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STRAIGHTFORWARD PROCEDURE FOR ESTIMATING THE SPREADING FACTOR 
IN SEC 

G. Glockner 
Technical Universi ty  of Dresden 

Department of Chemistry 
DDR-8027 Dresden, Mommsenstr. 1 3  

ABSTRACT 

This  cont r ibu t ion  compiles SEC plate-height  da ta  obtained with 
var ious polymer s tandards and with a low-molecular probe. The 
l a t t e r  value i s  e a s i l y  measured and commonly given as a t e s t  o f  
the  apparatus  used. Plate-height  values h from t h e  low and 
high-molecular range can be approximated by a s t r a i g h t  l i n e  
when p l o t t e d  logar i thmica l ly :  

l o g  h = A + B l o g  M 

Knowledge of the  s lope f a c t o r  B would enable plate-height  da- 
ta i n  t h e  high-molecular range t o  be estimated on t h e  b a s i s  05 
t h e  r e l i a b l e  value from a low-mo ecular  probe. The var iance 6 
and the  spreading f a c t o r  1 / ( 2  6 ) can e a s i l y  be derived from 
t h e  p l a t e  height.  

3 

INTRODUCTION 

The spreading f a c t o r  i s  a quant i ty  which i s  needed f o r  t h e  

evaluat ion o f  l u n g ' s  i n t e g r a l  equation (1) : 

F(v) = F ( Y )  G(v,Y)dy (1) 
0 

F(v)  i s  t h e  uncorrected chromatogram, i. e. t h e  d e t e c t o r  re-  

sponse a t  e l u t i o n  volume v. W(y) i s  t h e  chromatogram corrected 
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1770 GLOCKNER 

for peak broadening. G(v,y) i s  t h e  i n s t r u m e n t a l  sp read ing  func- 

t i o n  which c o n t a i n s  t h e  s a r e a d i n g  f a c t o r .  Graph ica l ly ,  G(v,y) 

i s  t h e  d e t e c t o r  r e sponse  due t o  a s i n g l e  component w i t h  e l u t i o n  

volume y. G(v,y) i s  u s u a l l y  assumed t o  be Gaussia.n: 

6 2  i s  t h e  v a r i a n c e  of  a Gaussian d i s t r i b u t i o n .  The q u a n t i t y  6 

i s  t h e  s t anda rd  d e v i a t i o n .  9or a Gaussian curve ,  i t  i s  h a l f  

t h e  wid th  a t  t h e  i n f l e c t i o n  p o i n t s ,  i. e. a t  60.7 7; maximum 

h e i g h t  of t h i s  curve.  

Tun& ( 1 )  c a l l e d  t h e  q u a n t i t y  1/(2 1 5 ~ )  "spreading  f a c t o r "  

but  t h e r e  e r e  a l s o  pape r s  which use  this name f o r  t h e  expres-  

s i o n s  1/(2 6 2 ) 0 * 5  or 1 / d 2 .  A t  any r a t e ,  t h e  s o  c a l l e d  

sp read ing  f a c t o r  i s  r e l a t e d  t o  t h e  r e c i p r o c a l  of  t h e  va r i ance  

6 '. 
Eq. (1) r e f l e c t s  t h e  f a c t  t h a t  t h e  chromatogram of a g iven  

sample i s  a1v:ays b roade r  t h a n  i t s  comqonent d i s t r i b u t i o n .  The 

band broadening i s  due t o  i n s t r m e n t a l  sp read ing .  The h i g h e r  

t h e  nerformance of a chromatographic a p o a r a t u s ,  t h e  l e s s  dra-  

m a t i c a l l y  t h e  bands r i l l  broaden - but band broadening remains 

a fundamental  problem and e s p e c i a l l y  i n f l u e n c e s  t h e  edges o f  a 

chromatogram. Here t h e  uncor rec t ed  curve  shows c o n s t i t u e n t s  

which, i n  r e a l i t y ,  a r e  not p r e s e n t .  

There a r e  s e v e r a l  numer ica l  t echn iques  f o r  t h e  s o l u t i o n  of 

Eq. (1). (For  survey ,  s e e  Ref. 2,  e.g.). The methods proposed 
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ESTIMATING SPREADING FACTOR 1771 

by I s h i g e  e t  a l .  (3) o r  by Vozka and Kubin ( 4 )  proved t o  be 

very e f f e c t i v e  (5) .  An a n a l y t i c a l  s o l u t i o n  of Eq. (1)  has re -  

c e n t l y  been given by Hamielec e t  a l .  ( 6 ) .  

