomposition; these methods 

included thermogravimetric analyses (TGA), d i f f e r e n t i a l  thermal analyses 

(DTA), and ca lor imet r ic  analyses  (AH). These measurements were contemplated 

a s  y ie ld ing  information on decomposition temperature ranges, phase changes, 

t he  k i n e t i c s  of reac t ions  and ca lor imet r ic  values. To a s c e r t a i n  the  inf luence 

of molecular weight on the thermal proper t ies  of the  az ine  polymers, both low 

molecular weight yellow polymers and the  higher  molecular weight black poly- 

m e r s  were scheduled f o r  examination. Many of the  thermal s tud ie s  on the  

yel low polymers have been completed and are included i n  t h i s  r epor t ;  corres- 

ponding s tud ie s  on the black polymers have been i n i t i a t e d .  
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The second area  concerned the  e f f e c t  on the  therrwl s t a b i l i t i e s  of the 

polymers with changes i n  the  aromatic moiety, Ar, i n  the polymers of the 

s t r u c t u r e  &C-Ar-CH=N-N'),. 

which A r  is phenylene, @ . 
polymer could be de l ibe ra t e ly  designed i n t o  the polymer by changing the nature 

The simplest polymer of t h i s  family is the one i n  

It was bel ieved t h a t  cont ro l led  changes i n  the 

of the  A r  moiety. For example, if intramolecular bonding of one kind or ano- 

the r ,  could be introduced i n t o  the polymer chain,  it might be possible  t o  

raise t h e  decomposition temperature without destroying the a b i l i t y  of the  po- 

lymer t o  e l iminate  ni t rogen and still y i e l d  a polyst i lbene.  Also, by modify- 

ing  the  s t r u c t u r e  by an appropriate  s o l u b i l i z i n g  subs t i t uen t ,  i t  might be 

poss ib le  t o  s o l u b i l i z e  a t  least the  yellow polymers, and thereby t o  u t i l i z e  

the  so lu t ions  i n  measurements of such parameters as molecular weight. 

I n  these  s tud ie s ,  the phenylene group would serve a s  the  reference a r y l  

moiety.' The A r  moiet ies  evaluated in  t h i s  phase are the  s t r u c t u r e s  

and t h e i r  corresponding polymers are:  

A. fHC@CH=N-N+n 

Polymer B was chosen t o  evaluate t h e  e f f e c t  of hydrogen bonding, 

-O--H---N-, a f ea tu re  which becomes more apparent when t h a t  segment of the  

polymer is  wr i t t en  as, 
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This t jpe of hydrtgen bonding should be destroyed r ead i ly  by cmvers ion  

of t he  hydroxyl function t o  another function. Accordingly, polymer C was 

chosen f o r  t h i s  purpose as the  comparison polymer. I n  t h i s  way, i f  any measure- 

ments ind ica ted  t h e  presence of hydrogen bonding i n  No. 2,  t h i s  value should 

be lowered i n  No. 3 and thereby o f fe r  convincing evidence of its existence.  

The phenolic hydroxyl a s  a subs t i t uen t ,  *OR , should a l s o  function t o  
\ 

s o l u b i l i z e  t h e  polymer i n  aqueous so lu t ions  of a l k a l i .  

The presence of t he  -cB2- linkage between the  two benzene r ings  i n  both 

of these  compounds should a l s o  give some i nd ica t ion  of t he  e f f e c t  on thermal 

s t a b i l i t y  of changes in the 

sence of t h i s  -9- l inkage  

in t e r rup ted  conjugation. 
2 

ex ten t  and charac te r  of conjugation. The pre- 

generates "pseudo con jugation" ins tead  of 

The preparation of polymers B and C necess i t a t ed  the  syntheses of t h e i r  

corresponding monomers and der iva t ives .  

mers a s  w e l l  as high molecular weight polymers were synthesized and s tudied  

i n  t h i s  second area. 

Low molecular weight yellow poly- 

I n  the  t h i r d  area of study, e f f o r t s  were made t o  determine the  molecular 

weight of t he  az ine  polymers. 

spectroscopy were the  methods used. 

11. Syntheses of Monomers. 

Viscometry, elemental analyses,  and in f r a red  

The following monomeric dialdehydes were required f o r  t he  polymerization 

with hydrazine: 
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5,5'-methyleae disalicylaldehyde (&IDS) 

I 

5,5'-methylene dimethoxydisalicylaldehyde (MDMS). 

They were prepared using t h e  phenolformaldehyde-type condensation; then struc- 

t u r e s  proven by NMR and by comparison with l i t e r a t u r e  data.  

A. Experimental. 

1. (DA-39-71) Attempted Preparation of mOH JMDS). 2 'SiHO 
Salicylaldehyde, 5.0 g. (0.04 M), was placed i n  a microflask c h i l l e d  i n  

ice. The f l a s k  was equipped with a magnetic stirrer and an  i n l e t  f o r  n i t r o -  

gen t o  provide an i n e r t  atmosphere. To the  f l a s k  was added a mixture of 37% 

aqueous formaldehyde, 1.66 g. (0.02 M), and concentrated s u l f u r i c  ac id ,  

0.15 g. The ice melted as the  reac t ion  proceeded; the mixture was allowed 

t o  s tand  overnight. No s o l i d  product was i s o l a t e d  from t h i s  mixture. 

2. (DA-39-72) Attempted Preparation of MDS. 

The procedure was the  same a s  t h a t  used i n  DA-39-71, except t h a t ,  when 

t h e  ice had melted, t he  temperature was r a i sed  t o  87OC. 

sible s o l i d  was recovered having the  characteristics of a Bakel i te  r e s in .  

A black and infu- 

3. (DA-39-74) Attempted Preparation of MDS. 

The procedure was the  same a s  t h a t  used i n  DA-39-71, except t h a t  the  

a c i d  concentration was  increased t o  7.9 g. 

recovered from t h i s  reac t ion .  

Only a black t a r r y  s o l i d  was 

4. (DA -39-82) PreDaration of MDS. 

Saiicyiaidehyde, i.25 g. <O.OiO Mj, acec ic  ac id ,  2.5 m i .  as so ivent ,  

ans 37% aqueous formaldehyde, 0.42 g. (0.014 M), were mixed toge ther  i n  a 
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100-ml. round-bottom f l a s k  and placed i n  an i c e  bath. To t h i s  w a s  added drop- 

w i s e  5 m l .  of concentrated s u l f u r i c  ac id .  

a f t e r  t h e  s u l f u r i c  a c i d  addition. As the  ice melted and the so lu t ion  warmed 

The so lu t ion  was a clear yellow 

t o  room temperature, t he  mixture became cherry red and a s o l i d  formed. The 

s o l i d  was  separated by suc t ion  f i l t r a t i o n ,  0.85 g .  (47% of t heo re t i ca l ) .  The 

s o l i d  w a s  r e c r y s t a l l i z e d  from xylene t o  give a cream-colored c r y s t a l l i n e  s o l i d ,  
3 m.p. 141-142OC, lit. 140°C. NMR, Appendix No. 1, and IR, Appendix No. 2, 

w e r e  recorded. 

5. (DA-39-83) Preparation of MDS-dianilide (MDSDA) . 

BOQCH2&;NQ 
@=€IC 

MDS, 20.00 g. (0.078 M) and a n i l i n e ,  14.51 g. (0.156 M) were added t o  

200 m l .  of benzene i n  a Dean-Stark apparatus. The benzene so lu t ion  was re- 

fluxed u n t i l  t he  theo re t i ca l  amount of water was  co l lec ted .  The r eac t ion  was 

then cooled and the  benzene removed by f l a s h  evaporation; an  orange-yellow 

s o l i d  w a s  recovered i n  quan t i t a t ive  y ie ld .  It was r e c r y s t a l l i z e d  from 95% 

ethanol t o  give an orange s o l i d ,  m.p. 144-146OC. NMR, Appendix No. 3, and 

IR,  Appendix No. 4 were recorded. 

6. (DA-39-84) Attempted Preparation of (MDMS) . 

MDS, 1 g. (0.004 M), was added t o  a so lu t ion  of sodium hydroxide, 0.48 g. 

(0.012 M) i n  10 m l .  of water. To the r e s u l t i n g  yellow s l u r r y  diatethylsulfate,  

2.5 g. (0.02 M), t7as added. The reac t ion  w a s  s t i r r e d  a t  room temperature f o r  

t w o  hours and then a c i d i f i e d  with 1:l concentrated hydrochloric acid: water, 

ex t r ac t ed  with e t h e r ,  the  e t h e r  separated and dr ied .  On evaporation of t he  

c 

e t h e r  only the  s t a r t i n g  product, MDS, was recovered. 

