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FOREWORD 

The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 
Size exclusion chromatography or gel permeation chromatography (GPC) 

became a practical technique for obtaining the molecular weight 
distribution of polymers around 1964 through the pioneering efforts of 
John C. Moore. Since that time, GPC has become the analytical method 
of choice for fractionating and analyzing the molecular weight distribution 
of macromolecules. The field has grown and the output of journal articles 
has remained at a high level—during the past five years there have been 
on the order of 400 to 500 papers published annually. 

Recent technological advances over the past five years have sparked 
a new level of activity in the field of size exclusion chromatography (GPC). 
These include: (1) the development of high-performance, high-speed 
column technology; (2) the development and increased use of multiple 
in-line detectors (for example, differential refractometer, ultraviolet and 
infrared spectrophotometric detectors, visometry, light scattering, gravi-
metry, densitometry, etc.); and (3) the application of minicomputer and 
microcomputer technology for instrument control and data analysis. 

These developments in turn have led to new and improved applica
tions of size exclusion chromatography (GPC) as well as higher quality 
information. The topics in this book that reflect some of these new 
technological advances include particle size analysis of latex by chroma
tography methods; gel content measurements; determination of polymer 
chain branching and copolymer composition as a function of molecular 
weight; high-resolution GPC analysis of oligomers and micellar systems; 
applications of aqueous GPC; improved data analysis methods; and kinetic 
modeling of polymerization reactions. 

These new technological advances also have impacted the work of 
the American Society for Testing and Materials (ASTM). The ASTM 
committee D20.70.04 currently is involved in developing new size exclu
sion chromatography methods (GPC) that incorporate these advances. 

It is hoped that this book will spur further activity in the field of 
size exclusion chromatography (GPC). 

The editor wishes to thank the authors for their effective oral and 
written communications and the reviewers for their critiques and con
structive comments. 

Glidden Coatings and Resins THEODORE PROVDER 
Strongsville, Ohio 41136 

May 20, 1980 
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1 
Particle Size Analysis by Chromatography 

A. J. McHUGH1, D. J. NAGY2, and C. A . SILEBI 

Department of Chemical Engineering and Emulsion Polymers Institute, 
Lehigh University, Bethlehem, PA 18015 

The use of column chromatography for fractionating polymer 
latex suspensions has been growing rapidly. Figure 1 shows a 
schematic breakdown of the several methods. 

One method, developed by Small (1,2), involves pumping the 
latex suspension through columns packed with nonporous beads. 
Separation by size results from the interaction between the elec
trostatically stabilized particles and eluant velocity gradients 
in the interstices between the packing. Thus the term Hydrody-
namic Chromatography or HDC has been used to describe the process. 
Under conditions where van der Waals attraction between the par
ticles and packing can predominate (such as at high eluant ionic 
strength), the particles may interact with or deposit onto the 
packing. The possibility exists for controlling the deposition 
-reintrainment behavior of the particles in this regime, based on 
either size or any of the physico-chemical parameters involved in 
the potential energy of interaction between the particles and 
packing. The term Potential Barrier Chromatography or PBC has 
been used to describe this process (3,4). 

A second chromatographic method, similar in operation to HDC, 
involves the use of porous packing (as i n GPC) and has been r e 
fe r r e d to as Li q u i d Exclusion Chromatography or LEC. Krebs and 
Wunderlich (5) were the f i r s t to report the use of large pore 
s i l i c a gels f o r the f r a c t i o n a t i o n of polystyrene and polymethyl
methacrylate latexes. More r e c e n t l y , C o l l (6) and Singh and 
Hamielec (7.) have investigated the separation of polystyrene 
latexes up to one micron i n diameter using controlled-pore, 
s i l i c a glass packing. Their choice of packing s i z e and pore 
diameters c l e a r l y resembled those of t r a d i t i o n a l GPC systems. 
As a r e s u l t of some of the studies to be discussed i n t h i s paper, 
a separate regime i s possible when the packing pores are large 

Current address: department of Chemical Engineering 
U n i v e r s i t y of I l l i n o i s 
Urbana, I l l i n o i s 6l801 

* A i r Products and Chemicals 
Trexlertown, Pennsylvania 18105 

0-8412-0586-8/80/47-138-001$06.25/0 
© 1980 American Chemical Society 
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2 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

compared to the p a r t i c l e s i z e . Such a process we r e f e r to as 
Porous Hydrodynamic Chromatography. A t h i r d method involves flow 
of the p a r t i c l e suspension through long, small bore, open c a p i l 
l a r y tubes and has been referred to as C a p i l l a r y Hydrodynamic 
Chromatography (8^9.). In t h i s process the flow separation mecha
nism appears to be r e l a t e d to the "tubular pinch e f f e c t " discussed 
i n the work of Segre and Silberberg {10) and the name Tubular 
Pinch Chromatography (TPC) has also been associated with i t . 
Since the phenomenon only occurs above a c r i t i c a l Reynolds number 
( l l ) , i t may be most applicable to p a r t i c l e s l a r g e r than a micron 
i n diameter. 

Another area of r a p i d growth f o r p a r t i c l e separation has been 
that of Field-Flow Fractionation (FFF) o r i g i n a l l y developed by 
Giddings (12 ,̂ 13,1^,15.) (see also papers i n t h i s symposium s e r i e s ) . 
Like HDC, the separation i n f i e l d - f l o w f r a c t i o n a t i o n (FFF) r e s u l t s 
from the combination of force f i e l d i n t e r a c t i o n s and the convected 
motion of the p a r t i c l e s , rather than a p a r t i t i o n i n g between 
phases. In FFF the force f i e l d i s applied e x t e r n a l l y while i n 
HDC i t r e s u l t s from i n t e r n a l i n t e r a c t i o n s . 

This paper w i l l be l i m i t e d to a discussion of our packed 
column studies i n which we have addressed a t t e n t i o n to questions 
regarding, (a) the r o l e of i o n i c strength and surfactant e f f e c t s 
on both HDC and porous packed column behavior, (b) the e f f e c t s of 
pore s i z e and pore s i z e d i s t r i b u t i o n on r e s o l u t i o n , and (c) the 
e f f e c t s of the l i g h t s c a t t e r i n g c h a r a c t e r i s t i c s of polystyrene on 
s i g n a l r e s o l u t i o n and p a r t i c l e s i z e d i s t r i b u t i o n determination. 
The discussions include references to previous publications which 
contain d e t a i l e d development of some of the material presented 
here. 

Nonporous Packing: HDC 

i ) Background. D e t a i l s of the experimental aspects of HDC 
column design and operation are given i n several references ( l , l 6 , 
1/7,18). The basic technique involves pumping a d i l u t e suspension 
of l a t e x p a r t i c l e s through beds packed with styrene-divinylbenzene 
copolymer beads. P a r t i c l e s are detected by monitoring the t u r 
b i d i t y of the eluant stream i n a flow-through c e l l at 25U nm. 
Over a range of i o n i c strengths, p a r t i c l e s elute from the columns 
ahead of a dissolved marker species (dichromate ion) with p a r t i c l e 
residence time decreasing with increasing diameter. 

P a r t i c l e separation can be characterized by the separation 
f a c t o r , R F, which i s the r a t i o of eluant to p a r t i c l e e l u t i o n 
volumes, or, by the difference i n e l u t i o n volume, AV, between 
p a r t i c l e and eluant marker t u r b i d i t y peaks. For polystyrene 
monodisperse standards, a l i n e a r r e l a t i o n s h i p occurs between the 
l o g of the p a r t i c l e diameter and AV, with a series of p a r a l l e l 
l i n e s r e s u l t i n g f o r d i f f e r e n t concentration of e i t h e r s a l t or sur
factant below i t s c r i t i c a l m i c e l l e concentration (17,18,19). The 
separation factor has also been shown to be independent of eluant 
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1. MCHUGH ET A L . Particle Size Analysis 3 

flow rate ( l 8 , 1 £ ) . 
To quantify Rp i n terms of a fundamental model f o r the p a r t i 

c l e residence time the d e f i n i t i o n i n terms of average v e l o c i t e s i s 
used, 

F <v > (1) 

where v p and vg r e f e r to the p a r t i c l e and eluant a x i a l v e l o c i t y , 
and the brackets r e f e r to the appropriate averaging taken over the 
cross section of the assumed equivalent bed i n t e r s t i t i a l geometry. 
For the c a p i l l a r y bed model ( l8) 

JR -R o p 

I 
x -<f)(r)/kT 
) e Y r dr 

<v > = — 2) 
r o p 

e-<f>(r)/kT 
r dr 

o 
In equation (2) RQ i s the equivalent c a p i l l a r y radius c a l c u l a t e d 
from the bed hydraulic radius (17_), R p i s the p a r t i c l e r adius, and 
the exponential function contains, i n addition the Boltzman con
stant and temperature, the t o t a l energy of i n t e r a c t i o n between 
the p a r t i c l e and c a p i l l a r y w a l l force f i e l d s . The p a r t i c l e 
streamline v e l o c i t y v p ( r ) contains a corr e c t i o n f o r the w a l l 
e f f e c t ( l 8 ). A s i m i l a r expression f o r <vp> r e s u l t s with the 
exception that f o r the marker the van der Waals a t t r a c t i o n and 
Born repulsion terms as w e l l as the w a l l e f f e c t are considered 
to be n e g l i g i b l e (18). 

Calculations f o r Rp as a function of the relevant experiment
a l parameters (eluant i o n i c species concentration-including sur
factant, packing diameter, eluant flow rate) and p a r t i c l e physical 
and electrochemical properties (Hamaker constant and surface 
p o t e n t i a l ) show good agreement with published data (l8.,l£). Of 
p a r t i c u l a r i n t e r e s t i s the c a l c u l a t i o n which shows that at very 
low i o n i c concentration the separation f a c t o r becomes independent 
of the p a r t i c l e Hamaker constant. This r e s u l t indicates the 
f e a s i b i l i t y of u n i v e r s a l c a l i b r a t i o n based on w e l l characterized 
l a t i c e s such as the monodisperse polystyrenes. In the fol l o w i n g 
section we present some recent r e s u l t s obtained with our HDC 
system using several monodisperse standards and various sur
factant conditions. 

i i ) E f f e c t s of Ionic Concentration on M a t e r i a l Recovery and 
Universal C a l i b r a t i o n . Figure 2 i l l u s t r a t e s the e f f e c t of i o n i c 
strength on the Rp - p a r t i c l e diameter r e l a t i o n s h i p f o r the 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
1



4 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

I PARTICLE CHROMATOGRAPHY 

NONPOROUS POROUS 
PACKING PACKING 

OPENCAPU.ARY 
TUBE 

HYDROOYNAMC 
CHROMATOGRAPHY B i l l TUBULAR-PINCH 

CHROMATOGRAPHY 

'CHROMATOGRAPHY 
LIQUID EXCLUSCN 
CHROMATOGRAPHY 

FIELD-FLOW 
FRACTIONAL TION 

•FIELD I 

|THERMAL FJQJDJ 

|FIELD FLOWJ 

I ELECTRICAL I 
1 FIELD I 

Figure 1. Classification of principal areas of colloidal particle chromatography 

i i i i i i i 

0 500 1000 1500 2000 2500 3000 3500 4000 

PARTICLE DIAMETER, I 

Figure 2. Effect of ionic strength on RF for different polystyrene particle sizes 
using SLS or AM A in eluant. 

Molar concentrations in millimoles (quantities in parentheses are total ionic strengths 
calculated from Equation 4). (O) 0.33mU AMA; (A) 1.29mU AMA; (A) 2.78mM 
AM A; (U) 23mM SLS (60mM); (%) 30mM SLS (84mM); (Q) 35mM SLS (WlmM); 

(M) 105mU (342mM). 
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1. McHUGH ET AL. Particle Size Analysis 5 

polystyrene standards f o r a v a r i e t y of i o n i c strengths using sur
factant e i t h e r sodium l a u r y l s u l f a t e , SLS, or aerosol MA, AMA, 
sodium dihexylsulfosuccinate as noted, only i n the eluant phase. 
Curves A, B, and C are f o r concentrations of SLS or AMA below the 
CMC (CMC of AMA - 0 . 0 2 8 M , ( 2 0 ) , CMC of SLS - . 0 0 8 M , (21)) i n which 
case the i o n i c strength i s given "by the standard d e f i n i t i o n 

I = 1/2 Z C± Z 2 (3) 

where Cj_ i s the t o t a l bulk concentration of species i and i s 
the i o n i c charge with the summation taken over a l l i o n i c species. 
Curves D, E, F, and G are f o r concentrations of SLS above the CMC. 
The close c o r r e l a t i o n between these curves and those of Figure 6, 
reference 1 , i n d i c a t e that the c o n t r i b u t i o n of the a n i o n i c a l l y 
charged SLS micelles (above the CMC) may be accounted f o r i n terms 
of the i o n i c strength. 

From electrophoretic data f o r SLS micelles under various 
i o n i c conditions ( 2 2 ), values of 80 for the aggregation number and 
23 for the e f f e c t i v e charge of the k i n e t i c m icelles can be used. 
This gives the f o l l o w i n g formula f o r the eluant t o t a l i o n i c 
strength. 

I = 1/2 [ [ N a + ] ( + l ) 2 + [ S L - ] ( - l ) 2 + [ S L S ] m ( Q ) 2 ] (h) 

In equation (U)[N«+] i s the t o t a l molar concentration of free 
sodium ions, [ SL~J i s the molar concentration of i o n i c C-^ H25 
SOjJ, and [SLS] m i s the concentration of the SLS m i c e l l e s . The 
corresponding i o n i c strengths are indicated i n the f i g u r e heading. 
The c a p i l l a r y model can also be used to account f o r the i o n i c 
strength e f f e c t s seen i n Figure 2 and i s discussed elsewhere (23). 

A p r a c t i c a l upper l i m i t f o r the f r a c t i o n a t i o n of p a r t i c l e s by 
HDC e x i s t s using 20 urn packing ( l ) . In order to further elucidate 
t h i s e f f e c t a s e r i e s of runs was made using a column by-pass l i n e 
to allow t u r b i d i t y peak area comparisons for the same samples run 
through the column and by-pass. Table I shows percent recoveries 
based on the t u r b i d i t y s i g n a l for various p a r t i c l e s izes of 
polystyrene (PS), p o l y v i n y l c h l o r i d e (PVC), and polystvrene 
butadiene (PSBD) at a low i o n i c strength of U.U x 1 0 " % SLS and a 
wavelength of 2$k nm. P a r t i c l e diameters l e s s than about 250 nm 
are e s s e n t i a l l y a l l recovered, while the p r a c t i c a l upper l i m i t i s 
about 350 nm. Reduced recovery may be due to a deposition of 
p a r t i c l e s on the packing beads or a " f i l t r a t i o n " e f f e c t due to 
the small degree of p o l y d i s p e r s i t y of the packing ( 2 3 ) . 

Complete recoveries are e s s e n t i a l f o r the c a l c u l a t i o n of 
accurate p a r t i c l e s i z e d i s t r i b u t i o n s from HDC data. In Small's 
work ( l ) NaCl was used to increase the i o n i c strength of the 
eluant phase, however, quantitative r e s u l t s were not reported f o r 
any of the recoveries, e s p e c i a l l y at high i o n i c strengths, other 
than the statement that no latexes of 338 nm or 357 nm diameter 
were eluted at 0 . 1 7 6 M. In our case using SLS only i n the mobile 
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6 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

phase leads to s i g n i f i c a n t l y improved sample recoveries. Table 
I I shows a comparison using polystyrene l a t i c e s and eith e r NaCl 
or SLS as the i o n i c species. 

Table I. Percent Recoveries of Latexes i n HDC 
.o. . 

P a r t i c l e Diameter (A) % Recovery 
880 PS 100 
910 PS 100 

1090 PS 100 
1160 PVC 100 
lUoo PVC 100 
1760 PS 100 
211+0 PVC U7 
23^0 PS 75 
31^0 PSBD 31 
3570 PS 13 

Table I I . Percent Recoveries of Polystyrene Using SLS and NaCl 

P a r t i c l e Diameter (A) I = 0.090 M» I = 101 M** 

880 6k 100 
1090 h9 100 
1760 hO 100 
23^0 22 81 
3570 3 22 

* I = 0.090 M (0.017 M SLS + 0.050 M NaCl) 
* * I = 0.101 M (0.035 M SLS) 

The increased concentration of NaCl can lead to poor recover
i e s of l a t e x , probably due to f l o c c u l a t i o n and adsorption of the 
p a r t i c l e s onto the packing. However, the use of only SLS i n the 
mobile phase can s i g n i f i c a n t l y improve recoveries even at these 
high i o n i c strengths and no doubt r e f l e c t s the s t a b i l i z i n g e f f e c t 
of the adsorbed surfactant on the l a t e x . At very high SLS concen
t r a t i o n s , such as curve G of Figure 2 where I = 0.3^2M, only the 
88 nm, 91 nm, and 109 nm p a r t i c l e s eluted and at 10 to 15$ recov
ery. Nonetheless, t h i s i o n i c strength i s more than double that 
reported for the highest concentration of NaCl used by Small ( l _ ) . 

Figure 3 shows c a l i b r a t i o n p l o t s of log ( p a r t i c l e diameter) 
vs. e l u t i o n volume difference (AV) between marker and p a r t i c l e 
using three d i f f e r e n t monodisperse latexes at a low eluant i o n i c 
strength of 1.29 mM SLS. These r e s u l t s i l l u s t r a t e the feature of 
un i v e r s a l c a l i b r a t i o n behavior predicted by the c a p i l l a r y bed 
model as mentioned e a r l i e r . Of note also i s the fact that the 
curve deviates from l i n e a r i t y f or the 38 nm p a r t i c l e and begins to 
approach the o r i g i n as also indicated by the model c a l c u l a t i o n s . 
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1. McHUGH ET AL. Particle Size Analysis 7 

As noted before, the whole spectrum of p a r t i c l e sizes between 38 
and 357 nm i s encompassed with a AV of k.O ml or about 6% of the 
t o t a l column void volume. This low capacity of the HDC system i s 
counterbalanced by i t s excellent r e s o l u t i o n both of i t s e l f and i n 
comparison to porous packing systems. The l a t t e r point i s 
addressed i n the next section. 

LEC and Porous HDC 

Porous packed systems represent i n add i t i o n to the hydrody-
namic e f f e c t , the p o s s i b i l i t y f o r separation due t o s i z e - r e l a t e d 
exclusion of p a r t i c l e s from the pores, e s s e n t i a l l y LEC. In t h i s 
section a b r i e f overview of some of our more recent r e s u l t s per
t a i n i n g to the question of pore s i z e d i s t r i b u t i o n e f f e c t s w i l l be 
given. More d e t a i l e d discussions are presented elsewhere ( 23» 2*0. 

Experiment a l 

The following i s a d e s c r i p t i o n of the experimental set-up and 
conditions used f o r the i n v e s t i g a t i o n of porous systems. 
1. Equipment : 

The experimental set-up used for porous chromatography i s 
v i r t u a l l y i d e n t i c a l to that used for HDC as described elsewhere 
(16^,17). The use of s t a i n l e s s s t e e l columns f o r the LEC work 
required 3l6 s t a i n l e s s s t e e l column e n d - f i t t i n g s and l / l 6 " O.D. 
c a p i l l a r y tubing. 
2. Columns and Packing: 

The packing material used f o r the LEC work was Controlled-
Pore Glass (CPG) from Electronucleonics, F a i r f i e l d , N.J. with 
various pore Qdiameters s i m i l a r to those used by others (6,25) 
(500-10,000 A). Each h.6 mm I.D. χ 100 cm column was dry packed 
with the CPG of a s p e c i f i c pore s i z e by tapping and v i b r a t i o n 
u n t i l a terminal bed volume was reached. Stainless s t e e l 20-ym 
f r i t s were used on each end of the column along with the appro
p r i a t e low-dead volume e n d - f i t t i n g s . 

For the work with large-pore, porous systems, F r a c t o s i l 
25,000 s i l i c a glass was used (EM Laboratories, #9395-3E) having 
a p a r t i c l e s i z e ranging from 63 to 125 and a nominal pore s i z e 
of 2.5 um. F r a c t o s i l has a hi g h l y i r r e g u l a r geometry and an 
extremely high po r o s i t y as shown by scanning electron microscopy 
(23). The pores can be considered to be e s s e n t i a l l y open and 
flow through, with l i t t l e , i f any, dead spaces. The porous glass 
was pre-washed before packing with hot, d i s t i l l e d water several 
times to remove any r e s i d u a l inorganic contaminants. The glass 
was then s l u r r y packed i n t o a glass column (9.0 mm I.D. χ 110 cm) 
with s l i g h t tapping and v i b r a t i o n , u n t i l a terminal bed volume 
was reached. T y p i c a l residence times of a l a t e x sample through 
the F r a c t o s i l column were 30 to kO minutes at a flow rate of 1.5 
ml/min. 

The mobile phase consisted of e i t h e r sodium l a u r y l s u l f a t e 
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8 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 3. HDC universal calibration curve (eluant ionic strength 1.29mM ΑΜΑ; 
monodisperse lattices: (O) polystyrene; (£]) polyvinyl chloride; (A) poly(styrene-

cchbutadiene)) 
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1. McHUGH ET AL. Particle Size Analysis 9 

(SLS) or sodium dihexylsulfosuccinate (ΑΜΑ.) with no added s a l t . 
Monodisperse l a t e x (the Dow polystyrene standards and PVC stan
dards) samples were used. 

LEC Results 

Experimentation with Controlled-Pore Glass involved the use 
of several column sets packed with the pore diameters i n angstrom 
un i t s shown i n Table I I I . 

Table I I I . Porous Column Setup 

Set I Set I I Set I I I 

Column A 500 1000 10,000 
Column Β 1000 2000 
Column C 2000 3000 

Each set of columns was run with ΑΜΑ as the surfactant i n the 
mobile phase at a concentration of 5·2 χ 10"3 M, and R F vs. D p 

data were obtained using the polystyrene standards. These r e s u l t s 
are shown i n Figure h and i l l u s t r a t e the e f f e c t of pore s i z e d i s 
t r i b u t i o n on the values of Rp. Figure 5, the c a l i b r a t i o n curve 
for Set I f e shows two d i s t i n c t l i n e a r regions: that f o r 880, 910, 
and 1090 A diameter p a r t i c l e s and that f o r 1760, 23^0, and 3570X. 
Figure 5 also includes data obtained with the PVC standards and 
f o r both systems the changed slopes i n d i c a t e the smaller p a r t i c l e s 
are penetrating the porous matrix and that the l a r g e r p a r t i c l e s 
are being t o t a l l y exluded from the pores f o r t h i s p a r t i c u l a r pore 
siz e d i s t r i b u t i o n . This sharp d i s t i n c t i o n between penetration and 
exclusion regions of the c a l i b r a t i o n curve points to an upper 
l i m i t on the diameter of the p a r t i c l e s which can penetrate the 
pores. Pore diameters must be two to three times greater than 
the p a r t i c l e s to be fractionated for s i g n i f i c a n t pore penetration 
to occur. A much l e s s dramatic egfect i s seen f o r the Rp curve 
of Set I I where pores of up 3000 A were used r e s u l t i n g i n a 
greater a v a i l a b i l i t y f o r pore penetratiog by a l l the p a r t i c l e s . 
For Set I I I , where only pores of 10,000 A were used, a l l p a r t i c l e s 
can now pass through a l l the pores r e s u l t i n g i n a nearly l i n e a r 
dependence of Rp vs. Dp. 

The values of Rp using the small pore diameters of CPG 
packing such as for Set I and Set I I are considerably l a r g e r 
than those found f o r HDC. As with C o i l ' s work, t h i s i s due to 
the fact that the marker species (Na2Cr20y) can sample the t o t a l 
column volume and since most of the l a t e x p a r t i c l e s sample only 
a small f r a c t i o n , i f any, of the pore volume, the r e s u l t i n g 
values £or R F are large. Note, however, that when pores of 
10,000 A are used, Rp values are much lower (nearer to those of 
HDC) since now l a t e x and marker can both sample a s i g n i f i c a n t 
f r a c t i o n of the pores. Universal c a l i b r a t i o n has also been 
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10 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 4. Effect of pore size distribution on RF for various LEC systems at 
5.2mM ΑΜΑ (pore diameters: Ο 500, 1000, 2000 A; (O) 1000, 2000, 3000 A; 

(A) 10,000 A) 
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1. McHUGH ET AL. Particle Size Analysis 11 

observed f o r a s i m i l a r system although at high i o n i c concentration 
(25). 

C a l c u l a t i o n of material balances of the polystyrene latexes 
through these LEC systems showed s i g n i f i c a n t r etention of the 
sample w i t h i n the column. Percent recoveries of polystyrene 
latexes c a l c u l a t e d at 2$k nm f o r the columns o£ Set I I are given 
i n Table IV· The small p a r t i c l e sizes (<1000 A) are completely 
recovered, while s i g n i f i c a n t l o s s of sample i s seen f o r the 
lar g e r p a r t i c l e s i z e s . 

Table IV 

of Polystyrene Latexes 

D p (1) % 

880 100 
910 91 

1090 100 
1760 U5 
23^0 2k 
3570 2 

Peak skewing or t a i l i n g of the l a t e x chromatographic peaks 
exhibited a general increase with increasing p a r t i c l e s i z e , as 
also noted by C o l l (6). This was a t t r i b u t e d to s t e r i c exclusion 
from the pores as the p a r t i c l e diameters approached the upper 
l i m i t of the pore s i z e d i s t r i b u t i o n . However, increasing skewness 
with increasing p a r t i c l e s i z e , as w e l l as the corresponding 
decrease i n percent recoveries of sample i s a strong i n d i c a t i o n 
of p a r t i c l e entrapment w i t h i n the porous bed. I t points to the 
necessity of using a more uniform, l a r g e r pore s i z e . 

Porous HDC Results 

The rate of p a r t i c l e transport using F r a c t o s i l packing with a 
nominal pore s i z e of 2.5 ym i s considerably d i f f e r e n t from that of 
the previously described LEC systems. Since the s p e c i f i e d pore 
si z e of the F r a c t o s i l packing i s almost an order of magnitude 
larg e r than the p a r t i c l e diameters to be f r a c t i o n a t e d , v i r t u a l l y 
complete penetration of the pores by a l l the p a r t i c l e diameters 
i s to be expected. The p a r t i t i o n c o e f f i c i e n t s measured for the 
polystyrene latexes on the F r a c t o s i l system are compared to values 
obtained using the LEC system of Set I I at an i o n i c strength of 
5.5 x 10-3 M, and are shown i n Table V. The s i g n i f i c a n t increase 
i n the degree of pore penetration by a l l p a r t i c l e diameters i s 
c l e a r l y evident with the F r a c t o s i l system. This system might be 
more accurately described as an example of permeation chromato
graphy with the enhanced hydrodynamic e f f e c t s w i t h i n the pores 
increasing the rate of p a r t i c l e transport through the bed, thus 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
1



12 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

19.0 19.5 20.0 

TOTAL ELUTION VOLUME, ml 

20.5 

Figure 5. Calibration curve for LEC system of Set I (500, 1000, 2000 A pore 
sizes): (O) polystyrene standards; (A) polyvinyl chloride standards 

0 500 ÏÔÔÔ 1500 2000 2500 3000 3500 4O00 4500 

PARTICLE DIAMETER, I 

Plenum Publishing Corporation 

Figure 6. Effect of ionic strength on RF for different polystyrene particle sizes 
using the porous Fractosil system (24). 

Molar concentrations in millimoles (quantities in parentheses are total ionic strengths 
calculated from Equation 4). (O) 0.22mM; (Π) 0.55mU SLS; (V) 1.03mU SLS; (0 ) 
1.29mU ΑΜΑ; (0) 5.15mM ΑΜΑ; (Φ) W.lmM ΑΜΑ; (M) 21mM SLS (53mU); 

(A) 35mU SLS (101 mM); (O) 105mM SLS (342mU). 
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1. MCHUGH ET A L . Particle Size Analysis 13 

the terminology porous HDC of Figure 1 i s indicated f o r t h i s 
system. The CPG system i s more of an example of exclusion chrom
atography (exclusion from the porous matrix) i n which only the 
hydrodynamic e f f e c t s of the i n t e r s t i t i a l regions predominate, as 
i n nonporous HDC. The r e l a t i v e difference between p a r t i t i o n 
c o e f f i c i e n t s f o r the various p a r t i c l e s izes of the CPG system of 
Table V, although, seem to i n d i c a t e superior p a r t i c l e separation 
over the F r a c t o s i l . However, the improved peak separation reso
l u t i o n seen with LEC needs to be balanced against the p o s s i b i l i t y 
of problematical s i z e d i s t r i b u t i o n r e s u l t s . 

Table V. P a r t i t i o n C o e f f i c i e n t s for CPG and F r a c t o s i l Packings 

Na 2Cr 2 0Y 
800 

910 

1090 

1760 

23U0 

3570 

CPG* 
1.00 

0.25 

0.23 

0 . l 6 

0.02 

0 

0 

F r a c t o s i l 
1.00 

O.Qk 

0.83 

0.81 

0.75 

0.69 

0.59 

*3 columns: Pore sizes of 1000, 2000, 3000 A (Set I I ) 
T l column: Pore s i z e of 25,000 X 

Figure 6 shows the r e s u l t s of a series of experiments to 
determine the dependence of the separation f a c t o r , R F, as a 
function of eluant i o n i c strength f o r the F r a c t o s i l system. Here, 
the i o n i c strength ranges from 2.2 χ 10""**· M to 0.3^2 M and includes 
only surfactant at concentrations above and below the CMC. As i n 
HDC, the p a r t i c l e s move with an average v e l o c i t y greater than that 
of the f l u i d stream, and the Rp values are up to 10$ greater than 
those observed f o r the corresponding i o n i c strengths i n HDC. This 
fact indicates the s i g n i f i c a n t r o l e played by the 2.5 ym pores i n 
the enhancement of the rate of p a r t i c l e transport through the bed, 
even though the packing s i z e of the s i l i c a glass ranges from 63-
120 urn. According to Small (l), as the packing s i z e increases, 
Rp w i l l decrease; however, we see the opposite e f f e c t due to the 
presence of the porous matrix, i n d i c a t i n g the hydrodynamic e f f e c t s 
exhibited w i t h i n the i n t e r s t i t i a l .void regions are s i g n i f i c a n t l y 
l e s s than those w i t h i n the pores. 

Several of the concentrations i n Figure 6 were above the CMC 
of SLS and since the trends were exactly the same as seen i n 
Figure 2, the c o n t r i b u t i o n of the a n i o n i c a l l y charged micelles 
was accounted by Equation k to c a l c u l a t e the t o t a l i o n i c strengths 
indicated. 

Overall material recoveries were also s i g n i f i c a n t l y improved 
by use of e m u l s i f i e r above the CMC, as was seen i n the previous 
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14 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

section with HDC. I t i s i n t e r e s t i n g to note that a moderate to 
high i o n i c strengths (>50 mM) the recovery of l a t e x from the 
column was as good as the HDC system and that the porous matrix 
and h i g h l y i r r e g u l a r packing geometry contribute l i t t l e to mater
i a l l o s s . A l s o , the symmetrical nature of the F r a c t o s i l peaks 
for polystyrene, although non-Gaussian, tend to further support 
the concept of complete p a r t i c l e penetration of the pores (23). 

Figure 7 shows a comparison between the c a l i b r a t i o n curves 
(log Dp vs. AV) f o r the HDC and porous F r a c t o s i l systems for the 
polystyrene standards at an i o n i c strength of 1.29 χ 10"3 M. The 
range of AV for the F r a c t o s i l system f o r p a r t i c l e diameters of 
880 and 3570 X i s almost 75$ greater than that of HDC, even though 
t o t a l column volumes f o r the F r a c t o s i l and HDC systems are 50 cw? 
and 68 cm3, r e s p e c t i v e l y . The e f f e c t i v e e l u t i o n range of these 
p a r t i c l e diameters has been s i g n i f i c a n t l y increased using the 
F r a c t o s i l , and t h i s behavior i s r e f l e c t e d i n the magnitude of the 
separation f a c t o r , as shown i n Figure 6. As with HDC, the sepa
r a t i o n factor was found to be independent of flow rate (23). As 
discussed elsewhere (23) the c a p i l l a r y bed model can be extended 
to account f o r the e f f e c t of the pores on the separation f a c t o r 
a n a l y s i s . 

The slopes of the c a l i b r a t i o n curves f o r the HDC and 
F r a c t o s i l systems are 0.512 and 0 .289, r e s p e c t i v e l y . This i n d i 
cates that the " r e s o l u t i o n of the peak separation" for the 
F r a c t o s i l system i s superior to that of HDC, since r e s o l u t i o n i s 
considered to be i n v e r s e l y proportional to the slope of the l o g 
p a r t i c l e diameter - AV c a l i b r a t i o n curve (26). However when 
peak spreading i s taken i n t o account, the actual r e l a t i v e r e s o l u 
t i o n between p a r t i c l e populations i s l e s s f o r the F r a c t o s i l system 
(2k) a r e s u l t which indicates that o v e r a l l , f o r s i z e d i s t r i b u t i o n 
r e s o l u t i o n , the HDC system i s superior. 

Signal Resolution 

P a r t i c l e s i z e d i s t r i b u t i o n c a l c u l a t i o n s (19,27) have i l l u s 
t r a t e d that modifications i n the more standard methods fo r evalu
a t i n g the i n t e g r a l dispersion equation are necessary i n order to 
achieve good comparison between measured and c a l c u l a t e d r e s u l t s . 
A major source of the problem for systems with wide s i z e d i s t r i 
butions (and therefore r e l a t i v e l y small numbers of small p a r t i c l e s ) 
i s the strong dependence of the s c a t t e r i n g cross section on p a r t i 
c l e diameter i n the nonabsorbing wavelength range. Calculations 
have indicated that a means f o r improving r e l a t i v e r e s o l u t i o n i s 
to choose a wavelength where the p a r t i c l e s can absorb as w e l l as 
scatter (27). 

This feature i s i l l u s t r a t e d i n Figure 8 which shows the 
t u r b i d i t y signaj c h a r a c t e r i s t i c s f o r a 1.0 to 1 .2 , by weight, 
mixture of 380 A and 1760 A polystyrene standards chromatographed 
through the HDC columns. The chromatogram shows that when t u r - Q 

b i d i t y at 25^ nm. wavelength i s used (pure scattering) the 380 A 
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1. MCHUGH ET A L . Particle Size Analysis 15 
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3,0 4.0 5.0 6.0 7.0 8.0 

DIFFERENCE IN ELUTION VOLUME, ml 

9.0 

Plenum Publishing Corporation 

Figure 7. Comparison of polystyrene calibration curves for HDC and porous 
Fractosil systems (eluant ionic strength, 1.29mM ΑΜΑ; (Ο) HDC; Ο Fractosil) 

(24) 

f\ /-254nm 0.64 O.D. 

1760 Α - ς ^ 7 ι Η ^ 2 2 0 nm 1.28 O.D. 

11 · 
11 jj-ZQO A 

ELUTION VOLUME 

Plenum Publishing Corporation 

Figure 8. HDC separation of a synthetic biomodal mixture of 380 A and 1760 A 
polystyrene standards at 220-nm and 254-nm wavelength (weight ratio is 1.00/120) 

(24) 
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16 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

population shows up only as a small shoulder i n output despite 
the f a c t that the smaller p a r t i c l e s are present i n a r a t i o of 
over 80 to 1 by number. Decreasing the wavelength to 220 nm ( i n 
the absorbing region) r e s u l t s i n a dramatic change i n the r e l a t i v e 
peak heights as w e l l as the o v e r a l l s i g n a l i n t e n s i t y . 

In order to c a l c u l a t e p a r t i c l e s i z e d i s t r i b u t i o n s i n the 
adsorption regime and also to determine the r e l a t i v e e f f e c t s of 
wavelength on the e x t i n c t i o n cross section and imaginary r e f r a c 
t i v e index of the p a r t i c l e s , a series of t u r b i d i t y measurements 
were made on the polystyrene standards using a v a r i a b l e wavelength 
UV detector. More d e t a i l e d discussions are presented elsewhere 
(23), shown here i s a b r i e f summary of some of the major r e s u l t s 
and conclusions. 

Experimentally, the t u r b i d i t y s i g n a l f o r d i l u t e , non-inter
ac t i n g suspensions, i s given by the Beer-Lambert expression. 

τ = 2.303 (O.D.) = X (5) 

In equation (5) , τ i s the t u r b i d i t y , O.D. i s the o p t i c a l density 
measured from the photometer, Ν i s the number density of p a r t i 
c l e s , X i s the o p t i c a l path length and R ext ^ s the e x t i n c t i o n 
cross section. For combined s c a t t e r i n g and absorption, R i s , exc given by, 

R e x t " R s c a t + Rabs ^ 
where R Scat a n d ^abs represent the p a r t i c l e s c a t t e r i n g and absorp
t i o n cross sections r e s p e c t i v e l y . For a given p a r t i c l e s i z e the 
slope of the o p t i c a l density versus weight f r a c t i o n curve can be 
used i n conjunction with equation (5) to determine R ext a n d also 
the s p e c i f i c e x t i n c t i o n c o e f f i c i e n t (23). As a good approximation 
one can assume over a l i m i t e d s i z e range (28) that 

R . α R k (T) ext ρ 
A r e s u l t i n g l o g - l o g p l o t of the R e x t versus R^ data i s shown i n 
Figure 9 for a wavelength of 220 nm. From the slope of p l o t s such 
as these the value of k f o r various wavelengths was determined and 
these r e s u l t s are shown i n Figure 10. These r e s u l t s i l l u s t r a t e , 
i n effect> a means f o r varying the s i g n a l dependence on p a r t i c l e 
s i z e so as to optimize the desired s i z e averaging c h a r a c t e r i s t i c s 
of the instrument output. This i l l u s t r a t e s a concept which has 
been previously addressed computationally i n the l i t e r a t u r e (25.). 
Figure 10 shows that at 25k nm a roughly fourth power dependence 
of R ^ t on p a r t i c l e radius i s occuring while at 227 nm the t h i r d 
power dependence indicates the s i g n a l w i l l be proportional to the 
mass of the suspension and therefore be a weight averaged s i g n a l 
independent of p a r t i c l e diameter (25.). At 220 nm the s i z e depen
dence has dropped to 2.7. 

Calculations of the e x t i n c t i o n cross section at a given wave-
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1. McHUGH ET AL. Particle Size Analysis 17 

Figure 10. Power dependence of the extinction cross section for polystyrene as a 
function of wavelength for particle diameters 88 nm to 357 nm 
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18 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

length were also c a r r i e d out as a function of the imaginary 
r e f r a c t i v e index using the Mie Theory algorithm discussed e l s e 
where (27). By comparison with the experimentally determined 
^ext» "best f i t values of the imaginary r e f r a c t i v e index were 
obtained. (Since R e x t shows a much stronger dependence on p a r t i 
c l e s i z e i n the small p a r t i c l e region, the best value of imaginary 
r e f r a c t i v e index was obtained from the f i t i n t h i s region (23.) ). 
Figure 11 shows the r e s u l t i n g values f o r r e f r a c t i v e index as a 
function of wavelength for the polystyrene standards. 

Resolution of P a r t i c l e Size D i s t r i b u t i o n 

In order to ca l c u l a t e a p a r t i c l e s i z e d i s t r i b u t i o n d i r e c t l y 
from the output chromatogram for a polydisperse system, the 
i n t e g r a l dispersion equation f or the chromatogram s i g n a l , F(V), 
as a function of e l u t i o n volume, V, needs to be evaluated (27). 

r v2 
F(V) = \ W(y) G(V,y) dy (8) 

In equation (8) , G(V,y) i s the normalized instrumental 
spreading function for the component with a mean re t e n t i o n volume 
y and W(y) i s the area under the chromatogram due to that species. 
The i n t e g r a l i s evaluated over the l i m i t s of the chromatogram, V]_ 
to V 2 . The area W(y) i s r e l a t e d to the number density of the 
p a r t i c l e s by 

N ( y ) = 2.303 W(y) ( 9 ) 

ext 
The s o l u t i o n of equation (8) for W(y) involves approximating the 
instrumental spreading function and then employing any of several 
means f o r i n v e r t i n g the i n t e g r a l (27). I t i s important to realize 
that the nonlinear conversion of w[y) to N(y) through equation (9! 
i s a major fac t o r i n s i z e d i s t r i b u t i o n r e s o l u t i o n with respect to 
small p a r t i c l e s . As indicated i n the previous section t h i s prob
lem i s exacerbated when the t u r b i d i t y s i g n a l i s used at wavelength 
where the p a r t i c l e s are pure s c a t t e r e r s . This necessitates accu
rate f i t t i n g of the chromatogram f o r the d i s t r i b u t i o n e s p e c i a l l y 
i n the small p a r t i c l e region. The choice of a wavelength i n the 
absorbing region f or improved s i g n a l detection decreases the non
l i n e a r dependence between N(y) and W(y). 

A modification of the method proposed by Ishige, Lee, and 
Hamielec (29) has been shown to work w e l l f o r c a l c u l a t i n g W(y) to 
compute a PSD (27). This i t e r a t i v e method s t a r t s with a f i r s t 
estimate of W(yT~obtained from the polydisperse chromatogram 
assuming no a x i a l dispersion. Equation (8) i s then evaluated 
from which the computed chromatogram F* (V) i s obtained. From 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
1



1. MCHUGH E T A L . Particle Size Analysis 19 

t h i s , the d i s t r i b u t i o n W(y) i s then corrected at each i n t e g r a t i o n 
point depending upon the error between the computed and measured 
chromatogram. The c o r r e c t i o n f a c t o r has the f o l l o w i n g form: 

where j r e f e r s to the l e v e l of i t e r a t i o n , F* i s the computed 
chromatogram and F the actual chromatogram. The quantity α i s a 
weighting c o e f f i c i e n t taken from the actual contributions of the 
neighboring p a r t i c l e sizes w i t h i n + 2σ of the e l u t i o n volume of 
i n t e r e s t , where σ i s the standard deviation or second moment of 
the chromatogram. The number of symmetric terms about F^ ( i . e . , 
n) was chosen according to the spread i n the chromatogram. The 
interested reader i s r e f e r r e d t o reference (27.) for a complete 
d e t a i l i n g of the development of the various methods fo r c a l c u l a t 
ing W(y) f o r a PSD. 

Since the modified i t e r a t i v e method i s completely numerical, 
data can be used d i r e c t l y from the monodisperse chromatograms to 
characterize the a x i a l d i s p e r s i o n , e l i m i n a t i n g the need f o r a 
s p e c i f i c a x i a l dispersion function. The monodisperse standards 
were used to represent the spreading behavior for p a r t i c l e ranges 
as given i n reference (27). 

An i l l u s t r a t i o n of the p o t e n t i a l f o r improved r e s o l u t i o n i n 
the determination of s i z e d i s t r i b u t i o n s with p a r t i c l e s i n the 
small s i z e range i s indicated i n Figures 12 to l U . These r e s u l t s 
are f o r a polydisperse polystyrene ( l a b e l l e d 2D2) which has been 
doped by the addition {29% by number) of the Dow 380 X polystyrene 
standard. 

Two mixtures were chromatographed through the HDC columns 
under standard operating conditions with the t u r b i d i t y detection 
s i g n a l measured at e i t h e r 25h nm or 220 nm wavelength. Figure 12 
shows the chromatogram f i t r e s u l t i n g from the previously mentioned 
algorithm and Figure 13 shows the r e s u l t i n g p a r t i c l e s i z e d i s t r i 
bution c a l c u l a t i o n and a comparison with the d i s t r i b u t i o n deter
mined by electron microscopy. Despite the close f i t of the chrom
atogram, the c a l c u l a t e d s i z e d i s t r i b u t i o n shows a marked mismatch 
i n the small p a r t i c l e region. Figure 1*+ shows that for the same 
system when the t u r b i d i t y s i g n a l i s instead measured at 220 nm and 
the same s i z e d i s t r i b u t i o n a nalysis c a r r i e d out, the agreement be
tween calculated and measured p a r t i c l e s i z e i s g r e a t l y improved. 

As a f i n a l i l l u s t r a t i o n of the poorer r e s o l v i n g power of the 
porous F r a c t o s i l system alluded to e a r l i e r , Figures 15 through 18 
i l l u s t r a t e r e s u l t s of the s i z e d i s t r i b u t i o n analysis of a bimodal 
l a t e x mixture chromatographed through the F r a c t o s i l column at 220 
nm. The bimodal mixture was synthesized from a mixture of the 88 
nm, 91 nm, and 109 nm standards mixed i n a 60:U0 number r a t i o with 
the 176, 190, and 23b nm standards. Figure 15 shows a good chrom-

α 

k=-n i+k 
(10) 
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SIZE EXCLUSION CHROMATOGRAPHY (GPC) 
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Figure 11. Imaginary part of complex refractive index for polystyrene 
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Figure 12. Experimental (—) and calculated (+) chromatogram for the 2D2/380 
latex at 254 nm 
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Figure 13. Comparison between measured particle size distribution for 2D2/380 
latex (B) and that calculated at 254 nm(A) 
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Figure 14. Comparison between measured particle size distribution for 2D2/380 
latex (B) and that calculated at 220 nm (A) 
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22 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 
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Figure 15. Experimental (—) and calculated (+) chromatogram for the bimodal 
system at 220-nm wavelength for the Fractosil system 
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Figure 16. Calculated size distribution for the bimodal mixture of Figure 15 
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1. MCHUGH ET AL. Particle Size Analysis 23 
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Figure 17. Experimental (—) and calculated (+) chromatogram for the bimodal 
system at 220-nm wavelength using the HDC columns 
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Figure 18. Calculated particle size distribution from the chromatogram of Figure 17 
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24 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

atogram f i t , however, fo r the r e s u l t i n g s i z e d i s t r i b u t i o n c a l c u 
l a t i o n , Figure l 6 shows that the F r a c t o s i l system i s unable to 
resolve the discontinuous mixture i n t o i t s primary components. 
Figure 17 shows the chromatogram obtained from the HDC columns 
f o r the same system c l e a r l y i n d i c a t i n g the presence of two popu
l a t i o n s while Figure 18 shows the c a l c u l a t e d bimodal d i s t r i b u t i o n 
obtained from the chromatogram. 

