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SCISSION SITE OF POLYIIER CHAIIA I N  DILUTE SOLUTIOI4 
UNDERGOING AN EXTEllSIONAL FLOW FIELD 

P. L e o p a i r a t  and E. W. t l e r r i l l  

Chemical Eng ineer ina  Department 
:4assachusetts I n s t i t u t e  o f  Technology 

Cambridge, Flassachusetts 02139 

ABSTRACT -- 
- -  

The s c i s s i o n  s i t e  o f  p o l y s t y r e n e  (nw 300,090; ilw/Mn = 1.14) 
i n  d i l u t e  t o l u e n e  s o l u t i o n  undergoing e x t e n s i o n a l  f l o w  was s t u d i e d  
u s i n g  g e l  permeat ion chromatography. Three chromatograms f o r  mid-  
p o i n t  s c i s s i o n ,  66.7% m i d p o i n t  and 33.32 q u a r t e r  p o i n t  s c i s s i o n ,  
and random s c i s s i o n  were matched t o  t h e  chromatogram o f  t h e  degraded 
s o l u t i o n .  The r e s u l t  showed t h a t  t h e  second o f  t h e  t h r e e  chromato- 
grams f i t t e d  bes t ,  which c e r t a i n l y  r u l e d  o u t  t h e  p o s s i b i l i t y  t h a t  
t he  polymer c h a i n  was f u l l y  extended b e f o r e  s c i s s i o n  and t h a t  weak 
l i n k a g e  was t h e  s i t e  o f  c h a i n  s c i s s i o n .  

I :.ITRODUCT I OIJ 

One o f  t h e  i m p o r t a n t  t y p e s  o f  l am ina r  f l o w  i n  t h e  s t u d y  o f  

macromolecular hydrodynamics i s  an  ex tens iona l  f l o w ,  t h e  stream1 i n e  

of wh ich  i s  shown i n  F i g u r e  1. 

i n  a c y l i n d e r  th rough  a sma l l  o r i f i c e  as seen i n  F i g u r e  2. 

a l i n e a r  f l e x i b l e  polymer c h a i n  i s  sub jec ted  t o  an e x t e n s i o n a l  

f l o w  f i e l d ,  i t  would f e e l  a t e n s i l e  f o r c e  a long  t h e  d i r e c t i o n  o f  

t h e  f l o w  e x e r t e d  on i t  by t h e  su r round ing  s o l v e n t  molecules as 

shown i n  F i g u r e  3. 

a t t a i n  a r a n d o m - f l i g h t  c o n f i g u r a t i o n  due t o  t h e  Brownian m o t i o n  

as shown i n  F i g u r e  4.  

It i s  generated by f l o w i n g  f l u i d  

When 

L e f t  t o  i t s e l f  i n  a non- f low f i e l d ,  i t  would 

The o b j e c t  o f  t h i s  s tudy  was t o  use g e l  
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22 LEOPAIRAT AND MERRILL 

X 

FIGURE 1 
Streanil i n @  o f  an Extensional F1 ow Fie1 d on X-Z Axes 

FIGURE 2 
Streani l ine o f  Flow Through an O r i f i c e  

permeation chromatography (GPC) t o  f i n d  the  l o c a t i o n  o f  breakage 

on the polynier cha in  when i t  was subjected t o  an extensional 

f low f i e l d .  The understanding o f  which would help t o  e luc ida te  

the mechanism o f  cha in  sc i ss ion  in t h i s  type  o f  f low. 

