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Uriiversity of South Florida 
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ABSTRACT 

The e f f e c t s  of ins t rumenta l  broadening and of polymer/ 
solvent/packing in t e rac t ions  (secondary broadening) a r e  sepa ra t e ly  
inves t iga t ed  i n  the  context of chromatography experiments, f o r  t h e  
cha rac t e r i za t ion  of l i n e a r  copolymers wi th  two types of repea t ing  
uni t s .  The problems assoc ia ted  t o  the  es t imat ion  of: a )  t h e  j o i n t  
molecular weight d i s t r i b u t i o n  - chemical composition d i s t r i b u t i o n  
(MWD-CCD) through orthogonal chromatography; and of b) t h e  average 
MWD - average CCD through s tandard  s i z e  exclusion chromatography 
(SEC) with  dual de t ec t ion  a r e  considered. The main d i f f i c u l t y  wi th  
the  secondary broadening cor rec t ion ,  i s  t h e  c a l i b r a t i o n  f o r  t h i s  
e f f ec t .  In t he  case  of standard SEC with  dual de tec t ion ,  a simple 
s o l u t i o n  was found t o  the  ins t rumenta l  broadening problem, t h a t  
involves a d i r e c t  extension of t he  c a l i b r a t i o n  and deconvolution 
techniques developed f o r  l i n e a r  homopolymers and m s s  detec tors .  
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998 MEIRA AND GARCIA-RUB10 

INTRODUCTION 

The more important c h a r a c t e r i s t i c s  r e l a t e d  t o  the  molecular 

a r c h i t e c t u r e  of a l i n e a r  copolymer a re :  a )  chemical na tu re  of the  

repea t ing  u n i t s ;  b) molecular weight d i s t r i b u t i o n  (MWD); c )  thee 

cal  composition d i s t r i b u t i o n  (CCD); d )  sequence length  d i s t r i b u -  

t i o n ;  and e )  s t e r eo - regu la r i ty  d i s t r i b u t i o n .  

Many publ ica t ions  have appeared i n  r e l a t i o n  t o  the  j o i n t  

d i s t r i b u t i o n  of molecular weights  and chemical composition i n  

copolymers. Review papers on copolymer c h a r a c t e r i z a t i o n  a r e  

referenced i n  (1-31, and t h e o r e t i c a l  express ions  f o r  t h e  expected 

j o i n t  d i s t r i b u t i o n s  according t o  t h e  polymerizat ion echan i sms  

involved have been developed (4-8). The CCD i s  an important  

c h a r a c t e r i s t i c  determining t h e  phys ica l  p rope r t i e s  of a polymer, 

but  r e l a t i v e l y  few c o r r e l a t i o n s  have been e s t ab l i shed  i n  t h i s  

sense,  e.g.: (9).  

SEC is  present ly  t h e  most important  a n a l y t i c a l  t o o l  f o r  t h e  

molecular cha rac t e r i za t ion  of copolymers. Th i s  is because s tandard  

dua l  de t ec t ion  (absorp t ion  spectrophotometry and d i f f e r e n t i a l  

re f rac tomet ry)  a l lows t h e  de te rmina t ion  of t h e  ins tan taneous  mass 

and average composition a t  each r e t e n t i o n  t i m e  (10-16). However, 

SEC is  incapable  of measuring t h e  composition d i s t r i b u t i o n  a t  each 

r e t e n t i o n  t i m e ,  and t o  t h i s  e f f e c t  o the r  techniques responding t o  

composition such as cross f r a c t i o n a t i o n  and t h i n  l aye r  chroma- 

tography may be employed (17-21). A promising technique c a l l e d  

"cross"  or "orthogonal" chronmtography (22,23),  al lows i n  pr in-  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



INSTRUMENTAL AND SECONDARY BROADENING 999 

c i p l e  t h e  e s t i m a t i o n  of t h e  complete j o i n t  MWD-CCD. Two l i q u i d  

chromatographs are u t i l i z e d :  one f r a c t i o n a t i n g  on t h e  basis of 

molecular  s i z e  and t h e  o t h e r  on t h e  basis of composition; bu t  so 

f a r  i t  does not provide a c c e p t a b l e  q u a n t i t a t i v e  informetion.  

There are many problems a s s o c i a t e d  t o  SEC of copolymers, par- 

t i c u l a r l y  when accura te  de te rmina t ions  are required.  The most 

important  l i m i t a t i o n s  are l i s t e d  below. 

