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SUMMARY 
The  e f fec t  of N-subs t i t uen t s  on the  radical  polymeriza t ion  of N - s u b -  

s t i t u t ed  maleimides (RMI) was inves t iga ted .  The  polymer iza t ion  reac t iv i t i e s ,  
i.e. y ie ld  and molecular weight  of the  polymers, were  found to change  
depend ing  on the  s t ruc tu r e  of the  N-subs t i tuen t s .  The  poly(RMl)s bear ing  
a bu lky  N- subs t i t uen t  were confirmed to be semif lex ib le  po ly ( subs t i t u t ed  
methylene)s which were soluble  in many organic  solvents ,  b u t  did not melt 
below the i r  decomposi t ion temperatures .  From thermogravimet r ic  analysis  
de termined in a n i t rogen stream, no we igh t - loss  of poly(RMl) was obse rved  
at  t empera tu re  below 300~ and the  maximum decomposi t ion t empera tu re  
was 400-440~ e x c e p t  for  N-tert-alkyl s u b s t i t u t e d  d e r i v a t i v e s  which decom- 
posed at  240-280~ via  a two-s t ep  react ion.  

INTRODUCTION 

Maleimide and its N - s u b s t i t u t e d  de r iva t ives  (RMI) are  well-known to 
polymerize  in sp i t e  of a 1 ,2 -d i subs t i tu ted  e thy len ic  s t r u c t u r e  [1-9]. 
Thermal p rope r t i e s  of the  maleimide polymers  and copolymers  have also 
a t t r ac t ed  grea t  a t tent ions ,  e.g. exce l l en t  thermal s t ab i l i t y  of poly(N~phenyl 
maleimide) [10-I1]. 

Recent ly ,  we have  found tha t  d ia lky l  fumarates  with a bu lky  es te r  
a lkyl  group such  as tert-butyl or i sopropyl  show high  polymerizat ion r e -  
ac t iv i t i e s  in the  s tud ies  on syn thes i s  of po ly ( subs t i t u t ed  methylene)s  from 
maleic and fumaric  de r iva t ives  [12-16]. The  mutual terminat ion be tween  
these  r ig id  polymer radicals  was cons idered  to be less  occur ing  owing to 
bu lk iness  of the  subs t i tuen t s ,  r e su l t ing  in the  inc rease  of the  overal l  
polymerizat ion reac t iv i ty .  Moreover, i t  was confirmed by  the  obse rved  ESR 
spec t r a  of the  p ropaga t ing  polymer radica ls  under  usual  polymerizat ion con-  
d i t ions  [16]. In polymerizat ion of RMI, i t  was e x p e c t e d  tha t  the  N - s u b s t i -  
tuen t  in f luenced  its polymerizat ion r e a c t i v i t y  as well as d ia lkyl  fumarates.  
Therefore ,  RMIs bear ing  var ious  N- subs t i t uen t s  were p r e p a r e d  and po lymer-  
ized, and then the  thermal p r o p e r t y  of poly(RMI)s was inves t iga t ed  in th is  
paper .  

*To whom offprint requests should be sent 
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EXPERIMENTAL 

RMIs were  p repa red  and pu r i f i ed  according  to the  methods repor ted  
in l i t e r a tu re  [17-19]. Other r eagen t s  were used a f te r  o rd ina ry  pur i f ica t ions .  

Polymeriza t ions  were ca r r i ed  out  in the  p re sence  of 2,2"-azobisiso-  
bu t y ron i t r i l e  (AIBN) as an in i t ia tor  in a sealed glass tube.  Af ter  po lymer-  
ization, the  mix ture  was pou red  into a large amount of methanol or ethanol  
to isola te  the  polymer. In t r ins ic  v i s cos i t y  ([ ~ ]) of the  polymers was mea- 
su red  in benzene  or dimethylformamide (DMF) at  30~ Number -ave rage  
molecular weight  (~tn) and p o l y d i s p e r s i t y  (Mw/Mn) were de termined by  gel 
permeat ion chromatography  (GPC) at  38~ in t e t r a h y d r o f u r a n  (THF) as an 
eluent ,  ca l ib ra t ed  with s tandard  po lys ty renes .  Thermogravimet r ic  analysis  
was ca r r i ed  out  in a n i t rogen  stream with a hea t ing  ra te  of 10~ 

RESULTS AND DISCUSSION 

Polymerization o[ RMIs. 
Radical  polymerizat ions  of va r ious  RMIs with AIBN in benzene at 

60~ were ca r r i ed  out  to e luc ida t e  the  e f fec t  of the  N-subs t i t uen t s  on 
the polymer iza t ion  reac t iv i ty .  The  yie ld ,  [ ~ ], M,~ and Mw/Mn are  shown 
in Tab.  1. 