7.  (DA-39-85-b) Attempted Preparation of XDMS). 

I n  a f l a s k  equipped with a magnetic stirrer and n i t rogen  i n l e t  was  added 
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MDS, 1 g. (0.004 M), t o  a so lu t ion  of sodium hydroxide, 0.48 g b  (0.012 M) i n  

10 m l .  of water. To t he  r e s u l t i n g  clear yellow so lu t ion  methyliodide, 2.84 g. 

(0.02 M), was added. Af te r  two hours a t  room temperature, the  so lu t ion  became 

dark maroon i n  color.  The so lu t ion  was then ex t rac ted  with e the r ,  t he  e t h e r  

evaporated and the  des i red  product was not obtained. 

8. (DA-39-89) Preparation of MDMS. 

The following procedure was adopted from an a l l i e d  preparation i n  Organic 

S y ~ t h e s i s . ~  MDS, 2.00 g. (0.0078 M) was added t o  10 rnl. of b o i l i n g  water. 

s o l u t i o n  of sodium hydroxide, 2.76 g. i n  11.04 m l .  of water, was  prepared. 

Of t h i s  a l k a l i n e  so lu t ion  5.17 m l .  was then added t o  the  MDS-boiling water 

so lu t ion .  A c l e a r  orange-red so lu t ion  was  obtained upon the  sodium hydroxide 

addi t ion .  Dimethylsulfate (3.74 8.) w a s  then added r a t h e r  slowly; a f t e r  t e n  

minutes another add i t ion  (0.71 8.) of dimethylsulfate was made. 

last add i t ion  the  yellow so lu t ion  became a c i d i c  t o  l i tmus  ind ica tor .  

was  then followed by addi t ion  of 0.88 m l .  of sodium hydroxide so lu t ion  (solu- 

t i o n  again turned yellow). 

After a f i n a l  addi t ion  of 0.71 g. of dimethylsulfate,  t he  so lu t ion  was made 

a l k a l i n e  by addi t ion  of 2.2 m l .  of the sodium hydroxide so lu t ion .  Total  dim 

methylsulfate used: 6.31 g. (0.00246 M). The so lu t ion  contained a yellowish 

p r e c i p i t a t e .  This p r e c i p i t a t e  w a s  removed by f i l t r a t i o n ,  washed with water 

severa l  times and r e c r y s t a l l i z e d  from 95% ethanol.  Af te r  drying, t h e  s o l i d  

was  co lo r l e s s ,  m.p. 1 3 O - 1 3 l 0 C ,  and the y i e l d  was  e s s e n t i a l l y  quan t i t a t ive .  

Its NMR, Appendix No. 5 ,  and i t s  IR, Appendix No. 6 were recorded. 

A 

Af te r  t h i s  

This 

This stepwise addi t ion  is repeated twice more. 

B. Discussion. 

Salicylaldehyde, being a phenol, has  severa l  pos i t i ons  on i t s  aromatic 

nucleus which are ac r iva rea  coward e i e c r r o p n i i i c  a t t a c k  such as i n  the  phenoi- 

formaldehyde type condensation. Hence t he  p o s s i b i l i t y  of condensation of one 
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sa l icy la ldehyde  molecule with another through the  formaldehyde methylene is 

h igh;  and consequently Bakelite-type r e s i n s  a r e  obtained, e spec ia l ly  a t  high 

temperatures. This reac t ion ,  therefore,  complicates t h e  synthes is  of t he  b i s  

compound i n  r eac t ion  of salicylaldehyde with formaldehyde. 

t i c  acid and l o w  temperatures were found p r e f e r e n t i a l l y  t o  a i d  t h e  condensa- 

t i o n  of formaldehyde with salicylaldehyde t o  form the  des i red  b i e  catpound. 

The mechanistic p a r t  played by t h e  a c e t i c  ac id  has not a t  the  present  been 

determined. No attempts were made t o  increase the  reported y i e lds ,  though 

a l l  evidence ind ica t e s  t h a t  they can be increased. 

Di lu t ion  with ace- 

1 111. Syntheses of Polymers. 

Polymeric azines were prepared from t he  previously synthesized monomers. 

Both t h e  yellow low molecular weight polymers and the  h igher  molecular weight 

polymers were synthesized. 

A. Experimental. 

1. Solution Polymerization. 

a.  (DA-39-93) Polymerization of MDS and Hydrazine. 

Under a n i t rogen  atmosphere, MDS, 10.00 g. (0.039 M), was dissolved i n  

100 m l .  of re f lux ing  benzene i n  a Dean-Stark apparatus. To t h i s  was added 

anhydrous hydrazine, 1.30 g. (0.039 M). Upon addi t ion  of t he  hydrazine t h e  

so lu t ion  immediately became yellow and a yellow s o l i d  p r e c i p i t a t e d  out. The 

r eac t ion  was  stopped when no more water w a s  co l l ec t ed  i n  the  t r ap .  The re- 

ac t ion ,  a f t e r  f i l t r a t i o n ,  produced a yellow brick-dust polymer which was 

i n fus ib l e .  Yield was 88% of theo re t i ca l .  

b. (DA-39-95) Polymerization of MDMS and Hydrazine. 

I n  a n i t rogen  atmosphere, MDMS, 5.00 g. (0.018 M) w a s  dissolved i n  100 m l .  

of re f lux ing  benzene i n  a Dean-Stark apparatus.  To t h i s  so lu t ion  w a s  added 

anhydrous hydrazine, 0.565 g. (0.018 M). With the  hydrazine add i t ion  the  so- 
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l u t i o n  turned yellow and when no more water was co l l ec t ed  t h e  r eac t ion  was 

stopped and there  w a s  recovered a f t e r  f i l t r a t i o n  a yellow brick-dust polymer 

which was  i n fus ib l e .  Yield was 92% of the  t h e o r e t i c a l .  . 
2. M e l t  Polymerizations. 

a. (DA-39-97) Polymerization of MDSDA and ( H s C ~ ) ~ C = ~ - N ' C ( C ~ ~ ~ ) ~ ( D ' ~ - P A ) .  

MDSDA, 1.0511 g. (0.0026 M), and D-3-PA, 0.4346 g. (0.0026 M), were 

placed i n  a microflask and t h e  mixture heated i n  an i n e r t  n i t rogen  atmosphere. 

The temperature was r a i sed  slowly to 180°C and the  s o l i d  mixture melted i n t o  

a yellow-orange clear m e l t .  

reddish-brown, brown and dark-brown. Its v i scos i ty  increased u n t i l  a t  t he  

dark-brown s tage  it became extremely viscous. 

h e r e  t o  20 mm. Hg and the  by-products d i s t i l l e d  over. Af te r  t h ree  hours a t  

180OC and 20 mm. Hg the reac t ion  was stopped and 0.8327 g. of brown glossy 

polymer w a s  r e t r i eved  (126% of t heo re t i ca l ) .  

Analysis f o r  N2 = 5.85%. 

It then progressed with time t o  dark-orangeJ red, 

Then the pressure was reduced 

It was  i n f u s i b l e  and insoluble. 

9 

b. (DA-39-99) Polymerization of MDMS and & R = N - N = C H e  (DBA) . 
MDMS, 1.0225 g. (0.0036 M), and DBA, 0.7489 g. (0.0036 M), were placed 

i n  a microflask and the  mixture heated under an i n e r t  atmosphere i n  nitrogen. 

The temperature was r a i s e d  slowly t o  1 8 0 O C ;  t h e  s o l i d  mixture melted t o  an 

amber clear l i q u i d  then changed t o  dark orange, red,  reddish-brown, brown, 

and dark-brown a t  which poin t  t he  so lu t ion  became viscous. 

then reduced t o  10 mm. Hg and t h e  temperature maintained a t  about 175OC f o r  

t en  hours. A t  t h i s  po in t  the  reac t ion  w a s  stopped and a dark-brown glossy 

polymer recovered (yield 115% of the theo re t i ca l ) .  It w a s  i n f u s i b l e  and 

insoluble.  

The pressure  was 

3. Discussion. 

As had been observed before,' so lu t ion  polymerization produced only the  
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lower molecular weight yel low brick-dust polymers. 

yielded the high molecular weight darker colored polymers with y i e lds  exceed- 

ing 100% calcu la ted  on the b a s i s  of n =-due probably t o  the r e t en t ion  of 

by-product Schiff  base molecules and te lomerizat ion of the chains. 