1) Even i n  i d e a l  SEC, s e p a r a t i o n  i s  produced accord ing  t o  molecu- 

l a r  s i z e  and not  molecular  weight. Therefore ,  in copolymers 

(and u n l e s s  a l l  r e p e a t i n g  u n i t s  e x h i b i t  t h e  same p a r t i a l  molar 

volume), a d i s t r i b u t i o n  of molecular  weights  w i l l  be p r e s e n t  in 

t h e  d e t e c t o r  cell. For t h i s  reason, copolymers are considered 

a s  "complex polymers" from t h e  chromatographic poin t  of view 

(24). The c l o s e l y  r e l a t e d  problem of t h e  c a l i b r a t i o n  ( i .e . ,  t h e  

assignment of a c e r t a i n  m l e c u l a r  weight average a t  every 

r e t e n t i o n  volume) is as y e t  no t  wholly solved,  i n  s p i t e  of t h e  

many papers  t h a t  have d e a l t  wi th  t h i s  matter ( 2 4 - 3 6 ) .  For 

example, even i f  an  "absolute"  molecular weight d e t e c t o r  such 

a s  a low-angle l i g h t  s c a t t e r i n g  photometer is u t i l i z e d ,  t h e  

a c c u r a t e  c a l c u l a t i o n  of t h e  ins tan taneous  weight average mole- 

c u l a r  weight is impossible  u n l e s s  t h e  complete j o i n t  MWD-CCD i s  

measured. This  is so because some of t h e  c o n s t a n t s  r e q u i r e d  f o r  

t h e  c a l c u l a t i o n  ( t h e  r e f r a c t i v e  indexes and t h e  s p e c i f i c  

r e f r a c t i v e  index increments)  a r e ,  i n  genera l ,  d i f f e r e n t  f o r  

each  of t h e  comonomers. 
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1000 MEIRA AND GARCIA-RUB10 

2 )  The ins t rumenta l  broadening process  (due t o  axial  d i s p e r s i o n  in 

t h e  columns, p a r a b o l l i c  flows in t h e  c a p i l l a r i e s ,  f i n i t e  i n j e c -  

t i o n  and d e t e c t i o n  ce l l  volumes, e t c . )  is unavoidable ,  and is 

t h e  main cause of imperfec t  r e s o l u t i o n  in SEC. The l o g a r i t m i c  

n a t u r e  of t h e  c a l i b r a t i o n  curve  determines t h a t  t h e  r e s o l u t i o n  

c a p a c i t y  decreases  as t h e  molecular  weight is increased.  

Ins t rumenta l  spreading  is reasonably w e l l  c o r r e c t e d  in t h e  case 

of  mass d e t e c t o r s  and l i n e a r  homopolymers ( 3 7 - 4 1 ) .  

3 )  The presence of secondary mechanisms i n  SEC such as a d s o r p t i o n ,  

p a r t i t i o n  and i o n i c  i n c l u s i o n  ( 4 2 ) ,  may s e v e r e l y  d i s t o r t  t h e  

chromatogram shape. For homopolymers o r  s t r i c t l y  a l t e r n a t i n g  

copolymers, t h e  e f f e c t  is a chromatogram time s h i f t  w i t h  no 

peak broadening. 

4 )  Another unwanted phenomena, which may o r  may not be r e l a t e d  t o  

secondary broadening, is t h e  presence of s o l v a t  ion volumes 

around t h e  polymer molecules. The problem is aggrava ted  when 

s o l v a t i o n  per  u n i t  volume is d i f f e r e n t  f o r  each comonomer. It 

does not  depend on t h e  ins t rument  i t s e l f ,  and w i l l  no t  be 

h e r e a f t e r  considered. 

In t h i s  paper, i n s t r u m e n t a l  and secondary broadening are 

i n v e s t i g a t e d  in t h e  contex t  of chromatographic  copolymer a n a l y s i s .  

We s h a l l  restrict o u r s e l v e s . t o  t h e  s i m p l e s t  case of l inear copoly- 

mers wi th  two r e p e a t i n g  u n i t s  types ,  where t h e  sequence l e n g t h  

d i s t r i b u t i o n  and t h e  s t e r e o - r e g u l a r i t y  d i s t r i b u t i o n  are not of 

i n t e r e s t .  
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INSTRUMENTAL AND SECONDARY BROADENING 1001 

REPRESENTATIONS OF THE JOINT DISTRIBUTION 

Cons ide r  a copolymer w i t h  r e p e a t i n g  u n i t s  A and B, o f  molecu- 

l a r  we igh t s  MA and MB, r e s p e c t i v e l y .  Every type  of molecu la r  spe- 

c ies  in t h e  sample is c h a r a c t e r i z e d  by: M: mo lecu la r  we igh t ;  "A, 

ng: number of r e p e t i t i v e  u n i t s  of A and B, r e s p e c t i v e l y ;  n: t o t a l  

number of r e p e a t i n g  u n i t s ;  WA: we igh t  f r a c t i o n  of  A in the molecu- 

l a r  s p e c i e s ;  g: t o t a l  mass a s s o c i a t e d  t o  t h e  molecu la r  t y p e ;  and 

gA, gB: masses a s s o c i a t e d  w i t h  A and B,  r e s p e c t i v e l y .  The 

f o l l o w i n g  is v e r i f i e d :  

Note that gA and gB may be d e r i v e d  from t h e  knowledge of  g, "A, 

nB, MA and MB. 

