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CHARACTERIZATION OF LC STATIONARY PHASES 

BY INVERSE S I Z E  EXCLUSION CHROMATOGRAPHY . 

Steven B. Schram 
and 

David H. Freeman 
Chemistry Department 

Univers i ty  of  Maryland 
College P a r k ,  Maryland 2 0 7 4 2  

Chesapeake Bio logica l  Laboratory 

THEORY 

The most e f i i c i e n t  use of a porous p a r t i c u l a t e  sta- 

t i ona ry  phase can only be made when the m a t e r i a l  i n  the 

column i s  f u l l y  charac te r ized .  While complete cha rac t e r -  

i z a t i o n  inc ludes  both chemical and phys ica l  a s p e c t s ,  t h e  

macro s t r u c t u r e  provides  the framework f o r  the micro- 

s cop ic  chemical i n t e r a c t i o n s .  The phys i ca l  a n a l y s i s  

i s  t h e r e f o r e  c r i t i c a l l y  important  f o r  a more complete 

c a l i b r a t i o n  of the chromatographic e f f e c t s .  

Severa l  re l iable  methods e x i s t  f o r  c h a r a c t e r i z i n g  

the i n t e r n a l  phys i ca l  s t r u c t u r e  o f  porous materials (1- 

4 ) .  Only one of these ( 4 1 ,  i nve r se  s i z e  exc lus ion ,  i s  

s u i t a b l e  for swollen ge l s .  It  ha6 the added f e a t u r e  

tha t  i t  permits  t h e  use of convent ional  l i q u i d  chromato- 
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404 SQfRAM AND FREEMAN 

graphic  apparatus  t o  c a r r y  o u t  the c h a r a c t e r i z a t i o n .  So 

€ar,  t h e  technique has  been app l i ed  t o  porous s t a t i o n a r y  

phases t h a t  were designed f o r  s i z e  exc lus ion  LC. Here 

we wish t o  explore  the p o s s i b i l i t y  of a broader  appl ica-  

t i o n  t o  a t a t i o n a r y  phases designed f o r  e n t h a l p i c  p a r t i -  

t i on ing .  

Our approach is based upon a previous f ind ing  t h a t  

i n t e r a c t i v e  p a r t i t i o n i n g  can be t r e a t e d  empi r i ca l ly  us- 

i n g  the fol lowing express ion  ( 5 )  

where D is the d i s t r i b u t i o n  c o e f f i c i e n t ,  

s o l u b i l i t y  parameter,  V is  molar volume, 

S r e f e r s  t o  

and the sub- 

s c r i p t s  r e f e r  t o  s o l u t e  i, l i q u i d  c a r r i e r  rn, and i n t e r -  

ma1 or i n t e r a c t i v e  phase s. The equat ion c o n s i s t s  of 

two p a r t s :  an i n i t i a l  anen tha lp i c  con t r ibu t ion  based on 

Giddings theory ( 6 )  of s i z e  exc lus ion  according t o  the 

su r face  a rea  g and the mean p ro jec t ed  s o l u t e  s i z e  L ,  

and (b)  and e n t h a l p i c  con t r ibu t ion  based on the s o l u b i l -  

i t y  f a c t o r s .  I n  the p a s t  ( 4 )  Equation 1 was appl ied  un- 

de r  the condi t ion  s, = b, where the e n t h a l p i c  cont r ibu-  

t i o n  vanishes .  

1 

W e  have explored condi t ions  that  may he lp  m a k e  equa- 

t i o n  l a more gene ra l  guide t o  s t a t i o n a r y  phase charac t -  

e r i z a t i o n .  An important  l i m i t a t i o n  should be recogniz- 

ed a t  t h e  o u t s e t .  I t  is already known ( 5 )  t h a t  en tha l -  
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LC STATIONARY PHASES 405 

p i c  l iquid-gel  p a r t i t i o n i n g  is  s t rongly  a f f ec t ed  by so l -  

vent  e f f e c t s .  This so lva t ion  e f f e c t  manifests i t se l f  

through the empirical  value of 6, which was found t o  

be intermediate between g, and 620, where the l a t t e r  

refers t o  the  unsolvated i n t e r a c t i v e  phase, and much 

c lose r  t o  &,,,than to  s:. This e f f e c t  seems t o  c o n s t r i c t  

our approach t o  the  considerat ion of two opt ions:  mak- 

ing the  o v e r a l l  i n t e r a c t i v e  term vanish,  o r  holding i t  

cons tan  t . 
The condition gm= ss pred ic t s  vanishing i n t e r a c t i o n ,  