RMIs with  n - b u t y l  or h ighe r  n-a lky l  s u b s t i t u e n t s  gave  a high mole- 
cu lar  weight  polymer in a h igh  yield,  when compared with  l e s s - r e a c t i v e  MI 
and EMI. tBMI was also found to show a high polymeriza t ion  reac t iv i ty ,  
as shown in Fig.  1, inspi re  of i t s  bu lky  suhs t i tuen t .  Similar t endency  
was also o b s e r v e d  in the  polymeriza t ion  in d ioxane  [6]. However,  the  
in t roduc t ion  of bu lk i e r  tert-alkyl groups  such  as tert-amyl or tert-octyl 
decreased  bo th  i ts  polymerizat ion ra te  and Mn [7]. It was resemble to 
the  t endency  for  polymerizat ion of d ia lkyl  fumarates  [15]. 

The  polymers  from IPMI and CHMI had a complicated molecular 
weight  d i s t r i bu t i on  (MWD) with large Mw/Mn values  (6.0 and 4.6) as shown 
in Fig.  2(b) and (c), r e spec t ive ly .  The  polymer ob ta ined  from the polym- 
er iza t ion  at  h igh  monomer concent ra t ion  at 70~ was found to contain 
par t ly  less -so luble  f rac t ion  which  increased  with a polymerizat ion time, ind i -  
ca t ing  the  formation of b r anched  or c ross - l inked  polymer as the  resul t  of 
chain t rans fe r  to the  polymer. It was also s u p p o r t e d  from thermal decom- 
posi t ion behav io r  of the  polymers  [8]. 

The  polymerizat ion r e a c t i v i t y  of RMIs conta in ing  a phenyl  group in 
the  N-alkyl  g roups  was not  so high,  when they  were  compared with those  
from o ther  N - a l k y l - s u b s t i t u t e d  RMIs. The  fact  tha t  the  r e a c t i v i t y  of 
MBzMI was h ighe r  than BzMI was in te res t ing ,  b e c a u s e  the  former has a 
bu lk ie r  s u b s t i t u e n t  than the  lat ter .  It was found b y  GPC that  poly(BzMI) 
and poly(MBzMI) wi th  o rd ina ry  MWD (Mw/Mn = 2-3) was formed even in 
bulk  polymerizat ion at  80~ a l though t hey  have  a benzy l i c  hydrogen  atom. 
In the  polymeriza t ions  of more s t e r i ca l ly  h indered  RMIs such  as DPhMMI 
and TrMI, the i r  r eac t i v i t i e s  were  lower than tha t  of MBzMI. 

The  polymerizat ion of PhMI p roceeded  he te rogeneous ly  because  of 
inso lub i l i ty  of poly(PhMI) into benzene  similarly as repor ted .  The  [ 7Z ] 
of poly(PhMI) was not  so h igh  as  those  of o ther  RMIs. On the  contrary ,  



45 

Tab. I Radical Polymerization of N-Subst i tuted Maleimides in Benzene 
at 60~ for 5 ha) 

RM! R Yield [ :~ ]b) ~ C}x 10-4 Mw/M n 
( % ) (dL/g)  n 

MI H 34.3 0.29 d) _e} _e} 

EMI C2H 5 33.4 0.24 d) 2. I 2.3 

IPMI CH(CH3) 2 74.0 0.58 d) 8.8 6.0 

nBMI ~CH 2-ff-3CH 3 78.4 0.76 15.9 2.6 

IBMI CH2CH(CH3) 2 66.6 0.50 5.9 3.0 

sBMI CH (CH3)CH2CH 3 70.9 0.53 9.5 2.5 

tBMI C(CH3) 3 82.8 0.68 14.9 2.5 

tAMI C{CH3) 2CH2CH 3 71.2 0.61 13.0 2.1 

39.1 0.27 d) 4.3 4.6 CHMI cycl~ 6H 11 

nOMl -{ C H 2--}-7C H 3 40. I f) 0.79 17.3 2.0 

tOMI C(CH3) 2CH2C(CH3) 3 26.5 0.27 5.0 1.8 

DMI +CH 2-~i ICH 3 46.5 f) 0.69 16.2 2.0 

ODMI ~-C H 2--~17CH 3 44,6 f) 0.60 g) 17.0 2.0 

BzMI CH2Ph 20.4 0.13 0.9 2.7 

MBzMI CH(CH3)Ph 47.5 0.30 7.4 2.0 

DPhMMI CHPh 2 20.4 h) 0.12 2.2 1.9 

TrMI CPh 3 4.9 i) - 0.3 1.3 

PhMI Ph 78.9 0. I0 d) _e} _e) 

