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ELEMENTAL SULFUR AS INTERF!AL STANDARD 
FOR PRECISE MOLECULAR WEIGHTS 

BY GEL PERNEATION CHROMATOGRAPHY 

N.  W .  S c h u l z  
Exxon Research  and  E n g i n e e r i n g  Company 

P o s t  O f f i c e  Pox 121 
L i n d e n ,  New J e r s e y  07036 

ABSTRACT 

f l e m e n t a l  s u l f u r ,  when used  w i t h  p o l y s t y r e n e  c o l u m n  p a c k i n g s  a n d  
t e t r a h y d r o f u r a n  as s o l v e n t ,  has been f o u n d  t o  b e  a n  i d e a l  i n t e r n a l  
s t a n d a r d  f o r  p r e c i s e  m o l e c u l a r  w e i g h t s  b y  ge l  p e r m e a t i o n  ch romato -  
g raphy .  Long- te rm e l u t i o n  t i m e  p r e c i s i o n  o f  0.34 has been a c h i e v e d  
w i t h  l e s s  t h a n  op t imum o p e r a t i o n  o f  c h r o m a t o g r a p h i c  equ ipmen t .  S u l -  
f u r  i s  i n e r t ,  e l u t e s  r e p r o d u c i b i l y  w i t h  a s y m m e t r i c a l  peak  shape  a n d  
n e v e r  i n t e r f e r e s  w i t h  t h e  e l u t i o n  o f  s i z e - s e p a r a t e d  m a t e r i a l s .  The 
i n t e r n a l  s t a n d a r d  has a h i g h  u l t r a v i o l e t  a b s o r p t i o n  r e s p o n s e  and a 
p o s i t i v e  d i f f e r e n t i a l  r e f r a c t i v e  i n d e x .  

I f l  TR 0 @ UC T I 0 PI 

The d e t e r m i n a t i o n  o f  p o l y m e r  m o l e c u l a r  w e i g h t s  b y  g e l  p e r m e a t i o n  

ch romatog raphy  ( G P C )  g e n e r a l l y  r e q u i r e s  t h e  u s e  o f  a c a l i b r a t i o n  c u r v e  

t h a t  r e l a t e s  m o l e c u l a r  w e i g h t  t o  e l u t i o n  vo lume.  An e x c e p t i o n  i s  r e -  

p r e s e n t e d  by t h e  o n - l i n e  m o l e c u l a r  w e i g h t  measurement by l i g h t  s c a t -  

t e r i n g .  W h i l e  o l d e r  EPC i n s t r u m e n t a t i o n  i n c l u d e d  a s i p h o n  o r  o t h e r  

d e v i c e  f o r  t h e  c o n t i n u o u s  measurement o f  e f f l u e n t  vo lume,  newer  e q u i p -  

ment i n  c o n n e c t i o n  w i t h  h i g h - s p e e d  GPC r e 1  i e s  o n  h i g h - p r e c i s i o n  pumps 

f o r  c l o s e  f l o w  c o n t r o l .  Fcere, m o l e c u l a r  w e i g h t  i s  d i r e c t l y  r e l a t e d  t o  

e l u t i o n  t i m e .  

Copyright 5 1980 by Marcel Dekkcr, Inc. 
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942 SCHULZ 

To keep m o l e c u l a r  w e i q h t  e r r o r s  t o  w i t h i n  5-104, r e q u i r e s  a l o n g -  

Many p o p u l a r  pumps have a te rm f l ow  p r e c i s i o n  o f  0.3% o r  b e t t e r  (1 ) .  
p r e c i s i o n  r a t i n g  o f  n o t  b e t t e r  t han  1%. A d d i t i o n  o f  e l e c t r o n i c  " feed -  

back" f l o w  c o n t r o l l e r s  can l e a d  t o  s u b s t a n t i a l  improvements i n  f l o w  

p r e c i s i o n  ( 2 ) .  Separate measurements o f  e l u t i o n  volume w i t h  a m o d i f i e d  

s iphon  ( 3 )  o r  t h rough  au tomat i c  w e i g h i n g  o f  e f f l u e n t  f r a c t i o n s  ( 4 )  
have a l s o  been repo r ted .  