i .e.,  the e n t i r e  s o l u b i l i t y  parameter term i n  Equation 1 

becomes zero. s i=(  s’ + S,)/2 
has the same e f f e c t  b u t  the  p r a c t i c a l  advantage of t h i s  

is no t  c l ea r .  Next, consider probe so lu t e s  whbse & 
values a re  approximately constant,  so t h a t  the 5-terms 

then be replaced by 

I t  is e a s i l y  shown t h a t  

(2 1 

Since L and v a r e  near ly  p a r a l l e l ,  except f o r  a small  

conformational cont r ibu t ion ,  Equation 2 can be seen t o  

l ead  t o  a condition where the g and g terms would be 

confused and, hence, t o  inaccura te  values of g . T h i s  

s o r t  of p i t f a l l  would need t o  be avoided. Another a l t a r -  

na t ive  is t o  e x p l o i t  a s t rong  solvent :  solute  or so lvent :  

subs t r a t e  masking e f f e c t  ( 7 ) .  This w a s  shown (8 )  t o  

block the adsorption of coronene by crossl inked PSDVB 

i i 

1 2 
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406 S C W  AND FREEMAN 

network. One disadvantage with t h i s  i s  the  d i f f i c u l t y  

i n  measuring the exac t  s i ze  of  t h e  so lva ted  probe mole- 

cu le s .  I t  appears  t h a t  d i f f i c u l t i e s  arise whenever the. 

i n t e r a c t i v e  e f f e c t  i s  allowed t o  happen. 

Since macroporous g e l s  c o n s i s t  of both l a r g e  and 

small pores ,  p r e f e r e n t i a l  desorp t ion  from t h e  l a t t e r  

microporous phase is  expected when si +&, and 6,- c. 
This  would cause s o l u t e  r e j e c t i o n  from the  nicroporous 

s t r u c t u r e  and t h e  s i z e  exc lus ion  e f f e c t  should be sin- 

p l i f i e d .  I f  the theory holds ,  t h e  value of  Di becomes 

equal  t o  D i  (micropores) - 0 p lus  Di (macropores) where  

t he  l a t t e r  is simply: 

where g1 becomes c h a r a c t e r i s t i c  of the macropores and  

t h e  micropore con t r ibu t ion  i s  neg l ig ib l e .  I t  follows ( 4 )  

t h a t  t h e  pore s i z e  of  t h e  macropore channels is obta ined  

using 

= h/g (desorpt ion)  1 
d 

nacropore 

Two o t h e r  p r o p e r t i e s  of the macroporous phase may a l s o  

be access ib le .  The po ros i ty  P is obta ined  f o r  the va lue  

of D that corresponds t o  a s o l u t e  s i z e  L equ iva len t  t o  

tha t  of the s o l v e n t  ( 9 ) .  
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LC STATIONARY PHASES 40 7 

F i n a l l y ,  t h e  pore s u r f a c e  area p e r  u n i t  volume of pores  

(gl) can be ad jus t ed  t o  approach t h e  more convent iona l  

pore a rea ,based  on matrix volume,SA 

expressed i n  square meters of pore area p e r  cubic c e n t i -  

meter of t h e  bulk volume of  t h e  s t a t i o n a r y  phase; 

W e  examined t h e  a p p l i c a t i o n  o f  t h e s e  equat ions  t o  

t w o  d i f f e r e n t  i n t e r a c t i v e  columns and a macroporous 

PSDVB s t a t i o n a r y  phase (100  A ?Styrage l ,  Waters). Th i s  

l a t t e r  material tends  t o  e x h i b i t  maximum swe l l ing  when 

immersed i n  a so lven t  t o  l i k e  p o l a r i t y .  Because t h i s  

m a t e r i a l  can be compressed, o r  deswollen,  it and o t h e r  

swel l ing  g e l s  have seemed d i f f i c u l t  t o  pack reproducib ly .  

A v a r i e t y  of packing procedures f o r  t h e  g e l s  have been 

recommended. Moore ( 1 0 )  and Altegel t  (11) advised t h e  

use  of mild cond i t ions .  Dawkins ( 1 2 )  packed g e l s  i n  a 

p a r t l y  deswollen s ta te .  Balanced d e n s i t y  s l u r r i e s  have 

also been used (13) .  W e  used Dawkins procedure wi th  

varying amounts of deswell ing.  