A l l  t h e  cor rec t ion  techniques requi re  prec ise  knowledge 

o f  t h e  standard d e v i a t i o n 0  . With too small a value t h e  cor- 

r e c t i o n  w i l l  be i n s u f f i c i e n t ,  too high a value w i l l  y i e l d  over- 

cor rec t ion .  I n  SEC o f  polymers, t h e  quant i ty  CJ can be measured 

by severa l  techniques: ( i )  by reverse-flow experiments ( 7 ) ,  

( i i )  by chromatograohic runs of  polymers which a r e  chromato- 

graphica l ly  monodisperse ( 8 ) ,  ( i i i )  by chromatographic runs 

o f  samples mith p r e c i s e l y  known molar mass d i s t r i b u t i o n  (IlwID), 

( i v )  using samples with exac t ly  known values o f  average molar 

mass o r  s t a t i s t i c a l  moments, o r  ( v )  by recycl ing.  

Methods ( i )  and ( v )  need s p e c i a l  equipment and a r e  r a t h e r  

cumbersome, ( i i )  r e q u i r e s  high e I f o r t  i n  f r a c t i o n a t i n g  a syn- 

t h e t i c  polymer t o  t h e  necessary degree o f  p u r i t y ,  (iii) and 

( i v )  a r e  s t rongly  dependent on t h e  p r e c i s s i o n  t o  which t h e  MEID 

o r  t h e  average molar mass values  of the  standard polymers a r e  

known. 

It i s  very d i f f i c u l t  t o  ob ta in  t h e  p r e c i s e  data o f  a ( v ) .  

I n  some papers deal ing with cor rec t ion  o f  SEC da ta  t h e  value 

of 0 i s  assumed t o  be independent of e l u t i o n  volume, but all 

experimental work shows a decrease of C o r  with increas ing  v. 

Some r e s u l t s  revea l  a maximum i n  t h e  curve of vs. v which 

i s  loca ted  i n  t h e  v i c i n i t y  of t h e  exclusion l i m i t  of t h e  column. 

This  e f f e c t  i s  due t o  t h e  mass-transfer cont r ibu t ion  and w i l l  

be discussed l a t e r .  

2 .  
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1772 GLOCKNER 

The purpose of t h i s  paper i s  t h e  presenta t ion  of a 

s t ra ightforward procedure f o r  es t imat ing  (I ( v ) .  We Intend t o  

approach t h i s  a i m  via i n v e s t i g a t i o n  of p l a t e  height  as a func- 

t i o n  of molar mass, h = f(M). 

2 

The p l a t e  height  h (height  equivalent  t o  a t h e o r e t i c a l  

p l a t e ,  HETP) is: 

h = L/N 

The p l a t e  number N i s  r e l a t e d  t o  e l u t i o n  volume v and 

var iance d : 2 

2 2  N = v / O  

Thus t h e  p l a t e  height  i s :  

h = L $/v2 

L i s  t h e  length  of column. 

( 3 )  

(4) 

( 5 )  

The p l a t e  height  i s  a measure f o r  t h e  q u a l i t y  of column 

packing and inf luences  t h e  peak width. The peak width a l s o  in-  

creases  with increas ing  column diameter and length.  I n  order  t o  

get  r i d  of  these geometric e f f e c t s  and t o  approach a more gen- 

e r a l  r e l a t i o n  f o r  peak broadening we s h a l l  i n v e s t i g a t e  t h e  be- 

haviour o f  h i n s t e a d  o f  t h a t  of peak width. 

According t o  Eq. ( 5 )  and t h e  a d d i t i v i t y  r u l e  o f  var iances ,  

t h e  quant i ty  h can be t r e a t e d  a s  t h e  sum of cont r ibu t ions  

which a r e ,  e. g. ,  due t o  polydispers i ty  of sample (index: P), 

t o  d i f f u s i o n  and stream e f f e c t s  ( D ) ,  and t o  r e s i s t a n c e  t o  mass 

t r a n s f e r  (index: MT) : 

h t o t a l  = % -+ % + %IT 
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ESTIMATING SPREADING FACTOR 1773 

The sum o f  t h e  second and t h i r d  term a t  t h e  right-hand s i d e  of 