FRESH AND DEGRADED POLYMER SOLUTION 

Table 1 presents the  homologous ser ies  o f  polystyrenes obtained 

from the Pressure Chemical Company. Only P S l l  i n  to luene a t  a 
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POLYMER SCISSION FROM EXTENSIONAL FLOW FIELD 23 

FIGURE 3 
k Polymer Chain in an Extensional Flow Field 

FIGURE 4 
A Polymer Chain in a Non-Flow Field 

concentration of 0.05 wtf was degraded in the extensional flow 

field. 

into a 3/4" diameter cylinder, then it is pushed at a constant 

speed by a hydraulically driven piston through 0.51 mm diameter 

To degrade the polymer, 14 cc of its solution is filled 
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24 LEOPAIRAT AND MERRILL 

TABLE 1 

L i s t  of the  Homologous Ser ies  of Polystyrenes 

Polymer Code P S8 PS20 PS14 PS11 

Manufacturer ' s 
Batch No. l c  3b 13a 6a 

188,000 390,000 643,000 1100,000 
- 
)'W 

iTw/iTn 1.09 1.10 1.24 1.14 

o r i f i c e .  

attached to  the o r i f i c e  a s  shown i n  Figure 5. 

The degraded so lu t ion  i s  co l lec ted  i n  another cylinder 

GPC - 
The GPC instrument used is  Waters Associates ~lodel ALC/GPC244 

high pressure l iqu id  chromatograph. The set of columns used is  

10 A,  10' A ,  10 A ,  10 A u Styragel columns. F i l te red  toluene @ 4 0  Y O  6 0  6 0  

i s  used a s  c a r r i e r  solvent.  

and 2 cm/min char t  speed. 

throughout t h i s  work. 

I t  is operated a t  2 ml /min  flow r a t e ,  

1/2 cc sample in j ec t ion  s i z e  i s  used 

IUITHEMATICAL TREATMENT 

Breakage a t  lilidpoi n t  

Define a, t o  be the number of the o r ig ina l  polymer molecules of  

mo 1 ecul a r wei g h t M, 

a l  t o  be the  number o f  Mo polymer l e f t  undegraded 

n i  t o  be the number of  degraded polymer of M i  

1.1, t o  be the  number-average molecular weight of the  degraded 
- 

polymer. 
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POLYMER SCISSION FROM EXTENSIONAL FLOW FIELD 25 

A t  Time = 0 A t  Time > 0 

FIGURE 5 
An Apparatus Used t o  Generate an Extensional Flow F i e l d  
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26 LEOPAIRAT AND MERRILL 

Therefore, 
Total Weight - C niMi 

% = -  C n i  = = n i  

Total w t .  ;do = 

'10 z n i  

iTn 
- t -  so 

Assume one molecule t o  break only once. 

Number o f  flo polymer degraded = a. - al 

Number o f  1/2 !lo polymer produced = 2(a0 - a,) 

Hence, 

I n 4  = a, + 2(ao - a,) = 2a, - al 

z n i  
and a l  = a0(2 - T)  = a0(2 - a0/En) 

0 

0 
M, r.1 

= a0(2 - =) 'i- W ( M o )  = Wt. o f  remaining polymer o f  14, = - alMo 
"AVO t,ln "AVO 

1 1 I'O "($lo) = W t .  o f  product polymer o f  $do = 2(a0 - a,)  2~ 
AVO 

MO MO = ao(-=- 11 - 
Mn 'jAVO 

ido 

W(Mo): W($-l0) = - 1.4, 
- -  1 

Therefore, 2 - -  
Nn 

- 
Hn 
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POLYMER SCISSION FROM EXTENSIONAL FLOW FIELD 2 7  

Breakage w i t h  66.7% P r o b a b i l i t y  a t  :,lidpoint and 33.3% P r o b a b i l i t y  

a t  Quar te r  Po in t  

Since there  are  two quar te r  po in ts  and one midpo in t  on a 

given chain, one h a l f  o f  the number o f  PIo  polymer degraded would 

occur a t  the midpoint  wh i le  the  other h a l f  o f  the degraded polymer 

would occur a t  e i t h e r  o f  the two quarter po in ts .  