Summary and Conclusions 

In summary, we believe that several important features of 
p a r t i c l e s i z e a nalysis by packed column chromatography have been 
demonstrated. F i r s t , the s i z e separation mechanism can be quanti
f i e d by means of a simple model which accounts f o r a l l of the im
portant parameters i n the process and enables an accurate under
standing of the conditions f o r u n i v e r s a l c a l i b r a t i o n behavior. 
Second, though i n p r i n c i p l e improved r e s o l u t i o n should be possible 
using porous packing and increases i n the separation f a c t o r , Rp 
over HDC are seen, the increased peak spreading which i s also 
c h a r a c t e r i s t i c of the systems studied leads to an o v e r a l l decrease 
i n the s p e c i f i c r e s o l u t i o n . T h i r d , complete s i z e d i s t r i b u t i o n 
determination i s possible using c a l c u l a t i o n algorithms which are 
v a r i a t i o n s on methods developed for GPC. Also improvements i n 
the s i g n a l detection c h a r a c t e r i s t i c s are possible by using wave
lengths which optimize the p a r t i c l e s i z e dependence of the s i g n a l 
i n t e n s i t y over the p a r t i c u l a r p a r t i c l e s i z e range of i n t e r e s t . 
Improvements i n the p a r t i c l e s i z e r e s o l v i n g power of a given 
instrument are thus p o s s i b l e . 
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2 

Size Exclusion Chromatography of Model Latices 

A Feasibility Study 

J. E. JOHNSTON, C. L. COWHERD, and T. B. MacRURY 

Union Carbide Corporation, South Charleston, WV 25303 

The rap id , accurate, and precise measurement of p a r t i c l e s ize 
d i s t r ibut ions is required in both laboratory synthesis and commer
c i a l production. It is essent ia l for the design of new latex pro
ducts and processes and for the monitoring of ex is t ing commercial 
processes. Two of the chromatographic technqiues which o f fe r pro
mise in the area of p a r t i c l e s ize d i s t r i b u t i o n determinations are 
hydrodynamic chromatography (HDC) and l i q u i d or s ize exclusion 
chromatography (SEC). The former has been investigated by 
Small 2̂  3), McHugh and co-workers (4, 5, 6j, and S t o i s i t s 
(7_) and the l a t t e r by Krebs and Wunderlich X"8), Gaylor and 
James (9J, C o l l , Fague and Robi l lard (10) and Singh and Hamielec 
ΟΙ)· — 

The two techniques d i f f e r in that HDC employs a nonporous 
stat ionary phase. Separation is affected as a resul t of par t i c les 
of d i f fe rent s ize sampling d i f fe rent v e l o c i t i e s in the i n t e r s t i 
t i a l spaces. Size exclusion chromatography is accomplished by 
superimposing a s t e r i c se lect ion mechanism which resul ts from the 
use of a porous bed. The pore s izes may vary over a wide range 
and the separation occurs as a resu l t of e s s e n t i a l l y the same 
processes present in the gel permeation chromatography of macro-
molecules. 

If a s ingle pore s ize i s employed in the stat ionary phase, 
which i s larger than the largest p a r t i c l e to be analyzed, the 
technique has been termed porous HDC. A model for the separation 
in th i s type of system has been described by DiMarzio and Guttman 
(12, 11). 

The nature of the stat ionary phase in SEC precludes the e l u -
t ion of sample pr io r to a volume equivalent to that contained in 
the i n t e r s t i t i a l spaces, V j . This i s also known as the excluded 
volume, V^. The remainder of the tota l system void volume, V-r, 
i s made up of the pore volume, Vp. For an e lut ing species the 
volume increment at which i t appears, V5 , w i l l be related to the 
i n t e r s t i t i a l and pore volumes as: 

V S = V I + k d V P 

0-8412-05 86-8/ 80/47-13 8-027$05.00/0 
© 1980 American Chemical Society 
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28 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

where k<j, the par t i t i on c o e f f i c i e n t , i s a measure of the retarda
t ion of the p a r t i c l e because of penetration of the pores. I f the 
p a r t i c l e samples a l l of the pores k̂  = 1, i f none, k̂  = 0. Since 
in the absence of adsorption or d i f fus ion e f f e c t s , 0 < k d < l the 
resolut ion i s l imited by the avai lab le pore s i z e s . The broader 
the range of s izes and the greater t h e i r density , the larger w i l l 
be the di f ference in p a r t i t i o n c o e f f i c i e n t fo r d i f fe rent p a r t i c l e 
s i z e s . This i s the basis for the more e f f i c i e n t , high resolut ion 
packings current ly avai lab le in GPC. 

Small (1_) has defined a separation fac tor , Rf, fo r HDC: 

where V m and \/ς are the e lut ion volumes of an ion ic marker species 
and a c o l l o i d a l p a r t i c l e , respect ive ly . For HDC, i f there are no 
adsorption e f f e c t s , Rf must be > 1 . An analogous s i tuat ion ex is ts 
in SEC. Because of tne presence of pores in the stat ionary phase, 
par t i c les of a given s ize w i l l only sample a portion of the a v a i l 
able pore volume, i . e . , Lj < 1 . For th is reason, SEC w i l l tend to 
exhib i t higher values of the separation fac tor , Rf, than HDC. 

It has been observed that improvement in the values of Rf may 
be obtained in HDC by decreasing the packing s ize (1_). This i s 
done at the cost of p a r t i c l e s ize range however, since decreasing 
the packing s ize decreases the i n t e r s t i t i a l channel diameter. In 
the case of SEC, Rf may be increased by increasing the range and 
density of pores without changing the packing diameters and hence 
without s i g n i f i c a n t l y a f fect ing the p a r t i c l e s ize range. These 
observations are i l l u s t r a t e d in Figure 1 where the e f fect of 
changing packing s ize on Rf in HDC is shown in comparison to the 
e f fect of changing pore s ize on Rf in SEC. 

The other component of the resolut ion in chromatographic 
systems is the tendency for par t i c les of the same s ize to elute 
at d i f fe rent retention volumes because of axia l d ispersion or i n 
strument spreading. The resu l t of th i s spreading phenomenon i s 
that the e f fec t ive resolut ion of the chromatograph is decreased to 
the extent that instrument spreading increases. This e f fec t i s 
p a r t i c u l a r l y pronounced in SEC of par t i c les because of d i f fus ion 
in the porous matrix. In the case of gel permeation chromatogra
phy, the magnitude of the contr ibut ion of instrument spreading to 
the observed chromatogram is considerably less than in SEC of 
l a t i c e s because of the larger values for the d i f fus ion constants 
of molecules as compared with c o l l o i d a l p a r t i c l e s . 

In addit ion to instrument spreading, which i s general ly 
treated as being Gaussian in nature (15, 16), skewing can also be 
observed in SEC of l a t i c e s because of entrapment of par t i c les 
within the porous matrix. This e f fect general ly increases with 
increasing p a r t i c l e s i z e . 

The detector most often employed in SEC of par t i c les i s the 
u l t r a v i o l e t photometer. Detection takes place at e s s e n t i a l l y 180 
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2. JOHNSTON ET AL. SEC of Model Lattices 29 

degrees re la t i ve to the incident beam. Hence, i t i s the turb id
i t y , τ , which i s measured by the decrease in transmitted l i g h t : 

τ = 1 In (100/T) (1) 

I = opt ica l path length 

Τ = % transmittance 

In general , the number of par t i c les present in the c e l l at a 
retention volume (v) i s re lated to the t u r b i d i t y as: 

Ν(ν)ατ (νΐΚίνΓ 'Όίν)" 2 (2) 

where K(v) = the scatter ing coe f f i c i ents from Mie theory 
(18, 19) 

D(v) = the p a r t i c l e s ize at retention volume ν based 
on a c a l i b r a t i o n curve 

The assumptions made at th i s point are that there i s no mult iple 
scat ter ing , i . e . , concentrations <0.1%, and that the spheres are 
nonabsorbing. 

Equation (2) i s true in the case where there i s no instrumen
ta l spreading, that i s , where a l l par t i c les present in the detec
tor c e l l are of exactly the same diameter. Because of axia l d i s 
persion, and skewing caused by entrapment or adsorption, correc
tions for instrumental spreading are required. In t h i s case τ (ν) 
is described by: 

τ ( ν ) = F(v) = £ w(y)G(v ,y)dy , (3) 

where W(y) i s the detector response corrected for dispersion 
G(v,y) i s the instrumental spreading correct ion func
t ion 

If W(y) can be evaluated at each point knowing G(v,y) and 
F(v) , or i f the integral can be evaluated a n a l y t i c a l l y , then the 
number of par t i c les can be determined. Evaluation of W(y) knowing 
G(v,y) can be done i t e r a t i v e l y using a form of G(v,y) proposed by 
Tung (15, ]6). In th is method the instrument spreading i s assumed 
to be uniform Gaussian. This approach i s not successful for mono-
disperse samples which exhib i t skewing. The method can be ref ined 
by the use of a polynomial to describe the change in variance as a 
function of y (20). This technique has been extended by Ishige, 
Hamielec, and Lee (21_) for cases in which the spreading function 
was non-uniform and unsymmetrical. In p r i n c i p l e , th is technique 
can be used to recover p a r t i c l e s ize d i s t r i b u t i o n s . In the case 
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SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

1 5 h 

2,000 4,000 < 8,000 10,000 

Particle Size I 

Figure 1. Effect of packing diameter on HDC and pore size on sec (data from 
Réf. 1: (φ) 18 μ\ (A) 40 μ; (m) 58 μ; data from Réf. 10: (Ο) CFG 3000; (A) 

CPG 500,10001 2000, 3000) 

55.0 45.0 35.0 25.0 

ELUTIOW VOLUME (ml) 

Figure 2. Blend: polystyrene standards (0.103 μ/0.312 μ 50%/50%) 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
2



2. JOHNSTON ET AL. SEC of Model Lattices 31 

of HDC, S i l e b i and McHugh (22) have shown i t can provide reason
ably good r e s u l t s . However, they noted the def ic iency that t h i s 
approach assumes that the contr ibut ion at each e lut ion volume i s 
due to a s ing le p a r t i c l e s i z e . In cases where the instrument 
spreading i s not severe, t h i s assumption may be v a l i d . Our exper
ience has been that t h i s approach breaks down, however, when ap
p l ied to SEC resu l ts in which the spreading correct ions are large. 

If the integral in Equation (3) can be evaluated a n a l y t i c a l l y 
without regard to the functional form of W(y) then the p a r t i c l e 
s i ze averages may be obtained. Hamielec and Singh (17) have pro
posed such a method fo r ca l cu la t ing the various p a r t i c l e diameter 
averages. Recently, Husain, Vlachopoulos, and Hamielec (23) have 
extended t h i s treatment to the Mie scatter ing regime using a ser
ies expansion to approximate the scatter ing c o e f f i c i e n t s at each 
e lut ion volume ( p a r t i c l e s i z e ) : 

Ί η 
K ( v p = Σ (Α. exp ί - B . V } ) (4) 

i=l 1 1 

This technique assumes a Gaussian spreading function and thus 
does not take into account skewness or kurtosis resu l t ing from i n 
strumental considerat ions. It can, however, be modified to accom
modate these cor rect ions . The p a r t i c l e s i ze averages reported 
here have been derived using the technique as proposed by Husain, 
Vlachopoulos, and Hamielec (23). 

Experimental 

Three column sets were used in t h i s study. A l l consisted o f 
0.95 χ 122 cm sta in less steel columns s l u r r y packed with Contro l -
led-Pore Glass from Electronucleonics . The configurations were: 

Set I : (1) 3000 A 0CPG, 120/200 mesh 
Set I I : (1) 3000 A. (1) 1000 A, 120/200 mesh 
Set I I I : (1) 3000 A, (1) 1000 Â CPG, 200/400 mesh 

The mobile phase consisted o f degassed d i s t i l l e d water containing 
1.0 grams/liter of A e o r o s o l ® - 0 T and varying amounts o f sodium 
n i t r a t e , NaNOj. The detector was a DuPont Model 840 UV photo
meter with a f ixed wavelength of 254 nrn. 

Potassium dichromate was used as a molecular marker to mea
sure tota l system volume and plate count (1). The three column 
sets exhibited the equivalent of approximately 250-300 plates per 
foot . This was adequate, even with Set I , to give near basel ine 
resolut ion of an equal weight blend of the 103 run and 312 nm sam
ples as shown in Figure 2. This i s approximately an 84:1 number 
r a t i o . 
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32 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Results and Discussion 

The separation factors and p a r t i t i o n c o e f f i c i e n t s for each 
column set are shown in Tables I , I I , and I I I . As expected, 
values of Rf increase with increasing p a r t i c l e s i ze while values 
of k d decrease. The two factors are related as fo l lows: 

The sudden decrease in k d between 220 and 312 nm samples r e f l e c t s 
the almost tota l exclusion of the larger p a r t i c l e s i ze from the 
pores. 

Table II a lso shows the e f fec t of e l e c t r o l y t e concentration 
on Rf and k<j. Both e f fects r e f l e c t the fact that at the higher 
ion ic strengths part ic le/substrate repulsion i s decreased, thus 
e f f e c t i v e l y increasing the ava i lab le pore volume at a given par
t i c l e s i z e . These resu l ts are i l l u s t r a t e d in Figure 3. Included 
in t h i s f igure are data from work by Nagy (14) with a column set 
s imi la r in conf igurat ion to that employed here. 

Separation factor can also be influenced by the s ize o f the 
packing mater ia l . This i s shown in Figure 4. The d i f ference in 
Rf values i s not as large as might be observed in HDC. However, 
i t should be noted that f o r the smaller packing diameter, i . e . , 
200/400 mesh, p a r t i c l e s larger than about 210 ran do not pass 
through the column without substantial sample l o s s . This i s the 
resu l t of the smaller i n t e r s t i t i a l channel r a d i i obtained with 
the smaller packing. It should be noted that p a r t i c l e recoveries 
were not measured for these columns. However, a previous study 
of p a r t i c l e recoveries using CPG packed columns indicates some 
loss of sample at p a r t i c l e s izes larger than 1000 A (14). 
Interest ing ly , changing the packing s ize has l i t t l e , TF any, e f 
fect on the p a r t i t i o n c o e f f i c i e n t , probably because there has 
been no real change in pore volume. 

Values of the c a l i b r a t i o n curves for the various column sets 
are given in Table IV. The curves themselves are shown in Figure 
5. The slope of the c a l i b r a t i o n curves decrease with increasing 
ion ic strength. This i s the r e s u l t of reduced e l e c t r o s t a t i c re
pulsion between p a r t i c l e s and substrate which permits greater 
penetration of the porous matrix. 

The best measure of the resolv ing c a p a b i l i t i e s of a given 
column set takes into account both the slope of the c a l i b r a t i o n 
curve and the mean variance exhibited by monodisperse samples 
over the e lut ion range of the columns. The product of the slope 
of the c a l i b r a t i o n curve and the var iance, 0 2 σ 2 » i s given in 
Table V. These values show that despite changes in c a l i b r a t i o n 
s lope, there i s e s s e n t i a l l y no change in system resolut ion capa
b i l i t y with e i ther greater column length or higher ion ic strength. 
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2. JOHNSTON ET AL. SEC of Model Lattices 33 

TABLE I 

SEPARATION FACTOR AND PARTITION COEFFICIENT 

COLUMN SET I 

Sample Sample 
(nro) ml 

69 41.8 1.20 0.66 

73 41.8 1.20 0.66 

98 39.6 1.26 0.57 

103 39.2 1.28 0.55 

176 34.0 1.47 0.34 

209 31.4 1.59 0.23 

220 30.8 1.62 0.21 

312 26.6 1.88 0.03 

V Tota l 
5a. 00 ml 

i n t e r s t i t i a l 
= 25.80 ml 

v 
Pore 

= ν γ - Vj * 24.20 ml 

Column: (1) 3000 A, 120-230 mesh 

Mobile Phase: O . U Aerosol ® - 0 T , 12.35 mM NaNOj 
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34 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

TABLE II 

SEPARATION FACTOR AND PARTITION COEFFICIENT 

COLUMN SET II 
v 

Sample Sample 

1. 7.0 mM E lec t ro ly te 

69 63.40 1.54 0.32 

73 63.40 1.54 0.32 

98 61.28 1.60 0.28 

103 59.84 1.63 0.25 

176 55.32 1.77 0.16 

209 53.04 1.84 0.11 

220 52.52 1.86 0.10 

312 49.52 1.97 0.05 

!. 23.0 mM E lec t ro ly te 

69 67.68 1.45 0.40 

73 67.60 1.45 0.40 

98 64.20 1.52 0.34 

103 63.12 1.55 0.31 

176 58.72 1.67 0.23 

209 55.60 1.76 0.17 

220 54.92 1.78 0.05 

312 49.52 1.97 0.05 

Ο ο 
Columns: (1) 3000 A, (1) 1000 A CPG, 120/200 mesh 

Mobile Phase: 0.1% A e r o s o l ® - 0 T , 2.47 mM/18.5 mM NaNO. 

V T o t a l = 9 7 ' 8 4 m l ' V I n t e r s t 1 t i a l = 4 7 - 2 0 m l 

V Pore = 5 0 · 6 4 m l 
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2. JOHNSTON ET AL. SEC of Model Lattices 35 

TABLE III 

SEPARATION FACTOR AND PARTITION COEFFICIENT 

COLUMN SET III 

Sample 
(nm) 

v 
Sample 

69 64.80 1.56 0.32 

73 64.00 1.57 0.31 

98 61.80 1.63 0.26 

103 60.90 1.65 0.25 

176 56.00 1.80 0.15 

209 53.40 1.89 0.11 

220 — -- — 
312 

V Tota l - 1 0 0 · 8 0 

i n t e r s t i t i a l = 4 7 , 8 0 

We » 5 3'° 
Column: (1) 1000 A, (1) 3000 A, 200/400 mesh 

Mobile Phase: O . U Aerosol ® - 0 T , 2.47 mM NaN03 
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36 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

•41-

KX>0 2000 3000 
PARTICLE DIAMETER, A 

Figure 3. Effect of electrolyte on R, ((m) 3000 A, 2000 A, 1000 A CFG, 52nM 
electrolyte (14); (φ) 3000A, 1000A CPG, 7.0mM electrolyte; (Ο) 3000A, 1000 

A CPG, 23.0mM electrolyte) 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
2



JOHNSTON ET AL. SEC of Model Lattices 

Figure 4. Effect of packing diameter on Rf, kd O) 3000 A, 1000 A, 200/ 
400 mesh; (m, \J) 3000 A, 1000 A, 120/200 mesh) 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
2



38 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

TABLE IV 

SEC CALIBRATION 1 CURVES AND EFFECT 

OF ELECTROLYTE CONCENTRATION 

g E l e c t r o l y t e Cone. 
Column Set A χ 10 2 mM 

3000 A, 1000 A CPG 4.666 -4.359 7.0 
200/400 mesh 

3000 A, 1000 A CPG 4.725 -4.516 7.0 

3000 A, CPG 3.641 -4.220 16.9 

3000 A, 1000 A CPG 4.356 -3.687 23.0 

1 log D = A + B*V with V in ml  P
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J O H N S T O N E T A L . SEC of Model Lattices 

1 - Ι I 
66 60 

ELUTIOH VOLUME (ml) 

60 

Figure 5. SEC calibration curves ((m) 3000 A CPG; (·) 3000 A, 1000 A CPG; 
(X) 3000 A, 1000 A CPG; 200/400 mesh) 
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40 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

TABLE V 

VARIANCE. SKEWNESS AND KURTOSIS 

OF OBSERVED CHROMATOGRAMS 

Sample Sample Variance^ ? Skewness Kurtosis 
(nm) Counts σ 2 , counts Dggr A 3 Â  

73 20.9 5.13 0.21 0.38 2.85 

176 17.0 5.21 0.75 3.53 

209 15.7 5.52 1.10 4.38 

220 15.4 3.65 0.71 3.09 

312 13.3 0.66 1.85 7.31 

73 31.7 4.77 0.23 0.39 2.89 

176 27.7 4.69 0.86 3.86 

209 26.5 6.25 1.13 4.20 

220 26.3 4.93 0.99 3.80 

312 24.8 1.36 2.03 7.96 

73 33.8 8.11 0.22 0.54 3.06 

176 29.4 5.49 0.31 2.63 

209 27.8 4.57 0.64 3.13 

220 27.5 5.56 0.95 3.89 

1. Column Set I , 3000 A CPG, 16.9 nM e l e c t r o l y t e 

2. Column Set I I , 3000 A, 1000 A CPG, 7.0 mM e l e c t r o l y t e 

3. Column Set I I I , 3000 A, 1000 A CPG, 23.0 mM e l e c t r o l y t e 
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2. J O H N S T O N E T A L . SEC of Model Lattices 41 

However, i t should be noted, sample recoveries would be expected 
to be higher at lower ion ic strength. 

Both the variance and the skewness of the observed chromato-
grams influence the ca lcu lat ion of the p a r t i c l e diameters. As 
mentioned e a r l i e r , the large variance observed in SEC systems as 
a resu l t of axia l dispersion causes problems with the numerical 
techniques used to determine W(y). In add i t ion , the variance i s 
a function of the e lut ion volume. The changes in var iance, skew
ness and kurtosis are shown in Table V as functions of p a r t i c l e 
s ize and e lut ion volume. For Column Set I the variance increases 
s l i g h t l y with increasing p a r t i c l e s i z e . This observation i s in 
contrast to that of Hamielec and Singh (1JJ. For p a r t i c l e s l a r 
ger than about 200 nm, however, the variance decreases with i n 
creasing p a r t i c l e s i z e . For the 312 nm sample, the variance i s 
extremely small as would be expected with a sample whose s ize 
excluded i t from e s s e n t i a l l y a l l the pores, i . e . , k̂  = 0.03. The 
high value of skewness for th is sample may be the resu l t of re
s t r i c t e d movement thru the i n t e r s t i t i a l spaces, retention within 
the few avai lab le pores in the matr ix, and some i r r e v e r s i b l e ad
sorption onto the stat ionary phase. The l a t t e r phenomenon i s less 
l i k e l y at the r e l a t i v e l y low ionic strengths employed here. 

Lowering the e l e c t r o l y t e content tends to cause a decrease in 
the observed variance as might be expected because of decreased 
avai lab le pore volume. Values for the variance and skewness at 
the lower e lec t ro ly te content, 7.0 mM, also show a r i s i n g then 
f a l l i n g trend as a function of increasing p a r t i c l e s i z e , peaking 
at about 200 nm. At the highest e lec t ro ly te l e v e l , 23.0 mM, the 
variance tends to decrease with increasing p a r t i c l e s ize over the 
whole p a r t i c l e s ize range consistent with the observations of 
Singh and Hamielec This r e f l e c t s the larger ava i lab le pore 
volume at high ion ic strength. This resu l ts in less exclusion 
and entrapment, as estimated by the lower skewness values. 

Use of the method of Husain, Vlachopoulos and Hamielec (23) 
can y i e l d reasonable values for the p a r t i c l e diameter even when 
some skewness i s apparent in the observed chromatogram. Table VI 
contains data for four poly(styrene) standards as calculated using 
th is approach. A l l data were corrected for Mie scat te r ing . The 
table shows the di f ferences due to the correct ion for axial d i s 
persion assuming a uniform variance over the sample e lut ion 
volume. The 312 nm sample whose variance was small because of 
e f f e c t i v e pore exclusion shows the least change in diameter aver
ages on applying the axia l d ispersion cor rect ion . The 98 nm 
standard conversely shows the largest change on appl icat ion of the 
dispersion correct ions as would be expected since i t s p a r t i t i o n 
coe f f i c ient was the highest for the four samples. 

Table VII contains the weight-average p a r t i c l e diameters as 
calculated by th i s technique for a l l the standards employed using 
Column Set I. There i s some di f ference between the values of 
variance used to obtain these averages and those c i ted in Table V. 
This i s in fact due to the necessity to correct fo r skewness by 
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42 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

TABLE VI 

NUMBER AND WEIGHT AVERAGE DIAMETERS 

CALCULATED USING MIE SCATTERING 

Sample 
(nm) 

DJUC) 
> m ) 

DN(C) DW(UC) 
"(ran). 

DW(C) 
W(nm 

98 34 94 51 106 

176 42 112 86 173 

220 98 203 161 222 

312 268 287 297 305 

1. D(V) = 3028.38 exp (-0.1707V) 

2. K(V)" 1 = 0.8584 χ 10" 2 exp (0.3134V) + 0.9445 χ 10" 8 exp 
(0.9742V) 

3. UC = Uncorrected fo r Axial Dispersion 
C = Corrected for Axial Dispersion 

TABLE VII 

CALCULATED PARTICLE DIAMETERS 

Sample 
(nm) 

Variance 
τ ζ , Counts (nm) 

73 5.1 — 
98 5.5 106 

103 5.6 113 

176 5.4 172 

209 7.0 219 

220 6.5 222 

312 0.67 305 

1 Calculated using the method of Husain. Vlachopoulos 
and Hamielec (23) Column Set I , 3000 A CPG 
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2. J O H N S T O N E T A L . SEC of Model Lattices 43 

increasing the sample variance since the ca lcu lat ions as used 
contain no term for skewness correct ions . One of the problems 
encountered with th i s technique when skewing has occurred i s that 
the calculated diameter averages do not necessar i ly fol low the 
expected order of increasing magnitude: 

D N < D s < D v < D s s < D w < D t 

This problem may be corrected by the incorporation of the proper 
skewness term in the ana lyt ica l treatment (24). 

It would appear that , in p r i n c i p l e , SEC of fers the potential 
for high resolut ion and rapid ana lys is . The remaining d i f f i c u l 
t i e s are two-fold. F i r s t , the ca lcu lat ion of e i ther p a r t i c l e s ize 
d i s t r ibut ions or p a r t i c l e diameter averages must be modified to 
account for the larger values of variance and the increasing skew
ing observed in SEC of p a r t i c l e s in suspension as compared with 
the SEC of molecules in so lut ion . Second, there is a need for 
improved stat ionary phase technology to optimize resolut ion while 
at the same time reducing axial dispersion and skewing. Much the 
same approach as was successfu l ly employed to produce high r e s o l 
ut ion , high speed SEC columns for molecules could be used here. 
The ideal packing should be r e l a t i v e l y large in diameter, 80-100 
nm, and be avai lab le with a pore s ize range from 500 to 10,000 Â. 
The pores should be uniform in s ize d i s t r i b u t i o n and shallow to 
reduce d i f fus ion times. Improvements of th i s type w i l l lead to 
the use of s ize exclusion chromatography for p a r t i c l e s ize deter
minations in the routine manner in which i t i s now employed for 
molecular weight determinations. 

Abstract 

Some model latices have been used to test the capabilities of 
a size exclusion chromatographic system as applied to the measure
ment of particle size distributions. Poly(styrene) standards have 
been employed for the initial calibration of the chromatograph 
and to allow testing of the computational software used to correct 
for axial dispersion and detector response characteristics. Pre
liminary results have shown that a linear calibration is obtained 
for particle sizes in the range of 0.06 to 0.30 microns using any 
of three different column configurations. The effect of mobile 
phase electrolyte content and stationary phase pore size and 
packing sizes have been investigated. 
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3 
Particle Size Analysis Using Size Exclusion 
Chromatography 

A. HUSAIN, A . E. HAMIELEC, and J. VLACHOPOULOS 

Department of Chemical Engineering, McMaster University, 
Hamilton, Ontario, L8S 4L7, Canada 

Herein is reported an experimental investigation of particle 
size measurement using size exclusion chromatography. The mer
its of calibrating one column at a time are discussed. The column 
packing procedure is shown to strongly influence the entrapment of 
large diameter particles. The monodispersity of standard latex 
particles used for calibration is examined. Significant deviation 
from theory is observed for the measured extinction coefficients. 
A comparison is made of the detector signal in the absorption ver
sus scattering mode. Particle sizes are calculated for the stan
dard latex samples and their mixtures using recently reported ana
lytical methods which account for imperfect resolution. 

The publications on a technique of particle size measurement 
called hydrodynamic chromatography (HDC) by Hamish Small (1,2), 
whereby a dilute suspension of submicron particles in a carrier 
solvent undergoes size separation as it flows through a bed of non-
porous beads, was followed by a spurt of publications reporting on 
attempts to predict the effect of various parameters on peak sepa
ration (3,4,5,6) and the determination of particle size distribu
tions (3,7). The l a t t e r involved the numerical s o l u t i o n of the 
i n t e g r a l equation describing peak broadening. The complementary 
technique known as s i z e exclusion chromatography (SEC), which 
employs porous packing m a t e r i a l , has been the subject of f a r fewer 
i n v e s t i g a t i o n s , presumably due to the d i f f i c u l t y i n q u a n t i t a t i v e l y 
describing pore dispersion. 

Krebs and Wunderlich (8̂ ) were the f i r s t t o report a separation 
of polymethylmethacrylate and polystyrene l a t e x p a r t i c l e s using 
s i l i c a gel having very large pores (500-50000A). This was followed 
by the work of Gaylor and James (9.) who fractionated l a t i c e s using 
columns packed with porous glass and water compatible polymeric 
porous gels. C o l l et a l (10) experimenting with porous glass pack
ing found i t necessary to add e l e c t r o l y t e as w e l l as surfactant to 
the aqueous eluent. In the absence of e l e c t r o l y t e , l a t e x p a r t i c l e s 

American Chemical 
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48 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

could not sample the pore volume. Hamielec and Singh ( l l ) presen
ted the f i r s t comprehensive t h e o r e t i c a l and experimental i n v e s t i 
gation of SEC. Using the c a r r i e r solvent suggested by C o l l et a l . 
and porous glass and s i l i c a packing, they established the univer
s a l i t y of the p a r t i c l e diameter-retention volume c a l i b r a t i o n using 
l a t i c e s of d i f f e r e n t composition. They derived a n a l y t i c a l expres
sions for a general detector which corrected the diameter averages 
calculated from the chromatogram, for imperfect r e s o l u t i o n . One 
of the detectors considered was a t u r b i d i t y detector i n the Ray-
l e i g h s c a t t e r i n g regime. They had marginal success i n p r e d i c t i n g 
p a r t i c l e diameter averages for i n j e c t e d monodispersed l a t i c e s . 
Very recently Husain et al.( 1 2) obtained an a n a l y t i c a l s o l u t i o n to 
the i n t e g r a l equation describing peak broadening for a t u r b i d i t y 
detector i n the Mie sc a t t e r i n g regime. 

In the present paper we report on an experimental i n v e s t i g a 
t i o n of SEC. Main emphasis i s placed on p a r t i c l e s i z e measurement 
using a n a l y t i c a l methods of co r r e c t i n g for imperfect r e s o l u t i o n . 

Experimental 

The apparatus employed for chromâtographing p a r t i c l e suspen
sions i n t h i s laboratory has been reported i n d e t a i l elsewhere ( l l ) . 
A sample loop of approximately O.k ml was used. The detector was 
a Pharmacia UV-spectrophotometer with a c e l l of 1 cm path length 
and an operating wavelength of eit h e r 25^, 280 or 350 nm. The 
volume counter had a capacity of 1 ml. 

The c a r r i e r f l u i d was deionized water containing 1 gm/l of 
Aerosol 0T and 1 g / l sodium n i t r a t e . Compared to the use of pota
ssium n i t r a t e as e l e c t r o l y t e , suggested by C o l l et a l . (ΐθ), the 
c a r r i e r solvent used i n t h i s i n v e s t i g a t i o n has much better c l a r i t y 
and at room temperature has no tendency to p r e c i p i t a t e the surfac
tant. 

The columns used were dry packed using a packing apparatus 
(purchased from Mandle S c i e n t i f i c ) . The packing employed was CPG 
of pore sizes 1000, 2000 and 3000 X and 200-UoO mesh s i z e . The 
columns were c a l i b r a t e d using Dow and Polysciences monodispersed 
polystyrene l a t i c e s . 

Sample preparations were made by dispersing a few drops of 
standard polystyrene l a t i c e s (Dow and Polysciences) i n 100 ml of 
c a r r i e r f l u i d . Solute charges were t y p i c a l l y l e s s than 0.01 wt.#. 

Ca l i b r a t i o n of Columns 
ο ο Three columns of 3000 A pore s i z e and one each of 2000 A and 

1000 A were packed. They were i n d i v i d u a l l y c a l i b r a t e d . A l l three 
3000 A columns showed s i m i l a r peak separation c h a r a c t e r i s t i c s for 
p a r t i c l e sizes between 312 nm and 5TQnm. However, peak broadening 
was much larger f o r one of the 3000 A golumns. This column was 
discarded. Of the remaining two 3000 A columns, one was subjected 
to the following: 
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3. H U S A I N E T A L . Particle Size Analysis by SEC 49 

The column vas disconnected from the chromatograph and mounted 
on the packing apparatus which was then activated. This caused 
the packing i n the column t o further s e t t l e . A d d i t i o n a l packing 
material was then added. The column was once again c a l i b r a t e d . 
The improvement i n the c a l i b r a t i o n curve was not s i g n i f i c a n t . A 
s i g n i f i c a n t retention of the higher p a r t i c l e sizes occurred i n the 
column following t h i s a d d i t i o n a l treatment. This i s c l e a r l y shown 
i n F i g . l for a 312 nm sample which was in j e c t e d before and a f t e r 
the treatment. Also note the s h i f t i n peak p o s i t i o n probably caus
ed by los s of pore volume due t o a t t r i t i o n between p a r t i c l e s of 
the glass packing. This a d d i t i o n a l treatment was subsequently 
abandoned. 

The 1000 A column did not show any r e s o l u t i o n between 312 nm 
and 57 nm p a r t i c l e s i z e s . Shown i n Fig.2 are the c a l i b r a t i o n 
curves for the 2000 A and 3000 A columns and f o r t h e i r combination. 
The 57 nm p a r t i c l e standard appears to have been erroneously char
acte r i z e d by the supplier. This was subsequently confirmed by 
electron microscopy. The 2000 X column exhibited a sharp upturn 
i n i t s c a l i b r a t i o n curve close t o the exclusion l i m i t . I t i s to 
be noted that while data points corresponding to 312 and 275 nm 
diameter p a r t i c l e s appear on i n d i v i d u a l column c a l i b r a t i o n curves, 
they are not indicated for the c a l i b r a t i o n curve of the combina
t i o n . This i s because these l a r g e r diameter p a r t i c l e s were com
p l e t e l y retained i n the packed columns, generating no detector 
response. The percentage recovery for these p a r t i c l e s from i n d i 
v i d u a l columns was considerably l e s s than 100$ r e s u l t i n g i n t h e i r 
complete retention when the columns were combined i n s e r i e s . 

At t h i s stage i t i s use f u l t o make a comparison of our c a l i b r a 
t i o n procedure with that of previous workers. C o l l et a l . ( l O ) em
ployed a set of 5 columns with a t o t a l length of 6 m packed with 
CPG 3000, 2000, 2000, 1000 and 500 X porous glass. They obtained 
a l i n e a r c a l i b r a t i o n curve i n the range 200 to 25 nm. They d i d not 
c a l i b r a t e each column i n d i v i d u a l l y and i t i s very l i k e l y that the 
1000 and 500 X columns contributed i n s i g n i f i c a n t l y to peak separa
t i o n . Hamielec and Singh ( l l ) investigated peak separation using 
several column combinations. Like t h e i r predecessors, columns were 
not c a l i b r a t e d one at a time. Their best c a l i b r a t i o n curve ob
tained using two k f t columns packed with CPG 2500 and 1500 Â por
ous glass, r e s p e c t i v e l y , had a slope of .0928 ml" 1. In the pre
sent work we have been able t o obtain a slope of .05968 m l - 1 with 
a t o t a l of 6 f t of packed column. To discriminate between columns 
the correct quantity for comparison i s the product (D2cr) 2 . While 
i d e n t i c a l conditions were not used, the variances measured i n the 
present work were considerably smaller than those reported e a r l i e r 
( l l ) , leading t o a smaller (Ώ20)2 value. The merit i n i n d i v i d u a l 
column c a l i b r a t i o n i s the el i m i n a t i o n of columns with e i t h e r poor 
r e s o l u t i o n (high D2) or with large peak broadening (high σ 2) or 
both. F i n a l l y , Hamielec et a l could detect p a r t i c l e s up to ^500 
nm while the upper l i m i t i n the present work i s l e s s than 275 nm. 
The l a t t e r appears t o be r e l a t e d to the packing density of the 
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50 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

Figure 1. Chromatogram of 312-nm 
sample (a) before treatment and (b) after 

treatment 
RETENTION VOLUME 

(b) 
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H U S A I N E T A L . Particle Size Analysis by SEC 

RETENTION VOLUME 
46 47 4t 51 S3 56 67 5» 

COLUMN 1 ft 2 - 3M0 ·Α CPQ 
COLUMN 3 - 2M§ *A CPQ 
LENGTH O f COLUMN 2 f t 
FLOW RATE 0.7· mVmk\. 

COLUMN CALIBRATION CURVE 

1 2t22 «xp (-.1777v) 
2 3MB *xp (-.tttev) 
3 €70 txp Mlfttv) (LINEAR PART) 

1.2.3 2 R 4 w p 1.08···*) 

1 0 ' 13 14 15 16 17 18 19 20 
RETENTION VOLUME 

Figure 2. Particle diameter-retention volume calibration curves 
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52 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

columns; the denser the packed bed, the lower the maximum p a r t i c l e 
s i z e that can elute. 

C a l i b r a t i o n of Detector 

The detector was c a l i b r a t e d by pumping solutions of sodium d i -
chromate of known absorbance through the sample port of the detec
t o r . The solutions were prepared i n the c a r r i e r f l u i d which 
served as reference. The recorder response was measured as the 
ultimate height reached on the chart paper above the baseline when 
the sample f l u i d was switched to a sodium dichromate s o l u t i o n of 
known absorbance. The c a l i b r a t i o n was i n s e n s i t i v e to flow-rate 
v a r i a t i o n s . 

The data shown i n F i g . 3 i n d i c a t e a l i n e a r response at wave
lengths of 25k and 350 nm. However, at 280 nm a d i s t i n c t depart
ure from l i n e a r i t y occurred at low sample absorbance. This non-
l i n e a r i t y has implications i n p a r t i c l e s i z e measurement. 

P a r t i c l e Standards - How Monodispersed are They (?) 

For the purpose of c a l i b r a t i o n and p a r t i c l e s i z e c a l c u l a t i o n s , 
i t was decided to confirm the reported p a r t i c l e sizes of the v a r i 
ous l a t i c e s supplied by Dow and Polysciences, using scanning e l e c 
tron microscopy. Unfortunately, a f t e r subtracting the thickness 
of the gold layer with which the p a r t i c l e s were coated from the 
s i z e shown on the micrographs, some inconsistencies were noted 
with respect to the measured sizes of the p a r t i c l e s and t h e i r 
e l u t i o n behaviour. I t was therefore decided to assume the r e 
ported sizes as true values with the exception of the 57 nm par
t i c l e . 

The micrographs however, revealed that the l a t e x p a r t i c l e stan
dards were not monodispersed as claimed by the suppliers. This can 
c l e a r l y be noted from the micrographs i n F i g . U,a-e. They i n d i 
cate a d i s t i n c t p o l y d i s p e r s i t y ; the micrographs of the 275 and 312 
nm samples i n fact reveal two d i s t i n c t p a r t i c l e populations. 

Measurement of E x t i n c t i o n C o e f f i c i e n t s 

H e l l e r and Tabibian (13) noted that e r r o r s , due to l a t e r a l l y 
scattered l i g h t and the corona e f f e c t , as large as to cause a 30$ 
reduction i n measured t u r b i d i t y , may r e s u l t 1 i f instruments which 
are p e r f e c t l y suitable for ordinary absorption measurements are 
used for t u r b i d i t y measurements without proper modifications*. To 
evaluate the performance of our t u r b i d i t y detector, p a r t i c l e sus
pensions of various concentrations of several polystyrene l a t e x 
standards were prepared. Their e x t i n c t i o n c o e f f i c i e n t s were mea
sured using both a bench-top UV spectrophotometer (Beckman, Model 
25) and the online detector (Pharmacia). 

In the absence of multiple s c a t t e r i n g , the t u r b i d i t y of a c o l l 
o i d a l suspension i s given as 
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H U S A I N E T A L . Particle Size Analysis by SEC 

320 r 

ABSORBANCE χ 10* 

Figure 3. Calibration curves of detector at wavelengths (O) 254 nm; .32X; (O) 
280 nm, Λ6Χ; and (A) 350 nm, Λ6Χ (test solute: sodium dichromate) 
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Figwre 4. Scanning electron micrographs of standard lattices: (A) Polysciences 
57-nm polystyrene latex at magnification 20 Κ; (B) Polysciences 98-nm polystyrene 
latex at magnification 20 K; (C—facing page; Polysciences 183-nm polystyrene 
latex at magnification 10 K; (D—facing page) Polysciences 275-nm polystyrene 
latex at magnification 10 Κ; (E—facing page) Dow 312-nm polystyrene latex at 

magnification 20 Κ 
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56 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

τ = jln^ = N f D 2 k (1) 

where t i s the o p t i c a l path length, cm 
I 0 i s the i n t e n s i t y of the incident beam 
I i s the i n t e n s i t y of the emerging beam 
Ν i s the p a r t i c l e concentration, number/cm3 

D i s the p a r t i c l e diameter, cm 
k i s the e x t i n c t i o n c o e f f i c i e n t , dimensionless. I t i s a 

function of the parameters, α = πϋ/λ and m, where λ i s 
the wavelength i n the medium and m i s the r a t i o of the 
r e f r a c t i v e indices of p a r t i c l e and medium. 

Tur b i d i t y i s r e l a t e d to the absorbance, A, by 

2.303 Λ 
τ = 1 A (2) 

When the p a r t i c l e concentration i s expressed as a weight percent 
c, the above r e l a t i o n s take the form 

, . L j S l A . 0 . 0 1 5 ^ (3) 
S 

where p p and p s are the den s i t i e s of the p a r t i c l e and system res 
p e c t i v e l y . A versus c data c o l l e c t e d from a Beckman spectrophoto
meter then y i e l d s the value of k for a known D at any s p e c i f i c 
wavelength. 

To measure k using the online detector, the packed columns 
were replaced by a length of l / l 6 i n 0D ss tubing and peak areas 
corresponding t o i n j e c t i o n s of various p a r t i c l e suspensions and 
sodium dichromate solutions were recorded on chart paper. The 
foll o w i n g analysis was then applied. 

The recorder response F(v) i s r e l a t e d t o the absorbance of 
the detector c e l l contents A f(v) by 

F(v) = 3 A f(v) (when response i s l i n e a r ) (k) r »oo 

F(v) dv = 3 A'(v) dv = 3 A V (5) 
<r S 

where A i s the absorbance of the i n j e c t e d sample and V s i s the 
sample volume. The product 3 V s may be estimated from the slope 
of a peak area versus A pl o t for sodium dichromate. For known 
weight concentrations of p a r t i c l e suspensions i n j e c t e d , A i s con
sidered the unknown; A versus c data are then obtained from a mea
surement of t h e i r peak areas and hence k calculat e d from equation 
(3). I t should be noted from equation (5) that i n the absence of 
stray l i g h t e f f e c t s mentioned e a r l i e r , peak area versus absorbance 
data f o r the d i f f e r e n t s i z e d p a r t i c l e s and sodium dichromate solute 
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3. HUSAIN ET AL. Particle Size Analysis by SEC 57 

must f a l l on the same s t r a i g h t l i n e . 
The e x t i n c t i o n c o e f f i c i e n t f o r non-absorbing p a r t i c l e s may be 

t h e o r e t i c a l l y evaluated from the l i g h t s c a t t e r i n g theory developed 
by Mie ( lU, 15.). I t i s ca l c u l a t e d from the r e l a t i o n s h i p 

k = K\ (2n + l ) ( |a | 2 + |b |2) (6) 
n=l 

where a n and b n are functions of α and m. 
The data from the Beckman spectrophotometer measured at three 

d i f f e r e n t wavelengths, 251*, 280 and 350 nm are shown i n Figures 5 
A-C. Figures 6 A-D indi c a t e the data measured using the online 
detector. The measured and ca l c u l a t e d e x t i n c t i o n c o e f f i c i e n t s are 
given i n Table I . 

Table I. Comparison of Measured and Calculated E x t i n c t i o n 
C o e f f i c i e n t 

Wave- Diameter (nm) 
1 ( n ^ ) h 85 98 109 176 183 220 

theory"*" 0.1755 0.2530 0.3330 1.0686 1.1636 1.6600 

2 ^ Beckman 0.2372 0.3801 Ο.526Ο I.585O 1.8330 2.U030 
On-line 0.226U Ο.3898 0.5051* 1.3280 I.66U0 2.lU60 
^detector (0,72)* UJ39)* 
Mie 
theory 0.1188 0.1755 0.2299 0.7831 0.8U68 1.2518 

Beckman 2ιϋ21__0.2008 0.2796 0.96o6__l_ L lJ10__l 1 5590 

Mie 
theory 0.01*72 0.07^9 0.1030 0.3639 ΟΛ056 0.6378 
Beckman 0.0327 O.065U 0.1000 0.3U67 0.U830 0.65^7 
On-line - - - 0.312 - 0.6295 
detector 

+ Refractive Index of Polystyrene (l6)= I .5683+ 10.087· 10" 1 l / \ Q
2 

Refractive Index of water ( l6) = 1.32U0+ 3.0h6· 1 0 " 1 1 / λ 0

2 

where XQ i s the wavelength i n vacuum (cm) 
* Measured from data of ref . ( X ) . 

28Ο 

350 

The data shown i n Figures 6 A-D in d i c a t e that while the small
er p a r t i c l e s : 85, 98 and 109 nm are i n d i s t i n g u i s h a b l e from the d i s 
solved so l u t e , sodium dichromate, i n as f a r as detector behaviour 
i s concerned, the detector response d i f f e r s s i g n i f i c a n t l y f or the 
lar g e r diameter p a r t i c l e s . The reduced peak area and hence t u r b i 
d i t y indicated f o r the l a r g e r p a r t i c l e s i s a d i r e c t r e s u l t of the 
o p t i c a l e f f e c t s noted e a r l i e r . The observations are consistent 
with the findings of H e l l e r and Tabibian that the corona e f f e c t 
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58 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

WEIGHT % X 10· 

Figure 5. Absorbance vs. weight percent of standard lattices at (A) 254 nm; 
(B—facing page; 280 nm; (C—facing page) 350 nm (particles: (O) 220 nm; (Φ) 

176 nm; (\J) 109 nm; (m) 98 nm; (A) 85 nm) 
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WEIGHT % Χ 104 
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60 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

ABSORBANCE 

Figure 6. Comparison of detector response of sodium dichromate (SD) and 
(A) 85- (A); 98- (m); and 109-nm (O) latex particles; ( ; regressed through 
SD data; (B) 176-nm (O) latex particles; ( ) regressed through SD data; 
( ) curve drawn through data; (C—facing page; 183-nm (O) latex particles; 
( ) regressed through data points; (D—facing page) 220-nm (O) latex particles; 

( ; regressed through data points. Operating wavelength 254 nm. 
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62 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

and the interference e f f e c t of l a t e r a l l y scattered l i g h t cause a 
reduction i n measured t u r b i d i t y , the e f f e c t s being more pronounced 
for l a r g e r p a r t i c l e s and causing a departure from the l i n e a r depen
dence of t u r b i d i t y on concentration at concentrations lower than 
those at which i t would occur i n the absence of such e f f e c t s . 

