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Analysis of Block and Statistical Copolymers 

by Gel Permeation Chromatography: Estimation 

of Mark-Houwink Constants 

* 
J. M. Goldwasser and A. Rudin 

Guelph-Waterloo Centre for Graduate Work in Chemistry 

University of Waterloo 

Waterloo, Ontario, Canada N2L 3G1 

Abstract 

A method is introduced for the estimation of Mark-Houwink 

constants of block and statistical copolymers. 

constants and copolymer composition are required. 

Houwink constants in GPC analyses gives results which agree well with those 

calculated with experimentally determined constants. 

this method and those of Runyon and coworkers (11) and Chang (12) are made 

for block copolymers. 

copolymers, and where it compared closely with the one introduced here. 

The use of copolymer Mark-Houwink constants as a qualitative measure of 

polymer compatibilities in different solvents is also discussed. 

The homopolymer Mark-Houwink 

Use of estimated Mark- 

Comparisons between 

Chang's method was also extended to statistical 

* 
Address communications to this author. 
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2434 GOLDWASSER AND RUDIN 

I n t r o d u c t i o n  

G e l  permeat ion  chromatography (GPC) h a s  become a v e r y  powerful  

t o o l  i n  t h e  a n a l y s i s  of polymer samples .  Fundamental t o  t h e  i n t e r p r e t a t i o n  

of a chromatogram i s  t h e  a b i l i t y  t o  t r a n s l a t e  t h e  e l u t i o n  volume a t  which a 

polymer f r a c t i o n  appears  i n t o  molecular  weight .  This  w a s  o r i g i n a l l y  done by 

c o n s t r u c t i n g  a c a l i b r a t i o n  curve  of I n  M v s .  e l u t i o n  volume (ve)  where M i s  

t h e  molecular  weight  o f  a narrow molecular  weight  v e r s i o n  o f  t h e  polymer 

be ing  s t u d i e d  (1-3). The more r e c e n t  u n i v e r s a l  c a l i b r a t i o n  method r e l a t e s  

ve t o  t h e  hydrodynamic volume (Vh), which is a f u n c t i o n  of  t h e  product  of 

i n t r i n s i c  v i s c o s i t y  and molecular  weight  ([qIM) and p e r m i t s  t h e  use of a 

s i n g l e  set  of c a l i b r a t i o n  s t a n d a r d s  f o r  t h e  GPC a n a l y s i s  of v i r t u a l l y  any 

polymer system f o r  which t h e  Mark-Houwink c o n s t a n t s  are known i n  t h e  GPC 

s o l v e n t  ( 4 - 6 ) .  

The a n a l y s i s  o f  copolymers  by GPC p r e s e n t s  a v e r y  d i f f i c u l t  problem 

because t h e  Mark-Houwink c o n s t a n t s  are n o t  g e n e r a l l y  known. 

p o s s i b l e  t o  de te rmine  t h e s e  c o n s t a n t s  e i t h e r  through t h e  t e d i o u s  method of  

f r a c t i o n a t i o n  o r  by o t h e r  means (7 - lo ) ,  t h e i r  v a l u e s  w i l l  change as a f u n c t i o n  

of copolymer composi t ion ,  and consequent ly  would have t o  be  rede termined  f o r  

each composi t ion  of copolymer p r e s e n t .  T h i s  problem becomes i n t r a c t a b l e  i n  

cases where t h e  copolymer composi t ion  i s  he terogeneous ,  i . e .  d r i f t s  w i t h  

molecular  weight .  Runyon and coworkers  (11) and Chang (12) have sugges ted  

methods f o r  t h e  c a l c u l a t i o n  of  t h e  molecular  weight  d i s t r i b u t i o n  o f  copolymers  

which r e q u i r e  t h e  c a l i b r a t i o n  c u r v e s  o r  Mark-Houwink c o n s t a n t s  of t h e  c o n s t i -  

t u e n t  homopolymers and t h e  copolymer composi t ion .  These methods, however, 

have been a p p l i e d  o n l y  t o  d i b l o c k  copolymers and n o t  t o  m u l t i b l o c k  systems 

o r  t o  s t a t i s t i ca l  copolymers .  