IV. Thermal Analyses of Reactions of Polymeric Azines. 

The m e l t  polymerizations 

. 
192 

It has been known5 f o r  some time t h a t  monomeric azines  of the  general 

formula Ar-CH=N-N=CH-Ar' can be thermally decomposed i n t o  a number of products, 

the  m o s t  p l e n t i f u l  of which is  nitrogen. 

probable mechanism6 f o r  t h i s  react ion have been reported.  

study has been reported on the  polymeric azines;  and i t  was decided t o  exa- 

mine t h i s  phenomenon i n  polymers. 

i n  this  study included thermal gravimetric ana lys i s  (TGA), d i f f e r e n t i a l  

thermal ana lys i s  (DTA), and calor i rnetr ic  ana lys i s  &I). 

Both the  k ine t i c s5  and the  most 

However, no similar 

The techniques of thermal analyses used 

Thermogravimetric ana lys i s  can measure small weight l o s s e s  i n  the polymer 

as a functf'on of t i m e  and temperature; t h i s  information furnishes  useful  data  

such as temperature ranges of the weight-losses, the k i n e t i c s  of t he  weight 

l o s s  and the  ex ten t  of the weight loss .  In  these  s tud ie s ,  the du Pont 950 

Thermogravimetric Analyzer was used t o  record the  TGA thermograms. 

TGA's a s  w e l l  a s  i n  the  subsequent measurements, the  polymer w a s  used i n  a 

powdered form. I n  those cases where s o l i d  g lassy  polymers were evaluated, 

they were reduced t o  powder by grinding i n  a s t a i n l e s s  steel v ib ra to r  f o r  

s i x t y  seconds. 

In these 

In order t o  determine the  weight-loss k i n e t i c s  from the  TGA thermograms, 

7 the  method of Freeman and Carro l l  

Since t h i s  method of k i n e t i c  analysis  involves the  continual increase i n  

sample temperature, t he  unce r t a in t i e s  due t o  the  i n i t i a l  thermal l a g  asso- 

c i a t e d  with isothermal experiments a r e  e s s e n t i a l l y  eliminated. A t  the same 

was used to evaluate  the  r a t e  parameters. 
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time, the  order of the reac t ion  and the  energy of ac t iva t ion  may be obtained 

Y 

from one experimental curve. The method of Freeman and Carro l l  is based on 

the  following derived expression applied by Anderson and Freeman. 8 

log  (dw/dt) = xD10g Wr - (AE*/2.3 R ) A ( l / T )  

where : 
dw/dt = t he  rate of r eac t ion  

x = t he  order of r eac t ion  

&* = the  energy of a c t i v a t i o n  

R = t he  gas constant 

T = t he  absolute temperature 

kJr = 

= 

b W c  = 

L!hc - b W  (proportional t o  the  amount of reac tan t )  

the weight l o s s  a t  the  poin t  where dw/dt is taken 

the  t o t a l  weight l o s s  assoc ia ted  with a given reaction. 

AW 

To evalua te  the  cons tan ts  i n  equation 1, A l og  dw/dt is  p l o t t e d  aga ins t  

The order of reac t ion ,  x, is determined l o g  Wr i f  D(l/T) is kept constant.  

from the  s lope  and the energy of ac t iva t ion  from the  in t e rcep t  a t  

A l o g  Wr = 0 .  

A(l/T) is t o  p l o t  the f i r s t  der iva t ives  of the primary thermogravimetric 

A simple method of determining dw/dt and Wr a t  constant 

curve and corresponding Wr as a function of rec iproca l  absolute temperatures. 

D i f f e r e n t i a l  thermal ana lys i s  measures exorhems and endotherms as a 

function of temperature a t  a given hea t ing  rate. The DTA thermograms a f fo rd  

a more o r  less q u a l i t a t i v e  measure i n  the  system of any physical o r  chemical 

changes l a r g e  enough t o  r e g i s t e r  a hea t  ga in  o r  hea t  loss agains t  a reference.  

I n  these  s t u d i e s ,  py ro ly t i c  graphite obtained from NASA was  used a s  the  

reference.  I n  these  s t u d i e s  the du Pont 900 D i f f e r e n t i a l  Thermal Analyzer 

w a s  used t o  record the  DTA thermograms. 

Calorimetric analyses are c lose ly  a l l i e d  t o  DTA except t h a t  they f i e l d  

q u a n t i t a t i v e  information. The c a 1 o r i m e t e r . c e l l . i s  e s s e n t i k l l y  a bomb: 

10 
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ca lor imeter  which measures exotherms or endotherms of a known mass of sample 

and t r a c e s  these  changes i n  the  form of a graph. The area under the  curve 

of these  t r aces  i s  measured accurately with a polar  planimeter and r e l a t e d  t o  

the  &I of t he  reac t ion  by the  r e l a t ionsh ip  of equation 2. 

H = E .  f l T s  T s  

Ma 

where : 
AH = m cal/mg. f 5% 

E = ca l ib ra t ion  c o e f f i c i e n t ,  m cal/*C min. 

A = peak area ,  sq. in .  

As = Y a x i s  s e n s i t i v i t y  s e t t i n g ,  OC/in. 

T, = X a x i s  s e n s i t i v i t y  s e t t i n g ,  OC/in. 

M = sample mass, mg. 

a = heat ing  r a t e ,  OC/min. 

The peak temperatures usua l ly  d i f f e r ,  t o  some extent ,  with those observed i n  

the DTA and TGA thermograms. 

set by the  experiment on the  control panel of t he  du Pont 900 Thermal Analy- 

zer.  In these  s t u d i e s  the  du Pont Calorimetric C e l l  was  used t o  record the  

A H  thermograms. The c a l i b r a t i o n  coe f f i c i en t ,  E ,  of t h i s  c e l l  is  determined 

experimentally as a function of temperature by using metals of known hea t s  

of fus ion  and app l i ca t ion  of equation 2.  

The values of ATs, Ts, My and are those 

A. Thermal Analysis of Reactions of Yellow Polymers. 

The high molecular weight black polyazines, because of poss ib le  monomer 

inc lus ion  as w e l l  as l o s s  of nitrogen due t o  conditions of synthes is ,  w e r e  

not chosen, therefore ,  f o r  primary study by these  methods. The yellow poly- 

az ines  prepared by the  so lu t ion  technique were s tudied  f i r s t .  This s e l e c t i o n  

would allow, a l s o ,  a b e t t e r  comparison of s t a b i l i t i e s  due t o  s u b s t i t u t i o n  i n  

11 
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t he  polymers versus s u b s t i t u t i o n  i n  t he  monomers which have already been 

reported.  1 

1. TGA of Yellow Polyazines for Kine t ic  Studies.  

The polymers se l ec t ed  f o r  study a r e  shown i n  Table 1, with the  appendlx 

number of t h e i r  thermograms, The heating rate was  5'C/min. and pure n i t rogen  

w a s  used as the i n e r t  gas a t  a flow rate of one standard l i t e r  per minute. 

T a b l e  1 

Polymers Used i n  TGA Studies 

I 
Thermogram 

Appendix No. i Polymer 1 
Designation Polymer I--- 

7 

* Synthesis given i n  re ference  1; ana lys i s  
f o r  nitrogen9 17.15% before hea t ing  t o  
1176OC and 0.73% a f t e r  heating. 

a. Kinet ic  Data from Thermograms. 

The method of Anderson and Freeman 8 was used t o  ca l cu la t e  dw/dt and Wr 

as shown i n  Appendix No. 10 f o r  the polymer DA-39-34 from the  da ta  of t he  

thermogram of Appendix No. 7.  

equal i n t e r v a l s  of 1/T of 1.0 x 10'' 

The values of dw/dt and Wr were then taken a t  

The k i n e t i c  p l o t  f o r  t h i s  pro- 

cess is shown i n  graph form as Appendix No. 11. 

The i n i t i a l  po in ts  of t he  reac t ion  up t o  28OoC a r e  those of zero  order 

k i n e t i c s .  The temperature dependency p l o t  of t h i s  s t age  of t he  r eac t ion  i s  

shown i n  graph form as Appendix No. 12. The energy of a c t i v a t i o n  w a s  calcu- 

12 
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I 

= 1.64 (eq. 4) -1 x . il E* 
O K  (2.3) (1.98) 

then, 

l a t e d  from the  s lope of t h i s  plot :  

by subs t i t u t ion ,  

13 



Ttable 2 

DTA of Yellow Polyazines 

Polymer 1 Number Appendix No. 

I 

* Synthesis given i n  reference 1. 

Each thermogram contains  four d i s t i n c t  t r aces  represent ing four d i f f e r e n t  

condi t ions of evaluat ion,  namely: 

Curve A = Original sample i n  n i t rogen  to 1176OC 

Curve B 

Curve C = Recycle of sample A i n  a i r  

Curve D = Original sample i n  a i r .  