Table I compares the measured values of e x t i n c t i o n c o e f f i c i 
ents with the values calculated from theory at wavelengths of 25k, 
280 and 350 nm. The lower values of e x t i n c t i o n c o e f f i c i e n t s for 
the la r g e r p a r t i c l e s measured, using the online detector compared 
to the Beckman instrument, are due to the o p t i c a l e f f e c t s d i s 
cussed above. The disagreement between the e x t i n c t i o n c o e f f i c i e n t s 
c alculated from Mie theory f o r non-absorbing spheres and the mea
sured values from the Beckman instrument i s very s i g n i f i c a n t , par
t i c u l a r l y at 25k and 280 nm. 

S i l e b i and McHugh (7) concluded from the i n v e s t i g a t i o n of 
t h e i r detector response that instrument errors were not present, 
and that Mie theory for non-absorbing p a r t i c l e s was applicable i n 
evaluating the t u r b i d i t y s i g n a l . However, i t appears that t h e i r 
measured values of e x t i n c t i o n cross-section are c o n s i s t e n t l y 
l a r g e r than calculated values, despite a deceptively close agree
ment indicated on a l o g ( e x t i n c t i o n cross-section) versus l o g ( d i a 
meter) p l o t . Values of e x t i n c t i o n c o e f f i c i e n t c a l c u l a t e d from 
t h e i r data are also shown i n Table I . 

In an attempt to resolve the discrepancy between cal c u l a t e d 
and measured e x t i n c t i o n c o e f f i c i e n t s , one can consider the p o s s i 
b l e c o n t r i b u t i n g factors which follow: 
1. Polystyrene p a r t i c l e s absorb l i g h t at 2$k nm. 
2. The p a r t i c l e s contain r e s i d u a l styrene monomer which strongly 

absorbs l i g h t at 2$k and 280 nm wavelength. 
3. Additives i n the l a t e x formulations such as em u l s i f i e r etc. 

absorb i n the UV range. 
h. The l a t e x p a r t i c l e s are not monodispersed. This has already 

been demonstrated. 
Accordingly GPC analysis of dried l a t e x samples were c a r r i e d out. 
The c a r r i e r solvent was tetrahydrofuran and peaks were monitored 
by a Waters 1 dual absorbance detector at wavelengths of 25^ and 
3^0 nm. The l a t t e r detection was the closest to 350 nm a v a i l a b l e . 

F i g . 7 A shows the GPC traces obtained at wavelength 25I* and 
3^0 nm for a 312 nm Dow l a t e x sample. Note the response at 3^0 nm 
i s at twenty-five times the s e n s i t i v i t y of the response at 25^ nm 
and hence considerably exaggerated i n comparison. At 25^ nm two 
peaks are c l e a r l y noted, a polymer peak and a secondary peak whose 
retention volume corresponds t o that of styrene monomer. At 3^0 
nm, since neither monomer nor polymer absorb, the observed peak i s 
a t t r i b u t a b l e t o the presence of additives such as em u l s i f i e r . 

For the other Dow samples: 85, 109, 176 and 220 nm, the res 
ponse shown i n Fig.7 Β for the 220 nm sample was t y p i c a l . Note 
the hump i n the t r a i l i n g end of the GPC trace. At 3Uo nm wave
length there was a d i s t i n c t response though much smaller than ob
served for the 312 nm sample. 
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3. HUSAiN E T A L . Particle Size Analysis by SEC 63 

The GPC traces for the 98 and 183 nm Polysciences samples are 
shown i n Figures 7 C and D . These are s i m i l a r to the response 
of the 312 nm p a r t i c l e at 2$k nm,though at 3^0 nm wavelength the 
e f f e c t was considerably smaller and comparable to the other Dow 
samples. 

On the basis of the above observations i t i s concluded that 
at 350 nm the discrepancy between calcula t e d and measured e x t i n c 
t i o n c o e f f i c i e n t s may be a t t r i b u t e d to the additives i n the l a t -
ices and the s i z e d i s p a r i t y of the p a r t i c l e s i n them. The pre
sence of r e s i d u a l styrene monomer i n the p a r t i c l e s i s strongly 
suspected. The data are inconclusive i n t h i s regard. Whether or 
not polystyrene l a t i c e s absorb at 25k nm can only be established 
once the contributions to the e x t i n c t i o n c o e f f i c i e n t s from the 
additives and r e s i d u a l monomer i f any, are established. A combi
nation of the aforementioned are probably responsible for depar
ture from theory at 25k and 280 nm. 

P a r t i c l e Recovery 

From equation (5) i t follows that the number of p a r t i c l e s 
^out which elute from the column for an i n j e c t i o n , are given by 

N = 2.303 £F(v) dv 
(T) 

For a known i n j e c t i o n of concentration c Q ( p a r t i c l e s / c c ) , the num
ber of p a r t i c l e s i n j e c t e d i s given by c QV s. Therefore the number 
percent recovery, R, i s c a l c u l a t e d as 

= 2.303 l°F(v) dv 
β I c ν f D 2 

ο s k 

χ 100 (8) 

A l t e r n a t i v e l y i t follows from equation (7) that R may be evaluated 
a S ( /Kv) dv) 

R " (°fF(v) d v ) C X 1 0 0 ( 9 ) 

o * W C 

where the i n t e g r a l s i n the numerator and denominator represent 
peak areas for the same sample obtained with and without the c o l 
umns res p e c t i v e l y . A correction factor must be incorporated i n 
equation (8) to account f o r instrumental errors . Equation (9) i s 
v a l i d i n such an event, however. 

P a r t i c l e recoveries c a l c u l a t e d according to equation (9) f o r 
our samples indicated e s s e n t i a l l y 100$ recoveries f o r the 85, 98 
and 109 nm samples. However, the recovery for the 183 nm sample 
was only kl%. 
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64 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

RETENTION V O L U M E • RETENTION VOLUME 

Figure 7. GPC analysis of (A) 312-nm Dow latex sample: SE Dupont silica 
columns—(a) response at 254-nm wavelength (full scale 0.5 A); (b) response at 
340-nm wavelength (full scale 0.02 A); (B) 220-nm Dow latex sample: E-Linear 
Water's silica columns—response at 254-nm wavelength (full scale 0.5 A); (C) 
98-nm Polysciences latex sample: Ε-Linear Water's silica columns—response at 
254-nm wavelength (full scale 0.5 A); (D) 183-nm Polysciences latex sample: 
Ε-Linear Water's silica columns—response at 254-nm wavelength (full scale 0.5 A) 
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3. HUSAiN E T A L . Particle Size Analysis by SEC 65 

P a r t i c l e Size Measurement 

Theory. We w i l l o u t l i n e theory developed e a r l i e r (11,12.) f o r 
converting the detector response F(v) from a t u r b i d i t y detector 
i n t o p a r t i c l e s i z e information. F(v) i s r e l a t e d to the dispersion-
corrected chromatogram W(y) by the i n t e g r a l equation 

F(v) W(y) G(v,y) dy (10) 

where G(v,y) i s the instrumental spreading function which may be 
approximated by a Gaussian d i s t r i b u t i o n with variance σ 2. 

G(v,y) = exp 
2 * 2σ 2 

(11) 

σ 2 i s the variance of the chromatogram of a monodispersed sample. 
In t h i s analysis i t i s considered to be a constant independent of 
p a r t i c l e diameter or retention volume, y. The p a r t i c l e diameter-
retention volume c a l i b r a t i o n curve i s assumed l i n e a r and given by 

D(v) Dx exp (-D2 v) (12) 

The frequency d i s t r i b u t i o n uncorrected f o r imperfect r e s o l u t i o n i s 
given by 

f(D) dD = - F(v) k" 1(v) D~ 2(v) dv 
f°°F(v) k-!(v) D" 2(v) dv 

(13) 

For non-absorbing s p h e r i c a l p a r t i c l e s which behave as Rayleigh 
s c a t t e r e r s , the above equation reduces to 

f ( D ) ω . -F(v) Βτβ(τ) dv 
f°F(v) D~ 6(v) dv 

( lU) 

Equation {lk) can be used to ca l c u l a t e uncorrected diameter aver
ages. For the number, surface, volume, s p e c i f i c surface, weight 
and t u r b i d i t y diameter averages ( t h e i r d e f i n i t i o n s have been 
stated elsewhere (11,12), the following r e l a t i o n s can be derived: 

D N(c) = D N(uc) expiai D 2
2 a 2 ) 

2 2 

D (c) = Dg(uc) exp(5 D 2 σ ) 

D__(c) = D._(uc) e x p ( | D 2
2 a 2 ) 

(15) 
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66 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

D g s(c) = E»sg(uc) e x p ( | D 2
2 σ 2) 

D w(c) = D w(uc) e x p ( | D 2
2 σ 2) 

D T(c) = D T(uc) e x p ( | D 2
2 σ 2) 

where c and uc designate corrected and uncorrected diameter aver
ages. 

When the more general Mie s c a t t e r i n g theory i s applied the 
approach adopted i n de r i v i n g the previous formulae cannot be used. 
One i s , however, able t o derive an a n a l y t i c a l expression for the 
moments of the s i z e d i s t r i b u t i o n w i t h i n the detector c e l l . They 
are given as : 

η 

Ι(γ,ν) = I C± e x p i - E ^ +(E ia ) 2 / 2}F(v-E ia 2) ( l6) 

where ΐ(γ,ν) i s the yth moment of the frequency d i s t r i b u t i o n at 
retention volume ν and 

C. = A. D,Y"2 (IT) ι ι 1 

Ε. = - {Β + (2-γ)ϋ2> (18) 

A-̂  and are the c o e f f i c i e n t s i n the f i t of the inverse of the 
e x t i n c t i o n c o e f f i c i e n t against retention volume. 

k- x(y) = I { A. exp (B. y)} (19) 
1 1 1 

[k(y) can t y p i c a l l y vary over s i x decades across the chromatogram. 
n=2 generally gives an adequate f i t . I n i t i a l parameter estimates 
can be obtained by assuming that at the high and low ends of the 
k(y) data, one exponential term s u f f i c e s to represent i t . A non
l i n e a r estimation routine i s used t o estimate the parameters. 
Occasionally improved f i t i n the low end r e s u l t s from the use of 
a mu l t i v a r i a b l e search routine which minimises the objective 
function ν , \ 

I ( v7 ) J w h e r e i s 3 X 1 e s t i m a t e o f k ( y ) i 
over a l l y Κ γ ) 

Equation ( l6) can be used to generate the desired moments and 
hence the diameter averages as a function of retention volume. 
This information together with l ( o , v ) which represents the number 
of p a r t i c l e s i n the detector c e l l at retention volume v, leads to 
the evaluation of o v e r a l l sample diameter averages. 

In contrast to the method based on Rayleigh s c a t t e r i n g , the 
procedure based on Mie s c a t t e r i n g theory: (a) i s not r e s t r i c t e d to 
small p a r t i c l e s , (b) chemical absorption may be considered, (c) 
and l a s t l y , i t can be extended to permit the use of a nonlinear 
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3. HUSAiN E T A L . Particle Size Analysis by SEC 67 

p a r t i c l e diameter-retention volume c a l i b r a t i o n curve. 

Measurement of P a r t i c l e Diameter Averages 

In s p i t e of the disagreement between measured and calculated 
e x t i n c t i o n c o e f f i c i e n t s , i t i s of in t e r e s t to examine the diameter 
averages obtained using Mie and Rayleigh theories. We w i l l f i r s t 
i l l u s t r a t e the ca l c u l a t i o n s for the i n d i v i d u a l p a r t i c l e chromato-
grams and then examine bimodal mixtures. The success of the ana
l y t i c a l techniques o u t l i n e d e a r l i e r depends on the instrumental 
spreading function being Gaussian. We assume that the variance of 
the spreading function i s given by the measured variance of the 
chromatograms of the p a r t i c l e standards. This approximation i n 
spit e of the heterogeneity of the p a r t i c l e standards, i s v a l i d i f 
the contribution of the spreading function to the measured v a r i 
ance i s dominant. E x t i n c t i o n c o e f f i c i e n t s c a l c u l a t e d from Mie 
theory (17.) were f i t t e d against the retention volume by a sum of 
two exponentials. Excellent f i t was obtained. 

I n d i v i d u a l Latex Samples. Figure 8 shows the chromatograms 
for the 85, 98, 109 and 183 nm p a r t i c l e s measured at a wavelength 
of 25h nm. While skewing e x i s t s i n a l l the chromatograms, i t i s 
most pronounced f o r the largest p a r t i c l e s i z e . The c a l i b r a t i o n 
data and measured variances are shown i n Table I I . I t must be 
noted that while the c a l i b r a t i o n curve spans a reten t i o n volume 
range of 13 ml, the chromatograms span about twice t h i s volume. 
The extension of the c a l i b r a t i o n curve beyond a retention volume 
of 58 ml poses l e s s of a r i s k , i n view of the acknowledged capa
c i t y of LEC i n res o l v i n g small diameter p a r t i c l e s , than i n i t s 
extension to retention volumes of less than U5 ml. The l a t t e r has 
the i m p l i c a t i o n of counting p a r t i c l e s as large as 278 nm (corres
ponds t o a retention volume of 38 ml; see F i g . 8) which have e a r l 
i e r been shown to be t o t a l l y trapped i n the columns. 

Table I I . C a l i b r a t i o n Data and Measured Variances 
Measured Variance (ml 2)" 

Sample Peak Retention Wavelength (nmT 
tnm) Volume I ml.) 25U 280 350 

85 58 12.1+2 12.97 12.66 

98 55 12.56 13.58 13.58 

109 13,26 13.U2 13.05 
183 h5 lU .15 - 13.96 

Tables I I I , I V & V contain the r e s u l t s of the p a r t i c l e s i z e 
analysis for data measured at the three d i f f e r e n t wavelengths. 
The diameter averages, D N to Dip are arranged i n increasing order 
of magnitude which i s also the order of decreasing imperfect reso
l u t i o n correction fact o r s . In view of the low value of ( D 2 a ) 2 , 
the magnitude of the correction factors i s f a i r l y small. The mea
sured diameter averages for a l l but the 183 nm sample are i n 
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3. H U S A I N E T A L . Particle Size Analysis by SEC 69 

Table I I I . Diameter Averages for Latex P a r t i c l e s Measured at 
25k nm 

For each sample, 
Row 1. Uncorrected diameter averages from Rayleigh theory (equa

t i o n Ik). 
Row 2. Uncorrected diameter averages from Mie theory (Equation 13). 
Row 3. Diameter averages i n row 1 corrected using Rayleigh correc

t i o n factors (Equation 15). 
Row k. Diameter averages i n row 2 corrected using Rayleigh correc

t i o n factors (Equation 15). 
Row 5. Corrected diameter averages from Mie theory (Equation l 6 ) . 

s ^ l e V " S " D N D s Dv D s s Dw D T ( n m ) 

63.1 61+.7 66.3 69.Τ 73.2 76.7 
65.6 67.3 69.1 72.7 76.k 80.2 

85 12.1+23 80.5 80.7 80.9 81.3 81.7 82.0 
83.7 81+.0 81+.3 81+.9 85.I* 85.7 
80.7 80.8 81.1 81.7 81.9 82.1 

7I+.8 76.6 78.5 82.5 86.8 91.0 
78.1+ 80.5 82.6 87.Ο 91.6 96.1 

98 12.560 95.6 95.8 96.I 96.5 97.0 97. h 
100.3 100.6 101.0 101.8 102.1+ 102.7 

95.8 96.0 96.3 96.9 97.U 97.7 

76.2 78.7 81.2 86.1+ 91.6 96.6 
81.1 83.8 86.5 92.1 97.6 102.8 

109 13.258 98.9 99.6 100.1+ 101.9 103.1 103.7 
105.2 106.2 107.0 108.7 109.8 110.3 
100.2 101.0 101.7 103.2 103.7 lOU.l 
105.6 111.0 116.7 129.1 11+1.6 152.3 
121.9 128.3 131+.6 11+8.0 159.3 168.2 

l h 1 c - 0 139.3 11+2.8 11+6.5 I5U.O 16Ο.6 161+.3 
1 4 1 6 0 . 8 165.1 168.8 176.5 180.7 181.1+ 

150.9 151+.1+ 157.3 163.6 167.8 169.9 
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70 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

excellent agreement with t h e i r reported values. They increase 
from DJJ to Dip i n the order expected. For the 183 nm sample, 
though Dgg, Ify and Drp are f a i r l y c l o s e , DJJ, Dg and Dy, are rather 
low. This appears to be re l a t e d to the pronounced skewing of the 
chromât ο grams the approximation of a Gaussian spreading function 
i n such an event being inaccurate i n s o f a r as the smaller diameter 
averages are concerned. 

Table IV. Diameter Averages f o r Latex P a r t i c l e s Measured at 280 nm 
For each sample, 
Row 1. Uncorrected diameter averaged from Mie theory (Equation 13) 
Row 2. Diameter averages i n row 1 corrected using Rayleigh correc

t i o n factors (Equation 15). 
Row 3. Corrected diameter averages from Mie theory (Equation l 6 ) . 

~ , Variance 
S a m p l e a 2 ( m l 2 ) DN D s D v D s s DW D T (nm) 

63.8 65.7 67.6 71.6 75.6 79.6 
85 12.966 82.3 82.7 83.2 8U.1 81*.9 85.3 

79.8 80.2 80.6 81.3 81.8 82.2 

71*.3 76.6 79.0 81*.0 89.I 9!*.0 
98 13.575 96.9 97.6 98.2 99-5 100.5 101.1 

9U.2 9U.2 9U.1» 95.1 96.Ο 96.5 

81.1 83.7 86.1* 91.9 97.3 102.6 
109 13.U21 105.5 106. k 107.1 108.6 109.7 110.2 

101.1 101.8 102.3 103.3 10U.1 ioi*. i* 

In terms of the accuracy of measurement, i t appears from 
Tables I I I - V that detection of a narrow d i s t r i b u t i o n p a r t i c l e 
mixture at 350 or 280 nm i s j u s t as advantageous as detection at 
25U nm. However f o r a broad p a r t i c l e s i z e d i s t r i b u t i o n sample, 
detection at 25^ nm or lower where p a r t i c l e s absorb, provides a 
d i s t i n c t improvement i n small p a r t i c l e detection (j). 

The diameter averages calcul a t e d using Mie sc a t t e r i n g theory 
are c o n s i s t e n t l y lower than those calculated using Rayleigh 
s c a t t e r i n g theory. This appears t o be a numerical problem associa
ted with the rather high values of σ 2 encountered i n p a r t i c l e 
chromatography. Consider curve ABCD i n Figure 9; i t represents 
the path along which any one diameter average varies for a chroma
togram synthesized from a Gaussian W(y) and Gaussian spreading 
function with the diameter averages based on the portion of the 
chromatogram between rete n t i o n volumes X and Y, chromatogram 
heights beyond X and Y being considered non zero, however. In an 
experimental chromatogram these heights would be ind i s t i n g u i s h a b l e 
from the baseline. Along ABCD, % < Dg < Dy < Dgg < % < DT. 
When chromatogram heights beyond X and Y were set equal to zero, 
the path became A'BCD1. Along A 1Β and CD' the order of the diame
t e r averages were generally completely reversed. This anomaly 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
3



3. HUSAiN E T A L . Particle Size Analysis by SEC 71 

occurs because of the nature of the moment equation where each term 
under the summation i s m u l t i p l i e d by the ordinate F(v-Ej[a 2). At re
t e n t i o n volumes i n the neighbourhood of Y,évaluât!on of smaller mo
ments requires ordinates at retention volumes beyond t h i s neighbour
hood (higher v) while i n the v i c i n i t y of X,evaluation of higher mo
ments requires ordinates at retention volumes beyond the neighbour
hood of X (lower v ) . Departure from ABCD with opposite trends at 
the respective ends are thus exhibited. The ef f e c t s cancel each 
other to a c e r t a i n extent leaving the o v e r a l l diameter averages 
s l i g h t l y lower than expected. The points Β and C approach A and 
D re s p e c t i v e l y as σ 2 i s decreased. 

Table V. Diameter Averages for Latex P a r t i c l e s Measured at 350 nm 
For each sample, 
Row 1. Uncorrected diameter averages from Mie theory (Equation 13). 
Row 2. Diameter averages i n row 1 corrected using Rayleigh correc

t i o n factors (Equation 15). 
Row 3. Corrected diameter averages from Mie theory (Equation l 6 ) . 

W « Y f f g ) DN DS DV DSS DW DT(nm) 

6k.3 66.0 67.8 ll.k 75.2 79.1 
85 12.66 82.5 82.7 83.0 83.6 8U.2 8k.6 

81.U 81.2 81.2 81.6 82.3 82.5 

73.1 75.k 77-9 82.9 88.0 93.0 
98 13.580 95.^ 96.1 96.8 98.2 99.3 100.0 

92.8 93.k 93.8 9^.9 96.0 96.3 

81.0 83.3 85.7 90.6 95.7 100.8 
109 13.050 10k.6 105.1 105.6 106.6 107.5 108.1 

101.1 101.6 101.9 102.6 103.5 103.8 

123.9 129.3 13U.7 1U6.2 156.8 165.8 

162.8 165.8 168.5 nk.o 177.6 178.6 
15^.1 156.5 158.7 16k.0 168.1 169.5 

Mixtures of Latex P a r t i c l e s . To further assess the success of 
the theory i n c a l c u l a t i n g p a r t i c l e diameter averages, two binary 
mixtures were considered. Mixture 1 was a mixture of 183 and 85 
nm p a r t i c l e s i n the weight r a t i o 38.73/61.27, while mixture 2 was 
a mixture of 183 and 109 nm p a r t i c l e s i n the weight r a t i o 51.05/ 
1+8.95· Their chromatograms are shown i n Figure 10. 

The diameter averages ca l c u l a t e d from the mixture r u l e are 
given i n Table VI. While the f i r s t row entries for each mixture 
are the true values, the values that would be obtained from the 
analysis of the bimodal chromatograms should be compared with the 
t h i r d row entr i e s since these account not only for the les s than 
s a t i s f a c t o r y c a l c u l a t i o n s for the 183 nm sample chromatogram, but 
also f o r the incomplete recovery of the 183 nm p a r t i c l e s . 
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SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

X Y 
RETENTION VOLUME 

Figure 9. Variation of diameter averages with retention volume 

RETENTION VOLUME 

MIXTURE 1: MIXTURE OF 183 AND 86 nm LAT1CES 

- RETENTION VOLUME 

MIXTURE 2: MIXTURE OF 183 AND 109 nm LAT1CES 

Figure 10. Chromatograms of Mixtures 1 and 2 
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3. HUSAIN ET AL. Particle Size Analysis by SEC 73 

Table VI. Diameter Averages Based on Mixture Rule 
For each mixture, 
Row 1. Calculated assuming a l l diameter averages for each compon

ent are equal t o t h e i r diameter as reported by supplier.For 
e.g. % = Dg = Dy = Dgg = Ety = D«p = 85 f o r 85 nm sample. 

Row 2. Calculated from diameter averages for each component as 
given by Mie Theory. For e.g. 
% = 8 0 . 7 , D s = 8 0 . 8 , e t c . ( T a b l e I I I ) for 85 nm sample. 

Row 3. Calculated as i n row 2 but accounting for incomplete reco-
very of 183 nm p a r t i c l e s . _ _ 

Mixture D N D s D v D s s Dw 
D m (nm) Τ 

1 
90.8 
8U.9 
82.6 

93.8 
86.9 
83.6 

98.0 
90.2 
85. h 

107.2 
98.3 
89.7 

123.0 
112.2 

98.1 

ll+O.l 
128.1+ 
111.8 

2 
122. k 
109-1+ 
10Λ.6 

125.6 
112.5 
106. Τ 

129.1+ 
116.1 
109.1 

137.1+ 
121+.7 
111+.8 

11+6.8 
131+.7 
122.0 

155.5 
11+3.8 
130.6 

The diameter averages of the mixtures evaluated using Mie 
Theory are presented i n Table V I I . For each mixture they are com
puted f o r σ 2 values equal t o those of i n d i v i d u a l components and 
t h e i r mean. The averages fortunately are not very s e n s i t i v e to 
the σ 2 values between those of i n d i v i d u a l components. Computed 
values with mean σ 2 f o r each mixture compare very favourably with 
t h i r d row entr i e s for each mixture i n Table VI. S i m i l a r r e s u l t s 
were obtained when Rayleigh s c a t t e r i n g was considered. 

Table V I I . Diameter Averages for Mixtures 1 and 2 Calculated 
Using Mie Theory 

Mixture Variance a 2 ( m l 2 ) DN DS D v D s s 
D T (nm) 

1 
12.1+23 
11+.152 
13.288 

81.2 
83.6 
82.2 

82.2 
81+.6 
83.2 

81+.0 
86.0 
85.Ο 

88.3 
89.8 
89.3 

96.8 
98.7 
97.7 

110.5 
113.1+ 
111.8 

2 
13.258 
11+.152 
13.705 

107.1+ 
108.8 
107.9 

109.1 
110.1+ 
109.6 

110.8 
111.8 
111.1 

111*. 9 
115.7 
115.2 

121.6 
122.3 
121.9 

129.5 
130.3 
130.0 

Considering the i n a p p l i c a b i l i t y of e i t h e r Rayleigh or Mie 
theory to our data, i t i s indeed s u r p r i s i n g that the cal c u l a t e d 
diameter averages are i n such good agreement with expected values. 
Equations ( l 6 ) - ( l 9 ) derived using Mie theory throw some l i g h t on 
t h i s anomaly. Consider that k~ 1(y) i n equation (19) i s m u l t i p l i e d 
by ε where ε i s a constant independent of y. This i n a very 
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74 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

approximate sense described the v a r i a t i o n of measured e x t i n c t i o n 
c o e f f i c i e n t with y; i t s consequence i s t o introduce a constant 
multiplying, factor ε i n equation ( l 6 ) . The l a t t e r , however, has 
no e f f e c t on the evaluation of the diameter averages. 

Summary and Conclusions 
A summary of the preceding discussions and conclusions d e r i 

ved from them now follows: 
1. C a l i b r a t i o n of each column one at a time r e s u l t s i n the weed

ing out of those columns which have inadequate peak separation, 
excessive peak broadening and s i g n i f i c a n t p a r t i c l e l o s s by en
trapment i n the packing. 

2. The column packing procedure strongly influences the retention 
of large sized p a r t i c l e s . The percentage of unretained p a r t i 
c l e s of any s i z e can be estimated from the r a t i o of i t s chro-
matogram areas obtained with and without the columns connected 
to the chromatograph. 

3. The monodispersity of standard l a t i c e s used f o r c a l i b r a t i o n 
must be considered suspect. 

h. Measured e x t i n c t i o n c o e f f i c i e n t s do not agree with c a l c u l a 
t i o n s from Mie theory for non-absorbing spheres. 

5· The chromatograms of standard l a t i c e s i ndicate skewing at t h e i r 
t r a i l i n g ends which becomes more pronounced as the p a r t i c l e 
s i z e increases, possibly due to p a r t i c l e entrapment. 

6. The p a r t i c l e s i z e analysis techniques outlined e a r l i e r show 
promise i n the measurement of polydispersed p a r t i c l e suspen
sions. The asumption of Gaussian instrumental spreading func
t i o n i s v a l i d except when the chromatograms of standard l a t i c e s 
are appreciably skewed. Cal c u l a t i o n of diameter averages i n d i 
cate a f a i r degree of i n s e n s i t i v i t y to the value of the ex
t i n c t i o n c o e f f i c i e n t . 

7. In terms of accuracy of measurement, for a narrow d i s t r i b u t i o n 
sample, there appears t o be no preferred wavelength for s i g n a l 
detection i n the UV range. 
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4 
Exclusion Chromatography Analysis of Latex 
Solutions for Monitoring Nitrile Resin 
Polymerizations 
T. J. WILLIAMSON and V. F. GAYLOR 
The Standard Oil Company (Ohio), 4440 Warrensville Center Road, Cleveland, OH 44128 
I. PIIRMA 
Institute of Polymer Science, University of Akron, Akron, OH 44325 

Reports of chromatographic methods for measuring gel con
tents of elastomers introduced several novel techniques and 
observations (1, 2). These gel measurement methods were based 
on solubilizing emulsion polymerized elastomers by mixing aque
ous latex with elastomer solvent. The resulting solutions, 
which also contained solvent swollen gel particles, were then 
separated and analyzed by exclusion chromatography. The chroma
tographic separations resulted in separate, well defined peaks 
for insoluble gel particles, as well as for soluble elastomer 
and low molecular weight species. These workers found that the 
chromatographic detector, a differential refractometer, gave 
equal responses to both insoluble and soluble polymer. They 
therefore pointed out that total polymer peak area was propor
tional to total solids content, and that the technic was rapid 
enough for monitoring polymerization reactions. 

The present paper reports preliminary work aimed at extend
ing this chromatographic technology to other types of resins. 
Two different emulsion polymerization reactions were investi
gated. One was the polymerization of acrylonitrile and methyl-
acrylate (75/25 AN/ΜΑ) in the presence of an acrylonitrile elas
tomer (70/30 BD/AN) to produce a graft resin. The second was the 
copolymerization of acrylonitrile and styrene (70/30 AN/S). 
Chromatographic analyses of latex solutions were conducted peri
odically during both types of polymerization reactions, using 
acetonitrile as latex solvent and chromatographic mobile phase. 
An ultraviolet absorption detector was used in tandem with a 
differential refractometer detector to obtain chemical composi
tion data (3, 4, 5, 6). 

Experimental 

Latex solutions for chromatographic analysis were prepared 
by adding weighed amounts of latex to known amounts of aceto
nitrile. Latex solution concentrations were 0. 2 g/100 ml for 
AN/S copolymers and 1. 0 g/100 ml for the AN/MA. graft resins. 

0-8412-0586-8/80/47-138-077$05.00/0 
© 1980 American Chemical Society 
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78 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

L a t e x and s o l v e n t were m i x e d i n b o t t l e s a n d the capped b o t t l e s 
were shaken f o r 10 m i n u t e s on a B u r r e l l W r i s t - A c t i o n S h a k e r . 
The l a t e x s o l u t i o n s were f i l t e r e d t h r o u g h a 0. 9 μπι f i l t e r p r i o r 
t o c h r o m a t o g r a p h i c a n a l y s i s . Known volumes o f the f i l t e r e d 
s o l u t i o n s were i n j e c t e d i n t o the c h r o m a t o g r a p h by l o o p i n j e c 
t i o n . I n j e c t i o n volumes were 250 μ ΐ o f AN /MA s o l u t i o n s a n d 
500 μ ΐ o f A N / S s o l u t i o n s . 

C h r o m a t o g r a p h i c s e p a r a t i o n s were made on a Waters A s s o c i 
a t e s I n c . l i q u i d c h r o m a t o g r a p h , M o d e l 501, w h i c h was e q u i p p e d 
w i t h b o t h v a r i a b l e w a v e l e n g t h UV and d i f f e r e n t i a l r e f r a c t o m e t e r 
d e t e c t o r s . The UV d e t e c t o r was o p e r a t e d a t 230 nm when a n a l y z 
i n g AN/ΜΑ. s o l u t i o n s and a t 254 nm f o r A N / S s o l u t i o n s . The 
m o b i l e phase was a c e t o n i t r i l e and f l o w r a t e was 1.0 m l / m i n . 
S t a i n l e s s s t e e l columns were p r e p a r e d f r o m 1 / 8 - i n I . D. t u b i n g 
and were p a c k e d w i t h 170-200 mesh c o n t r o l l e d p o r o s i t y g l a s s 
p a r t i c l e s ( E l e c t r o - N u c l e o n i c s ) . A bank o f s e v e n 2 - f t . columns 
was u s e d , and t h e y c o n t a i n e d g l a s s p a r t i c l e s r a n g i n g i n p o r e 
s i z e (as measured by m e r c u r y i n t r u s i o n ) f r o m 75 -1250A 0 . E x c e p t 
f o r the i n l e t t o the f i r s t co lumn, a l l column end f i t t i n g s were 
e q u i p p e d w i t h 5-μπι s n u b b e r s . 

C h r o m a t o g r a p h i c peak a r e a s were measured by b o t h manual and 
m e c h a n i c a l i n t e g r a t i o n methods. T o t a l a n a l y s i s t ime was l e s s 
t h a n one h o u r p e r sample. 

C h r o m a t o g r a p h i c I n t e r p r e t a t i o n T e c h n i q u e s 

O v e r a l l g o a l o f t h i s work was t o maximize the amount o f i n 
f o r m a t i o n o b t a i n e d f r o m c h r o m a t o g r a p h i c a n a l y s i s o f l a t e x s o l u 
t i o n s . More s p e c i f i c aims w e r e : (1) measure amounts o f 
u n r e a c t e d monomers, as one measure o f c o n v e r s i o n , (2) d e t e r m i n e 
amount o f p o l y m e r , as a s e c o n d measure o f c o n v e r s i o n , (3) e s t i 
mate c h e m i c a l c o m p o s i t i o n o f the p o l y m e r formed, and (4) l o o k 
f o r e v i d e n c e o f g r a f t i n g ( i n the AN/MA p o l y m e r i z a t i o n ) a s 
e v i d e n c e d by d e t e c t i o n o f i n s o l u b l e p o l y m e r f o r m a t i o n . 

The p o r o u s g l a s s p a c k e d columns d i d n o t y i e l d h i g h r e s o l u 
t i o n s e p a r a t i o n s , b u t the major s p e c i e s p r e s e n t i n a l a t e x were 
a d e q u a t e l y s e p a r a t e d , F i g u r e 1. I n s o l u b l e p o l y m e r , when p r e s e n t , 
was e x c l u d e d f r o m the p o r e s a n d e l u t e d a t i n t e r s t i t i a l volume. 
E l u t i o n o r d e r o f r e m a i n i n g s p e c i e s was s o l u b l e p o l y m e r , u n r e a c t 
e d monomers, a n d w a t e r . I n b o t h t y p e s o f r e s i n s s t u d i e d , no 
s e p a r a t i o n o f the two u n r e a c t e d monomers was a c h i e v e d . A s i n g l e 
c h r o m a t o g r a p h i c peak, t h a t i n c l u d e d b o t h monomers, was o b t a i n e d . 

A b i l i t y t o a n a l y z e u n r e a c t e d monomers was dependent on 
d e t e c t o r s e l e c t i v i t y . The UV d e t e c t o r was o p e r a t e d a t 254 nm 
f o r a n a l y s i s o f A N / S l a t e x s o l u t i o n s . S t y r e n e i s a s t r o n g UV 
a b o s r b e r a t t h i s w a v e l e n g t h w h i l e a c r y l o n i t r i l e has no m e a s u r 
a b l e a b s o r b a n c e a t 254 nm. T h u s , the UV d e t e c t o r was e n t i r e l y 
s e l e c t i v e t o monomeric s t y r e n e . The r e f r a c t o m e t e r d e t e c t o r was 
s e n s i t i v e t o b o t h a c r y l o n i t r i l e and s t y r e n e when e a c h was 
p r e s e n t i n t h e d e s i r e d c o p o l y m e r p r o p o r t i o n s ( 7 0 / 3 0 ) . However, 
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4. W I L L I A M S O N E T A L . SEC of Latex Solutions 79 

t o a c h i e v e t h a t c o p o l y m e r c o m p o s i t i o n i t was n e c e s s a r y t o m a i n 
t a i n a l a r g e e x c e s s c o n c e n t r a t i o n o f a c r y l o n i t r i l e d u r i n g p o l y m 
e r i z a t i o n . The much s m a l l e r amounts o f u n r e a c t e d s t y r e n e p r e s e n t 
were no i n t e r f e r e n c e t o m e a s u r i n g monomeric a c r y l o n i t r i l e f r o m 
t h e r e f r a c t o m e t e r chromatogram. 

U n r e a c t e d monomers i n AN/ΜΑ l a t e x s o l u t i o n s were measured 
s i m i l a r l y . M e t h y l a c r y l a t e i s a r e l a t i v e l y s t r o n g UV a b s o r b e r i n 
the 225-250 nm range w h i l e a c r y l o n i t r i l e does n o t s i g n i f i c a n t l y 
a b s o r b UV r a d i a t i o n a t w a v e l e n g t h s above a b o u t 220 nm. A t 230 
nm, the w a v e l e n g t h u s e d , the UV d e t e c t o r r e s p o n d e d o n l y t o 
m e t h y l a c r y l a t e . And the r e f r a c t i v e i n d i c e s o f the two monomers 
a r e s u c h t h a t , i n the 75/25 AN/ΜΑ p r o p o r t i o n s u s e d , the r e f r a c 
tometer was i n s e n s i t i v e t o m e t h y l a c r y l a t e . The r e f r a c t o m e t e r 
t h e r e f o r e f u n c t i o n e d as a s e l e c t i v e d e t e c t o r f o r a c r y l o n i t r i l e 
i n the p r e s e n c e o f m e t h y l a c r y l a t e . 

S i m i l a r l y , e s t i m a t i o n o f c h e m i c a l c o m p o s i t i o n o f s o l u b l e 
p o l y m e r was a l s o dependent on s e l e c t i v i t y o f the UV d e t e c t o r . 
P o l y m e r i z e d a c r y l o n i t r i l e has no s i g n i f i c a n t UV a b s o r b a n e e a t 
230 and 254 nm. T h u s , UV chromatograms were u s e d t o e s t i m a t e 
amounts o f p o l y m e r i z e d m e t h y l a c r y l a t e and s t y r e n e i n e a c h r e s i n 
system. The r e f r a c t o m e t e r d e t e c t o r was s e n s i t i v e t o p o l y m e r i z e d 
m e t h y l a c r y l a t e and s t y r e n e , as w e l l as t o p o l y m e r i z e d a c r y l o n i 
t r i l e . I t was t h e r e f o r e n e c e s s a r y t o c a l c u l a t e comonomer c o n 
t r i b u t i o n t o r e f r a c t o m e t e r peak a r e a s i n o r d e r t o e s t i m a t e 
c o n c e n t r a t i o n o f p o l y m e r i z e d a c r y l o n i t r i l e . T h i s was done by 
o b t a i n i n g a r e f r a c t o m e t e r c a l i b r a t i o n f o r a l l t h r e e homopolymers. 
Q u a n t i t y o f p o l y m e r i z e d comonomers measured by UV were t h e n c o n 
v e r t e d t o e q u i v a l e n t r e f r a c t o m e t e r peak a r e a s . Peak a r e a s due 
t o p o l y m e r i z e d a c r y l o n i t r i l e were t h e n c a l c u l a t e d by d i f f e r e n c e , 
and u s e d t o c a l c u l a t e amount o f p o l y m e r i z e d a c r y l o n i t r i l e . 

T o t a l s o l u b l e po lymer ( s o l i d s ) i n e a c h l a t e x sample was 
c a l c u l a t e d by s i m p l y summing the amounts o f p o l y m e r i z e d a c r y l o 
n i t r i l e and p o l y m e r i z e d comonomer. 

C a l i b r a t i o n Methods 

A l l t h r e e monomers were s o l u b l e i n the c h r o m a t o g r a p h i c 
m o b i l e phase a n d s t a n d a r d a n a l y t i c a l t e c h n i q u e s were u s e d f o r 
c a l i b r a t i o n . S o l u t i o n s c o n t a i n i n g known q u a n t i t i e s o f monomer 
were chromatographed t o e s t a b l i s h a peak a r e a c o n c e n t r a t i o n 
r e l a t i o n s h i p f o r the a p p r o p r i a t e d e t e c t o r . The homopolymer o f 
m e t h y l a c r y l a t e was a l s o s o l u b l e i n the m o b i l e phase . T h u s , b o t h 
UV and r e f r a c t o m e t e r d e t e c t o r s were c a l i b r a t e d f o r p o l y m e r i z e d 
m e t h y l m e t h a c r y l a t e by c h r o m a t o g r a p h i n g s o l u t i o n s o f PftA. 

The homopolymers o f s t y r e n e and a c r y l o n i t r i l e were n o t 
s o l u b l e i n the a c e t o n i t r i l e m o b i l e p h a s e . C a l i b r a t i o n f a c t o r s 
thus had t o be d e r i v e d from a c o m b i n a t i o n o f l i t e r a t u r e d a t a and 
e x p e r i m e n t a l measurements. To c a l i b r a t e t h e UV d e t e c t o r f o r 
p o l y s t y r e n e , 254 nm a b s o r b a n c e o f b o t h monomer and p o l y m e r was 
measured w i t h a c o n v e n t i o n a l s p e c t r o p h o t o m e t e r , u s i n g c h l o r o f o r m 
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S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

ELUT I ON TIME-

Figure 1. Chromatogram of AN/MA graft polymer (( ) differential refrac
tometer detector; ( ) UV absorbance detector) 

ELUT I ON TIME 

Figure 2. Chromatograms of AN/MA graft polymer (differential refractometer 
detector: (a) 7% total solids; (b) 11% total solids; (c) 27% total solids) 
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4. W I L L I A M S O N E T A L . SEC of Latex Solutions 81 

s o l v e n t . These measurements y i e l d e d the needed r e l a t i o n s h i p 
between monomer a n d p o l y m e r a b s o r b a n c e . A c h r o m a t o g r a p h i c UV 
c a l i b r a t i o n f o r the p o l y m e r was t h e n c a l c u l a t e d f r o m the e x p e r i 
m e n t a l l y measured monomer c a l i b r a t i o n d a t a . 

P u b l i s h e d r e f r a c t i v e i n d e x d a t a f o r the m o b i l e p h a s e , p o l y 
s t y r e n e , p o l y a c r y l o n i t r i l e , a n d the two monomers were u s e d t o 
c a l c u l a t e r e f r a c t i v e i n d e x d e t e c t o r c a l i b r a t i o n s f o r the two 
homopolymers. The p u b l i s h e d d a t a were u s e d t o d e t e r m i n e r e l a 
t i o n s h i p between r e f r a c t i v e i n d e x i n c r e m e n t s o f monomer and 
c o r r e s p o n d i n g homopolymer. C h r o m a t o g r a p h i c r e f r a c t o m e t e r c a l i 
b r a t i o n s f o r the two homopolymers were t h e n c a l c u l a t e d f rom 
e x p e r i m e n t a l l y measured c a l i b r a t i o n d a t a f o r the two monomers. 

R e s u l t s on AN/MA, G r a f t R e s i n 

The AN/ΜΑ g r a f t r e s i n was made by p o l y m e r i z i n g t h e two 
monomers, i n the p r e s e n c e o f BD/AN e l a s t o m e r , i n a b a t c h r e a c 
t i o n . C h r o m a t o g r a p h i c d a t a a t 12 d i f f e r e n t c o n v e r s i o n l e v e l s 
were o b t a i n e d f o r t h i s p o l y m e r i z a t i o n . I l l u s t r a t i v e c h r o m a t o -
grams ( r e f r a c t o m e t e r d e t e c t o r ) f o r t h r e e d i f f e r e n t c o n v e r s i o n 
l e v e l 8 a r e shown i n F i g u r e 2. These chromatograms g r a p h i c a l l y 
d e m o n s t r a t e e x p e c t e d growth i n s i z e o f t h e s o l u b l e po lymer peak 
w i t h i n c r e a s i n g c o n v e r s i o n , a s w e l l a s coneommitant d e c r e a s e i n 
monomer c o n c e n t r a t i o n . F u r t h e r , F i g u r e 2 shows p r e s e n c e o f 
i n s o l u b l e p o l y m e r , e v e n a t low c o n v e r s i o n . I n s o l u b l e p o l y m e r a t 
low c o n v e r s i o n s i s p r o b a b l y l a r g e l y , i f n o t t o t a l l y , e l a s t o m e r . 
The e l a s t o m e r p a r t i c l e s were i n s o l u b l e i n the m o b i l e phase b u t 
were e l u t e d f r o m the columns a n d d e t e c t e d by b o t h d e t e c t o r s . 
The much l a r g e r i n s o l u b l e p o l y m e r peak a t h i g h c o n v e r s i o n s may 
i n c l u d e i n s o l u b l e g r a f t p o l y m e r . The i n s o l u b l e p o l y m e r peak 
t e n d e d t o e x h i b i t b i m o d a l c h a r a c t e r a t h i g h c o n v e r s i o n l e v e l s . 

C h r o m a t o g r a p h i c a l l y measured monomer c o n c e n t r a t i o n s d e 
c r e a s e d l i n e a r l y w i t h i n c r e a s i n g c o n v e r s i o n , F i g u r e 3 , a s 
e x p e c t e d . The f i t t e d l i n e e x t r a p o l a t e s t o a b o u t 28% t o t a l 
monomers a t z e r o s o l i d s , i n good agreement w i t h t h e 29% mono
mers c h a r g e d . T h i s agreement s u g g e s t s t h a t the c h r o m a t o g r a p h i c 
method c a n measure u n r e a c t e d monomers w i t h good p r e c i s i o n . C o n 
s u m p t i o n r a t e s o f t h e two i n d i v i d u a l monomers were a l s o measured , 
F i g u r e 4. These two monomers c o p o l y m e r i z e randomly a n d i n d i v i 
d u a l c o n s u m p t i o n r a t e s may v a r y . I n t h i s c a s e , s l o p e s o f t h e 
f i t t e d l i n e s were 0 .37 a n d 0 .09 f o r a c r y l o n i t r i l e and m e t h y l -
a e r y l a t e , r e s p e c t i v e l y . These s l o p e s i n d i c a t e t h a t a c r y l o n i t r i l e 
was i n c o r p o r a t e d i n t o the p o l y m e r a t a r a t e a b o u t f o u r t imes 
g r e a t e r t h a n was m e t h y l a c r y l a t e . 

