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STUDIES ON SIMULTANEOUS MOLECULAR 
WEIGHT AND SPREADING CALIBRATION IN 

STERIC EXCLUSION LIQUID CHROMATOGRAPHY 

Paw& Szewczyk 
Institute of Plastics and Paint Industry 

ul. Chorzowska 50 
44-1 01 Gliwice, Poland 

ABSTRACT 
Two improved methods of molecular  weight o a l i -  

brat i o n  are desoribed where s i rnul taneouslg parame- 
ters of a symmetr iaal  opamading f una t ion  are ob ta ined  
through the  we of polgmoleoular molecular  weight 
standards and of average r e t e n t i o n  wolwe6. In the  
first method a linear moleoular weight c a l i b r a t i o n  
iiS assumed and t h e  seoond method is based on a uni- 
versal molecular weight c a l i b r a t i o n  ourve ob ta ined  
with narrow W D  polys tyrene  standards. 

The proposed methods have been tested u s i n g  
tar 0 polymoleoular po lye tyrene  standards confirming 
good oonvergenoe of the  applied i t e r a t i o n  prooedures  
and giving Very promising r e e u l t s .  

- INTRODUCTION 
E s t a b l i s h i n g  of the molecular  vJeight d i s t r i b u -  

t i o n  mVD/ ourve of polymers by means of t he  s i z e  
exa lus ion  l i q u i d  chromatography /WC/ r e q u i r e s  p r i o r  
o a U b r a t i o n  of the molecular weight, D;I, versua  re= 

117s 
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SZEWCZYK 1176 

t en t ion  volume, V, depeccence / l - 4 j 0  I n  previous 
publications /5-7/ it ;PCU amonst ra ted  tna t  in t ro-  
ducing ;;he concept of average re ten t ion  volumes, 
7, one s iap l i s ' i es  ser iously the t a s k  of esr;ablis- 
n i n g  the molecular weight ca l ib ra t ion  i n  case of 
standards of p rac t ica l ly  any polymolecularity. The 
exponential o r  logarithmic nonl inear i t ies  of t he  
ca l ibra t ion  dependences remain only i n  t h e  def in i -  
t i o n s  of appropriate average retent ion volumes while 
f o r  the evaluation of the  ca l ibra t ion  paraneters the 
simple l i nea r  l e a s t  squares method is  adequate. I n  
t h i s  paper improvements of the  above mentioned ca l i -  
bration methods are described. Using two character i -  
zed polymolecular polymer standards the t r u e  molecu- 
lar weight ca l ibra t ion  may be establ ished and, s i m u l -  
taneously, t h e  spreading parameters of a Gaussian 
spreading function determined. I n  the  improved me- 
thods e i t h e r  a l i n e a r  model of t he  V - 1nM dependen- 
ce or t he  universal  molecular weight ca l ib ra t ion  
curve of any shape are applied. 

thods is described. The performance of both methods 
w i l l  be i l l u s t r a t e d  using two broad MWD polystyrene 
standards with known values of t he  number-average, 
&,, and the  weight-average, %, molecular weights. 

Below t h e  theo re t i ca l  bas i s  of t he  proposed me- 

%!€BORETICAL 
True average molecular weights, 3, of poly- 

moleoular polymer samples depend i n  t h e  following 
way on t h e  experimental average molecular weights, 
Me, calculated f r o m  a chromatogram aocord ing  t o  
a t r u e  molecular weight ca l ibra t ion  /'I ,8,9/ 

- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



MOLECULAR WEIGHT AND SPREADING CALIBRATION 1177 

F a o t o r s  5 oorrespohding  t o  and % m a g  be 
expres sed  as /8/ 

where 6 2, the v a r i a n c e  of a s i n g l e  s p e o i e s  chroma- 
togram, is t h e  s p r e a d i n g  parameter squa red  and C2 is 
t h e  s l o p e  of t he  moleoular  weight c a l i b r a t i o n  cu rve  
at t h e  peak p o s i t i o n  of the  ohromatogram or t h e  s l o -  
pe of a l i n e a r  o a l i b r a t i o n  

