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Weakened bonds in polymer degradation intermediates as probable 
sites of macromolecular scission

RAPID COMMUNICATION

Summary — Bond strengths in macroradicals and hydroperoxides of 
polypropylene and polystyrene have been estimated using quantrum chemi
cal methods. Both secondary and tertiary polypropylene oxy macroradicals 
have been found to be clearly inclined to (3-scission of main chains. Bond 
strengths in the main chain of polystyrene alkyl macroradicals proved to be 
almost unchanged in comparison with initial macromolecule. Among oxy
gen-containing polystyrene intermediates the most degradable ones seem to 
be secondary oxy and secondary peroxy macroradicals.
Key words: photooxidation, macromolecular scission, quantum chemical 
method, polypropylene, polystyrene.

P O L Y M E R  D E G R A D A T I O N  M E C H A N I S M

Investigations on polymer degradation and stabiliza
tion are of a continuous interest due to their great practi
cal importance [1— 7]. The main cause of polymer pro
perties deterioration is recognized to be macromolecular 
scission reactions intermediated with oxygen-containing 
radicals [1, 2]. There are several points of view on what 
reactions and species play the most important role in the 
chain scission process. It is generally agreed that the 
principal mode of main chain scission is decomposition 
of macroradicals (so called (3-scission) [2]:
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One more pathway to main chain scission may be an 
intramolecular decom position of tertiary hydroper
oxides in polypropylene [2]:
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Meantime, the recent paper [3] warns against overes
timation of p-scission reaction of alkoxy radicals [equa
tion (2)]. The referred experimental data on low-molecu

lar model alkoxy radicals indicate a quite great prob
ability of rearrangement (isomerization) reactions:
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An experimental estimation of dominating pathways 
in real polymer is quite complicated considering that all 
of the intermediates are highly reactive species which 
are present in very low concentrations. Besides, very 
short life times prohibit their extensive analysis. On the 
other hand some additional information on polymer 
degradation mechanism may be obtained using quan
tum chemistry methods, which result in quantitative pa
rameters of molecular structure [8].

Quantum chemistry approaches are frequently used 
for comprehension of chemical phenomena due to quite 
reliable evaluation of spatial structures and energies of 
chemical species as well as electron-shell characteristics. 
The most straight methods are of course the ah initio ones 
based directly on numerical solution of Schrodinger 
equation. At the same time, in order to make the calcula-
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tions feasible m a n y  sim plifications are im p o sed  even  for 
sm a ll m olecu les. In on e 's  turn, lon g p olym er chains are 
n ot treatable directly via ab initio m e th o d s except for 
short m o d e l co m p o u n d s. For that reason so m e sim p li
fied approaches a llo w  for at least a qualitative insight 
tow ard s u n d ersta n d in g  p o ly m e r d egrad ation  m ech a 
n ism s . S e m i-e m p ir ic a l q u a n tu m  ch em istry  m e th o d s  
alon g  w ith  natural b o n d  orbital (N B O ) analysis [9] seem  
to be p ro m isin g  tools for this pu rp ose provid in g  v alu 
able inform ation  abou t m olecular param eters.

To estim a te  p o ss ib le  p a th w a y s  o f m a cro m o lecu le  
backbone scission  the reasonable param eters m a y  be the 
b o n d  order and  the b o n d  length indicating w eaken ed  
chem ical b o n d s and su gg estin g  inferences about su scep
tibility o f a p o ly m er chain to scission reactions. In the 
present paper the above m en tion ed  structural param e
ters h ave been  estim ated basin g  on sem i-em pirical ap 
proach and  they h ave been related to probable m ech a

n ism  o f p olystyren e and p oly p ro p ylen e  degradation.

MODELS AND METHODS

T h e m o d e l p o ly m e r  ch ain s w ere c o m p o se d  o f 35  
m o n o m er units o f o ligop rop ylen e and o f 30 o f o lig o - 
styrene. The data presented relate to a central unit. In
itial structures o f m acrom olecu les, m acroradicals and  
m acrom olecu lar h yd rop eroxid es w ere bu ild  based on  
standard geom etries and  fu lly  o p tim ized  b y  m eans of 
A M I  and  P M 3  m e th o d s. T h en , structural param eters  
w ere estim ated based on P M 3 sem i-em pirical qu an tu m  
ch em ical co m p u ta tio n s im p lem e n ted  in the softw are  
package H y p e rC h e m  Release 6.01 for W in d o w s [10].