The method o f c a l c u l a t i n g c h e m i c a l c o m p o s i t i o n o f s o l u b i l -
i z e d p o l y m e r was t e s t e d i n two d i f f e r e n t ways. The sum o f 
p o l y m e r i z e d monomers c a l c u l a t e d f r o m c h r o m a t o g r a p h i c d a t a s h o u l d 
a p p r o x i m a t e t o t a l s o l i d s i n the l a t e x samples . F i g u r e 5 com
p a r e s c a l c u l a t e d s o l i d s c o n t e n t s w i t h t o t a l s o l i d s measured by 
the c o n v e n t i o n a l g r a v i m e t r i c method. A good c o r r e l a t i o n was 
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82 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

8 12 16 20 24 28 32 

TOTAL SOLIDS, WT. % 

Figure 3. Consumption of monomers during polymerization 

Figure 4. Relative consumption rates of acrylonitrile (%) and methacrylate ([J) 
during polymerization 
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4. W I L L I A M S O N E T A L . SEC of Latex Solutions 83 

o b t a i n e d , b u t c a l c u l a t e d s o l i d e v a l u e s were lower t h a n measured 
t o t a l s o l i d s i n e v e r y c a s e . T h i s was n o t u n e x p e c t e d . The 
c h r o m a t o g r a p h i c method d e t e c t e d p r e s e n c e o f i n s o l u b l e p o l y m e r 
b u t peak a r e a s c o u l d n o t be d i r e c t l y r e l a t e d t o c o n c e n t r a t i o n . 
The r e a c t o r was c h a r g e d w i t h 37o e l a s t o m e r w h i c h was i n s o l u b l e i n 
t h e c h r o m a t o g r a p h i c m o b i l e phase . T h u s , t h e r e l a t i o n s h i p between 
c a l c u l a t e d and measured s o l i d s c o n t e n t s s h o u l d h a v e , and d i d , 
d i f f e r by a t l e a s t 3% a t low c o n v e r s i o n s . E x p e c t e d f o r m a t i o n o f 
i n s o l u b l e g r a f t p o l y m e r w o u l d a l s o have i n f l u e n c e d r e l a t i o n s h i p 
between c a l c u l a t e d a n d measured t o t a l s o l i d s . 

C a l c u l a t e d monomer p r o p o r t i o n s i n s o l u b i l i z e d c o p o l y m e r a t 
e a c h c o n v e r s i o n l e v e l a r e compared t o u n r e a c t e d monomer p r o p o r 
t i o n s i n T a b l e I . A t low c o n v e r s i o n l e v e l s , T 3 - T 5 , the c o p o l y 
mer a p p e a r e d t o be r i c h i n m e t h y l a c r y l a t e . T h i s anomaly was n o t 
d e t e c t e d i n u n r e a c t e d monomer measurements , p o s s i b l y b e c a u s e the 
amount o f c o p o l y m e r was s m a l l r e l a t i v e t o t h e l a r g e e x c e s s o f 
u n r e a c t e d monomers. A s c o n v e r s i o n i n c r e a s e d ( T ^ - T ^ ) c a l c u l a t e d 
c o p o l y m e r c o m p o s i t i o n a p p r o a c h e d the 75/25 AN/ΜΑ t a r g e t a n d 
a v e r a g e d e x a c t l y 75 /25 . 

U n r e a c t e d monomer p r o p o r t i o n s ( T a b l e I ) were e s s e n t i a l l y 
c o n s t a n t a t 72 /28 AN/MA u n t i l the T ^ s a m p l i n g . The l a s t t h r e e 
h i g h c o n v e r s i o n samples c o n t a i n e d a s i g n i f i c a n t l y s m a l l e r p r o 
p o r t i o n o f a c r y l o n i t r i l e . T h i s d e c r e a s e i n u n r e a c t e d a c r y l o 
n i t r i l e was n o t accompanied by a d e t e c t a b l e change i n c o m p o s i 
t i o n o f s o l u b l e c o p o l y m e r . However, t h e r e was a n accompanying 
change i n s i z e o f t h e i n s o l u b l e p o l y m e r peak. F i g u r e 6 compares 
r e f r a c t o m e t e r peak a r e a s f o r e a c h o f the t h r e e s p e c i e s a t e a c h 
c o n v e r s i o n l e v e l . The i n s o l u b l e p o l y m e r peak was e s s e n t i a l l y 
c o n s t a n t i n s i z e up t o a b o u t 12% t o t a l s o l i d s . The amount o f 
i n s o l u b l e p o l y m e r t h e n a p p e a r e d t o s l o w l y i n c r e a s e w i t h i n c r e a s 
i n g c o n v e r s i o n , f o l l o w e d b y a n a p p a r e n t s h a r p r i s e i n amount a t 
v e r y h i g h c o n v e r s i o n s . I n c r e a s e d amounts o f i n s o l u b l e p o l y m e r 
c o u l d be due t o p r e s e n c e o f e i t h e r or b o t h g r a f t p o l y m e r o r h i g h 
m o l e c u l a r w e i g h t , n i t r i l e r i c h p o l y m e r . The c h r o m a t o g r a p h i c 
d e t e c t o r s y i e l d no i n s i g h t i n t o c h e m i c a l c o m p o s i t i o n o f the 
i n s o l u b l e p o l y m e r peak. However, t h e o r e t i c a l c o n s i d e r a t i o n s 
i n d i c a t e i n i t i a t i o n o f the p o l y m e r g r a f t r e a c t i o n a t a b o u t 12% 
t o t a l s o l i d s . I n c r e a s e s i n amount o f i n s o l u b l e po lymer a t 
moderate c o n v e r s i o n s may r e f l e c t t h a t r e a c t i o n , w h i l e a d d i t i o n a l 
i n c r e a s e s a t h i g h c o n v e r s i o n s may i n d i c a t e f o r m a t i o n o f n i t r i l e 
r i c h p o l y m e r . 

I n summary, t h e s e e x p l o r a t o r y d a t a s u g g e s t t h a t t h e c h r o 
m a t o g r a p h i c method u s e d c o u l d be a v a l u a b l e t o o l f o r s t u d y o f 
t h i s p o l y m e r i z a t i o n r e a c t i o n . R e a s o n a b l e d a t a were o b t a i n e d f o r 
amount a n d c o m p o s i t i o n o f t h e c o p o l y m e r . F o r m a t i o n o f g r a f t 
p o l y m e r a n d / o r n i t r i l e r i c h p o l y m e r was d e t e c t e d . More d e t a i l e d 
c h r o m a t o g r a p h i c s t u d y o f t h i s b a t c h p o l y m e r i z a t i o n c o u l d l e a d t o 
a p r a c t i c a l o n - l i n e m o n i t o r i n g method. 
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Figure 5. Comparison of calculated and measured total solids (( ) fitted line; 
( ; 45° line) 
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Figure 6. Comparison of peak areas for polymers and monomer ((O) soluble 
polymer; (φ) insoluble polymer; (A) monomer (acrylonitrile)) 
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4. W I L L I A M S O N E T A L . 85 

Table I 
Composition Analyses for AN/MA, Graft Terpolymer 

Unreacted Monomer Polymerized Monomer 

Sample Total Solids* 
Proportions 

AN/MA. 
Proportions 

AN/MA 

T3 6. 7 73/27 55/45 
T4 8.2 71/29 64/36 
T5 10.1 72/28 65/35 
T6 11.3 72/28 72/28 
T7 12.4 72/28 73/27 
T8 13.1 71/29 73/27 
T9 15.0 72/28 78/22 

TlO 16.6 74/26 78/22 

T i l 21.6 74/26 79/21 
Tl2 24.4 64/36 75/25 
T13 26.5 63/37 76/24 

Tl4 27.3 64/36 75/25 

Measured gravimetrically 
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86 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

R e s u l t s on A N / S Copolymers 

Samples t a k e n d u r i n g t h r e e d i f f e r e n t A N / S p o l y m e r i z a t i o n s 
were a n a l y z e d c h r o m a t o g r a p h i c a l l y . T a r g e t c o m p o s i t i o n was 70/30 
A N / S f o r a l l t h r e e p o l y m e r i z a t i o n s * I t i s d i f f i c u l t t o p r e p a r e 
h i g h n i t r i l e c o p o l y m e r s o f s t y r e n e because r e a c t i v i t y r a t i o s o f 
t h e two monomers a r e v e r y d i f f e r e n t * T h i s s t u d y u s e d c o n t i n u o u s 
a d d i t i o n o f monomers t o a c h i e v e the d e s i r e d po lymer c o m p o s i t i o n . 
A d d i t i o n r a t e s were t h o s e needed t o m a i n t a i n a n e x c e s s o f a c r y l o 
n i t r i l e . 

A t t e m p t s t o a c c u r a t e l y measure t h e monomers c h r o m a t o g r a p h i -
c a l l y were o f q u e s t i o n a b l e s u c c e s s . Monomer c o n c e n t r a t i o n s were 
l e s s t h a n 57o a c r y l o n i t r i l e and 0.17· s t y r e n e . C h r o m a t o g r a p h i c 
r e p e a t a b i l i t y on b o t h monomers was good. However, t h e two 
monomers were a l s o measured by gas c h r o m a t o g r a p h i c and t i t r i -
m e t r i c methods. Agreement between a l l t h r e e methods was p o o r 
f o r b o t h monomers. T h e r e was t h e r e f o r e no b a s i s f o r e v a l u a t i n g 
q u a l i t y o f l i q u i d chromatography r e s u l t s . 

A c a r e f u l l y p r e p a r e d c o p o l y m e r o f the d e s i r e d 70/30 p r o p o r 
t i o n s d i s s o l v e d r e a d i l y i n the a c e t o n i t r i l e m o b i l e p h a s e . How
e v e r , i n s o l u b l e p o l y m e r was d e t e c t e d i n a l l t h r e e l a r g e s c a l e 
p o l y m e r i z a t i o n s s t u d i e d . A s i l l u s t r a t e d i n F i g u r e 7, two h o u r 
samples c o n t a i n e d a s i g n i f i c a n t f r a c t i o n o f i n s o l u b l e p o l y m e r . 
A f t e r a f o u r h o u r r e a c t i o n amount o f i n s o l u b l e p o l y m e r was n o t 
s i g n i f i c a n t l y c h a n g e d , w h i l e amount o f s o l u b l e p o l y m e r a p p r o x i 
m a t e l y d o u b l e d . A f t e r p o l y m e r i z i n g s i x h o u r s t h e r e was o n l y a 
modest i n c r e a s e i n amount o f s o l u b l e p o l y m e r , b u t amount o f 
i n s o l u b l e p o l y m e r d o u b l e d . T h u s , i n s o l u b l e p o l y m e r was formed 
v e r y e a r l y and v e r y l a t e i n the r e a c t i o n s , and t h i s was the c a s e 
i n e a c h o f t h e p o l y m e r i z a t i o n s s t u d i e d . 

The homopolymers o f b o t h s t y r e n e and a c r y l o n i t r i l e were 
i n s o l u b l e i n the a c e t o n i t r i l e m o b i l e phase . The i n s o l u b l e 
p o l y m e r f o u n d was t h e r e f o r e p r o b a b l y r i c h i n e i t h e r n i t r i l e o r 
s t y r e n e . No d e f i n i t i v e c o m p o s i t i o n a l a n a l y s i s o f the i n s o l u b l e 
p o l y m e r was made. However c h r o m a t o g r a p h i c c o m p o s i t i o n a n a l y s e s 
s u g g e s t e d the i n s o l u b l e p o l y m e r was h i g h a c r y l o n i t r i l e p o l y m e r . 
C o m p o s i t i o n a n a l y s e s c a l c u l a t e d f r o m c h r o m a t o g r a p h i c d a t a on the 
s o l u b l e p o l y m e r f r a c t i o n were compared t o v a l u e s c a l c u l a t e d f r o m 
t o t a l n i t r o g e n a n a l y s e s o f c o a g u l a t e d p o l y m e r s , T a b l e I I . 
A c r y l o n i t r i l e c o n t e n t s o f the s o l u b l e p o l y m e r f r a c t i o n were 
s i g n i f i c a n t l y l o w e r t h a n t o t a l a c r y l o n i t r i l e c o n t e n t s i n e v e r y 
c a s e . These d i f f e r e n c e s c o u l d be due t o e r r o r i n the c h r o m a t o 
g r a p h i c c a l i b r a t i o n method. However, the d i f f e r e n c e s between 
c h e m i c a l l y and chroma t o g r a p h i c a l l y measured n i t r i l e c o n t e n t s 
were r o u g h l y p r o p o r t i o n a l t o the r e l a t i v e amount o f i n s o l u b l e 
p o l y m e r , F i g u r e 8. The i n s o l u b l e p o l y m e r may t h e r e f o r e have b e e n 
n i t r i l e r i c h p o l y m e r . 

The k i n d o f c h r o m a t o g r a p h i c i n f o r m a t i o n g e n e r a t e d on t h e s e 
polymers as a f u n c t i o n o f r e a c t i o n t ime i s i l l u s t r a t e d i n F i g u r e 
9. P o l y m e r i z a t i o n t o s o l u b l e p o l y m e r , c a l c u l a t e d as % s o l i d s , 
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4. W I L L I A M S O N E T A L . SEC of Latex Solutions 87 

ELUT I ON T I M E 

Figure 7. Chromatograms of AN/S copolymers ((a) 2-hr polymerization, 13% 
total solids; (b) 4-hr polymerization, 24% total solids; (c) 6-hr polymerization, 

29% total solids) 

° 4 8 12 16 20 24 

AREA % I N S O L U B L E POLYMER 

( I n s o l . A r e a χ 1 0 0 + T o t a l A r e a ) 

Figure 8. Effect of insoluble polymer on polymer composition analyses ((Q) 
polymerization #1; (\Z\) polymerization #2) 
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88 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 
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4. W I L L I A M S O N E T A L . SEC of Latex Solutions 89 

ο ι 1 1 1 1 1 I I L 
1 2 3 4 5 6 7 8 

P O L Y M E R I Z A T I O N T I M E , HOURS 

Figure 9. Chromatographic data on AN/S latex ((O) amount of soluble polymer; 
(\Σ\) composition of soluble polymer, % acrylonitrile; (A) amount of insoluble 

polymer) 

10 2 0 3 0 

T O T A L S O L I D S , WT. I 

Figure 10. Polymer peak area correlation with total solids (([*]) polymerization 
#!;(&) polymerization #2; (Q) polymerization #3) 
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90 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

c e a s e d a t a b o u t f o u r h o u r s , and a d d i t i o n a l r e a c t i o n t ime g e n e r 
a t e d o n l y i n s o l u b l e p o l y m e r . A c r y l o n i t r i l e c o n t e n t o f t h e 
s o l u b l e p o l y m e r was low a t one and two h o u r s p o l y m e r i z a t i o n t ime 
b u t a p p r o a c h e d t h e t a r g e t 70% a f t e r t h r e e t o f o u r h o u r s r e a c 
t i o n * 

Amount o f s o l u b l e p o l y m e r g e n e r a t e d i n t h i s r e a c t i o n 
( F i g u r e 9) was o n l y 18-19% s o l i d s , w h i c h was w e l l below the 29% 
t o t a l s o l i d s found a f t e r r e a c t i o n c o m p l e t i o n * D i f f e r e n c e s 
between c a l c u l a t e d s o l u b l e s o l i d s and g r a v i m e t r i c a l l y measured 
t o t a l s o l i d s were l a r g e , b u t v a r i a b l e , f o r a l l t h r e e p o l y m e r i z a 
t i o n s s t u d i e d . T h u s , amount o f s o l u b l e p o l y m e r was n o t p r o p o r 
t i o n a l t o t o t a l s o l i d s . However, a good c o r r e l a t i o n between 
t o t a l s o l i d s and the sum o f refTactometer peak a r e a s f o r b o t h 
po lymer peaks was o b t a i n e d , F i g u r e 10. T h i s c o r r e l a t i o n i n 
c l u d e d a l l t h r e e p o l y m e r i z a t i o n s a n d t h e r e was l i t t l e o r no 
b a t c h b i a s . 

Im summary, i t was n o t p o s s i b l e t o a c h i e v e a l l a n a l y t i c a l 
g o a l s i n t h i s s t u d y o f A N / S p o l y m e r i z a t i o n s . We were u n a b l e t o 
a p p r o x i m a t e t o t a l s o l i d s c o n t e n t s d i r e c t l y because o f p r e s e n c e 
o f i n s o l u b l e p o l y m e r . C i r c u m s t a n t i a l e v i d e n c e s u g 
g e s t e d the i n s o l u b l e p o l y m e r c o n t a i n e d more t h a n 70% a c r y l o n i 
t r i l e and t h a t t h i s h i g h n i t r i l e r e s i n was g e n e r a t e d i n r a t h e r 
l a r g e amounts. These s t u d i e s d i d , however , s u g g e s t t h a t t h e 
c h r o m a t o g r a p h i c method m i g h t be h e l p f u l i n a c h i e v i n g b e t t e r 
c o n t r o l o f t h i s p o l y m e r i z a t i o n . 
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5 
Polymer Viscosity Characterization by Size 
Exclusion Chromatography 

W. W. YAU, M. E. JONES, C. R. GINNARD, and D. D. BLY 
Central Research and Development Department, Ε. I. Du Pont de Nemours & Company, 
Wilmington, DE 19898 

Size exclusion chromatography (SEC), h i s t o r i c a l l y 
known as gel permeation chromatography (GPC), i s 
commonly used to determine polymer molecular weights 
and molecular weight distributions iXj In general 
practice solute retention in SEC i s calibrated against 
polymer molecular weight (MW) using standard reference 
materials, and the resulting MW calibration curve i s 
then used to deduce the needed quantitative molecular 
weight information from the elution curve for unknown 
polymers. The sample molecular weight distribution 
curve (MWD) and the weight-average and the number-
average molecular weights, and Έη, are usually 
reported as the most significant experimental results. 
The present use of SEC i s limited mainly to molecular 
weight and molecular weight distribution analyses, 
without sample viscosity calculations. 

For polymer-solvent systems with known Mark-
Houwink coefficients, Κ and a, the polymer i n t r i n s i c 
viscosity value [η] can be estimated from the SEC-MW 
data using the following equation: 

[η] = ΚΣ±\Λ±Μ±

α/Σ±^± = Κ Μ ν
α (1) 

Ή ν = (Σ W Μ α/Σ W )1/CL (2) 
i i i i ι 

where i s the viscosity average molecular weight; W-̂  
and are the weight fraction and molecular weight, 

respectively, of the i polymer fraction eluting from 
the SEC system. The Vi- and values are obtained 

0-8412-05 86-8/ 80/47-13 8-091 $05.00/0 
© 1980 American Chemical Society 
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92 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

e x p e r i m e n t a l l y f r o m t h e SEC e l u t i o n c u r v e and t h e SEC-
MW c a l i b r a t i o n c u r v e s . T h i s SEC-[η] a p p r o a c h was 
s u c c e s s f u l l y t e s t e d by Hellman(2) on s e v e r a l p o l y m e r s i n 
c l u d i n g p o l y s t y r e n e , p o l y e t h y l e n e and p o l y c a r b o n a t e . 
The r e s u l t s showed t h a t good a c c u r a c y c a n be o b t a i n e d 
f r o m SEC c a l c u l a t e d [η] v a l u e s when r e l i a b l e Mark-
Houwink c o e f f i c i e n t s a r e a v a i l a b l e . 

G e n e r a l use o f t h e above r o u t i n e i s p r e v e n t e d by 
t h e l a c k o f a c c u r a t e l i t e r a t u r e Κ and α v a l u e s f o r 
d i f f e r e n t p o l y m e r - s o l v e n t s y s t e m s . The u s u a l v a r i a n c e 
i n l i t e r a t u r e Κ and α v a l u e s i s s u f f i c i e n t l y l a r g e t o 
c a u s e u n a c c e p t i b l y l a r g e e r r o r s i n SEC c a l c u l a t e d [η] 
v a l u e s . I t i s t h e p u r p o s e o f t h i s p a p e r t o p r o v i d e an 
a l t e r n a t i v e a p p r o a c h t o o b t a i n i n g [η] by SEC w h i c h does 
n o t i n v o l v e p o l y m e r Κ and α v a l u e s . I n t h i s new 
a p p r o a c h , SEC s o l u t e r e t e n t i o n i s c a l i b r a t e d d i r e c t l y 
a g a i n s t [η] by u s i n g even b r o a d 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 samples o f known o r measured v i s c o s i t y as 
c a l i b r a t i o n s t a n d a r d s . O n l y two s t a n d a r d s a r e g e n e r 
a l l y r e q u i r e d i n t h e p r o p o s e d method and t h e s e c a n 
u s u a l l y be o b t a i n e d i n p r a c t i c e . I t i s hoped t h a t t h e 
i m p r o v e d p r e c i s i o n and t h e p r a c t i c a l c o n v e n i e n c e o f t h e 
d i r e c t v i s c o s i t y c a l i b r a t i o n a p p r o a c h w i l l f u r t h e r e n 
c o u r a g e u s e r s o f SEC t o p e r f o r m sample i n t r i n s i c v i s c o 
s i t y [η] c a l c u l a t i o n s i n r o u t i n e SEC a n a l y s e s . 

An added b e n e f i t o f t h e d i r e c t SEC-[η] c a l i b r a t i o n 
a p p r o a c h i s t h a t a new i n d e p e n d e n t way o f d e t e r m i n i n g 
Κ and α v a l u e s , u s i n g o n l y b r o a d MW s t a n d a r d s , has a l s o 
r e s u l t e d . As few as t h r e e s t a n d a r d s ( o r f o u r , i f a l l 
a r e n a r r o w MWD) a r e needed t o o b t a i n b o t h MW and [η] 
c a l i b r a t i o n c u r v e s f o r a p a r t i c u l a r p o l y m e r - s o l v e n t 
s y s t e m by u s i n g t h e b r o a d - s t a n d a r d , l i n e a r c a l i b r a t i o n 
a p p r o a c h . From t h e e x p e r i m e n t a l c a l i b r a t i o n c o n s t a n t s 
o f t h e two c a l i b r a t i o n c u r v e s , one c a n c a l c u l a t e Κ and 
α d i r e c t l y as d e s c r i b e d l a t e r . 

S i n c e [η] i s a p h y s i c a l l y m e a s u r a b l e q u a n t i t y and 
i s more di£ectly r e l a t a b l e t h a n t h e u s u a l SEC c a l c u l a t 
ed M n and M w v a l u e s t o t h e m a c r o s c o p i c v i s c o s i t y p a r a 
m e t e r s o f t h e p o l y m e r s o l u t i o n , a r o u t i n e SEC-[η] 
method b r i n g s SEC a s t e p c l o s e r t o p r a c t i c a l e v a l u a t i o n 
o f t h e s t r e n g t h and p r o c e s s i b i l i t y o f d i f f e r e n t p o l y m e r 
s a m p l e s . 

E x p e r i m e n t a l 

P o l y s t y r e n e s t a n d a r d s o f known MW u s e d i n t h i s 
s t u d y ( P r e s s u r e C h e m i c a l Company and N a t i o n a l B u r e a u o f 
S t a n d a r d s ) were n a r r o w MWD, w i t h MW v a l u e s r a n g i n g f r o m 
4000 t o 1.8 m i l l i o n , e x c e p t f o r one b r o a d s t a n d a r d , 
NBS 706 ( T a b l e 3 ) . A p o l y m e t h y l m e t h a c r y l a t e (PMMA) 
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5. Y A U E T A L . Polymer Viscosity Characterization 93 

sample, Lucite® 40, (Ε. I. du Pont de Nemours and 
Company), was characterized in-house and further used 
to test the accuracy of the [η] calculations. The s o l 
vent used for both the SEC and [η] measurements was 
tetrahydrofuran (THF), distilled-in-glass (Burdick & 
Jackson). Solutions of 0.25% (w/v) polymers were used 
with a flowrate of 1 ml/min in the SEC experiment. The 
effluent was detected with a Micromeritics Model 770 
d i f f e r e n t i a l refractometer. 

SEC data were obtained on a Hupe-Busche Model 
1010B liqu i d chromatograph obtained from Hewlett-
Packard. A series of two gets of silanized bimodal PSM 
columns, 2 χ 60A+2 χ 1000A (Ε. I. du Pont de Nemours 
& Company), were used to achieve the desired linear SEC 
calibration curves in this study. Molecular weight 
calibration curves for this column combination are 
shown in Figure 1. The peak position calibration curve 
obtained from narrow standards is plotted as the solid 
line and a broad-standard calibration i s plotted as the 
dotted l i n e . The latter was obtained using standard 
NBS 706 and the broad-standard calibration method of 
reference 3 with a band broadening correction factor 
equivalent to a peak sigma value of 0.3ml. 

The SEC data were collected and handled by the 
du Pont Experimental Station PDP-10 real-time computer 
system £4) 

The [ η] values of a l l polymers were measured with 
a Cannon Fenske type capillary viscometer. 

Results and Discussion 
A. The Existing or Classical SEC-[η] Method. The 

precision of the existing method which uses literature 
Κ and α values and experimental SEC-MW data to calcu
late polymer [η] values according to Eqs. (1) and (2) 
is tested here to show that the method works well when 
reliable Κ and α values are used (e.g., with poly
styrene) and that the method works poorly when there 
are appreciable variances in the Κ and α values (e.g., 
with literature values for PMMA). 

In the polystyrene case, carefully handled conven
tional viscometric techniques were used to obtain [η] 
values and subsequently the needed Κ and α values. The 
data are i l l u s t r a t e d in Figure 2. The log-log plot of 
the reported molecular weights of the standards and the 
measured [η] values (plotted as [η] meas.) gives the 
expected straight line relationship in the molecular 
weight range of interest. A Κ value of 1.25 χ 10 
dl/g and an α value of 0.72, which define the solid 
line shown in the figure, were then used with the SEC 
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SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 1. SEC-MW calibration curves for polystyrene (( ) peak position 
calibration curve; ( ; broad standard calibration; columns: 4 silanized Du Pont 

bimodal PSM columns; solvent:THF 
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96 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

e l u t i o n c u r v e s o f t h e n a r r o w s t a n d a r d s t o c a l c u l a t e t h e 
se c o n d s e t o f [η] v a l u e s , p l o t t e d a l s o i n t h e f i g u r e as 
[η] . The f i g u r e shows t h e good agreement between £>EC 
t h e [nJmeas. a n d T H E ^ S E C " T H E F A C T T H A T T H E D A T A 

p o i n t s a r e r a t h e r r a n d o m l y s c a t t e r e d i n d i c a t e s t h a t 
p r e c i s i o n i n t h e S E C d e t e r m i n e d [η] v a l u e s i s compar
a b l e t o t h e a c t u a l [η] measurements o b t a i n e d by t h e 
more i n v o l v e d c o n v e n t i o n a l v i s c o m e t r i c t e c h n i q u e s . 

S i n c e n a r r o w s t a n d a r d s a r e u s u a l l y n o t a v a i l a b l e 
f o r most p o l y m e r s , t h e e x p e r i m e n t a l d e t e r m i n a t i o n o f Κ 
and a, as i l l u s t r a t e d i n F i g u r e 2, i s n o t a g e n e r a l l y 
a p p l i c a b l e a p p r o a c h and l i t e r a t u r e v a l u e s o f Κ and α 
must n o r m a l l y be u s e d f o r t h i s SEC-[η] c a l c u l a t i o n . 
However, t h e l i t e r a t u r e v a l u e s a r e o f t e n n o t v e r y c o n 
s i s t e n t , as i l l u s t r a t e d f o r PMMA h e r e . (See a l s o 
T a b l e 10-2, i n R e f e r e n c e 1.) As shown i n T a b l e 1, t h e 
v a r i a t i o n f o r t h e r e p o r t e d Κ value i s a b o u t 10% and f o r 
a, a b o u t 4%. These v a r i a t i o n s c a u s e a 20% ra n g e o f 
u n c e r t a i n t y i n t h e c a l c u l a t e d [ n ] g E C v a l u e s as c a l c u 
l a t e d f r o m e q u a t i o n s 1 and 2. 

B. D i r e c t SEC-[η] C a l i b r a t i o n . B ecause t h e SEC 
s e p a r a t i o n p r o c e s s i s d i r e c t l y r e l a t e d t o t h e s i z e o f 
t h e s o l v a t e d m o l e c u l e s , and f o r a homopolymer s e r i e s 
t h e m o l e c u l a r s i z e i s d i r e c t l y r e l a t e d t o MW as w e l l 
as [η], i t i s n o t n e c e s s a r y t o p r o c e e d t h r o u g h MW c a l 
c u l a t i o n s t o s t u d y p o l y m e r i n t r i n s i c v i s c o s i t y . S i n c e 
SEC r e t e n t i o n , V , i s m o n o t o n i c a l l y dependent on [η], 

R. 
a u n i q u e c a l i b r a t i o n r e l a t i o n s h i p e x i s t s between SEC 
s o l u t e r e t e n t i o n and sample [η] as i t does w i t h SEC-MW 
c a l i b r a t i o n . T h i s c a n be seen i n F i g u r e 3, w h i c h i s a 
p l o t o f t h e above [η] d a t a now p l o t t e d a g a i n s t f o r 
t h e n a r r o w p o l y s t y r e n e s t a n d a r d s . The [η]-ν β r e l a t i o n 
s h i p i n F i g u r e 3 i s t h e same as t h a t o b t a i n e d w i t h t h e 
peak p o s i t i o n SEC-[η] c a l i b r a t i o n . 

W i t h SEC r e t e n t i o n volume c a l i b r a t e d a g a i n s t 
sample v i s c o s i t y , t h e v i s c o s i t y o f any sample c a n be 
c a l c u l a t e d a c c o r d i n g t o e q u a t i o n 3, w i t h o u t i n v o l v i n g 
MW c a l c u l a t i o n s and Κ and α v a l u e s . 

[η] = z i w i [ n ] i / E i w i (3) 
w h o l e sample 

where W.̂  and [η]ί a r e t h e w e i g h t f r a c t i o n and i n t r i n s i c 
v i s c o s i t y v a l u e s o f t h e p o l y m e r s p e c i e s r e s p e c t i v e l y 
e l u t e d i n t h e i t h volume e l e m e n t o f t h e SEC e l u t i o n 
chromatogram. The a c c u r a c y o f t h i s a p p r o a c h i s 
e x p e c t e d t o be b e t t e r t h a n [η] c a l c u l a t i o n s w h i c h 
depend on t h e c l a s s i c a l SEC-MW c a l i b r a t i o n and Κ and α 
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5. Y A U E T A L . Polymer Viscosity Characterization 97 

Figure 3. Calibration relationship between [rj\me,as and SEC retention ((O) meas
ured [η] of narrow polystyrene standards in THF) 
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SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

τ Γ 

οιο' 1 1 1 1 1 1 

11 12 13 14 15 16 17 
V R 

Figure 4. Comparison of broad standard with peak position SEC-Ιη] calibration 
curves ([η] = Ε ^ " Ε . ν ; loge [v] = logf E , - E 2 V ; (-Ο-) peak position calibration 
curve; ( ) broad standard calibration curve; two standards: PS706 and 

PS60917 in THF) 
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5. Y A U E T A L . Polymer Viscosity Characterization 99 

v a l u e s . T h i s i s e s p e c i a l l y t r u e f o r s t u d y i n g b r a n c h e d 
samples where t h e a c t u a l [η] dependence on MW v a r i e s as 
t h e Κ and α v a l u e s change w i t h t h e e x t e n t o f p o l y m e r 
b r a n c h i n g . However, a more p r a c t i c a l method o f 
SEC-[η] c a l i b r a t i o n i s needed s i n c e t h e peak p o s i t i o n 
method shown i n F i g u r e 3 i s ( a g a i n ) n o t g e n e r a l l y 
a p p l i c a b l e t o o t h e r p o l y m e r s due t o t h e l a c k o f n a r r o w 
MWD s t a n d a r d s . A s o l u t i o n t o t h i s p r a c t i c a l p r o b l e m i s 
o f f e r e d by t h e b r o a d - s t a n d a r d , l i n e a r SEC-[η] c a l i b r a 
t i o n method d e s c r i b e d b e l o w . 

C. L i n e a r SEC-[η] C a l i b r a t i o n U s i n g B r o a d 
S t a n d a r d s . I t i s t o be n o t e d t h a t t h e v i s c o s i t y c a l i 
b r a t i o n c u r v e i n F i g u r e 3 i s e s s e n t i a l l y l i n e a r . T h i s 
l i n e a r i t y i s d e r i v e d f r o m b i m o d a l SEC column s e t s . 
The l i n e a r MW c a l i b r a t i o n c u r v e o f t h e b i m o d a l c o l u m n s , 
as shown i n F i g u r e 1, i s t h e r e s u l t , o f p r o p e r m a t c h i n g 
o f t h e column p a c k i n g p o r e sizes^-â), and s u c h a match
i n g o f p o r e s i z e i s r e l a t i v e l y e a s y t o a c c o m p l i s h i n 
p r a c t i c e .li) The l i n e a r MW c a l i b r a t i o n c a n be e x p r e s s e d 
by e q u a t i o n 4Φ: 

M = D i e " D 2 V R (4) 

where M i s t h e s o l u t e m o l e c u l a r w e i g h t , D^ and D 2 a r e 
c a l i b r a t i o n c o n s t a n t s , and V R i s t h e SEC r e t e n t i o n 
volume. S i n c e p o l y m e r v i s c o s i t y , [η], i s r e l a t e d t o 
MW by t h e Mark-Houwink e q u a t i o n : 

[η] = Κ Μ α 

S u b s t i t u t i o n y i e l d s 

o r 
[η] = Κ (D 

[η] = Ε e 1 
where E l = KD -L ' 

and E 2 = uD 2 

( 5 ) 

- , K D l V - < C , D 2 ) V « (6 , 

(7) 

(8) 

(9) 

T h i s a n a l o g y o f f u n c t i o n a l forms between E q u a t i o n s 7 
and 4 i n d i c a t e s t h a t t h e SEC-[η] c a l i b r a t i o n c u r v e must 
a l s o be l i n e a r . T h i s i s e x p e r i m e n t a l l y v e r i f i e d by t h e 
d a t a i n F i g u r e 4. One a s s u m p t i o n made h e r e i s t h a t t h e 
Κ and α i n t h e E-̂  and E 2 e x p r e s s i o n s a r e n o t s i g n i f i 
c a n t l y d ependent on MW, w h i c h i s u s u a l l y t h e c a s e . The 
method w i l l be l e s s a c c u r a t e i n t h e m o l e c u l a r w e i g h t 
r a n g e s where t h i s a s s u m p t i o n becomes a p o o r a p p r o x i 
m a t i o n . 
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100 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

TABLE 1 

EFFECT OF LITERATURE Κ AND α VALUE* 
VARIATIONS ON CALCULATED [η], -sec 

[η] OF PMMA, LUCITE® 40 

M = 100,000 w 

[η] = 0.344 dl/gm. 
meas. 

Κ α [η]sec dl/gm 

0.93 χ 1 0 " 4 0.72 0.377 

1.28 χ 1 0 " 4 0.69 0.330 

1.04 χ 10~"4 0.697 0.291 

*From T a b l e 10.2 i n R e f e r e n c e 1. 

TABLE 2 

BROAD STANDARD SEC-[η] CALIBRATION CONCEPT 

The [η] A n a l o g y t o Two-Standard C a l i b r a t i o n s 

M~ - C a l i b r a t i o n [η] - C a l i b r a t i o n 

Σ W. Σ W i l i i 
C a l i b r a t i o n -D 2V [ } = - E 2 V 
E q u a t i o n 1 1 L I J 1 

C a l i b r a t i o n 
C o n s t a n t Ε χ ' E 2 
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5. Y A U E T A L . Polymer Viscosity Characterization 101 

Equation 7 shows that linear calibration using 
bimodal columns can be applied to simplify the SEC-InI 
calibration procedure as has been done for the SEC-MW 
calibration. The objective of this [η] calibration 
then i s to determine E^ and E 2 values of the SEC column 
set for the particular polymer-solvent system of 
interest. The approach i s the same as that_for SEC-MW 
calibration. The similarities between the Mw and the 
[η] formulations are summarized i n Table 2_. 

Due to the analogous behavior of the My, and [η] 
equations, Εχ and E 2 values can be obtained experimen
t a l l y by using directly the Hamielec, GPCV2 or GPCV3 
computer algorithms.(i) (In our case these approaches 
were available on computer and no new programming was 
required.) The applicable equations are the following: 

Hamielec [η] = (Ε Αβ" Ε2 νΐ) (10) 

GPCV2 [η] = e - ( a E 2 ) 2 / 2 [ E i W i ( E i e - E 2 v i ) ] (11) 

GPCV3 [η] = (1+τΕ 2)β-1( σ Ε2> / 2 + τ Ε 2 ] E . W i ( E i e " E 2 V l ) 

where σ and τ describe the Gaussian and exponential 
instrument peak broadening parameters often used in 
describing SEC column performance.^ For any of the 
algorithms, in practice two polymer standards (of the 
same polymer type) having different known [η] values 
are used to obtain E^ and E 2 using either equation 10, 
11, or 12. The standards used can be broad or narrow 
MWD. The larger the difference between the two [η] 
values, the more accurate the determined E^ and E 2 

values w i l l be. The two required standards can be 
obtained from samples chosen from a series of unknowns, 
or they can be obtained by collecting two portions of 
a sample from another SEC elution experiment. The 
samples chosen as standards should then be measured 
carefully by classic viscometric techniques to deter
mine their [η] values using the same solvent as used 
in the SEC experiment. The samples are then chromato-
graphed as the calibration standards to establish the 
retention volume/intrinsic viscosity relationship. 

Two polystyrene standards were used to demon
strate the proposed calibration method. One narrow-
and one broad-MWD sample were purposely selected to 
show that the method works for both narrow and broad 
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102 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

TABLE 3 
VISCOSITY RESULTS OF UNKNOWN SAMPLES 

Two Std. 
Polystyrene [η] Calib. 

Samples MW Measured Curve % Di 
11B 4,000 0.06 0.06 0 

60917 50,000 0.30 0.30 0 
4B 110,000 0.53 0.53 0 
3B 390,000 1.40 1.20 0 

61124 1.8x106 3.11 2.82 -14 
NBS705 1.793x10 5 0.72 0.74 +3 
NBS706 2.578x10 5 0.94 1.08 +15 
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5 . Y A U E T A L . Polymer Viscosity Characterization 103 

standards. The calibration curve obtained i s plotted 
in Figure 4 along with the peak position calibration 
curve. The agreement between the methods by inspection 
i s very good. Good agreement i s also observed between 
measured ^nd calculated [η] values as shown i n Table 3 
for the polystyrene samples. The differences seen 
between the corresponding [η] values are small con
sidering possible experimental uncertainties in either 
of the two techniques. It i s interesting to note that 
since [ n l 0 _ _ i s calculated directly from the SEC SEC 
elution curve and i s applicable equally well for either 
high or low viscosity samples, the SEC-[η] approach 
may, i n fact, be able to study samples with viscosity 
values which are too low to be measured accurately by 
conventional viscometry once a SEC-[η] calibration has 
been established in this region. 

In summary, the unique features of this practical 
SEC-[η] approach are as follows: 

• knowledge of polymer Κ and α values i s not 
required; 

• the method i s not limited by the a v a i l a b i l i t y 
of narrow MWD standards, (broad MWD standards 
are usually more readily available for a l l 
polymer types); 

• knowledge of the molecular weight of the 
standards i s not required. 

D. SEC Measurement of Mark-Houwink Constants 
Using Only Polydispersed Standards. If the SEC-MW 
calibration curve of the polymer-solvent system i s 
known in addition to the [η] calibration, the Mark-
Houwink constants of the polymer-solvent system are 
easily calculated from the calibration constants D̂ , 
U2, E 1 # and E 2 as: 

α = E 2/D 2 (13) 

Κ = ( 1 4 ) 

Note that equations 13 and 14 are simple rearrangements 
of equations 8 and 9. 

Depending on the a v a i l a b i l i t y of calibration 
standards, the standards for the MW calibration (D̂ ^ and 
D2) can be the same or different from those used to 
calibrate the [η] (Ε-, and E~) curve. The requirements 
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104 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

f o r t h e MW c a l i b r a t i o n s t a n d a r d s a r e t h a t M w and M n 

v a l u e s f o r a s i n g l e b r o a d s t a n d a r d be known o r two 
d i f f e r e n t . M w and/or M n v a l u e s f o r two s t a n d a r d s be 
known .vi-t±) 

The b r o a d - s t a n d a r d l i n e a r c a l i b r a t i o n c u r v e s f o r 
p o l y s t y r e n e i n THF i n F i g u r e 1 and 4 a r e us e d t o 
i l l u s t r a t e t h e Κ and α c a l c u l a t i o n s as f o l l o w s . The 
p a r t i c u l a r c a l i b r a t i o n c u r v e s a r e f o u n d t o c o r r e s p o n d 
t o t h e f o l l o w i n g c a l i b r a t i o n e q u a t i o n s : 

V R = 22.75 - 1.76 L o g l Q M (15) 

and 
V R = 13.0 - 2.5 L o g 1 Q [η] (16) 

Then, D 1 = 8.44 χ 1 0 1 2 , D 2 = 1.309, E± = 1.56 χ 1 0 5 

and E 2 = 0 . 9 2 

By s u b s t i t u t i n g t h e s e v a l u e s . i n t o e q u a t i o n s (13) 
and ( 1 4 ) , a Κ v a l u e o f 1.28 χ 10 and an α v a l u e o f 
0.703 a r e o b t a i n e d w h i c h a r e i n r e a s o n a b l y good a g r e e 
ment w i t h t h e e x p e c t e d v a l u e s o f 1.25 χ 10~ d l / g and 
0.72 m e n t i o n e d e a r l i e r . 

The u n i q u e f e a t u r e s o f t h i s method o f m e a s u r i n g 
p o l y m e r Κ and α a r e : 

ψ O n l y p o l y d i s p e r s e d s t a n d a r d s a r e u s e d ; 

• O n l y two t o f o u r s t a n d a r d s a r e r e q u i r e d ; 

• C o n c e n t r a t i o n e x t r a p o l a t i o n i s n o t n e c e s s a r y 
s i n c e SEC samples a r e a l r e a d y h a n d l e d as v e r y 
d i l u t e s o l u t i o n s . 

E. U n i v e r s a l C a l i b r a t i o n S t u d i e s . The use o f 
SEC-[η] and MW c a l i b r a t i o n u s i n g b r o a d MWD s t a n d a r d s 
w i l l make i t e a s i e r t o s t u d y t h e a c c u r a c y o f t h e 
u n i v e r s a l c a l i b r a t i o n c o n c e p t . By c o m b i n i n g t h e D I / D 2 
and E - i / E 2 c a l i b r a t i o n c u r v e s , t h e u n i v e r s a l c a l i b r a t i o n 
(Μ[η]Τ c a n be g e n e r a t e d d i r e c t l y as i n e q u a t i o n 17. 

-D V - E 9 V - ( D 2 + E 2 ) V 
Μ[η] = (D xe D 2 V ) (E^e 2 ) = (DjE-^e Z Z (17) 

where (D]_Ei) and (D2+E2) a r e now t h e c a l i b r a t i o n 
c o n s t a n t s f o r Μ[η]. 
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5. Y A U E T A L . Polymer Viscosity Characterization 105 

Conclusions 
The v a l i d i t y of a practical method of direct 

viscosity calculation from size exclusion chromato
graphic analysis i s demonstrated. The method i s con
venient to use and i s not limited by the a v a i l a b i l i t y 
of narrow MWD standards. It i s possible to accurately 
measure polymer Mark-Houwink constants using the sug
gested broad standard SEC-[η] and SEC-MW calibration 
procedure. 
Acknowledgement 
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ABSTRACT 

A new direct method for using size exclusion 
chromatography (SEC) to evaluate polymer i n t r i n s i c 
v iscosi ty [η] is discussed. Sample viscosi ty informa
tion i s obtained by combining SEC elution curve data 
and ca l ibrat ion data using direct SEC-[η] ca l ibrat ion 
procedures without involving polymer molecular weight 
calculat ions. The pract ica l utility, convenience and 
the expected precision of the proposed method are 
i l l u s t r a t e d . 
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6 

Characterization of Branched Polymers by Size 
Exclusion Chromatography with Light Scattering 
Detection 
R. C. JORDAN and M . L. McCONNELL 

Chromatix, 560 Oakmead Parkway, Sunnyvale, CA 94086 

Size exclusion chromatography (SEC) separates molecules of 
a polymer sample on the basis of hydrodynamic volume. When the 
chromatograph is equipped only with a concentration-sensitive 
detector, i.e. conventional SEC, a molecular weight distribution 
(MWD) can be obtained from the chromatogram only through use of 
a calibration function relating molecular weight and elution 
volume V (1). 

The calibration technique used in conventional SEC does 
not always give the correct MWD, however. The molecular size 
of a dissolved polymer depends on its molecular weight, chemical 
composition, molecular structure, and experimental parameters 
such as solvent, temperature, and pressure (2). If the polymer 
sample and calibration standards differ in chemical composition, 
the two materials probably will feature unequal molecular 
size/weight relationships. Such differences also will persist 
between branched and linear polymers of identical chemical 
composition. Consequently, assumption of the same molecular 
weight/V relation for dissimilar calibrant and sample leads 
to transformation of the sample chromatogram to an apparent 
MWD. 

In some cases the re lat ionsh ip between polymer intrinsic 
v i scos i ty ([η]) and molecular weight (M) has been establ ished 
for the SEC solvent and temperature condit ions; i . e . , the 
empirical Mark-Houwink coef f i c ients (2)(K,a) in the equation 

[η> KMa (1) 

have been determined. Under these circumstances the "universal" 
ca l ib rat ion approach can be u t i l i z e d to ca lcu late the correct 
MWD from the sample chromatogram. However, K,a values are 
not ava i lab le for many samples, p a r t i c u l a r l y those with polymer 
chain branching. 

A number of the l imi tat ions of conventional SEC can be 
overcome through use of a low angle laser l i g h t scatter ing 
(LALLS) detector attached in ser ies with a concentration 

0-8412-0586-8/80/47-138-107$05.75/0 
© 1980 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
6



108 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

detector (SEC/LALLS). The pr inc ip les and methodology of the 
technique are described in deta i l elsewhere (4-7). Data from 
both detectors are used to obtain the absolute molecular weight 
at each point in a sample chromatogram. The SEC/LALLS technique 
is capable of quickly y i e l d i n g the correct MWD of l inear and 
branched samples without recourse to the approximate column 
ca l ib rat ion methods used in conventional SEC. 

The hydrodynamic volume separation mechanism of SEC, along 
with the d i f fe rent molecular size/weight re lat ionships of 
branched and l i n e a r polymers of ident ica l chemical composition, 
can be exploited with the SEC/LALLS method to gain information 
about polymer branching. In the studies described in th is paper 
both conventional SEC and SEC/LALLS are used to obtain data about 
branching in samples o f p o l y v i n y l acetate) (PVA) and polychloro-
prene (PCP). 

Theoretical 

The discussion and experimental approach presented here re ly 
on the pr inc ip les and use of universal ca l ib ra t ion for SEC 
ana lys i s . For a review of th is method the reader i s referred to 
several useful a r t i c l e s (1_,3,8,9). 

For i l l u s t r a t i o n considfer SEC chromatograms obtained for 
two polymers on the same chromatographic system. One sample i s 
a l i n e a r homopolymer while the other i s a branched polymer with 
the same chemical composition. In the l a t t e r sample assume that 
the polymer components of d i f ferent molecular weight have uniform 
branching character i s t i cs so that a l l have s imi lar molecular 
size/weight re la t ionsh ips . 