= Recycle of sample A i n  n i t rogen  t o  1176°C 

These DTA thermograms show, i n  Curve A, t h a t  a phase change does occur 

when the o r ig ina l  sample is heated t o  1176OC i n  ni t rogen but t h a t  once having 

been heated thus ly  no f u r t h e r  s a l i e n t  changes appear i n  the polymer when re- 

cycled i n  ni t rogen t o  1176OC again.  

thermal decomposition is indeed d i f f e r e n t  from the  azine polymer i n  t h a t  the  

derived polymer is  s t a b l e  i n  nitrogen up t o  a t  least 1176OC. Also t h i s  poly- 

s t i l b e n e  type polymer is  more thermally s t a b l e  in a i r  than the polyazine as 

seen by comparing Curves C and D. It i s  i n t e r e s t i n g  t o  note t h e  broad but  

percept ib le  exotherms of Curves A which follow the main decomposition exo- 

therms a t  about 35OOC. 

f a c t ,  coupled with the increased thermal s t a b i l i t y  a f t e r  cycl ing i n  ni t rogen,  

That is, the polys t i lbene  r e s u l t i n g  from 

They appear t o  have t h e i r  maxima a t  about 880OC. This 
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as  w e l l  as the  f a c t  t h a t  t he  or ig ina l ly  yellow polymers became brown upon 

hea t ing ,  suggests t h a t  fu r the r  chain lengthening has a l s o  occurred. Further ,  

Polymer 

- t h i s  chain lengthening should increase the  thermal s t a b i l i t y ;  it a l s o  should 

Thermogram 

show a broad exotherm s ince  end chain condensations take place slowly over a 

Number I Polymer 1 Appendix No.  

wide elevated temperature range. The r e s u l t i n g  increase i n  conjugation causes 

t h e  change i n  color  of the  polymer from yellow t o  brown o r  darker color .  Fur- 

thermore, the TGA’s a l s o  ind ica t e  a broad gradual weight l o s s  out t o  1176OC 

which could be a t t r i b u t e d  t o  fur ther  condensation and el iminat ion of small by- 

product molecules. 

3. &l De terminat ion. 

a.  Original Polymers i n  Nitrogen. 

The polymers se l ec t ed  f o r  study are shown i n  Table 3 which a l s o  gives the 

appendix numbers of t he  thermograms. A heat ing - r a t e  of 1O0C/min. and a n i t r o -  

gen gas flow ra te  of (1) one standard l i t e r  per  minute were used as the  bes t  

condi t ions.  
Table 3 

I I I Ir 
i 
i 

16 I ‘ DA-39-34 1 fHC@CH=N-Nan I 

The exotherm peaks i n  the  AH thermograms are i n  good agreement with those 

found i n  the DTA thermograms and i n  f a i r  agreement with those i n  the TGA ther -  

mograms. Exothermic decomposition peaks a r e  c l e a r l y  evident  i n  thermograms 

15 
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i 

i of Peaks ' O C  of Peak cal/mn 

DA- 39- 34 1. sharp 1 336 100 

numbered 16, 17 and 18. The data  of these  thermograms w e r e  used t o  ca l cu la t e  

i Appendix No. 16 1 2 .  shaw : 373 

the  &i values and they a r e  summarized i n  Table 4. 

148 

Table 4 

AH for Y e l l o w  Polymers 

I 

j DA-39-93 11. very broad 295 
Appendix No. 17 , 2 .  sharp , 393 

i- 
~~ .~ i DA-39-95 I 1. sharp I I 328 ' 145 1 

Appendix No. 18 2. broad I 425 : 40 
~ ~~~ ~~ ~~~ 

The cor re l a t ion  of the  calor imetr ic  da ta  with TGA da ta  is awaiting the 

completion of the  k i n e t i c  analyses of Polymers DA-39-93 and DA-39-95. 

b. Derived Polyst i lbene in  A i r .  

Since the  polyazines y i e ld  polyst i lbenes on decomposition, it would be 

expected t h a t  with t h i s  transformation changes would occur i n  AH. 

treatment of the  polyazine and the polys t i lbene  i n  ni t rogen t o  1176OC could 

i n f e r  t h a t  e i t h e r  the  polyazine or polys t i lbene  had graphi t ized.  I n  such a 

case, aH and the peak temperatures of t he  polymers and of pyroly t ic  graphi te  

should be comparable. 

which were used t o  determine & values i n  ni t rogen were heated i n  ni t rogen 

a t  a rate of 15OC/min. t o  1176OC in  the  thermogravimetric apparatus t o  cause 

n i t rogen  elimination. These post-heated t r e a t e d  polymers are designated as 

such by the appendix number 1176; thus DA-39-34-1176 is polymer DA-39-34 

which has been heated i n  ni t rogen t o  1176OC. 

p h i t e  was evaluated i n  a s imi la r  way. 

Further,  

Accordingly samples of the  same th ree  yellow polymers 

A s  a reference pyro ly t ic  gra-  

Table 5 l i s t s  the  polymers evaluated with the appendix number of t h e i r  

thermograms and the  ca lcu la ted  L H  values.  
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Table 5 

&I i n  A i r  for Derived Polys t i lbenes  

I i 
477 I I 

! Appendix No. 19  ; 
! DA-39-34-1176 I sharp 

i--- ~ I I 

! DA-39-93-1176 1 sharp 
Appendix No. 20 I i 

509 i 1.35 1 
I - - -  I 

490 i 2.38 1 i DA-39-95-1176 1 sharp i 
'Appendix No. 211 i 

I 

! I i 
j Graphite - 11761 sharp i 670 1 0.85 1 i Appendix No. 22 i 1 

~- 

To some measure, the  curves i n  thermograms of Appendix Nos. 19, 20 

and 21 resemble the  thermogram of graphi te ,  Appendix No. 22, except t h a t  the  

peak temperatures are somewhat lower. It is expected t h a t  when the  higher 

molecular w e i g h t  black polymers are evaluated i n  a s i m i l a r  way, t h a t  t he  peak 

temperatures w i l l  s h i f t  t o  h igher  temperatures. I n  f a c t ,  the temperatures 

recorded fo r  the  yellow polymers are remarkably high. 

4. Discussion. 

The TGA,DTA, and AH data f o r  t h e  yellow parent polymer, DA-39-34, 

~ H C ~ C H Z N - N ~ ~  lead t o  the  following desc r ip t ion  of its thermal r eac t ion  i n  

a ni t rogen  atmosphere. This polymer begins t o  l o s e  weight gradually s t a r t i n g  

a t  about 175OC and continuing t o  285OC. In  t h i s  temperature i n t e r v a l  there  

is no evidence of e i t h e r  an exotherm or  endotherm and the k i n e t i c s  appear 

t o  be e s s e n t i a l l y  zero order with a r e l a t i v e l y  low Ea of 11.5 kcal/m. 

could be a t t r i b u t e d  t o  the  l o s s  of l o w  molecular weight spec ies  from the  po- 

lymer as the  r e s u l t  of a process which involves a d i f fus ion-cont ro l led  reac- 

This 

t i o n  through the sol i d  polymer. 

I n  t h e  temperature range of 285-369OC a t r a n s i t i o n  from zero  order t o  

17 



f i r s t  order is evident.  In  t h i s  region both the DTA and the ca lor imet r ic  data  

show the onset of exotherms, t h a t  is, decomposition to ni t rogen has s t a r t ed .  

This and res idua l  zero order vaporization of low molecular weight species  men- 

t ioned before lead  t o  a mixed react ion order.  The TGA shows a l s o  a d e f i n i t e  

m l t i p l s  change i n  slope iii t h i s  teiaperature region. 

I n  the  range of 369OC t o  405"C, the decomposition reac t ion  predominates 

The DTA and AH thermo- and i s  f i r s t  order with Ea equal t o  24.7 kcal/mole. 

grams show two c lose ly  spaced exotherms; the TGA indica tes  a sharp change in  

s lope with a 16.4% weight loss. This weight is i n  agreement with the value of 

17.15% ni t rogen found i n  the polymer before  thermal decomposition and a value 

of 0.75% ni t rogen found a f t e r  such decomposition. 9 

Beginning a t  425OC and continuing t o  1176OC, the re  appears t o  be a gradual 

l eve l ing  out of the  weight loss slope. The DTA indica tes  a very s l i g h t  and 

very broad exotherm which may be due t o  chain lengthening by chain-end coupling 

a s  w e l l  a s  possibly t o  thermal rearrangements of the following type: 
-H 

Simi lar  thermal and photochemical rearrangements of s t i lbene" and its n i t r o -  

gen analogue benzalaniline" '12 have been reported.  

a l s o  t h a t  when the poly Schiff  base, @ C e C H = N @ N . )  

hydrogen w a s  detected by mass spectrum i n  the gaseous by-products. 