SEC f r a c t i o n a t e s  a c c o r d i n g  t o  hydrodynamic volume v. Cal l  VA, 

VB t h e  hydrodynamic volumes of each r e p e t i t i v e  u n i t  of A and B ,  

r e s p e c t i v e l y .  For eve ry  v a l u e  of v, a whole d i s t r i b u t i o n  o f  mole- 

c u l a r  we igh t s  w i t h  ave rages :  &, Ev, %, Mz is a s s o c i a t e d .  

Hamielec and Ouano (43) determined t h a t  a n  " u n i v e r s a l "  m o l e c u l a r  

weight  c a l i b r a t i o n  f o r  complex polymers i n v o l v e s  t h e  f u n c t i o n  

[ n ] i n  vs. v, where [ q ]  is t h e  i n t r i n s i c  v i s c o s i t y .  For t h i s  

r eason ,  i t  is r a t h e r  u n f o r t u n a t e  t h a t  a u n i v e r s a l  on - l ine  a n a l y z e r  
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1002 MEIRA AND GARCIA-RUB10 

f o r  in is not ava i lab le .  Under c e r t a i n  c i rcumstances however, a 

s i g n a l  propor t iona l  t o  the  number of molecules may be obtained 

(e.g., i f  a s t rong  chromophore is present  i n  t h e  i n i t i a t o r  po r t ion  

of the  polymer chain). As a f i r s t  approximation, one can write: 

Complete J o i n t  D i s t r ibu t ion  

From the  point  of v i e w  of the  mathematical models (e.g., 

4-8), possibly the  most "na tura l"  r ep resen ta t ion  of the j o i n t  

MWD-CCD is through the  func t ion  g (nA,nd .  An i l l u s t r a t i v e  example 

is provided by Fig. 1. However, no d i r e c t  way of measuring such a 

d i s t r i b u t i o n  is ava i l ab le ;  and for t h i s  reason o the r  represen- 

t a t i o n s  which lend themselves more t o  t h e  e x i s t i n g  ins t rumenta t ion  

a r e  preferable .  Consider, f o r  example B(nA,M), and note  the  

f o 1 lowing : 

i) A l l  va r i ab le s  a r e  d i s c r e t e ;  and if a very l a r g e  number of 

spec ies  are present  i n  t h e  sample, t h e  r e s u l t i n g  d i s c r e t e  

func t ion  is d i f f i c u l t  t o  represent .  A l t e rna t ive ly ,  "cont i -  

nuous" sur faces  such a s  t h a t  of Fig. 2 are p re fe rab le ,  where 

the  o r i g i n a l  spec ies  a r e  replaced by f i c t i t i o u s  components 

appearing a t  cons tan t  i n t e r v a l s  of nA and M. The t r ans fo r -  

mations a r e  i n  genera l  i r r e v e r s i b l e ,  i n  the  sense t h a t  t he  

"true" d i s c r e t e  d i s t r i b u t i o n  is i r r ecupe rab le  from the  

der ived  continuous sur face .  Cont inuiza t ions  of d i s c r e t e  

d i s t r i b u t i o n s  a r e  he re  performed with t h e  c r i t e r i o n  t h a t  t he  
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INSTRUMENTAL AND SECONDARY BROADENING I003 

FIGURE 1: A b i v a r i a t e  Po i s son  MWD-CCD, where A l s t y r e n e  a 
Blbutadiene.  

nd 

volume determined by t h e  con t inuous  s u r f a c e  and any "base" 

AnAxhM on t h e  nA-M p lane ,  is p r o p o r t i o n a l  t o  t h e  t o t a l  miss 

o f  t h e  molecu la r  s p e c i e s  c o n t a i n e d  w i t h i n  such a base.  Conse- 

q u e n t l y ,  t h e  t o t a l  volume under  t h e  s u r f a c e  is p r o p o r t i o n a l  

t o  t h e  sample mass. 

ii) S p e c i e s  on t h e  M a x i s  correspond t o  homopolymer B,  w h i l e  

t h e  s t r a i g h t  l i n e  MTIAMA r e p r e s e n t s  homopolymer A. From 

eqn. ( 3 ) ,  t h e  i n e q u a l i t y  nAMA<M is v e r i f i e d ,  and t h e r e  is a 
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1004 MEIRA A N D  GARCIA-RUB10 

0 

00 

“A t 
FIGURE 2: A l t e r n a t i v e  r e p r e s e n t a t i o n  of t h e  d i s t r i b u t i o n  i n  Fig.  