EXPERIMENTAL 

Chemicals and Standards 

Reagent grade t e t r ahydro fu ran  (THF) w a s  d i s t i l l e d  

over  sodium to  remove s t a b i l i z e r  and peroxides .  The 

d i s t i l l e d  so lven t  was s t o r e d  under n i t rogen  a t  5O u n t i l  
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40 8 SCIIRAM AND FREEMAN 

needed. 

p u r i f i c a t i o n .  

a l k a n e s  (C5 and c16) as w e l l  as seven p o l y s t y r e n e  (PSI 

s t a n d a r d s  (MW 600, 2100, 4000, 10000, 20400, 37000, 

and 220,000 o b t a i n e d  from P r e s s u r e  Chemical Company 

i n  P i t t s b u r g h ,  Pennsylvania) .  

Apparatus 

Reagent grade  methanol was used w i t h o u t  f u r t h e r  

S o l u t e  s t a n d a r d s  inc luded  two normal 

The equipment used inc luded  a s o l v e n t  pump (Waters 

A s s o c i a t e s  Inc . ,  Model 60000A), s i x  p o r t  i n j e c t i o n  v a l v e  

(Rheodyne Model 7120 w i t h  100 pl i n j e c t i o n  l o o p ) ,  re- 

f r a c t i v e  index d e t e c t o r  (Laboratory Data C o n t r o l )  and a 

254 nm u l t r a v i o l e t  detector (Waters Model 4 4 0 ) .  The d a t a  

c o l l e c t i o n  system was b u i l t  around a Wang 2 2 0 0  desk c a l -  

c u l a t o r  which allowed data to  be c o l l e c t e d  a t  one p o i n t  

per  second w i t h  r e s o l u t i o n  of t h e  d e t e c t o r  o u t p u t  t o  one 

p a r t  i n  256. 

Columns and Packing Procedures  

Two bonded phase i n t e r a c t i v e  p a r t i t i o n  columns, 

PBondapack-Cla and ~ B o n d a p a k - N H ~  ( b o t h  s i l i c a  g e l  sub- 

s t r a t e s )  were o b t a i n e d  from Waters A s s o c i a t e s ,  Inc .  

Thei r  c a l c u l a t e d  i n t e r n a l  volumes ( V c )  were each  3 .6  m l .  

These columns came prepacked and w e r e  used w i t h o u t  any 

m o d i f i c a t i o n s .  I n  measurements u s i n g  t h e  lOOA ,uSty-  

r a g e l ,  one empty g l a s s  (0.635 x 12.9 c m )  and one empty 

s teel  (0 .4 x 30 c m )  column were used t o  pack t h e  mater- 

i a l .  This  packing w a s  done i n  t h e  fo l lowing  manner. 
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LC STATIONARY PHASES 109 

First, fine particles were removed by six repeated 

sedimentations in methanol. The methanol was removed in 

an oven and the THF was added to form a slurry. Depend- 

ing upon the particular column being packed (see Table 

I), a percentage of methanol was added to the slurry to 

partially deswell the gel. 

slurry was poured through an upper reservoir column into 

the lower receiving column. Connection to the pump was 

made at the head of the upper column, and fluid of the 

same composition as the slurry was passed through both 

columns under the flow rates and maximum pressures giv- 

en in Table I. Packing was stopped when the formed bed 

rose above the bottom column. This column was then re- 

moved and connected to the full LC apparatus for the cal- 

ibration. The steel columns were packed in essentially 

the same manner except that a steel slurry reservoir 

(Micromeritics) was used to hold the slurry below the 

receiving column. Packing, now in the upward direction, 

proceeded as before, under the conditions given in Table 

I. Each column was packed using the same sample of gel. 

Calibration Procedures 

For the glass columns, the 

The calibration of each column involved measure- 

ment in triplicate of the retention volumes of several 

probe solutes. The experimental conditions were as fol- 

lows. 
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410 SCHRAM AND FREEMAN 

TABLE I 

Packing cond i t ions  of flow rate,  maximum pres su re ,  and 

percent  methanol are  given for both g l a s s  (GI and s t ee l  

(S) columns. Twelve experiments a r e  l i s t ed .  

