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SYNOPSIS 

Herein i s  repor ted an evaluat ion o f  t he  newly proposed I S F C I I .  

Based on the shape funct ion.  i t  i s  nou poss ib le  t o  estimate t h e  peak 

d ispers ion c o e f f i c i e n t  o f  any sample given the  chromatogram. 

ab le t o  apply the new concept t o  f i n d  sources o f  peak d ispers on and 

prov ide a b e t t e r  understanding o f  o the r  phenomena i n  Size Exc us ion 

Chromatography (SEC), i t  i s  important t o  evaluate t h e  concept i n  

terms o f  r e p r o d u c i b i l i t y  o f  estimated parameters. To t h i s  end. two 

dextran corning c o n t r o l l e d  porous g lass (CPG-10) and one polyacry- 

LamideICPG-10 systems were chosen and the  r e s u l t s  are contained 

herein. 

To be 

* Corresponding author 

Copyright @ 1989 by Marcel Dekker, Inc. 
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1156 OMORODION AND HAMIELEC 

INTRODUCTION 

2 Evaluation o f  peak d i spe rs ion  c o e f f i c i e n t s  (0 1 has been a very 

d i f f i c u l t  task. 

theories, i t  has e i t h e r  been usua l l y  neglected o r  assumed t o  be 

independent o f  molecular ue ight  (MU) o r  r e t e n t i o n  volume, etc .  du r ing  

MU cal ibrat ion/molecular  weight averages c a l c u l a t i o n  problems. Tung, 

Moore and KnightC23 uere the  f i r s t  t o  develop an ingeneous technique 

f o r  measuring peak d i spe rs ion  c o e f f i c i e n t s  - the  "reverse-flow" 

technique. This method requi res a specia l  device uhich i s  not 

i n s t a l l e d  i n  usual GPC u n i t s .  

o f  monodispersed o r  very narrou MUD polymer standards. Therefore, f o r  

f a i r l y  narrou o r  broad MUD polymer standards, t he  method i s  not  

appl icable. According t o  t h e  phys ica l  i n t e r p r e t a t i o n  o f  t he  neuly 

proposed I S F ,  the f l a t t e n i n g  process uhich becomes very predominant 

as the po lyd i spe rs i t y  o f  t h e  sample ncreases, cannot be e l im ina ted  

whether the f low i s  reversed o r  not .  

Due t o  the  d i f f i c u l t i e s  invo lved and lack o f  adequate 

This method uas developed u i t h  the  use 

Due t o  the time-consuming and sometimes d i f f i c u l t  procedures o f  

the reverse-f lou technique, several o ther  methods have been proposed 

and used. 

s t a t i s t i c a l  consideration o f  varianceC4,5), and Once-through technique 

o f  Hamielec and co-uorkersC61. O f  most o f  these methods, t h e  most 

promising has been the Once-through technique, uh ich makes use o f  t he  

a n a l y t i c a l  so lu t i ons  o f  Harnielec and RayC73 o f  Tung's peak d i spe rs ion  

equationC81. However. Tung and RunyonC33 and KotakaCBl claimed t h a t  

t he  method uas not t oo  accurate, due t o  t h e  sensit iveness o f  CJ t o  t h e  

slope o f  the MU c a l i b r a t i o n  curve. From s t a t i s t i c a l  considerations, 

any adequate method o f  peak d ispers ion est imat ion should no t  depend on 

Some o f  t he  o lde r  methods i nc lude  curve f i t t i n g  procedureC31, 
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EVALUATION OF ISF 1157 

the slope o f  the MW c a l i b r a t i o n  curve alone o r  on the  t r u e  poly-  

d i s p e r s i t y  o f  the sample. 

I n  a recent work i n  the  seriesCl1, due t o  t h e  symnetric form o f  

the proposed I S F ,  a mathematical expression which r e l a t e s  peak d i spe rs ion  

c o e f f i c i e n t  t o  both the  SEC p o l y d i s p e r s i t y  o f  a sample and the  slope 

o f  a l i n e a r  molecular weight c a l i b r a t i o n  curve employed i n  ob ta in ing  the  

po lyd i spe rs i t y  was obtained. It i s  the ob jec t i ve  o f  t h i s  study t o  

evaluate the v a l i d i t y  o f  t h i s  equation and r e p r o d u c i b i l i t y  o f  t h e  

parameters u2 and Ak. 