1. 

r e g i o n  (shown shaded in Fig. 2 )  where t h e  d i s t r i b u t i o n  is n o t  

p o s s i b l e .  

iii) In t h e  s p e c i a l  case of copolymers w i t h  c o n s t a n t  compos i t ion  

in a l l  of i t s  molecu la r  s p e c i e s  (e.g.: a n  e x a c t l y  a l t e r n a t i n g  

copolymer),  t h e  three-dimensional  s u r f a c e  is reduced t o  a 

l i n e ,  as in Fig. 3. 

i v )  From t h e  masses a s s o c i a t e d  t o  each of t h e  comonomers, t h e  

d e r i v e d  d i s t r i b u t i o n s  gA(nA,M) and a h , M )  may be de f ined .  
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INSTRUMENTAL A N D  SECONDARY BROADENING 1005 

FIGURE 3: MWD-CCD of a copolymer wi th  a s t r i c t l y  uniform com- 
p o s i t i o n .  

From g(nA,nB), t h e  j o i n t  d i s t r i b u t i o n  g(nA,V) i s  obtained.  

Note t h e  fol lowing:  

i)  I n  t h e  s p e c i a l  case where both r e p e a t i n g  u n i t s  have t h e  same 

p a r t i a l  molar volume, i.e. : 

MA/VA - MBIVB ( 6 )  

t h e n  M = v, and g(nA,V) w i l l  have t h e  same shape as g(nA,M). 

i i)  g(nA,v) may be in p r i n c i p l e  e s t i m a t e d  from i d e a l  or thogonal  

chromatography, wi th  t h e  f i r s t  chromatograph f r a c t i o n a t i n g  

accord ing  t o  v, and t h e  second a c c o r d i n g  t o  "A. 
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I006 MEIRA AND GARCIA-RUB10 

"A t 
FIGURE 4: Average MWD-CCD obtained form Fig. 1; wi th  M~=104. 

g/mol, M~'54.09 g/mol, ~ ~ ' 1 1 5  cm3/mol and VB=87 cm31mo 
15 
1. 

iii) A d i s t r i b u t i o n  of molecular weights  is i n  genera l  a s s o c i a t e d  

t o  each value of V. I f  an  i d e a l  on-line molecular weight 

d e t e c t o r  were a v a i l a b l e ,  a g e n e r i c  molecular  weight average 

could be determined. Also, a f t e r  an  a p p r o p r i a t e  t r a n s f o r -  

mation, t h e  s u r f a c e  g(nA,v) provides  g(nA,ii). We s h a l l  cal l  

t h i s  last f u n c t i o n  t h e  average MWD-CCD. For example, t h e  

d i s t r i b u t i o n  i n  Fig. 4 was der ived  from t h e  MWD-CCD of Fig. 

1, with t h e  i n t e r m d i a t e  c a l c u l a t i o n  of g(nA,v). 
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INSTRUMENTAL AND SECONDARY BROADENING I007 

Average Molecular Weight D i s t r i b u t i o n  - Average Composition D i s -  

t r i bu t i o n  

Call G t h e  mass a s s o c i a t e d  t o  a copolymer f r a c t i o n  of a 

g iven  molecular weight M,  and GA t h e  t o t a l  mass of comonomer A 

i n  t h a t  f r a c t i o n ,  i.e.: 

G(M) = 1 g(nA,M) 
"A 

GA(M) I 1 gA(nA,M) 
nA 

The average weight f r a c t i o n  of A f o r  a g iven  M, is 

I n  can be e a s i l y  shown t h a t  f o r  a f i x e d  M, ~ A ( M )  is a l s o  t h e  mean 

va lue  of t h e  f u n c t i o n  g(wA,M). The g l o b a l  composi t ion of t h e  whole 

copolymer sample is: 

The p a i r  of func t ions  G(M), ~ A ( M )  we  s h a l l  c a l l  t h e  m - a v e r a g e  

- CCD. Also, from t h e  average MWD-CCD g(nA,M), t h e  average 

- MWD-average CCD is obtained:  
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I’ 

0.00025 * 

0.5 

0 

MEIRA A N D  GARCIA-RUB10 

0.00025 * 

FIGURE 5: Average MWD-average CCD obtained from Fig. 1. 

Fig. 5 represents  the average MWD-average CCD corresponding t o  

Figs. 1 and 4. 

Calcula t ions  under Idea l  Chromatographic Conditions 

Assume i d e a l  SEC, i n  the  sense t h a t  s i z e  f r a c t i o n a t i o n  

is the  only sepa ra t ion  mechanism. Also assume s tandard  dual  detec-  

t i o n  with a d i f f e r e n t i a l  re f rac tometer  and a UV/vis spectrophoto- 

meter with a s i g n a l  propor t iona l  t o  t h e  t o t a l  mass of comonomer A. 

