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STUDY OF T H E  DEGRADATION OF 
HIGH MOLECULAR WEIGHT POLYSTYRENE 

IN T H E  COURSE OF SIZE 
EXCLUSION CHROMATOGRAPHY (SEC) 

E. V. CHUBAROVA AND V. V. NESTEROV 
Institute of Macroniolecular Compounds 

Academy o f  Sciences of the USSR 
199004, Leningrad, Bolshoi pr., 31 

ALS'lWic: 'il --- 
'lfie p o s s i b i l i t y  o f  degradat ion o f  1nr.E;e macromole- 

cu le s  i n  t h e i r  motion tnrough a porous mediura i n  t he  
course o f  SXC dccreases  cons iderably  t h e  raiAge o f  appl i -  
c d t i o n  of t h i s  h ighly  product ive and h ighly  s e l e c t i v e  
a n d l y t i c a l  method f o r  Lhe determinat ion o f  Liie 
polymers. In  f a c t ,  t he  liRiiD determined by SbC with the  
exis te i ice  o f  degradat ion is  mainly the  d i s t r i b u t i o n  ac- 
cording t o  degradat ion fragments and does  not; r e f l e c t  
t he  i n i t i a l  molecular chnrac teLLst ics  02 t he  polymer. 

croiiolecules on the main parnmr;ers  o f  t h e  clriromatoggra- 
ph ic  exgerin1en-l;: t he  r a t e  oi' -the e l u e n t  flow, t he  s i z e  
imcI snaye of' aorbent;  partic.Les and the  s i z e  o f  t h e i r  
pores  wus s tud ied  i n  d e t a i l .  A non-nonotonic cllailge i n  
the  degree ok degrsda t ion  with inc reas ing  f l o w  rate OX 
the eluent was de tec ted .  

es with decseasin& pni.L-icle size dna the size of  bhe i r  
pores .  A new conc( , t  o f  tl E degradat ion o f  h igh  poly- 
mers i n  ddC is forrriul.-ttcd. It i s  re labed  mainly not; t o  
tile ex is tence  01 3.ocnl rate LradimLs i n  t i e  i n t e r p a -  
t i c l e  velum but,, r i t h e r ,  t o  1; ie e x t i r e  coinbination o f  
hydm6ynurLLic and adsorp Lion e€f ec$s accoinlmnying The 
p r o c e s s  02 inr ;eract ion betmeen the  maci>ornoleculcs and 

'?lie clepeliderice of' t h e  d e t r e e  o f  debraddtion o f  mac- 

Ib i s  si,ovin tha?; tile de,rce of dc<radnt,ioii increas-  
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1826 CHUBAROVA A N D  NESTEROV 

the sur face  o f  sorbeii t  particles. P r a c t i c a l  reco1iii:ienda- 
t i o n s  a r e  given for car ry ing  out  SEC, iiic1udi.q; .tha.t; o f  
s uper-high molecular vteiGh.1; samples under  "non-degrada- 
t ive"  c o n d r i t i ~ n s  . 