V = Cl - C2.1n M /4/ 

Average r e t e n t i o n  volumes are expres sed  by ave rage  
moleoular  weights us ing  the a o t u a l  model of t h e  mo- 
l e a u l a r  weight o a l i b r a t i o n  /5-7/. Using & t h e  t r u e  
average  r e t e n t i o n  volume, Ft, is d e f i n e d ,  i . 8 .  a 
q u a n t i t y  w i th  e l i m i n a t e d  s p r e a d i n g  e f f e o t s .  One oan 
thus e v a l u a t e  vt from t h e  expe r imen ta l  cnromatogram 
t a k i n g  advantage of e q u a t i o n  /’I/. 

Linear M o a u l a r  WeiEht and Spread ing  C a l i b r a t i o n .  
Equat ion  /4/ m a g  be w r i t t e n  ror the t r u e  q u a n t i t i e s  
vt and \ as 

Using e q u a t i o n  /5/ and equa t iona  /A/  - /3/ one can  
get the f o l l o w i n g  e x p r e s s i o n s  d e r i n i n g  Tt oor respon-  
d i n g  t o  e i ther  \ o r  % 
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1178 SZEWCZYK 

The experimental average retention volumes fn 
and f ,e 

m e g  be expressed as /7/ w 9 8  

where F(Vi) is the weight fraotion of the experimental 
ohromatogram oalculated for the retention volume Vi 
and the summation includes all weight fractions. 
As follows from equations / 6 /  - /9/ f o r  the evalua- 
t i o n  of ve one needs the experimental ohromatogram, 
F t V ) ,  and the value of C2 while for the evaluation 
of pt one requires additionally the value of 6 . 
In order t o  develop expressions for the i te ra t ive  
evaluation of parameters C2 and C1 equation /5/ mag 
be written for and gbg of two samples with broad 
MWD' After straightforward transformations of the  
above mentioned 4 equations and using the relation 

'n,t + 'w,t = n,e + 'w,e / l o /  

one gets the following s o l u t i o n s  for C2 and C1 
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MOLECULAR WEIGHT AND SPREADING CALIBRATION 1179 

On ~ f i S  o f  eqs. / l l /  and /12/ intiices 1 and 2 c o r r e s -  
pond t o  samples 1 and 2, r e s p e c t i v e l y .  
Equat ion  /11/ m a y  s e r v e  88 a sirnple e x p r e s s i o n  f o r  
t h e  i t e r a t i v e  e v a l u a t i o n  of C2. With a s t a r t i n g  
v a l u e  of C2 one o a l o u l a t e s  and of bo th  
samples  u s i n g  e q u a t i o n s  /8/ and /g/. A c o r r e o t e d  C2 
is then c a l c u l a t e d  from e q u a t i o n  /ll/. The i t e r a t i o n  
o a l o u l a t i o n s  are oont inued  u n t i l  t he  va lue  of C2 be- 
oomes c o n s t a n t  at an assumed l e v e l  of accuracy.  I n  
o r d e r  t o  speed up t h e  convergenoe of the  i t e r a t i o n  
prooedure,  i n  eve ry  i t e r a t i o n  s t e p  except t h e  i n i -  
t i a l  one, t h e  temporary v a l u e  of C2 is t a k e n  as 
equal t o  t h e  a r i t h m e t i o  average  of C2 v a l u e s  of two 
consecu t ive  i t e r a t i o n s  /7/. In t h e  last i t e r a t i o n  
Cl is o a l c u l a t e d  from e q u a t i o n  /72/. 
Knowing C1 and C2 the v a l u e s  of P and m a y  
be c a l c u l a t e d  u s i n g  t h e  e x p r e s s i o n s  

n , e  w,e 

n ,e  9 

From e q u a t i o n s  /I/ - /3/ f o l l o w s  t h a t  

Thus t h e  d e s o r i b e d  above s imple  i t e r a t i v e  prooedure  
e n a b l e s  the e v a l u a t i o n  of the  l inear  molecu la r  wei- 
ght  c a l i b r a t i o n  parameters Cl and C2 as well as the  
o a l c u l a t i o n  of t h e  s p r e a d i n g  parameter 6 u s i n g  
experimental data of two c h a r a c t e r i z e d  s t a n d a r d s  
with broad  UVD. 
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1180 SZEWCZYK 