EXPERIMENTAL 

The SEC equipment and procedures have been describedC101. For 

the present invest igat ion,  two mul t i -co lunn systems were chosen. 

The desc r ip t i ons  of these systems are contained i n  Table 1. The 

MW averages o f  the dext ran and polyacrylamide standards employed are 

shown i n  Tables 2 and 3 respect ive ly .  

MWS averages (MUs) were supplied f o r  p o l y a c r y l m i d e  standards. these 

values w i l l  not  be requi red i n  the present i nves t i ga t i on .  

w i l l  on ly  be employed i n  obta in ing the  

than the t r u e  MW c a l i b r a t i o n  curve. 

Though o n l y  the Weight Average 

The Mws 
c a l i b r a t i o n  curve r a t h e r  

T H E O R Y  

According t o  the form o f  the newly proposed ISFC11.  the f o l l o w i n g  

equations were obtained:- 

"3.. 2 [I-I 1 

where o 2  t h e  peak d i spe rs ion  c o e f f i c i e n t  o f  a sample's chromato- 

gram was shown t o  be 

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



1158 OMORODION A N D  HAMIELEC 

k 

1 

TABLE 1: OPERATING CONDITIONS OF SYSTEMS EMPLOYED 

Code No. Columns combined in  Series 

S4CRA C729. C500. C240B. C240/120 

Polydextran* 

S4CRB C729. C500, C2408, C240/420 

Po lydex t ran* 

T150 

T l l O  

770 

T40 

T20 

T10 

I S5AR 1 C3000, C3000. CZOOO. C1000. C729 

Polyacrylamide** 

86.0 

76.0 

42.5 

28.9 

15.0 

5.7 

Length o f  Flou- 
Co Lurnn I r a t e  
(ft.) (ml/mtn) 

13.18 

13.18 

19.00 I 2.50 

* Mobile-phase: 0.00833MNa2S04/1.0gm/24 l i t . T e r g i t o 1  (pH = 7.0) 

** Mobile-phase: pH = 7.0, I = 0.25, 0.25 gm/L polyeth lene oxide 

1.5 gm124 L i t .  Te rg i to l .  2.5% CH30H. 

TABLE 2: BROAD MWD POLYDEXTRAN STANDARDS EMPLOYED WITH LINEAR 
CALIBRATION METHODS* 

I 

T500 173.00 509.0 

T250 I 112.5 I 231.0 

154.0 

106.0 

70.0 

44.4 

22.3 

9.30 

iu/iN 

2.94 

2.05 

1.79 

1.39 

1.65 

1.54 

1.49 

1.63 

- Mrms 

297.0 

161.2 

115.1 

89.8 

54.5 

35.8 

10.29 

7.28 

Conc. 
Inj .  
w t  .% 

0.05 

0.05 

0.05 

*Supplied by Pharmacia L imi ted 
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EVALUATION OF ISF 

TABLE 3 :  CHARACTERISTICS OF POLYACRYLAMIDES* 

Designat i o n  

PAM 55 

PAM 100 

PAM 270 

PAM 500 

PAM 1000 

PAM 2000 

PAM 5000 

Lot No. 

93-7 

93-3 

93-3 

93-5 

95-6 

95-4 

94-3 

/;1wx1~-3 HrnsXl o - ~  - 

55.00 - 

100 - 
270.00 - 
500.00 - 

1000.00 - 
2000.00 - 

5-6000.00 - 

*Data supplied by Polysciences, Warrington, Pennsylvania 

a 2  = LnCPCapp) 3 
D22 

and Kn was g iven by 

1159 

[I-23 

[I-31 

Here. D2 i n  equation CI-21 i s  t he  slope o f  any a r b i t r a r i l y  chosen 

l i n e a r  MU c a l i b r a t i o n  curve i n  which the  t r u e  MU c a l i b r a t i o n  may be 

one o f  them. P(app) i s  t he  apparent p o l y d i s p e r s i t y  o f  t he  sample 

obtained us ing the a r b i t r a r i l y  chosen l i n e a r  MU c a l i b r a t i o n  curve. 