RESULTS AND DISCUSSION

B o n d  stren gth s in  p o ly p r o p y le n e  m acroradicals  
an d  h y d r o p e r o x id e s

T h e b o n d s  ord ers and  b o n d s len gth s in p o ly p r o 
p y le n e  m a cro m o lecu les and  m acroradicals as w ell as 
m a cro m o lecu la r  h yd rop eroxid es h ave been  sh o w n  in 
Sch em e 1. T h e presented data indicate that both secon 
dary and  tertiary alkyl m acroradicals o f p o lyp rop ylen e  
h a v e  w e a k e n e d  b o n d s  in  [3-position  to rad ica l site  
(dash ed  lines). T h e b o n d  w eak en in g is rather sm all: the 
b o n d  orders equ al 0 .97  versus 0 .98 in initial PP m acro
m olecu le  (see Sch em e la — c). M o re  w eaken ed  (3-bonds 
appeared in P P -oxy  m acroradicals (Schem e Id , e). In that 
case the in-chain b on d  orders from  0 .93 to 0 .95 indicate  
increased susceptibility  to m ain  chain scission reactions. 
O n e m ore p ossib le  reaction is (3-scission o f a sid e bon d  
resulting in h y d ro g en  atom  or m eth yl radical breaking

>

Scheme 1. Bond order (numerator) and bond length (denomi
nator) in polypropylene macromolecule and its degradation 
intermediates

152 i
- c —

H C H 3 H (a)

H H
ю|т Ojm

w r 0 . 9 7 >  1.00 r - l.(K) O  0 .9 7  r ___
^  1.53 i 1.48 Г  1-48 i 1.5300 <ч O' оасчO'ho 04© O' m

C H 3 H C H 3 (b)

H H
O '— O '—dl— d —

 ̂rJW- A l.cx) р_Ш 1 rjm . 
^  1.53 V 1-47 I 1.47 V 1-52Ют — г- 1ЛМO' — О  O '”2 — — — © -

C H 3 H (C)

О H

. p 0 . 9 8  p  0 .9 3  p  0 .9 4  p  0 .9 8  r ___
'- '1 .5 2  V 1.55 i 1.55 i 1 .52  ^

O '!— o o k  O' —

C H 3 H C H 3 (d)

H О H
Г- ГЧ W ITOv — o | m  с ч —

M ) .9 8 ° /M ) .9 4  J-T 0 ,9 5  о  0 .9 7  r - ......
- 1 . 5 3  Г  1.55 Г  1-55 i 1.53

p i  m  r -  p-1O' — еч1|А еч _Cl— © — ©I—
H C H 3 H (e)

ю т ЮтO'I— oo1 in О —I
Г ' 0 .9 8 ° 0  0 , 9 7 ~ 0 . 9 7 ° 0  0 .9 8  p ___

7 T 5 3  Г Т 5 3  rT 5T  cO'!*-■ OlC-l O'lp'l0.11л O'!— O'! V-1
C H 3 H C H 3 (0

о

p  0 .98  P  () ,9 7 ~ p  0 .9 7  P  0 .9 8  p ___
L i.53_ Yl,! .S3 Yl.1 i .sa L-0-1 O' —n|— O' Ш5|— dl—

C H 3 H (g)

" “«ft
0 '° -

H О H
ю | т  т * ю  ю | т04 — O' |'Т O' —

- p  0 .98  г  0-97° г  < > .9 б р  0 .9 8  р ___
^  1.53 Г  1-54 Г  1.54 i 1.52 L '

04 — Ю|П O' с4O 'in  O ',— O' ind|— d|— ©|—
C H 3 H C H 3

cv*.

cr**

(h)

o’—
„  p  U.vo p  U .v / p  »Л>/ p  U.9B p . ,..

^  1.53 V 1.54 V 1.53 I 1.53£■ 00 г>| Г»ГЧ— O'[in O' —c|— © — © —
C H 3 H CO



POLIMERY 2004,49, nr 6 451

o ff (b on d  order equals to 0 .88  and  0.94, respectively). In 
th a t c a se  th e  a r is in g  in -c h a in  k e to n e  g r o u p  is an  
U V -ch ro m o p h o re  w h ich  m a y  initiate further p h otooxi
dation  via N orrish  Type I reaction [2]. In consequence, 
P P -oxy  m acroradicals appear to affect chain scission re
actions via tw o  d ifferen t m o d es.

Both tertiary and  secon dary  P P -peroxy m acroradi
cals sh o w  the m ain  chain b o n d s strengths sligh tly  d e 
creased  in the nearest n e ig h b o rh o o d  to the reactive  
grou p  —  the w eak en ed  b o n d  orders equal 0 .97  (Schem e  
I f , g ). A t  the sam e tim e, in both the m acroradicals the 
C -O  b o n d  looks far less stable (b on d orders for secon 
dary and  tertiary p eroxy m acroradical are equal 0 .87  and  
0.85 , respectively). A pparen tly , both the p olyp rop ylen e  
p eroxy m acroradicals m a y  d ecom p ose  resulting in o x y 
gen  m olecu le  and  alkyl m acroradical (reverse reaction to 
that o f peroxy  m acroradical form ation). A  quite sim ilar  
picture can be seen in P P -hydroperoxides as w ell (see 
Schem e lh ,  i). H ere the m o st possib le products o f d e 
com p osition  are h yd ro p ero xy  radical and alkyl m acro
radical.