U n i v e r s a l  Moleoular  CVeiaht Calibrationc 'Phe un ive r -  
s a l  molecular  weight c a l i b r a t i o n  ourbe m a y  be gene- 
r a l l y  expressed by a polynomial ,  i.e. 

and 

where ai and bi are parameters of t h e  polynomia ls  f 
and g,  r e s p e o t i v e l y ,  while n and m are t h e i r  degrees. 
Values  of ai and bi may be e v a l u a t e d  u s i n g  a seriee 
of po lys ty rene  s t a n d a r d s  wi th  narrow W D 0  Before  
app ly ing  t h e  e q u a t i o n s  /'I?/ and /78/ for a n o t h e r  
polymer one s h o u l d  e v a l u a t e  t h e H  and K parameters 
of t h e  Mark-H'ouwink r e l a t i o n  

o( = K M 

It follows f rom e q u a t i o n s  /'la/ and /19/ t h a t  

For  polymolec u l a r  samples e q u a t i o n  /20/ may be 
expressed 88 

where % and vt have t h e i r  fo rmer  meanings. 
Y r i t i n g  e q u a t i o n  /21/ f o r  in,t and % of one poly- 
molecular  standard a set  of two e q u a t i o n s  is o b t a i -  
ned whioh may be solved for  d and K g i v i n g  the f ol- 
lowing expressions , 
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MOLECULAR WEIGHT AND SPREADING CALIBRATION 1181 

Equation /22/ m a y  serve as a simple expression f o r  
the i te ra t ive  evaluation o f d  Value8 of 7 and 

vm may be calculated according t o  equations /6/ 
and /7/, respeotively, while and a r e  t o  
be calaulated f r o m  the f o l l o w i n g  equations /7/ 

n , t  

n*e w,e 

The prooedure of i t e ra t ive  evaluation of d accor= 
ding t o  equation /22/ is ident ical  t o  the procedure 
of evaluation of C2 based on equation /ll/. I n  order 
t o  calculate values of 6 from ei ther  equation / l5 /  
o r  /16/ the %,, and % values should be evaluated 
us ing  the following relations /7/ 

9 

Thus the described simple i te ra t ive  prooedure ena- 
bles  the evaluation of the parameters and K of 
the universal moleoular weight oalibration ourve 
using experimental data of one charaoterizecl stan- 
dard with broad MWD, Preliminary evaluations of t he  
slope C2 of the linear V-1nM relation and of the 
spreading parameter 6 are needed p r i o r  t o  the abo- 
ve i t e ra t ive  oalculations. 
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1182 SZEWCZYK 

EXPERIMENTAL 
All  experiments were oarried o u t  a t  ambient 

temperature using the Waters ALC/GPC model 301 i n -  
strument equipped with a s e t  of 3 l inear columns of 
91.5 om lengZh and 0.78 om inner diameter f i l l e d  
wi th  s tyrage l  of l o4  pm nominal  poros i ty .  
tetrahydrofuran /THF/ WRBS used as the mobile phase 
and di f fe ren t ia l  refraatometer model R-401 w a s  the 
deteator. The model l inear molecular weight calibra- 
t i o n  w a s  measured with a se r ies  of 8 narrow MdD poly- 
styrene standarda using the peak retention volumes, 

them peak molecular weights, l$, supplied by Waters. 
In order t o  obtain a non-linear universal molecular 
weight aalibration ourve of the applied s e t  of aolurn- 
n s  two additional standards with low molecular weig- 
h t s  were used. The moleaular weight and GPC data of 
a l l  the PS standards and of the atyrene monomer are 
given in Table 1. 