Compare molecular size/weight character i s t i cs of branched 
and l i n e a r species e lut ing at V in each chromatogram. Under 
the universal ca l ib ra t ion formalism branched and l i n e a r components 
have the same hydrodynamic volume at V: 

where subscripts b and 1 denote branched and l i n e a r polymer 
components, respect ive ly . I f the f ract ion at V i s homogeneous 
with respect to hydrodynamic volume, the polymer molecules at 
V w i l l be monodisperse with respect to molecular weight. The 
rat io of the i n t r i n s i c v i s c o s i t i e s of branched and l inear species 
at V i s obtained by rearranging eq 2 

(Cn] b M b ) v = ( [ η ] 1 Μ 1 ) γ (2) 

(3) 
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6. J O R D A N A N D M C C O N N E L L Characterization of Branched Polymers 109 

However, the quantity which i s frequently discussed and related 
to s p e c i f i c branching models i s the ra t io of i n t r i n s i c v iscos
i t i e s at constant molecular weight (2) 

For polymer samples of the type considered here th is parameter 
re f lec ts the reduction in molecular s i ze of branched, re la t i ve 
to l i n e a r , material of ident ica l molecular weight. 

The re lat ionship between g and g^ can be found through 
use of the Mark-Houwink re la t ionsh ip . n"he i n t r i n s i c v i scos i ty 
of a l inear polymer of the same molecular weight (M. ) as the 
branched polymer i s 

where Κ and a are the Mark-Houwink constants for the l inear 
polymer. Equation 3 gives the re la t ion of M. to M, at V, 
so that we can re late the i n t r i n s i c v i s c o s i t y of the l inear 
polymer at V to the i n t r i n s i c v i scos i ty of l inear polymer having 
the same molecular weight as the branched polymer at V: 

(4) 

D 
(5) 

(6) 

Subst itut ion of eq 1 into eq 6 gives 

(7) 

Use of eq 7 in eq 4 gives 
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110 SIZE EXCLUSION CHROMATOGRAPHY (GPC 

Since we have e x p l i c i t l y spec i f i ed that branched species of 
molecular weight M. are contained at volume V, eq 8 can be 
writ ten: 

(Cn] b ) v 

9 M

 = — ~ a < 9 ) 

M ( [ n ^ / g j î v 

From eq 3 

(-5)7' ( , o ) 

For the two i l l u s t r a t i v e samples c i ted here, the rat io of the 
absolute molecular weights of the branched and l inear species 
at the same V, raised to the (a+1) power, can be used to ca lcu
late g M . 

Tne der ivat ion of eq 10 was undertaken with the assumption 
that the sample e f f luent was monodisperse in molecular weight 
at any V. In r e a l i t y th is i s never the case. F i r s t , i f the 
frequency of branching varies with molecular weight, species 
of d i f fe rent molecular weight (but equivalent hydrodynamic 
volume) may elute at the same V (10). Second, molecular weight 
polydispers i ty at V results from assorted hardware mixing 
volumes and band-spreading of the SEC columns (1,11). 

The f i r s t complication results from the s ize separation 
mechanism and cannot be corrected. Ef fects of the second can 
be minimized by judic ious choice of columns and careful hard
ware design. In add i t ion , one can invoke a band-spreading 
correct ion scheme to approximately account for the ef fects of 
this phenomenon. We therefore must define parameters which can 
be obtained from SEC and used in an equation with the form of 
eq 10. The SEC/LALLS technique gives the absolute weight average 
molecular weight ( M ) of the polydisperse mixture at V (5_,6). 
Also we define at V an apparent weight-average molecular weTght 
(M*) of l i near polymer with ident ica l chemical composition 
as the sample; th is i s obtained from use of a universal c a l i 
bration curve and an approximate band-spreading correct ion 
(Appendix). In consideration of the sample molecular weight 
po lyd ispers i ty at V, we define g 1 as an approximation to g^: 
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6. JORDAN A N D M ° C O N N E L L Characterization of Branched Polymers 111 

The fol lowing work demonstrates the use of SEC/LALLS to study 
the var iat ion of g 1 with molecular weight for broad MWD 
mater ia ls . This approach gives a qua l i ta t i ve ind icat ion of 
polymer branching. 

Experimental 

Mater ia ls . Commercially ava i lab le poly(vinyl acetate) 
(PVA) and polychloroprene (PCP) were used in th is work. The 
PVA samples (Polysciences) had nominal molecular weights 
5.0 χ 10° ( l o t no. 0106) and 1.5 χ 10° ( lo t no. 0107-066). 
The PCP (A ldr i ch , catalogue no. 18,168-4, l o t no. 03) had no 
l i s t e d molecular weight data. A broad MWD polystyrene (PS) 
standard (National Bureau of Standards) had a l i g h t scatter ing 
R = 257,800 (SRM 706, R/R = 2 . 1 ) . Six of the narrow MWD PS 
standards (Pressure Chemical Co.) had nominal molecular weights 
6.0 χ 10° ( l o t no. 60914, R/R n g 1.10), 3.90 χ 10° ( lo t 
no. 3b, R/R = 1.10), 2.33*χ V ( lo t no. 50124, 
R/R n = lV06Ï, 1.0 χ 10 5 ( l o t no. 70111, R/R n < (1.06) , 
570 X 10* ( lo t no. 60917, R/R < 1.06), aHd 3.7 χ 10* 
( lo t no. 7b, My/Μη < 1.06) Λ One narrow MWD PS standard 
(National Bureau of Standards) had a l i g h t scatter ing 
\ = 179,300 (SRM 705, f^/Mp = 1.05). 

Sample Preparation. A l l solut ions were prepared in THF 
(Burdick and Jackson " D i s t i l l e d in G lass") . Stock solutions 
of PVA and PCP were prepared grav imetr ica l ly (w/w). For 
i n j e c t i o n , solutions of PVA with a known concentration (w/v) 
were prepared by volumetric d i l u t i o n of the stock. The PCP 
stock had s i g n i f i c a n t amounts of undissolved material (microgel). 
Af ter f i l t r a t i o n through a 0.5 micron Fluoropore f i l t e r 
(Mi l l ipore Corp.) the concentration of the solut ion was deter
mined by dry-weight ana lys i s . Solutions (w/v) of PS for 
in ject ion were prepared by d isso lv ing weighed quantit ies of 
material and d i l u t i n g to volume. A l l solut ions for in ject ion 
were f i l t e r e d through a 0.2 micron Fluoropore f i l t e r (Mi l l ipore 
Corp .) . 

SEC/LALLS System and Condit ions. The SEC/LALLS system 
consisted of a 6000A solvent del ivery pump, U6K sample i n 
j e c t o r , R401 d i f f e r e n t i a l re f rac t ive index (DRI) detector, and 
micro-Styragel columns (106, 1 0 5 , 1 0 4 , 1 0 3 , 500 Â pore), a l l 
from Waters Associates. A KMX-6 LALLS Photometer (Chromatix) 
with a flow-through sample c e l l was s e r i a l l y connected with 
the DRI detector, as described elsewhere (4-6). The KMX-6 
l i g h t source i s a 2 mi l l iwatt HeNe laser which produces polar
ized radiat ion with a wavelength of 6328 Â. Scatter ing inten
s i t y data were co l lected at a forward scatter ing angle of 
6°-7° (in a i r ) by se lect ion of the appropriate KMX-6 annul us. 
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112 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Analyses were carr ied out at ambient (23°C) in THF, using a 
flow rate of 2.0 ml/miη. Data from the detectors were co l lected 
and processed with a LDS-2 Data System (Chromatix). 

D i f fe rent ia l Refractometry (dn/dc); the LALLS Optical 
Constant (K). Solutions of PVA and PCP with known concen
trat ions (w/v) were prepared in THF as described in "Sample 
Preparation". For three solut ions of each sample the s p e c i f i c 
re f ract ive index increment (dn/dc) (12) was determined at 
25°C with a KMX-16 Laser D i f ferent iaFRefractometer (Chromatix). 
An average of the three values was taken. Values of dn/dc and 
the resultant LALLS opt ical constant Κ were PVA: dn/dc = 
0.0517 ml/gm, Κ = 2.152 χ 10" 8 rrol-cm2/gm2; pep, dn/dc = 
0.1274 ml/gm, Κ = 1.152 χ 10" 5 mol-cn^/gm2. A value of 
dn/dc = 0.1845 ml/gm was used for PS (13), g iv ing 
Κ = 2.741 χ 10~7 mol-cmVgm 2 . 

Sample Chromatography; Data Handling. During a sample 
run on the SEC/LALLS system the analog data from the DRI and 
LALLS detectors were co l lec ted and d i g i t i z e d through the two-
channel A/D converter of the LDS-2, using the SEC/LALLS s o f t 
ware package M0LWT (Chromatix). Af ter a pre-set period fol low
ing sample i n j e c t i o n , 150 data points were taken through a data 
acquis i t ion period which encompassed the sample chromatogram. 
Time-based data f i l e s were produced for each detector. Use of 
the flow rate and these data f i l e s allowed ca lcu lat ion of the 
e lut ion volume (V) corresponding to each of the 150 data points . 
The M0LWT program was used to simultaneously process both data 
f i l e s and give the absolute weight-average molecular weight 
(M\y )y at each V together with the sample Z-average ( R z ) , 
weight average (F^), and number average (Rn) molecular weights. 
A separate program was developed on the LDS-2 to correct the 
SEC/LALLS Rp for band-spreading (Appendix). 

Conventional SEC ca lculat ions were performed with the SEC 
software package GPC1 (Chromatix). As described below a 
universal ca l ib ra t ion was car r ied out to obtain the peak pos i 
t ion molecular weight at each V; a modified version of 6PC1 
then was used to ca lcu late weight-and number-average molecular 
weights for the sample f rac t ion at V (Appendix). 

At least two runs were carr ied out on each of the seven 
narrow MWD PS standards and data were processed with M0LWT using 
the second v i r i a l c o e f f i c i e n t (A2) re lat ionship (14). 

Injected masses ranged from 8.88 χ 10 gm to 2.12 χ 10" gm. 
The peak maxima of the DRI data f i l e s were used to ca lcu late 
the retention volumes (V R ) of the narrow MWD standards. Using 
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6. J O R D A N A N D M C C O N N E L L Characterization of Branched Polymers 113 

the l i g h t - s c a t t e r i n g fL and Rn (corrected for band-spreading) 
values along with published Mark-Houwink data for PS in THF 
(25°C) (15), an i n t r i n s i c v i s c o s i t y was calculated for each 
standard from 

[η] = 1.14 χ 1CT 4 (Rw · R n )V2(0 .72) ( 1 2 ) 

A quantity J which i s proportional to the polymer hydrodynamic 
volume (3) then was ca lcu lated: 

J = Cn](Rw- R n ) V 2 = 1.14 χ 1 0 - χ · M n ) K 7 2 / 2 (13) 

A universal ca l ib ra t ion re la t ion for the SEC/LALLS system was 
derived by f i t t i n g the seven J , V R data pairs with a l inear 
equation 

InJ = D 1 - D 2 V R (14) 

where D-j and D 2 are constants giving the best f i t to the data. 
The curve f i t t i n g was carr ied out with use of the GBC1 program. 

Sample masses of 8.90 χ 10" 4 gm and 1.05 χ ^0"ό gm were 
chromatographed fo r PVA 0107-066 and PVA 0106,respectively,while 
1.47 χ 10" J gm of PCP was in jected . An estimated A2 value of 
5 x l 0 " 4 mol-cnr/gnr was used to process the PVA and PCP data 
with M0LWT. In view of the r e l a t i v e l y small magnitude of the 
term containing A2 in the SEC/LALLS equations (5) , uncertainty 
in f\j from th i s approximation is i n s i g n i f i c a n t . 

In order to obtain the var iat ion o f g 1 (eq 11) with mole
cular weight fo r the broad MWD PVA, PCP, and PS samples, data 
f i l e s from the sample runs were used to ca lcu late (MS) V and 
(My^v for each of the 150 data points . The M0LWT software 
d i r e c t l y y ie lded ( M w ) v values. Using sample f i l e data and pub
l i shed Mark-Houwink c o e f f i c i e n t s , the GPC1 program was used 
with the universal ca l ib ra t ion re lat ion (eq 14) to ca lculate 
the molecular weight for a l i n e a r species at V. The method out
l ined in the Appendix then was used to transform th is quantity 
to an apparent weight average molecular weight for the l i n e a r 
polymer, (MJj$)v. The fol lowing Mark-Houwink re lat ions were used 
for PVA and PCP in THF at 25°C: 

PVAQ6): [η] = 5.1 χ ΙΟ" 5 Μ 0 · 7 9 1 

PCP(17): [η] = 4.18 χ ΙΟ" 5 M 0 ' 8 3 

The Κ, a parameters indicated in eq 12 were used for PS. 
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114 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Results 

Table I shows molecular weight data obtained from SEC/LALLS 
measurements on the narrow MWD polystyrene standards. Band-
spreading correct ion of the ft values generally resulted in 
a decrease in Pi o f 1% to 4% Below the value d i r e c t l y obtained 
from treatment 8f SEC/LALLS data with the MOLWT program. 
Figure 1 shows data from Table I plotted as l o g C M ^ f c o r r ) ] 1 ' 2 

vs. V r and a l i n e i s shown which corresponds to an equation 
of the form: 

1/2 
l o g 1 Q [ ^ ( c o r r ) ] = 10.82-0.1675V r (15) 

Equation 15 represents the best l i n e a r f i t to the data and i t 
was calculated using program GPC1. 

The f i t of the l i n e a r equation to the ca l ib ra t ion data 
in Figure 1 a lso r e f l e c t s , o f course, the qua l i ty o f the f i t of 
J , V r ca l ibrant data with eq 14. A f ter ca lcu la t ing J values 
via eq 13, a best f i t to the ca l ibrant data was found with 

InJ = 10.54-0.3630V r 

A value of 0.693 was ca lculated for the dispersion constant σ 
by using eq A7 and supp l ie r ' s O n data. 

In the high molecular weight region of a chromatogram the 
LALLS detector has a greater response to a given concentration 
than in the low molecular weight portion of the chromatogram; 
this r e f l e c t s the dual dependence of the LALLS detector on 
concentration and molecular weight (!5,6>,10). Values shown 
in Tables II-IV cover data co l lec ted between acceptable s igna l/ 
noise l i m i t s of the LALLS and DRI detectors at the low and high 
molecular weight ends, respect ive ly , o f the chroma tograms. 
Consequently in the high molecular weight portion o f chromato-
grams data were processed when the concentration exceeded 1% 
of the peak concentrat ion, whereas in the low molecular weight 
region the lowest concentration used represented 10% of the 
maximum. 

For the NBS standard polystyrene SRM 706 Table II presents 
SEC/LALLS values of (M^y as well as band-spreading corrected 
(MjJ)v values obtained from processing data in the conventional 
sense. The dependences on V of logÎM^v and logiM^y are 
plotted in Figure 1. In addit ion to the g* values ca lculated 
from (MÎ) V and (M w ) v *values of (M*/Mw)y a are reported in 
Table I I . The parameter (M*) v represents the apparent molecular 
weight of l i n e a r polymer at V, given by the GPC1 program, but 
without appl icat ion of the band-spreading correct ion (Appendix). 
Therefore, the dif ference between g' and ( M * ^ ) ' + a at V 
shows the e f fec t of applying the band-spreading correct ion to 
data processed in the conventional sense. In add i t ion , Table II 
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J O R D A N A N D M C C O N N E L L Characterization of Branched Polymers 

Table I 

Data from the SEC/LALLS Analysis of Narrow MWD Polystyrene 
Standards 

SAMPLE3 

Rw U\Pn ( cor r ) ] 

PC600K 6 .65xl0 5 6.54x10 5 

PC390K 3.76x10 5 3.72xl0 5 

PC233K 2.50x10 5 2.45x10 5 

NBS705 1.73xl0 5 1.72xl0 5 

PC100K 9.08x10 4 8.99X10 4 

PC50K 4.87x10 4 4.79x10 4 

PC37K 3.73x10 4 3.66x10 4 

a Prefixes PC and NBS refer to the supp l ie rs , Pressure 
Chemical Co. and National Bureau o f Standards, respect
f u l l y . 

b The quantity R (corr) i s the SEC/LALLS sample number 
average molecuTar weight, corrected for band-spreading, 
while 1̂  i s the sample weight-average molecular weight. 
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116 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

6.4 

4.2 I I I I ι I I 
27 29 31 33 35 37 39 

V(ml) 

Figure 1. Dependence on V of \MJAn(corr)}m for polystyrene calibrants (Table 
I), and dependence on V of (M„)v and (Μ„*)υ for polystyrene SRM706 (Table II): 
(A) M -= [MvMJcorr)]"2; (+) M = (Mw*)v; (O) M = (MJV. The straight line 

corresponds to Equation 15. 
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6. JORDAN AND M<CONNELL Characterization of Branched Polymers 117 

Table II 

Data from S E C / L A L L S and conventional S E C analysis of 
NBS SRM706 polystyrene 

V(ml) ( M J / I O " 5 ( < ) v x l 0 - 5 g' lu 
27.79 14.7 6.41 0.24 0.74 

28.19 8.95 6.65 0.60 1.30 

28.58 7.86 6.60 0.74 1.25 

28.98 6.64 6.00 0.84 1.27 

29.38 5.78 5.51 0.92 1.25 

29.78 5.05 4.90 0.95 1.20 

30.17 4.41 4.41 1.00 1.15 

30.57 3.82 3.91 1.04 1.11 

30.97 3.35 3.45 1.05 1.07 

31.36 2.91 3.03 1.07 1.05 

31.76 2.55 2.62 1.05 1.00 

32.15 2.23 2.28 1.04 0.97 

32.55 1.96 2.00 1.04 0.92 

32.95 1.72 1.72 1.00 0.88 

33.35 1.52 1.50 0.98 0.84 

33.75 1.33 1.31 0.97 0.80 

34.14 1.15 1.14 0.98 0.79 

34.54 0.991 0.979 0.98 0.77 

34.94 0.828 0.861 1.07 0.81 

35.33 0.676 0.744 1.18 0.88 

35.73 0.507 0.659 1.57 1.09 

36.13 0.256 0.569 3.95 2.71 

SAMPLE AVERAGES3 SEC/LALLS SEC 

uncorr)xlQ" " 5 2.622 2 .751 
f O c o r r ) x ! 0 c 2.654 
M„( uncorr)xlQ 5 1.722 1 .739 
Mj,(corr)xl0" b 1.635 1.634 

a uncorrected and band-spreading corrected sample averages 
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118 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Table III 

V(ml) 

Data from SEC/LALLS and conventional 
analys is of two PVA Samples 

SEC 

PVA 0106 

x l O " 3 xlO"-

PVA 0107-066 

V(ml) x l O - 6 x l O " 6 g ' ( i ) a g ' ( 1 1 ) b 

27.86 
28.51 
29.17 
29.82 
30.48 
31.13 
31.78 
32.44 
33.09 
33.75 
34.40 
35.05 
35.71 
36.36 
37.02 
37.67 

60. 
21. 
11. 

8.04 
5.94 
4.51 
3.47 
2.67 
2.02 
1.60 
1.27 
0.976 
0.740 
0.495 
0.365 
0.167 

013 
460 
366 
362 
466 

3.696 
.992 
.383 
.888 
.509 
.209 

0.966 
0.780 
0.611 
0.479 
0.371 

0.016 
0.118 
0.272 
0.484 
0.600 
0.700 
0.767 
0.816 
0.886 
0.901 
0.916 
0.982 
1.10 
1.46 
1.63 
4.18 

26.16 
26.81 
27.47 
28.12 
28.78 
29.43 
30.08 
30.73 
31.39 
32.05 
32.70 
33.35 
34.01 
34.66 

5.15 
.94 
.20 
.59 
.11 
.71 

1.36 
1.05 
0.817 
0.620 
0.457 
0.327 
0.225 
0.114 

1.38 
1.45 
1.31 
1.12 
0.922 
0.747 
0.607 
0.491 
0.391 
0.301 
0.237 
0.182 
0.142 
0.112 

0.094 
0.167 
0.202 
0.223 
0.227 
0.227 
0.236 
0.256 
0.267 
0.274 
0.308 
0.349 
0.441 
0.965 

0.260 
0.274 
0.248 
0.234 

.221 

.208 

.205 

.208 
0.215 
0.230 
0.254 
0.305 
0.391 
0.916 

0. 
0. 
0. 
0. 

SEC/LALLS Sample Averages 0 

M, = 2.77xl0 5 ;M,(corr) = 

0.62 χ 10 D 

SEC/LALLS Sample Averages 

,6. 

c ,d 

M = 1.61x10" w 
M ( c o r r ) = 

0.72x10^ 

a Values of g' from the (My^v and (Mj£)v data in columns 6 and 7 

b Values of g' from a dupl icate run 

c Number-average corrected for band-spreading 

d Mean of runs i and i i 
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JORDAN AND M<CONNELL Characterization of Branched Polymers 

Table IV 

Data from SEC/LALLS and conventional SEC analysis of PCP 

V(ml) ( Μ „ ) ν χ 1 0 " 5 ( r ç > v x i o " 5 9' 

26.93 20.4 9.03 0.225 

27.60 15.3 8.69 0.355 

28.27 12.1 7.71 0.438 

28.93 9.57 6.38 0.476 

29.60 7.40 5.32 0.547 

30.27 5.63 4.33 0.619 

30.93 4.20 3.50 0.716 

31.60 3.13 2.82 0.826 

32.27 2.36 2.25 0.915 

32.93 1.80 1.78 0.982 

33.60 1.42 1.42 1.00 

34.27 1.12 1.14 1.04 

34.93 0.860 0.924 1.14 

35.60 0.646 0.742 1.29 

36.27 0.420 0.591 1.87 

SEC/LALLS Sample Averages a 

3.60x10 5 

M n (corr) = 1.40xl0 5 

a Number-average corrected for band-spreading 
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120 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

shows the e f f e c t o f applying the band-spreading correct ion 
to the overal l sample weight- and number- averages obtained from 
conventional processing of the data; a lso reported i s the e f fec t 
on the SEC/LALLS R n o f applying the band-spreading correct ion . 

Table III gives SEC/LALLS ( M J v , (Μ£) χ , and g' data for 
the PVA samples in addit ion to the sample Pi^ and band-spreading 
corrected fln values. Data from Table III are plotted in 
Figures 2a and 2b as logfMy^y and log (MjJ|) VS V; plots of g' 
vs V are shown in Figure 3. Table IV presents SEC/LALLS 

] Χ , ) ν » (Mjpv a n d ?' d a t a f o r P C P > i n a d d i t i o n t 0 t h e sample 
\ and band-spreading corrected fL values. Data from Table IV 
are plotted in Figure 4 as log( l$) and log (Μ^γ vs. V; a 
plot of g' vs. log ( Μ ^ ν fo r PCP is shown in Figure 5. 

Discussion 

Data in Figures 3 and 5 show an increase in g' with de
creasing molecular weight for each of the polydisperse PVA and 
PCP samples. However, the data for PCP and one of the PVA 
samples (0106) also exh ib i t g' values greater than unity at 
the low molecular weight ends of the molecular weight d i s t r i 
butions. Since by i t s d e f i n i t i o n g 1 i s expected to equal or 
be less than unity , such values are anomalous. A l so , some g 1 

values are suspic ious ly low in the high molecular weight re
gions of the PVA samples. 

Examination of data for the NBS standard polystyrene 
SRM 706 gives ins ight into the behavior o f g' data in the 
molecular weight extremes of the PVA and PCP samples. The 
SEC/LALLS data in the logiM^v vs V plot (Figure 1) exhib i t 
l i n e a r behavior, along with curvature in the high and low 
molecular weight regions. This is in contrast to the l i n e a r 
dependence on V of l o g i R ^ ) ' ' 2 which i s shown by the narrow 
MWD polystyrene c a l i b r a n t s . Diminished molecular s i ze reso
lut ion in the molecular weight extremes of SRM 706 i s a 
probable cause for th is discrepancy. High molecular weight, 
unresolved species serve to increase SEC/LALLS ( ^ ) ν values 
at low V, whereas unresolved low molecular weight components 
decrease (Mu,) v at high V. 

The other noticeable feature in Figure 1 is the dependence 
of log(Mj$)v on V, obtained by conventional processing of the 
data; log(MjJ) v shows the expected l i near var iat ion with V 
throughout the chromatogram, except for downward curvature 
in the high molecular weight region. These l a t t e r data 
correspond to points in the extreme high molecular weight 
end of the chromatogram, where the concentration is only 
a few percent of the peak (Results) . I t i s doubtful that 
material at points in the extreme t a i l s of the chromatogram 
has a Gaussian d i s t r ibut ion o f molecular weights, thus i n 
va l idat ing use of the band-spreading ca lcu lat ion (Appendix). 
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6. J O R D A N A N D M C C O N N E L L Characterization of Branched Polymers 121 

logM 

Β 

logM 

Figure 2. Dependence on V of (MJV and (Mw*)v for (A) PVA 0106 and (B) 
PVA 0107-066 (data from Table III: (+) Μ = (Mw*)v; (Ο) M = (MJV) 
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122 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

6.8 6.4 6.0 5.6 5.2 

log (Mw)v 

4.4 

Figure 3. Dependence of g on (MJV for PVA samples (data from Table III: 
(+) = g for PVA 0106; (O) = g' [= gYU] for PVA 0107-066; note that for 

PVA 0106, g' = 4.18 has been deleted from the plot) 

logM 

Figure 4. Dependence on V of (MJV and (Mw*)v for PCP (data from Table IV: 
(+) M = (Mw*)v; (O) M = (MJV) 
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J O R D A N A N D M < C O N N E L L Characterization of Branched Polymers 

Figure 5 . Dependence of g on (MJV for PCP (data from Table IV) 
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124 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

On the other hand concentration detector (DRI) data represent at 
least 10% of the maximum on the low molecular weight s ide of the 
chromatogram (Results) , and the Gaussian approximation i s 
probably appl icable . 

Since polystyrene SRM 706 i s supposedly a l i near polymer 
sample, g' is not expected to deviate strongly from unity. In
spection of Table II shows that g* values c lus ter about unity 
throughout most of the SRM 706 molecular weight d i s t r i b u t i o n . 
In the t a i l s of the d i s t r i b u t i o n , however, decreased reso
lut ion and i n a p p l i c a b i l i t y o f the band-spreading correct ion 
serve to make g' behave anomalously. * 

For PVA and PCP the dependences on V of log(M^) v and 
log ( M w ) y (Figures 2a, 2b and 4) show s imi la r trends as for 
SRM 70o. Noticeable downward curvature of log(M^)y at low 
molecular weight occurs in each case, in contrast to r e l a t i v e l y 
l inear behavior of log(M^) v . Anomalously large values of g 1 

resul t (Figures 3 and 5 ) . In the highest molecular weight 
region, a sharp downturn in the log (M^) v dependence on V i s 
apparent which is accompanied by very low g' values. 

The results found in th i s work indicate that SEC/LALLS 
can be used to obtain qua l i ta t ive data about polymer branching. 
As suggested e a r l i e r in the der ivat ion of the expression for 
g ' , the assumptions inherent in using th is parameter as an 
approximation to g m should not be overlooked. Caution should 
be exercised for polymers with unknown branching character i s t i cs , 
e . g . , where branching frequency is suspected to vary with 
molecular weight. In th is case the molecular weight hetero
geneity at V can be s i g n i f i c a n t l y more than allowed for by the 
l inear polymer band-spreading correct ion used here (18). 

The g' data for the PVA samples (Table I I I , Figure 3) 
indicate that branching af fects the molecular volume of 
PVA 0107-066 to a greater extent than the lower molecular weight 
PVA 0106. Except for the suspect points in the extremes of the 
MWD the g* values for PVA 0106 are larger than for PVA 0107-066, 
and for each sample the data show a decrease in g 1 with i n 
creasing molecular weight. (The reproduc ib i l i t y of the tech
nique is shown by the agreement of g' values obtained for 
successive runs of PVA 0107-066.) Studies (19) have shown that , 
for PVA samples wherein certa in branching character i s t i cs ( e . g . 
branching frequency) increase with the extent of reaction a 
general decrease in g m (eq 4) with increasing molecular weight 
was found. A s imi la r dependence of g 1 on molecular weight is 
found for the PCP sample (Table IV, Figure 5) . The data suggest 
the presence of branching throughout the MWD, which is consistent 
with the known propensity of th is polymer to exhib i t branching 
under most reaction condit ions ( V7)· Anomalous g 1 values 
in the molecular weight extremes again r e f l e c t the dependence 
on V of log(M^) and l o g ( M w ) v (Figure 4) . 
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6. J O R D A N A N D M C C O N N E L L Characterization of Branched Polymers 125 

Since the SEC/LALLS technique always yields a weight-
average molecular weight (M^y for the slightly polydisperse 
fraction at V, a small overestimation of the sample Rn is 
expected (5., 10). As noted previously (Results) a 1% to 4% 
decrease in the narrow MWD polystyrene Mn values (Table I) 
accompanied application of the band-spreading correction; 
Table II shows that for SRM 706 good agreement^*s obtained 
between SEC/LALLS and conventional SEC sample Pi^ and Rn 

values when the band-spreading correction was used. However, 
the NBS 706 polydispersity index (FL/R ) given by the supplier 
(ca. 2.1) does not agree with that U . ο ) found here using the 
SEC/LALLS and conventional SEC techniques. Insensitivity of 
the LALLS detector to a small amount of low molecular weight 
material may account for a larger sample M n ; however, this is 
not supported by the conventional SEC data. The reason for 
the discrepancy remains unclear. 

Appendix 

Yau, et. al_., (11 ) described a computation method, named 
GPCV2, which corrects for chromatographic dispersion (band-
spreading) in the determination of the MWD using SEC. Although 
developed for use with a single broad standard calibration 
scheme, the fundamental equations are also valid for a multiple 
narrow standard calibration. In this study we have composed a 
minor variation in GPCV2 to facil itate its use with a universal 
calibration scheme. Also, we have derived a computational 
method analogous to GPCV2 which can be used to correct for 
chromatographic dispersion in the determination of the MWD by 
SEC/LALLS. 

To employ GPCV2 in SEC, the column calibration is expressed 
as 

M* = D i e ~ D 2 V (Al) 

where M* is the apparent linear (peak position) molecular weight 
at retention volume V. 

Because of chromatographic dispersion, the sample fraction 
in the detector cell is polydisperse. The weight-average and 
number-average molecular weights of the polydisperse fraction 
are calculated as 

KK = F ( V " D 2 g 2 ) · exp[(D2c^/2] · M* (A2) 
w v ~T(Tj 

( M „ ) v

 = F ( V ) e x P [-(0 2σ) 2/2]. M* (A3) 
F(V+D2o2) 
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126 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

where F(V) i s the normalized (E y F(V)=l) chromatogram under the 
conditions of chromatographic dispersion ( . . F(V) i s the 
detector response at retention volume V). The term σ i s the 
dispersion constant. 

The RJJ and P§ of the tota l sample are calculated as 

fl* = exp[-(D 2 a) 2 / 2 ] - l[(F(v)D ] exp(-D 2 V)J (A4) 

% = e x p [ ( D 2 a ) 2 / 2 ] / E D i e x p ^ ) v ) (A5) 

Combination of eqs (A4) and (A5) y i e l d s 

% = e -(D2a) 2

 E [ F ( v ) D 1 e - D 2 v ] · Z [ F ( V ) / D i e - D 2 v ] (A6) 
Η 1 

η 
Therefore, i f M̂ /M̂  is known, σ can be calculated as 

σ = D"1 ^ ln|(fl*/R*) * E [ F ( V ) D i e - ¥ ] · Z [ F ( V ) / D i e " D 2 v ] j (A7) 

In th is study we have used an Mj£/Mn ca lculated from supp l ie r ' s 
spec i f i ca t ions . 

The GPCV2 equations were developed for conventional log(MW) 
vs. retention volume c a l i b r a t i o n s . When used in conjunction 
with a universal c a l i b r a t i o n , the slope term (Dp) must be 
corrected for the d i f ferent molecular size/weight re lat ionships 
of the ca l ibrants and the samples as derived in the fol lowing 
equations. To understand th is cor rect ion , consider the con
ventional ca l ib ra t ion curve that could be created from the 
universal ca l ib ra t ion data. 

The slope term, Dp, for a ca l ib rat ion with polymer 1 i s 
defined at points a and b on the ca l ib ra t ion curve as 
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6. J O R D A N A N D M C C O N N E L L Characterization of Branched Polymers 127 

the slope term that must be used to correct for dispersion of 
sample polymer 2 can be s i m i l a r l y defined 

D , _ 1 n Μ 2 ^ Ί " M 2 , a . 1 n ( - f e - ) (A9) 
2 " V V a " V V a 

According to the universal c a l i b r a t i o n concept 

(a ? +l) (a,+l) 
J a = K 2 M 2 , a = K l M l , a (A10) 

where K 2 , a 2 and K] ,a-j are the Mark-Houwink coef f i c ients of 
polymer 2 and polymer 1, respect ive ly , and J a i s the hydrodynamic 
volume at retention volume a . S i m i l a r l y , 

j b = *AT] - KAT] {A11) 

Reconfiguring A10 and A l l we obtain 

M 2 , b = ι*Αάχλ)/^η*2+1) <ai2> 
and 

therefore 

M 2 , a = ίκΑ*Χλ)/ΚΖ?η&2+1) ( A 1 3 ) 

M 2 , b / M 2 , a = ί ^ / ^ Ψ ^ ) 

- [ M 1 , b / M l i a 3 ( a l + 1 ) / ( a 2 + 1 ) (AH) 

and 

In ( M 2 f b / M 2 > a ) = [ ( a 1 + l ) / ( a 2 + l ) ] In ( M l f b / M 1 > a ) (A15) 

Combination of eqs A8 and A9 y ie lds 

D 2 = D 2 l n ( M 2 , b / M 2 , a > / l n ( M l , b / M l , a ) (A16) 

Subst itut ion of A15 into A16 y i e l d s 

D2' = D 2 ( a i + l ) / ( a 2 + l ) (A17) 
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128 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y (GPC) 

Therefore to obtain (M*) and (M*) from M* data obtained by 
universal c a l i b r a t i o n , eqs A2 ana A3 are employed, but ΌΧ c a l 
culated by A17 i s substituted for the D 2 terms in A2 and A3. 

Note also that the value of σ obtained for a given l i n e a r 
polymer ca l ibrant i s an approximation to the true value for a 
branched polymer or a polymer of d i f f e r i n g monomeric composition, 
since the dispension function i s 1 ikely to vary fo r the various 
sample types. Under these condit ions , the dispers ion correct ion 
is a somewhat poorer approximation than the standard GPCV2 
correct ions . 

In SEC/LALLS, the molecular weight measured at any instant 
i s (M ) . Thus the sample M can be calculated by the standard 
d e f i n i t i o n w 

% = *[F(V) ( M w ) y ] ( A 1 8 ) 

Using gq A2 to el iminate M* in eq A3, and subustituting (M ) 
for (M ) a dispersion-corrected (M ) can be determined 
in the StC/LALLS experiment: v 

F(V) 2

 2 

( M n ) v = 2 T~ · exp[- (D 2 ar]* ( M J V (A19) 
n V F(V+D2aZ) · F(V-D 2a 2) 1 W V 

then for the total sample 

M n (corr) = l/Z[F(V)/(H n ) Y ] (A20) 

where M (corr) denotes the overa l l sample number-average 
molecular weight from SEC/LALLS, corrected for band-spreading. 
The 1 imitations on the appl icat ion of eq A19 to branched poly
mers and the use of a constant σ fo r various polymers in SEC/ 
LALLS are ident ica l to the l imi tat ions c i ted above for GPCV2. 
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7 
The Molecular Weight and Branching 
Distribution Method 

G. N. FOSTER—Union Carbide Corporation, Bound Brook, N J 08805 

A. E. HAMIELEC—Department of Chemical Engineering, McMaster University, 
Hamilton, Ontario, Canada L8S 4M1 

T. B. M a c R U R Y — U n i o n Carbide Corporation, South Charleston, W V 25303 

Free radical polymerization leads to long chain branching 
(LCB) in commercial polymers such as polyvinyl acetate (PVAc) 
and low density polyethylene (LDPE) via a transfer to polymer 
mechanism (1). The branch lengths and spacings between branch 
points are most probably random for such polymers. Long chain 
branching content in commercial PVAc and high pressure LDPE 
ranges from one to twenty branch points per molecule. 

It is well known that LCB has a pronounced effect on the 
flow behavior of polymers under shear and extensional flow. 
Increasing LCB will increase elasticity and the shear rate sensi
t iv i ty of the melt viscosity (2). Environmental stress cracking 
and low-temperature brittleness can be strongly influenced by 
the LCB. Thus, the abil ity to measure long chain branching and 
its molecular weight distribution is cr i t ica l in order to tai lor 
product performance. 

The use of 13c NMR to measure LCB (3, 4), although absolute, 
is both time intensive and 1imi ted in that i t provides informa
tion only on the whole polymer. Existing size exclusion chroma
tographic (SEC) methods (!5, 6) have attempted to correct the 
whole polymer molecular weights for long chain branching. How
ever, both interpretations ignored the fact that the contents of 
the detector cell are polydispersed and that the LCB is a func
tion of molecular weight. 

SEC separates molecules according to hydrodynamic size, 
which is directly related to the product of the intrinsic viscos
ity [η] and the molecular weight as demonstrated by Benoit et. al . 
(7). Recently, Hamielec and Ouano (8) proved that for branched 
polymers, the instantaneous molecular weight in the detector cell 
is the instantaneous number average molecular weight M ĵ(V). 
Therefore, the hydrodynamic size at a given elution volume is 
equal to the product Ln](V)M^(V). Hence the detector cell will 
contain a complex mixture of molecules having the same hydro-
dynamic size but different molecular weights due to long chain 
branching. 

0-8412-0586-8/80/47-13 8-131 $05.00/0 
© 1980 American Chemical Society 
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132 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

Ideally one needs on-line detectors for measuring the 
instantaneous number average molecular weight and weight average 
molecular weight. Due to the solubility characteristics of 
resins 1 ike polyethylene, these detectors must be able to operate 
at temperatures up to 150°C. Low angle laser light scattering 
photometry can be used to determine % ( ¥ ) directly at elevated 
temperatures ( 9 ) . However, high temperature on-1ine viscometers, 
needed for the indirect measurement of MJ\J(V) from the universal 
calibration, are not commercially available. Furthermore, the 
batch type instruments available can not be used with the small 
elution volumes characteristic of high speed SEC equipment. 

Therefore, herein is presented a new method for interpre
ting SEC data which accounts for the instantaneous polydispersity 
due to LCB within the detector cell and which allows for the cal
culation of LCB content and frequency as a function of the instan
taneous number average molecular weight. Hereafter, this method 
will be referred to as the molecular weight and branching dis
tribution (MWBD) method. Applications of the MWBD method will be 
highlighted using selected PVAc and high pressure LDPE resins. 

Development of the MWBD Method 

As pointed out by Hamielec and Ouano ( 8 ) , the separation of 
a branched polymer by size in the SEC process results in molecu
lar species of different molecular weights eluting at the same 
volume. Thus, the molecular weight of these species is not 
monodispersed and M(V) must be replaced by the instantaneous 
number average molecular weight when using the universal calibra
tion procedure for branched polymers, 

l n {[n ] ( V ) M N ( V ) } = A + B V + . . . (V) 

The coefficients A, B, . . . can be determined from f itt ing In 
i [ n ] ( V ) M N ( V ) } as a function of V for 1inear narrow distribution 
standards for which MN(V) = M(V). 

It is now clear that the molecular weight obtained for 
branched polymers, when using the universal calibration proce
dure, is a number average molecular weight and not a weight 
average molecular weight as has been suggested in the past (5_, 
7_, H), 11 ). The choice of My as the proper molecular weight 
average to couple with the intrinsic viscosity perhaps evolved 
from the intuitive feeling that for most polymers the weight 
average molecular weight is the closest average to the viscosity 
average molecular weight. Note that for linear polymers 
Mfl(V) = My(V) = M(V) since the contents of the detector cell are 
monodispersed. 

The most direct method for calculating M (̂V) across the 
chromatogram would be to use an on-line viscometer to measure 
[n](V) and then to calculate M ĵ(V) from 
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7. F O S T E R E T A L . MWBD Method 133 

MN(V) = exp(A + BV + . . . ) / [ n ] ( V ) . (2) 

Unfortunately, an on- l ine viscometer which can provide instantan
eous [η] values at low and high temperatures i s not a v a i l a b l e . 
Although batch viscometers have been used in the past ( 1 2 , 1 3 ) 
the use of high speed S E C makes them useless due to the smaTT 
elut ion volumes. 

We, therefore, propose an ind i rec t method for obtaining the 
var iat ion of the i n t r i n s i c v i s c o s i t y and number average molecular 
weight across the chromatogram. F i r s t the i n t r i n s i c v i s c o s i t y -
molecular weight re lat ionsh ip for a polymer with long chain 
branching ( L C B ) i s assumed to be expressable in a form s imi la r 
to that used by Ram and Mi l ts ( 6 ) , 

ln(Cn](V)) = InK + alnM N(Y) + b ( l n M N ( V ) ) 2 + c ( l n M N ( V ) ) 3 . ( 3 ) 

Κ and a are the Mark-Houwink constants for the l i n e a r homologue 
in the same solvent and at the same temperature as the S E C 
measurements. The constants b and c are to be determined. If 
there i s no L C B below a certa in molecular weight Μ, , the c in 
equation ( 3 ) can be replaced with 

c = -b/ lnM L . (4) 

The value normally found for M , i s between 5 , 0 0 0 and 1 0 , 0 0 0 
( 6 , 1 3 ) . L 

Once a value for M L i s assumed, th i s leaves one unknown b 
which can be determined from the S E C chromatogram and the measured 
whole polymer i n t r i n s i c v i s c o s i t y in the fol lowing manner. F i r s t , 
one estimates a value for b, and ca lculates M ^ ( V ) and [ n ] ( V ) 
across the chromatogram using the universal c a l i b r a t i o n curve and 
equation ( 3 ) . Then the whole polymer i n t r i n s i c v i s c o s i t y i s 
obtained from 

[η] = jV(V)[n](V)dV, (5) 
where F(V) is the normalized concentration detector response. 
The calculated [τγ] value i s compared with the measured value. 
Further b values are then t r i e d unt i l the di f ference between the 
measured and calculated i n t r i n s i c v i s c o s i t i e s i s minimized. It 
is a lso possible to determine both M L and b i f [η] and M N are 
known for the whole polymer. 

Having determined b by the above method, the true number 
average molecular weight and higher moments for the whole polymer 
can be calculated as fo l lows: 
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134 SIZE E X C L U S I O N C H R O M A T O G R A P H Y (GPC) 

^ = fF(V)M N (V)dV, ( 7 ) 

M z = f F ( V ) ( M N ( V ) ) 2 d V / | F ( V ) M N ( Y ) d V . (8) 

Note that the weight and Ζ average molecular weights so obtained 
are only approximate and less than the true values. This i s a 
consequence of the universal ca l ib ra t ion method giving the 
instantaneous number average molecular weight across the 
chromatogram. 

The instantaneous weight average molecular weight My(V) can 
also be measured by using an on- l ine , low angle laser l i g h t 
scatter ing device. Such measurements have been performed suc
cessful ly both at low temperatures (14, 15) and at high tempera
tures (9J. When combined with the method presented here fo r 
determining M^(V), the po lyd ispers i ty in the detector c e l l 
(Mw(V)/MN(V)) could be calculated across the chromatogram. Work 
on the combination of these two methods w i l l be reported at a 
l a ter date. 

Since our ind i rec t method produces both the l inear (b=0) 
and branched i n t r i n s i c v i s c o s i t i e s across the chromatogram, i t 
i s possible to estimate several LCB parameters as a function of 
e lut ion volume or number average molecular weight. The branch
ing factor G(V) can be written as 

G(V) = { [ n ] b ( V ) / [ n ] 1 ( V ) } 1 / e

l (9) 

where [ n ] b ( V ) i s the instantaneous branched i n t r i n s i c v i scos i ty , 
Cn l l (V ) is the instantaneous 1inear i n t r i n s i c v i s c o s i t y , and the 
branching structure factor ε i s a constant to be determined. 
For star polymers a value of ε = 0.5 has been obtained (16, 17) 
and studies (18) of model comb polymers indicate a value of 1.5. 
Other work (19j has suggested that ε i s near 0.5 at low LCB 
frequencies. For a random LCB conformation of higher branching 
frequency an ε value between 0.7 and 1.3 might be expected, i . e . 
somewhere between a star and a comb conf igurat ion. 

Zimm and Stockmayer (20) derived a theoret ica l re lat ionship 
between G(V) and the number average number of LCB points per 
molecule B N ( V ) , namely 

Therefore by combining equations (9) and (10) and assuming some 
appropriate value for ε , the number average number of LCB points 
per molecule can be calculated as a function of e lut ion volume. 
The corresponding whole polymer number average number of LCB 
points per molecule is given by 
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FOSTER ET AL. MWBD Method 135 

B N = 

_ ( F(V)BN(V)dV 

M N } MN(V) (11) 

Another parameter commonly used for character iz ing long chain 
branching is the number of branch points (or frequency) per 
1000 repeat un i ts . The number average number of branch points 
can be calculated across the chromatogram from 

x N (v) = looo M ^ m / r y . v ) ) , (12) 

where MR i s the repeat unit molecular weight. The corresponding 
whole polymer quantity i s 

B. 
1000 M D zr 

R N, 
(13) 

Ν 

In an analogous fashion, the weight average long chain 
branching parameters per molecule (By) and per 1000 repeat 
units (Xy) can be ca lcu lated. F i r s t BW(V) can be determined 
from the Zimm-Stockmayer equation (20), 

G(V) = 
Bu(V) 

1 (2 + B M ( V ) ) 1 / 2 

? _ ( B W ( V ) ) 1 / 2 

X l n { 
(2 + B w ( V ) ) 1 / 2 + ( B w ( V ) ) 1 / 2 

- 1 

((2 + B W ( V ) ) 1 / 2 - ( B W ( V ) ) 1 / 2 ' 

Then B w , X w ( V ) , and Ay can be obtained from the fol lowing 
expressions : 

_ _ (F(V)BW(V) 
BW = M N ) MM(V) d V « 

XW(V) = 1000 MR(BM(V)/MN(V)), 

and 

(14) 

(15) 

(16) 
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1 3 6 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y (GPC) 

It should be noted that In order to calculate the weight average 
number of LCB points, per 1000 repeat units, one must divide By 
by M N . The use of My here is incorrect. 

