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ELUTION BEHAVIORS AND RATIONALIZED CALIBRATION FOR 
LOW-MOLECULAR-WEIGHT POLYMERS IN SIZE EXCLUSI3N CHROMATOGRAPHY 

Sadao Mori and Akira Yamakawa 
Department of Industrial Chemistry, Faculty of Engineering 

Mie University, Tsu, Mie 514, Japan 

ABSTRACT 

Molecular weight relationships among oligostyrene, n-hydro- 
carbon, epoxy resin, p-cresol novolak resin, and oligoethylene 
glycol having the same retention volume were discussed using SEC 
gels of different pore sizes in chloroform and tetrahydrofuran. 
Gel capacity and the maximum number of components resolvable 
increased with the use of chloroform except the case of epoxy 
resin. Different elution behaviors of oligomers in different 
eluents make it difficult to use molar volumes or effective chain 
lengths as calibration parameters. The influence of the pore 
size and shape of the gel on the elution order among oligomers was 
negligible except some cases. Molecular weight conversion 
equations for several oligomers based on molecular weight of 
oligostyrene or n-hydrocarbon were derived. These equations make 
it possible to use oligostyrene or n-hydrocarbon as a reference 
standard when molecular weights of oligomers are measured. 

INTRODUCTION 

One of the goals of size exclusion chromatography (SEC or 

GPC) is to estimate molecular weight of materials, especially low 

molecular weight compounds such as oligomers and a column system 

in SEC must be calibrated using appropriate samples of known 
molecular weight, e.g., monodisperse polystyrenes. However, in 
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330 MORI ANTI YAMAKAWA 

SEC, t h e  molecules  are s e p a r a t e d  based  on  t h e i r  m o l e c u l a r  volume 

occupied  i n  s o l u t i o n ,  as opposed t o  e i t h e r  a l inear  d imens ion  of 

a molecule  o r  molecular  weight  (1). Molecular  weight  c o n v e r s i o n  

t o  correct v a l u e s  of t h e  molecule  i n  q u e s t i o n  is r e q u i r e d  when a 

polys tyrene-based  c a l i b r a t i o n  c u r v e  is a p p l i e d  t o  estimate 

molecular  weight  o f  materials o t h e r  t h a n  p o l y s t y r e n e .  For  h i g h  

polymers, so c a l l e d  t h e  u n i v e r s a l  c a l i b r a t i o n  method i s  used  t o  

c o n s t r u c t  a c a l i b r a t i o n  c u r v e  f o r  t h e  polymer concerned .  But 

t h i s  method is  n o t  adequate  f o r  o l i g o m e r s ,  because  t h e  i n t r i n s i c  

v i s c o s i t y  of  such  low m o l e c u l a r  weight  s u b s t a n c e s  is h a r d l y  

measured p r e c i s e l y .  

Ptao s p e c i f i c  measures  o f  t h e  s i z e  o f  low-molecular weight  

materials are proposed:  t h e  e f f e c t i v e  c h a i n  l e n g t h  d e s c r i b i n g  by 

t h e  number o f  carbon atoms i n  t h e  n-hydrocarbon o f  t h e  same 

e f f e c t i v e  l e n g t h  (2,3) and t h e  molar volume (1.4-6). L a m b e r t  

o b t a i n e d  a n  e q u a t i o n  t o  , c a l c u l a t e  t h e  molar volume o f  n-hydro- 

carbons  ( 5 )  and e s t i m a t e d  t h e  molar volume v a l u e s  o f  s e v e r a l  p o l a r  

and non-polar  compounds u s i n g  a set  o f  t h e s e  v a l u e s  f o r  n-hydro- 

carbons  as a s t a n d a r d  ( 6 ) .  Because o f  s o l u t e - s o l v e n t  and s o l u t e -  

g e l  i n t e r a c t i o n s ,  t h e  e f f e c t i v e  c h a i n  l e n g t h  and t h e  molar volume 

o f  materials must c o r r e l a t e e x p e r i m e n t a l l y w i t h  a s t a n d a r d  such  as  

n-hydrocarbons i n  o r d e r  to  use  t h e s e  v a l u e s  as  c a l i b r a t i o n  

parameters .  These p a r a m e t e r s ,  however, d o  n o t  g i v e  any informa- 

t i o n  a b o u t  molecular  weight  o f  t h e  material .  