A computer s i m u l a t i o n  o f  t h e  e f f e c t s  o f  v a r i o u s  types o f  f l o w  'ir- 

r e g u l a r i t y  has i d e n t i f i e d  f l o w  r e s e t t a b i l i t y ,  i . e .  f l o w  d e v i a t i o n  f rom 

a s e t  va lue ,  as t h e  most s e r i o u s  t y p e  o f  e r r o r  a f f e c t i n g  t h e  c a l c u l a t e d  

average m o l e c u l a r  w e i g h t s  ( 1 ) .  On t h e  o t h e r  hand, i t  i s  t h e  most com- 

monly encountered f l o w  e r r o r ,  caused by f a u l t y  check v a l v e  o p e r a t i o n ,  

l e a k s ,  and v a r i a b l e  tempera tu re  and co rnp ress ib i l  i t y  e f f e c t s .  The i n -  

c l u s i o n  o f  an i n t e r n a l  c a l i b r a t i o n  s t a n d a r d  t o  c o r r e c t  f o r  f l o w  v a r i -  

a b i l  i t y  has been r e p o r t e d ,  where t h e  s tandard  has been e i t h e r  an i m -  

p u r i t y  peak, an added l o w  m o l e c u l a r  w e i g h t  substance o r  p o l y s t y r e n e  

s tandards a t  " s u b l i m i n a l "  l e v e l s  ( 5 ,  6, 7). 
The i d e a l  i n t e r n a l  s t a n d a r d  shou ld  neve r  i n t e r f e r e  w i t h  t h e  sanl- 

p l e  a n a l y s i s ,  which - as a genera l  case  - does n o t  a p p l y  t o  t h e  s t a n -  

dards t h a t  have been r e p o r t e d  so f a r .  The e l u t i o n  l i m i t s  o f  a s e t  3 ' ;  

GPC columns i s  d e f i n e d  by t h e  l i m i t s  o f  t o t a l  e x c l u s i o n  and t o t a l  pe r -  

meat ion.  

matched t o  t h e  m o l e c u l a r  s i z e  range o f  t h e  sample w i l l  l e a v e  no e i u - .  

t i o n  window t o  p l a c e  an i n t e r n a l  s t a n d a r d  w i t h o u t  i n t e r f e r i n g  w i t h  the  

sample chromatogram. The i d e a l  i n t e r n a l  s t a n d a r d  shou ld  t h e r e f o r e  

e l u t e  o u t s i d e  t h e  normal GPC e l u t i o n  range. 

number o f  compounds, p a r t i c u l a r l y  w i t h  those  c o n t a i n i n g  p o l y n u c l  ea r  a r o -  
m a t i c ,  i o n i c  o r  h i g h l y  p o l a r  n i t r o g e n  o r  s u l f u r  f u n c t i o n a l i t i e s .  The 

behav io r ,  which i s  a s c r i b e d  t o  a b s o r p t i o n  phenomena, i s  u n d e s i r a b l e  be- 

cause i t  i n t e r f e r e s  w i t h  t h e  chromatogram i n t e r p r e t a t i o n  i n  terms o f  
m o l e c u l a r  we igh t .  W i th  po l ymer i c  m a t e r i a l s ,  a b s o r p t i o n  r e v e a l s  i t s e l  f 

as chromatogram t a i l i n g  beyond t h e  sma l l  mol ecul  e i m p u r i  t y  peaks. 

low m o l e c u l a r  w e i g h t  compounds, l a t e  e l u t i o n  i s  g e n e r a l l y  a s s o c i a t e d  

A p r o p e r l y  chosen column w i t h  a p o r o s i t y  range c l o s e l y  

E l u t i o n  beyond t h e  t o t a l  permeat ion l i m i t  has been observec! wi:h i 