Although i t  is 

In t h i s  a r t ic le ,  w e  propose a means f o r  f a c i l i t a t i n g  t h e  i n t e r p r e -  

t a t i o n  of GPC chromatograms of  copolymers of e i t h e r  b l o c k  o r  s t a t i s t i ca l  

s t r u c t u r e s .  T h i s  e n t a i l s  t h e  c a l c u l a t i o n  of  t h e  copolymer Mark-Houwink 

c o n s t a n t s  which can  be accomplished w i t h  t h e  knowledge of  t h e  copolymer 

composi t ion  and t h e  Mark-Houwink c o n s t a n t s  of  t h e  c o n t r i b u t i n g  segments .  
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ESTIMATION OF MARK-HOUWINK CONSTANTS 2435 

This method can be applied not  only t o  binary but a l s o  t o  higher order 

copolymers provided t h a t  r e l i a b l e  composition analyses can be achieved. 

Theory 

The hydrodynamic volume of a solvated polymer c o i l  can be defined 

as 

(1) 
411 3 
3 H  V h = - r  

where rH is the  hydrodynamic r ad ius ,  

equation ( 1 3 )  t h a t  

It can be deduced from the  Eins te in  

r3 = 3 
H 10nNo ['IM 

a t  i n f i n i t e  d i l u t i o n ,  where No is Avogadro's cons tan t .  

be expressed as :  

A s  a r e s u l t ,  Vh can 

( 3 )  
411 

Vh = q-ir [ n I M  

where 4'' = 6 . 3 0 6 7  x 

cons tan t  $ '  through the  r e l a t ionsh ip  between rH and t h e  rad ius  of gyra t ion ,  

rG, and the  Flory-Fox equation ( 1 4 , l S ) .  

The Mark-Houwink r e l a t i o n  is: 

(cgs u n i t s )  and i s  r e l a t ed  t o  F lory ' s  un iversa l  

where K and a a r e  the  Mark-Houwink constants.  Therefore, 

This i s  t he  widely accepted universa l  c a l i b r a t i o n  expression, and is 

app l i cab le  a t  i n f i n i t e  d i lu t ion .  Appropriate allowances can be made where 

necessary t o  account fo r  concentration e f f e c t s  (6,16-18). 

I n  genera l ,  one may express the  hydrodynamic r ad ius  of any polymer 

c o i l  according t o  Flory (19) a s  follows 
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GOLDWASSER AND RUDIN 2436 

where the  subscr ip t  zero r e f e r s  to  the  unperturbed r ad ius  tha t  e x i s t s  under 

Theta condi t ions ,  and a is the  chain expansion f a c t o r .  This i s  a measure of 

t he  ex ten t  t o  which polymer-solvent "long range in t e rac t ions"  per turb  the  

molecular dimensions of t he  polymer c o i l .  one may express a according t o  

the  following r e l a t ionsh ip  (20) 

(7) El 2 a = u M  

where u and E a r e  cons tan ts  c h a r a c t e r i s t i c  of t he  polymer and solvent i n  

question. 

-2 
The mean square end-to-end rad ius ,  r , and consequently ?: and 

-2 rH of a polymer a r e  the  sum of the  cont r ibu t ions  of a l l  t h e  cons t i t uen t  seg- 

ments of t he  c o i l .  A s u i t a b l e  func t iona l  form (see  Appendix I) is :  

-2 -2 -2 2 
rH = C(rH)i = C(r Ho ) i ai 

where the  subsc r ip t ,  i, which r e f e r s  t o  a segment, may represent  any group 

of monomer u n i t s .  For copolymers, segments are defined as the  d i f f e r e n t  

moieties present  whose con t r ibu t ions  determine the  c o i l  s i z e .  

copolymer these  include runs of homopolymer u n i t s  a s  w e l l  as he tero  segments. 

The chain expansion f ac to r  of a copolymer, ac,  is a func t ion  of the  molecular 

weight of t he  e n t i r e  cha in ,  Mc. 

i n  eq. ( 7 )  are, however, assumed t o  be composition dependent. Consequently, 

w e  r ecas t  eq. (8) as follows: 

For a binary 

The c o e f f i c i e n t s  ui and E i  of t he  r e l a t i o n  

where t h e  subscr ip t  c r e f e r s  t o  copolymer. 

segment of the  copolymer is Mi where 

The molecular weight of the  i t h  

M. = w.M 
1 1 c  

and w. i s  the  corresponding weight f r a c t i o n  of t he  whole copolymer. Then 
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ESTIMATION OF MARK-HOUWINK CONSTANTS 

From Flory ( 1 9 ) :  

2437 

and 

3 K = K o  9 

while 

where Ke i s  the  Mark-Houwink cons tan t  under Theta condi t ions .  

following expression desc r ibes  Vh: 

Then the  

I n  t he  case  of an  A-B block copolymer, t he re  would be only two seg- 

ments, poly-A and poly-B, which represent  t h e  two types of i n t e rac t ions  present ,  

and cha rac t e r i ze  the  expansion of t h e i r  corresponding homopolymer c o i l s .  