The p r e s e n t  work is concerned  w i t h  t h e  examinat ion  o f  t h e  

molecular  weight  r e l a t i o n s h i p  between p o l y s t y r e n e  or n-hydrocarbon 

and epoxy r e s i n ,  p - c r e s o l  novolak r e s i n  (PCR n o v o l a k ) ,  or 

p o l y e t h y l e n e  g l y c o l  (PEG) b o t h  o f  which e l u t e  a t  t h e  same 

r e t e n t i o n  volume. S o l u t e - s o l v e n t  a s s o c i a t i o n ,  t h e  e f f e c t  o f  t h e  

width o f  t h e  network openings  i n  t h e  g e l  b e a d s ,  and o t h e r  factors  

a f f e c t i n g  t h e  molecular  weight  r e l a t i o n s h i p s  among these o l i g o m e r s  

having the  same e l u t i o n  volume are d i s c u s s e d .  
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ELUTION B W V I O R S  AND RATIONALIZED CALIBRATION 331 

MATERIALS 

Molecular weights of polystyrene standards, purchased from 

Pressure Chemical Co., were 600, 2200, 3600, and 10000. PEGS 

(diethylene-,triethylene-, and tetraethylene glycols and PEG 200, 

PEG 1000, PEG 1540, PEG 2000, and PEG 3400). n-hydrocarbons, and 

epoxy resins (EPIKOTE 1001 and 1004 which are the products from 

bisphenol A and epichlorohydrin) were obtained from several 

chemical supply houses. PCR novolak resins were synthesized from 

p-cresol and formaldehyde in our laboratory. 

Columns were Shodex GPC A802 and A801 ( 5 0  cm x 8 nun i.d.) and 

JSP 101 ( 5 0  cm x 7.2 mm i.d.1. These columns have the exclusion 

limits of 10000, 2000, and 5000, respectively, by polystyrene 

molecular weight. The column substrate was a rigid, cross-linked 

polystyrene gel. Shodex columns were provided by courtesy of 

Showa Denko Co., Ltd. through Hikari Kogyo Co., Ltd., Chuo-ku, 

Tokyo 104, Japan and JSP columns by Jasco Syntex Co., Ltd., 

Hachioji, Tokyo 192, Japan. 

METHOD 

A JASCO (Nihon Bunko Kogyo Co., Ltd., Hachioji, Tokyo 192, 

Japan) TRIROTAR high performance liquid chromatograph was used 

with a differential refractometer Shodex SE-11 (Showa Denko Co., 

Ltd., Minato-ku, Tokyo 105, Japan). The following column-solvent 

combinations were used: two Shodex A802 - tetrahydrofuran (THF), 
a JSP 101 - THF, two Shodex A801 - THF, two Shodex A802 - 
chloroform, and a JSP 101 - chloroform. Flow rate were 1.0 ml/ 

min for Shodex series and 0.5 ml/min for JSP series. A sample 

injection volume was 0.1 ml. 

between 0.2 and 2.0 %(W/V) to obtain suitable responses from the 

detector attenuated at x8. All experiments were carried out at 

ambient temperature. 

A sample concentration was selected 
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RESULTS AND DISCUSSION 

MORI AND YAMAKAWA 

The high efficiency of the columns used is demonstrated by 

the separation of several oligomers as shovn in Figure 1. 

Calibration curves shown in Figures 2 and 3 obtained by plotting 

peak elution volumes and molecular weights represent the elution 

behavior of the oligomers in both solvents, THF and chloroform. 

The n-hydrocarbons are non-polar compounds and are assumed to 

elute without the solute-solvent association or the adsorption on 

the gel. Choosing n-hydrocarbons as reference standards, the 

elution behaviors of other oligomers are summarized as follows: 

1. Oligostyrenes, epoxy resins, PEGs which eluted at the same 

retention volumes as the n-hydrocarbons in THF eluted earlier 

than the corresponding n-hydrocarbons if chloroform was used 

as solvent. 