Y i  t h  
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ELPIENTAL SULFUR AS INTERNAL STANDARD 943  

w i t h  asymmetric peak shape and dependency on c o n c e n t r a t i o n .  

s u l f u r  i s  e x c e p t i o n a l  i n  t h a t  i t  e l u t e s  l a t e  b u t  r e p r o d u c i b l y ,  e x h i b i t -  

i n g  narrow, symmetr ica l  peak shape. T h i s  un ique  e l u t i o n  b e h a v i o r  has 

become t h e  b a s i s  f o r  t h e  s e l e c t i v e  a n a l y s i s  o f  e lemen ta l  s u l f u r  i n  a 

number o f  p roduc ts  (8, 9, 1 0 ) .  Th i s  work takes  advantage o f  s u l f u r ' s  

s e l e c t i v e  i n t e r a c t i o n  w i t h  p o l y s t y r e n e  pack ings t o  d e r i v e  an i n t e r n a l  

s t a n d a r d  method f o r  t h e  r o u t i n e  d e t e r m i n a t i o n  o f  p r e c i s e ,  m o l e c u l a r  

w e i g h t s  by GPC. 

E lementa l  

MATER I AL S 

P o l y s t y r e n e  mol ecul  a r  w e i g h t  s tandards were purchased f rom Pres-  

s u r e  Chemical Co. , P i t t s b u r g h ,  PA. T e t r a h y d r o f u r a n  was o f  t e c h n i c a l  
grade f rom J .  T. Baker  Chemical Co., P h i l l i p s b u r g ,  NJ. The s o l v e n t  

c o n t a i n e d  0.0255 s t a b i l i z e r  and was used w i t h o u t  p u r i f i c a t i o n .  Po ly -  

i s o b u t y l  ene and f u n c t i o n a l  i z e d  p o l y i s o b u t y l e n e  were o b t a i n e d  f rom t h e  

Exxon Chemical Co. Flower o f  s u l f u r  o r i g i n a t e d  f rom Matheson, Coleman 

and Be1 1 ,  Norwood, Ohio. . 

MET H 0 DS 

Two l i q u i d  chromatographs were employed i n  t h i s  s t u d y :  Waters 292 '  
401 1 i q u i d  chromatograph (System I) and DuPont 830 1 i q u i d  chromatograph 
(System 11). O p e r a t i n g  c o n d i t i o n s  a r e  l i s t e d  i n  Tab le  1.  

S u l f u r  was weighed i n t o  t h e  polymer sample p r i o r  t o  d i l u t i o n  w i t h  

t e t r a h y d r o f u r a n  t o  make approx ima te l y  a 0.1% s u l f u r  s o l u t i o n .  Polymer 
c o n c e n t r a t i o n  ranged from O . l % - l %  (w t . / vo l  . )  depending o n  m o l e c u l a r  

w e i g h t .  A l l  s o l u t i o n s  were f i l t e r e d  th rough  a 0 .45  m i c r o n  t q i l l i p o r e  

membrane f i l t e r  p r i o r  t o  i n j e c t i o n .  Peak e l u t i o n  t imes  were measured 

e i t h e r  manua l l y  f r o m  reco rded  chromatograms o r  th rough  computer d i g i t i -  

z a t i o n  and peak e v a l u a t i o n  programs. 

p r e c i s i o n  o f  21 sec. 
Time c o u l d  be measured 'wi th  a 

RESULTS AND DISCUSSION 

I n  t h i s  work t h e  f l o w  p r e c i s i o n  o f  two w i d e l y  used pumps, i . e .  
Gaters  Model 6000 r e c i p r o c a t i n g  pump and DuPont 's  pneumatic pump, were 
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944 s CHULZ 

Chroma t o  graph 

I n j e c t o r  

Columns 

Recorder 

Sol vent 

Flow Rate 

Temper a t u  r e  

P r e s s u r e  

Sample Conc. 