The inf luence  of t h e  A-B i n t e rac t ions  have been shown t o  be minimal and 

may usua l ly  be ignored (21-25). However, f o r  s t a t i s t i c a l  copolymers, one 

must take  i n t o  account t h e  A-B he t e ro in t e rac t ions  which have been observed 

t o  con t r ibu te  t o  c o i l  s i z e  and consequently the re  would be three  segments 

included i n  the  ca l cu la t ion  (25-29). 

Results and Discussion 

The Mark-Houwink cons tan ts  f o r  polystyrene (PS),  poly(methy1 

methacrylate) (PMMA) and t h e  a l t e r n a t i n g  styrene-methyl methacrylate copolymer 

are recorded f o r  s eve ra l  so lvents  i n  Table I. These cons tan ts  were then 

used t o  c a l c u l a t e  copolymer Mark-Houwink cons tan ts  f o r  both block and s t a t i s -  

t i c a l  copolymers of these  components. This was done f o r  s eve ra l  compositions 

and so lvent  systems a s  w i l l  be discussed. 

Block Copolymers 

The Mark-Houwink cons tan ts  were determined f o r  severa l  compositions 

of styrene-methyl methacrylate block copolymers by ca l cu la t ing  the  Vh of those 
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ESTIMATION OF MARK-HOUWINK CONSTANTS 2439 

copolymers a t  d i f f e r e n t  molecular weights according toequat ion  (15). A l i n e a r  

regress ion  of t he  log  Vh v s  log  Mc p lo t  was then performed. 

pre-exponential cons tan t  fo r  t he  copolymer, Kc, w a s  obtained from the  i n t e r -  

cep t  of t he  l i n e  and exponent, ac ,  w a s  estimated from the  s lope  according to  

equation ( 5 ) .  These va lues  a r e  tabulated f o r  four so lvents  i n  Table 11. 

Because the re  a r e  no he t e ro in t e rac t ions  involved i n  the  c o i l  expansion, t he  

va lues  obtained f o r  both K and a l i e  between those f o r  t h e  two homopolymers 

i n  a l l  cases.  These cons tan ts  are a l s o  composition dependent, with the  va lues  

progressing l i n e a r l y  i n  a and with a s l i g h t  curva ture  in K from near those of 

polystyrene t o  near PMMA as the  methacrylate conten t  increased i n  the  copolymer. 

This is i l l u s t r a t e d  i n  Figures 1 t o  4 f o r  t h e  tetrahydrofuran and n-chloro- 

butane solvent systems. 

The Mark-Houwink 

The Mark-Houwink cons tan ts  f o r  1:l styrene-methyl methacrylate block 

copolymer have been determined previously f o r  t he  so lvent  systems reported i n  

t h i s  study ( 2 9 ) .  Table I11 repor t s  these  va lues  and a comparison of t h e  molec- 

u l a r  weights that one obta ins  upon conversion from hydrodynamic volume using the  

experimental and ca lcu la ted  va lues  f o r  t he  appl icable  molecular weight range 

f o r  t h e  experimental va lues ,  i.e. between 10  and 1 0  f o r  t he  n-chlorobutane 

so lvent  system and between 1 0  -10 f o r  t he  o the r s .  Agreement i n  a l l  cases  i s  

wi th in  10%. This may be considered q u i t e  good when one cons iders  the  poss ib le  

e r r o r  i n  the  reported va lues  of t h e  homopolymer Mark-Houwink cons tan ts  and 

experimental e r ro r  i n  t h e  measured block copolymer Mark-Houwink cons tan ts .  

In add i t ion ,  d i screpancies  may a l s o  have a r i s e n  because i n  some cases  f r ac -  

t i ona t ion  was incomplete, and $/En w a s  as high a s  1 .6 .  