It has been reported 13 

, was heated t o  80O0C, 
-I n 

That t h i s  

reac t ion  should occur primarily a t  e levated temperatures i s  not d i f f i c u l t  to  

r a t i o n a l i z e ,  because the  double bond i n  the  polys t i lbene  would have to rear- 

range thermally from the more stable t r ans  configurat ion t o  the less favor- 

ab le  c i s  configurat ion before  r ing  c losu re  could occur. Thi-s. process 

would requi re  a high ac t iva t ion  energy such as r ead i ly  supplied only by high 

18 



temperatures. 

The foregoing r e s u l t s ,  combined with s tud ie s  on the nature  of t he  decom- 

p o s i t i o n  products should lead t o  the proposal of a s u i t a b l e  mechanism f o r  the  

r eac t ion  processes involved. 

V. Evaluation of Thermal S t a b i l i t i e s  by TGA. 

It is one of the  purposes of t h i s  p ro jec t  t o  synthesize polyazines, which 

The m e l t  polymerization a t  some s tage  of synthesis  a r e  t r ac t ab le  and fus ib le .  

technique has been shown' to  y i e ld  intermediate black fus ib l e  polymers i n  con- 

t r a s t  t o  the so lu t ion  method which a f fo rds  in fus ib l e ,  i n t r ac t ab le  brick-dust 

yellow polymers.' It is important t o  a s c e r t a i n  t h a t ,  i n  the in fus ib l e  state, 

the  black polymers have thermal s t a b i l i t i e s  comparable t o  those of the  yellow 

polymers. 

black polyazines. 

Accordingly TGA thermograms were obtained f o r  both yellow and 

A heat ing rate of lS°C/min. and a flow rate of one (1) standard l i t e r  per  

minute of nit rogen o r  of a i r  were used i n  these  measurements. 

A. TGA of a Y e l l o w  Polymer=. 

The yellow polymers, previously prepared by the so lu t ion  method were used 

f o r  TGA measurements and are shown i n  Table 6, together  with the  appendix num- 

ber  of the thermograms. Curve 1 

shows the  weight losses  as a function of temperature for the  o r ig ina l  yellow 

polymer when heated i n  nitrogen. Curve 2 shows the  weight l o s s  aga ins t  t em-  

pera ture  f o r  t h e  polymer of Curve 1 a f t e r  t h e  polymer has been heated t o  

1176"C, i n  ni t rogen,  allowed to cool i n  ni t rogen and heated again i n  ni t rogen 

on a recycle  t o  1176OC. Curve 3 i s  t he  thermogram f o r  the polymer of Curve 2 

which had been allowed t o  cool i n  nitrogen and reheated i n  a i r .  

Three curves a r e  shown on each thermogram. 

Table 7 gives the percentage weight ioss of the  yellow polymers of Table 6 

on being heated i n  nitrogen. 
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* Heating r a t e  i n  t h i s  case w a s  5'C/min. 

I DA-39-34* 1 26 - 1 ! 26 - 2 1 26 - 3 

Table 7 

I 
6 * j f Appendix No. 24-1 I 

! 

A comparison i n  the weight losses  of these  f i r s t  t h ree  polymers of 

Table 7 is given i n  t h e  thermogram, Appendix No. 27. 

Table 8 gives the  percentage weight-loss of the  yellow polymers while 

the  polymers of Table 7 are recycled i n  nitrogen. 

Table 9 gives the  percentage weight l o s ses  of the  yellow polymers when 

the  poiymers of 'i'abie 8 heated twice i n  n i t rogen  were heated i n  a i r .  

A comparison of the  weight losses  of t h e  polymers of Table 9 is given 

i n  t h e  thermogram Appendix No. 28. 
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Table 8 

Percentage Weight Loss of Yellow Polymers on Recycling i n '  Nitrogen 

Appendix No. 23-3 j j i  I 
I 

I 
I I i 

i Polymer i P e r  Cent Weight Loss a t  O C  
Appendix No. : 
Curve 200 j300 400 :SO01 600 i700 ;800[ 900 /IO00 l l l00 11176 

I i I 

0 10 l o  1.0 1 ~~%~~ No. 24-3 1 I 

1 DA-39-34 1 0 I 0 0 * I  0 2,512.512.512.51 2.51 I 5.01 5.0 1 Appendix No. 23-2 I 3 I 

1 20.2j100.0 ----- 
I 

S I  I 

I 
0 1  o L . 0  DA- 39- 93 

Appendix No. 24-2 
I 1 I 

' EA-39-95 1 Appendix No. 25-2 I 
i I 

Table 9 

Percentage Weight Losses i n  A i r  of Yellow 
Polymers Which Had Been Recycled i n  Nitrogen 

Polymer 
Appendix No. : 
Curve 

Per Cent Weight Loss a t  OC 1 2001 300!400/500 1 600 700 1 800 
i 

I I 1 I I I 

I I---- i -  
i DA-39-95 
1 Appendix N o .  25-3, I ! 

Thermograms of the three  yellow polymers were a l s o  obtained i n  a i r  using 

the  polymers d i r e c t l y  prepared without previous heat ing or recycl ing i n  n i -  

trogen. Table 10 gives the percentage weight l o s s  of the "as is" yellow poly- 

mers when heated at lS°C/min. i n  a i r  a t  a flow rate of one (1) standard l i t e r  

per  minute. 

A comparison of the weight loss  of the  polymers of Table 10 is given 

i n  Thermogram Appendix No. 32. 
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Table 10 

Appendix No. 1 2001 300 1 400 

Percentage Weight Losses of Yellow Polymers 
When Heated, a s  Prepared, i n  A i r  

500 600 I 700 
I I 1 

i DA- 3 9 - 34 ! 
~ 

DA- 39-93 
Appendix No. 30 

i 

1 1 I 
I I I 1 

1 
Appendix No. 12.0i26.0i85.0 
DA-39-95 

f I I ! I 

100.0! 
___i 

i 
100.0 

1. Discussion. 

a. Thermal S t a b i l i t y  of Y e l l o w  Polymers i n  Nitrogen. 

It is evident from thermograms, Appendix Nos. 23-1, 24-1, 25-1 and 25-2 

and Table 7 t h a t  polymeric DA-39-93 is the  most s t a b l e  of the  th ree  polymers 

with respect t o  the  temperature a t  which major ni t rogen  e l imina t ion  occurs. 

Undoubtedly t h i s  is due t o  the increased s t a b i l i t y  of t h i s  az ine  polymer as 

the  r e s u l t  of hydrogen bonding of phenolic (OH) with the azine nitrogen, thus: 

The next most s t a b l e  with regard t o  nitrogen e l imina t ion  is DA-39-95, 

the  methoxy de r iva t ive  of t he  phenolic polymer, 

~ H = N - N +  n 

The lower e l imina t ion  temperature ind ica t e s  t h a t  the  hydrogen bonding present  

in  the  phenolic polymer has  been reduced. However, s ince  the methoxy polymer 

has a higher e l imina t ion  temperature than the  unsubs t i tu ted  parent polymer 
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DA-39-34, f t r C a C I i = N - N a n ,  it may imply t h a t  some measure of hydrogen bonding 

s t i l l  occurs between the hydrogens of the  methoxy group and the  azine nitrogen. 

This da ta  is  i n  good agreement with t h e  results obtained on the ni t rogen 

e l imina t ion  of az ine  monomers.’ 

loss temperature curve was not  a l t e r e d  appreciably when the hea t ing  r a t e  w a s  

decreased from lS°C/min. (Appendix No. 23-1) t o  S°C/min. (Appendix lo. 26-1). 

u 

It is  very i n t e r e s t i n g  t o  note  t h a t  t he  weight- 

b. Thermal S t a b i l i t y  of Polymers Recycled i n  Nitrogen. 

Thermograms, Appendix Nos. 23-2, 24-2,  and 25-2 and the data of Table 8 

show t h a t  once the  ni t rogen has  been eliminated from these polymers, and chain 

end coupling and other  reac t ions  have been completed i n  ni t rogen,  the derived 

polyst i lbene-type polymers s u f f e r  l i t t l e  weight l o s s  on reheat ing and they show 

s t a b i l i t y  i n  ni t rogen t o  a t  l e a s t  1176OC. 