I n j e c t  ion 
Va 1 ume 

Analysis  Time 

TABLE 1 

GPC Ins t rumenta t ion  and Opera t lpg  Condi t ions  

System I 

Waters Model 202/401 w i t h  
Model 6000A pump 

Waters U6K Universal 
I n j e c t o r  

u-Styrag 1 ,  30 cm e a c h ,  

1 OOA 

Klpp + Zonen BD-9 dual -  
channel r e c o r d e r  

1 0 5 ~ .  10  f A ,  1 0 3 ~ .  S O O A ,  

Tetra hydro f u r an 

2 . 5  , ML . I Mi n . 
Ambie'nt 

103 Bar 

0.1 5-1 .O% 

150 UL 

26 m i n .  

System I1 

DuPont Model 830 wi th  
Fcodel 833 flow c o n t r o l l e r  
a n d  Model 845 d i f f e r e n -  
t i  a1 r e f r a c t o m e t e r  

Waters U6K I lniversal  
I n j e c t o r  

u-Styrag 1 ,  30 cm e a c h ,  

500A 
I O ~ A ,  10  f A ,  1 0 4 ~ ,  1 0 3 ~ ~  

Hew1 e t t -  Packard Model 
71 30A dual -channel 
r eco rd  er 

Tet rahydro  f u r a n  

2 . 2 5  M C . / M i n .  

Amb i en t 

124 Bar 

0.1 5%-1 . O %  

150 FIL 

30 min. 

measured i n d i r e c t l y  through t h e  measurement o f  peak e l u t i o n  t ime re -  
p e a t a b i l l t y .  E lu t ion  t ime r e p e a t a b i l i t y  i s  a f f e c t e d  by f a c t o r s  o t h e r  

than flow c o n s t a n c y ,  such a s  column f r a c t i o n a t i o n  v a r i a b i l i t y ,  i n j c c -  
t i o n  t iming errorc, among o t h e r s .  However, flow v a r i a b i l i t y  i s  e.vFccted 
t a  have the l a r g e s t  e f f e c t .  For p r a c t i c a l  SPC a p p l i c a t i o n s ,  i t  i s  o f  
course  t h e  v a r i a b i l i t y  o f  t h e  molecular  weight  c a l i b r a t i o n  t h a t  w i l l  
bear d i r e c t l y  an the p r e c i s i o n  of  c a l c u l a t e d  molecular  w e i g h t s .  
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ELEMENTAL SULFUR AS INTERNAL STANDARD 945 

6W 

R I  

W 

Elution time v a r i a b i l i t y  was studied with groups of four poly-  
s tyrene  s tandards ,  a d i f f e r e n t  group with each chromatographic system. 
The standards were chosen t o  cover the  t o t a l  f r ac t iona t ion  range of 
each s e t  of columns and to  achieve good peak sepa ra t ion .  Figure 1 pre- 
s en t s  computer p lo t ted  chromatograms from System I ,  superimposing t h e  
simultaneous o u t p u t  from the  dual r e f r a c t i v e  index and u l t r a v i o l e t  ab- 
sorp t ion  d e t e c t o r s .  The polystyrene standards h?vc been i d e n t i f i e d  in  
the  f i g u r e .  The small peak a t  20 min. i s  a typical small - molecule 
i m p u r i t y  pezk re:orded by the  r e f r a c t i v e  index de tec to r  b u t  t r anspa ren t  
t o  t he  U'! d e t e c t o r .  The in t e rna l  standard peak a t  24 m i n .  i s  well 

w 

\ 

F I  Ie:LGI63R PS STDS SCHULZ 15:06:53 1/04/1988 
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J 

51 000 
n SULFUR 
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FIGURE 1 
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946 SCHULZ 

separated f rom t h e  polymer peak and t h e  impur 

UV response o f  t h e  i n t e r n a l  s tandard  r e f l e c t s  

t h e  UV d e t e c t o r .  The peak shape o f  s u l f u r  i s  

t y  r e g i o n .  The v e r y  h i g h  

t h e  h i g h e r  s e n s i t i v i t y  o f  

n e a r l y  symmet r i ca l ,  e x h i -  

b i t i n g  no more skewing than,  f o r  example, a sma l l -mo lecu le  a l k a n e  does  

which i s  n o t  s u b j e c t  t o  a b s o r p t i v e  e l u t i o n  d e l a y .  