D2 i n  equation [I-33 i s  the slope o f  the t r u e  MU c a l i b r a t i o n  curve 

obtained using l i n e a r  TBS method o f  c a l i b r a t i o n  where both in and 
2 iw are employed. 

which i s  a l so  g iven by Kn = -1n P ( t ) ,  P( t )  being the  t r u e  poly- 

d i s p e r s i t y  o f  the sample. Ak i s  the p o l y p l a t y k u r t i c  o r  f l a t t e n i n g  

c o e f f i c i e n t  which can on ly  be l ess  than zero f o r  broad samplesC11. 

For Equation [I-11 t o  be used f o r  ob ta in ing  peak d i spe rs ion  c o e f f i -  

Kn i s  the slope o f  the p l o t  o f  X versus 1/D2 , 
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1 I60 OMORODION AND HAMIELEC 

c ient ,  the absolute molecular weight averages (Mu and in) of the 

sample must be known. The use o f  Equation [I-21 does n o t  requ i re  

the knowledge o f  the MU averages and the t r u e  MU c a l i b r a t i o n  curve 

o f  the generating SEC/polymer system. Equation [I-33 i s  l i m i t e d  t o  

the use o f  the t r u e  MU c a l i b r a t i o n  curve alone, since K i s  a 

func t i on  o f  the t r u e  po lyd i spe rs i t y  o f  the sample. Therefore, f o r  

calibration/MW averages c a l c u l a t i o n  problems, two o r  t h ree  c a l i b r a -  

t i o n  curves may subsequently be needed - the  l i n e a r  MU c a l i b r a t i o n  

curve, peak d i spe rs ion  c o e f f i c i e n t  c a l i b r a t i o n  curve ( i f  desired) 

and tha t  corresponding t o  Ak. 

n 

RESULTS AND DISCUSSIONS 

Using TES method, the  t r u e  MU c a l i b r a t i o n  curves f o r  the dext ran 

SEC systems (S4CRA and S4CRE) were obtained and these a r e  shown i n  
3 Fig. 1 

the Mu and root  mean square average MU (Mpms) c a l i b r a t i o n  curves. 

A t  the two f low-rates employed. very l i t t l e  can be sa id  about the  

in f luence o f  f low-rates on the molecular weight c a l i b r a t i o n  curves. 

However, us ing X values obtained from the TES method o f  c a l i b r a t i o n ,  

p l o t s  o f  X versus D2-2 were obtained. 

system a t  lower f lou-rate.  

were obtained. Using s i m i l a r  p l o t  f o r  t he  other  system. o2 and Kn 

values were a l so  obtained. These are l i s t e d  i n  Table 4, along w i t h  

the A values obtained us ing Equation [ I -33 .  

molecular weight r e s o l u t i o n  co r rec t i on  f a c t o r s  w i t h  respect t o  a* and 

Ak f o r  these two dextran systems. 

i s  less a t  the lower-f lourate, i t  i s  prematurely e a r l y  t o  draw any 

i n  cubic centimeters (cm ) ra the r  than i n  counts, along w i t h  

Fig. 2 shows the case o f  t he  

From the  p lo t s .  a2 and K f o r  each sample n 

Table 5 contains the k 

Though peak d i spe rs ion  co r rec t i on  
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EVALUATION OF ISF 1161 

I I I I I I 
90 100 110 120 130 140 d C  

RETENTION VOLUME(E) 

- -  
Figure 1 .  MU, Mrms and TBS method MU c a l i b r a t i o n  curves for  Dextran 

for  case-studies # 1  and 2. 

TBS method MU ca l ib ra t ion  curves (M(v) = 0.356 x 10 

EXP(-0.372V)) - fo r  case study # 1 ( f lowrate = 3.0 ml/min); 

4 - Mu, b - TBS method MU c a l i b r a t i o n  curves 

(M(v) = 0 .370~10  EXP(-0.364V)) - fo r  case study # 2 

( f lowrate = 1.9 ml/min). 