Eq. ( 6 )  i s  t h e  instrumental  spreading. Only with monodisperse 

h t o t a l  samples % i s  zero,  with polydisperse  samples t h e  

should be corrected.  This  r e q u i r e s  t h e  p r e c i s e  knowledge of 

t h e  d i s t r i b u t i o n  o f  species .  I f  t h e  c a l i b r a t i o n  func t ion  of 

t h e  SEC apparatus  i s  l i n e a r ,  

I n  M = I n  D1 - D2v ( 7 )  

and t h e  sample d i s t r i b u t i o n  i s  logarithmic-normal, % can be 

ca lcu la ted  from t h e  number and weight averages of molar mass, 

Mn and Mw, with t h e  help of t h e  equation: 

EXPERIMENTAL 

Apparatus: KNAUER Liquid Chromatograph LC/GPC 5050 

Column: 

Solvent : 

with high-pressure pump PR 30 and d i f f e r e n t i a l  re- 

f ractometer  2025/50, with a home-made siphon of 

1.289 cm volume p e r  count. 

L = 5 x 0.25 m,  dC = 4.6 mm, 

packed by suppl ie r  (KNAUER KG) with LiChrospher 

S i  4000, S i  1000, S i  500 (2x) and Si 100, p a r t i c l e  

diameter 

Tetrahydrofuran (THF) 'Ipro ana lys i" ,  VEB LABORCHE- 

MIE, Apolda, d r ied  with KOH ( 2 4  hours) ,  ref luxed €or  

2 hours with N a  wire,  d i s t i l l e d  under n i t rogen  using 

a VIGREUX column 0.30 m i n  length.  

3 

(R) 

dp = 10 m. / 
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1774 GLOCKNER 

Samples: Polystyrene s tandards f o r  SEC c a l i b r a t i o n ,  suppl ie r :  

KNAUEH KG, molar m a s s  values given i n  column 1 of 

Table I. 

Torking condi t ions:  concentrat ion of sample s o l u t i o n  c = 

3 1 .5  g/1, Vo = 538 u l ,  f l o w  r a t e  = 1 cm /min. / 

RESULTS 

The r e s u l t s  obtained with this apparatus  ( 9 )  a r e  compiled i n  

Table I. Column 3 o f  i t  shows t h e  observed peak width, which i s  

r e l a t e d  t o  t h e  s tandard devia t ion  5 

Ti  = 4 %  The 5- values l i s t e d  i n  column 4 a r e  ca lcu la ted  

from t h e  peak width a f t e r  c o r r e c t i o n  f o r  i n j e c t i o n  volume 

(0.538 m l ) .  

by t h e  expression t o t a l  

o t a l ’  

Prom t h e  values of e l u t i o n  volume and molar mass (columns 

1 and 2 ) ,  t h e  c a l i b r a t i o n  f u n c t i o n  was ca lcu la ted .  It reads 

(for c = 1 . 5  g / l  and ?I = 1 cm’/rnin): 
0 

7 

with 2 = 449.977, al = -144.251, a2 = 18.0263, a = -1.1768 

a = 6.494A4-2, a 5  = -4.5Bl.80-3, a6 = 2.25601-4, a7=-4,3568-6. 
3 

4 
The p l a t e  height  data (column 5) a l o t t e d  logar i thmica l ly  

vs. l o g  M i s  shown i n  Fig. 1. The data  a r e  represented by 

a s t r a i g h t  l i n e :  

log h = A + B log M (10) 

Values of t h e  s lope  f a c t o r  B a r e  compiled i n  Tab. 11. 
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ESTIMATING SPREADING FACTOR 1775 

TABLE I 

SEC D a t a  Obtained wi th  Toluene (M = 92) and S e v e r a l  Po lys ty rene  

S tanda rds  

92 

600 

4,000 

20,400 

33,000 

51,000 

110,000 

173,000 

200,000 

390,000 

670,000 

8 67,000 

2,000,000 

17.04 

16.78 

16.20 

14.89 

14.20 

13.82 

12.84 

12.30 

12.19 

11.38 

10.93 

10.82 

10.27 

0.951 

1.075 

1.245 

1.230 

1.280 

1.411 

1.316 

1.266 

1.256 

1.204 

1.235 

1.319 

1.655 

0.103 

0.134 

0.177 

0.186 

0.186 

0.218 

0.195 

0.182 

0.180 

0.167 

0.174 

0.195 

0.279 

46 

80 

149 

194 

21 3 

31 2 

28 7 

274 

271 

2 68 

318 

407 

9 24 

DISCUSSION 

The r e s u l t  shown i n  Fig. 1 f u l l y  cor responds  t o  p rev ious  ob- 

s e r v a t i o n  ( 2 ) .  I n  t h e  course of t h e  p r e s e n t  work w e  used ad- 

d i t i o n a l  d a t a  from l i t e r a t u r e .  