The de tec to r  equat ions a r e  (44): 

where: Ani is t he  measured r e f r a c t i v e  index d i f f e rence ;  A t  is 

t h e  measured spectrophotometer response; UA, UB are the  known 
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INSTRUMENTAL A N D  SECONDARY BROADENING 1009 

s p e c i f i c  r e f r a c t i v e  index  inc remen t s  f o r  homopolymers A and B 

r e s p e c t i v e l y ;  and c is t h e  known a b s o r p t i o n  c o e f f i c i e n t  f o r  homo- 

polymer A. From t h e  l a s t  two e q u a t i o n s :  

VB (AilAni)  

= kA -k ( W e  - wA)(Ai/Ani) 

Ani (VB - VA)  A 
G i  * - + (16)  

V B  kA V B  

From eqns.  (15,16) and a f t e r  c a l i b r a t i o n ,  Gi(M)  and pAi(M) may 

be r e a d i l y  de r ived .  A p r o p a g a t i o n  of e r r o r s  s t u d y  ( 4 4 ) ,  i n d i c a t e s  

t h a t  p ~ i  is bound t o  be con tamina ted  by errors a t  t h e  h i g h  and 

low molecu la r  weight  l i m i t s  of t h e  polymer sample. 

Assume now i d e a l  o r t h o g o n a l  chromatography, in t h e  s e n s e  t h a t  

f r a c t i o n a t i o n  is based on s i z e  in t h e  f i r s t  chromatograph, and on 

compos i t ion  in t h e  second. With s t a n d a r d  d u a l  d e t e c t i o n  in e a c h  

chromatograph and a f t e r  c a l i b r a t i o n ,  t h e  f i r s t  i n s t r u m e n t  would 

a l l o w  t h e  c a l c u l a t i o n  of Gi(M) and pAi(M), w h i l e  t h e  second t h e  

se t  of f u n c t i o n s  g i (nA) ,  f o r  each  M i .  In t h i s  l a s t  c a s e ,  g i  re-  

p l a c e s  G i  in eqn. (16 ) ;  and IIA may be o b t a i n e d  from (PAi gi)/MA, 

a f t e r  c a l c u l a t i o n  of  PAi th rough  eqn. (15).  

- 

SECONDARY BROADENING ONLY 

Secondary broadening d i s t o r t i o n  is a consequence of t h e  c o w  

p o s i t i o n  d i s t r i b u t i o n  in copolymers. Assume: a )  i d e a l  o r t h o g o n a l  

chromatography, e x c e p t  f o r  t h e  p re sence  of secondary b roaden ing  in 

t h e  f i r s t  chromatograph; and b) t h a t  a n  a b s o l u t e  mass d e t e c t o r  is 

a va i l a  b l e  . 
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t 

nd b)  correspond- FIGURE 6: a )  Hypothe t ica l  monodisperse MWD-CCD; a 
i n g  measurement, assuming secondary broadening. 

Consider t h e  h y p o t h e t i c a l  MWD-CCD of Fig.  6.a, which i s  

s t r i c t l y  monodispense i n  hydrodynamic volume. Assume f i r s t  t h a t  

comonomer A is r e p e l l e d  by t h e  column packing whi le  no i n t e r a c -  

t i o n s  occur  with comonomer B. The measurement may look as curve  1 

i n  Fig. 6.b. Each of t h e  o r i g i n a l  p o i n t s  are t r a n s l a t e d  i n  t h e  

d i r e c t i o n  of t h e  t-axis, wi th  a displacement  p r o p o r t i o n a l  t o  t h e  

c o n t e n t s  of A. The curve p r o j e c t i o n  on p lane  nA-v is r o t a t e d  by 

a n  angle  a about (O,vl) ,  t h a t  corresponds t o  pure  homopolymer B of 

hydrodynamic volume v1. The curve h e i g h t s  mst be a p p r o p r i a t e l y  

reduced, t o  compensate f o r  t h e  “ s t r e t c h i n g “  in t roduced  by t h e  

t r a n s l a t i o n .  I f  comonomer B a l o n e  were r e p e l l e d  by t h e  packing, a 

r o t a t i o n  by a n  a n g l e  B would be produced (curve  2 )  about  t h e  p o i n t  

corresponding t o  homopolymer A, a t  (nA-vl/VA, t i t i ) .  I f  both como- 

nomers s imultaneously i n t e r a c t e d  w i t h  t h e  packing, t h e  measurement 
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INSTRUMENTAL AND SECONDARY BROADENING 101 I 

would look as cu rve  3, t h a t  r e s u l t s  from t h e  a d d i t i o n  of t h e  i n d i -  

v i d u a l  t r a n s l a t i o n s .  C l e a r l y ,  i f  a comonomr had been adso rbed  

r a t h e r  than r e p e l l e d ,  a r o t a t i o n  towards h i g h e r  r e t e n t i o n  times 

would have been produced. 