Column Flow Rate Percent  Max P S I  
(ml/min) MeOH 

1G 0.0' 0 O* 

2G 2.0 10 500 

3G 2.0 15 500 

4G 2.0 25 500 

5G 

6G 

7s 

8S 

9s 

10s 

11s 

12s 

9.9 0 

' 9.9 0 

0.5 0 

0 . 5  0 

2 .o 8 

2.0 20 

9.9 0 

9.9 0 

1000 

1500 

200 

200  

600 

2000 

2000 

2000  

*This column was packed by g r a v i t y  sedimentat ion.  

Using a flow r a t e  of 0 .5  ml/min, t h e  THF so lven t  

was pumped through t h e  column u n t i l  a s table  b a s e l i n e  

was observed on t h e  W d e t e c t o r .  A t  t h i s  p o i n t ,  poly- 

s ty rene  probe s o l u t e s  (0 .05% w/v i n  THF) were each 

s e q u e n t i a l l y  i n j e c t e d .  The i n j e c t i o n  o rde r  w a s  from 
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LC STATIONARY PHASES 411 

largest polymer to smallest, and the process was repeat- 

ed three times, for both of the interactive columns. 

From the UV detector response, retention volumes were 

calculated electronically using the automated data 

collection system and the Wang 2200 desk calculator. 

The void volume was taken from the retention volume of 

the excluded 22OK PS peak. A similar procedure was fol- 

lowed for each of the variously packed GPC columns con- 

taining the 100 A PStyragel. 

The calibration of the PStyragel was done immed- 

iately after packing was completed. The THF ( 6  = 9.1) 

carrier is closely matched to the gel polarity ( 1 4 1 ,  

b(po1ystyrene-co-divinylbenzene) = 9.1, so the partition- 

ing effect should be negligible. Using an RI 

detector, the baseline was monitored while the THF sol- 

vent was pumped through the system at a flow rate of 0.5 

ml/min. When a stable baseline was reached, that indicat- 

ed that the methanol used in the packing had been remov- 

ed. 

the limits dictated by its expansibility and packing 

constraints. Calibration followed this equilibration. 

The test solutes were the two normal alkanes pentane, 

hexadecane and an excluded polystyrene standard (MW = 

10000, Pressure Chemical Co., 0.05% in T H F ) .  The cal- 

ibration measurements were again obtained in triplicate 

for each of the test solutes. 

This process also allowed the gel to re-swell to 
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412 SCEIXAM AND FREEMAN 

Resu l t s  

For each s o l u t e  i n j e c t e d ,  symmetrically shaped peaks 

recorded. The r e t e n t i o n  volume w a s  taken as t h e  d i f f e r -  

ence between t h e  i n j e c t i o n  t i m e  and t h e  l o c a t i o n  of  t h e  

chromatographic peak maxium. Using t h i s  approach, t h e  

automated data a n a l y s i s  system yie lded  r e t e n t i o n  volumes 

p r e c i s e  t o  wi th in  1%. From the  r e t e n t i o n  volumes, d i s -  

t r i b u t i o n  c o e f f i c i e n t s  (D) were c a l c u l a t e d  us ing  

D = (VR - Vo)/Vs where 

excluded s o l u t e  and Vs was c a l c u l a t e d  from Vc - vo. 
Then f o r  each column, a set  o f  data p o i n t s  con ta in ing  

pa i red  va lues  of  -btD and L was analyzed us ing  l ea s t  

squares .  T h i s  yielded va lues  f o r  t h e  s lope  g1 and in -  

t e c e p t  f o r  Equation 3. As an example of t h i s  process ,  

t h e  raw r e s u l t s  and computed data f o r  t h e  t w o  i n t e r a c t -  

i v e  columns are given i n  Table 11. 

a g a i n s t  L f o r  these columns i s  given i n  F igure  I .  From 

t h e  l i n e a r  data shown i n  Figure 1, w e  ob ta ined  the  f i n a l  

r e s u l t s  f o r  these two columns us ing  Equations 4 ,  5 ,  and 

6 .  The r e s u l t s  a r e  given i n  Table 11. 

Vo w a s  t h e  r e t e n t i o n  volume o f  an 

A p l o t  of -1nD 

The twelve packing tes ts  of l O O A  p S t y r a g e 1  were 

t r e a t e d  i n  t h e  same manner as the  i n t e r a c t i v e  columns. 