C. Thermal S t a b i l i t y  i n  A i r  of Polymers Recycled i n  Nitrogen. 

Thermograms Appendix N o s .  23-3, 24-3, 25-3 and 28, and Table 9 show t h a t  

the  th ree  polyst i lbene-type polymers derived from the  yellow polyazines a l l  

decompose i n  a i r  i n  the range 600-650OC. The decomposition curve is smooth 

and i n f l e c t i o n l e s s  and is due t o  the methodic combustion of the organic 

ma te r i a l  of the polymers. 

d. Thermal S t a b i l i t i e s  i n  Air of Polymers as Synthesized 
and Without Preheatinp i n  Nitrogen. 

Thermogrms Appendix Nos. 29, 30, 31, and 32 show t h a t  f o r  t h i s  process 

the  th ree  polyazine polymers undergo a combination of decmpoei t ion  and corn- 

bust ion and t h a t  there  is no major di f fe rence  among them s ince  weight l o s ses  

began t o  appear a t  about 35OOC. 

polymer both exh ib i t  comparable s t a b i l i t i e s  with the  phenolic polymer some- 

what less s t a b l e  under these conditions.  This data  a l s o  indicated t h a t  the  

polymers produced a f t e r  ni t rogen el iminat ion a r e  much more s t a b l e  i n  a i r  than 

the  polyazines from which they were derived. 

The methoxy polymer and the  unsubs t i tu ted  
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B. TGA of Black Polymers. 

The evaluat ion of the  thermal s t a b i l i t i e s  of t he  black polyazines para l -  

The l i s t  of polymers l e l e d  s u b s t a n t i a l l y  the s tud ie s  of t he  yellow polymers. 

s tud ied  and t h e i r  corresponding thermograms are  shown i n  Table 11. The syn- 

thesis of polymer DA-39-45 is given i n  a previous report.’ Each thermogram 

shows t h ree  curves. Curve 1 shows the weight l o s ses  a s  a funct ion of tempe- 

r a t u r e  f o r  t he  o r ig ina l  black polymers when heated i n  ni t rogen.  

the  weight-loss f o r  the polymer of Curve 1 a f t e r  the polymer had been heated 

i n  n i t rogen  t o  1176OC, allowed t o  cool i n  nt t rogen and heated again i n  n i t r o -  

gen on a recycle  t o  1176OC. Curve 3 is the  thermogram f o r  the  polymer of 

Curve 2 which was  allowed t o  cool i n  ni t rogen and reheated i n  a i r .  

Curve 2 shows 

Table 11 

Black Polymers Used i n  TGA Measurements and Their Thermograms 

Polymer 
Number Polymer 

I 

v Appendix No. - Curve No. 

tronen tropen f i n  Nitropen 
Reated Recycled Heated in. A i r  
i n  N i -  i n  N i -  a f t e r  Recycle 

I 

33-3 1 1 
1 1 f f lCQC”-N4  n I DA-39-45(a)-p I 33-1 1 33-2 

fflC e , G € i = N - N a n  ! DA-39-45(a) -m 1 34-1 34-2 / 34-3 

i DA-39-97 

The two polymers, DA-39-45(a)-p and DA-39-45(a)-m are the  same polymer; the  

1 
35-3 

f i r s t  with the  appended designation -p means t h a t  t h e  polymer was reduced to 

I 

DA-39-99 

a powdered form whereas DA-39-45(a)-m, the polymer was i n  the form of a 

I 

36-3 
i 
I 

36-1 1 36-2 

I 

s i n g l e  mass or  chunk. 

as powders. It -has been estimated t h a t  10 mg. of s o l i d  polymer is reduced 

All o ther  polymers except DA-39-45(a)-m were evaluated 

2 
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t o  about 500 pa r t i c l e s  by a grinding t i m e  of f ive  seconds i n  a s t a i n l e s s  steel 

Appendix No. 

DA-39-45 (a) -p 

capsule. 

200 '300 400 1 500 1 600 1 700 1 800 900 11000 j l l00  1176 

1 1 I 1 
I 

Table 12 gives the percentage weight losses  of the yellow polymers of 

Appendix No. 33-1 0.0 0.0 
I 

Table 11 on being heated in  nitrogen. 

Table 12 

1.0 8.1 135.4145.5148.0 49.5 50.5,51.5 52.8 , 

Percentage Weight LOSS of Black Polymers a t  Various Temperatures 
While Being Heated in-Nitrogen a t  15"C/min. 

I 
I I t DA-39-45 (a) -m I /  1 Appendix No. 34-1 1.0 1.512.0, 4.1112.2 22.4326.6 

, 

~ ~~ ~ ~~ ~ ~~ 

A comparison of the weight losses  of the polymers of Table 12 is given in  

i 27.5,28.2 29.0 30.0 
! 

Thermogram Appendix No. 37. 

DA-39 -97 ' I  
Appendix NO. 35-1 0.0 1.0 2.0124.0 56.0 

Appendix No. 36-1 0.0 0.811.5/12.0 31.0 
DA- 39 - 99 

Table 13 gives the percentage weight-loss of the black polymers of 

I 

I 1 I I I I 6 4 . 0 i 6 7 . 0 ~ 6 8 . 0 ~ ~ . 1  69.0170.0 

41.0 I 44.5145.7i46.0 46.5 47.0 
1 I 

Table 1 2  recycled i n  nitrogen. 
Table 1 3  

Percentage Weight Loss of Black Polymers on Recycling i n  Nitrogen 

I Polymer 
Appendix No. 200]300 \400] 500~600f700~800~900'1000~1100 I1176 

Appendix No. 33-21 0 1 0 0 ' 1 . 0  1 . 0 ~ 1 . 0 / 1 . 0 ~ 1 . 0  2.01 2.0 2.0 

Appendix No. 34-2 0 0 0 0 0 0 0 0 0 0 1.0 

Appendix No. 35-21 0 0 0 0 f 0 11.0 2.0 2.01.2.0 2.0 2.0 

Pe r  Cent Weight Loss a t  "C 

1 I DA-39-45(a) -p I I 

I 
DA-39-45 (a) -m t I ' 

I I I 

I DA- 39-97 

T DA- 39 - 99 
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Table 14 gives the percentage weight losses  of the black polymers of 

I 

Table 13, which had been heated twice i n  nitrogen, heated i n  a i r .  

I I Appendix No. 36-3 

Table 14 

0 0 1 0 [1.8~13.01100.O~-----I----~----- 

Percentage Weight Losses i n  A i r  of Nitrogen Recycled Black Polymers 

' I  i I 
DA-39-45(a) -p I 1  
Appendix No. 39 1 0 0 '1 .5  116.3 94.0 '100.0 ----;----- 

I I 

I 

Polymer 
Appendix No. 

DA-39-45(a) -p 

DA-39-45(a) IP 

Appendix No. 34-3 

DA- 39- 97 
Appendix No. 35-3 

Per Cent Weight Loss a t  'C 

I 

I 
/ - - - - -  

I 

I 
i 

Appendix No. 33-3 

0 I 0 j 0 0 1 1.41 15.4; 63.2;94.0 100.0 1 
I I 

i i 3.21 77.5i100.01----' 1""- I 

8 I 
I 1 I 

DA- 39- 97 i ' - - - - I - - - - -  

A comparison of the  weight-losses of the  polymers of Table 1 4  is given i n  

thermogram Appendix No. 38. 

The thermograms of the three black polymers as they were prepared d i r ec t -  

l y  without previous heating or recycling i n  nitrogen were obtained i n  air. 

Table 15 gives the percentage weight-losses of the black polymers when hea.ted 

a t  1S0C/rnin. i n  a i r  a t  a flow r a t e  of one (1) standard l i t e r  per minute. 

Table 15 

Percentage Weight Losses of Black Polymers 
When Heated, as Prepared, i n  A i r  
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A comparison of the  weight-losses of the  polymers of Table 15 is given i n  

Thermogram Appendix NO. 43. 

1. Discussion. 

a. Thermal S t a b i l i t i e s  of Black Polymers i n  Nitrogen. 

The data  of Table 12 and themograns Appendix Nos. 33-1, 34-1, 35-1, 

36-1 and 37 show t h a t  of these black polymers the  regular  az ine ,  DA-39-45(a)-p 

and t h e  methoxy polymer, DA-39-99, a r e  very similar. 

DA-39-97, is somewhat less s t a b l e  lo s ing  about 70% of i t s  weight a t  1176OC. 

It should be pointed out,  however, t h a t  t he  y i e l d s  of these  m e l t  polymers 

are i n  excess of 100% of theory and about 120%. Thus, they have high amounts 

of non-polymeric matter which i s  l o s t  when they a r e  heated t o  high temperatures. 