Assume s t r i c t l y  monodisperse  A and B homopolymers, of known 

hydrodynamic volumes. Also c o n s i d e r  homologous c a l i b r a t i o n  s t a n -  

d a r d s  from t h e  p o i n t  of view of hydrodynamic volume, bu t  i n e r t  

w i t h  r e f e r e n c e  t o  secondary mechanisms. From t h e  s h i f t s  i n  r e t e n -  

t i o n  times w i t h  r e s p e c t  t o  t h e  i d e a l  va lues ,  t h e  secondary 

broadening c a l i b r a t i o n ,  i.e. t h e  p a i r  of f u n c t i o n s  a ( v )  and B(v) 

c o u l d  be determined. A s  a f i r s t  app rox ima t ion ,  a and B may be con- 

s i d e r e d  c o n s t a n t  f o r  a l l  v. 

To c o r r e c t  a measurement g ' (nA,v)  of a p o l y d i s p e r s e  d i s  

b u t i o n  f o r  secondary sp read ing ,  one would r e q u i r e  t o  perform 

a pprop r i a  t e t r a n s  l a  t ions-ro ta  t ions a t  e a c h  hydrodynamic vo lume 

r i- 

t h e  

To 

r e p r e s e n t  t h e  r e s u l t i n g  con t inuous  s u r f a c e  g(nA,v),  t h e  h e i g h t s  

must be a p p r o p r i a t e l y  modif ied,  t o  g e n e r a t e  a un i fo rm d e n s i t y  of 

p o i n t s  in t h e  p l a n e  W-V. 

Cons ide r  t h e  p r o b l e m  a s s o c i a t e d  t o  t h e  c o r r e c t i o n  f o r  secon- 

da ry  broadening in t h e  e s t i m a t i o n  of t h e  a v e r a g e  MWD-average CCD, 

t h rough  s t a n d a r d  SEC w i t h  d u a l  d e t e c t i o n .  Due t o  t h e  sampling of 

c o n t i n u o u i s  s i g n a l s ,  t h e  t r u e  d i s t r i b u t i o n s  are r e p r e s e n t e d  by a 

set of r e l a t i v e l y  few h y p o t h e t i c a l  mo lecu la r  s p e c i e s  e q u a l l y  

spaced  a l o n g  t h e  v a x i s .  A s  f i r s t  app rox ima t ion ,  one  c o u l d  con- 

s i d e r  t h a t  : 
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1012 MEIRA A N D  GARCIA-RUB10 

i) each of t h e  h y p o t h e t i c a l  monodisperse molecular  s p e c i e s  h a s  a 

c o n s t a n t  composition PAi; and 

ii) each s p e c i e s  is s h i f t e d  f o r  secondary broadening by a n  amount: 

where G v i , ~  and b v i , ~  are t h e  p o s i t i v e  or negat ive  s h i f t s  

in t roduced  by monodisperse A and B hompolymers  of hydrodyna- 

mic volume v i ;  t h a t  may be obta ined  from a c a l i b r a t i o n  a t  two 

hydrodynamic volumes, and assuming l i n e a r  v a r i a t i o n s  of t h e  

s h i f t s  a long V. 

Eqn. (17)  i n d i c a t e s  how a d i s t r i b u t i o n  G i ( v i ) ,  PAi(Vi) is  

d i s t o r t e d  i n t o  G'(vi+Gvi), p'Ai(Vi+6Vf). I ts  i n v e r s i o n ,  fol lowed 

by a c o n t i n u i z a t i o n  of t h e  r e s u l t i n g  d i s t r i b u t i o n s  would a l l c w ,  in 

p r i n c i p l e ,  t o  c o r r e c t  f o r  t h e  unwanted process .  Such o p e r a t i o n  is 

n o t  s imple and provides  only a n  approximation t o  t h e  real  s o l u t i o n  

because: a )  only t h e  average va lues  of t h e  composition d i s t r i b u -  

t i o n  are u t i l i z e d ;  and b) t h e  e s t i m a t i o n  of G and PA is coupled t o  

t h e  secondary broadening c o r r e c t i o n .  

INSTRUMENTAL BROADENING ONLY 

I n  or thogonal  chromatography, c a l l  t t h e  e l u t i o n  t i m e  in t h e  

f i r s t  chromatograph, and c o n s i d e r  t h e  e s t i m a t i o n  of g(nA,t) .  