-I 1;. 'JILo.bu c ' J ' W M  

'Yhe s Ludy 02 c ie~rzuz   ion 01 high m o l e c ~ l a i .  viei,ht 

polyuers  i s  of c o n s i d e r a o l e  i n c e r e s t ,  rndinly becduse as 

a r e ~ u l z  01 tlie scission o f  mdcronoleculcs uurini, SJ+X, 

t;he Iiliu determineo. with tAe aid of t h i s  liiGnly produc- 

t i v e  gromisinb methoa is tile func t ion  of molecular 

wci,ht dis t - r i b u t i o n  o f  f:rag;.menl;s and does no i; r c l l c c t  

the  c:i:irL:cterist;ics 01 tlie i n i  b i u l  E:.,iq,le . 'The determi- 

na [ , i o n  o i  m e  d e g r a d a t i o n  mechanism makes it; possible 

to c o i i c r o l  m d ,  i f  nccessdry,  t o  exclude process 

i n  tikc SLC of polyniers beceuse i t ,  is undesirable f r o m  

Lhe s taxdpoinb o f  a i in iy t ica l  p r a c t i c e .  Sever7;l expel.i- 

mental papors (1-3) h e d i n g  with the s t u d y  02 dcGrada- 

t i o n  i n  the course o f  S3C, show tha t  a d i r e c t  relation- 

ship exists between tne degree o f  deGradat ion and the 

hydrodynauic and taerxodynamic c n a r a c t e s i s t i c s  o f  t he  

chlbomutogra2hic system. Ciadings review (I+) i s  con- 

ceriieci witn the  behavior o f  macromolecules o f  super-high 

moleculdr  wei thb8.  In this review the main reasons f o r  

the  per turbdt ion  o f  the  molecular-sieve mechanisu of  SdC 

have bcen consic,ered t o  be hydrodynnuic and p o l a r i z a t i o n  

efi'ec ts , t h e  d r a i n i n g  ei'fec t o f  l a r g e  pores  and, finally, 
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DEGRADATION OF MACROMOLECULES 1821 

tine degradation r e s u l t i n g  f r o m  "shear" deformations o f  

anomalously l a r g e  macromolecules. at present  i t  i s  as- 

sumed f l a t  the shear  degradation o f  l a r g e  macromolecules 

proceeds i n  the course o f  t h e i r  motion i n  i n t e r p a r t i c l e  

clilannels o f  the  granulated sorben-1; layer through regions 

wiiA high r a t e  gradients  i n  the  cross-section o f  the 

chnnnels . Giddings' at tempt t o  evaluate  the  shear  

s t r e s s  i n  "effeczive ciiaiinels" o f  tlie sorlsent l a y e r  o f  

the column by analogy with "pure" hydrodynamic experi- 

ments i n  c a p i l l a r i e s ,  a r o t a t i o n  viscometer and a homo- 

genizer  (5-7) has l ed  t o  an almost thousand-fold discre-  

pancy i n  the  values being compared. 

'IJiis work dea ls  with the  experimental study o f  de- 

gradat ion mechanism o f  h igh molecular weight PS i n  tlie 

S&C process anu i s  a l s o  an atcempt t o  e s t a b l i s h  the  phy- 

s i c a l  model o r  the  mechanism of degradation. 

~mu,X~iiA> 'U 

A spec ia l  i n s t a l l a z i o n  was mounted f o r  carrying out  

chromatogrzphic experiments. It had the following main 

features:  high s t a b i l i t y  o f  el-uent f l o w ,  i n  $ a r t i c u l a r  

a t  low l i n e a r  r a t e s  o f  5*10'3 - 5-10-2 cm/s and high de- 

t e c t o r  s e n s i t i v i t x  (1.0" refrackion units  or a d i f f e r -  

e n t i a l  refroctomct,eL> of' lxie r a s t e r  type).  'The de tec to r  

s e m i t i v i t y  made i t  poss ib l e  GO use low concentrat ions c 

( 0=01-0.03$) o f  the  super-high molecular weight poly- 
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1828 CHUBAROVA A N D  NESTEROV 

mer i n  so lu t ion  i n  ordeL that the condi-c;ions e x i s t i n g  

i n  the  d i l u t e  s o l u t i o n  o f  t n i s  polymer, CT] * c  C 1, would 

b e  o b q e u .  Standard s t - i n l e s s  steel columns 30 cm i n  

1e::C;th : v i a  an i n n e r  diameter o f  0,4 c m  were used. They 

were packed w i  th s i l i c a  so rben t s  w i t h  predetermined cha- 

r a c t e z i s t i c s  under the  condi  Lioizs ensuring s u f f i c i e n t  

column e i f i c i e n c y  and excluding p k r t i c l e  d e s t r u c t i o n  du- 

r i n g  pactring. 