Also, t h e  hydroxy polymer, DA-39-97, is most probably lower i n  molecular 

w e i g h t  than the  o ther  two, because whereas t h e  unsubs t i tu ted  az ine  polymer, 

DA-39-45(a)-p, and t h e  raethoxy azine polymer, DA-39-99, are black i n  co lor ,  

which is ind ica t ive  of long range conjugation and high molecular weight, t he  

hydroxy polymer was  brown and apparently of lower molecular weight. 

The hydroxy polymer, 

A comparison of these  thermograms with those of t he  yellow polymers 

r evea l s  t h a t ,  with the exception of t he  hydroxy polymer, DA-39-97, the  black 

polymers are more s t a b l e  than the  yellow polymers with respect t o  the  tempe- 

r a t u r e  a t  which major weight losses occur. It should a l s o  be pointed out i n  

t h i s  regard, t h a t  i n  the  case of t h e  black polymers, t h e i r  elemental ana lys i s  

for ni t rogen  ind ica t e s  [N = 5.80% f o r  DA-39=45(a); and N2 = 5.85% for 

DA-39-97] t h a t  they have a l ready  l o s t  a good por t ion  of the  n i t rogen  ini-- 

t i a l l y  present because t h e i r  syntheses are performed a t  temperatures i n  the  

range 200-3OO0C. I n  comparison, the yellow polymers, prepared i n  so lu t ion  

at r e i a r i v e i y  iower temperatures, have iosc i i t c i e  i f  any of t h e i r  nitrogen. 

It appears reasonable t o  say t h a t  the  major weight losses f o r  the  yellow 

9 
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so lu t ion  polymers are due mainly t o  decomposition, whereas those of the  melt 

polymers are due pr imari ly  t o  low molecular weight oligomers r e s u l t i n g  from 

chain-end coupling and t o  occluded unreacted monomers. 

b. Thermal S t a b i l i t y  of Black Polymers Recycled i n  Nitrogen. 

The thermograms Appendix Nos. 33-2, 34-2, 35-2, 36-2 and the da ta  of 

Table 13 show t h a t  once the nitrogen has  been el iminated from the  polymers, 

and chain-end coupling and o ther  react ions have been completed i n  ni t rogen,  

the  derived polyst i lbene-type polymers s u f f e r  l i t t l e  weight-loss on rehea t ing  

and are s t a b l e  i n  ni t rogen t o  a t  l e a s t  1176OC. 

c. Thermal S t a b i l i t i e s  i n  A i r  of Black Polymers Recycled i n  Nitrogen. 

Thermograms 33-3, 34-3, 35-3, 36-3 and 38 and the  data  of Table 14 show 

t h a t  the polysti lbene-type polymers derived from t he  black polyazines a r e  more 

r e s i s t a n t  t o  a i r  oxidation than the black polyazine from which they were de- 

rived. 

az ine ,  DA-39-99, show about the same s t a b i l i t y  i n  a i r  up t o  about 59OoC, 

The parent  polyazine, DA-39-45(a)-p and the methoxy subs t i t u t ed  poly- 

whereas the hydroxy subs t i t u t ed  polyazine, DA-39-97, is more s t a b l e  extending 

t o  6SOOC. 

d. Thermal S t a b i l i t i e s  i n  A i r  of Black Polymers, a s  
Synthesized and Without Preheating i n  Nitrogen. 

The da ta  of Table 15 and thermograms Appendix Nos. 39, 40, 41, 42 and 

43 show t h a t  these  non-preheated polymers a r e  less s t a b l e  than those t h a t  have 

el iminated ni t rogen by preheating i n  nitrogen. 

The parent polymer, DA-39-45(a) and t h e  hydroxy polymer, DA-39-97, show 

comparable thennal s t a b i l i t y  i n  a i r  t o  about 45OOC whereas the methoxy d e r i -  

va t ive  shows a thermal s t a b i l i t y  i n  a i r  t o  about 375OC. 

e. E f fec t  of P a r t i c l e  S ize  on Thermal S t a b i l i t y  Values. 

The TGA determinations were performed on the  black polymer, DA-39-45(a), 
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i n  two d i f f e r e n t  forms; one i n  the form of a f i n e  powder, DA-39-45(a)-p, and 

t h e  o the r  i n  the  form of a button o r  s o l i d  mass, DA-39-45(a)-m. The da ta  i n  

thermograms Appendix Nos. 33, 34, 37, 38, 39, 40 and 43 show tha t  the  massive 

form possessed a considerably g rea t e r  thermal s t a b i l i t y  than the  powdered form. 

This i nd ica t e s  t h a t  sur face  a rea  is indeed a f a c t o r  i n  these  degradations and 

t h a t  t he  decomposition or combustion reac t ions  take  place primarily a t  t he  

sur face  of t he  polymer. 

s idered  more o r  less as di f fus ion-cont ro l led .  

These reac t ions ,  i n  view of t h i s  evidence, can be con- 

f .  The Ef fec t  of the  A r y l  Moiety on Thermal S t a b i l i t y .  

While the  above thermal s tud ie s  compared yellow and black polymers, they 

a l s o  compared a t  t he  same time, t h e  e f f e c t  of the  moiety with the 

HO&CH2QOH and H3CO@C€l2qOCH3 moieties.  I n  these  s tud ie s  which in -  

volved hea t ing  i n  nitrogen, recycling i n  nitrogen, hea t ing  the  recycled poly- 

m e r  i n  a i r ,  and hea t ing  the  as-synthesized polymer i n  a i r ,  no s t r ic t  order of 

s t a b i l i t y  could be assigned t o  these moieties.  What is important, is, t h a t  

t h e  order of amgnitude of t he  s t a b i l i t i e s  of t he  e moiety and the  

a r e  comparable. The introduction of the  a l i p h a t i c  -CH2- l inkage between t h e  

benzene r ings  i n  these  moieties would be expected t o  reduce t h e  thermal sta- 

b i l i t y .  

na ture  of t he  spac ia l  s t r u c t u r e  of t h e  methylenedisalicylaldehyde nucleus i n  

t h e  polymer chain. 

s u b s t i t u t e d  t o  the methylene group t o  be planar i f  we  assume t h a t  the methyl- 

ene group is te t ragonal ,  a s  it normally is .  It has a l s o  been w e l l  documented 

t h a t  conjugation enhances g rea t ly  the  thermal s t a b i l i t y  of a polymer. 

t he  d isa l icy la ldehyde  polymers possess a t  least as much s t a b i l i t y  as t h e  phe- 

nylene az ine ,  they should possess the re fo re  some good measure of conjugation. 

The contrary r e s u l t  allows us t o  draw some conclusions about t he  

It i s  conformationally impossible f o r  the  two phenyl r ings  

Since 
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It is known, however, t h a t  the phenylene polymers are f u l l y  conjugated and 

p lanar ,  therefore  it can be assumed t h a t  the  disal icylaldehyde polymers are 

a l s o  highly conjugated and planar .  This means t h a t  the methylene group does 

not  i n t e r rup t  the  e f f ec t ive  conjugation and t h a t  it cannot be te t ragonal .  

T'nerefore, it pa r t i c ipa t e s  most probably i n  a form of  hyperconjugation, one 

form of which is p ic tured  as: 
f;+ 

H H 

This  e f f e c t  has a l s o  been termed pseudoconjugation and is found i n  the poly- 

Schi f f  bases. 

VI. Molecular Weight Determinations. 

2,13 

In deal ing w i t h  polymers and polymer-related phenomena, it is always 

des i r ab le  t o  have some measure of t h e  molecular weight of the polymer under 

study. To date ,  no method has been found s u i t a b l e  f o r  the  determination of 

the  molecular weight of the black polyazine. Studies  a r e  planned u t i l i z i n g  

the  end group ana lys i s  method. The present  s tud ies  have been l imi t ed  t o  low 

molecular weight polymers; 

weight polymers a r e  insoluble  i n  solvents  normally used f o r  determining mole- 

c u l a r  weights through co l l i ga t ive  proper t ies .  However, the low molecular 

w e i g h t  methylene disalicylaldehyde az ine  polymer w a s  found, because of t he  

presence of the phenolic hydroxyl groups, t o  be so luble  i n  concentrated aqueous 

a l k a l i  so lu t ions .  This permitted viscometric measurement which, with I R  

spec t r a  and elemental ana lys i s ,  enabled a molecular weight range t o  be 

determined. 

even though the  unsubst i tuted yellow low molecular 
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A. Inf ra red  Spectroscopy. 