5 6 

4 6  

Other workers have a l s o  suggested ways of r e l a t i n g  the  molecular 

weight of an e lu t ing  block copolymer t o  those of t h e  homopolymer which com- 

p r i s e  i t .  Runyon and coworkers have empir ica l ly  postulated t h a t  

MC 

where M and 

e l u t e  a t  the  

A % are t h e  molecular weights of 

same time as the  copolymer with 

t h e  homopolymers A and B which 

molecular weight, Mc (11). 
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Figure  1. Styrene-Methyl Methacrylate  Block Copolymer Composition vs. K i n  
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Figure  2 .  Styrene-Methyl Methacrylate  Block Copolymer Composition vs. a i n  

THF. 
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1. 00 

Figure  3 .  Styrene-Methyl Methacrylate  Block Copolymer Composition vs. K i n  

n-Chlorobutane. 

F igure  4 .  Styrene-Methyl Methacrylate  Block copolymer Composition VS. a i n  

n-Chlorobutane. 
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2444 GOLDWASSER AND RUDIN 

Chang proposed (12) that s ince  two homopolymers w i l l  e l u t e  a t  t he  same time 

when 

where the  subsc r ip t s  1 and 2 r e f e r  t o  d i f f e r e n t  polymers, one may assume a 

block copolymer with molecular weight Mc w i l l  have the  same e lu t ion  volume 

a s  a homopolymer with molecular weight M when A 

Mc = 5 + M2 

and 

Mark-Houwink cons tan ts  were ca lcu la ted  f o r  t he  d i f f e r e n t  composi- 

t i on  styrene-methyl methacrylate block copolymers a s  described before using 

these  two methods and a r e  presented i n  Tables I V  and V. Comparison of these  

cons tan ts  and those i n  Table I1 show exce l l en t  agreement f o r  each of t he  

solvent systems with the  exception of n-chlorobutane. Molecular weights 

ca lcu la ted  from Vh's using t h e  Mark-Houwink com,t.ants derived from 

these  three  methods a r e  wi th in  2% of each o ther  f o r  t h e  range 

of  1 0  -10 . For t h e  n-chlorobutane system, d i s p a r i t i e s  between t h i s  work 

and Runyon's range up t o  10% but only 5% between t h i s  work and Chang's. 

However, t he  disagreement between the  va lues  ca lcu la ted  according t o  Runyon 

and Chang range up t o  15%. This probably r e s u l t s  from the  l a r g e  d i f f e r -  

ence i n  Mark-Houwink cons tan ts  of the  homopolymers i n  t h i s  so lvent  and i s  

a manifestation of t h e  d i f f e rence  of methods f o r  determination of dopolymer 

constants.  It i s  i n  cases  such as t h i s  t h a t  t h e  weakness of t he  empirical  

method begins t o  appear.  Even so, when appl ied  t o  t h e  GPC ana lys i s  of a broad 

d i s t r i b u t i o n  polymer of k 

is reduced t o  about 6%. 

4 6  

= 178,000 and kw I: 450,000,  the  t o t a l  discrepancy n 
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ESTIMATION OF MARK-HOUWINK CONSTANTS 2447 

S t a t i s t i c a l  Copolymers 

The a p p l i c a t i o n  of equat ion  (15)  t o  t h e  es t imat ion  of Mark-Houwink 

c o n s t a n t s  of s t a t i s t i c a l  copolymers ismuch more d i f f i c u l t  than  f o r  block 

copolymers. 

mina t ion  of c o i l  s i z e  i n  s o l u t i o n ,  i r  is necessary t o  know t h e  f r a c t i o n s  of 

homo and h e t e r o  d i a d s  present  i n  t h e  polymer cha in  as w e l l  a s  t h e  homo and 

h e t e r o  Mark-Houwink c o n s t a n t s .  