Viscomecric measurei:ieats were c a r r i e d  out  wi th  a 

s tiindara Ebbelohde viscome t e r  . 
I t  should be noted t n a t  s i n c e  t h o  p r e c i s e  va lues  

o f  t ne  e luent  f l o w  r a t e  d.ce very import-cmt, i n  each ex- 

perinle:lt they were a a a i t i o n n l l y  checked by r e l a t i n g  the 

r e t e n t i o n  t ime ( o r  v o l w e )  o f  the polTmer t o  t hese  va- 

lues f o r  a low molecular weii;lit standard (or tnodichloro-  

benzene) s p e c i a l l y  introduced i n t o  the sar@le. It 

shoulir a l so  be noted %hat  t h e  f a c t  o f  degradat iou o f  su- 

per-ni& moleculdr meidht polymers (PS and P 

e l u t i o n  razes  has a l so  been confirmed by direct ;  experi-  

ments (8) i n  tvhicn tile i n t r i n s i c  v i s c o s i t i e s  of tile i n i -  

t i a l  sample and the s a l e  sample obtained from the e l u a t e  

after s o l v c n t  evagoratioki vqvere compared. 

KdSULTS A& ~ -- IIlSCIJSSION 

'Die e l u t i o n  r a t e ,  t h e  mean s i z e  aiiQ shape o f  sor- 

bent  p k r t i c l e s  anci the mean s i z e  o f  t h e i r  pores  were 
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DEGRADATION OF MACROMOLECULES 1829 

chosen a s  the  main parameters t h a t  a f f e c t  ( o r  may af- 

f e c t )  t he  degradat ion value.  

I n  the SXC o f  super-high molecular weight polymers, 

t h e  e f f e c t  of increasinG e l u t i o n  r a t e  is mainly manifest-  

ed i n  an increas ing  dev ia t ion  o f  t h e  upper p.rt o f  t h e  

c a l i b r a t i o n  curve towards h igher  r e t e n t i o n  volumes. The 

au thors  of r e f .  ( 3 )  have c a r r i e d  out  the  chromatography 

of PS with molecular weights from 2 . 6 ~ 1 0 ~  t o  9 .5~10  

a maximum ( r e s t r i c t i o n s  were due t o  t he  i m p o s s i b i l i b j  o f  

us ing  extremely high p res su re  a t  t he  co1u.rz-i entrance)  

flow s a t e  tk~i’ougl~ colur:ias with macroporous $:.lasses c3 (1;ZC;) 

with  the  p r t i c l e  s i z e  of 30-yay-m and mean pore  diarne- 

t e r  o f  2000 A tcnd t h o u g h  columns with c ross l inked  rnac- 

r o p o r o u s  ge l s  o f  t he  ‘LSK p 1 Y  type.  !i.?ie eluate was c o l -  

l e c t e d  a t  the  d e t e c t o r  out le- ;> and rechromatographed a t  

a r e l a t i v e l y  l o w  r a t e  (12 cm3/h a t  an inne r  diameter o f  

t h e  column N 0.9 cm) a t  w d c h  according t o  the  opinion 

o f  t he  au thors  (well-grounded i n  o u r  opinion) degrnda- 

-t ion should n o t  occur. Uepxda t ion  a c t u a l l y  d id  n o t  

t ake  p l a c e  on a column wiw.1 ‘EX. However, t h e  r ake  de- 

pendence o f  t h e  dev ia t ion  i n  r e t e i i t i on  volumes was ob- 

served i n  a l l  cases .  ‘f ie authors  o f  ref.(g) have asso- 

c i a l e d  the  r a t e  dependences wii;hout  degradat ion with t h e  

deformation o f  l a r g e  macromolecules a t  h igh  flow r a t e  

g rad ien t s .  

6 at 

0 

Pig  .1 shows the  c a l i b r a t i o n  dependences obtained i n  
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1830 CHUBAROVA A N D  NESTEROV 

- 

1 - 5.9 m l / h  
2 - 7.7 ml/h 

1 2 3456 3 -  9.9 ml/h 
11.6 ml/h 
14.4 ml/h 
19.4 ml/h 

. b I 

150 200 2 50 300 VR, mm 

F i g  .1 Caliktra bion depmdc:ic:cc L o r  narrow-disperse YS 
i n  S.SC on ~ V J O  columns connected i n  s e r i e s  and 
packcu i i i t h  hPG-4000 at d i f l e s c n t  elution r n  Les. 

t h e  presez1-L w o r k  for narrovt-bisperse Y S  i i i  SSC on -bvo 

columns connected i n  series ;:rid packed with MPG with a 

iiieiiii p o r e  diameter u f  4000 A, );PPG-4000, a t  d i f f e r e n t  

e l u t i o n  rates. It i s  c lear  that wi'ch i nc reas ing  r a t e s  

tihe r e t e n t i o n  volurries o f  1% w i t h  Jib> 2x10 

0 

6 - 
increase .  