f . l(Mo) = number o f  remaining polymer o f  Mo = al 

N($40) = number o f  generated polyner of $o = a. - al 

a - al 
N($lo)  = number of generated polymer o f  $‘lo = 0 2 3 

1 1 - - al  
ti($lO) = number o f  generated polymer o f  $f0 2 

Therefore, 
a. - al = 2a0 - al z ni = al t (ao - al) t (- - 2 ’1) t 

MO 

‘n 
and al = ao(2 - =) 

Mo Mo 
W ( 1 4 0 )  = W t .  o f  remaining polymer o f  t‘lo a0(2 - r) - 

Mn “AVO 

1 MO I’O 

% 
W(k0) = lit. o f  generated polymer o f  $lo = ao(= - 1) 2~ 

AVO 

3 a. 3 Mo 
W($”lo) = (7 - 1 )  -- 

‘n “lAV0 

Mo 1 “0 
= 7 (r- 1)  -- 

Mn “AVO 
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28 LEOPAIRAT AND MERRILL 

:‘O 
Therefore, 

3(2 - 

Random Breakage 

Define A :  Chrorliatogram o f  or ig ina l  f r e sh  polyner 

3:  Chromatogram of the polymer so lu t ion  undergoinq an 

extensional flow 

Ciironlatograni of par t  of A t h a t  remains undeqraded 

Chromatogram o f  par t  of P, t h a t  i s  degraded, so D = A - C 

Chromatogram o f  ttie degraded product from 9, so 

C: 

D: 

E: 

i j = C t E  

F:  Chromatogram of the  most-probable d i s t r ibu t ion  w i t h  ttie 

same nn as  E 

Chromatogram o f  the polymer so lu t ion  with random 

sc i s s ion ,  so C = C + F 

G :  

The procedure t o  produce a chroniatogram o f  polymer randomly 

degraded i s  described by the  following: 

1 .  llormalize the area of A and B 

2 .  From the  value of KO o f  A and Hn of B, ca lcu la t e  the f r ac t ion  

of the fresh polymer t h a t  i s  degraded, i . e . ,  
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POLYMER S C I S S I O N  FROM EXTENSIONAL FLOW FIELD 29 

3. Use t h i s  f ract ion to  calculate  C from A 

4. 

5. 

Subtract C from B to  ge t  E 

Calculate F from E by using the two following equations ( 1 )  

x-1 - 
x n  = 1 xp  (1 - p )  

- 1  - 
'n - -0 
x number of mer uni ts  i n  a polymer chain 

p = the probabili ty of continuation o f  the chain 

xn  = number-average of mer units per polymer chain 

and 

where 

- 

6. Combine F t o  C t o  get  G 

RESULT AUD DISCUSSION 

Two chromatograms of PSll degraded a t  Forifice = 11,850 cm/sec 
- 

and 11,530 cm/sec a r e  presented in Figure 6 and 7 .  

the average velocity of the flow a t  the o r i f i c e .  

the chromatograms of 66.75 midpoint and 33.3% quarter point 

sciss ion f i t  those of the degraded solutions best .  

sc iss ion does- not occur exclusively a t  midpoint ce r t a in ly  rules  

out the poss ib i l i t y  t ha t  the polymer chain i s  extended fu l ly  when 

i t  i s  degraded. 

extensional flow, the t ens i l e  force exerted on the polymer chain 

will  be largest  a t  the midpoint o f  the polymer chainr t h u s  t h e  

most l i ke ly  place to break. 

break randomly. 

sciss ion i s  due t o  weak linkages, because weak linkages, i f  

present, should appear randomly on the polymer chain. 

V O r i f i c e  i s  
In both cases 

The f a c t  t h a t  

Because i f  the polymer is f u l l y  extended i n  an 

Also, the polymer chain does not 

This r e s u l t  rules  out the poss ib i l i t y  t ha t  bond 
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KEFEREIKE 

( 1 )  Flory, P.  J., Principles o f  Polymer Chemistry, Cornell 

University Press, Ithaca, 1971, p. 325. 
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