However, i n  t h i s  case, w e  wished t o  examine t h e  changes 

i n  packing c h a r a c t e r i s t i c s  t h a t  va r i ed  w i t h  t h e  o v e r a l l  

e f f i c i e n c y  of each column. So, i n  a d d i t i o n  t o  t h e  pore 
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390, 

3.1 2, 

o 234- 
z 

I 

1.56, 

.78, 

413 

P 

0 0  
0 25 50 75 100 

L t i )  
Figure 1. These p l o t s  a r e  f o r  pBondapak C-18  (above) and 
pBondapak-NH (below). The l i n e a r  r e l a t ionsh ip  between 
In  D and so l& s i z e ,  L ,  i s  predicted by t h e  Giddings, 
Freeman and Poinescu treatment of a monomodal pore s i z e  
d i s t r i b u t i o n  i n  the  s t a t iona ry  phase. 

s i ze ,  pore a rea  and volume, w e  a l s o  ca lcu la ted  the  re- 

so lu t ion  (between C5 and C 1 6 ) ,  and the  p l a t e  height  

( f r o m  C 5 ) .  

chromatographic da t a  using conventional d e f i n i t i o n s .  

The da ta  a r e  presented i n  Table 111. 

These la t ter  values a r e  found from t h e  raw 
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414 SCHRAM AND FREEMAN 

TABLE I1 

Raw chromatographic results and computed G values for 

two interactive columns 

2 uBondapak-C18 pBondapak-NH 

PS Solute 0 'ij- 7 m T -  --~7im------ ---u- 

(Mw) L(A) ( 4 )  R D R D 

6oo-IB-- - -  1 r - b 7 3 4 8  2.96 '--d.65F 
2.1K 24 2.02 0.294 2.74 0.538 
4.OK 34 1.87 0.226 2.60 0.462 

10.OK 49 1.62 0.113 2.21 0.247 
20.4K 70.7 1.48 0.050 1.98 0.120 
37 .K 100.4 1.42 0,0226 1.87 0.060 

Column Paramete52 

V (measured) 3.58 ml 3 . 5 8   IT.^ 
C 

0 

S c o  

V (from 220K ?!W PS) 1.37 ml 1.76 ml 

V (from V -17 ) 2.21 ml 1.82 F1 

Void Fraction Estimate V /V 0.38 0.50 
o c  

Calibration Results 

9 
0 

0.424 -0.116 

9 0.0345 0.0299 

a (A ) 116. 134. 
1 0  

pore 
Porosity, P 0.56 0.98 

Surface Area, 
2 3  

SA(m /cm 1 120. 150. 

DISCUSSION 

The pore size determinations €or both interactive 

columns agree to within 3% of the provided nominal values 
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TABLE I11 
0 

The  varying c h a r a c t e r i s t i c s  of l O O A  S t y r a g e l  are given 

i n  t h i s  t ab l e .  Both t h e  i n t e r n a l  pore character is t ics ,  

d , poros i ty  P, and surface area S . A . ,  as w e l l  as  t h e  

column p a c k i n g  character is t ics ,  p l a t e  h e i g h t  (from C ) 

and r e s o l u t u o n  R (from C /C 1 a r e  presented h e r e .  T h e  
5 1 6  

"G" stands for glass w h i l e  t h e  " S "  refers t o  t h e  steel 

columns. 

Column d (AJ P S A P l a t e  H e i g h t  R 

pore 

5 

0 

pore ( m 2 / A 3  1 ( c m  1 

l G  3 2  0 .54  4 4 0  0 . 0 2 2  1 .SO 

2 G  28 0.57 5 2 0  0 . 0 1 5  2 .96  

3 G  3 1  0 . 2 1  230  0 . 0 3 8  1 . 3 6  

4G 3 3  0 .22  2 2 0  0 .  C30 1 . 3 6  

5G 3 1  0.54 250  0 .028  1 . 4 3  

6G 30  0.55 470  0 .019  1 . 8 9  

7 s  3 5  0.34 2 9 0  0 . 0 2 9  1 . 3 0  

8s 40  0.37 260  0 . 0 2 5  1 . 2 7  

9 s  3 0  0 .26  280 0.042 1 . 5 1  

10s 30  0 .35  3 5 0  0 . 1 2  0 . 6 8  

11s 27 

1 2 s  31 

0.54 530 0.017 2 . 9 0  

0.47 410  0 . 0 1 9  2 . 2 5  

of 125+  5 A ( 1 5 ) .  The porosity and surface area for  t h e  

c 1 8  column, whi le  n o t  ver i f ied  f o r  accuracy, appear as 

reasonable values. However, t he  NH2 column r e s u l t s  
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416 SCHRAM AND FREEMAN 