0 - i,,, $ - MrmS, f3 - 
9 
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-0.5 
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1 
U 
v 
x -1.0 

-1 .5 

-2.0 

- 2 . 5  

- 3  .n 
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a 

Figure 2 .  Overal l  Perk Broadening Parameter ( X I  versus D2-* fo r  

case-study rY2 for  Dextran. 
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EVALUATION OF ISF 

-Kn 

0.495 

0.401 

0.429 

0.498 

0.330 

0.580 

0.700 

1.052 

TABLE 4: THE SLOPES AND INTERCEPTS OF THE PLOT OF X VERSUS D2-2 
FOR SYSTEMS h! 1 AND 2 

-Ak 

73.938 

70.728 

47.441 

35.337 

25.819 

22.466 

18.664 

22.496 

Sample 

T I 0  

T20 

T40 

T70 

T l l O  

T150 

T250 

T500 

0.495 

0.401 

0.429 

0.498 

0.330 

0 -580 

0.701 

1.056 

2* 

2.046 

1 .883 

2.378 

2.969 

2.827 

4.018 

4.843 

5.403 

108.046 

116.041 

63.465 

43.935 

30.876 

28.501 

19.981 

26.020 

3.0 mllmin. 

~~ 

EXP(-D22:/2) 

0.889 

0.903 

0.867 

0.831 

0.836 

0.781 

0.723 

0.705 

I 

EXP(-D404Ak/24) 

1.280 

1.219 

1.238 

1.281 

1.179 

1.335 

1.418 

1.698 

1.9 m l l m i n .  

2 

1.766 

1.529 

2.147 

2.787 

2.702 

2.737 

4.899 

5.272 

TABLE 5: PEAK DISPERSION RESOLUTION CORRECTION AND POLYPLATYKURTIC 
COEFFICIENT RESOLUTION CORRECTIONS FOR SYSTEMS # 1  AND 2 

3.0 m l l m i n  I 
;ample 

T10 

T20 

740 

T70 

TI10 

T150 

T250 

T500 

0.867 

0.877 

0.848 

0.814 

0.822 

0.757 

0.715 

0.687 

1.279 

1.223 

1.237 

1.281 

1.179 

1.335 

1.416 

1 A 9 1  

1.9 m l l m i n  
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1164 OMORODION A N D  HAMIELEC 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

11 

12 

13 

14 

15 

2 TABLE 6: REPRODUCIBILITY OF E S T I M A T I O N  OF a AN0 AK VALUES 

2 X (count) 

-0.7013 

-0.7125 

-0.7469 

-0.6807 

-0.6440 

-0.7041 

-0.6542 

-0.6281 

-0.6974 

-0.701 a 

-0.7009 

-0 . a 8 2  

-0.5868 

-0.6955 

-0.6457 

Avg. 

a 

T70 

2 2 a (count) 

2.a772 

2.8660 

2.8316 

2.8978 

2.9345 

2.  a744 

2.9243 

2.9504 

2.8811 

2. a769 

2.8756 

2.9503 

2.9917 

2.8830 

2.9328 

2.9032 

~0 .0422  

Ak 

-37.61 53 

-37.9099 

-3 a. a3 66 

-37.0824 

-36.1607 

-37. baa7 

-36.4134 

-35.7720 

-37.5136 

-37.6232 

-37.6572 

-35.7744 

-34.791 2 

-37.4641 

-36.2026 

-36.9670 

1.0660 

2 
X (count) 

-0.2742 

-0. I 438 

-0. I a35 

-0.1384 

-0.1713 

-0.2061 

-0.2607 

-0.2284 

-0.2742 

-0.1584 

-0.1724 

-0.261 1 

-0.1565 

-0.1784 

-0.2057 

Avg . 
a 

T250 

2 2 
a (count) 

4.7435 

4 ~ 7 3 9  

4.8342 

4 .  a793 

4 .  a464 

4.8116 

4.7570 

4.7893 

4.7435 

4.8597 

4 .  a453 

4.7566 

4.8612 

4.8393 

4.8120 

4.8169 

+O. 0462 

Ak 

-19.3136 

-1 8.2939 

-1a.5956 

-18.2535 

-1a.5021 

-18.7707 

-19.S312 

-1 8.9459 

-1 9 3 1 3 6  

-1 8.401 o 

-1 8.51 05 

-1 9.534J 

-1a.za97 

-1 8.5565 

- l a  .7676 

-1a.7787 

; 0.4451 

conclusion about the i n f l uence  o f  f l owra te  on MU calibration/MW 

calcu lat ions.  