Assume t h e  system e x h i b i t s  i n s t r u m e n t a l  broadening in t h e  f i r s t  

chromatograph, but is otherwise  i d e a l .  Call h ( t , T )  t h e  non- 

uniform spreading  func t ion ,  where T is t h e  mean e l u t i o n  time. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



INSTRUMENTAL AND SECONDARY BROADENING 1013 

According t o  t h e  p r i n c i p l e  of "universa l  peak broadening c a l i b r a -  

t i o n "  (45) and f o r  mass d e t e c t o r s ,  t h e  spreading  process  depends 

on hydrodynamic volume only,  and i t  is independent of composition. 

Thus, a l l  copolymer s p e c i e s  of d i f f e r e n t  composi t ions but  of t h e  

same value  of T ,  produce t h e  same broadening h ( t ) .  Assume f o r  

s i m p l i c i t y ,  t h e  e x i s t e n c e  of a n  a b s o l u t e  mass d e t e c t o r  a l lowing  

t h e  d i r e c t  measurement of g ' (nA, t ) ,  t h a t  e x h i b i t s  i n s t r u m e n t a l  

spreading  i n  t h e  d i r e c t i o n  of t h e  t -axis .  Tung's e q u a t i o n  (46) may 

be r e w r i t t e n  as fol lows:  

where g(nA,t) i s  t h e  c o r r e c t e d  j o i n t  d i s t r i b u t i o n ,  from which 

g(nA,v) may be obtained.  To c o r r e c t  f o r  i n s t r u m e n t a l  broadening, a 

numerical  deconvolut ion technique  (40,41,47) , could  be r e p e a t e d l y  

a p p l i e d  a t  d i f f e r e n t  l e v e l s  of "A. 

Consider  t h e  e s t i m a t i o n  of G ( t )  and pA(t)  through s t a n d a r d  

SEC wi th  dua l  de tec t ion .  Two s o l u t i o n  p a t h s  seem poss ib le .  Pa th  

No. 1 involves:  a )  c o r r e c t i o n  of t h e  raw measurements A n ' ( t )  and 

A ' ( t )  f o r  i n s t r u m e n t a l  spreading  through: 

and; b)  c a l c u l a t i o n  of t h e  der ived  v a r i a b l e s  G ( t )  and pA(t) 

through eqns. (15,16). A l t e r n a t i v e l y ,  i n  p a t h  No. 2, one would: 

a )  c a l c u l a t e  G ' ( t )  and p),(t) from t h e  raw measurements; and b) 
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1014 MEIRA AND GARCIA-RUB10 

c o r r e c t  those der ived  v a r i a b l e s  f o r  i n s t r u m e n t a l  broadening with: 

m 

An e r r o r  propagation a n a l y s i s  is r e q u i r e d  t o  determine 

s o l u t i o n ,  but p a t h  No. 1 seems "a p r i o r i "  p r e f e r a b l e .  

(21) 

(22) 

the  best 

F i n a l l y ,  cons ider  t h e  way of e s t i m a t i n g  t h e  broadening func- 

t i o n s  an, gA and gG. Assume t h a t  S t r i c t l y  monodisperse copolymers 

in both hydrodynamic volume and molecular  weight were a v a i l a b l e .  

In t h i s  case, is some a r b i t r a r y  but c o n s t a n t  value;  and from 

eqns. (13,14), it fo l lows  t h a t  Ani and A i  are both p r o p o r t i o n a l  

t o  the  mass Gi. For t h i s  reason, and c a l l i n g  h p S ( t , i )  t h e  

spreading  c a l i b r a t i o n  obtained through normal techniques with a 

mass d e t e c t o r  and narruw polys tyrene  s tandards  (38,39,48), one can 

write: 

PAi 

Thus, c o r r e c t i o n  f o r  ins t rumenta l  broadening with dual  d e t e c t i o n  

may involve two independent deconvolut ions [eqns. (19,201 I ,  wi th  

t h e  spreading f u n c t i o n s  obta ined  in s t a n d a r d  fashion.  

CONCLUDING REMARKS 

I f  one is not  i n t e r e s t e d  in t h e  micros t ruc ture ,  t h e  molecular  

a r q u i t e c t u r e  of a l i n e a r  copolymer with two r e p e a t i n g  u n i t s  t y p e s  
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INSTRUMENTAL AND SECONDARY BROADENING 1015 

may be adequately descr ibed  by a 3-dimensional s u r f a c e  ( t h e  

complete MWD-CCD), or by two f u n c t i o n s  w i t h  a common independent  

v a r i a b l e  ( t h e  average  MWD-average CCD). 

Through s t a n d a r d  SEC, only t h e  average  MWD-average CCD may be 

es t imated .  So f a r ,  a n  a c c u r a t e  a n a l y t i c a l  t echnique  f o r  t h e  d e t e r -  

mina t ion  of t h e  complete MWD-CCD is n o t  a v a i l a b l e .  However, i t  h a s  

been h e r e i n  assumed t h a t  or thogonal  chromatography w i l l  e v e n t u a l l y  

provide  t h e  necessary informat ion  f o r  such a task .  