112 o r d e r  t o  estai;ilisii the reasons for the increase 

i n  r e t e n t i o n  voluliles wiG!;li iricreasiiig r a t e ,  tile f o l l o s v -  

ini; experineuts were carried out .  IIhe s o l u t i o n s  o f  a 

hizh m o l e c u l a r  weight Pb (Jfb N 10 ) w i t h  a volumc o f  '7 A 
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DEGRADATION OF MACROMOLECULES 1831 

20 p l  were chromatographed a t  G i f f e ren t  f i x e d  ra bes . 
The cor rec ted  r a z e  values  were determined f r o m  tile re-  

t ex t ion  volumes of the auove-mentioned i n t e r n a l  s tmd- 

ard .  ' Ibe e l u a t e  was c o l l e c t e d ,  concent ra ted  t o  t he  i n i -  

t i a l  concent ra t ion  and rechromatogri&ed a t  a r a t e  o f  

5.9 cn?/h on a previous ly  Cal ibra ted  system 01 Columns 

fo r .  which a t  this rate the absence of deg ra i a t ion  ( a t  

t h e  accuracy detesminin6 averdge niolecular weights o f  

t5:6) was paoven. 

ed for S G  c a r r i e u  o u t  u idc r  i3ie same coiidi bions. 

11lnc ~ l i i i i ~  o f  tile i n i t i a l  pi; was obtain- 

S in iLar  experiments were c a r r i e d  out  on columns 

Qnclred with hYG with oLher yore s i z e s ,  b$G-1150 nna LEG- 

-250, on colunms paciceil w i % h  s p h e r i c a l  s i l i c a  g e l s  wibh 

pore  s i z e s  o f  300 ;nu 4000 A (Si-300 and 6i-4000), on 

columns packed with non-porous quar tz  p a r t i c l e s  and on 

columns p c k c c  with non-porous g l a s s  b a l l s .  'The chroma- 

tograms o f  all e lua te s  were also obtained f o r  repea ted  

chromatoGrdphy a t  the  above  r a t e  of 5.9 cm /h or1 a sys- 

teiii o f  two columns with SiPG-~tOOO. 'Die B.UdI litas calculat-  

ed f r o m  c d l i b r a t i o n  ucpenL:erice 1 i n  E'ig.1. The cnlcu-  

1at;ed XiiD made i t ;  poss ib l e  t o  de terriiine the  degradat ion 

i n d i c e s  I = (i!lno/IGn) - 1 fthere Nno and LI, a r e  the n u -  

ber-averdge moleculcr weignts of t h e  i n i t i a l  sauple  and 

thc. suue sauple  a f t e r  tne second chrumatogra&y. Pig.2 

shows the resu1t;s 01 the  correspondinG c a l c u l a t i o n s .  
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MPG-1150, 14 /I 

(b 1 

0 0 
0 0  

0 O ()o 
b L i 

8 1  61 Q 

6 -  

4 .  

2 .  

0 .  

0 
0 MPG-250, 9 p 

0 8 

MPG-4000, I 6 p 
(c 1 

0 
0 0 

0 0 0 
0 0 0  0 0  I 

0 
0 

0 0  0 
00 

0 2 4 l  0 

0 I 0  20 30 40 v, ml/h 

0 10 20 30 40 v, m l / h  

Yic.2 liegradtii,ion iiiaicss vs f l o w  r a t e  i n  SbG 
on hiPG w i t h  dii’iezenl; s i z e s  01 p o r e s  
and putj .c les .  
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1833 

Si-300, l o p  

A A  a 

- SI-4000, l O / u  

A 
A A A  b 

I I i 

30 v, m l / h  0 10 20 

E’ig.5 Uegr-acia (;ion ind ices  vs f l o w  rcrte 
i n  SZC o n  s i l i c a  Lels. 