2. In chloroform, PCR novolak resins eluted later than the 

n-hydrocarbons which eluted at the same retention volumes as 

PCR novolak resins in THF. 

3. Epoxy resins and PEGs which eluted at the same retention 

volumes as oligostyrenes in THF eluted earlier than the 

corresponding oligostyrenes in chloroform. 

The volume between the total permeation and the exclusion 

limit, which corresponds to the inner volume V .  of the gel, of the 

column with a chloroform eluent was about 1.2 times that of the 

column with a THF eluent. Exception was the case of epoxy resin 

where the value for THF was larger than that for chloroform. The 

numbers of theoretical plates of oligomer species and the resolu- 

tion of adjacent peaks for the column with a chloroform eluent 

were also much larger than in the case of a THF eluent. (Reverse 

results were obtained in the case of epoxy resin.) It can be 

concluded that the increase of gel capacity (Vi/V ) with the use 

of a chloroform eluent results in the increase of the maxrmun 

number of components resolvable and that this effect depends on 

the nature of the sample to be separated. 

0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ELUTION BEHAVIORS AND RATIONALIZED CALIBUTION 333 

0 
v) z 

m w a 
a w a a 
0 u w a 

2 

I I I I I 1 1 1 
7 8 9 10 11 12 13 14 

ELUTION VOLUME (mL) 

FIGURE 1. Size exclusion chromatograms of oligomers 
column. THF' eluent at 0.5 ml/min. (a )  Polystyrene 
p-cresol novolak resin; (c) epoxy resin (EPIKOTE 1001 

A JSPlOl 
600; (b) 
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334 MORI AND YAMAKAWA 

Mw 

19 21 23 2 5  2 7  29  31 3 3  
ELUTION VOLUME (mL) 

FIGURE 2. Molecular weight vs. elution volume relationships (1). 
Two Shodex A 8 0 2  columns. THF eluent at 1.0 ml/min. ( 0 )  Pst; 
( 0 )  n-hydrocarbon; ( 0 )  epoxy resin; (I) PCR novolak resin: 
( % )  PEG. 
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3 -  

2 -  

l o 3  - - 
8 -  - - 
5 -  

- 
3 -  

2 -  

1 0 2  - 
1 I 1 I I I I I I I I I 

20 24 2 8  3 2  36 4 0  

ELUTION VOLUME (a) 

FIGURE 3. Molecular weight vs. elution volume relationships (2). 
Two Shodex A802 columns. Chloroform eluent at 1.0 ml/min. 
Symbols the same as in Figure 2 .  
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336 MORI AND YAMAKAWA 

When THF is used as the elution solvent, the polar molecules 

are larger than the estimated values as a result of hydrogen 

bonding with THF ( 4 , 7 ) .  A plot of elution volumes versus the 

logarithm of the molar volume for glycols falls above a similar 

line obtained for the n-hydrocarbons and this noncoincidence has 

been assumed to be due to adsorption of the glycols onto the gel 

surface (1). A s  a possible elucidation for the observation 1, 

smaller molecular volume of n-hydrocarbons in chloroform than that 
in THF might be considered rather than the adsorption of n-hydro- 

carbons onto the gel surface in chloroform. Oligostyrenes and 

PCR novolak resins, which were estimated to have the same 

molecular volumes on the basis of their simple molecular 

structures, had the similar retention volumes in chloroform. 

However, in THF PCR novolak molecules behaved as they had larger 

molar volumes by 160. Two THF molecules might associate with two 
phenolic hydroxyl groups at both ends. No evidence was observed 

that all the hydroxyl groups associated with THF molecules. The 

observation 3 leads us to postulate that the molecules of epoxy 

resins and PEGs in chloroform are actually larger than the 

molecules of oliqostyrenes eluted at the same retention volumes in 

THF as a result of the solute-solvent association. 