Because h e t e r o i n t e r a c t i o n s  p lay  an  important r o l e  i n  t h e  d e t e r -  

The f r a c t i o n s  of homo and he terodiads  may be  e i t h e r  determined 

s p e c t r o s c o p i c a l l y  (37) o r  c a l c u l a t e d  from t h e  r e a c t i v i t y  r a t i o s  and feed 

composition assuming a simple copolymer (39) o r  o t h e r  model. I f  t h e  Mayo- 

L e w i s  (39) copolymer equat ion  a p p l i e s  then  t h e  mole f r a c t i o n s  (Nii) of t h e  v a r i -  

ous diad  types  can  be  c a l c u l a t e d  from t h e  following well-known express ions  (40) : 

p12p21 
= O.5(Pl2 + P ~ ~ )  

where t h e  s u b s c r i p t s  12 and 2 1  refer t o  t h e  he te rodiads ,  11 r e f e r s  t o  t h e  

homodiad of monomer 1, and 22 r e f e r s  t o  t h e  homodiad of monomer 2, and 

The t e r m ,  Pij, denotes  t h e  p r o b a b i l i t y  of occurrence of a n  M M. sequence, 

[%]/[M2] denotes  t h e  r a t i o  of concent ra t ion  o r  mole f r a c t i o n s  of monomers 

1 and 2 i n  t h e  f e e d ,  and rl and r2  are t h e  r e a c t i v i t y  r a t i o s .  

111 
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2448 GOLDWASSER AND RUDIN 

f r ac t ions  of homo and heterodiads may then be converted in to  weight f r a c t i o n s  

f o r  u se  i n  equation (15) .  

compositions of styrene-methyl methacrylate statist ical  copolymers, where 

rl = 0.449, r2  = 0.480 ( 4 1 ) .  The r e s u l t s  a r e  tabulated i n  Tabel V I .  The 

importance of taking i n t o  account t he  cont r ibu t ions  of the  he t e ro in t e rac t ions  

is w e l l  i l l u s t r a t e d  f o r  t h i s  case.  The proportion of heterodiads present  

ranges t o  near ly  70% f o r  t h e  1:1 copolymer. Even f o r  copolymers of high 

content i n  e i t h e r  s tyrene  o r  methyl methacrylate t h e  amount of heterodiads 

present exceeds 35%.  

These ca l cu la t ions  w e r e  done f o r  severa l  

The Mark-Houwink cons t an t s  f o r  he te ro  segments may be estimated 

i n  two ways. 

mined e i t h e r  c l a s s i c a l l y  or as described by Dobbin et a1 (9,  10 ) .  These 

cons tan ts  are t o  be considered as equivalent t o  those which determine the  

he t e ro in t e rac t ion  cont r ibu t ion  i n  a s t a t i s t i c a l  copolymer. Conversely, a 

s t a t i s t i c a l  copolymer of one composition may be prepared and i t s  MarkfIouwink 

cons tan ts  determined. Equation (15) could then be employed t o  so lve  f o r  t h e  

heteroconstants from t h e  copolymer and cont r ibu t ing  homopolymer Mark-Houwink 

cons tan ts ,  t he  weight f r a c t i o n s  of homo and heterodiads p r e s e n t ,  and Vh a t  

severa l  molecular weights. The copolymer Mark-Houwink cons tan ts  could then 

be determined f o r  any composition of  t he  s t a t i s t i c a l  copolymer a s  described 

before.  

An a l t e r n a t i n g  copolymer may be prepared and cons tan ts  de te r -  

The Mark-Houwink cons tan ts  f o r  a l t e r n a t i n g  poly(styrene-co-methyl 

methacrylate) and those f o r  polystyrene and poly(methy1 methacrylate) which 

a r e  l i s t e d  i n  Table I were used with the  weight f r a c t i o n s  of homo and hetero- 

d iads  from Table V I  t o  c a l c u l a t e  t he  copolymer Mark-Houwink cons tan ts  f o r  

s t a t i s t i c a l  copolymers a t  severa l  compositions i n  d i f f e r e n t  so lvents .  These 

values a r e  recorded i n  Table V I I .  

A comparison of molecular weights obtained from hydrodynamic volume 

using t h e  ca lcu la ted  Mark-Houwink cons tan ts  and va lues  obtained experimentally 

( 2 8 )  a r e  presented i n  Table VIII for  t h ree  d i f f e r e n t  compositions of statis- 

t i c a l  poly(styrene-co-methy1 methacrylate) i n  toluene and n-chlorobutane. The 
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appl icable  molecular weight range of the experimental cons tan ts  i s  -10 -10 , 

and consequently t h e  comparison i s  r e s t r i c t e d  t o  t h a t  range. The agreement 

of molecular weights obtained from the  ca lcu la ted  and experimental cons tan ts  

i s  exce l len t .  Only i n  one case,  t he  7 : 3  styrene-methyl methacrylate copolymer 

i n  n-chlorobutane, is the re  dev ia t ion  between the  two va lues  of about 15%; 

i n  a l l  o ther  cases  agreement i s  wi th in  10%. 

perhaps be ascr ibed  to  the  experimental l imi t a t ions  i n  determining t h e  Mark- 

Houwink cons tan ts  a s  described before.  