of the ohromatograms and the aorresponding t o  vP * 

TAEIa 1 
N a r r o w  MWD PS Standards and Styrene Employed f o r  
Evaluating of Linear Moleoular Weight and Univer- 

s a l  Calibratione 

1 
2 
3 
4 
5 
6 
7 
8 
9 

I 0  

830 000 
451 000 
1% OOo 
111 000 
35 000 
20 500 

9 800 
3 550 
2 025 
104 

I5008 
75.94 
77.45 
18.11 
19.73 
20.68 
21 .68 

23.61 
22.98 

26.9 
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MOLECULAR WEIGHT A N D  SPREADING CALIBRATION 1183 

For t h e  first 8 PS standards t h e  f o l l o w i n g  l i n e a r  
molecular  weight c a l i b r a t i o n  w a s  ob ta ined  

v = 35.077 = 1,462 I n  M, cm3/5cm3 /28/ 

The u n i v e r s a l  molecular  weight c a l i b r a t i o n  c u r v e s  
were ob ta ined  us ing  t h e  polynomial  r e g r e s s i o n  f o r  
I 0  p a i r s  of v a l u e s  of V and I n  K +(a +I) I n  Mp P 
where f o r  p o l y s t y r e n e  i n  THF at ambient t empera tu re  
t he  f o l l o w i n g  o f t e n  a p p l i e d  DCark-Houwink c o n s t a n t s  
were used /9/ : K = l.60.10’2 cn3/g, d = 0.706. 
According t o  s t a t i s t i c a l  c r i t e r i a  / l o /  polynomia l  
of second degree w a a  t h e  optimum model of t h e  
V-lnh3111 r e l a t i o n  - e q u a t i o n  /I?/, and the  ai co= 
e f f i c i e n t s  of t h e  polynomial  f have  t he  f o l l o w i n g  
v a l u e s  

(80, a,, a2) = (28.76, -0.5042, -0.01229) /29/ 

For  t he  ln[T1&I - V r e l a t i o n  - e q u a t i o n  /18/, poly- 
nomial of t h e  t h i r d  degree f i t t e d  t h e  e x p e r i m e n t a l  
data best and the  bi o o e f f i c i e n t s  of t h e  polynomial  
g are aa f o l l o w s  

In o r d e r  t o  e v a l u a t e  t he  proposed i n  t h i s  work two 
new c a l i b r a t i o n  methods,2 well c h a r a c t e r i a e d  PS 
s t a n d a r d s  with broad W D  were appl ied.  With polys ty-  
r e n e  as t h e  t e s t i n g  polymer comparisons of c o n e s =  
ponding r e s u l t s  are s t r a i g h t f o r w a r d .  The molecu la r  
weight data f o r  t h e  two PS standards are g i v e n  in 
Table  2 where also are v a l u e s  of \ and % o a l c u l a -  
ted with t h e  c a l i b r a t i o n  e q u a t i o n  /28/ from t h e  
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1184 SZEWCZYK 

TABIZ 2 

Broad W D  PS Standards Employed wi th  Molecular 
Veight and Universal Calibration Methods 

6% 
& .i0-3 - S P, i+,.10-3 

Stan- 
dard Osm. B C  1 . s c . ”sed . 2/ cgc I 

I 2.NBs 
706 

290.3 l 2 e 6  i a/ 136.5 120.3 -71.9 257.8’’ 
b/ 283.12/ 

unoorreated chromat ograms of the  samples together 
with t h e i r  percentage deviations from the t rue  va- 
lues, i.e. from the values of En and $J measured by 
the osmometric /osm./ and the l i g h t  sca t te r ing  
/l.sc./ o r  the  sedimentation /sed./ methods. 