cumulated o v e r  s h o r t - t e r m  (one-day), i n t e r m e d i a t e - t e r m  (5-10 days)  and 

long - te rm ( 6  months) p e r i o d s .  V a r i a b i l i t y  i s  expressed as pe rcen t  co- 

Table 2 l i s t s  t h e  e l u t i o n  t i m e  p r e c i s i o n  d a t a  t h a t  have been ac- 

e f f i c i e n t  o f  v a r i a t i o n  (923). 
For s h o r t  pe r iods ,  e l u t i o n  t i m e  r e p e a t a b i l  t y  o f  0.3% o r  b e t t e r  

can be ach ieved  p r o v i d e d  i n s t r u m e n t  per formance has been o p t i m i z e d .  

Th is  l e v e l  o f  p r e c i s i o n  c o u l d  n o t  be m a i n t a i n e d  w i t h  e i t h e r  system f o r  

l o n g e r  than  a day. I n t e r m e d i a t e - t e r m  p r e c i s i o n  was c o n s i d e r a b l y  l o w e r ,  

f a l l i n g  i n t o  a range o f  0.7-1.66. Long-term p r e c i s i o n  da ta  appear  i n  

f i g u r e s  2 and 3 and a r e  l i s t e d  i n  Tab le  2. The da ta  were genera ted  

a f t e r  t h e  i n t r o d u c t i o n  o f  e lementa l  s u l f u r  as i n t e r n a l  s t a n d a r d  and 

show t h a t  t h e  use o f  t h e  i n t e r n a l  s t a n d a r d  can r e s u l t  i n  a l o n g - t e r m  

p r e c i s i o n  o f  0.39, o r  b e t t e r .  

The p r e c i s i o n  l e v e l  o f  t h e  h i g h  m o l e c u l a r  w e i g h t  s t a n d a r d  ( P S  

2145000) i s  c o n s i d e r a b l y  l o w e r .  F i g u r e  3 shows a t r e n d  towards l a t e r  

e l u t i o n  w i t h  t ime ,  w h i l e  t h e  e l u t i o n  o f  t h e  t h r e e  o t h e r  s t a n d a r d s ,  

which were chromatographed c o n c u r r e n t l y ,  remained c o n s t a n t .  The t r e n d  

towards l a t e r  e l u t l o n  was p a r a l l e l e d  by an i n c r e a s e  i n  system p ressu re .  

When t h e  p ressu re  was r e l i e v e d  th rough  c l e a n i n g  o f  t h e  i n l e t  t o  t h e  

f i r s t  column, t h e  e l u t i o n  t i m e  o f  t h e  h i g h  r o l e c u l a r  w e i g h t  s t a n d a r d  

r e v e r t e d  t o  i t s  a r i ? i n a l  va lue .  I t  was concluded t h a t  t h e  l o w  p r e c i -  

s i o n  o f  t h e  h i g h  m o l e c u l a r  w e i g h t  s t a n d a r d  was n o t  due t o  f l o w  e r r o r s  

b u t  due t o  t h e  s t a n d a r d ' s  h i g h  s e n s i t i v i t y  towards shear d e g r a d a t i o n  

d u r i n g  a n a l y s i s .  

E l u t i o n  t imes o f  s tandards were c o r r e c t e d  p r o p o r t i o n a l l y  t o  t h e  

change i n  t h e  i n t e r n a l  s t a n d a r d ' s  e l u t i o n  t i m e  r e l a t i v e  t o  a s t a n d a r d  

t ime  determined a t  t h e  t i m e  t h e  m o l e c u l a r  w e i g h t  c a l i b r a t i o n  was es ta -  

b l  Ished. U n d e r l y i n g  t h e  appl i c a t i o n  o f  t h e  p r o p o r t i o n a l  c o r r e c t i o n  

method i s  t h e  assumption t h a t  t h e  m a j o r  cause o f  e l u t i o n  t i m e  v a r i a -  

b i l i t y  a r e  e r r o r s  i n  f l o w  r e s e t t a b i l i t y .  Causes may be changes i n  oump 

d e l i v e r y ,  s o l v e n t  c o m p r e s s i b i l  I t y  o r  l e a k s  downstream from t h e  pumo. 
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ELEMENTAL SULFUR AS INTERNAL STANDARD 947 