‘Yhese f i g u r e s  m o w  ncLnly Lhat the rate dei)endences 

oi” degrad;tion index tire n o t  monotonic. 

t r a d i c t s  the geiieraily acted ted view m o s t  comijletely ex- 

pressed i n  ref. ( 4 )  according t o  smich degradat ion (i. e . 
t h e  value of I) s h o u l d  increase :Jixb c1.1ition rate as a 

result o f  snea r  deformation. However, a great number 

o€ experimental  d a t a  obtcliiiod by us sugses t s  t imz it i s  

n o t  an artcf;ct bu t  a 2henomenon requi r in ,  an erplnna- 

cion. S imi l a r  r a t e  depenuexes  o€ ilegraca t i on  i n d i c e s  

T h i s  f a c t  con- 
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quartz , 40 p 

3 v  - v  
p v  

8 t I 1 

- 
- 6 

4 .  

2 

0 

E'ig.4 Dcgradn t ion  ind ices  vs f l o w  r a t e  in 
SZC o n  non-porous qu;wtx parkiclea . 

l1  P quartz , 

(b)  v 
i7 v V  

vv P V 
I I i 

- 
6 -  
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0 D o  0 D 
I I 1 

(a) 
40 P b a l l s ,  
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4 -  

2 -  

O J  

'I bal ls ,  1 5  /M 

t3 (b)  
0 

* o  
n u :  

6 

4 

2 

O &  

Fig  .5 L)egradai;lon i n d i c e s  vs f l o w  ra. be 
i n  #cdl ib on non-porous gl.ass ba l l s .  

b a l l s ,  7,3p 

( C  1 

0 

a ,"1 17 I3 
Y, v I 7 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1836 CHUBAROVA A N D  NESTEROV 

G wei'c b l s o  obt i l ineu  for t w o  &LA sc;i:yles (wit l i  &.!5xlO 

anu 10 ) (Pig.6) . i i l t h .ough  %hi: dc?gradatioil i nd ices  

I 

7 - 

SLC under s i m i l o r ~  conditioiis  -i;ii.e c h a a c t e r  o r  degend- 

eiices indica-ccu that this is a gcneru-i l~honorriei1orl f o r  

polymers witk diiYereuL ciiernical na tures .  

Consequeii,i;ly, s ince  with inci-easiu:i; rC1ovi ra.i;e gra- 

dient degrnciation cannot only iilcretlse bu t  also decrease ,  

toted tila.'l; it; i s  ;is;:oc-jc?..i;ed y j j . t i l  i;l.ic in- 

-caraction bel;ween tlic macromolecules niid th.e s u f a c e  o i  

t h e  pore volurlie oi'  so rbent  p a r t i c l e s .  'meso in t e rac -  

tions a r e  nai-urally related t o  ratie g rad ien t .  In  fact; ,  

t i l e  experimeatal  r e s u l t s  Tor ~idc o n  I,iFti (pig.&) show 

t h a t  i2ie higtieo t degradation is observed when JVSG-25O 

i s  used which has tihe l a r g e s t  su r f ace  a rea  as compared 

t o  o-bher  U?G. 

When an e luen t  con Lnining macromolecules %lows p a s t  

2 s0rben.t ? a r t i c l e ,  t h ree  poss ib l e  s i t u a t i o n s  nay be vi-  

sua l i zed .  P i r s t ,  t he  macromolecule can e n t e r  a s t agnan t  

zone near t he  p a r t i c l e  surface,  which should Lead t o  an 

inc rease  i n  r e t e n t i o n  time (Fig .7a). Secondly, t h e  mac- 

romolecule can pass i n t o  a 'Is t r e t ch ing"  hydrodynaniic 

field near  the  p a r t i c l e  s u r f a c e  and undsrgo degradat ion 

(Fig.7b).  { ib i rd ,  the macrouolecule coming i n t o  contact  

mitli tile p a r t i c l e  su r face  and/or i t s  i n t e r n a l  pore  vo- 

lume ( e . g .  as a result of %he revers ib i1 i l ;y  o f  phys i ca l  
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6 _ ' I  