2-MPhMI 2-(CH3)-Ph 27.6 0.17 3.3 1.9 

2, 6-DMPhMI 2,6-{CH3) 2-Ph 20.4 0.10 1.9 1.6 

a) [ R M I ] = I . 0 m o I 1 L ,  [ A I B N ] =  0.005 mol/L, b) In benzene at 30~ c) By 

GPC in THF. d) In DMF at 30~ e) Insoluble. f) Polymerized for 1 h. 

g) Polymerized for 2 h, yield 67.9 ~. h) [DPhMMI]= 0.5 mol/L, i} [ T rM I ]  

=0.2 mol/L. 

2-MPhMI and 2,6-DMPhMI were found to polymerize homogeneously in b e n -  
zene, a l though the polymer yield decreased owing to the steric  h indrance  
of the ortho-methyl groups in the N-phenyl  subs t i tuen t .  Similar s terie  
in te rac t ion  was also observed for the other  PhMI der iva t ives  bear ing some 
alky! groups  at 2-  or 2,6-positions. Furthermore,  we have recent ly  found 
that the alkyl groups on the N-phenyl  r ing inf luenced  importantly on the 
polymerization reac t iv i ty  and solubi l i ty  of the polymers corresponding to the 
number,  posit ion and bulkiness  of the subs t i t uen t s  [9]. 

As descr ibed above, it was found that  RMI with a bulky N - subs t i t u -  
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Fig. I Radical polymerization of N-butylmale- Fig. 2 GPC elution curves 
imides in benzene at 60~ [RMI ]= I .0  mollL, of (a) poly( tBMl) ,  (b) poly- 
[AIBN]=0.005 tool/L, (O) tBMI, ((]I) nBMI, (IPMI), (c) poly(CHMl). 
((D) sBMI, (0)  IBMI. 

ent  such as tert-butyl can polymerize to give a high polymer in a high 
yield, bu t  the relation be tween the polymerization reac t iv i ty  and the 
bulkiness  of the subs t i tuen t s  was not observed, as was seen in the polym- 
erization of dialkyl fumarates [16], i.e. the reac t iv i ty  increased with increas-  
ing of bulk iness  of the ester  subs t i tuen tsd .  The high reac t iv i ty  of male- 
imides with a s t rained f ive-membered r ing may veil  the effect  of their  N- 
subs t i tuents .  

Poly(RMI) was considered to be a relat ively rigid polymer due to an 
imide r ing res t r ic t ing  the rotat ion of its C-C bond and a bulky s u b s t i t u -  
ent  to induce  slow termination between its polymer radicals. Since an 
ESR spectrum of the propagat ing polymer radicals from dialkyl fumarates 
could be observed [16], the ESR measurement of the polymerization mixture 
of tBMI in benzene  was attempted under  irradiat ion of UV light. A 
spectrum was observed at a room temperature,  bu t  its in tens i ty  was not 
enough to examine fur ther  under  such a condition. 

Characterization of Poly(RMI)s 
The poly(RMI)s thus obta ined  were confirmed by  IR and NMR to con-  

sist of poly(subs t i tu ted  methylene) s t ruc tu re  formed via an opening ca rbon-  
to -carbon  double bond as shown in Figs. 3 and 4. 

All polymers were colorless powder. Poly(MI) and poly(PhMI) were 
soluble in DMF, dimethyl sulfoxide and ni t robenzene,  and insoluble in 
other many organic solvents. The  other poly(RMI)s were soluble in b e n -  
zene, chloroform and THF excep t  for poty(EMI) which was insoluble in 
benzene. Poly(CHMI) and poly(IPMI) were part ly insoluble  as stated before. 
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Fig. 4 13C NMR spectra of (a) 
tBMI and (b) poly(tBMl). 

A t r anspa ren t  th in-f i lm was ob ta ined  by  cas t ing  from the  solut ion of 
poly(RMI). The  polymers bear ing  a h igher  alkyl  chain,  i.e. poly(nBMI), 
poly(nOMI) and poly(DMI) gave  a tough  film. However,  the  film from the  
polymers with a bu lky  N-alkyl  group such as tert-butyl or s e c - b u t y l  was 
ve ry  br i t t le .  The  glass t rans i t ion  tempera ture  ( T  g) was determined by  d i f -  
f e ren t ia l  scanning  calorimetry;  200, 180 and 115~ for poly(IBMl), poly(nBMI) 
and poly(DMI), r espec t ive ly .  This  observa t ion  tha t  the  Tg decreased  
when a h igher  alkyl  chain was in t roduced  in the  N-subs t i t uen t s  was in 
agreement  with tha t  r epor ted  [20]. No Tg was o b s e r v e d  for poly(RMI)s 
bear ing  tert-alkyl subs t i t uen t s  below i ts  decomposi t ion temperature .  