Yigs. 2 - 4 show r e s u l t s  pub l i shed  by Dawkins and Yeadon 

i n  1980 (10).  These a u t h o r s  used  columns 0.20 m i n  l e n g t h  and 
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1776 GLOCKNER 

1.0 

F 2 0.L 

0 / 

d 

log M - 
FIGURE 1 

P l a t e  height  as a func t ion  o f  molar mass, l o g  h vs. l o g  M 
a s  measured with toluene ( 0 )  and polystyrene s tandards (0). 
Column: L = 1.25 m, 4 .6  mm I.D., packed with s i l i c a  micro- 
spheres.  Eluent te t rahydrofuran,  flow r a t e  1 ml/min, 
(redrawn from Ref. 9 ) .  

3 mm I.D. which had been slurry-packed wi th  s i l i c a  micro- 

spheres.  The heterogenei ty  i n  p a r t i c l e  diameter (weight t o  

number average) w a s  1 . 2 2 ,  1.30, and 1.67, t h e  number average 

values 

H 2, H 4, and H 6,  respec t ive ly .  The exclusion l i m i t s  were 

>10 , 5 x 10 , and 10 g/mol ( i n  t h e  same sequence). The in-  

ves t iga t ions  were performed a t  var ious flow r a t e s .  The s t r a i g h t  

l i n e  f o r  l o g  h vs.  l o g  XI ,  which w a s  found at  = 1 ml/min, i s  

repeated by a dashed l i n e  i n  t h e  corresponding diagrams f o r  

higher ( 2 . 0 )  o r  lower values of flow r a t e  (0.1 and 0 .5  ml/min). 

5 = 13.9, 12.8,  and 8 . 5  um f o r  t h e  packing mater ia l s  / 

6 5 5 
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TABLE 11 

1777 

Values of B i n  Equation (10) as Calculated from Experimental 
Data by Least-Square Regression 

Source B Linear  
ve loc i ty  u Pig. Flow r a t e  v 

ml/min mm/ s 

this work 1 1.5 2.51 0.24 

Dawkins and 2 0.1 0.54 0.15 
0.5 2.68 0.29 Yeadon (10) 

1.0 5.36 0.34 
2.0 10.72 0.34 

H 2  

(10) 3 0.1 0.54 0.24 

H 4  0.5 2.68 0.33 
1 .o 5.36 0.38 

2.0 10.72 0.43 

(10) 4 0.1 0.54 0.19 
H 6  0.5 2.68 0.29 

1 .o 5.36 0.36 
2.0 10.72 0.29 

Kirkland 5 0.88 0.76 0.17 
1 . 4  1 . 2 1  0.22 

2.5 2.16 0.26 

(11) 

5.8 5.01 0.30 

Cooper e t  a l .  6 0.055 0.05 0.13 
(12) 0.215 0.18 0.17 

1.040 0.90 0.27 
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/ 
1.0 / - 

/ 
/ 

Q6 - 
0.4 

0.2 

- 
- 

0.1 / I 

L O  

2.0 

1.0 

0.6 
0.4 

0.l 

E'IGUIIE 

P l o t s  of l o g  h vs.  log M f o r  p o l y s t y r e n e  s t a n d a r d  samples 
( 0 )  and t o l u e n e  ( 0 )  a t  f low- ra t e  va lues  0 .1  ... 2.0 m l / m i n .  
E luent  THi.7. Column: L = 0.20 m,  3 mm I.D., s lur ry-packed  w i t h  
s i l i c a  H 2 ( e x c l u s i o n  l i m i t  >1,000,000 d r n o l ) .  (Data irom 
Ref. 10). 