44 

2 

0 ,  

- 7  PMMA, Mw=10 

(b) 

X 
Y X  x x  x, 

I 

Fig.6 Uegrndatiion ind ices  vs f l o w  r a t e  
i n  the SdC o f  PhinW samples W G .  

adsorption) can be s t r e t ched  by Tihe f l o w  along the  par- 

t i c l e  sur face ,  which can a l so  l ead  t o  degrauation. 

It is  c l e a r  t h a t  a i l  th ree  s i t u a t i o n s  can o c c w  si- 

multaneously but  the cont r ibu t ion  o f  each o f  them de- 

pends on the shape and s i z e  o f  the  p a r t i c l e ,  t he  ex is t -  

ence o f  i n t e r n a l  pores and the  r a t e  o f  the  f l o w  passing 

along the p a r t i c l e .  Other condi t ions being equal,  i.e. 

f o r  the same sorbent ,  i t  is the r a t e  o f  the  flow moving 

p a s t  the p a r t i c l e  Wlat can change the  r a t i o  o f  the con- 
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1838 CHUBAROVA AND NESTEROV 

arrival i n  tile s t agnan t  zone 

s t r e t c h i n g  along the € 1 . 0 ~  Lines 

s imul. txneou:; mo %ion  of tne chain 
:<.l.org .%lie surface  ad i n t e r a c t i o n  
wi -1;li i t 
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DEGRADATION OF MACROMOLECULES 1839 

t r i b u t i o n s  of the t h ree  above s i t u a t i o n s  and hence may 

l e a d  t o  a dependence o f  degradat ion ind ices  on the f l o w  

r a t e ,  which seems surpriain(i;  a t  first.  

'fie '!hindrance e f f ec t "  is m o s t  proiiouriced for SEC 

on non-porous b a l l s  with d = 7.3 pm (Yig.8a). Fig.8a 

shows overlapping chromatograms o f  a mixture of  PS with 

ortliodichlorobeiizene obtained u t  d i i fe iaent  f l u w  r a t e s  

on a column packed w i t h  noa-porous glass b a l l s  wi th  

dp = 7.3/um. 

t e n t i o n  volume should be s l i g h t l y  l o w e r  f o r  t21.e polymer 

than  f o r  a ~ O V J  molecular weight substarice o r  a t  l e a s t  

i d e n t i c a l  for theni. Flowever, t h e  r eve r se  s i t u a t i o n  i s  

observed (Pig .8a) .  Some l i t e r a t u r e  d a t a  i n d i r e c t l y  con- 

f i r m  t he  hindrance e f f e c t  i n  chromatography. 'l!hus, it 

has  been fourid i n  r e f  .(lo) t h a t  r e t enb ion  volumes o f  a 

l o w  molecular weight substance and PS with  d i f f e r e n t  mo- 

l e c u l a r  weights i nc rease  wick1 e l u t i o n  r a t e .  In  re f .  (11) 

t h e  hindrance e f f e c t  has  been de tec ted  i n  the inves t ign-  

t i o n  o f  the  mobil i ty  o f  DNA fraguients i n  e l ec t rophores i s  

i n  gel. 

P 

Since  the  so rben t  i s  con-porous, %lie r e -  

Die hindrance e f f e c t  is much weaker on particles 

w i t h  an average s i z e  OX 40 ,tun (E'ig.8b). 

m e s e  r e s u l t s  a r e  q u i t e  comprehensible f r o m  the 

s t andpo in t  o€ t h e  e f f e c t  of  s-tretclxing o f  the macromole- 

c u l e  along: t he  p a r t i c l e  su r face ,  i n  p a r ' t i c u l a r  a% the  

p m s i b l e  phys ica l  adsorp t ion  o f  i nd iv idua l  segments o f  
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1840 CHUBAROVA A N D  NESTEROV 