msuups 
Linear i’dolec ular Yeight and Spreading Calibrations . 
The l inear  raolecular weight oalibration was es tab l i -  
shed with the data of two broad bL‘D PS standards gi-  
ven in Table 2 and t h e i r  experimental chromatograms 
us ing  equations /11/ and /12/. “he calculations were 
made for pairs of En and values of the standards. 
Two variants of the perf orrned calculations correspord 
t o  two d i f fe ren t  values of 5 of NBS 706. The calcu- 
lations were s t a r t ed  with an i n i t i a l  value of C2=2 
and continued u n t i l  C2 became constant wi th  a rela- 
t i v e  accuracy of 10”‘ what corresponds t o  the per- 
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MOLECULAR WEIGHT AND SPREADING CALIBRATION 1185 

oentage  d e v i a t i o n s  of average  molecular  weights 
being less t h a n  1%. Number of t h e  i t e r a t i o n  s t eps  
did no t  exoeed 15. F i n a l l y ,  v a l u e s  of t h e  s p r e a d i n g  
parameter 6 were ob ta ined  from e i ther  e q u a t i o n  /l5/ 
o r  /16/. R e s u l t s  of t h e  o a l l b r a t i o n  o a l o u l a t i o n s  are 
g i v e n  i n  Table 3. 

U n i v e r s a l  Moleoular  WeiKht C a l i b r a t i o n .  Using equa- 
t i o n s  /22/ and /23/ t h e  Mark-Houwink coe f f  i o i e n t s  
were o a l o u l a t e d  separately for eaoh of t h e  standards 
o h a r a o t e r i z e d  i n  Table 2. The average  r e t e n t i o n  vo- 
lumes 
w i t h  e q u a t i o n s  /6/ and /7/, r e s p e o t i v e l y ,  and v a l u e s  
of the o o e f f i o i e n t s  C2 and 6 were t a k e n  from 
Table 3 s h o e  t h e  preoediog  l i n e a r  moleoular  weight 
o a l i b r a t i o n  based on t h e  same PS s t a n d a r d s  oou ld  
mrve  as t h e  neoessary l i n e a r  approximation of t h e  
t r u e  o a l l b r a t i o n  ourve. The i t e r a t i o n  o a l o u l a t i o n s  
were star ted w i t h e  =Oa7CI6 and in a l l  4 v a r i a n t s  of 
p o s s i b l e  C2-6 oornbinationa t a k e n  from Table 5 no 

and ?w,T were c o r r e o t e d  f o r  s p r e a d i n g  

TABLE 3 
R e s u l t s  of Linear Moleoular Weight and Spread ing  
C a l i b r a t i o n  with 2 Broad lWD PS Standa rds  with 

Known $I and $p 

C2 NO. Of 
Standard C1 Pair of 

S tanda rds  I otn3/5arn3 

1 + 2a 35.437 le4-92 1 0.1784 0.1782 
2 0.6853 0 -6852 

I + 2b 33.735 1.345 I 0.7227 0.7227 
2 0.7579 0.7579 
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TAFLE 4 

SZEWCZYK 

Resulta of Universal  Molecular Weight Calibragion 
with S ingle  Broad WJD PS Standard w i t h  Known Mn 

and h$ 

more than 8 i t e r a t i o n  s t e p ~ t  were needed i n  o r a e r  t o  
e s t a b l i s h  d with  an absolute  aocuraoy of lo", 
With the 

,e 
and & 
with equations /26/ and /27/ and, f i n a l l y ,  values 
o f  6 ,  and 6, were r e c a l c u l a t e d  according t o  equa- 
t i o n s  /15/ and /16/, respeot ively.  R e s u l t s  of t h e  
o a l i b r a t i o n  c a l c u l a t i o n s  are  given i n  Table 4. 

obtained values of o( and K t h e  En 
average molecular weights were oa lcu la ted  

I 

DISCUSSION 
The desoribed above improved methods of molecu- 

lar weight c a l i b r a t i o n  are based on the  assumption 
t h a t  t h e  i n s t r u m e n t a l  spreading is Gaussian. For the 
c a m  of linear molecular weight o a l i b r a t i o n  equation 
/28/ obtained with a s e t  of narrow WD PS standards 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