The data for PEG obtained with a Shodex A801 - THF system 
indicate that the molar volume values of PEGs from diethylene 

glycol to nonaethylene glycol with respect to those of the 

reference n-hydrocarbons are larger by about 80 to 105 than the 

estimated values from density and molecular weight. If the 

molar volume of THF is 74.3 (ref.4), then t h e  above result impiles 

that one to one and a half THF molecules are attached to glycols 

by hydrogen bonding. The elation behaviors of diethylene- and 

triethylene glycols might be assumed the intramolecular ring 

conformations. By the separate experiment of SEC with water as 

an eluent, the linear relationship on elution volume vs. log 

molecular weight was obtained throughout this range. 

The pore size and shape of the gel miqht modify the elution 
order of solutes in SEC. Dimer (n=2) of PCR novolak resin in a 
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Mw 

B 

337 

2 2  24 26  2 8  3 0  32  34  3 6  3 8  10 
ELUTION VOLUME (mL) ( A 8 0 2  L A a O l )  

11 1 2  1 3  1 4  1 5  16 1 7  1 8  19 2 0  

ELUTION VOLUME (mL) (JSPlOl) 

FIGURE 4. The effects of the pore size and shape of the gel. 
( A )  ( 0  ) Pst and ( 0 ) PCR novolak in a Shodex A 8 0 1  - chloroform 
system: ( 0 )  Pst and ( W )  PCR novolak in a JSPlOl - chloroform 
system. (B) ( 0  ) Pst and ( 0 )  PEG in a Shodex A802  - THF system: 
( 0 )  Pst and ( W  )PEG in a Shodex A 8 0 1  - THF system. Numbers on 
curves refer to the number of monomer unit of the oligomers. 
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338 MORI AND YAMAKAWA 

TABLE 1 
Comparison of Molecular Weights Between Oligostyrenes and 
Other Oligomers Having the Same Elution Volume 

Eluent Chloroform THF 

Column A802 

PSt M.W. 

JSPlOl A802 JSPlOl A801 

Oligomer M.W. 

400 295 
600 400 

500 360 
700 490 

300 380' 
400 470' 
600 650 

400 225 
600 320 
800 420 

29 5 
400  

3 5 0  
480  

420' 
500* 
650 

220 
3 1 5  
410 

n-Hydrocarbon 

2 60 265 
3 5 0  3 5 5  

Epoxy Resin 

470 460 
600 590 

PCR Novolak 

210 2 10 
295 295 
470 410 

265 
3 6 5  

470 
600 

210 
300 
480 

PEG 

273 265 280 
400' 390* 440' 
535' ' 510' 650' 

Inconsistency between columns was observed. 

Shodex A802 - chloroform system eluted before dimer (n=L)  or 

oligostyrene and that in a JSP101 - chloroform system after the 
latter dimer. Tetramer (n-4) of oligostyrene in a Shodex A802 or 

J S P l O l  - THF system eluted at the position between retention 
volumes of n=6 and n=7 of PEGs and that in a Shodex A801 - THF 
system n=7 and n-8. Similarly, n-5 of oliqostyrene in A802 

eluted between n=8 and n-9 of PEGs and that in A801 n=9 and n=10. 

These results are shown in Figure 4 .  Numbers n refer to the 

number of monomer unit of the oliqomers as listed below: 
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H,H4Hz-k$sHs H - O C H  z - C H  z t ; P H  

P E G  

0 
Pst 

OH OH OH 

CH 3 CH 3 CH 3 

P C R  novolak 

Molecular weight of each oligomer having eluti n volum 
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he 

same as that of oligostyrene in the individual column were 

obtained in a linear range of the plot of elution volume versus 

molecular weight and are summarized in Table 1 which suggests the 
slight influence of gel dimensions. No inconsistency between 

columns in the same solvent was observed to measure molecular 

weight of an oligomer using oligostyrene as a reference standard 

except a few cases. The discrepancy of molecular weight of PCR 

novolak obtained from both systems, Shodex A 8 0 2  - chloroform and 
JSP101 - chloroform, was observed in a lower molecular weight 
region and that of PEG from A 8 0 2  - THF and A 8 0 1  - THF in a higher 
molecular weight region. It may be concluded that the influence 

of the pore size and shape of the gel on the estimation of 

molecular weight relationships between oligostyrenes and other 

oligomers was negligible except a few cases, though the mechanism 

of this exceptional influence is not clear. This conclusion will 

make the next treatment possible. 