5 6  

Again, the d iscrepancies  may 

Although no o ther  methods have been postulated f o r  t h e  co r re l a t ion  

of hydrodynamic volume t o  molecular weight of statist ical  copolymer, Chang ' s  

hypothesis f o r  block copolymers (12) may be extended towards app l i ca t ion  f o r  

s t a t i s t i c a l  copolymer ana lys i s .  

heterodiad cont r ibu t ions  i n t o  equations (18) and (1.9) a s  follows: 

This can be done by i n s e r t i n g  t h e  

( 2 6 )  

The copolymer MarkfIouwink cons tan ts  may then be ca lcu la ted  from these  equa- 

t i o n s  a s  previously descr ibed .  Table IX l i s t s  the  r e s u l t s  of these  ca lcu la-  

t i o n s  f o r  severa l  compositions of s t a t i s t i c a l  poly(styrene-co-methyl methacrylate) 

i n  four so lvents .  The va lues  obtained according t o  t h i s  method are almost 

i den t i ca l  t o  those ca lcu la ted  according t o  equation (15) i n  a l l  cases  except 

f o r  the  n-chlorobutane solvent system. Even s o ,  a comparison of molecular 

weights ca lcu la ted  from hydrodynamic volumes i n  the  appl icable  range using 

t h e  two methods show agreement wi th in  5% i n  a l l  cases .  The method of Runyon 

and coworkers (11) does not lend i t s e l f  f o r  app l i ca t ion  i n  a s t a t i s t i c a l  

copolymer system, because of i t s  empir ica l  na ture .  

The va lues  of both K and a ,  a s  determined from equation (19) f o r  

s t a t i s t i c a l  copolymers are composition dependent a s  i n  the  block copolymers 
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case .  However, because of t he  inf luence  on c o i l  s ize  of t h e  he te ro in te r -  

ac t ions ,  both cons tan ts  are weighted towards those of t he  heterodiads.  This 

is espec ia l ly  t r u e  a t  compositions approaching 1:l styrene-methyl methacrylate 

where the  proportion of heterodiads is g rea t e s t .  This mani fes t s  i t s e l f  i n  a 

s i g n i f i c a n t  dev ia t ion  i n  the  p l o t s  of copolymer composition vs.  both K and a 

from those obtained f o r  the  block copolymers. This is shown fo r  both 

tetrahydrofuran and n-chlorobutane i n  Figures 5-8. 

The va lues  of t h e  he t e ro  Mark-Iiouwink cons tan ts ,  r e l a t i v e  t o  those 

of the  homopolymers, provide a comparative measure of the  compat ib i l i ty  of 

t h e  two components i n  a pa r t i cu la r  so lvent  system. The in t e rac t ion  of two 

components which are incompatible w i l l  expand the  c o i l  s i z e  r e l a t i v e  t o  the  

non-interactive,  i .e. block case ,  because of segmental repuls ions .  Conversely, 

a t t r a c t i v e  in t e rac t ions  w i l l  con t r ac t  t he  c o i l  s i z e  r e l a t i v e  t o  the  non- 

i n t e r a c t i v e  case. The so lvent ,  of course,  p lays  a l a r g e  r o l e  i n  these  i n t e r -  

ac t ions .  

qua l i t y  f o r  both homopolymer components would expand the  copolymer c o i l  (where 

repuls ive  i n t e r a c t i o n s  a r e  present) t o  a subs t an t i a l ly  smaller ex ten t  than 

when it is a good so lvent  f o r  one component and a poor solvent f o r  t h e  o ther .  

This is because t h e  solvated segments of t h e  heterodiad are of increased 

incompat ib i l i ty  i n  the  l a t t e r  case .  