Pig .  5 s i m i l a r l y  p r e s e n t s  r e s u l t s  pub l i shed  by Kirk land  

i n  1976 (11). Pig. 6 g ives  a cor resaonding  view of  d a t a  from 

Cooper e t  a l .  ( 1 2 )  which were used by t h i s  team a g a i n  i n  1983 

(13).  The va lue  f o r  a low-molecular probe  was no t  g iven  by t h e  

au tho r s .  The p o i n t  i n d i c a t e d  at  l o g  M = 2 has been es t imated  

from t h e  f a c t  t h a t  a WATERS S t y r a g e l ( R )  column l o 5  2 w a s  used 

which, acco rd ing  t o  t h e  s u p p l i e r ' s  warran ty ,  has  a t  least 2100 

p l a t e s  p e r  met re .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ESTIMATING SPREADING FACTOR 1779 

r O/  / /  

FIGURE 3 

Same as Fig.  2,  but column packed with s i l i ca  H 4 (exclusion 
l i m i t  500,000 g/mol) .  (Data from Ref. 10). 

A l l  t he  examples presented i n  Figs .  2 - 6 approximately 

support  a l i n e a r  r e l a t i o n s h i p  as given by Eq. (10).  This l i n -  

e a r  dependence of  l o g  h from l o g  NI a l s o  inc ludes  t h e  p l a t e -  

height  value of a low-molecular probe, which i s  e a s i l y  measured. 

It i s  given as a n  a d d i t i o n a l  b i t  of information i n  most papers.  

Prom t h i s  p l a i n  value and the knowledge of t h e  s l o p e  B, t h e  

p l a t e  height  v a l i d  f o r  high-molecular samples can be estimated. 

It  has a l r eady  been pointed out t h a t  t h e r e  i s  not a general  

value of  t h e  quan t i ty  B. Some of t he  r e s u l t s  presented i n  R e f .  
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1780 GLOCKNER 

log M - 
FIGURE 4 

Same a s  Pig.  2, but column packed with s i l i c a  H 6 (exclusion 
l i m i t  100,000 g/mol). (Data from Ref. 10) .  

( 2 )  y ie lded B = 0.3, but t h r e e  of t h e  s i x  s e t s  of data  inves- 

t i g a t e d  l e d  t o  a smal le r  value . +I 

The B da ta  compiled i n  Tab. I1 of this paper obviously 

show t h e  inf luence  of flow r a t e .  Fig. 7 i s  a synoptic rep- 

r e s e n t a t i o n  of da ta  measured a t  d i f f e r e n t  f low r a t e s .  I n  t h e  

range of a l i n e a r  v e l o c i t y  u = 0.05 - 10 m / s  t h e  da ta  given 

+) Equation (16-34) i n  Ref. ( 2 )  should read: 

Unfortunately,  t h e  MBzn was omitted. 
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0 
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I / /  

A' t r 

I J 
1 3 5 h g M - 7  

FIGURE 5 

P l o t s  of l o g  h vs. log M for polystyrene s tandards ( 0 )  and 
toluene ( 9 )  at flow-rate values 0.88 ... 5.8 ml/min. Eluent 
THE'. Column: L = 0.60 m (concatenation of 2 x 0.15 and 3 x 0.10 m 
tubes) ,  7.8 mm I . D . ,  i n d i v i d u a l l y  packed with 5 spec ies  of 
s i l a n i z e d  s i l i c a  microspheres. (Data from Ref. 11). 

by Cooper e t  a l .  (12), by Kirkland (ll), and by Dawkins e t  a l .  

(10) y i e l d  an  almost l i n e a r  decrease o f  (d l o g  h / d l o g  M )  

wi th  log u. The s lope  of t h i s  decrease i s  about 0.13 and in-  

d ica ted  by t h e  t h i c k  l i n e  i n  Fig.  7. 

Fig.  7 a l s o  shows data  from Chuang e t  al.  (13) who have 

r e c e n t l y  measured SEC e f f i c i e n c y  a t  very small flow r a t e .  They 

used two polymer samples with molar mass values within t h e  l i m -  

i t s  of t h e  separa t ion  range o f  t h e  column. Resul t s  f o r  low- 

molecular probes have not been given. I n  view of  t h i s  r e s t r i c -  
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0.055 m l .  min" I 'I 0 

0 

0.215 ml . mm-' 