O n e  can con clu d e that the m ain  path w ay o f p o ly 
prop ylen e backbon e chain breakage is (3-scission o f oxy  
m acroradicals. M a in  chains in p o ly p ro p ylen e  alkyl and  
peroxy  m acroradicals as w ell as h yd roperoxides look  
rather stable.

B o n d s  stren gth s in  p o ly sty re n e  m acroradicals  
and h y d r o p e r o x id e s

T h e b o n d s orders and  b o n d s lengths in polystyrene  
m a cro m o lecu les an d  m acroradicals as w ell as m acro- 
m olecu lar h yd rop eroxid es h ave been sh o w n  in Schem e  
2. In contrast to p o ly p ro p ylen e , w eak en ed  (3-bonds in  
the m ain  chain o f polystyren e a lkyl m acroradicals rather 
d o  not appear: b o n d s  orders range from  0 .97  to 0 .99  
(Schem e 2b , c) in com p arison  w ith  0 .97— 0.98  for the in
itial m a cro m o lecu le  (Schem e 2a). This fact m a y  be ex
plain ed con siderin g  the sid e p h en yl grou p s m a y  act as 
donors o f electron density. A t  the sam e tim e, isom eric  
P S -o x y  m acrorad ica ls p ro v ed  to h ave qu ite differen t  
structures. In the case o f secon dary  o xy  m acroradical, 
(3-bonds s h o w  m a rk ed ly  decreased order (0 .93) indicat
ing increased susceptibility  to p o lym er chain scission. In 
parallel, h y d ro g en  atom  m a y  also split o ff (bond order 
equals 0 .88) w h a t results in form ation  o f in-chain ketone  
(Schem e 2d ). O n  the other h an d , in the case o f tertiary 
P S-oxy m acroradical the bon d  w eak en in g is very sm all 
(Schem e 2e). Probably, this m acroradical structure is sta
bilized  b y  intram olecu lar interaction betw een  oxy g en  
atom  and p h en yl g rou p  (see ref. [8] for details).
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Scheme 2. Bond order (numerator) and bond length (denomi
nator) in polystyrene macromolecule and its degradation in
termediates
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P olystyren e secon d ary  and tertiary peroxy  m acro 
radicals h ave quite different structures as w ell. Secon
d a ry  p ero x y  m a cro rad ica l has qu ite w e ak en ed  m ain  
chain b o n d s in the n eigh b orh ood  o f peroxy grou p  (bond  
orders range from  0.91 to 0 .93  —  see Schem e 2f). In a d d i
tion, the very  w e ak  0 - 0  b o n d  (Schem e 2f) m a y  result in 
easy  transform ation  into secon dary oxy  m acroradical, 
w h ich  is as w e ll inclined to P-scission (see above). O n  the 
other h a n d , tertiary P S-peroxy m acroradical p roved  an 
interaction b etw een  the term inal peroxide o x y g en  atom  
an d  n eigh b or h y d ro g en  atom  resulting in very w eak  
C -O  and  C -H  b o n d s (Schem e 2g). In that case, the m ost  
probable transform ation  w a y  is form ation  o f h yd rop er- 
oxy  radical and in-chain d o u b le  b o n d . P olystyrene h y 
droperoxides (both secon dary  and tertiary ones) have  
in-chain  P -bonds sligh tly  w eak en ed  —  the b o n d  order is
0 .96— 0.97.

O n e  can su m m a rize  that polystyrene alkyl m acro- 
radicals p lay  rather m in or role in m acrom olecu le  scis
sion . It is b elieved , that the m ain  active interm ediates in 
that reaction are secon dary  oxy  and p eroxy m acroradi
cals.

CONCLUSIONS

T h e p o ly m e r degradation  interm ediates h ave been  
sim u lated  w ith  the aim  to indicate w eaken ed  b on d s as 
possib le sites o f m ain  chain scission. T h e m in im al bon d  
strengths h av e  been  fo u n d  in the m ain  chains o f both  
secon d ary  and  tertiary p o ly p ro p ylen e  o xy  m acroradi
cals. A p p aren tly , P -scission o f a lkyl m acroradicals does

not p lay  a significant role in p o ly p ro p ylen e  degradation . 
A lk y l m acroradicals o f polystyrene h ave no w eak en ed  
b o n d s in the m ain  chain. A m o n g  o x y g en  containing PS 
interm ediates the sec-oxy and  sec-peroxy m acroradicals  
look  as those h avin g  increased susceptibility  to chain  
scission according to P-scission m ech an ism . T h e reac
tions o f d ecom p ositio n  o f peroxid es [equation  (3)] as 
w ell as isom erization  o f o xy  m acroradicals [equation (4)] 
seem  less probable to occur.
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