TABLE 2 
peak E l u t f o n  Time V a r i a b i l f t y  

I .  Short-Term (One-Day) 
System I Number Average 

O f  Data E l u t i o n  
P o i n t s  Time ( sec)  - Mw 

41 00000 4 4 58 
170000 4 473 

51 000 4 509 
4800 4 6 54 

267000 6 757 
51 000 6 84 3 
4200 C 1035 

600 6 1182 

- 

System I I  

11. I n t e r m e d i a t e  Ten (5-70 Days) 
System I 

41 1 000 8 4 58 
170000 8 473 

97000 8 4 96 
51 000 8 509 
1905C 5 560 
10300 8 597 

4800 8 6 54 
2030 5 684 

58 5 8 76: 
266 8 P 51 

System I 1  
2700000 5 7 54 

200000 5 853 
19850 5 1032 

2030 5 1190 
Poly isobuty l  ene  19  81 9 

111. Long-Term (5 Months) W i t h  I n t e r n a l  S tandard  
System I 

41 1 C O O  27 61 5 
51 000 27 703 
4800 26 862 

60 0 26 983 
System I 1  
‘21 4 5000 22 a4 3 4 7 0  

200000 1 9  962 
19850 1 8  1122 

2030 1 9  1258 

E l u t i o n  
V a r i a b i l  i t y  

% cv 
0.30 
0.09 
0.29 
0.33 

0.1 5 
0 .23 
0.18 
0.18 

0 .98  
0.83 
1 . 3  
0.60 
1 . 6 3  
0.92 
1 .21  
0.72 
1 . 1 9  
0 . 8 5  

1 . o o  
0 .75  
0.66 
0.59 
1 . 2  

0.19 
0 .28  
0.22 
0 .25  

c .99  
0 . 2 3  
0.16 
0.21 
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948 SCHULZ 

PS 600 0=2.47 ICC or 0.2596 

P S  4,800 U= 1 .95 sec or 0.229'0 
8 7 0 L '  1 ' . I  ' I ' ' " ' I ' I ' d 1 

1 
84.. 0 * . . .  0 ... 0 .  O W  0 . .  

I 

- 
P S  411,000 0=1.15 rec or 0.19O5 

I 
l , l . l I l . l . l l i l  1 .  
20 40 60 80 100 120 140 lo0 I GCj MM 

DAY 5 

FIGURE 2 .  CPC CALIBRATION PRECISION-SYSTM L 

The f a c t  t h a t  t h e  i n t e r n a l  s t a n d a r d  c o r r e c t i o n  method i s  e f f e c t i v e  

l o n g - t e r m  suppor t s  t h e  assumption. Even such e r r o r s  as changes in 

dead volume, mark ing  o f  t h e  i n j e c t i o n  even t ,  e t c .  , which would r e q u i v e  

a c o n s t a n t  t i m e  c o r r e c t i o n ,  a r e  c o r r e c t e d  t o  a l a r g e  degree by t h e  p r g -  

p a r t i o n a l  method. 