For the  system a t  higher f low-rate, two standards - T250 and T70 

were i n j e c t e d  f i f t e e n  t imes each o v e r a p e r i o d  o f  one and h a l f  months. 

Using the t r u e  MU c a l i b r a t i o n  curve f o r  t he  system, t h e i r  X values 

were obtained. These were used t o  est imate u and Ak values. These 

are l i s t e d  i n  Table 6 which a l so  contains the  average values and t h e i r  
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EVALUATION OF ISF 

TABLE 7: APPLICATION OF o 2  EQUATION (EPN. [I-21) FOR POLYACRYLAMIDE SAMPLES 

For M(v)  = 

Sample 

PAM 55 

PAM 270 

PAM 500 

PAM 1000 

PAM 2000 

1165 

0 . 6 1 7 ~ 1 0 ~ ~ E X P ( - 0 . 2 8 9 ~  

2 2 P(app) (I (count) 

2.397 10.47 

2.302 9.98 

2.811 12.37 

2.450 10.73 

1.664 6.10 

P(app) 2 2 
(I (count) 

3.189 10.46 

2.985 

3.068 

3.257 

1.963 

1.1 501’ EXP(-0.309Y) 

2.713 10.46 

2.579 

3.231 

2.773 

standard dev at ions.  With measured standard dev ia t i ons  o f  l ess  than 

1.5%, t he re  

There i s  a lso no doubt tha t  t he  I S F  o f  these very compact standards 

are i n  a d d i t i o n  symmetric i n  shape. 

The TBS method could not be used w i t h  polyacrylamide s ince  on ly  

2 s no doubt t h a t  u and Ak values are h igh l y  reproducib le .  

the Mw o f  these standards were supplied. 

c o e f f i c i e n t s  o f  the standards were obtained usingEquation [I-21. 

This  system was p a r t i c u l a r l y  chosen because o f  t he  very non- l inear  

nature o f  the M 

d i f f e r e n t  l i n e a r  MW c a l i b r a t i o n  curves were a r b i t r a r i l y  chosen and 

used w i t h  Equation [I-23 and the  r e s u l t s  are shown i n  Table 7. 

Despite t h e  large d i f f e rences  i n  the  apparent p o l y d i s p e r s i t i e s  o f  t he  

same sample (P(app)). t h e  u remains e s s e n t i a l l y  the same vary ing 

only  from one sample t o  the other. 

i n  any SEC process conta in  a great  deal  o f  i n fo rma t ion  about the  

performance o f  the SEC process i t s e l f .  as w e l l  as the  polymer sample 

i n  question. 

However. t he  peak d i spe rs ion  

c a l i b r a t i o n  curve as shown i n  F igure 3.  Three very 
Y 

2 

Thus. t he  chromatograms obta ined 
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Figure 3. Ew ca l ib ra t ion  curve for  Po lyacry lmide  (PAM) i n  case- 

study # 3  ( f lowrate - 2.5 ml/min); mobile-phase - 
pH = 7.0, Ionlc strength ( I )  = 0.25 (See Table 1). 
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EVALUATION OF ISF I167 

SUMMARY 

In summary, based on the  proposed I S F ,  peak d i spe rs ion  c o e f f i c i e n t  

can be e a s i l y  obtained u i t h  great accuracy us ing any o f  t h e  t u o  methods 

described. There i s  no doubt t h a t  the proposed I S F  should be o f  

general a p p l i c a t i o n  t o  polymers i n  general. Though. very narrou range 

o f  f lou-rates were repor ted here. t h i s  u i l l  be a subject  o f  f u r t h e r  

i n v e s t i g a t i o n  i n  the ser ies,  since f l ou - ra te  s tud ies i s  important i n  

understanding the  mechanism o f  separat ion i n  SEC. 
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