Thermogravimetric Analysis of Poly(RMI)s 
To examine thermal s t ab i l i t y  of poly(RMI)s, thermogravimetr ic  analys is  

was ca r r i ed  out  in a n i t rogen  stream. In Fig. 5, the  thermograms ob ta ined  
are  shown, and the  ini t ia l  decomposi t ion t empera tu re  (Tin,t),  the  maximum 
decomposi t ion t empera tu re  (Tm~x) and the r e s idue  at  500~ are  summarized 
in Tab.  2. 

The  thermal decomposi t ion of poly(RMI) p roceeded  via  a o n e - s t e p  r e -  
ac t ion and no weigh t - loss  was obse rved  below ca. 300~ e x c e p t  for p o l y -  
mers bear ing  N-tert-alkyl groups.  Especial ly ,  poly(CHMI), poly(ODMI), p o l y -  
(PhMI) and poly(2,6-DMPhMI) showed exce l l en t  thermal s t ab i l i t y  (T, ni t  > 
360~ Tmax ,,~ 430~ The  r e s idue  at 500~ of poly(n-alkylmaleimide)s  
were lower than those  of t he  polymers  conta in ing a tert-alkyl or phenyl  
group in the  N-subs t i tuen t s .  

The  decomposi t ion of poly(tBMl) and the o ther  poly(RMI)s with tert- 
alkyl  g roups  p roceeded  via  a two- s t ep  reac t ion  [5,7], i.e. the  f i rs t  s t a r t ed  
at 240-280~ and the second decomposi t ion occu red  over  400~ Similar 
t w o - s t e p  decomposi t ions  were  a l r eady  obse rved  on poly(tert-alkyl fumarate)s  
[14-16] and poly(tert-alkyl methacryla te)s  [21-23]. The  f i r s t  weigh t - loss  co r -  
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Tab. 2 Thermogravimetric Analysis for Poly(N-subst i tuted maleimide)s a) 

Polymer T in i t  Tma x Residue at 500~ 
(~C) (~ C % ) 

Poly ( IPMI ) 349 403 2.2 

Poly(nBMl) 291 402 1.8 

Poly(IBMI) 347 413 1.4 

Poly{sBMl) 284 400 4.2 

Poly(tBMl) 281 328,432 b) 26.0 

Poly(tAMl) 255 310,426 b) 23.4 

Poly(CHMI) 362 430 4.6 

Poly(tOM|) 242 285,430 b) 16.8 

Poly(ODMI) 368 445 5.2 

Poly (B zMl) 348 408 22.6 

Poly (MBzMI) 338 412 12.3 

Poly(TrMl)  227 308 33.7 

Poly (PhMI) 364 422 2 I.  5 

Poly (2, 6-DMPhMI) 393 435 1 I.  3 

Poly (M I) c) 380 426 41.3 

a) Heating rate of lO~ in a nitrogen stream, b) Decomposed via a two- 

step reaction, c) Prepared by olefin elimination from poly( tBMI) .  

responds  to the  elimination of olef ins  from the s ide  chain  to resul t  in 
the  formation of poly(MI) as shown in a following scheme; 

A 

k H In 

R' = CHs, CH=CH~, CH=C(CH~)3 

The  gaseous  material formed by  hea t ing  of poly(tBMI) at  320~ in 
vacuum was found to be  i sobu tene  by  NMR and gas chromatography.  It 
was also confirmed tha t  the  co r respond ing  olefins evo lved  from poly(tAMI) 
and poly(tOMI) [9]. The  h igh  molecular weight  poly(MI) isola ted a f te r  t h e r -  
mal t rea tment  of poly(tBMI) also showed high thermal  s tab i l i ty .  Poly(TrMI) 
had the  lowest  Ttntt among the  all poly(RMI) examined and i ts  we igh t -  
loss c u r v e  was complicated.  
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Thus, the poly(RMI)s with primary and secondary alkyl groups as 
N-substituents were found to show high thermal stability as well as poly- 
(PhMI). As RMI can copolymerize with many vinyl monomers, the thermal 
properties of vinyl polymers will be improved without imparing the solu- 
bility [8]. 
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