0 
0 

A'*- 1 1  ,,.- ,*/  , , 
0.4 

1.040 m / .  min-' 
0 

0 

/ L  

log M - 
FIGURE 6 

P l o t s  o f  l o g  h vs. l o g  IVI f o r  polystyrene s tandards (0, 0 )  a t  
Plow-rate values  0.055 ... 1.040 ml/min. Eluent T W .  Column: 
L = 1 . 2 2  m,  Dacked with polystyrene g e l  of nominal p o r o s i t y  o f  
100,000 8. (Data from Ref. 1 2 ) .  (The value ind ica t ed  a t  M = 100 
( A )  i s  est imated f r o m  s u p p l i e r ' s  column warranty. I n  calcu- 
l a t i n g  t h e  p o s i t i o n  of t h e  s t r a i g h t  l i n e ,  t h e  open c i r c l e s  
were not taken i n t o  account . )  

t i o n ,  t h e  da t a  can only provide approximate information. Nev- 

e r t h e l e s s ,  they a r e  included i n  Fig.  7 i n  o rde r  t o  s t r e s s  t h e  

f a c t  t h a t  t h e  t h i c k  l i n e  must not  be ex t r aao la t ed  beyond t h e  

range o f  experimental  evidence. Within t h i s  range, t h e  data  

measured by Chuang e t  a l .  also support  t h e  l o c a t i o n  of  t h i s  

l i n e .  
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Q 

1 10 
u / m m . s - t  

L I 1 1 

0.1 0.5 1 3 5 10 

( d ~ = Z 8 m m  : I  +/rnl-rnin-’ 

FIGURE 7 

Synopt ic  r e p r e s e n t a t i o n  o f  t h e  f low- ra t e  dependence of  
d log  M. The t h i c k  l i n e  cor responds  t o  

d l o g  h / d l o g  M ( = B ) = 0.239 + 0.130 log u 

d log  h / 

and g i v e s  a good approximat ion  of exper imenta l  da t a .  

a- n : da t a  f r o m  Ref.(lO),  (PS i n  THF, s i l i c a  H 4 )  
v- D : da t a  f r o m  R e f . ( l l ) ,  (PS i n  THF, s i l i c a )  
x.. . . .x : d a t a  f rom Ref. (12), (PS i n  THF, Sty rage l (R)105  8)  
0 ,  a, 0 : d a t a  from R e f . ( l 3 ) ,  (PS i n  t r ich loromethane ,  Bio-Glass 

+ : s lope  f a c t o r  from Fig .  1 (PS i n  THF, s i l i c a )  

packings ,  t h r e e  d i f f e r e n t  columns) 

The p r e s e n t a t i o n  o f  l o g  h vs.  l o g  M used h e r e  and i n  

Ref.  ( 2 )  i s  by no means t h e  on ly  e f f o r t  t o  c o r r e l a t e  peak 

broadening and molar  mass o r  SEC e l u t i o n  volume. Eq. (10) 

obvious ly  works well i n  most c a s e s ,  bu t  one should be aware of 

t h e  f a c t  that  t h e  po re - s i ze  d i s t r i b u t i o n  of  t h e  packing  mate- 
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1784 GLOCKNER 

r ia l  might in f luence  the  a p p l i c a b i l i t y  of t h i s  equation. We 

have some experience of t h i s  kind with CPG packings. 

Bly p l o t t e d  p l a t e  number N as I N  vs. e l u t i o n  volume v 

and found a l i n e a r  c o r r e l a t i o n  i n  t h e  high molecular range (14)  

but t h e  p l a t e  number determined with acetone w a s  f a r  as ide .  

Cooper e t  a L .  p l o t t e d  N vs. l o g  M and found correspondence 

i n  t h e  high molecular range ( 1 2 ) .  (Low-molecular values were 

not given.)  Kirkland presented a s t r a i g h t - l i n e  c o r r e l a t i o n  

between 6 and l o g  NI which met t h e  value obtained with toluene 

but w a s  r a t h e r  badly obeyed by polymers o f  in te rmedia te  mole- 

c u l a r  weight. This  mode of p l o t t i n g  has repea ted ly  been employed. 

McCrackin and Wagner (15 )  found good c o r r e l a t i o n  i n  t h e  range of 

9,000 - 300,000 g/mol. The value f o r  a low-molecular probe was 

not given, but t h e  ex t rapola t ion  of t h e  s t r a i g h t  l i n e  towards 

M = 100 d m o l  would lead  t o  a negat ive 0 which has no phys ica l  

meaning. 