The advantage o f  t h e  i n t e r n a l  s t a n d a r d  method i s  t h a t  p r e c i s e  

mo lecu la r  we igh ts  can be ach ieved  w i t h  i n e x p e n s i v e  pumps and o p e r a t i n g  

t h e  chromatograph a t  l e s s  than  optimum performance. Th is  makes t h e  

method p a r t i c u l a r l y  a t t r a c t i v e  f o r  qua1 i t y  c o n t r o l  work. 

p r e c i s i o n  s t u d y  extended o v e r  pe r iods  when m i n o r  i n s t r u m e n t  ma1 func- 

t i o n s  were observed, such as m ino r  s o l v e n t  l e a k s  o r  f a u l t y  check v a l v e  

o p e r a t i o n .  I n  o u r  k o r k ,  t h e  d e p a r t u r e  o f  t h e  i n t e r n a l  s t a n d a r d  t ime  

from t h e  e s t a b l i s h e d  t i m e  i s  mon i to red  as an i n d i c a t i o n  o f  i n s t r u m e n t  

The l o n g - t e r m  

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



ELEMENTAL SULFUR AS INTERNAL STANDARD 949 

1130 

P S  2030 0~3.90 sac or 0.31% 

I a l ' l ' l ~ l ~ l ' l ' l ' l  - 
P S  1 9 8 9  U =  1 .78 sec or O.Ib% 

2 1120' ** ** ** - - 

870 

860 

850 

P S  200,000 0 ~ 2 . 1 8  sec or 0.23% i I . ' "  

I- 

- ' I '  I ' I .  I ' I ' * I  ' b '  I - - 
- ** : - 

: *  a. - 
tb 

8 4 0 . ' 2 a ! * ~  ! 9 I * I . ! I I I ,  I t I 

FIGURE 3 .  GPC CALIBRATION PRECISION-SYSTM I1 

per fo rmance .  L a r g e  d e v i a t i o n s  s i g n a l  t h a t  t h e  i n s t r u m e n t  r e q u i r e s  s e r -  

v i c e .  O f  c o u r s e ,  changes i n  co lumn s e p a r a t i o n  b e h a v i o r  a r e  n o t  c o r r e c t e c !  

by t h e  i n t e r n a l  s t a n d a r d  and m u s t  b e  m o n i t o r e d  s e p a r a t e l y  w i t h  m o l e c u l a r  

w e i g h t  s t a n d a r d s ,  

mer on  t h r e e  d i f f e r e n t  days .  The d a t a  i n d i c a t e  t h a t  even w i t h  i n t e r n a l  

s t a n d a r d  c o r r e c t i o n  s h o r t - t e r m  p r e c i s i o n  c a n  s t i l l  b e  b e t t e r  t h a n  l o n g -  

t e r m  p r e c i s i o n .  S h o r t - t e r m  v a r i a t i u n s  approach  t h e  1 i m i t i i s  e r r o r  due  

t o  t h e  21 sec.  r e a d a b i l i t y .  

days  a r e  o f  l o w e r  p r e c i s i o n  i n d i c a t e s  e r r o r s  o t h e r  t h a n  f l o w  r e s e t t a b i -  

l i t y  a r e  o p e r a t i v e .  

T a b l e  3 p r e s e n t s  e l u t i o n  t i m e  p r e c i s i o n  d a t a  o b t a i n e d  f o r  a p o l y -  

The f a c t  t h a t  t h e  p o o l e d  d a t a  f o r  t h e  t h r e e  
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TARLE 3 

SCHULZ 

Peak E l u t i o n  Time V a r i a b i l i t y  
o f  an I s o b u t y l e n e  Polymer 

No. Data Avg 
!iY P o i n t s  t e  ( sec )  - %CV 

1 5 836.@ 0.1 9 
2 7 830.4 0.1 2 
3 7 834.5 0.10 

A l l  Samples 1 9  833.3 0.32 

The l e v e l  o f  m o l e c u l a r  w e i g h t  p r e c i s i o n  one can o b t a i n  under  s h o r t -  

t e rm ( i n t e r n a l  s tandard )  c o n d i t i o n s  a r e  i l l u s t r a t e d  w i t h  a l ow  m o l e c u l a r  

w e i g h t  p o l y i s o b u t y l e n e  i n  Tab le  4 .  
Tab le  5 l i s t s  r e p e a t  m o l e c u l a r  w e i g h t s ,  o b t a i n e d  on d i f f e r e n t  days, +or 
a s e r i e s  o f  f u n c t i o n a l  i z e d  p o l y i s o b u t y l e n e s .  The d a t a  demons t ra te  t h a t  

w i t h  i n t e r n a l  s t a n d a r d  based f l o w  c o n t r o l  smayl d i f f e r e n c e s  i n  molecu- 

l a r  w e i g h t  and m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  can be measured. 