seem less acceptab le .  This  is p a r t i c u l a r l y  t r u e  f o r  t h e  

po ros i ty  va lue  which approaches 1 0 0 %  and must be i n  er- 

r o r .  Another va lue  which seems i n t e r e s t i n g  is t h e  void 

volume f r a c t i o n  (V0/Vc).  Values f o r  s p h e r i c a l  p a r t i c l e s  

have been r epor t ed  as 0.38 ( 1 6 ) .  However, w e  f i n d  a 

value c l o s e r  t o  0.50. This  is a r e l a t i v e l y  h igh  void 

volume, bu t  t h a t  may n o t  be unusual f o r  a high speed 

packing technique.  

Our r e s u l t s  f o r  t h e  1 0 0  A P S t y r a g e l  demonstrate a 

mre d e t a i l e d  usefu lness  of t h e  inve r se  GPC technique.  

Consider t h e  r e s u l t s  i n  Table  I11 f o r  t h e  two h i g h e s t  

r e s o l u t i o n  columns ( 2  and 11). Both of t h e s e  columns 

have t h e  t w o  sma’lest pore sizes,  t h e i r  p o r o s i t i e s  a r e  

both l a r g e ,  wi th  t h e  b e s t  column having t h e  l a r g e s t  

i n t e r n a l  po ros i ty  of t h e  e n t i r e  s e t ,  and both of t h e s e  

columns have l a r g e  su r face  a r e a s .  T h i s  type  of i n f o r -  

mation is  e a s i l y  obtained and of p r a c t i c a l  i n t e r e s t .  

While w e  do not  have enough d a t a  t o  draw gene ra l  con- 

c l u s i o n s  about packing techniques ,  it is clear t h a t  

i nve r se  LC does show promise as a way t o  explore  t h e  

f a c t o r s  which in f luence  r e s o l u t i o n  i n  packed columns. 

REF ERENC ES 

I. H. Beranova and K .  Dusek, Co l l ec t .  Czech.  Commun., 
3 4 ,  2932 ( 1 9 6 9 ) .  - 

2 .  W. Waller,  Nature,  206, 693 ( 1 9 6 9 ) .  

3. K .  W.  Pepper, D .  Reichenberg, D .  K .  Eale ,  J .  Appl. 
C h e m . ,  I, 1 2 4  (1951).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



LC STATIONARY PHASES 41 7 

4 .  D .  H. Freeman and I. C. P o i n e s c u ,  Anal .  Chem., 2, 
1183 (1977) .  

5. D .  H. Freeman and  D .  K i l l i o n ,  J. Polym. S c i .  , 1 5 ,  

6 .  J. C.  Giddings,  E. Xucera, C. P. R u s s e l ,  and N. M .  
Myers ,  J. Phys.  Chem., 72, 4397 ( 1 9 6 8 ) .  

7 .  D .  H. Freeman, Anal .  Chem., 44, 117 (1972) .  

8 .  H. J. Kl imisch  and D. Amhrosius, J. Chromatog. ,  94 

9.  D.  H. Freeman and  S. B. Schrarn, t o  be p u b l i s h e d .  

1 0 .  J. C.  Moore, J. Polym. S c i . ,  A 2 ,  835 ( 1 9 6 4 ) .  

- 
2047 (1977) .  

( 1 1 ,  311  ( 1 9 7 4 ) .  

11. X .  H. A l t g e l t ,  Macromol. Chem., 88, 75  ( 1 9 6 4 ) .  

12. J. V. Dawkins and M. Hemming, Polymer ,  13, 553 ( 1 9 7 2 ) .  

1 3 .  F. W. P e a k e r  and C.  R. Tweedale ,  N a t u r e ,  216, 75  ( 1 9 6 7 ) .  

1 4 .  H. B u r r e l l  and B .  Immergut ,  Polymer Handbook, IV-341, 

1 5 .  P r i v a t e  Communications, Dennis  Horgan, Waters 

1 6 .  G. Manalo, R. T u r s e ,  and W. Rieman, Anal.  Chem. 

Interscience, New York,  (1966): 

Associates , Inc  . , 6/22/78. 

Acta, 21, 383 (1959) .  D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