Elut ion volume and s tandard devia t ion  a r e  dependent on 

column diameter and length.  P l o t t i n g  of h vs.  M overcomes 

t h e  shortcomings of o t h e r  eva lua t ion  procedures and enables 

columns o f  d i f f e r e n t  s i z e  t o  be compared. 

The r e l a t i o n s h i p  given by Eq.  (10) i s  i n  accord with con- 

c lus ions  from general  knowledge about polymer s o l u t i o n s  and 

l i q u i d  chromatography. The p l a t e  height  depends on t h e  coef f i -  

c i e n t  of d i f f u s i o n  by: 

h/dp = cons t (u  dp / D I I n  
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ESTIMATING SPREADING FACTOR 1785 

The expression given i n  brackets  on t h e  right-hand s i d e  i s  t h e  

reduced ve loc i ty  V .  For  v > l O ,  t h e  exponent n i n  Eq. (11) 

approximately becomes invar iab le ,  n = 0.4. 

The c o e f f i c i e n t  of d i f f u s i o n  D1 i s  r e l a t e d  t o  t h e  molar 

volume V of s o l u t e  by: 

The v i s c o s i t y  of solvent  i s  ind ica ted  by ql. 

The combination of Eqs.  (11) and ( 1 2 )  y i e l d s  ( f o r  a given 

solvent  and a given ve loc i ty)  

0.6n h = const V 

o r  

l o g  h = l o g  const + 0.6n l o g  V (14) 

If t h e  volume of t h e  s o l u t e  i s  proport ional  t o  molar mass one 

obta ins  Eq. (10) with B = 0.24, i f  i t  i s  proport ional  t o  un- 

per turbed c o i l  volume one obta ins  Eq. (10) with B = 0.36. O f  

course,  these values a r e  rough approximations only. I n  pores,  

t h e  c o e f f i c i e n t  of d i f f u s i o n  i s  s t rongly  inf luenced by t h e  

r a t i o  o f  molecular s i z e  t o  pore diameter. 

CONCLUSIONS 

The accuracy of plate-height  values ca lcu la ted  through t h e  

approximation given by Eq. (10) i s  not l e s s  than t h e  preci-  

s i o n  of most experimental da ta  i n  t h e  high-molecular range. 

The advantage of Eq. (10) i s  t h e  inc lus ion  of t h e  r e l i a b l e  

and e a s i l y  measured value f o r  a low-molecular sample as a base 

f o r  t h e  est imat ion of values i n  t h e  high-molecular range. 
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1786 GLOCKNER 

On base of this perception, the following procedure for 

correcting SEC chromatograms can be recommended: 

(a) Evaluation of the plate height with a low-molecular 

probe, e.g. with toluene. 

(b) Estimation of another plate-height value using a po- 

lymer with a molar-mass value sufficiently smaller than the ex- 

clusion limit of the column. This condition is essential be- 

cause the contribution 

samples. Consequently, plate heights measured with excluded sam- 

ples are smaller than those with aenetrating polymers (10, 16). 

In the vincinity of the exclusion limit, a plot of h ( o r  C ) 

vs. v will show a maximum. Corresponding to this, a plot of 

l / ( d F )  

and Runyon as early as in 1969 (17). 

The distribution of the sample polymer must be either narrow or 

$flT in Eq.  (6) diminishes with excluded 

2 

will have a minimum. This was demonstrated by Tung 

precisely known. Under favourable circumstances, the contribu- 

tion of sample heterogeneity can be calculated via Eqs. (5, 6, 

and a ) .  

Repetition of this step with another suitable polymer would 

provide information whether the system really follows the de- 

pendence indicated by Eq. (10). 

(c) Estimation of the constants A and B in Eq. (10) 

with the help OP the values measured in steps (a) and (b). 

(d) Calculation of the M value corresponding to a cer- 

tain value of elution volume v in the uncorrected chromato- 

gram. 
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ESTIMATING SPREADING FACTOR 1787 

( e )  Estimation o f  the  plate-height  value at  t h i s  molar 

mass v i a  Eq.  (10) and c a l c u l a t i o n  of Cl* o r  t h e  spreading 

f a c t o r  1/( 2 a*) via Eq .  ( 5 ) .  

( f )  Ferforming the  cor rec t ion  of t h e  chromatogram with the  

help of a s u i t a b l e  algorithm. 

(g)  Repet i t ion  from (d)  t o  (g)  f o r  t h e  next value o f  V. 
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