To determine the  na ture  of the end-groups present i n  the  yellow polymer, 

DA-39-34, #lC@CH=N-N+n , an inf ra red  spectrum w a s  recorded of the  polymer, 

Appendix No. 44, f o r  comparison with the  spectrum of the benzalazine monomer, 

f$AXi=N-N=HCc> Appendix No. 45. It w i l l  be noted t h a t  both spec t r a  are 

- 

very similar, bu t  t h a t  t he  polymer contains a sharp band a t  5.93pwhich is 

i n d i c a t i v e  of a carbonyl conjugated function; t h i s  band is not found i n  t h e  

benzalazine spectrum. 

quencies i n  the  polymer spectrum. Therefore, it can be concluded t h a t  t he  

polymer does i n  fact contain only aldehyde end groups. Further,  t he  s t r eng th  

and sharpness of the  carbonyl band ind ica t e s  t h a t  t he  carbonyl i s  r e l a t i v e l y  

Also there  is no ind ica t ion  of (-NH2) s t r e t c h i n g  f r e -  

p l e n t i f u l  and t h a t  t h e  DP of t h e  polymer is not l a rge .  

B. Elemental Analysis. 

With t h e  knowledge t h a t  t he  yellow polymer DA-39-34 contains carbonyl 

end groups and is  of low molecular weight, it should be poss ib le  t o  approx- 

imate t h e  DP from the  nitrogen content of the  polymer determined by elemental 

ana lys i s .  This polymer was analyzed f o r  n i t rogen  and was found t o  conta in  

17.15% nitrogen.’ Assuming H- @2H=N-N&C~CH=N-N&HC-f$-[-H n as the  bas ic  

s t r u c t u r e ,  t he  DP of t h i s  polymer w a s  ca lcu la ted  t o  be 3-4, t h a t  is, a mix- 

t u r e  of n = 3 and n = 4 with a corresponding molecular weight of r ~ 7 0 0 .  

C.  I n t r i n s i c  Viscosity.  

I n  order t o  achieve s o l u b i l i t y  i n  a l k a l i  the  hydroxy functional group 

w a s  incorporated i n t o  the  yellow azine polymer, DA-39-93, 

This polymer was used i n  10% ( 4 . 5  N) aqueous sodium hydroxide. 

s i t ies were measured i n  the  usual way i n  a d i l u t i o n  viscometer and the  in-  

The visco- 
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t r i n s i c  v i scos i ty  [ y ]  was determined graphically by p lo t t i ng  7 /cone. 

versus conc., and then extrapolat ing t o  conc. + 0, a s  shown i n  the p l o t  of 

Appendix No. 46. 

SP 

1 0.2084 i 362.4 I362.4/3~8.1 f 1.012 f 0.012 1 0.0576 
0.1563 1 361.0 1361.0/358.1 I 1.008 0,008 1 0,0512 I 0.1042 i 360.0 ]360.0/358.1 1 1.005 10.005 10.0480 

1. Experimental. 

@A-39-101) Viscosity Determinations of DA-39-93. 

The polymer, 0.1042 g., was dissolved i n  25 m l .  of 10% aqueous sodium 

hydroxide and equi l ibra ted  in  a constant temperature water bath a t  30°C. 

Then a 3.0 ml. a l iquot  was then placed i n t o  a clean dry Cannon-Ubbelohde 

Semi-Micro Dilut ion Viscometer. After the polymer so lu t ion  i n  the  viscometer 

became thermally equi l ibra ted ,  its flow t i m e  was measured t o  t 0.01 sec. i n  

t r i p l i c a t e .  Sequential additions of solvent of 1, 2,  3, 4 ml. w e r e  then 

made t o  produce increasingly more d i l u t e  solut ions.  These each were therm- 

a l l y  equi l ibra ted  and t h e i r  flow t i m e  measured i n  t r i p l i c a t e .  The solvent 

alone was a l s o  run through the viscometer i n  t r i p l i c a t e .  The data  is 

summarized i n  Table 16. 
Table 16 

Viscosity Data on Polymer DA-39-93 

i 
I 0.4168 1368.1 /368.1/358.1 1 1.028 10.028 1 0.0672 f 

D. Discussion. 

From the p l o t  of 7 
mined 171 = 0.042 d l /g .  

and confirms the conclusion tha t  its ]Ip is a l s o  low; a conclusion which w e l l  

appl ies  t o  the other  yellow polymers. 

/c vs c a s  c + 0 the i n t r i n s i c  v i scos i ty  is deter-  

The v iscos i ty  of t h i s  yellow polymer is very low 

SP 
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V I I .  Summary and Conclusions. 

(1) Two monomers, 5,5'-methylene disalicylaldehyde and 5,5'-methylene 

dimethoxydisalicylaldehyde, were synthesized and then polymerized in solution 

with hydrazine. They produced infusible yellow brick-dust polymers. These 

monomers were also polymerized in the melt method to yield infusible high 

molecular weight black polymers. 

(2) "bem~analytical smdies were employed t c  m~onitor the decsqxtcitfon 

of the azine polymers which were shown to lose nitrogen and form a thermally 

stable polystilbene-type polymer upon heating. Thermal gravimetric analyses, 

differential thermal analyses and calorimetric data were all employed in the 

thermoanalytical studies. 

8 (3) The method of Freeman and Carroll was used in connection with a 

TGA thermogram to estimate the order of the decomposition reaction as well as 

its activation energy. 

Ea = 24.7 kcal/mole. 

It was determined to be essentially first order and 

(4) The a H  of this decomposition was estimated from calorimetric 

measurements. The similarity of the heat-treated azine polymers to graphite, 

when oxidized at temperatures ). 580°C, was demonstrated. 

(5) The thermal stabilities of both the yellow and the black azine po- 

lymers were determined by comparative TGA thermograms. It was shown that the 

black polymers are more thermally stable in nitrogen and air than the yellow 

polymers. 

( 6 )  Differences in the thermal stability of the methylene disalicylal- 

dehyde nucleus, ?@CH2@X (X = OH, OCH3), and the phenylene nucleus 
"cH=N-N+~ 

fHCc>?CH=N-N* were shown to be negligible and evidence for hyper- or pseudo- 

conjugation of the methylene group was presented. 
n 
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(7) The p a r t i c l e  s i z e  of the  polymers undergoing reac t ion  i n  n i t rogen  

and i n  a i r  w e r e  shown t o  be important; t he  l a r g e r  t he  p a r t i c l e  the  b e t t e r  t h e  

thermal s t a b i l i t y .  This indicated t h a t  many of t he  reac t ions  may be d i f f u -  

s i o n  cont ro l led  o r  proportional t o  the  sur face  area. 

(€3) The e f f e c t  of heating r a t e  on the decomposition reac t ions  w a s  

shown t o  be negl ig ib le .  

(9) An estimation of t h e  molecular weight of the yellow polymers was 

made by examining inf ra red ,  elemental ana lys i s  and viscometric da ta .  The 

IR ind ica ted  aldehyde end groups, while the elemental ana lys i s  suggested a 

of 3-4 and average molecular m i g h t  of 700. 

(10) Polys t i lbene  type polymers derived by hea t ing  the  polyazines i n  

n i t rogen  t o  1176OC are s t a b l e  i n  nitrogen t o  1176OC. 

(11) Polystilbene-type polymers which have been heated i n  n i t rogen  t o  

1176OC show s t a b i l i t i e s  i n  air  of a t  least 590°C. 

value of about 65OOC. 

The h ighes t  one shows a 

VIII. Glossary. 

1. MDS 

4. D-3-PA = 

5.  DBA = ~ C H = N - N = H C < ~  

W..+.."A IX. X U C U & c i  S t u d i e s  

(1) Complete the  k i n e t i c  s tud ie s  of t h e  yellow polymers DA-39-93, 
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, and DA-39-95, 
k.I 
H O b C H 2  @OH 

C H = N - N ~  n 

( 2 )  Study the  products of decomposition of the  yellow polymers by mass 

s p e c t r a l  and o ther  data.  

(3) Employ titrimetric methods i n  examining the  hydroxy subs t i t u t ed  

polyazine, @A-39-93), gbCH2qCH J 
,Il=B-N?: n 

(4) Study the  thermal reac t ion  processes of the  black m e l t  polymers. 

(5) Attempt t o  determine the molecular weight of t he  black m e l t  poly- 

mers by end group ana lys i s  using espec ia l ly  the per f luoro  d r iva t ives ,  

F5c6N*c-c&CH=Nc@~ and F C CH=N-N=HCC6F5. 
5 6  

(6) Arrive a t  a cons is ten t  mechanism f o r  the  decomposition and oxida- 

t ion reactions which is i n  agreement with a l l  ava i l ab le  data.  

(7) Determine the effects, if any, on the  proper t ies  of the m e l t  poly- 

mers by varying the polymerization parameters. 
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