The method outlined above for characterizing branched 
polymers will hereafter be referred to as the molecular weight 
and branching distribution (MWBD) method. In the following sec
tions, its application to the long chain branching in polyvinyl 
acetate and high pressure low density polyethylene will be 
demonstrated. 

Long Chain Branching in Polyvinyl Acetate 

Under conditions of low radical in i t iat ion, Graessely (21) 
has shown that the following set of equations describes the 
molecular weight and branching development in the bulk polymeri
zation of vinyl acetate: 

dx 

dQ-| 
ώ Γ 

c 
LM 1-x 

= 1, 

(18) 

(19) 

dQ2 
dx 

dx 

1 + kx 
1-x 

1 + ^ + ^ -1-x 1-x 

C + - 2 -LM 1-x 

(Lx + kQ„ 

1-x 

(20) 

(21) 

where 

k = 
Ρ Ρ 

(22) 

In the above equations kfm is the transfer to monomer constant, 
k p is the propagation constant, kfn is the transfer to polymer 
constant, and kp* is the constant for terminal double bond 
reactions. The quantities Q 0 , Q-|, and Q2 are the zeroeth, 
f i r s t , and second moments of the molecular weight distribution, 
respectively. The number average and weight average molecular 
weights are given simply by 

\ - WQ i · 

(23) 

(24) 
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7. FOSTER ET AL. MWBD Method 137 

where M i s the monomer molecular weight. 
The MM, M w , and By values predicted by th i s k inet ic model 

are plotted as a function of conversion in Figure 1 . The kine
t i c parameters used for these ca lcu lat ions are CJ^J= 2 . 0 χ 10"* 4 , 
C P = 3 . 0 χ 1 0 " 4 , and k = 1 . 0 ^ Note_that whereas My i s almost 
independence of conversion, Mw and increase rap id ly with _ 
increasing conversion. For conversions of 50% and 60%, the My, 
Myy, and By1 s obtained for r e a l i s t i c values of C^, Cp, and k are 
l i s t e d in Table I. 

TABLE I 

SOLUTION OF KINETIC EQUATIONS FOR LONG CHAIN BRANCHING IN 

BULK VINYL ACETATE POLYMERIZATION* 

ÇM(X104) Ç p(xl0 4 ) k \ ( χ ΐ ο - 6 ) - B N 
2 1.5 0.6 0.54-0.58 1.7-2.2 0.6-0.9 

2 2.5 0.6 0.54-0.58 2.1-2.7 0.9-1.2 

2 3.0 1.0 0.63-0.71 3.0-4.6 1.3-1.9 

2 4.0 1.0 0.63-0.71 3.5-5.4 1.5-2.3 

2 5.0 1.0 0.63-0.71 3.9-6.2 1.8-2.8 

*Values shown are for conversions of 50-60%, respect ive ly . 

In order to estimate the branching factor ε for polyvinyl 
acetate we have analyzed the S E C data obtained on sample PVAc-E4 
using the MWBD method with various ε values. This sample was 
synthesized under k i n e t i c a l l y contro l led conditions ( isothermal, 
Τ = 6 0 ° C , [AIBN] = 1 0 " 5 g-mole /1 , conversion level of 4 8 . 5 
percent). The S E C measurements were made at 2 5 ° C in tetrahydro-
furan. The Mark-Houwink coe f f i c i ents used for l inear polyvinyl 
acetate are those suggested by Graessley ( 2 1 ) , namely Κ =_5.1 χ 
1 0 " 5 dl/gm and a = 0 . 7 9 1 . The whole polymer M ,̂ M w , and B^ 
values obtained are l i s t e d in Table I I . 

The number average number of branch points per molecule 
decreases with increasing ε and the molecular weights are 
independent of ε. The weight average molecular weight c a l c u l a 
ted by the MWBD method is s l i g h t l y less than the value of 1 . 6 χ 
1 0 6 obtained by l i g h t scat ter ing . This i s consistent with the 
fact that th is method uses a number average molecular weight in 
the averaging process. The number average molecular weight 
obtained is c lose to that predicted by the k inet ic model_ with 
C ^ = 2 . 0 χ 1 0 " 4 , k = 0 . 6 and a conversion of 50%. The By value 
of 1.1 for ε = 1 . 0 i s in the range indicated by the second set 
of k inet ic parameters l i s t e d in Table I. Thus i t i s f e l t that 
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138 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y (GPC) 

the MWBD method with ε = 1.0 gives good agreement with kinetic 
predictions and with the weight average molecular weight obtain
ed by 1ight scattering. 

TABLE II 

EFFECT OF EPSILON ON B N OF WHOLE POLYMER SAMPLE PVAC-E4 

Epsilon M^xlO - 6 ) y x i o " 6 ) 

0.5 2.5 0.51 1.37 

0.8 1.4 0.51 1.37 

1.0 1.1 0.51 1.37 
1.2 0.34 0.51 1.37 

We have used the MWBD method with ε = 1.0 to analyze the 
branching in two commercial PVAc standards supplied by the 
Aldrich Chemical Company, PVAc - Lot 1 and PVAc - Lot 3. A cut
off molecular weight of 5,000 was used in the analysis. The 
whole polymer M N , N^, B M , and values obtained are given in 
Table III. The calculated molecular weight averages are in rea
sonable agreement with those quoted by the manufacturer. The 
number average number of LCB points per molecule and per 1000 
repeat units are greater for Lot 1 than Lot 3. However, for 
both these samples, the branching parameters are less than 1.0. 

TABLE III 

MWBD RESULTS FOR CÛW1ERCÏAL PVAc STANDARDS DISTRIBUTED BY 

ALDRICH CHEMICAL COMPANY* 

PVAc - Lot 1 PVAc - Lot2 

MN = 0.092 χ Ί 0 6 (0.083 χ 10 6 ) + M^ = 0.146 χ 106 (0.103 χ 106) 

= 0.300 χ 106 (0.331 χ 106) M w = 0.626 χ 106 (0.840 χ 106) 

B N = 0.783 B N = 0.601 

λ Μ = 0.748 %H = 0.354 

*Values obtained using M^ = 5,000 and ε = 1.0. 

+Values in parenthesis are those quoted by the manufacturer. 
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7 . FOSTER ET AL. M W B D M e t h o d 139 

For one of the samples, PVAc - Lot 1, the number average 
molecular weight d i s t r i b u t i o n i s plotted in Figure 2. Also 
shown i s the instantaneous number average number of LCB points 
per molecule, plotted as a function of number average molecular 
weight. Note that By(V) increased rap id ly with increasing num
ber average molecular weight. The molecular weight and branch
ing d i s t r i b u t i o n of PVAc - Lot 3 i s s imi la r to Lot 1 and thus 
not shown. 

Appl icat ion of the MWBD Method to LDPE 

In order to determine the branching structure factor ε , 
Foster (22) studied a large group of high pressure low density 
polyethylene resins (HP-LDPE). Using the MWBD method, he c a l 
culated the whole polymer number average number of branch points 
per J000 carbon atoms from SEC data as a function of ε . Then 
the Ay values were compared with those obtained by ^ 3C NMR. 
Best agreement was found for ε = 0.75. 

An example of th is method of determining ε i s shown in 
Figure 3 where the λ Ν has been calculated as a function of ε 
for three HP-LDPE res ins , designated LDPE A, B, and C. LDPE A 
was produced at the highest conversion and LDPE C at the lowest 
conversion. The SEC data used were obtained at 140°C in 1,2,4-
tr ichlorobenzene. The Mark-Houwink coe f f i c i ents used for 1inear 
polyethylene were Κ = 5.1 χ 10- 4 dl/gm and a = 0.706. The 13c 
NMR Ay values are indicated_by open t r i a n g l e s . 

The whole polymer My, N^, By, and Ay values obtained using 
the MWBD method and ε = 0.75 for these three LDPE resins are 
shown in Table IV. The molecular weights and branching para
meters are in agreement with expectations based on the levels 
of conversion^ With_increasing conversion My remains constant 
whereas M ,̂ By, and Ay increase. 

TABLE IV 

MWBD RESULTS FOR COMMERCIAL HIGH PRESSURE LDPE 

SUPPLIED BY UNION CARBIDE CORPORATION* 

LDPE M^xlO"3) y x i o - 3 ) h *N 
A 15.6 243 5.05 4.52 

Β 15.6 116 2.89 2.60 

C 19.6 83.9 2.44 1.75 

•Values obtained using = 2,000; ε = 0.75 
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140 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

whole polymer 

0 . 3 0 . 4 

Conversion 

F i g u r e I. S o l u t i o n of k i n e t i c é q u a t i o n s f o r m o l e c u l a r w e i g h t a n d L C B d e v e l o p 

m e n t i n h u l k V A c p o l y m e r i z a t i o n . M N , M w , a n d B s a r e p l o t t e d as a f u n c t i o n of 

c o n v e r s i o n . M o d e l p r e d i c t i o n s : CM = 2.0 X 1 0 4 ; C P = 3.0 X 10~4; K== 1.0. 

I O G I O M N ( V ) 

F i g u r e 2. 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 a n d n u m b e r a v e r a g e n u m b e r of L C B 

p o i n t s p e r m o l e c u l e ^ ( B s ) as a f u n c t i o n of MN(V) f o r P V A c S a m p l e A , L o t 1 

(MN = 9 0 2 0 0 ; M w = 3 0 0 2 0 0 ; WW/MN = 3.33; WN = 0.78; ~ N = 0.75) 
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7. FOSTER ET AL. M W B D M e t h o d 141 

The number average molecular weight d i s t r i b u t i o n and LCB 
frequency A N (V) are plotted in Figures 4 and 5 for the highest 
and lowest conversion res ins . Not only are the molecular weight 
d i s t r ibut ions quite d i f f e r e n t , but also the LCB d i s t r i b u t i o n 
are r a d i c a l l y d i f f e r e n t . JFo£ LDPE A the molecular weight d i s 
t r ibut ion i s very broad (Ν^/ΜΝ = 15.5) and λ Ν (Υ) increases to 
about 5.0, remains constant up to about a number average molecu
l a r weight οf 1_ χ 1 0 6 , and then rap id ly increases. In contrast 
for LDPE C Ν^/ΜΝ = 4.3 and the LCB frequency quickly increases 
to a maximum of about 2.3 at MN(V) = 9,000 and then slowly 
decreases. 

Some of the properties of these three resins are l i s t e d in 
Table V. The agreement between calculated from the MWBD 
method with ε = 0.75 and from 13c NMR i s exce l lent . Long chain 
branching frequency i s found to corre late well with blown f i l m 
propert ies. Increasing LCB, for resins with s imi lar d e n s i t i e s , 
leads to increased haze, decreased g loss , and decreased tear 
strength. As indicated by the die swel1, melt e l a s t i c i t y 
increases with increasing LCB. A more deta i led discussion of 
the corre lat ion of LDPE physical properties with the long chain 
branching frequency can be found elsewhere (22). 

The MWBD method was also used to determine the long chain 
branching in the_National Bureau of Standards LDPE SRM #1476. 
The M M , M w , and values ca lculated using ε = 0.75 are given 
in Table VI. Included for comparison are the resul ts obtained 
by Wagner and McCrackin (23) from summing well characterized 
f ract ions of 1476 and by MacRury and McConnell (9) from coupling 
a low anglej laser l_ight scatter ing photometer to a GPC (LALLSP/ 
GPC). The M ^ and calculated from MWBD are in good agreement 
with those determined by the summing of f r a c t i o n s . The M̂  value 
is too low as expected. The M N value calculated using LALLSP/ 
GPC i s too high because an instantaneous weight average molecular 
weight i s used in the averaging. Excel lent agreement i s found 
between the Ά . determined by LALLSP/GPC and that calculated by 
the summing of f r a c t i o n s . Thus, as was mentioned e a r l i e r in 
th is paper, the MWBD method combined with the LALLSP/GPC y i e l d s 
the correct number average and weight average molecular weights 
across the chromatogram and for the whole polymer. 

The LCB frequency obtained by MWBD is plotted in Figure 6 
as a function of_ number average molecular weight. The open t r i 
angles are the AN values calculated by Wagner and McCrackin f o r 
various f r a c t i o n s . Again, good agreement is found between the 
two methods. 
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142 SIZE E X C L U S I O N CHROMATOGRAPHY (GPC) 

15 R 

0.5 1.0 15 

BRANCHING CONFORMATION ,EPSILON,€ 

F i g u r e 3. Effect of t h e b r a n c h i n g s t r u c t u r e f a c t o r (t) o n t h e L C B f r e q u e n c y (λΝ) 

c a l c u l a t e d for t h r e e L D P E r e s i n s u s i n g t h e M W B D m e t h o d ((A)XN v a l u e s o b t a i n e d 

b y 1 3 C N M R ) 
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FOSTER ET AL. M W B D M e t h o d 143 

F i g u r e 4. 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 a n d L C B f r e q u e n c y as a f u n c t i o n of 

M N ( V ) for L D P E A (MN = 1 5 6 0 0 ; Mw = 2 4 3 1 0 0 ; M W / M N = 15 .5 ; % = 5.05; 

Xv = 4.52) 
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144 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

ιοο,ο*ιΝ{ν) 

F i g u r e 5 . 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 a n d L C B f r e q u e n c y a s a f u n c t i o n of 

M N ( V ) for L D P E C ( M N = 1 9 6 0 0 ; M ] V = 8 3 9 0 0 ; M W / M N = 4 . 2 9 ; B N — 2 . 4 4 ; 

λ.ν — L 7 5 ) 

MOLECULAR WEIGHT 

F i g u r e 6. C o m p a r i s o n of t h e L C B f r e q u e n c y o b t a i n e d for N B S SRM # 1 4 7 6 

u s i n g t h e M W B D method_(( ) λ* = 1 . 4 7 ) w i t h t h a t o b t a i n e d b y f r a c t i o n a t i o n 

((A) λΝ = 1.05 ( W a g n e r a n d M c C r a c k i n ) ) 
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146 S I Z E E X C L U S I O N CHROMATOGRAPHY (GPC) 

TABLE VI 

MWBD RESULTS FOR NBS SRM #1476 

Method % ( x i o " 3 ) 

MWBD 23 .0 88 .2 1.47 

Sum of Fractions 
(Wagner & McCrackin ( 2 3 ) ) 

25 .0 105 1.05 

LALLSP/GPC 28 .0 100 
(MacRury & McConnell (9)) 

Conclusions 

The molecular weight and branching d i s t r i b u t i o n (MWBD) 
method provides for the rapid determination of the instantaneous 
number average molecular weight My(V), number average number of 
long chain branch points per molecule By(V), and number average 
number of long chain branch points per 1000 repeat units Ay(V), 
as well as the corresponding whole polymer quant i t ies . Weight 
average branching parameters can a lso be ca lcu lated . The weight 
average molecular weight and higher moments obtained from th i s 
method are too low, due to the fact that the instantaneous num
ber average molecular weight i s employed in the averaging. The 
use of an on-l ine laser l i g h t scatter ing photometer w i l l allow 
for the determination of the correct instantaneous and whole 
polymer weight average molecular weight. 

There are several assumptions used in the MWBD method. 
F i r s t l y , i t is necessary to estab l i sh some re lat ionsh ip between 
[η](ν) and My( V). For polymers produced by free radical poly
merizat ion, we feel that equation ( 3 ) provides an adequate r e l a 
t ionsh ip . Secondly, we have assumed a value of Mi instead of 
determining both b and_ML (or c) by f i t t i n g the SEC data to 
whole polymer [η] and MN values. 

The MWBD method also requires an independent measure of the 
branching structure factor ε . For our_analysis of polyvinyl 
acetate, i t was obtained by comparing My and By values calculate" 
from SEC data,_analyzed using the MWBD method and various e p s i -
lons , and the My and By values predicted by Graessley's ( 21 ) 
k inet ic model. An epsi lon value of 1.0 was found to f i t best. 

For high pressure low density polyethylene, the branching 
structure factor was obtained by comparing whole polymer Ay 
values, calculated from SEC data on a ser ies of res ins , with 
those determined by 13Q N M R . An epsi lon value of 0 .75 was found 
to give the best agreement. The long chain branching d i s t r i b u 
t ions obtained with the MWBD method for typ ica l commercial high 
pressure process LDPE's were as would be expected based on free 
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7. FOSTER ET AL. M W B D M e t h o d 147 

radical k inet ic considerations and showed a good corre lat ion with 
the melt e l a s t i c and blown f i l m propert ies . Furthermore, the 
long chain branching d i s t r i b u t i o n calculated for the National 
Bureau of Standards SRM #1476 was in good agreement with f r a c 
t ionat ion data obtained by Wagner and McCrackin (23). 

The MWBD method, when coupled with high speed SEC techni-
ues, i s more rapid for long chain branching measurements than 
3 C NMR. In add i t ion , the branching d i s t r i b u t i o n information 

that i t provides, once epsi lon has been determined, can not be 
obtained by other branching character izat ion methods unless the 
polymer i s f ract ionated . 

Abstract 

A molecular weight and branching distribution (MWBD) method 
is presented for determining the long chain branching as a func
tion of molecular weight. This method requires a measurement of 
the intrinsic viscosity of the polymer, size exclusion chroma
tographic data, and a universal calibration curve, obtained from 
narrow distribution standards such as polystyrene. The hydro-
dynamic size is expressed as a function of elution volume, 
namely ln([n]-iMN,i) = f(V-i), and the instantaneous intrinsic 
viscosity is written in polynomial form as ln[η]i = lnK + 

alnMN,i + b(lnMw -i)2 + c(lnMN,i)3. Then the number average mole-
cular weight ana the number of long chain branch points are ob
tained as a function of elution volume. Integration across the 
chromatogram yields the whole polymer quantities MN, BN, and λN. 

To illustrate the utility of the MWBD method, a series of 
commercial polyvinyl acetates and low density polyethylenes are 
analyzed. Either kinetic models or 13C nuclear magnetic reson
ance results are used to estimate the branching structural para
meter. 
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High-Conversion Polymerization Kinetic 
Modeling Utilizing Gel Permeation 
Chromatography 

S. T. BALKE and R. D. PATEL 

Xerox Research Centre of Canada, Mississauga, Ontario, Canada 

I Introduction 

Gel Permeation Chromatography (GPC) is often the source of molecular weight 
averages used in polymerization kinetic modelling (1,2). Kinetic models also require 
measurement of molecular weight distribution, conversion to polymer, composition of 
monomers in a copolymerization reaction mixture, copolymer composition distribution, 
and sequence length distribution. The GPC chromatogram often reflects these 
properties (3,4). 

However, even homopolymer molecular weight averages calculated from GPC 
frequently do not agree with those from osmometry and light scattering or for that 
matter with those from another set of GPC operating conditions (5,6). Copolymers 
readily provide multimodal chromatograms in contrast to kinetic modelling expectations 
and are extremely difficult to interpret even with dual GPC detectors (7). 

In analysis of homopolymers the critical interpretation problems are calibration of 
retention time for molecular weight and allowance for the "imperfect resolution" of the 
GPC. In copolymer analysis these interpretation problems remain but are given added 
dimensions by the simultaneous presence of molecular weight distribution, copolymer 
composition distribution and monomer sequence length distribution. Since, the GPC 
usually separates on the basis of "molecular size" in solution and not on the basis of any 
one of these particular properties, this means that at any retention time there can be 
distributions of all three. The usual GPC chromatogram then represents a response to 
the concentration of some average of each of these properties at each retention time. 

The purpose of this paper is to propose solutions to the GPC interpretation problems 
fitting the needs of high conversion polymerization kinetic modelling. 

In particular, for copolymers this required an orthogonal coupling of one GPC to 
another to achieve the desired cross fractionation before application of dual detectors. 
This method is really a new polymer analysis member of a family of approaches 
developed in the literature which we are now terming "Orthogonal Chromatography". It 
not only provides both a cross fractionation approach for copolymers and a new way of 
determining the GPCs "imperfect resolution"; it also enables separation mechanisms 
previously reserved for the liquid chromatography of small molecules to be used for 
polymer analysis. 

Two free radical-initiated polymerizations are used in turn as examples: the 
homopolymerization of methyl methacrylate and the copolymerization of styrene n-butyl 
methacrylate. 

The kinetic model obtained for the former polymerization was previously published 
(8). The results have now been utilized in a variety of investigations. In particular, the 

0-8412-0586-8/80/47-138-149$08.50/0 
© 1980 American Chemical Society 
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150 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

rate parameter values from the bulk polymerization were successfully employed in 
predicting emulsion polymerization (9). This paper details and updates the underlying 
GPC approach involved in determining those rate parameters. 

With regards to the copolymerization, a recent kinetic study by Gruber and Knell 
(10) has indicated that styrene η-butyl methacrylate obeys the classical kinetic theory 
with regards to composition and sequence length to complete conversion. This theory is 
applied to high conversion to characterize copolymer samples for GPC analysis. 

II Experimental 

Data for the polymerization of MMA was obtained from (11). Kinetics were 
previously described (8). GPC operating conditions are shown in Table I under GPC 0. 

For the copolymerization work, GPC #1 and GPC #2 (Table I) were used. Mark 
Houwink constants are shown in Table II. 

Data processing was accomplished with the aid of a Data General ECLIPSE 
Minicomputer interfaced to a Data General NOVA 2 Minicomputer which, in turn, was 
interfaced to the GPCs. 

Copolymerizations were performed at 70°C using an ampoule technique similar to 
that used for MMA. Monomers were purified by distillation. Most of the runs had an 
initial weight fraction styrene of 0.767 and 1.45 mole % AIBN initiator. Also utilized is 
one run using 0.235 wt. fraction styrene (0.350 mole % AIBN) and one at 0.557 (1.45 
mole % AIBN). Gruber and Knell (10) used both the former compositions. The latter 
one is the calculated azeotropic composition using their values of the reactivity ratios. 

Polystyrene standards used were narrow molecular weight distribution samples 
produced by anionic polymerization and available from Pressure Chemical Co. Also 
sample NBS706 from the National Bureau of Standards was used. The sample of poly 
η-butyl methacrylate was obtained from Aldrich Chemical. It was produced by free 
radical polymerization with an Mw of 320,000 and an Mn of 73,500 (Cat. No. 18,153-6). 

III Results & Discussion 

1. General. The development progressed from homopolymer analysis to copolymer 
analysis. In each case the results of applying previously published "state-of-the-art" 
GPC interpretation approaches and comparison with kinetic modelling predictions were 
examined. For some problems, notably homopolymer molecular weight calibration, 
these approaches were satisfactory. However, usually this was not the case. The 
imperfect resolution problem in GPC appeared intractable even for the broad 
homopolymer chromatograms let alone those of copolymers. Attempts to resolve 
monomer peaks utilizing GPC was unsuccessful. Application of dual detectors was 
insufficient to deal with the complexity of copolymer property distributions. Thus, in 
several cases, new approaches had to be developed. 

In homopolymer analysis this meant a closer study of the accuracy and 
reproducibility of data from GPC to see how resolution correction techniques could be 
either circumvented or practically applied. In copolymer analysis the limitation of 
conventional molecular size fractionation emerged as the fundamental difficulty. An 
orthogonal coupling of GPCs operated so as to achieve the desired cross fractionation 
before detection is presented as a novel approach with considerable potential. 

2. High Conversion Homopolymerization of Methyl Methacrylate. Figure 1 shows a 
t> pical chromatogram of high conversion polymethyl methacrylate (PMMA). Also 
shown is the reproducibility of the chromatogram heights and the low precision of the 
chromatogram tails. 

In analysis of the homopolymer to model this polymerization molecular weight 
information is the primary requirement. 
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8. B A L K E AND P A T E L High-Con version P o l y m e r i z a t i o n K i n e t i c M o d e l i n g 151 

The two interpretation problems involved are (A) calibration and (B) correction of 
imperfect resolution caused by axial dispersion. 

Calibration refers to characterizing the residence time in the G P C as a function of 
molecular weight. Axial dispersion refers to the chromatogram being a spread curve 
even for a monodisperse sample. A polydisperse sample then is the result of a series of 
overlapping, unseen, spread curves. 

A. Calibration. No monodisperse calibration standards were available for 
P M M A . Figures 2 and 3 show calibrations accomplished by two methods: 
(i) Universal Calibration using polystyrene standards (6) and 
(ii) Calibration using a broad standard of known molecular weight distribution (12). 

Both methods are in good agreement for the high resolution column set For the 
lower resolution one, discrepancies appear at the beginning and end of the curve. These 
are the areas where the tail heights of the broad standard are utilized. 

B. Axial Dispersion. Figure 4 shows, for monodisperse polystyrene standards, the 
ratio of number average molecular weight from osmometry (Mn(t)) to that calculated 
from the GPC Chromatograms assuming perfect resolution (Mn(oo)). Figure 5 shows a 
similar plot for weight average molecular weights Mw(t) and Mw(oo). These plots show 
large disagreement with absolute values at both high and low molecular weights; Mw 
(00) agreement over the central range is good. However, Mn (00) is too low. Such 
results can be partly due to inaccurate osmometry Mn's and to imprecisely known very 
high and low ends of the calibration curve. However, they are very typical of axial 
dispersion effects on GPC molecular weight averages. Axial dispersion correction 
methods have recently been comprehensively reviewed by Friis and Hamielec (5). 

This is a very difficult case for axial dispersion correction: 
(1) The calibration curve is non-linear. 
(ii) Axial dispersion effects are unsymmetrical (Mn requires more correction than Mw). 
(iii) The chromatograms are sometimes bimoçîal and can include very high molecular 

weights. 
One possibility is that although averages for polystyrene standards require correction, 

those for PMMA would not. According to symmetrical axial dispersion theory (5) the 
correction depends upon both the slope of the calibration curve (different for each 
polymer type) and the variance of the chromatogram of a truly monodisperse sample. 
Furthermore, the calibration curve to be utilized can be obtained from a broad standard 
as well as from monodisperse samples. The broad standard method may itself 
incorporate some axial dispersion correction depending upon how the standard was 
characterized. 

To attempt clarification of this situation the effect of axial dispersion on the 
chromatogram was examined in two ways: 
(i) Assuming a Gaussian shape function and different resolution factors (proportional 

to the inverse variance of this function) the method of Ishige, Lee and Hamielec 
(13) was applied to a PMMA chromatogram. Figure 6 shows the results. 

(ii) Using calibration curves from each of three columns of widely different resolution, 
uncorrected chromatograms were superimposed on the one axis. Results are 
shown in Figure 7. 

The effect on central chromatogram heights (and more particularly those on each side, 
of the peak) is vary small for these broad chromatograms even for conditions of extreme 
peak broadening (h = 0.3). Several similar examples can now be found in the literature 
on axial dispersion correction (e.g. (14), (6)). This effect is attributed simply to the idea 
that for a broad chromatogram as many molecules are misplaced from a given retention 
time as are gained from neighbouring times. This is readily demonstrated theoretically 
but only if shape functions are assumed for all the distributions involved. 

Although the effect of axial dispersion on the chromatogram heights can be small 
(even when they are transformed to weight fractions using a calibration curve) the 
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1 5 2 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

TABLE I: GPC 

GPC 0 - W a t e r s M o d e l 100» R-4 R e f T a c t o m e t e r 

MOBILE PHASE . 

COLUMN 
COMBINATION 

CODE NO. 

25 

COMPOSITION 

(VOL . %) 

100 % THF 

FLOW RATE 
( m l / m i n ) 

2.40 

TEMPERATURE 

( ° 0 

24.0 ± 0.5 

26 

27 

28 

GPC 1 - waters GPC /ALC 4 0 1 , Mode l 77 UV (254 nm), R401 Re fTactometer 

A l 100 % THF L O O 25.0 ± 2 

A2 

A3 
1 .00 

0.53 

A4 0.53 

GPC 2 - S p e c t r a P h y s i c s SP8000, SP83IO U . V . ( 254 nm) » S c h o e f f e l S F 7 7 0 UV 

(200 nm f o r Bl» 235 nm f o r o t h e r s ) 

B2 

B3 

B4 

B5 
B6 

46 % A c e t o n i t r i l e 
i n W a t e r 

100 % THF 

57% η - H e p t a n e i n THF 

62% η - H e p t a n e i n THF 

60* η - H e p t a n e î n THF 

2 . 0 0 

1 .75 

2 . 0 0 

0.5 

4 0 . 0 ± 0 .1 

2 5 . 0 ± 0 . 1 
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8. BALKE AND PATEL High-Conversion Polymerization Kinetic Modeling 153 

OPERATING CONDITIONS 

NO. OF 
COLUMNS 

IN S E R I E S COLUMN PACKING DESIGNATIONS ( 1 ) 

5 S5 x 1 0 6 , S5 x 1 0 6 , S ( 0 . 7 - 5 ) χ 1 0 6 , 

sio1*, S800 

7 B 2 5 0 0 / I 5 0 0 , C 2 0 0 0 / 1 2 5 0 , C 2 0 0 0 / 1 2 5 0 , C2000, 

C 7 0 0 , SIO 1 *, S800 

7 S800 , S IO 1 * , C 7 0 0 , C 2 0 0 0 , C 2 0 0 0 / 1 2 5 0 , 
C 2 0 0 0 / 1 2 5 0 , B 2 5 0 0 / 1 5 0 0 

9 S 3 5 0 / 1 0 0 , S 3 5 0 / 1 0 0 , S 8 0 0 , SIO 1 *, C 7 0 0 , 

C 2 0 0 0 , C 2 0 0 0 / 1 2 5 0 , C 2 0 0 0 / 1 2 5 0 , 

B 2 5 0 0 / 1 5 0 0 

7 SI : 1 0 0 , S I : 3 0 0 , S I : 5 0 0 , u S I O 5 , p S 1 0 2 , p S I O 2 

p S I O 2 

2 y S 1 0 2 , y S 1 0 2 

9 SI : 1 0 0 0 , SI : 5 0 0 , S I : 1 00 , SI : 1 0 0 , S I : 5 0 0 , 

$ 1 : 3 0 0 , S I : 3 0 0 , SI : 1 00 , P X S 1 0 / 2 5 

12 p S 1 0 6 , y S 1 0 5 , μ $ 1 0 3 + c o l u m n s i n c o d e A4 

RP8 

SI : 1 0 0 0 , SI : 5 0 0 , SI : 1 00 , SI : 1 00 , $ 1 : 5 0 0 , 

S I : 3 0 0 , $ 1 : 3 0 0 , SI : 1 0 0 , P X S 1 0 / 2 5 

2 p S I O 3 , p S I O 4 

3 E 3 0 0 , E 5 0 0 , Ε ( 1 i n e a r ) 

(1) C o l u m n s f o r e a c h c o d e a r e 1 i s t e d i n t h e d i r e c t i o n o f mob i 1 e 
p h a s e f l o w : 

S = S t y r a g e l S I : = L i C h r o s p h e r S i 1 i c a 
C = C o r n i n g P o r o u s G l a s s RP = L i C h r o s p h e r R e v e r s e P h a s e 
Β = B i o g l a s Ε = y B o n d a g e l 

μ$ = M i c r o S t y r a g e l 
PXS = Whatman S i 1 i c a 
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154 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

PMMA 

TABLE I I 
MARK HOUWINK CONSTANTS 

POLYMER 

η = KM 

SOURCE 

Polystyrene 1.6 χ 10 ~4 
. 7 0 6 Provder, T., Rosen, E.M., 

Sep. S c i . , 5 , 437 (1970) 

M < 31000 

M > 31000 

- 4 
2 1 . 1 χ 10 

1.04 χ 10 

. 4 0 6 

. 6 9 7 

Provder, T., Woodbrey, J.C., 
Clark, J . H . , ACS Sympos i um 
on GPC, ACS, Houston, Texas 
February, 1970 

> 0.03 
lu? 

F i g u r e 1. M e a n h e i g h t v a l u e s of c h r o m a t o g r a m s of P M M A a n d 9 5 % c o n f i d e n c e 

v a l u e a s a p e r c e n t of m e a n v s . r e t e n t i o n v o l u m e 
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8. BALKE AND PATEL H i g h - C o n v e r s i o n P o l y m e r i z a t i o n K i n e t i c M o d e l i n g 155 

F i g u r e 2. C a l i b r a t i o n c u r v e for P M M A , C o l u m n C o d e 2 5 (( ) p o l y n o m i a l 

u s e d ; (àk) f r o m u n i v e r s a l c a l i b r a t i o n c u r v e ; ( • , O) f r o m W e i s s m e t h o d (1.88 m g 

of RH P M M A s t a n d a r d ) ) 
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156 SIZE EXCLUSION C H R O M A T O G R A P H Y ( G P C ) 

F i g u r e 3. C a l i b r a t i o n c u r v e for P M M A , C o l u m n C o d e 2 8 (( ) p o l y n o m i a l 

u s e d ; (A) f r o m u n i v e r s a l c a l i b r a t i o n c u r v e ; (Oi f r o m W e i s s M e t h o d (3.55 m g of 

R H P M M A s t a n d a r d ) ; ( O f r o m W e i s s M e t h o d ( 5 . 3 3 m g of R H P M M A s t a n d a r d ) ) 
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j ι ι ι 1 1 1 1 1 ι ι ι ι ι i . , . n . i . _ ι ι ι ι ι i m ι ι ι ι ι 1 1 1 

I 0 5 

Mn (t) 

F i g u r e 4. G P C a n d a b s o l u t e M n c o m p a r i s o n ( p o l y s t y r e n e s t a n d a r d s ) ( C o l u m n 

C o d e 25: (\, ) 1.8 m g ; (A) .8 m g ; C o l u m n C o d e 26: (Q) 1.8 m g ; C o l u m n C o d e 

27: (a) 1-77 m g ; (&) 1.81 m g ; ( B J 3.55 m g ; (Q) 3.99 m g ; C o l u m n C o d e 28: 

(0)3.55 mg; (Q) 5.33 mg) 

1.5 

1 
m 

1.0 

- i r T — Γ - Γ Τ Γ Τ Γ - - y γ j j τ T τ Γ Τ - - ι - Γ τ η τ τ η — ~ τ ~ τ Γ Τ Ι Τ Τ Τ 
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$ ok g 1 g—^t-Q-j g s-

§ 
α 
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I I i I I I 1 i I I L J - J - 1 J _ L U _ I I 1 i I I 1 H I 1 I M I I I 

Mw (t) 

F i g u r e 5 . G P C a n d a b s o l u t e M w c o m p a r i s o n ( p o l y s t y r e n e s t a n d a r d s ) (see F i g u r e 

4 for s y m b o l s ) 
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158 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

F i g u r e 6. Effect of s y m m e t r i c a l a x i a l d i s p e r s i o n c o r r e c t i o n o n c h r o m a t o g r a m 

h e i g h t s : e x p e r i m e n t a l c h r o m a t o g r a m (——); c h r o m a t o g r a m s ( W N ( y ) ) o b t a i n e d 

u s i n g M e t h o d 2 w i t h s m o o t h i n g : ( ) h = 0.3; (· · ·) h = 0.4. V a l u e s of h= 

0.2 a n d h = 0.1 s h o w e d o s c i l l a t i o n s d u e to n u m e r i c a l i n s t a b i l i t i e s . 

F i g u r e 7. E x p e r i m e n t a l c h r o m a t o g r a m s u s i n g different c o l u m n c o d e s (( ) 

C o d e 25; (- - -) C o d e 2 7 ; (- ) C o d e 2 8 ) 
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molecular weight averages being weighted integrals over the whole curve, are strongly 
affected. This situation leads to conclusions in the GPC literature that axial dispersion 
should be corrected for if molecular weight averages disagree with absolute values. 
However, in polymerization kinetic modeling a very viable option is to model using 
chromatogram heights. Molecular weight averages, if needed for other purposes, can be 
obtained from the kinetic model later. 

C. Chromatogram Interpretation. Tables III and IV show the distinction between 
using averages and heights of GPC in kinetic modeling. 

The advantages of utilizing the individual heights are: 
1. The need for axial dispersion correction is minimized for broad distributions. 
2. Heights from specific areas of the chromatogram can be chosen to maximize 

reproducibility or to emphasize one range of molecular weights. 
3. The change in concentration with time of a given molecular weight can be 

estimated and used to provide a guide as to choice of model or an approximate 
estimate of parameters. 

As previously mentioned, the results of this approach in the polymerization of 
PMMA have already been published (8) and tested (e.g. (9)). Also, a few workers 
have recently begun to recognize some of the value of utilizing chromatogram heights 
(15* Μ)· 

From the axial dispersion viewpoint alone there is no doubt that the experimental 
reduction of dispersion or its correction would be preferable to assuming it negligible. 
Either of these options require a simple method for the assessment of axial dispersion 
which does not depend upon absolute molecular weight averages or assumption of 
distribution functions (5, 6). Such a method will be shown in Section 3 of this report 
However, first the problem of copolymer analysis which led to this method as a by
product will be examined. 

3. High Conversion Copolymerization of Styrene η-Butyl Methacrylate. The 
copolymer analysis problem becomes increasingly more difficult as we progress from 
conversion and average property determination to property distribution determination. 
Also, copolymer composition information appears easiest to obtain as opposed to 
sequence length and molecular weight information which are much more elusive. 
However, as will be seen in the following sections, conventional GPC analysis of 
copolymers is fundamentally unsatisfactory because the GPC fractionation accomplishes 
a molecular size separation and not a fractionation uniquely related to any one of the 
property distributions. In fact, there is considerable ambiguity in what is considered a 
copolymer composition distribution. In GPC analysis the nature of the fractionation 
leads to calculation of average copolymer composition at each retention time (W (̂V)) as 
a function of retention time. However, in polymerization kinetics we require the weight 
fraction of copolymer as a function of the instantaneous copolymer composition (Wj) 
produced at any reaction time. 

The first section below deals with the problem of obtaining the concentrations of the 
individual monomers (styrene and η-butyl methacrylate) and of the copolymer at any 
reaction time. This is the information required for conversion (X) and overall average 
composition (Wj). Kinetic modelling focusses on the prediction of conversion versus 
concentration of unreacted styrene (wj). In the second section, the usual dual detector, 
analysis is shown to provide a relationship for the area ratios of the dual detector 
chromatograms versus W^. Through ratios of area segments on each chromatogram the 
average composition at each retention time can be calculated (W^(V)). The limitations 
of this approach are discussed and lead to the orthogonal coupling of GPCs. 

A. Conversion and Average Property Determination for Copolymers. Figure 8 shows 
chromatogram obtained on the GPC#1 with Column Code A l (Table I). Using new 
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160 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

T A B L E ( I t 

GPC AND K I N E T I C MODEL 

MOLECULAR WEIGHT A V E R A G E S 

QK-1 

where Κ = 1 f o r M 
η 

= 2 f o r M 
w 

= 3 f o r M z 

GPC MODEL 
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162 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

800 

700 

830 

500 
F(t) 

400 

300 

200 

24 27 30 33 36 39 42 45 48 51 54 
t(min.) 

F i g u r e 8. T y p i c a l p o l y s t y r e n e η-butyl methacrylate c h r o m a t o g r a m ( l o w to i n t e r 

m e d i a t e c o n v e r s i o n s ) s h o w i n g m o n o m e r p e a k s a t t i m e s 4 6 . 2 a n d 4 9 . 2 m i n r e s o l v e d 

b y G P C 

® 4 
197 193 0 

© 4 7 8 

^580 

475 (5) 

F i g u r e 9. H P L C a n a l y s i s of a m o n o m e r . f r a c t i o n s h o w i n g r e t e n t i o n t i m e s a n d 

i d e n t i f i c a t i o n : (1,2, a n d 3) r e p r e s e n t MM A , s t y r e n e , a n d n - B M A a t 2 0 0 nm; ( 4 

a n d 5) r e p r e s e n t MM A a n d s t y r e n e a t 2 5 4 n m ; ( 6 ) a r e THF i m p u r i t y p e a k s 
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8. BALKE AND PATEL High-Conversion P o l y m e r i z a t i o n K i n e t i c M o d e l i n g 163 

high resolution columns the monomer peaks could be clearly separated from the 
polymer. 

There are several examples in the literature of GPC now being utilized for small 
molecule analysis (17). However, in this case, attempts to obtain monomer 
concentrations for kinetic modelling were frustrated by irreproducible impurity peak 
interference with monomer peaks, time varying refractometer responses and insufficient 
resolution for utilization of a reference peak. This last point meant that injected 
concentration would have to be extremely reproducible. 

Alternate ways of obtaining the data were considered. G C appears most promising 
(18). However, entrapment of monomer, polymer degradation and column degradation 
for high conversion were evident problem areas. 

Instead, the idea of Coupled-Column Chromatography was employed (19). Here, 
this means the manual collection of fractions from one chromatograph and their re-
injection into another. Collection of GPC fractions and their analysis by other 
instruments or re-injection has often been utilized qualitatively in GPC . However, 
precise quantitative analysis is much less often reported (6). 

Figure 9 shows the result of injecting 10 μΐ of the total low molecular weight 
fraction from GPC #1 (Column Code A2) into GPC #2 (Column Code Bl). With this 
column code, GPC #2 is performing as a High Performance Liquid Chromatograph 
(HPLC). Separation is based upon solubility (i.e. composition differences) rather than 
upon molecular size. Methyl methacrylate monomer was used as a reference and added 
to the solution injected into GPC #1. Concentrations of η-butyl methacrylate, styrene 
and conversion are readily calculated from the peak areas and initial concentrations. 

Results are shown in Figures 10 and 11. HPLC is well known as a 
reproducible and accurate technique for composition measurement From the point of 
view of kinetic model development however, the following points deserve emphasis. 
1. Data points fall in Figure 11 fall between predictions using the two reactivity ratio 

values quoted by Gruber and Knell (10) in classical kinetics. 
2. Very similar variations in average copolymer composition with conversion have 

recently been observed in the styrene methyl methacrylate system by both Johnson et 
al (20) and by Dionisio and O'Driscoll (21). The reason for the variation may be due 
to a viscosity effect on propagation rate constants (20). 

3. Fractionation by GPC was assessed by changing injected concentrations and by GPC 
analysis of polymer before and after fractionation. Efficiency of fractionation of 
polymer from monomer did not appear to be a source of error. In fact, an advantage 
of this method over others is that the separation of monomer from the polymer can 
be clearly monitored and controlled. 

4. Total error variance may not be constant with conversion: 
At 30% conversion a replicate analysis showed that composition could be determined 

with ±_ 1.4% reproducibility (standard deviation as a % of mean) and conversion with + 
2.1%. A duplicate at 52% conversion showed a relative error (difference/mean) of 1.7% 
and 2.7% respectively. Between 30 and 80% conversion, although no gel effect is evident 
in the data the polymer/monomer mixture becomes sticky and difficult to handle. 
Somewhat beyond 80% conversion the η-butyl methacrylate content for these 
compositions becomes too small to be detected with the procedure developed. 
Additional optimization of concentration injected and detector utilized is required for 
very high conversions. 

B. Measurement of Property Distributions for Copolymers. Figure 12 shows 
chromatograms of typical products in the copolymerization study (Column Code B2). 
Since the detector is responding to concentration, composition, and perhaps sequence 
length, the direct single detector interpretation as described for PMMA is not 
immediately applicable here. Tacticity variation is yet another consideration but is 
assumed of second order importance for these samples (22). 
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Figure 11. Conversion vs. weight fraction styrene in monomer, styrene n-butyl 
methacrylate (samples as for Figure 10) (( ) r, — 0.68, xt = 0.45; ( ) 

T i = 0.56, r f = 0.40) 
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8. BALKE AND PATEL High-Conversion Polymerization Kinetic Modeling 165 

Interpretation of copolymer chromatograms in the literature does not include axial 
dispersion correction (3, 6) and little is known regarding it (5). The usual approach® is 
to utilize dual detectors and to assume that both detectors respond to, at most, both 
composition and concentration. The two chromatograms then provide two equations in 
these two unknowns at each retention time. 

In our case, detector one ( λ = 254 nm) responds only to component one. Therefore, 
considering a chromatogram slice dt as representing hydrodynamic volumes dV: 

Kl,254 ̂ lOO g(V> d V = F l « d t ( » 

where 254 is the response constant for component 1 on detector 1 
Fi(t) = chromatogram from detector 1 
W|(V) = average weight fraction of monomer 1 (styrene) in copolymer contained in 

chromatogram slice 
t = time 
g(V)dV = weight of copolymer at V to V + dV 

For detector 2 ( λ = 235 nm) the response is assumed to be a linear combination of the 
weight fraction of each component in the copolymer. That is: 

( K 1 2 3 5 Wx (V) + K 2 e 2 3 5 W 2 (V)) g(V) dV = F2(t)dt (2) 

Integrating each equation over all volumes and times: 

Κ1·254 W i = A 254 
g (3) 

Kl.235 W i + K 2 2 3 5 W 2 = J ^ 5 _ 

g (4) 

where W 1 =

 W 10-(1-X) w l 
X 

w 2 = ι.-Wi 
g = total weight of copolymer 

Usually (e.g. 4, 23) the ratio equivalent to A254/A235 is plotted versus as 
shown in Figure 13. However, a plot of A235/A254 versus (1/Wj) is also useful. From 
Equation (3) and (4) the deviation from the straight line derived from the pure 
homopolymers can then be used to reveal their adequacy of homopolymers for 
composition calibration and the presence of other variables. Figure 14 shows such a 
plot. 

The detector response ratto is elevated with respect to the homopolymer line but very 
near parallel to it less than = 0.74,or number average styrene sequence lengths less 
than 4. In this case these particular homopolymer standards could not be used alone 
for the copolymer calibration. Judging from the literature, styrene sequence length is 
likely responsible for the deviation QO, 24). If so, then this area ratio as an indicator of 
sequence length is most sensitive a b o v ë w γ = 0.74. Below this value the change of 
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SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

0.70 

0.56 

0.42 

FN(0 

0.28 h 

0.14 h 

F i g u r e 1 2 . N o r m a l i z e d G P C c h r o m a t o g r a m s f r o m C o l u m n C o d e B 2 . L e t t e r s 

c o r r e s p o n d to s a m p l e s i n T a b l e V. U V d e t e c t o r s a t 2 5 4 a n d 2 3 5 n m p r o v i d e t h e 

s a m e c u r v e s . S a m p l i n g t i m e (t8) s h o w n references C o l u m n C o d e A 3 . 

3.0 

F i g u r e 1 3 . A r e a r a t i o f r o m d e t e c t o r s v s . a v e r a g e s t y r e n e c o m p o s i t i o n in p o l y m e r 

( w e i g h t f r a c t i o n ) 
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8 . B A L K E A N D P A T E L High-Conversion Polymerization Kinetic Modeling 1 6 7 

A235 with respect to A254 nearly conforms to that expected from homopolymer 
mixtures. 

Using equations (1-4) and Figure (13) the ratio of compositions across the 
chromatogram can now be obtained from the ratio of the chromatogram heights (i.e. 
ratios of area segments Fj(t)dt/F2(t)dt). 