Fig  .ti Overlapping chromatogrms 0.i' a mixture o f  
PS and o~~~t ;hodichlorobenzene  obtained in 
SEC o n  non-porous glass b a l l s  w i t h  a mean 
p o r e  c l i a m .  (ct ) o f  (a) 7.3 ,urn ancc P 
(b)  4 o . o p .  
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DEGRADATION OF MACROMOLECULES 1841 

the  macromolecule 011 su r face  "unevennesses". Fu r the r ,  

i t  may be assumed t h u t  wit11 increasinc flow race tne 

probabi1ii;y of a u i r e c t  approach of %he Inacrornolecule 

t o  thc p a r t i c l e  s u r f a c e  decrecses.  If Ynis assumLJtion 

i s  t r u e ,  Chcn a t  low r a t e s  degradat ion should be a f f e c t -  

ed by the shnpe of sorbent  g a r t i c l e s  and t h e  q u a l i t y  of 

t h e i r  surface. In  Tact,  degradat ion ind ices  f o r  p a -  

ticles o f  i r r e g u l a r  shape (quartz)  a r e  h igher  than for 

b a l l s  of the  correspondin?; s i z e s  wi th  a smoother sur- 

face (Figs .4  and 5) j u s t  at; l o w  r a t e s .  A t  h igh  r a t e s ,  

degradat ion ind ices  are coniparnble 

'Die hindrance e f f e c t  was also s tud ied  on porous 

8 orbents ,  Pig.  9 si.,ows over1a:Iping ciiromatograns o f  a nix- 

t u r e  o f  PS and orf;hodiclilorobanzene a t  d i f f e r e n t  flow 

r a t e s  f o r  s p h e r i c a l  s i l i c a  g e l s  d 

s i z e s  o f  300 B and 4000 A (Si-300 and Si-4000). For the 

Si-300 s i l i c a  g e l ,  the  hindrance e f f e c t  i s  g r e a t l y  com- 

p l i c a t e d  by degracat ion.  In t h i s  ca se  a t  a r a t e  o f  

= l o p  w i t h  pore  P 
0 0 

15 em 3 /h ,  h igh  molecular weigh-l; PS i s  e lu t ed  a f t e r  low 

molecular weight ortliodichlorobenzene. For Si-4000 %he 

hindrance e f f e c t  is v i r t u a l l y  absent  o r  very weak a t  

high r a t e s .  

'These f ac t s  may be explained from -the s t andpo in t  

o f  mdt- icenter  adsorp t ion  o f  macromolecules on a so rben t  

w i t h  a more developed s u r f a c e  when the  macromolecule is  
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1842 CHUBAROVA AND NESTEROV 

Fig.9 Ovcrlopping c!irormtagrums 01 a mixture of PS 
and orthochlorobcnzenc obtained at; d i f f e r e n t  
flow r a t e s  on (a) Si-300 and (b)  Si-4000 
s i l i c -  ,-el s . 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



DEGRADATION OF MACROMOLECULES 1843 

adsorbed simultaneously a t  s e v e r a l  u n i t s  ( o r  segments) 

l oca t ed  a t  d i f f e r e n t  d i s t ances  along the  chain.  Xhen 

t h e  pore s i z e  (Si-4000) is  comparable t o  t h a t  of the  

macromolecule o r  exceeds i t ,  the  mass t r a n s f e r  between 

the  pore  voluIne and the  f l o w  m k e s  p l a c e  f o r  the  macro- 

molecule as a whole dur ing  i t s  r e l a x a t i o n  time. A t  a 

sma l l e r  pore  s i z e  (Si-300) and a more developed surface, 

m l t i c e n t e r  adsorp t ion  becomes p o s s i b l e  Descr ip t ion  

a c t s  w i l l  t ake  p l ace  with a displacement i n  time, more- 

over ,  the  adsorpt ion o f  other segments can take  p lnce  

s imultaaeously.  As a r e s u l t ,  t he  macromolecule can be  

recaineii  much longer  tnan i ts  own r e l a x a t i o n  time. Fur- 

thermore, i n  mult icentez at isorgt ion,  when t h e  f r e e  part 

o f  the  mucromolecule i s  en t ra ined  by the  flow, degrada- 

Zion can take place with Ziie formation o f  fragments the 

l e n g t h  of which decreases  wi%h t h e  pore  s i z e .  'Be  pos- 

s i b i l i t y  o f  capcure o f  ind iv idunl  segments or" the  macro- 

iriolecule by small pores has been considered i n  r e f  .(12) 