TABLE 4 

GPC M o l e c u l a r  Weight P r e c i s i o n  
o f  Pol y i  so bu t y l  ene (Sys tern I ) 

Mn - M W - 
1324 
1305 
1299 
1296 
1310 
13c3 
1320 
1293 
1302 
1305 
1312 
1300 
1375 
1307 

Avg. i 3 0 6 . 5  

". cv 0.59% 

71 2 
6 98 
702 
698 
71 9 
702 
7 06 
695 
699 
705 
7 03 
69E 
7 27 
71 1 
704.1 

1 .3% 

Mw/Hn 

1 .86 
1 .87 

1 .36 

1 .86  

1.86 

1 .55 
1 .87 

- 

1 .a5 

1 .a2 

1 .a7 

1 . a 6  

1 .a6 
1 .a1 

1 .a6 
1.84 - 

0.96% 
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ELEMENTAL SULFUR AS 1NTEKNA.L STANDARD 951 

TABLE 5 

GPC Molecular  Weight R e p e a t a b i l l t y  o f  
Funct ional  i z e d  Poly isobuty l  e n e  (System I )  

Sample No. 
1 
1R 
2 
2R 
3 
3R 
4 
4R 
5 
5R 
6 
6R 
7 
7R 
8 
8R 

9 
9R 

bb4 
1975 
1976 
1155 
11 5 5  
1336 

1214 
1206 
1380 

1873 
181 3 
1625 
1607 
1323 
1294 
1774 
1852 

- 

i 385 

1378 

Mn 

833 
673 
6 50 
694 
695 

666 
662 
668 
657 
659 
806 
82 9 
693 
687 
81 9 
80 3 

- 
a30 

681 

h / M n  
2.378 
2.372 
1.717 

1.926 
1.992 

- 

1.778 

1.783 
1 .a10 
2.084 
2.063 
2.849 
2.753 
2.01 7 
1 .937  
1.911 
1.883 
2.165 
2.305 

CONCLUSIONS 

Elemental s u l f u r  i s  i d e a l l y  s u i t e d  a s  an i n t e r n a l  s t a n d a r d  t o  cor- 
r e c t  f o r  flow v a r i a b i l i t y  i n  GPC a n a l y s i s  with t h e  wide ly  used sys tem 
i n v o l v i n g  p o l y s t y r e n e  packings a n d  t e t r a h y d r o  furan a s  s o l v e n t .  
f u r ' s  unique i n t e r a c t i o n  w i t h  t h e  column packing p l a c e s  i t  o u t s i d e  t h e  
molecular  s i z e  e l u t i o n  range ,  making i t  n o n - i n t e r f e r a n t  with any ma- 
t e r i a l  s e p a r a t e d  on t h e  b a s i s  o f  molecular  s i z e  e x c l u s i o n .  
r e a d i l y  s o l u b l e  and chemica l ly  i n e r t ,  e x h i b i t i n g  a p o s i t i v e  r e f r a c t i v e  
index d i f f e r e n c e  and high UV response .  

p u r i t y ,  inexpens ive  and can be s a f e l y  handled.  
as i n t e r n a l  s t a n d a r d  r e s u l t s  i n  a long-term e l u t i o n  t i m e  p r e c i s i o n  o f  
0 .3%. 
o b v i a t e s  t h e  need f o r  expensive h i g h - p r e c i s i o n  pumps. 

Sul -  

S u l f u r  i s  

I t  i s  r e a d i l y  a v a i l a b l e  i n  high 
The i n c l u s i o n  o f  s u l f u r  

I t  makes t h e  GPC r o l e c u l a r  weight  t e s t  a rore rugged t e s t  and 
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