It was observed that the normalized chromatograms (Fj^(t)) for detector 1 shown in 
Figure 12 were superimposable on those for detector 2. Therefore, when the plot shown 
in Figure 14 is linear over the range of compositions involved in the sample, then 
(according to equations (1-4) ) the composition of the sample is the same at each 
retention volume. If the variation with retention volume is negligible the copolymer can 
then possibly be treated as is a homopolymer in G PC interpretation. In particular, 
intrinsic viscosity measurements could then lead to estimates of molecular weight via the 
universal calibration curve. 

However, the high conversion chromatogram was superimposable despite that a 
definite shift of molecular weights to the higher values was observed during the 
polymerization (Figure 12). Also, the area ratio obtained by experimentally 
examining only a high molecular weight fraction of the high conversion sample indicated 
that it was significantly richer in styrene than lower molecular weight fractions. It is 
evident that the deviation from the linear plot observed in Figure 14 can conceal a 
composition variation if not somehow taken into account. 

Furthermore, in the more general case we are concerned with a variation of 
composition and sequence length distribution not only as a function of retention volume 
but within each chromatogram area segment (or "slice") at each retention volume. A 
significant polydispcrsity of one of these properties within a chromatogram slice can 
easily invalidate the polymer analysis described above. 

New and multiple detectors are part of the solution to this problem. However, 
according to the most recent published developments in this area (25,26), alone they 
have not been able to provide an answer. As will be seen in the following sections, 
obtaining the desired fractionation by GPC, before multiple detection, offers hope of a 
general solution. 

4. Cross Fractionation by Orthogonal Chromatography. The fundamental limitation 
of conventional GPC analysis of copolymers is that GPC does not fractionate with 
respect to any one of the property distributions but rather with respect to molecular 
size-a characteristic potentially common to all of them simultaneously. In the first of 
the following sections several previously published major advances related to the 
problem are associated to synthesize a new approach involving the orthogonal coupling 
of one GPC to another. This approach is then developed in the second section by first 
presenting the raw output of the second GPC for different copolymers and then 
comparing this output to: 
a. composition and sequence distribution expected on the basis of polymerization 

kinetics and 
b. sources of error. 

In the final section a practical procedure for applying the method is presented along 
with some initial results(27). 

A. Synthesis of the Method. A vast amount of literature is pertinent. The 
following major developments were of particular relevance: 

i. Cross Fractionation. In the literature this refers to a solvent fractionation first 
with respect to molecular weight and then with respect to composition (6, 28, 29). Here 
it refers to fractionating first with respect to hydrodynamic volume and then with respect 
to "non-homopolymer character". 
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168 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

0.2 h 

J I I » 
2 3 4 5 

(w,)-» 

Figure 14. Area ratios plotted to compare with homopolymer calibration 

GPC No. 2 GPC No.1 

1. Threeway valve 5. Pump 
2. Inject ton valve 6. UV Detector 
3. Off/On valve 7. GPC Columns 
4. Mixing valve 8. Rl Detector 

Figure 15. Cross fractionation b y orthogonal chromatography: arrangement of 
GPCs 
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8. B A L K E A N D P A T E L High-Conversion Polymerization Kinetic Modeling 169 

ii. Coupled-Column Chromatography. In the previous section, this referred to the 
manual collection and analysis of fractions. Here it refers to the actual physical coupling 
of one GPC to another. It, thus provides a means for obtaining nearly monodisperse 
slices of chromatogram for analysis by the second chromatograph. The method has been 
used in a GPC/HPLC mode and not yet successfully with polymers Q9). Here we 
propose to use it in a GPC/GPC mode and suggest that a general term more descriptive 
of it is "Orthogonal Chromatography". The use of "steric exclusion" columns in the 
second instrument provide columns with a stationary phase accessible to polymers, 

iii. The Universal Calibration Concept With THF as solvent and silica columns 
(GPC #1) the GPC is expected to separate the polymer molecules according to 
hydrodynamic volume (6). 

With use of a THF/n-Heptane mixture for example, in GPC #2 the hydrodynamic 
volume of polymer molecules rich in one monomer component can be much more 
affected than those rich in the other. Steric exclusion separation can then distinguish 
compsitional differences. 

iv. Partition and Adsorption Mechanisms in GPC #2. Steric exclusion columns 
are now known to behave as reverse phase partition columns with suitable solvents in 
small molecule analysis (30). In analysis of polymers by GPC such non-steric exclusion 
mechanisms as partition and adsorbtion have been considered undesirable because they 
cause exceptions to universal calibration. Investigations of such exceptions provide clues 
as to what solvents can be chosen to enhance a composition or sequence length 
separation in GPC #2 (31, 32) utilizing these mechanisms. 

v. Copolymerization Kinetics. Classical copolymerization kinetics commonly 
provides equations for instantaneous property distributions (e.g. sequence length) and 
sometimes for accumulated instantaneous (i.e. for high conversion samples) as well (e.g. 
copolymer composition). These can serve as the basis upon which to derive equations 
which would reflect detector response for a GPC separation based upon properties other 
than molecular weight. These distributions can then serve as calibration standards 
analagous to the use of molecular weight standards. 

Thus, the strategy underlying this approach is as follows: 
(a) The solvent in GPC #2 is chosen so as to favour one monomer component (e.g. n-

butyl methacrylate) over the other (e.g. styrene). 
(b) Polymer molecules in the slice taken from GPC #1 will, therefore, be all of the 

same hydrodynamic volume in pure THF but in the solvent of GPC #2 they will 
have different hydrodynamic volume and perhaps different partition/adsorbtion 
characteristics as well. 

(c) The chromatogram of GPC #2 should, therefore, reflect heterogeneity in the slice 
examined and we can attempt to find the separation mechanism and calibrate for the 
heterogeneity. 
Figure 15 shows a schematic of the arrangement of the GPCs. Flow from GPC #1 

bypassed all columns while awaiting analysis by GPC #2. 

B. Development of the Method. Figure 16 shows normalized chromatograms for 
various copolymers from GPC #2 with 57% η-heptane in T H F as its mobile phase. In 
beginning the development of this technique, two major aspects are important: (i) 
Variation in Molecular Properties Expected Within a Chromatogram Slice and (ii) 
Sources of Error in Analyzing for These Properties. These are discussed in turn below. 

(i) Variation of Molecular Properties According to Polymerization Kinetics 
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170 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

t (rninj 

F i g u r e 1 6 . G P C # 2 c h r o m a t o g r a m s o b t a i n e d b y s a m p l i n g c o p o l y m e r c h r o m a t o -

g r a m s o n G P C # 1 ( l e t t e r s c o r r e s p o n d to s a m p l e s i n T a b l e V — ( φ ) A ; ( 0 ) B ; 

( + ) C ; ( 0 ) D ; ( m ) E ) 

60 

dX 
X F dW, 

50 h 

40 

30 h 

20 h 

10 h 

I® 

Ι ι ι ι I ι ι ' i ι ι I ' ' I ι ι ι I ι ι ι ι I 1 

® 

l i l l l l l 

© 

Ν 

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
W. 

Figure 17. T h e o r e t i c a l n o r m a l i z e d c o p o l y m e r c o m p o s i t i o n d i s t r i b u t i o n s (ft 

0.56, rt = 0.40; l e t t e r s c o r r e s p o n d to s a m p l e i n T a b l e V) 
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(a) Copolymer Composition Distribution Due to Relative Rates of Monomer 
Consumption. Figure 17 shows that the differential copolymer composition distributions 
from the classical kinetic model are in the same order as the chromatograms of Figure 
16. The normalized differential form shown here can be derived from the cumulative 
distribution utilized by Hamielec (1): 

GOV!) 
X F (5) 

where G(Wj) = cumulative copolymer composition 
= weight fraction of styrene in the copolymer 

Xp = final conversion 
X = present conversion 

by differentiation: 

|dG(W 1 ) |= \l_ dX J (6) 

dW x X F άΨι 

The expression of dX is obtainable from the literature (33). 

The distributions are very narrow. This is in accordance with similar theoretical 
results by Stejskal and Kratochvil (34). 

(b) Copolymer Composition Distribution Due to Instantaneous Statistical 
Fluctuations. Stockmayer (35) derived a form for the distribution of copolymer 
composition from chain to chain caused by statistical fluctuations over an instant of time. 
For a molecular weight of 1.2 χ 10̂  the standard deviation of the Gaussian distribution 
of compositions expected (36, 34) is 1 χ 10"̂ . Only for the near azeotropic 
composition and perhaps for the very high conversion samples where a large shift in Mn 
occurred would this contribution be significant. All the chromatograms of Figure 16 can 
be fit by a Gaussian shape (Table V). 

(c) Sequence Distribution. Figure 18 shows weight sequence distribution for 
various copolymer samples. The order of increasing sequence length corresponds to the 
order of the chromatograms in Figure 16. These distributions are obtained by using 
Harwood's expression for the sequence distribution (37) and accumulating the result with 
respect to the contribution at each conversion. 

That is, using the weight distribution function 

A W 1 = . 

n-1 
na 

(1 +a ) (7) 

where, for any incremental time: 

Αψι = weight of monomer 1 sequences of length η 
total weight of all monomer 1 sequences 
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172 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

fï = M 1 / ( M 1 - h M 2 ) 

M | = moles// of monomer 1 in the reaction mixture 

This can be accumulated in a similar manner to that of instantaneous molecular 
weight distributions (11, 8): 

x l , f 0 

where Χ χ = (c 1 0 - c^/c^ 

C j = gms of styrene in unreacted monomer (cQ = initial value) 

X}f = X^ calculated at final 

The number and weight average sequence lengths accumulated with conversion are 

calculated from: 

(8) 

(9) 
nn,l X l , f 0 

where (38): 

nn,l = « + 1 

and 

(10) 

where (38): 

= 2a + l 
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174 S I Z E E X C L U S I O N CHROMATOGRAPHY ( G P C ) 

0.75 

F i g u r e 1 8 . T h e o r e t i c a l w e i g h t s e q u e n c e d i s t r i b u t i o n s ( E q u a t i o n 8) for s a m p l e s of 

T a b l e V ( ï ï „ t l t Wwj, a n d W W t 1 / n " n t l a r e s h o w n b e s i d e e a c h c u r v e ) 

t (min) [ G P O | ] 
30 31 32 3334 35 36 37 38 39 40 41 

K) 7F 1 1 I I I I I I 1 I -ι 1 

I03l 1 1 1 I i i 1 I I I I I 
300 320 340 360 380 400 420 440 460 480 500 520 

t (sec) [GPC *2] 

F i g u r e 1 9 . U n i v e r s a l c a l i b r a t i o n c u r v e s for G P C # 1 a n d G P C #2 b a s e d o n 

h y d r o d y n a m i c v o l u m e i n G P C # 1 ( V T H F ) : ( 1 ) 1 0 0 % THF ( B 3 , T a b l e 1) o b t a i n e d 

b y s a m p l i n g n a r r o w s t a n d a r d s i n j e c t e d i n t o G P C #1 ( A 3 , T a b l e 1); ( 2 ) 5 7 % 

η - h e p t a n e in THF ( B 4 , T a b l e I) ( o b t a i n e d a s i n 1 a b o v e ) ; ( 3 ) 5 7 % η - h e p t a n e i n 

THF ( B 4 , T a b l e 1), o b t a i n e d b y d i r e c t i n j e c t i o n i n t o G P C #2; (4) 6 2 % n - h e p t a n e 

i n THF ( B 5 , T a b l e I) ( o b t a i n e d a s i n 3 a b o v e ) ; ( 5 ) 1 0 0 % THF ( A 3 , T a b l e I), 

o b t a i n e d b y s a m p l i n g G P C # 1 ( N B S 7 0 6 , 0 . 3 7 5 a n d 0 . 7 5 0 m g i n t o G P C # 1 a n d 

u s i n g C u r v e 2) 
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8. B A L K E A N D P A T E L H i g h - C o n v e r s i o n P o l y m e r i z a t i o n K i n e t i c M o d e l i n g 175 

(ii) Sources of Error. 

a. Concentration Effects. Too high a concentration in GPC # 1 can mean 
overloading and calibration curve shifts which would destroy hope of comparisons in 
GPC # 2 . Too low a concentration means undetectable concentrations for GPC # 2 . 

Table V shows the concentrations of polymer (usually in THF/polymer/monomer 
mixtures), the GPC that they were directly injected into, and the Column Code involved 
(Ref. Table 1). No effect of different concentration was observed in the chromatograms 
from GPC # 2 when concentrations of samples A to Ε inclusive were changed by 33%. 
GPC # 1 chromatograms were too disturbed by sampling to be useful except as a rough 
guide to sampling position. 

Figure 19 shows the Universal Calibration Curve obtained for the coupled GPCs in 
terms of the hydrodynamic volume in T H F (Ref. Table II). The addition of the n-
Heptane caused a dramatic shift downstream of the polystyrene standards. 

The difference between curves obtained by sampling GPC #1 and by direct injection 
into GPC # 2 (e.g. curves (2) and (3), Figure 19) is probably due to the more 
monodisperse nature of the former rather than to any concentration effect 
(Concentrations into GPC # 2 are approximately the same.) 

b. Axial Dispersion. The output of GPC # 2 is affected by axial dispersion in both 
GPC # 1 and GPC # 2 . 

Experimentally the resolution in GPC # 1 was increased by the long column lengths 
and low flow rate but degraded somewhat by the high sample loadings. The high flow 
rate in GPC # 2 was only necessary because in these exploratory studies many different 
runs had to be performed and necessitated short analysis times. 

An important by-product of the development of this approach is that Orthogonal 
Chromatography provides a direct method of estimating the shape of the chromatogram 
for extremely narrow molecular weight distributions. This "shape function" is 
fundamental information for axial dispersion evaluation and is not otherwise easily 
obtained. Even commercially available "monodisperse" standards synthesized by anionic 
polymerization are too polydisperse. 

Some authors have utilized manual collection of fractions and re-injection into the 
GPC (e.g.: 39, 40). In our case, sampling the chromatogram of a narrow standard at its 
peak will provide an extremely narrow fraction as input into GPC # 2 . The 
chromatogram from GPC # 2 then provides a direct measure of the shape function for 
that GPC. 

Figure 20 shows an example of its use. As expected, the GPC # 2 chromatogram of 
a fraction of a monodisperse standard (obtained by sampling it with GPC # 2 at its 
peak) is narrower than the whole standard which in turn is narrower than 
chromatograms of slices of broad polystyrene distributions. In Figure 20, two examples 
of the latter show the difference obtained by improving resolution in GPC # 1 . 

Although there was some skewing towards low molecular weights particularly for the 
narrowest distribution, these curves were generally well fit by a Gaussian shape. 
Furthermore, the same was found for the copolymer fractions shown in Figure 16. 
Results are summarized in Table V. 

No polydispersity due to compositional variation can be distinguished. Furthermore, 
when standard deviations were superimposed on the calibration curves (Figure 19) it was 
very evident that resolution in both GPCs had to be improved, particularly in GPC # 1 . 

No attempt was made to optimize sampling of narrow fractions. A smaller injection 
volume or better resolution in GPC #1 would possibly provide a more optimistic 
picture of resolution in GPC # 2 . 

Also, peak broadening appeared to increase with increased concentration of n-
heptane. It is quite possible that mobile phase composition and/or polymer type affects 
axial dispersion. 
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176 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

2.5 

t (min) 

F i g u r e 2 1 . S e p a r a t i o n of p o l y - n - b u t y l m e t h a c r y l a t e (( ) 2 3 5 n m f r o m N B S 7 0 6 

p o l y s t y r e n e ; ( ) 2 5 4 n m i n 1:1 s o l u t i o n , 0 . 1 0 0 t o t a l % b y w e i g h t ) 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

00
8



8. B A L K E A N D P A T E L High-Conversion Polymerization Kinetic Modeling 111 

The position of the peak (Figure 16) is of critical importance in distinguishing a 
composition based separation. The large axial dispersion in G P C #1 was attributed to 
the sample loadings being more than the 9 silica filled columns could handle. This had 
potentially serious consequences in terms of chromatogram sampling effects. 

c Chromatogram Sampling. When a slice of chromatogram is sampled, because of 
axial dispersion it will contain molecules from either side of the slice. Furthermore, the 
number of these misplaced molecules will generally be higher from the peak side of the 
sampling point than from the tail side. This effect will, therefore, depend upon the 
location of the slice, the axial dispersion in GPC # 1 and to a lesser extent upon the size 
of the slice. The analysis by GPC #2 can then reflect an undesirable molecular size 
polydispersity independent of other properties. 

In our case sampling was at 37 min. on column code A3. This is approximately 
equivalent to 11.2 min. on column code B2 and is shown on Figure 12. Trie order of 
the distributions' peaks in that figure around the sampling point are similar to that 
found in the GPC #2 chromatograms (Figure 16). 

The effect could be elucidated by additional axial dispersion characterization of 
GPC#1. An alternate approach is to utilize only THF in both GPC #1 and #2 and to 
observe whether slices exit at the expected hydrodynamic volume. 

Attempts to do this indicated that differences on the order of 30% of the peak 
separation shown in Figure 16 were probably due to such effects. At other sampling 
points, better and worse results were observed likely because the tail heights of 
distributions were being sampled. 

Another sampling effect which deserves mention is that since the molecular weight 
distribution shifts towards higher molecular weights with conversion, a slice will not in 
general contain proportionate amounts of polymer from all conversions. This shifting 
can be accounted for in the theoretical predictions by incorporating it into accumulation 
of the instantaneous property distributions (e.g. Equation 8). 

C. Practical Implementation. As a cross-fractionation method GPC has one very 
definite advantage over other methods-it can clearly show the number of variables 
affecting the results. Thus, despite the complexity of the problem, guidelines which 
minimize error and begin to provide useful results have been developed. They are 
summarized as follows: 
1. Improved Resolution in GPC #1: 

Curve G, Figure 20, (sample G in Table V) shows the results of adding columns to 
GPC #1 (resulting in Code A4, Table I). Now the variance for NBS706 has been 
reduced by 1/3 with a notable loss of the high molecular weight tail. 
2. Use of an Internal Standard and Improved Resolution in GPC #2 

Figure 21 shows the result of sampling a 50:50 blend of NBS706 and poly n-butyl 
methacrylate using Column Codes A4 and B4 (Table I) injecting a total of 1.5 mg into 
GPC #1. 

Figure 22 shows the result of sampling a 1.63:1 blend of sample A with NBS706 
(Column Codes A4 and B6). 

In each case both detectors provide strong evidence for the fractionation obtained. 
Composition is likely the dominant separation mechanism since both homopolymers and 
copolymers were separated. 
3. Checking for Sampling Effects: 

Running both GPCs with THF caused all of the curves shown in Figures 21 and 22 
to collapse into a single curve. Since in each case the columns used in GPC #2 could 
readily resolve a molecular weight distribution in the region involved, this together with 
different responses on each detector is very good evidence of elimination of sampling 
effects. 
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178 SIZE E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

1.0 

0.8 μ

ι (min) 
Journal of Polymer Science 

F i g u r e 2 2 . S e p a r a t i o n of p o l y s t y r e n e n - b u t y l m e t h a c r y l a t e ( p e a k r e t e n t i o n t i m e : 

1 2 . 5 m i n ; A i n T a b l e V) f r o m N B S 7 0 6 p o l y s t y r e n e ( 1 4 . 5 m i n ) (( ; 2 3 5 n m ; 

(- - -) 2 5 4 n m in 1.63:1 s o l u t i o n , 0 . 1 3 1 t o t a l % b y w e i g h t ) ( 2 7 ) 
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8. B A L K E A N D P A T E L High-Conversion Polymerization Kinetic Modeling 179 

D . Recommendations. Cross-Fractionation using Orthogonal Chromatography has 
high potential in the analysis of complex polymers and even polymer latices (with 
Hydrodynamic Chromatography). Multi-detector analysis, particularly utilizing 
spectrofluorometry, should be very useful in developing the technique. 

IV Conclusions 

GPC is much more than a source of molecular weight averages. Although averages 
can be a valuable output, particularly since they fit directly to the Method of Moments 
in kinetic analysis, they are often amongst the most difficult information to obtain 
accurately and reproducibly from a GPC. This is because they are weighted integrals 
which are strongly affected by axial dispersion and which emphasize the heights at the 
tails of the chromatogram. 

An alternate approach is to utilize the chromatogram heights as representative of 
individual concentrations of molecular size. From the kinetic modeling viewpoint, this 
leads to treating the polymerization as a well-characterized, multi-component reaction 
system. 

Phrasing kinetic models in terms of instantaneous property distributions which are 
summed to provide distributions at any conversion is then highly rewarding. The 
variation of individual concentrations with time from the GPC readily provides 
significant insight into the model requirements. 

From the GPC interpretation viewpoint this alternate approach leads to two major 
operating modes: 
1. appraisal of the whole GPC output for the most useful information obtainable and, 
2. experimental use of the GPC in unconventional ways to obtain desired fractionation 

before detection. 
In this paper the GPC interpretation underlying the kinetic model of methyl 

methacrylate polymerization previously published and by now shown to be useful is 
detailed and updated. It provides a prime example of the conventional experimental use 
of GPC in homopolymerization studies. 

To study the bulk copolymerization of styrene η-butyl methacrylate both conventional 
and unconventional GPC analyses were used. The normally obtained chromatograms, 
(from dual U.V. detectors) primarily provided area ratios indicative of composition as a 
function of retention volume. However, even this information was only obtainable after 
average compositions had been otherwise determined. Furthermore, in general, since the 
GPC normally separates on the basis of hydrodynamic volume, the polydispersity of all 
polymer molecular properties at each retention time is of serious concern. 

Two "unconventional modes" of GPC operation utilizing "Orthogonal 
Chromatography" were utilized to circumvent these problems: 
1. Use of GPC to separate all polymer from all monomer and subsequent analysis of 

the monomer using HPLC: 
The results obtained using a highly quantitative version of this approach are shown to 
be reproducible and in reasonable accord with those of other workers. Advantages of 
the method include monitoring of the polymer fractionation obtained. 

2. Use of one GPC coupled to another with the conditions of the second chosen so as 
to effect a separation primarily on the basis of composition: 
Property distribution predictions utilizing kinetic equations derived from the classical 
copolymerization model are shown for copolymer composition and styrene sequence 
length. These are compared to chromatograms obtained and sources of error are 
discussed. Development of a practical procedure for minimizing these errors is 
initiated and very recent results presented. With this work the distinction between 
the use of GPC and HPLC begins to dissolve as now we can begin to utilize GPC in 
a cross-fractionation mode for the HPLC of polymers while incorporating our 
knowledge of multi-detector analysis. 
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180 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

Axial dispersion characterization is a valuable by-product of coupling GPCs. By 
sampling chromatograms with the second GPC, extremely monodisperse fractions can 
be obtained and the concentration of misplaced molecules in any chromatogram slice 
revealed. 

Abstract 
Polymerization kinetic model development often depends upon accurate GPC 
analysis. This paper shows attempts to use GPC to determine conversion, molecular 
weight distribution, copolymer composition distribution and sequence length 
distribution. The free radical homopolymerization of methyl methacrylate and 
copolymerization of styrene n-butyl methacrylate are used as examples. In each case 
previously published approaches are tried first with new methods developed when 
necessary. For homopolymers, calibration using hydrodynamic volume is satisfactory 
and the need for imperfect resolution correction is circumvented. For copolymers, 
conventional GPC analysis with dual detectors yields only average composition 
values. To emphasize desired fractionation as well as detection "Orthogonal 
Chromatography" was employed. For polymers this is a new method of analysis 
involving the orthogonal coupling of one GPC to another with the second run so as 
to obtain a "Cross Fractionation" of the copolymer. Results are compared to kinetic 
modelling expectations and sources of error are examined. The method enables GPC 
copolymer analysis to employ separation mechanisms normally reserved for the 
HPLC of small molecules. It should be generally useful for revealing property 
distributions of complex polymers and for direct determination of GPC resolution. 

Nomenclature 

^ i Area under chromatogram obtained at λ = i 
Αψ ι Instantaneous weight sequence distribution for styrene 
Κψ ι Weight sequence distribution for styrene 
C | gms of styrene in unreacted monomer (C^Q = initial value) 
FQ(0 Gaussian fit to chromatogram 
F|(t) Chromatogram of detector i 
Fjsj(t) Normalized chromatogram (Table IV) 
fj Mole fraction of styrene in unreacted monomer 
G(Wj) Cumulative copolymer composition (Equation 5) 
g Weight of polymer 
h Resolution factor ( = l./(2 χ variance of chromatogram of truly monodisperse 

sample)) 
K y detector response constant (Equation 1-4) for component i, detector λ = j 
m Number of heights 
M Molecular weight 
M | Moles/ of styrene in unreacted monomer 
M2 Moles/ of η-butyl methacrylate in unreacted monomer 
Mn Number average molecular weight 
Mn(t) Absolute Mn 
Mn(oo) GPC uncorrected Mn 
Mw Weight average molecular weight 
Mw(t) Absolute Mw 
Mw( 00) GPC uncorrected Mw 
η Styrene sequence length 
n n ι Instantaneous number average styrene sequence length 
lYn ι Number average styrene sequence lenpth 
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8. B A L K E A N D P A T E L High-Con version Polymerization Kinetic Modeling 181 

n w ι Instantaneous weight average styrene sequence length 
n w,l Weight average styrene sequence length 
r Polymer chain length 
q,r2 Reactivity ratios 
t Retention time 
^ GPC # 1 retention time at which chromatogram slice was obtained for GPC # 2 
ν Retention volume 
V Hydrodynamic volume of polymer (here considered equivalent to the "separation 

parameter" K M a + \ Table II for GPC calibration) 
V T H p V of polymer in T H F in GPC # 1 
W f Weight fraction of molecules of length r to r + dr instaneously produced 
Wj Weight fraction of component i in copolymer instaneously produced 
Wj Average weight fraction of component i in copolymer 
Wj(V) Average weight fraction of component i in copolymer contained in 

chromatogram time increment ("slice"). 
W| Weight fraction of component i in unreacted monomer (wjQ = initial value) 
X Conversion (wt. fraction) 
X | Conversion of component 1 (wt. fraction) (Equation 8) 
X | f Final conversion of component 1 (wt. fraction) (Equation 8) 
Xj X j | Conversions at times I and II (Table IV) 
a Variable defined after Equation 7 
λ U.V. wavelength (nm) 
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Molecular Weight and Peak Broadening 
Calibration in Size Exclusion Chromatography 
Use of Multiple Broad Molecular Weight Distribution 
Standards for Linear Polymers 

A. E. HAMIELEC and S. Ν. E. OMORODION 
Department of Chemical Engineering, McMaster University, 
Hamilton, Ontario, Canada L8S 4M1 

Herein are reported improved methods of molecular weight cal
ibration where simultaneously, peak broadening parameters (σ) are 
obtained through the use of multiple polydisperse molecular weight 
standards. There are two basic methods covered. The first and 
most reliable method employs the universal molecular weight cali
bration curve obtained using narrow MWD polystyrene standards. 
The second method assumes that the molecular weight calibration 
curve is linear on a semilog plot and should be employed where 
universal calibration is not practical as with aqueous SEC. Seve
ral variants of these methods involving different molecular weight 
data for the standards are discussed. The proposed methods have 
been evaluated using aqueous SEC and polydextran standards and 
nonaqueous SEC with polyvinylchloride standards. 

Previous methods of molecular weight calibration using broad 
MWD standards were of three basic types. Those which employ a 
broad MWD standard with known molecular weight distribution (1,2, 
3,4,5). Those which employ one or more broad MWD standards with 
known MN, MW or [η] and assume a linear molecular weight calibra
tion curve (6,7,8,9) and finally those which employ one broad MWD 
standard with known M N , MW or [η] and use the universal molecular 
weight calibration curve obtained with narrow MWD polystyrene 
standards (10). Y au et a l . were the f i r s t to suggest that i t 
i s more general to search f o r the true molecular weight c a l i b r a 
t i o n curve rather than an e f f e c t i v e molecular weight c a l i b r a t i o n 
curve. Their a p p l i c a t i o n of t h i s p r i n c i p l e unfortunately has two 
weaknesses. The f i r s t involves t h e i r assumption that the 
molecular weight c a l i b r a t i o n curve i s l i n e a r . The second involves 
the use of peak broadening parameters measured with narrow MWD 
polystyrene standards for the polymer i n question. This assump
t i o n may lead to s i g n i f i c a n t error propagation i n the c a l c u l a t i o n 
of the molecular weight c a l i b r a t i o n curve (11). 

The present methods of determining the molecular weight c a l i -

0-8412-05 86-8/80/47-138-18 3$05 .00/0 
© 1 9 8 0 American Chemical Society 
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184 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

bration curve overcome the d e f i c i e n c i e s i n the method proposed by 
Yau et a l by simultaneously determining peak broadening parameters 
for the polymer i n question. In a d d i t i o n , i f the u n i v e r s a l mole
cular weight c a l i b r a t i o n curve i s a v a i l a b l e , the molecular weight 
c a l i b r a t i o n curve i s not assumed to be l i n e a r . I f the u n i v e r s a l 
curve i s nonlinear, the molecular weight c a l i b r a t i o n curve f o r the 
polymer i n question w i l l also be nonlinear. 

In the following section the t h e o r e t i c a l basis for the pro
posed methods w i l l be established. 

Theory 

Equations ( l ) , (2) and (3) which give the number and weight-
average molecular weights and i n t r i n s i c v i s c o s i t y of a broad MWD 
standard i n terms of a mass detector response (F^( ν)) , the true 
molecular weight c a l i b r a t i o n curve (M(v))and the peak broadening 
parameter (variance of a single-species chromatogram σ 2) form the 
basis f o r the proposed methods of determining the molecular weight 
c a l i b r a t i o n curve M(v). 

\ exp * Λ F N(v) M(v)""1 dv 
-1 

(1) 

F N(v) M(v) dv 

[η] exp f(aD 2a) 2, ) 
'2 

= Κ F N(v) M(v) dv (3) 

where Κ and a are Mark-Houwink constants for the polymer i n ques
t i o n . 
% and My or [η] for the broad MWD standard are taken as known 
qua n t i t i e s . F^(v) i s the normalized chromatogram for the broad 
MWD standard obtained with a mass detector. D 2 i s the slope of 
the molecular weight c a l i b r a t i o n curve at the peak p o s i t i o n of the 
chromatogram (the equation of the tangent i s given by M(v) = Ό\ 
exp(-D 2v). σ 2 i s the variance of the single-species chromatogram 
at the peak p o s i t i o n . The corrections for imperfect r e s o l u t i o n 
i n equations ( l ) and (2) were f i r s t derived by Hamielec and Ray 
(12). The methods proposed by Yau et a l employ equations ( l ) and 
(2) and assume that M(v) = Dj exp(-D 2v) and estimate σ 2 using 
polystyrene values. They search for Ό\ and D 2 constants i n the 
assumed l i n e a r molecular weight c a l i b r a t i o n curve. We w i l l now 
develop improved methods one step at a time. 

Methods Based on Universal xMolecular Weight C a l i b r a t i o n Curve 

The nonlinear universal molecular weight c a l i b r a t i o n curve 
may be expressed as shown i n equation (k). 
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9. HAMiELEC AND OMORODiON Peak Broadening Calibration 

[n] (v) M(v) = Φ(ν) 

1 8 5 

(h) 
The molecular weight c a l i b r a t i o n curve for the polymer i n question 
may be expressed as 

M(v) = α φ(ν) β 

1 
(5) 

where 3 = ( 
1+a' and α = Κ 

Equations ( l ) , (2) and (3) may now be rewritten as 

MJJ exp f-( D 2 a ) 2 

Ir F N(v) φ(ν)" ρ dv (la) 

exp F N(v) φ(ν) ρ dv (2a) 

[η] exp ,aD2a) 

where 3 = 1+a and α Κ" 

α 
ι- Β 

F N(v) φ(ν) Ρ dv (3a) 

Universal Molecular Weight C a l i b r a t i o n Curve - One Broad MWD Stan
dard. 

There are three unknowns, K, a and σ 2. One might question 
the a v a i l a b i l i t y of Mark-Houwink constants for the polymer i n the 
open l i t e r a t u r e . Mark-Houwink constants i n the l i t e r a t u r e d i f f e r 
widely for the same polymer and i t i s d i f f i c u l t t o decide on the 
correct p a i r to employ. Another problem which can a r i s e i s that 
the u n i v e r s a l molecular weight c a l i b r a t i o n curve may not apply 
exactly for the polymer i n question. The use of the true Mark-
Houwink constants would therefore introduce an error i n the mole
cular weight c a l i b r a t i o n . C a l i b r a t i o n with a broad MWD standard 
should eliminate t h i s error. The Mark Houwink constants obtained 
i n the c a l i b r a t i o n would i n t h i s instance be e f f e c t i v e rather than 
true values. 

In p r i n c i p l e , one could solve equations ( l a ) , (2a) and (3a) 
for K, a and σ 2. Unfortunately, % and [η] are often highly corre
l a t e d and i t i s recommended that only one of these data be used 
per standard. A p r a c t i c a l procedure i s to estimate σ 2 using nar
row MWD polystyrene standards leaving two unknowns, Κ and a. To 
i l l u s t r a t e the method, suppose MJJ and My data are av a i l a b l e for 
the single broad MWD standard. D i v i d i n g equation (2a) by ( l a ) e l 
iminates a and one i s l e f t with a si n g l e - v a r i a b l e search f o r 3. 
Once 3 i s known a d i r e c t c a l c u l a t i o n using e i t h e r equation ( l a ) or 
(2a) may be done. A s i m i l a r s i n g l e - v a r i a b l e search procedure may 
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186 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

be used when and [η] are known. We w i l l now move on and remove 
the need to employ peak broadening parameters based on narrow MWD 
polystyrenes. 

Universal Molecular Weight Calibration Curve - Two or More Broad 
MWD Standards 

Two Pieces of Molecular Weight Data Per Standard. This meth
od uses the fact that when equations (la) and (2a) or (la) and 
(3a) with proper modification are multiplied the peak broadening 
parameter σ 2 vanishes. The equations for two broad MWD standards 
where M^ and My are known follow: 

F N (ν) φ(ν) Ρ dv 
i 

F N (ν) φ(ν) "dv 
i 

_1 

. . . . (6) 

where subscript i represents the standard. 
A single-variable search for 3 results when equation (6) for i=l 
is divided by the equation i = 2 , 3, to eliminate a. Once 3 i s 
found a direct calculation using equation (6) gives α and then 
once α and 3 are known a direct calculation using equations (la) 
or ( 2 a ) gives the peak broadening parameter σ. 2 for each of the 
broad MWD standards employed. 

One Piece of Molecular Weight Data Per Standard. With t h i s 
amount of molecular weight information per standard, one should 
estimate the peak broadening parameters (σ 2) for each standard 
using narrow MWD polystyrene standards. With t h i s method there 
are various possible combinations of molecular weight data, MJJ, My 
and [η], 
follow : 

The resulting equations for some of these combinations 

% a n d % 

M N i expI 

M exp 

f - ( D 2 a ) ? Ι 

-(Ο,σ) 
2 ; 2 / , 

F w (ν) φ(ν) c dv 
N l 

- 1 

[Ta) 

:7b) 

X and % 

exp ( Γ F w (ν) φ(ν) P dv (8a) 
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9. HAMiELEC AND OMORODiON Peak Broadening C a l i b r a t i o n 

\2 
M exp (D 2a)2 / F (ν) φ(ν) ρ dv 

^2 

187 

(8b) 

M^ and [η] 2 

exp -(D20)! 2 ϊ 

/ F (ν) <J>(v)~Pdv 
1 - 1 

(9a) 

[η] 2 exp (aD 2a) 2^ F.T (ν) φ(ν) ρ dv 
N 2 

19b) 

There are many additional combinations which may be employed. Any 
of these combinations of molecular weight data permit a single-
variable search for f a f followed by a direct calculation of K. 

Methods which assume a li n e a r molecular weight c a l i b r a t i o n 
curve w i l l now be b r i e f l y considered. 

Methods Based on a Linear Molecular Weight Calibration Curve 

The assumed form of the li n e a r molecular weight c a l i b r a t i o n 
curve i s given in equation (10) 

M(v) = Ώι exp(-D 2v) (10) 

where and D 2 are positive constants. The approach used with 
the l i n e a r c a l i b r a t i o n i s almost i d e n t i c a l with that using univer
sal c a l i b r a t i o n except that now the unknowns are Βχ and D 2 rather 
than Κ and a, the Mark-Houwink constants. This approach w i l l be 
i l l u s t r a t e d using two broad MWD standards with known MN and M̂ . 
The equations to be solved i n t h i s example follow: 

exp 
i 

Κ exp| 
i ^ 

-(D 2a ) J / 

= Di 

(v) exp(D 2v) dv 
i 

- 1 

F N (v) exp(-D 2v) dv 
i 

F N (v)exp(-D 2v)dv 
i 

(10a) 

(10b) 

F (v)exp(D 2v)dv (10c) 
i * 

A single-variable search for D 2 i s followed by a direct c a l c u l a 
tion of Di using equation ( 1 0 c ) for at least two broad MWD stand
ards. A direct calculation using equations (10a) or (10b) pro-
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188 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

vides a± f o r each of the broad MWD standards. 
Methods based on univer s a l c a l i b r a t i o n -w i l l be i l l u s t r a t e d 

using nonaqueous SEC and broad MWD PVC standards. The M^ and % 
of these standards i s known. Methods based on the l i n e a r molecu
l a r weight c a l i b r a t i o n w i l l be i l l u s t r a t e d using aqueous SEC and 
broad MWD polydextran standards for which M N and My are known. 

Experimental C a l i b r a t i o n 

Universal C a l i b r a t i o n and broad MWD PVC Standards with % and 
My known 
Case Study #1 
SEC Operating Conditions 

, ___ 0 ο ο 

Α+μ-Styragel columns - 105A, lO^A, 103A, 500 A 
Mobile phase - THF containing 1% polypropylene g l y c o l (PPG) 
Flowrate - 1 ml/min. 
Detector - d i f f e r e n t i a l refractometer 
Temperature - ambient. 

The molecular weight c a l i b r a t i o n curve for polystyrene was measur
ed with a series of narrow MWD polystyrene standards using the 
peak positions of the chromatograms. The c a l i b r a t i o n curve ob
tained using non-linear polynomial regression i s shown i n Figure 1. 
I n t r i n s i c v i s c o s i t i e s for the narrow MWD polystyrene standards 
were measured i n the mobile phase and the r e s u l t s are shown p l o t 
ted i n Figure 2. These data y i e l d e d the Mark-Houwink constants 
shown i n the Figure. The often used Mark-Houwink constants for 
polystyrene i n THF at ambient temperature (K = 1.60xlO~3 and a = 
0. 706) agree quite w e l l with the v i s c o s i t y data as shown i n Figure 
2. I t i s not c e r t a i n whether 1% PPG i n THF has s i g n i f i c a n t l y a l t 
ered the Mark-Houwink constants or whether the differences noted 
are l a r g e l y due to the strong c o r r e l a t i o n of Κ and a found i n 
f i t t i n g molecular weight and i n t r i n s i c v i s c o s i t y data. The u n i 
v e r s a l molecular weight c a l i b r a t i o n curve based on polystyrene i s 
e f f e c t i v e l y the same for both pai r s of Mark-Houwink constants. 
The molecular weight data for the two broad MWD PVC standards used 
i n t h i s i n v e s t i g a t i o n of u n i v e r s a l c a l i b r a t i o n are given i n Table 
1. 

Table I . Broad MWD PVC Standards Employed with Universal C a l i b r a -
t i o n Methods 

Sample M^xlO" 3 M^xlO" 3 V \ 
PV2 25-5 68.0 2.67 
PV3 hl.O 118.0 2.88 

Supplied by Pressure Chemical Co. , Pittsburgh, PA. 

The f i r s t c a l i b r a t i o n involved the use of two broad MWD PVC 
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H A M i E L E C AND OMORODiON P e a k B r o a d e n i n g C a l i b r a t i o n 1 

10* I A . — t t ι 1 ι ι 
19.0 21.0 23.0 2S.0 27.0 29.0 31.0 33.0 

RETENTION VOLUME(counts) 

Figure 1. Molecular weight calibration curve for polystyrene and_ universal molec
ular weight calibration curve based on polystyrene ((Φ) [η]Μw; (m) Ww) 
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190 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

10 ρ 

10* I ι t i —ι 1 
10* 10· 10· W 10· 

MOLECULAR WEIGHT 

Figure 2. Intrinsic viscosity-molecular weight data for polystyrene and polyvinyl 
chloride measured by osmometry and by SEC using broad MWD standard calibra
tion (polystyrene: (φ) [η] = 7.06 Χ 10 5 M0 77 in THF/1% PPG; (Ο) [η] = 
1.60 X 10'4 M0 706 in THF; polyvinyl chloride: ( ) [v] = 1.63 Χ 10A Μ0·766 

in THF(13);(m) M = 0.93 χ ΙΟ3 M0-589 in THF/1% PPG) 
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9. HAMIELEC AND OMORODiON Peak Broadening Calibration 191 

s t a n d a r d s w i t h known Mpj and My t o generate t h e peak b r o a d e n i n g 
parameters (σ 2) f o r b o t h s t a n d a r d s as w e l l as th e m o l e c u l a r weight 
c a l i b r a t i o n curve f o r PVC. T h i s was f o l l o w e d w i t h t h e use o f one 
broad MWD PVC s t a n d a r d a t a t i m e t o generate t h e m o l e c u l a r weight 
c a l i b r a t i o n curve f o r PVC u s i n g peak b r o a d e n i n g parameters o b t a i n 
ed i n t h e f i r s t c a l i b r a t i o n . These r e s u l t s are t a b u l a t e d i n Tab l e 
I I and compared i n F i g u r e 2 w i t h a t y p i c a l Mark-Houwink e q u a t i o n 
f o r pure THF p u b l i s h e d i n t h e l i t e r a t u r e . There appears t o be a 
s i g n i f i c a n t e f f e c t o f t h e 1% PPG on t h e c o i l s i z e o f PVC molecules. 
The c o r r e c t i o n s f o r i m p e r f e c t r e s o l u t i o n f o r PV2 and PV3 are 16% 
and 21% r e s p e c t i v e l y f o r t h e weight average m o l e c u l a r w e i g h t s . 
The m o l e c u l a r weight c a l i b r a t i o n curves o b t a i n e d f o r PVC are shown 
p l o t t e d i n F i g u r e 3. Table I I I shows an i n v e s t i g a t i o n o f t h e 
e f f e c t o f t h e peak b r o a d e n i n g parameter (σ) assumed when a s i n g l e 
broad MWD PVC s t a n d a r d i s used. The c o r r e c t i o n s f o r i m p e r f e c t r e 
s o l u t i o n f o r PV2 and PVC w i t h a σ = 0.5 are now reduced t o about 
h% f o r b o t h s t a n d a r d s . I t i s o f i n t e r e s t t o note t h a t w i t h a r e 
duced c o r r e c t i o n f o r i m p e r f e c t r e s o l u t i o n t h e Mark-Houwink expon
ent o b t a i n e d i s c l o s e r t o p u b l i s h e d l i t e r a t u r e v a l u e s f o r PVC i n 
THF ( 1 3 ) . The use o f t h e a s s o c i a t e d m o l e c u l a r weight c a l i b r a t i o n 
curve f o r PVC would reproduce t h e % and My o f t h e PVC st a n d a r d s 
w i t h e r r o r s o f about 15%· 

T a b l e I I . R e s u l t s o f Case Study #1 - U n i v e r s a l C a l i b r a t i o n w i t h 
One and Two Broad MWD PVC Standards w i t h Known M N and M y 

( [ n ] P S = 7.06 x 10~ 5 M ° * 7 7 ) 

Method σ(counts) K x l O 3 a 

( c o u n t s - 1 ) 
C a l i b r a t i o n Curve 
S l o p e a t Peak o f 

Chromât ogram 
2-broad 
MWD Standards 

0.861 (PV2) 
0.981 (PV3) 

0.930 0.589 0.625 

1-broad 
MWD Stan d a r d 

PV2 
PV3 

0.861 
0.981 

1.881 
1.9 

0.522 
0.522 

0.653 
0.653 

Table I I I . 
a r d w i t h 

. U n i v e r s a l C a l i b r a t i o n w i t h 
Known M N and M w - E f f e c t o f 

([nips = 7.06 χ 1C 
S i n g l e Broad MWD PVC Sta n d -
Peak Broa d e n i n g Parameter(a) 
r 5 M 0 . 7 7 ) 

Sample σ(counts) K x l O 3 a 
( c o u n t s - 1 ) 

C a l i b r a t i o n Curve 
S l o p e a t Peak o f 

Chromatogram 
PV2 

PV3 

0.5 
0.861 
0.5 
O .98I 

0.231 
1.881 
0.129 
1.9^7 

0.721 
0.522 
0.767 
0.522 

0.578 
0.653 
0.563 
0.653 
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9. HAMiELEC AND OMORODiON Peak Broadening Calibration 193 

We now move on to aqueous SEC and the use of the method of 
ca l i b r a t i o n based on a li n e a r molecular weight c a l i b r a t i o n curve 
and two broad MWD polydextrans with known M^ and M̂ . 

Case Study #2 
SEC Operating Conditions (See Ref.(lh) for further d e t a i l s ) . 
6 CPG10 columns - 729/700 Â, 700/500/370 Â, 370/327 Â, 

(1*< χ 3/8") 21*0/120 Â , 120/88 Â , 88 Â. 
Mobile phase - 0.05 M KF/0.02 wt.% NaN3/l.0$ CH 30H/l g 

(pH = 2.66) T e r g i t o l per 2k I H 20 
Flowrate - h.O ml/min 
Detector - d i f f e r e n t i a l refractometer 
Temperature - ambient 

Polydextran standards employed in t h i s investigation are l i s t e d i n 
Table IV. 

Table IV. Broad MWD Polydextran Standards Employed with Linear 
Calibration Methods 

Sample M Nxl0~ 3 M^xlO""3 M xl0~ : 

rms 
T500 173 509 2.9I+ 297 
T250 112.5 231 2.05 l6l.2 
T150 86.0 151+.0 1.79 115.1 
T110 76.0 106.0 1.39 89.8 
T70 1*2.5 70.0 1.65 5U.5 
T U O 28.9 1*1+.1* 1.51+ 35.8 
T20 15.00 22.3 1.1*9 18.29 
T10 5.70 9.30 1.63 7.28 

Supplied by Pharmacia Ltd. 