While ins t rumenta l  broadening is unavoidable  in chromatogra- 

ph ic  experiments ,  t h e  broadening due t o  secondary f r a c t i o n a t i o n  

mechanisms may be n e g l i g i b l e  (e.g. : a s tyrene-butad iene  copolymer 

analyzed wi th  a s tyrene-based column packing). When the average  

composi t ion is i d e n t i c a l  f o r  a l l  polymer s p e c i e s  ( a s  in alter- 

n a t i n g  or azeot rope  copolymers), then  secondary broadening i n t r o -  

duces pure  t i m e  s h i f t s  but no peak d i s t o r t i o n .  

The a n a l y s i s  f o r  secondary and i n s t r u m e n t a l  broadening was 

s i m p l i f i e d  as fol lows:  

1) Each broadening process  was independent ly  i n v e s t i g a t e d ,  and t h e  

p r i n c i p l e  of s u p e r p o s i t i o n  was assumed. This reasonable  

hypothes is ,  may however involve  so= k i n d  of i t e r a t i v e  proce- 

d u r e  when t h e  c o r r e c t i o n  f o r  t h e  combined e f f e c t  of both pro- 

cesses is requi red .  

2 )  For orthogonal  chromatography, both spreading  phenomena were 

a t t r i b u t e d  t o  chromatograph No 1 only. The previous  i d e a s  may 

be extended t o  i n c l u d e  both i n s t r u m e n t s ,  however. 
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1016 MEIRA AND GARCIA-RUB10 

3) In s e v e r a l  s i t u a t i o n s ,  independent  mass and composition 

d e t e c t o r s  were assumed t o  be a v a i l a b l e .  In p r a c t i c e ,  s t a n d a r d  

dua l  d e t e c t i o n  would be u t i l i z e d ,  and t h e  c a l c u l a t i o n  of g vs. 

"A f o r  every M, or of t h e  p a i r  G ( M ) ,  ~ A ( M )  would be coupled t o  

t h e  spreading  c o r r e c t i o n s .  

The c o r r e c t i o n  f o r  secondary broadening is complicated 

because i t s  c a l i b r a t i o n  r e q u i r e s  t h e  s y n t h e s i s  of a w e l l -  

c h a r a c t e r i z e d  homologous series of l i n e a r  homo- and copolymers. In 

r e l a t i o n  t o  t h e  MWD-CCD, i t  i n v o l v e s  r o t a t i o n s  and t r a n s l a t i o n s  of 

t h e  measured sur face .  For t h e  average  MWD-average CCD, a procedure 

r e q u i r i n g  t h e  t r a n s l a t i o n  and r e s c a l i n g  of t h e  h y p o t h e t i c a l  spe- 

cies a s s o c i a t e d  t o  t h e  d i s t r i b u t i o n  was suggested.  

The c a l i b r a t i o n  f o r  i n s t r u m e n t a l  spreading  in s t a n d a r d  SEC 

w i t h  s tandard  dua l  d e t e c t i o n  p r e s e n t s  the  d i f f i c u l t y  t h a t  t h e  

measured s i g n a l s  are not  p r o p o r t i o n a l  t o  t h e  e l u t i n g  mass. 

However, i t  may be e a s i l y  shown t h a t  t h e  spreading  a s s o c i a t e d  t o  

each of t h e  s e n s o r s  is i d e n t i c a l  t o  t h e  spreading  obta ined  f o r  

l i n e a r  homopolymers w i t h  m s s  d e t e c t o r s .  The c o r r e c t i o n  f o r  

i n s t r u m e n t a l  broadening is r e l a t i v e l y  s imple,  because i t  involves  

t h e  independent deconvolut ion of each s i g n a l .  

I f  a n  on-line l i g h t  s c a t t e r i n g  photometer were inc luded ,  t h e  

e s t i m a t i o n  of i w ( t )  could be performed a f t e r  o b t e n t i o n  of t h e  

c o r r e c t e d  d i s t r i b u t i o n s  g(nA, t )  or G ( t ) ,  pA(t) .  P r e s e n t l y ,  uv-vis 

mul t id iode  a r r a y  spectrophotometers  a re  a v a i l a b l e  f o r  l i q u i d  chro- 

matography. These d e t e c t o r s  seem i d e a l  f o r  a c c u r a t e  composi t ion 
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INSTRUMENTAL AND SECONDARY BROADENING 1017 

measurements, and may e v e n t u a l l y  r e p l a c e  s i n g l e  wavelength sen- 

sors. 

Current ly ,  s imula ted  examples of t h e  suggested 

c o r r e c t i o n  techniques are being developed. These s h a l l  be t h e  

s u b j e c t  of a l a te r  communication. 
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