As a r e s u l t ,  a so lvent  system which is of approximately t h e  same 

Table X shows the  f r a c t i o n  of volume increase  of t he  s t a t i s t i c a l  

poly(styrene-co-methy1 methacrylate) over those of t he  block copolymers a t  

d i f f e r e n t  compositions i n  t h e  four so lvents  s tud ied .  In a l l  cases ,  t h e  amount 

of volume increase  was composition dependent, and reached a maximum where 

t h e  proportion of he te rodiads  w a s  g r e a t e s t ,  a t  about 1:l styrene-methyl 

methacrylate content.  I n  add i t ion ,  t h e  maximum volume increase  ranged from 

about 14% i n  methyl e thy l  ketone, a so lvent  which i s  of approximately the  

same q u a l i t y  f o r  polystyrene as poly(methy1 methacrylate),  t o  about 61% i n  

n-chlorobutane which i s  a f a i r l y  good so lvent  f o r  polystyrene but  a Theta 

so lvent  f o r  poly(methy1 methacrylate).  Maximum increases  i n  volume f o r  tetra- 

hydrofuran and toluene were both about 1 9 % .  
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F i g u r e  5. S t a t i s t i c a l  Copolymer Composi t ion vs. K i n  THF. 
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F i g u r e  6. S t a t i s t i c a l  Copolymer Composi t ion VS. a i n  THF. 
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F igure  7 .  S t a t i s t i c a l  Copolymer Composition VS.  K i n  n-Chlorobutane. 
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Figure 8.  S t a t i s t i c a l  Copolymer Composition vs.  a i n  n-Chlorobutane. 
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It  should be poss ib le ,  therefore ,  t o  exp lo i t  t h i s  phenomenon t o  

obta in  a q u a l i t a t i v e  measure of r e l a t i v e  compa t ib i l i t i e s  or i ncompa t ib i l i t i e s  

of d i f f e r e n t  polymers i n  d i f f e r e n t  so lvent  systems. This may be done simply 

by estimating the  Mark-Houwink cons tan ts  of t h e  s t a t i s t i c a l  copolymers whose 

c o n s t i t u t i v e  homopolymers are t o  be studied i n  the  des i red  so lvents .  P l o t s  

of the  copolymer composition vs .  K or a a r e  then constructed.  A concave d i s -  

t o r t i o n  from the  block copolymer p lo t  would ind ica t e  r epu l s ive  in t e rac t ions  

and hence incompat ib i l i ty  and convex devia t ion  would ind ica t e  a t t r a c t i v e  

in t e rac t ions  and compat ib i l i ty .  The r e l a t i v e  degree of dev ia t ion  is  

an expression of the  r e l a t i v e  degree of compat ib i l i ty  or incompat ib i l i ty  

between the  two polymers. A comparison of Figures 5 and 6 with Figures 7 and 

8 shows t h a t  f o r  t he  styrene/methyl methacrylate system, incompat ib i l i ty  i n  

n-chlorobutane i s  much more acute  than i n  tetrahydrofuran. 

GPC Analysis 

The use  of copolymer Mark-Houwink cons tan ts ,  determined as described 

above i s  most e a s i l y  appl ied  t o  the  GPC ana lys i s  of s a m p l e s  with homogeneous 

composition, i .e.  low conversion, cons tan t  feed o r  azeot ropica l ly  produced 

copolymers. This is  because only one de tec tor  and a s ing le  set of Mark- 

Houwink cons tan ts  are then requi red .  The s i t u a t i o n  becomes more complex f o r  

copolymers of heterogeneous composition. In t h a t  ca se ,  one r equ i r e s  a method 

fo r  converting the  GPC t r a c e  i n t o  weight f r a c t i o n  of e lu t ing  copolymer and 

following the,composition change with e lu t ion  volume. The f i r s t  requirement 

may be f u l f i l l e d  with the  use  of a densimeter de t ec to r  whose response f ac to r  

has been shown t o  be composition independent t o  a f i r s t  approximation ( 4 2 ) .  

The second requirement can be f u l f i l l e d  i f  one uses  a ca l ib ra t ed  second 

de tec tor  such a s  in f ra red  ( IR) .  