A linear relationship has been obtained by plotting log 

molecular weight of oligostyrene and that of epoxy resin, PCR 

novolak, or PEG having the same elution volume in the same 

solvent. From this relationship was derived a conversion 

equation to obtain a molecular weight of an oligomer in question 

by knowing a molecular weight of oligostyrene which eluted at the 
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340 MRI AND YAMAKAWA 

TABLE 2 
Molecular Weight Conversion Equations for Several Oligomers Based 
on Oligostyrene Molecular Weight and MW Range Applicable 

Eluent Chloroform THF 

Oligomer 

n-Hydrocarbon M = 3.07 x M 0 * 7 6  M = 2.45 x M 0 0 7 7 9  
S 

170 2 M 2 510 170 M 2 510 
Epoxy Resin M = 0.70 x Msl*oo' M = 4.50 x MSoe7*' 

340 2 M 2 1760 340 2 M 2 1760 
PCR Novolak M = 5.47 x M 0 * 7 4 7  M = 0.362 x M 1 * 1 2 2  

345 5 M 5 830 105 2 M 5 830 
(for JSPlOl M = 12.2 x M ' * ' *  

345 5 M 5 830 ) 

PEG M = 0.506 x M '*00* M = 0.967 x M 0 - 9 4 5  
9 S 

195 2 M 2 3400 195 2 M 5 3400 

( f o r  A 8 0 1  M = 0.779 x M 0 * 9 8 9  

195 2 M 2 1000 ) 

M : Molecular Weight of Oliqomers, Ms: MW of Oliqostyrene. 

S 

(for A802 195 2 M 2 2000 ) 

same elution volume of the former. Results are listed in Table 

2 .  Anoligostyrene calibration curve can be converted to a 

calibration curve of oliqomer in question using this conversion 
equation. Because of the lack of availability of pure components 

of oligomers of higher molecular weight, calibration was limited 
to the molecular weight enough to separate individual components 

except PEG which were up to MW = 3400. The extrapolation of the 

equation to higher molecular weight might be permitted. For 

example, an epoxy resin, EPIKOTE 1004, had cn = 1350 by this 
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ELUTION BEfIAVIORS AND RATIONALIZED CALIBRATION 341 

method (a Shodex A802 - chloroform system) and = 1470 by VPO 

(chloroform at 45 OC). 

this resin was 2610 and species from molecular weight 340 (n = 0) 

to 8300 were included. 

- n 
Weight average molecular weight, Mw, of 

The conversion equations based on n-hydrocarbons are listed 

in Table 3. The upper limit of these equations is the'molecular 

weights of the oligomers that would elute at the same retention 

volume as n-hexatriacontane (C36) which was the highest n-hydro- 

carbon available in our laboratory. 

These conversion equations make it possible to use oligo- 

styrene or n-hydrocarbon as a reference standard when molecular 

weights of these oligomers are measured. 

TABLE 3 
Molecular Weight Conversion Equations for Several Oligomers Based 
on n-Hydrocarbon Molecular Weight and MW Range applicable 

Eluent Chloroform THF 

01 isomer 

Oligostyrene M = 0.229 x Y n 1 0 3 1 6  M = 0.316 x 51*29 
160 M 2 890 160 5 M 5 890 

M = 2.66 x 5°*908 Epoxy Resin M = 0.155 x 51*320 
340 2 M 2 625 

M = 1.802 x 5 0 , 9 8 2  

465 ; M 2 710 

340 2 M 2 625 
M = 0.0595 x \ 1 ' * 5 3 3  

225 2 M i 710 
PCR Novolak 

PEG M = 0.300 x M = 0.207 x 51e293 
195 5 M 2 415 195 5 M 2 415 

M,, : MW of n-hydrocarbons. M : Molecular weight of oligomers, 
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