MOLECULAR WEIGHT AND SPREADING CALIBRATION 1187 

may be considered as t h e  t r u e  c a l i b r a t i o n  r e l a t i o n .  
Thus the percentage devia t ions  &E of average mole- 
c u l a r  weights of t h e  2 polymolecular PS standards 
which are given i n  Table 2, columns 4 and 7, chara- 
c t e r i z e  t h e  instrumental  spreading, Inspect ion of 
t he  above mentioned 6P values  leads  t o  t he  oonclu- 
s i o n  t h a t  i n  t h e  0888 of t he  standard NBS 706 either 
t h e  value of % measured by l i g h t  s c a t t e r i n g  is t h e  
c o r r e c t  one o r  t h e  i n s t r u m e n t a l  spreading is not sym. 
metrical .  On t h e  o ther  hand values  of 6 k  obta ined  
f o r  t h e  standard Lustrex support  t h e  assumption of 
Gaussian spreading, It is most probable t h a t  i n  the  
case of NBG 706 t h e  value of % measured by t h e  sedie 
mentation method is less re l iable  than t h a t  obtained 
by l i g h t  a o a t  t e r i  ng 

The appl ied experimental  data  allowed t h u s  tes- 
t i n g  of t h e  proposed c a l i b r a t i o n  methods in t h e  oase 
of f u l f i l l e d  assumptions of t h e  symmetrical sprea- 
ding / l i gh t  s c a t t e r i n g  5 values  corresponding t o  
v a r i a n t s  a/ and i n  t h e  case of e i ther  non-Gaussian 
spreading or, what aeems t o  be more probable, of 

of one of t h e  PS standards 
/sedimentation value of t f o r  NBS 706 oorresponding 
less accurate  value of 

t o  v a r i a n t s  b/. 
R e s u l t s  of t h e  t es t s  i n  t he  first case are good both 
for t h e  linear as well 86 f o r  t h e  u n i v e r s a l  molecu- 
lar  weight c a l i b r a t i o n s .  The evaluated values  of t h e  
parameters C, and C2 are very c lose  t o  t he  t r u e  ones 
i n  equation /28/ /oompare r e s u l t s  obtained for the 
v a r i a n t  1+2a, Table 3/. S i m i l a r l y  values of t h e  pa- 
rametersd and R obtained by t h e  improved u n i v e r s a l  
molecular weight c a l i b r a t i o n  method for v a r i a n t s  I-a 
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and 2-a /compare Table 4/ are c l o s e  t o  t h e  t r u e  va- 
lues  estimated with a se t  of narrow W D  PS standar- 
ds, i , e ,  t o  values dd.706 and K=1.60.10~2 om3/& 
Obviously, results obtained wi th  t h e  new oalibra- 
t i o n  methods a re  less s a t i s f a o t o r y  when e i t h e r  the  
measured average molecular weights of t he  broad MWD 
standards are erroneous or t h e  spreading d e v i a t e s  
from a syrnmetrioal one. This  is i l l u s t r a t e d  by t h e  
results obtained for t he  parameters C, and C2 
/Table 3/ as well as f o r  o( and K /Table 4/ which 
correspond t o  v a r i a n t s  b. 

Values of t he  spreading parane ter  6 of t h e  two 
broad IvlWD PS standards obtained f o r  v a r i a n t s  a and 
given i n  Table 3 are c o n s i s t e n t  wi th  t he  oorrespon- 
d ing  6 
oes between values of 6 ,  and of 6, given i n  Table 
4 are  due t o  t h e  more accura te  modelling of the aa- 
l i b r a t i o n  r e l a t i o n  i n  t h e  region of low moleoular 
weights what w a s  aohieved by t h e  addi t ion  of two 
standards wi th  low M w h i l e  es tabl ishing t h e  univer- 
sa l  moleoular weight a a l i b r a t i o n  with narrow NdD PS 
standards /compare Table I ,  row8 9 and lo/. 

work two improved methods of l i n e a r  molecular weig- 
h t  and spreading o a l i b r a t i o n  and of u n i v e r s a l  mole- 
c u l a r  weight o a l i b r a t i o n  u s i n g  broad MWD standards 
are simple i n  applioation. The performed experimen- 
t a l  eva lua t ions  indioate t h a t  both methods g i v e  very 
promising r e s u l t a  and the  convergence of t h e  oor- 
responding i t e r a t i o n  prooedures is good, 

devia t ions  given i n  Table 2. The differen- 

It may be oonoluded t h a t  t he  proposed i n  t h i s  
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