GPC ana lys i s  of te rnary  and higher order copolymers may be accom- 

plished even with heterogeneous samples provided t h a t  one can follow the  

copolymer composition--with e.g.  a multiband o r  Fourier transform I R  detector--  

and determine accu ra t e ly  the  weight f r a c t i o n s  of homo and heterodiads present 

a t  each weight f r a c t i o n  i n  a s t a t i s t i c a l  system. This would e n t a i l  expanding 

equations (19-23) t o  accommodate higher order copolyer iza t ions .  
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conclusions 

A method f o r  t he  c a l c u l a t i o n  of Mark-Houwink cons t an t s  f o r  both 

block and s t a t i s t i c a l  copolymers has been success fu l ly  appl ied  t o  the  s ty rene  

methyl methacrylate system i n  seve ra l  so lvents .  Agreement of molecular weights 

ca lcu la ted  from Vh us ing  these  cons t an t s  and experimental va lues  i s  very  good. 

comparison between t h i s  and o the r  p red ic t ive  methods y i e ld  r e s u l t s  which are 

a l s o  i n  good agreement. P l o t s  of copolymer composition VS. K o r  a may be used 

as a q u a l i t a t i v e  measure of r e l a t i v e  polymer Compat ib i l i t i es  i n  so lu t ion .  

The a b i l i t y  t o  c a l c u l a t e  Mark-Houwink cons t an t s  a t  any copolymer composition 

enables  GPC a n a l y s i s  of those copolymers provided t h a t  the  weight f r a c t i o n  

of e l u t i n g  copolymer and copolymer composition can be followed. 

of GPC t o  the  a n a l y s i s  of higher order  copolymers is poss ib le  but becomes 

increas ingly  more complex a s  t h e  number of components increases .  
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Appendix I 

The mean squared end-to-end d i s t a n c e  of a f r e e l y  o r i e n t i n g  c h a i n  

c o n s i s t i n g  of x segments each of l e n g t h  L is:  

-2 2 
da = xaLa 

where da = 2ra. 

S i m i l a r l y ,  t h e  mean squared end-to-end d i s t a n c e  of a f r e e l y  o r i e n t i n g  macro- 

molecule  wi th  x segments of l e n g t h  % is: b 

2 = X L  2 
b b b  

I f  one end of t h e  f i r s t  molecule  w e r e  a t t a c h e d  t o  an end of t h e  second 

polymer t h e  mean squared end-to-end d i s t a n c e  of t h e  combined c h a i n  would be: 

a a  

S i m i l a r l y ,  f o r  a macromolecule compris ing n s u b s e c t i o n s ,  each c o n s i s t i n g  of 

x .  segments of l e n g t h  !Li: 
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(1-4) 2 "  i; = 1 xiei = 1 2; 
i-1 i=1 

The relations quoted above apply also to copolymers if 11 is taken to mean an 

average bond length. 

Equation (1-4) shows that the squared end-to-end distance of a 

random coil macromolecule equals the sums of the squares of the end-to-end 

distances of its segments. 

The mean squared end-to-end distance of a real polymer chain is 
2 2 given by the same formulas as those above with Bi substituted for the 11, 

2 of a freely orienting chain. 

particular polymer to take account of restricted bond angles and preferred 

conformations. 

Here Bi is a constant characteristic of the 

In the unperturbed state the mean squared end-to-end distance is 

often represented as: 

(I-4a) 

In solution the dimensions of the polymer coil are perturbed by 

the solvent and the relations operating are amended by including Flory's 

chain expansion factor a. In the case of interest here each segment may 

have a different expansion factor, ai, with a common solvent. 

solvent-perturbed dimensions: 

Considering 

For random coil polymers the radius of gyration is related to the 

end-to-end distance by: 
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It is  a l s o  expected theo re t i ca l ly  ( 4 3 )  and experimentally ( 4 4 )  t h a t  t he  hydro- 

dynamic r ad ius  is r e l a t e d  by a cons tan t  f ac to r  t o  the  rad ius  of gyra t ion  and 

hence t o  the  hydrodynamic r ad ius .  

A s  a r e s u l t ,  equation (8) of t h i s  paper follows d i r e c t l y  from 

equation (175). Equation (8) app l i e s  r igorous ly  t o  polymers i n  which the  

segmental dimensions are described by equation (1-1) (WithBsubs t i tu ted  f o r  %). 

This inc ludes  block and g r a f t  copolymers with long, f l e x i b l e  segments. In 

a more general  sense,  equation (8) provides a s u i t a b l e  func t iona l  form f o r  

descr ib ing  copolymers. For a s t a t i s t i c a l  copolymer, t he  equation serves  as 

a framework f o r  group cont r ibu t ion  ca l cu la t ions ,  a s  i n  t h i s  a r t i c l e ,  al though 

the  ind iv idua l  segment s i z e s  may have no physical meaning. 
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