i n  an a t t emt  t o  explein the  h ighe r  degradat ion on  m i c r o -  

s ty rage l s  wi th  narrow pores  than that  on micros tyrage ls  

wi th  wide pores  (13). 

'file same s i t u a t i o n  i s  also observed on KPG i n  om 

e q e r i n e n t s  (Pig .2) . Degradation ind ices  a r e  pa r t i cu -  

l s r l y  h igh  on hPG-250, a r e  lower o n  l i iPG- l l5O niid a r e  the  

lowes t  on T3?G.-4000. F ig  .10 shms overlapping PiD of LIe 
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1844 CHUBAROVA A N D  NESTEROV 

30 

20 

10 

0 

1 Q ( M ) * ' 0 8  
( i n i  t i a l )  

Fig.10 Overlapping IWD o f  t he  same PS calculated 
i'rom i;hc chromatograms 01" eluates ob taii ied 
on different lVPG at f l o w  ra1,es 0:' 

(a) 6 cm3/h ilnd (b) d 30 cm3/h. 
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DEGRADATION OF MACROMOLECULES 1843 

s m e  PS from e l u a t e s  obtained a t  l o w  flow ra tes  on KPG 

wi th  d i r f e r e n t  p a r e  s i z e s .  It is  c l e a r  that; t h e  sma l l e r  

the  po re  s i z e ,  the smalltr  fradments a r e  formed upon ire- 

g r a a t i o n .  The ex2eriInent:: a t  rates exceeding a l i n o s t  

f ive- fo ld  the  minimum r a t e  (YiL.lOb) showed t h a t  on a 

column wi th  P'PG-250 ( t h e  m o s t  capable  of  inducing degra- 

da t ion  i n  Lhe p e v i o u s  case)  PS v i r t u a l l y  does no t  de- 

grade. Ilowever, i n  this case  also m e  smallest Zrag- 

ments were i'oiimed ( i n  small amounts) on LPG-2>0. 

These i n v e s t i t a t i o n s  on %lie degradat ion o f  macromo- 

l e c u l e s  ia SAC make i t  p o s s i b l e  t-o su cs t s orne p rac  ti- 

ca l  reconmenlra Lions on the analysis o f  yo1ymei.c with 

G%v 7 2x10'. 

pb ic  systems with rnixcd sorbents ,  i n  p a r t i c u l a r  those 

coiicsiniiib narrow pores c:uinot b e  used. It is  necessary 

t o  work at; %on-aegrada t ive"  e l u t i o n  rates determined i n  

prcv ious  ex--erinent;s . A t  these  r a t e s  cegrnuat ion in- 

d i ces  a r e  c l o s e  t o  zero (ZiL.2). Because o f  a s t rong  

hiridrarice ei ' iect ,  t he  app l i ca t ion  01 so rben t s  w i t h  

d 

polymers is problematic. Experiments on balls with 

In tlie SFC 02  tliese polymers, ctiromn togra- 

5-lOpm t o  1,ne SbC o f  super-L.igl.1 moleculaf rsei,ht; P 

4 O ) m  showed (Fig.8b) that at e. flow rate of 

6 cm /h the hindrance effect is slight or absent. 3 
dP 
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1846 CHUBAROVA A N D  NESTEROV 

Hence, the particle eiee of 5-lOpm is not an optimum 
size for the chromatography of  large molecules. 

Moreover, the experimental results showed conclu- 

sively that in SEC the degradation of large macromole- 

cules takes place on the surface of the sorbent particle 

rather than in interparticle channels. In this case the 

degree of degradation depends on the shape and size of 

the particles, the pore size and the elution rate. 
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