The results of the calculations of Ό\ and D 2 and the peak broaden
ing parameter (σ 2) are given i n Table V. The agreement found for 
D2 the slope of the molecular weight c a l i b r a t i o n curve i s remark
able considering the usual re p r o d u c i b i l i t y of MJJ and My for broad 
MWD polymers by SEC which i s about ± 5$ at 95$ confidence l e v e l . 
The r e p r o d u c i b i l i t y seems to have had a much greater effect on Ό\ 
the intercept of the c a l i b r a t i o n curve. The corrections for im
perfect resolution are negligible except for the highest molecular 
weight standard T500 where negative σ 2 are somewhat disturbing. 
Overall one can conclude that these results for aqueous GPC and 
polydextran standards are very promising. Another interesting 
fact was observed when the molecular weight c a l i b r a t i o n curve 
using (D 2)avg = 0.3 and ( D 1 ) a v g = 0.37 x10 9 was compared with that 
using the M r m s to obtain the c a l i b r a t i o n curve. This comparison 
i s made in Figure h. The excellent agreement suggests that the 
use of M R M S values and chromâtogr'am peak positions for broad MWD 
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194 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

10» ι ι ι ι -J ι ι < 
90.0 105.0 120.0 136.0 150.0 165.0 180.0 195.0 

RETENTION VOLUME (counts) 

Figure 4. 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 c u r v e s for p o l y d e x t r a n o b t a i n e d u s i n g 

linear c a l i b r a t i o n a n d t w o b r o a d M W D s t a n d a r d s a n d b y p l o t t i n g M r m a ( Λ / MN · MW) 

v s . p e a k r e t e n t i o n v o l u m e ((m) MRMÊ; ( ; Μ (ν) = 0.37 χ ΙΟ9 exp(-0.3 ν)) 
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9. HAMIELEC AND OMORODiON Peak Broadening Calibration 195 

Table V. Results of Case Study #2 - Linear C a l i b r a t i o n with Two 
Broad MWD Polydextran Standards with Known M^ and f f y . 

Sample Pai r s D 2(Counts" 1) DiXlO""9 σ2(counts2) 
Imperfect 
Resolution 
Correction 

Factor 
T500 
T150 0.296 0 .339 

3.12 
0 .32 

0 .87 
0 .99 

T500 
TllO 0. .301+ 0.1+06 - 2 . 5 3 

0 .89 
1.12 
0 .96 

T500 
T T O 0. .308 0.1+50 2.21 

-0.37 
0 .90 
1.02 

T500 
T U O 

0, .300 0.376 - 2 . 7 7 
-O.O6 

1.13 
1.00 

T250 
TllO 0. .292 0 .295 

0.61+ 
-O . 6 I 

0 .97 
1.03 

T250 
TTO 0. .301+ 0.397 

-o.oU 
0 .22 

1.00 
0.99 

T250 
ThO 0, .295 0.317 

-0.1+9 
-0 .12 

1.01+ 
1.08 

T150 
ThO 0. . 30U O.U16 

0 .01 
0 .17 

1.00 
0 .99 

TllO 
T U O 0. .297 0.33U -Ο.72 

0.06 
1.03 
1.00 

( D 2 ) a v g = 0.300 (Dl)avg = 0.370 x 10 9 

polymer standards i s a useful approach f o r e s t a b l i s h i n g a molecu
l a r weight c a l i b r a t i o n curve where narrow MWD standards are not 
av a i l a b l e . 

Concluding Remarks 

Two improved methods of molecular weight c a l i b r a t i o n using 
broad MWD standards have been proposed and some evaluation has 
been done experimentally for aqueous and nonaqueous SEC. The ex
perimental evaluations i n d i c a t e that both methods appear very 
promising and j u s t i f y further experimental i n v e s t i g a t i o n . I t i s 
recommended that these new c a l i b r a t i o n methods be evaluated f or a 
wide range of polymers,packings and mobile phases. 
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10 
Effect of Solute Shape or Conformation in Size 
Exclusion Chromatography 

W. W. Y A U and D. D. BLY 

Central Research and Development Department, Experimental Station, 
Ε. I. Du Pont de Nemours & Company, Wilmington, DE 19898 

ABSTRACT 

The dependence on molecular weight of the 
size of macromolecules or other large-part ic le solutes 
in solution varies as a function of the shape of the 
solute molecule or p a r t i c l e . Solute conformation or 
shape, therefore, affects the slope of the ca l ibra 
tion curve and range of molecular weight separations 
available in size-exclusion chromatography (SEC). 
Various theories which have been derived for different 
solute conformations are unified in this work by ex
pressing the size of the solute in terms of a reduced 
size parameter, Rg, the radius of gyration. It i s pre
dicted according to the unified theory, that a SEC col
umn containing a single pore-size packing will have 
about two decades of MW spearation range for random
-coil polymers, three decades of MW range for s o l i d -
sphere solutes and only one decade of MW range for rod
- l ike part ic les or molecules. This indicates that anal
ysis of the slope of a SEC-MW cal ibrat ion curve can be 
used to study the conformation of solute macromolecules. 

0-8412-0586-8/80/47-138-197$05.00/0 
© 1980 American Chemical Society 
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198 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

As the scope of size exclusion chromatog
raphy (SEC, or gel permeation chromatography, GPC) ex
pands, for example, into part ic le measurements and 
biopolymer, gel filtration chromatographic (GFC) sepa
rat ions, increased needs for interpretation of solute 
shape are developing (e.g. hard-sphere for part ic les 
and co l lo ids , r ig id -rod for biopolymers, and random
-coil for f lex ible polymers). The SEC retention char
acter i s t i cs for solutes with these different confor
mations have been studied separately in the theoretical 
treatments by Casassa, Giddings, Ackers and others.(1-4) 
However, these are bas ical ly mechanistic theories, de
veloped to provide fundamental understanding of SEC 
retention in terms of solute sizes; there remains a 
need to relate these theories to pract ica l SEC cali
bration procedures which are based on solute molecular 
weight (MW). 

In this communication are summarized some of 
the important pract ica l insights which theory provides 
about SEC-MW cal ibrat ion; predictions also have been 
derived to show the effect of solute conformation on 
the slope and molecular weight range of SEC c a l i b r a 
t ion . For s impl ic i ty , the radius of gyration, Rg, was 
chosen as a common reduced solute size parameter to 
compare various theories concerned with different so
lute conformations. A more rigorous treatment would 
require the use of molecular projections as the common 
SEC size parameter.(5) However, s ignif icant insights 
are still gained through the simplif ied approach. 
These provide a t ie between theory and experimentally 
observed solute shape effects, and lead to a better 
understanding of SEC cal ibrat ion practices . 

B a c k g r o u n d 

E x i s t i n g SEC r e t e n t i o n t h e o r i e s have been 
i n d e p e n d e n t l y d e v e l o p e d f o r e a c h o f t h e m o l e c u l a r -
shape models shown i n F i g u r e 1. The deep h o l l o w c y c l i n -
d r i c a l p o r e i n t h e f i g u r e (A, B, and C) i l l u s t r a t e s 
t h e SEC e x c l u s i o n e f f e c t on t h r e e t y p e s o f s o l u t e mole
c u l e s , h a r d - s p h e r e , r i g i d - r o d , and r a n d o m - c o i l , r e 
s p e c t i v e l y . The i n d i v i d u a l t h e o r i e s and t h e i r b a s e s 
o f c o m m o n a l i t y a r e now r e v i e w e d b r i e f l y . 

I n t h e o r i g i n a l w o r k s , t h e o r e t i c a l models 
were d e v e l o p e d t o e x p l a i n t h e SEC c a l i b r a t i o n c u r v e 
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10. YAU AND BLY Effect of S o l u t e S h a p e or Conformation 1 9 9 

Journal of Physical Chemistry 

Figure 1. Exclusion effect in cylindrical cavities (I) ((A) hard sphere of radius r; 
(B) thin rod of length L , in two orientations in the plane of the cross section; (C) 
random-flight chain with one end at point 0 showing allowed conformation ( ) 

and forbidden conformation ( )) 
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200 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

shape as a function of size and shape of the solute 
and column packing pore. The theoretical considera
tions in this paper are based particularly on the 
cyl i n d r i c a l pore shape model for simplicity in argu
ment. Actual SEC packings generally have pore struc
tures of a random or irregular shape, but i t i s ex
pected that the results of this study as regards so
lute shape effects should be generally applicable 
using the c y l i n d r i c a l pore shape model. 

In fundamental SEC studies retention is 
often described in terms of a distribution coefficient. 
The theoretical distribution coefficient K E is de
fined as the ratio of solute concentration inside 
and outside of the packing pores under size exclusion 
conditions. The experimental distribution coefficient 
K g , as defined in Equation 1, i s a measurable 
quantity that can be used to check the theory. 

K S E C = i V W V ( 1 ) 

where V R is the retention volume for any particular 
solute and V Q and are the respective i n t e r s t i t i a l 
volume and the total permeation volume of the packed 
SEC columns tëO 

The exclusion effect of hard-spheres i s i l 
lustrated in Figure ΙΑ., which shows a spherical solute 
of radius r inside an i n f i n i t e l y deep cyl i n d r i c a l cav
ity of radius a c . Here the exclusion process can be 
described by straightforward geometrical considera
tions , namely, solute exclusion from the walls of the 
cavity. Furthermore, i t can be shown that 

K E = ( 1 - (2) 
c 

The exclusion effect of a rigid-rod in the 
same cyl i n d r i c a l pore is shown in Figure IB., where 
the length of the rod is L,. Quantifying the ex
clusion process here is much more complicated than in 
the hard sphere case. Exclusion of the rod depends on 
the rod orientation in three dimensions and s t a t i s t i 
cal methods must be used for the evaluation. For 
rigid-rods i t has been shown that K F is described bycJ 
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1 0 . Y A U AND B L Y Effect of Solute Shape or Conformation 2 0 1 

K j , = 1- ~ [ ( 1 - β 2 ) Ε ( | , β ) - (l-β 2) F ( | , 3 ) ] (3) 

where β = L^/2a , w i t h β£ 1, and E, F a r e e l l i p t i c a l 
i n t e g r a l s . 

F i g u r e 1C. i l l u s t r a t e s two c o n f o r m a t i o n s o f 
a f l e x i b l e p o l y m e r c h a i n w i t h one end f i x e d i n s i d e 
t h e c a v i t y . Even w i t h one end f i x e d , t h e c h a i n s t i l l 
c a n assume a l a r g e number o f c o n f o r m a t i o n s . The 
p r e s e n c e o f t h e c a v i t y w a l l , however, does e x c l u d e 
some c o n f o r m a t i o n s , f o r example, t h e dashed one shown 
i n t h e s k e t c h . T h i s r e s t r a i n t o f c o n f o r m a t i o n a l f r e e 
dom c a u s e s a d e c r e a s e i n b o t h t h e e n t r o p y and t h e s o l 
u t e c o n c e n t r a t i o n i n s i d e t h e c a v i t y . F o r t h i s c a s e 
i t has been shown t h a t : 

K E = 4 \ B m " e x p t - ( ^ — ) 2 1 (4) 
m=l c 

where t h e n u m e r i c a l c o n s t a n t β i s t h e m-th r o o t o f 
t h e B e s s e l f u n c t i o n o f t h e f i r s t k i n d o f o r d e r z e r o , 
and Rg i s t h e s o l u t e r a d i u s o f g y r a t i o n . 

E ach o f t h e above e x i s t i n g SEC r e t e n t i o n 
t h e o r i e s i s u n i q u e l y r e l a t e d t o o n l y one p a r t i c u l a r 
s o l u t e - s h a p e m o d e l . B e c a u s e o f t h e d i f f e r e n c e s i n t h e 
b a s i c s o l u t e - s i z e p a r a m e t e r , r , L]_ , and Rg i n t h e i n 
d i v i d u a l c a s e s , t h e t h e o r y o f ea c h s o l u t e - s h a p e model 
s t a n d s a l o n e . S i n c e , u nder t h e s e c o n d i t i o n s t h e d i f 
f e r e n t t h e o r i e s a r e n o t d i r e c t l y c o m p a r a b l e , i t i s 
d i f f i c u l t t o make i n t e g r a t e d o b s e r v a t i o n s o r t o u n d e r 
s t a n d v a r i o u s p r a c t i c a l i m p l i c a t i o n s i n t h e s e t h e o r i e s . 
To g a i n more i n s i g h t s i n t o SEC c a l i b r a t i o n , a common 
s i z e p a r a m e t e r i s needed t o u n i f y t h e SEC t h e o r i e s . 

U n i f i c a t i o n o f T h e o r y 

S i n c e t h e p a r a m e t e r Rg i s known t o be a b a s i c 
SEC s i z e p a r a m e t e r f o r r a n d o m - c o i l t y p e m o l e c u l e s 
( E q u a t i o n 4 ) , and s i n c e i t i s a l s o a w e l l - d e f i n e d 
s t a t i s t i c a l a v e r a g e s i z e p a r a m e t e r , a p p l i c a b l e t o s o 
l u t e s o f any shape i n c l u d i n g t h e s p h e r e and r o d l i k e 
m o l e c u l e s , Rg has been c h o s e n i n t h i s work t o s e r v e 
as a common, r e d u c e d , s o l u t e - s i z e p a r a m e t e r f o r de
s c r i b i n g t h e t h e o r y o f SEC s e p a r a t i o n . By d e f i n i t i o n : 
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202 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

where Ν i s t h e number o f mass e l e m e n t s i n a s t r u c t u r e 
and X^ i s t h e d i s t c 
t h e c e n t e r o f mass, 
E q u a t i o n (5) g i v e s : 

and X^ i s t h e d i s t a n c e f r o m t h e i - t h mass e l e m e n t t o 
t h e c e n t e r o f mass. F o r s o l i d s p h e r e s and r i g i d r o d s , 

R g ( s p h e r e ) = ( 3 / 5 ) 1 / 2 r (6) 

R (rod) = (1/12) 1 / 2 L . . (7) 

The c o m p o s i t e p l o t s o f t h e t h e o r e t i c a l K E 

c u r v e s ( E q u a t i o n s 2, 3 and 4) f o r t h e t h r e e s o l u t e 
s h a p e d ) i n terms o f t h e common r e d u c e d s i z e p a r a m e t e r 
Rq ( E q u a t i o n s 5, 6, and 7) a r e shown i n F i g u r e 2. T h i s 
p l o t shows t h a t on an R q b a s i s a l l s o l u t e s o f d i f f e r e n t 
c o n f o r m a t i o n s s h o u l d behave v e r y s i m i l a r l y i n an SEC 
e x p e r i m e n t . ( T h i s r e s u l t i s c o n s i s t e n t w i t h t h e u n i 
v e r s a l SEC c a l i b r a t i o n c o n c e p t .(S) 

The m o l e c u l a r w e i g h t M o f a s o l i d - s p h e r e i s 
p r o p o r t i o n a l t o t h e volume o f t h e s p h e r e , i . e . , M <* r 3 ; 
t h e r e f o r e : 

R g ( s p h e r e ) = 0.78 r « M 1 / 3 (8) 

F o r r o d s o f l e n g t h L^, Μ α and: 

R (rod) = 0.29 L, α M (9) g 1 
The M W dependence o f R f o r r a n d o m - c o i l p o l y m e r s i s 
r e l a t e d t o t h e m o l e c u l a r e x p a n s i o n i § ) 

R a ( c o i l ) « Μ α , where α * 1/2 (10) 

The e x p o n e n t α i s a f u n c t i o n o f s o l v e n t power: u s u a l l y 
α > 1/2, b u t f o r an i d e a l i z e d r a n d o m - f l i g h t p o l y m e r , 
α = 1/2. 
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10. YAU AND BLY Effect of Solute Shape or Conformation 203 

The values of the exponent for M in Equa
tions 8, 9, and 10 determine the rate at which the 
size of the respective macromolecular shapes change 
with the molecular weight. For example, a tenfold i n 
crease in molecular weight roughly corresponds to a 
10 χ L p 2 χ r, or 3 χ R change in molecular size 
for the three different solute conformations under 
study. It is expected, therefore, that the linear 
portion of the SEC-MW calibration curve (see Figure 
3) w i l l be steepest for the sphere-like solutes (i.e. 
the least effective separation or resolution) and the 
calibration slope for spheres w i l l be 3/2 of that for 
coiled molecules. The linear portion of the curve for 
the rodlike solutes i s expected to have the shallowest 
slope (i.e. most resolution), only half that of coiled 
solutes. As expected and illu s t r a t e d here in Figure 
3, an SEC column containing a single-pore-size packing 
should have a MW separation range of about one decade 
for rodlike molecules and three decades for spheres, 
compared to the usual, approximately two-decade MW 
separation range for random-coil solutes. 

Experimental Support for the Unified Theory 
Published data in support of the above ob

servations are shown in Figures 4 and 5. Figure 4 is 
the calibration curve for the SEC analysis of s i l i c a 
sol particles as a function of size XU This curve i l 
lustrates the hard-sphere case where about one decade 
of particle diameter separation i s observed; note this 
is equivalent to about 3 decades of MW. The calibra
tion curve slopes for polybenzyl-L-Glutamate (PBLG) 
and polystyrene (PS) are compared in Figure 5. The 
lesser slope for the polybenzyl-L-Glutamate i s con
sistent with the expected trend discussed above .(2) 
This difference in calibration curve slope is expected 
because of the molecular conformation difference be
tween PBLG (rod) and PS ( c o i l ) . 

Conclusions 
A simplified analysis of the effect of pa r t i 

cle shape or molecular conformation on SEC calibration 
has led to the prediction that the more open structure 
of r i g i d rod shaped solutes gives a relatively f l a t 
SEC-MW calibration curve. As the solute conformation 
becomes more compact (random-coil to solid-sphere), 
the SEC-MW calibration curve becomes increasingly steep 
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204 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 
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Ο 1 
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Figure 3. Theoretical SEC calibration curves for various shapes 
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10. YAU AND BLY Effect of Solute Shape or Conformation 205 

100 cr 

101 

SILICA SOL 
SIZE, nm 

5.0 5.2 5.4 5.6 

V R, ml 

5.8 6.0 

Journal of Chromatography 

Figure 4. SEC calibration curve for silica sol separation (hard sphere particles, 
single pore size column) (1). Column: PSM-1500 (8.9 μ/η), 30 χ 0.78 cm; mobile 

phase: 0.1M NaËHPOk-NaHtPOllt pH 8.0 

Figure 5. SEC calibration curves: random-coil vs. rigid-rod (&) (SEC column set 
of several pore sizes, Ν,Ν-dimethylacetamide solvent at 80°C) 
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206 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

and c o v e r s a l a r g e r MW s e p a r a t i o n r a n g e . I t s h o u l d 
now be p o s s i b l e t o use t h e s l o p e o f t h e SEC-MW c a l i 
b r a t i o n c u r v e s , g e n e r a t e d f r o m s i n g l e p o r e s i z e c o l 
umns, t o s t u d y t h e c o n f o r m a t i o n o f t h e s o l u t e m o l e c u l e s . 
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High-Performance Gel Permeation 
Chromatography Characterization of Oligomers 
Used in Coatings Systems 
C H E N G - Y I H K U O and T H E O D O R E P R O V D E R 

Glidden Coatings and Resins, Division of S C M Corporation, 
16651 Sprague Road, Strongsville, OH 44136 

Over the last five years the Coatings industry has had to 
develop new technologies to meet the challenges of governmental 
regulations in the areas of energy, ecology and consumerism. 
The greatest changes have occurred in the industrial or chemical 
coatings areas with the development of environmentally acceptable 
coatings systems such as High Solids, Powder, Water-borne and 
radiation curable coatings. These new coating technologies re
quire the use of tailor-made low molecular weight polymers, 
oligomers and reactive additives which when further reacted pro
duce higher molecular weight and crosslinked polymers concomitant 
with the minimization of the evolution of volatile products. In 
these types of coatings systems the control of the oligomer/poly
mer composition and molecular weight distribution (MWD) is crit
ically important. 

Conventional GPC does not provide the required resolution in 
the low molecular weight region for the control of MWD in these 
oligomer/polymer systems. With the advent of high efficiency 
columns, the resolution in the lower molecular weight region 
(molecular weights in the range of 200 to 10,000) has been 
greatly improved and the speed of analysis increased. These 
features make high performance GPC (HPGPC) an indispensable 
c h a r a c t e r i z a t i o n t o o l f o r the analysis of oligomers/polymers i n 
environmentally acceptable coatings systems. In t h i s paper, we 
w i l l describe the q u a l i t a t i v e and q u a n t i tative HPGPC methodolo
gies we have developed for the analysis of oligomers and poly
mers. S p e c i f i c a p plications include a) q u a l i t y c o n t r o l of 
supplier raw materials, b) guiding r e s i n synthesis and processing 
c) modifying r e s i n synthesis to improve end-use properties and 
d) c o r r e l a t i n g oligomer and polymer MWD with end-use properties. 

Experimental 

The instrument used i n t h i s study was an in-house construct
ed HPGPC composed of a Waters Associates M-6000 solvent d e l i v e r y 
system, Waters Associates U6K i n j e c t o r , Varian Instruments f i x e d 

0-8412-05 86-8/ 80/47-13 8-207$05.00/0 
© 1980 American Chemical Society 
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208 SIZE EXCLUSION CHROMATOGRAPHY ( G P C ) 

wavelength (254 nm) UV detector, Varian Instruments d i f f e r e n t i a l 
refractometer (DRI) and Waters Associates l i q u i d volume counter. 

The instrument was operated at room temperature with Burdick 
and Jackson d i s t i l l e d i n glass THF as the e l u t i n g solvent. The 
sample column bank consisted of s i x μ-Styragel columns with 
t h e o f o l l o w i n g porosity designations: 10*, 10 3, 500» 500, 100, 
100A. The flow rate was adjusted to 0.6 ml/min. A 2.2- m i l l i 
l i t e r syphon was used to monitor ret e n t i o n volume. 

The column p l a t e count was determined from the expression 

Plate Count - 16 (V R/Wb) 2 (1) 

where V R i s the r e t e n t i o n volume and Wf> i s the baseline width of 
the p l a t e count standard. Using o-dichlorobenzene as the plate 
count standard yielded 24,000 plates for 180 cm. of column. 

The r e s o l u t i o n of the column set was determined from the 
expression derived by Bly [1] 

2 C V V V R I ) 

S + Wb2 l o g 1 ( ) ( M ! / M 2 ) V } 

where VR« and V R^ are retention volumes, W^ and W^ are base
l i n e widths and, and M 2 are peak molecular weights f o r poly
mer standards 1 and 2, r e s p e c t i v e l y . For t h i s set of columns, 
a polystyrene standards of molecular weights 37,000 and 2,000, 
obtained from Pressure Chemical Co., Pittsburgh, Pa., were used 
for standards 1 and 2, r e s p e c t i v e l y . The value obtained f o r R s 

was 2.2 at a flow rate of 0.6 ml/min. This value of R s compares 
to a value of 1.14 at a 2 ml/min. flow rate reported i n the 
l i t e r a t u r e [2]. At t h i s flow rate the column set gave the o p t i 
mum r e s o l u t i o n per u n i t time. This r e l a t i v e l y low flow rate also 
i s required to preserve the column r e s o l u t i o n over an extended 
per i o r of time. This flow rate condition corresponds to the 
minimum i n a Van Deemter p l o t of height equivalent t h e o r e t i c a l 
plates U 6 . l i n e a r v e l o c i t y and i s i n agreement with other pub
l i s h e d data on μ-Styragel ® columns [_3,4J . 

The column set was c a l i b r a t e d with Pressure Chemical poly
styrene standards over the molecular weight range of i n t e r e s t . 
The c a l i b r a t i o n curve f o r t h i s column set i s shown i n Figure 1. 
The polystyrene molecular weight scale was used to provide quan
t i t a t i v e estimates of MWD parameters such as number- and weight-
average molecular weight (M n, Mw) f o r r e l a t i v e comparison pur
poses i n conjunction with the analysis of the MWD of oligomers 
and low molecular weight polymers used i n coatings systems. 

Data A c q u i s i t i o n and Analysis 

The HPGPC has been interfaced to a Data General NOVA Model 
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11. κυο AND PROVDER HPGPC of O l i g o m e r s 209 

30 35 40 4S 50 Û ώ 

R E T E N T I O N V O L U M E ( m l ) 

F i g u r e 1 . P o l y s t y r e n 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 c u r v e 
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210 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

1230 minicomputer for real-time data a c q u i s i t i o n and a n a l y s i s . 
The minicomputer system has been described previously [5]. The 
subsequent_datja reduction and analysis provides molecular weight 
averages (M n, Mw, Mz, M z+i) or the equivalent extended chain 
length averages as w e l l as various p o l y d i s p e r s i t y i n d i c e s . In 
a d d i t i o n , s t a t i s t i c a l shape parameters such as variance, skewness 
and k u r t o s i s f o r the number-, weight- and z - d i s t r i b u t i o n s are 
provided. A t y p i c a l computer generated analysis report i s shown 
i n Figure 2. The data a n a l y s i s program provides p l o t s of base
line-adjusted height U6. retention volume as shown i n Figure 3, 
as w e l l as p l o t s of the w e i g h t - d i f f e r e n t i a l and cumulative d i s 
t r i b u t i o n s of molecular weight with the l o c a t i o n s of the respec
t i v e molecular weight averages (Mn, Mw, M z, Μ ζ+χ, Mz+2> marked 
on the d i f f e r e n t i a l curve as shown i n Figure 4. The computation 
of MWD s t a t i s t i c s and p l o t s are based on the method given by 
P i c k e t t , Cantow and Johnson [6]. 

For oligomeric samples with w e l l defined peaks as shown i n 
Figure 5, the r e l a t i v e percentage f o r each component can be ob
tained by i n t e g r a t i n g the area under each peak v i a a gas chroma
tography data reduction package also resident on the NOVA mini
computer [5] . 

Results and Discussion 

The r e s o l u t i o n c a p a b i l i t y of the y-Styragel ® column set i s 
shown i n Figure 6. A mixture of polystyrenes with molecular 
weights ranging from 97,000 to 600 were separated according to 
t h e i r molecular weights. The unique feature of microparticulate 
high e f f i c i e n c y columns, which include μ-Styragel ® , i s the 
high r e s o l u t i o n i n the low molecular weight region [_3,4̂ ,7̂ ,8̂ ,9̂ , 
10] · For the 600 molecular weight polystyrene standard, conven
t i o n a l GPC columns would give.only a broad peak. However, the 
μ-Styragel ® columns separated t h i s sample i n t o at l e a s t s i x 
well-defined peaks as shown i n Figure 6 corresponding to monomer, 
dimer, trimer and other higher molecular weight oligomers. Even 
small molecules such as ortho-dichlorobenzene and benzene are 
r e a d i l y separated. The high r e s o l u t i o n i n the low molecular 
weight regions i s p a r t i c u l a r l y suited f o r f i n g e r p r i n t i n g the 
oligomers used i n chemical coatings systems. In Figure 6, both 
UV and DRI traces are shown. For c l a r i t y i n comparisons, only 
UV traces w i l l be shown f o r examples i n subsequent discussion 
unless where s p e c i f i e d otherwise*. 

Powder Coatings. One of the new coatings technologies which 
has developed as an innovative response to governmental regula
t i o n i s powder coatings. These coatings systems are designed to 
be 100% s o l i d s . The development of coatings properties are a 
r e s u l t of reacting the low molecular weight polymer with an 
oligomer c r o s s l i n k i n g agent to produce crosslinked polymer. The 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
1



11. κυο AND PROVDER HPGPC of O l i g o m e r s 211 

GPC:10 JOB 30289 

RERUN OF JOB 30211 

SAMPLE ID 
RUN NO. 

5299 

1/14/80 OPR:AFK 

OPERATOR SELECTED BASELINE 

REV 6.4 

DETECTOR: ULTRAVIOLET 

MEAN 
VARIANCE 
SKEWNESS 
KURTOSIS 

MOLECULAR WEIGHT DISTRIBUTION 

NUMBER 
.723E 03 
.3/ΟΕ 06 
.292E 01 
.154E 02 

MEAN WT/MEAN NMBR 
MEAN Z/MEAN WT 
MEAN Z+1/MEAN Ζ 
MEAN Z+2/MEAN Z+l 
MEAN Ζ * MEAN Z+1/MEAN WT 
RANGE 

MEAN 
VARIANCE 
SKEWNESS 
KURTOSIS 
AREA 

,144E 03 

WEIGHT 
.124E 04 
.102E 07 
.238E 01 
.105E 02 

1.708 
1.667 
1.546 
1.461 
.531E 04 
TO 

2206E 04 
.232E 07 
.212E 01 
.765E 01 

.132E 05 

RAW CHROMATOGRAM STATISTICS 

.217E 02 

.689E 00 

.143E 00 

.239E 01 

.180E 04 

Z+l 
. 318E 04 

Z + 2 
.465E 04 

MAX PEAK COUNT! 
MAX PEAK HEIGHT 
MOMENT 3 ABOUT MEAN 
MOMENT 4 ABOUT MEAN 

21.56 
835.81 

.938E-01 

.263E 01 

COLUMN AND BASELINE PARAMETERS 

COLUMN SET 
SOLVENT 
VOID VOLUME 
TOTAL VOLUME 
CALIBRATION CURVE 
CALIBRATION POLYMER 

7 STARTING BASELINE COUNT 18.00 
THF ENDING BASELINE COUNT 28.00 
8.00 BASELINE SLOPE -.0160 

28.00 FIRST DATA POINT COUNT 19.00 
21 LAST DATA POINT COUNT 24.80 

POLYSTYRENE 1/80 

#1 count unit * 1 syphon dump of 2.2 milliliters. 

Figure 2. Typical computer-generated data analysis report 
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212 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

JOB 3 0 2 8 9 C 3 0 2 1 O UV 

V 
~35. 

— r 

10. 

I 
15. 

RETENTION 
2 0 . 

VOLUME IN 
2 5 . 
COUNTS 

30 . 

Figure 3. Typical computer-generated plot of baseline-adjusted height vs. retention 
volume 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
1



11. κυο AND PROVDER HPGPC of Oligomers 213 

JOB 30289C30211) UV 
ο 

LOG MOLECULAR WEIGHT 

Figure 4. Typical computer-generated plot of weight differential and cumulative 
distributions of molecular weight 

INTERMEDIATE 

R E T E N T I O N V O L U M E (ml) 

Figure 5. HPGPC chromatogram of a model compound of epoxy-ester 
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214 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

R E T E N T I O N V O U J M E (mi ) 

Figure 6. HPGPC traces ( U V and DR!) of a polystyrene standard mixture 
(operating conditions: columns—(xStyragel 1 0 \ J O 3 , (2) 5 0 0 , (2) 1 0 0 A; solvent— 

THF; flow—0.6 mL/min) 

X-38 

X-02 
3.° . 4,° . y 

X - 0 3 

X-.36 

R E T E N T I O N V O L U M E ( m l ) 

Figure 7. HPGPC chromatograms of four isocyanate cross-linkers 
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11. κυο AND PROVDER H P G P C of O l i g o m e r s 2 1 5 

powder coating usually contains a small amount of an oligomeric 
flow agent to a i d flow and l e v e l i n g during the baking process. 
The MWD of the low molecular weight polymer, oligomeric cross-
l i n k i n g agent, and oligomeric flow agent must produce a coatings 
system such that a) the powder p a r t i c l e s w i l l not "block 1 1 (co
alesce) upon shipment or storage, b) the r e s i n system w i l l melt 
and flow with appropriate l e v e l i n g c h a r a c t e r i s t i c s optimum fo r 
appearance properties p r i o r to the c r o s s l i n k i n g reaction w i t h i n 
s p e c i f i c time constraints at a given temperature, and c) the 
c r o s s l i n k i n g r eaction must occur at the appropriate point i n time 
a f t e r the r e s i n has melted consistent with the development of 
both good appearance properties and good mechanical properties. 
Thus, the MWD of the polymer, c r o s s l i n k i n g agent and flow modi
f i e r must be c a r e f u l l y designed and c o n t r o l l e d to produce a 
powder coatings system which meets defined r h e o l o g i c a l , r e a c t i v 
i t y and mechanical property constraints. 

Figure 7 i l l u s t r a t e s the use of HPGPC to a i d a r e s i n chemist 
i n developing an in-house isocyanate c r o s s l i n k e r f o r a powder 
coating system. Isocyanate c r o s s l i n k e r X-02 gave desired pro
p e r t i e s and i s considered the standard. At the e a r l y stage of 
the development, r e s i n X-03 was i n i t i a l l y made. By changing the 
types of reactants, molar r a t i o of reactants and reaction condi
t i o n s , r e s i n X-36 was the next i t e r a t i o n i n the r e s i n synthesis 
process. F i n a l l y , X-36 was fine-tuned to produce X-38 which 
matched X-02 i n both i t s chemical reaction properties and i t s 
MWD. 

HPGPC also was used f o r q u a l i t y c o n t r o l of incoming raw 
materials. Figure 8 shows the chromatograms of two d i f f e r e n t 
batches of blocked isocyanate c r o s s l i n k e r s . One was acceptable 
and the other was too r e a c t i v e . As can be seen from the HPGPC 
traces, the l e v e l of the component eluted at retention volume 40 
i s much higher f o r CX-46 than for CX-48. This component was 
associated with free isocyanate f u n c t i o n a l i t y which i n excess 
would make CX-46 too r e a c t i v e . With t h i s information, e i t h e r 
the necessary adjustment f o r the presence of excessive free i s o 
cyanate f u n c t i o n a l i t y could be made or t h i s p a r t i c u l a r batch 
from the supplier could be rejected. 

Another example involved a batch of isocyanate c r o s s l i n k e r 
which was too tacky. Upon comparing the HPGPC trace of t h i s 
sample with that of a c o n t r o l as shown i n Figure 9, i t i s seen 
that the major difference between these two samples was the l e v e l 
of free caprolactam. The high content of free caprolactam i n 
sample CX-006 depressed the glass t r a n s i t i o n temperature (Tg) of 
the sample to such an extent that CX-006 became too tacky. This 
method of analysis has proved to be a r e l i a b l e and useful tech
nique f o r detecting low l e v e l s of free caprolactam i n t h i s type 
of oligomeric c r o s s l i n k e r . 

Figure 10 shows the HPGPC traces of two d i f f e r e n t batches of 
in-house a c r y l i c r esins for powder coatings. I t i s seen that due 
to the presence of high l e v e l s of low molecular weight components 
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216 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

2 0 3 0 AO S O 6 0 

L . 1 ι 1 1 . 1 1 . ι - * ι -L . : 

R E T E N T I O N V O L U M E (ml) 

Figure 8. H P G P C c h r o m a t o g r a m s of t w o i s o c y a n a t e c r o s s - l i n k e r s f r o m different 

batches 

20 30 40 50 60 
1 I I I 1 

R E T E N T I O N V O L U M E (ml) 

F i g u r e 9, H P G P C c h r o m a t o g r a m s of t w o i s o c y a n a t e c r o s s - l i n k e r s f r o m different 

b a t c h e s 
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1 1 . κυο A N D PROVDER HPGPC of Oligomers 217 

and r e s i d u a l monomer and solvent i n sample TG-37, the Tg i s 20°C 
lower than that of sample TG-57. Reducing the amount of low 
molecular weight components and r e s i d u a l monomer and solvent by 
vacuum s t r i p p i n g gave an increase i n the Tg from 37°C to 
48°C for sample TG-37. This brought the sample w i t h i n the mini
mum acceptable Tg l e v e l consistent with non-"blocking M of the 
sample. 

High S o l i d s . Another technology which has evolved as a r e 
sponse to governmental regulations i s high s o l i d s coatings. High 
s o l i d s coatings are those which are usually 62.5% n o n - v o l a t i l e 
or greater on a volume ba s i s . These coatings systems contain 
oligomers which are generally low i n molecular weight, on the 
order of 500. As i n powder coatings, these systems develop mech
a n i c a l properties upon reaction with a c r o s s l i n k i n g agent to pro
duce a crosslinked polymer. The key design parameters i n high 
s o l i d s coatings are low v i s c o s i t y , low v o l a t i l i t y and c o n t r o l l e d 
r e a c t i v i t y [11,12]. Low coatings v i s c o s i t y (100-500 cps) i s r e 
quired i n order to be able to apply the coating with convention
a l spray a p p l i c a t i o n equipment. However, v o l a t i l i t y of the 
r e s i n system at the curing temperature must be minimal. These 
constraints necessitate the design of a c a r e f u l l y t a i l o r e d mole
cular weight d i s t r i b u t i o n to minimize the presence of v o l a t i l e 
components consistent with molecular weights high enough to a i d 
mechanical property development upon curing, but not too high to 
have a deleterious e f f e c t upon a p p l i c a t i o n properties and the 
ultimate appearance properties of the coating. The curing mech
anism should be c o n t r o l l a b l e under varying reaction conditions 
to produce crosslinked coatings at temperatures low enough to 
minimize v o l a t i l e evolution and at the same time minimize energy 
usage during the cure process. In order to compensate f o r the 
decrease i n molecular weight of a polymer designed f o r high 
s o l i d s coatings, there i s an increasing dependence on the cross-
l i n k i n g agent f o r the development of mechanical properties. I t 
becomes important to c a r e f u l l y match the c r o s s l i n k i n g agent with 
the polymer both i n terms of reactive f u n c t i o n a l i t y and MWD. 

For high s o l i d s coatings HPGPC i s very u s e f u l for screening 
various resins f o r the optimization of coatings v i s c o s i t y and 
cured f i l m properties. Among the f i v e polyester resi n s shown i n 
Figure 11, E-17 was f i n a l l y chosen to be scaled-up due to the 
unique combination of good f i l m properties (hardness and s a l t 
spray resistance) and lowest v i s c o s i t y . The three resins on the 
r i g h t hand side of Figure 11 (E-44, E-38 & E-42) were not accept
able because t h e i r v i s c o s i t i e s were too high as a r e s u l t of high 
molecular weight components. While r e s i n E-13 met the require
ment of low v i s c o s i t y f o r high s o l i d s , the f i l m properties were 
not as good as those of E-17 due to the presence of a high l e v e l 
of unreacted monomer. 

Figure 12 shows the HPGPC DRI traces of four high s o l i d s 
a c r y l i c oligomers. The r e s u l t s of paint performance evaluation 
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218 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

R E T E N T I O N V O L U M E (ml) 

F i g u r e 1 0 . H P G P C c h r o m a t o g r a m s of a c r y l i c r e s i n s 

20 30 40 50 20 30 40 5,0 
i -ι ι ι ι » * J ' » ' * » « I 

R E T E N T I O N V O L U M E (ml) 

F i g u r e 11. H P G P C c h r o m a t o g r a m s of h i g h s o l i d s p o l y e s t e r s 
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11. κυο AND PROVDER HPGPC of Oligomers 219 

on these a c r y l i c s showed that a c r y l i c A-8 possessed similar paint 
v i s c o s i t y , pencil hardness, impact, MEK resistance and adhesion 
properties to the commercial high solids a c r y l i c R-42 due to the 
similar molecular weight range. A c r y l i c s A-15 and A-16 possessed 
two to three units higher i n hardness than a c r y l i c A-8 due to the 
presence of large amounts of high molecular weight components. 
However, the coatings v i s c o s i t y of coatings systems made with 
A-15 and A-16 was unacceptably too high. 

HPGPC also was used to analyze the MWD of various amino 
crosslinkers, which are the most frequently used curing agent for 
i n d u s t r i a l coatings. It i s seen from Figure 13 that HPGPC re
solved each crosslinker into several components despite the fact 
that the vendor 1s l i t e r a t u r e stated that M-03 and M-56 are mono-
meric. The effect of these amino crosslinkers i n the properties 
of a c r y l i c high solids coatings has been studied. Using the same 
set of a c r y l i c resins, i t has been shown that coatings prepared 
with the M-70 crosslinking agent had better 500 hours s a l t spray 
resistance but lower impact resistance than coatings prepared 
with the M-03 crosslinking agent. These properties are believed 
to be associated with the higher molecular weight of M-70. 

Water-Borne Coatings. Water-borne coatings are replacing 
solvent-based coatings i n such markets as metal decorating (bev
erage can l i n e r s ) , c o i l coatings and wood coatings as a response 
to meeting government regulations with respect to allowable 
amounts of v o l a t i l e solvent emission during the baking process. 
These coatings usually are i n the 5,000-30,000 molecular weight 
range and are prepared i n water-miscible organic solvents up to 
70 to 80% solids by volume. Chemically, these resins can be 
polyesters, alkyds, a c r y l i c s and epoxy esters. Generally, these 
resins can self-emulsify into water when their solution i n organ
i c solvents i s introduced into water containing some amine [13]. 

In the production of epoxy ester water-borne coatings, i t 
becomes important to monitor changes i n the molecular structure 
of low molecular weight epoxy resins during storage. It i s well-
known that catalyzed l i q u i d epoxy resins w i l l undergo further re
action upon aging. HPGPC has been used to monitor retains of i n 
coming shipments from the resin supplier and monitor periodic 
samples from storage tanks of production plants. Figure 14 shows 
that at the time of sampling the samples that came from the plant 
storage tank was es s e n t i a l l y similar to the retained samples from 
the supplier. Also shown i n the figure i s an epoxy sample which 
has been aged for a year. It i s seen that the low molecular 
weight components had undergone further reaction to form a much 
higher molecular weight compound. Observation of any changes i n 
oligomer d i s t r i b u t i o n such as t h i s , at any time, w i l l a l e r t the 
respective production plant to take proper action. 

UV Curable Coatings. Typically, UV curable coatings consist 
of very low molecular weight multi-functional oligomers diluted 
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1 1 . κυο AND PROVDER HPGPC of Oligomers 221 

R E T E N T I O N V O L U M E ( m i ) 

Figure 14. HPGPC chromatograms of epoxy resins 
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222 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

A 

Β 

20 30 40 50 

R E T E N T I O N V O L U M E (ml) 

F i g u r e 15. HPGPC c h r o m a t o g r a m s (DRI t r a c e s ) of p o l y e s t e r methane 
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1 1 . κυο AND PROVDER HPGPC of Oligomers 223 

with reactive monomers and contain a photosensitizer to promote 
the crosslinking reaction. The almost instantaneous rate of re
action permits very fast l i n e speeds. This type of technology 
i s i d e a l l y suited for f l a t stock such as floor t i l e and i n t e r i o r 
wood paneling. Often such coatings are applied by r o l l coating 
application methods. In order to have acceptable appearance pro
perties after cure, the MWD of the oligomer system i s one v a r i 
able along with t o t a l coatings v i s c o s i t y which must be controlled 
to have the appropriate rheological properties with respect to 
r o l l transfer, flow and leveling. The MWD of the oligomer must 
be maximized consistent with acceptable rheological properties i n 
order to generate acceptable mechanical properties i n the cured 
film. 

HPGPC i s very useful for guiding resin synthesis and process 
development. Figure 15 shows the HPGPC traces of two polyester-
based urethane oligomers produced by varying the order of monomer 
addition to the reactor. The difference i n the oligomer d i s t r i 
bution i s c l e a r l y seen in the 38-45 ml retention volume region. 
Due to the presence of the high l e v e l of very low molecular 
weight components, the resin produced from process A did not have 
acceptable mechanical properties compared to the resin produced 
from process B. The coatings system containing resin A produced 
a clear protective surface coating which when subjected to cure 
v i a UV radiation did not meet hardness specifications. 

Conclusions 

The emergence of new coatings technologies such as high 
solids, powder, water-borne and radiation curable coatings as a 
response to governmental regulations has led to the development 
of resin systems where the measurement of the oligomer and low 
molecular polymer MWD i s c r i t i c a l l y important i n order to control 
the properties of these coatings systems. It has been shown that 
the HPGPC technique using high e f f i c i e n c y columns provides the 
necessary resolution i n the low molecular weight regions of i n 
terest for these coatings systems. 

This technique can be extended by use of other detectors. 
Chromatix [14] have shown that an on-line l i g h t scattering de
tector, under appropriate conditions can provide absolute mole
cular weight information i n the low molecular weight region. In 
addition, i t should be possible to unravel the subtle and im
portant compositional dependence of the molecular weight d i s t r i 
bution for these systems i n the low molecular weight region by 
use of u l t r a - v i o l e t and infrared detectors [15]. 
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12 

Size Exclusion Chromatography of Some 
Reversed Micellar Systems 

P A U L L . D U B I N 

Memorex Corporation, San Tomas at Central Expressway, Santa Clara, CA 95052 

I. INTRODUCTION 

With the development of new instrumental techniques, much new 
information on the size and shape of aqueous micelles has become 
available. The inceptive description of the micelle as a spheri
cal agglomerate of 20-100 monomers, 12-30 Å in radius (1), with a 
1iquid hydrocarbon interior, has been considerably refined in 
recent years by spectroscopic (e.g.: nmr, fluorescence decay, 
quasielastic light-scattering), hydrodynamic (e.g.: viscometry, 
centrifugation) and classical light-scattering and osmometry 
studies. From these investigations have developed plausible 
descriptions of the thermodynamic and kinetic states of micellar 
micro-environments, as well as an appreciation of the plurality of 
micelle size and shape. 

The intermolecular structure of surfactant aggregates in 
apolar media is at present more obscure. Because the surfactant 
polar head groups must lie in the interior of these aggregates, 
they are described as "inverted micelles" or "reversed micelles." 
While these terms in themselves suggest a high degree of corres
pondence to the aqueous systems, substantial evidence indicates 
that the coalescence of surfactants in apolar solvents occurs 
through step-wise "mass-action-law" aggregation (2). In contrast 
to the s i tuat ion for aqueous mice l les , th is form of equi l ibr ium 
implies the absence of a sharp cr it ical  micel le concentration 
(CMC) below which only free monomers may be found. On the other 
hand, spectral and other physical properties of non-aqueous sur
factant solutions sometimes show modest d i scont inu i t ies in the i r 
concentration dependence, and some workers have interpreted these 
as "operational" CMC's (3). The central issue is the d i s t i n c t i o n 
between the two types of se l f -assoc ia t ion : 

nm mn (1) 
a n a n m ^ am2 + bm3 + . . . (2) 
*Current address: C l a i r o l Research, Stamford, CT. 

0-8412-0586-8/80/47-13 8-225$05.00/0 
© 1980 American Chemical Society 
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226 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

where eq (1) may be used to describe cooperative (CMC-type) mi
c e l l e formation, while eq ( 2 ) corresponds to indef in i te s e l f -
associat ion ( 4 J . In many early studies the "monomer η-mer" as
soc iat ion (4J of eq (1) was an impl i c i t assumption behind the 
interpretat ion of conductance (5) or spectral [6| data. Recently, 
the indef in i te se l f -assoc ia t ion model has been found to provide 
the more r e a l i s t i c explanation of vapor phase osmometry (VPO) 
data (4) and nmr results ( 7 ) . 

At the present time, interest in reversed micel les is intense 
for several reasons. The rates of several types of reactions in 
apolar solvents are strongly enhanced by certa in amphiphiles, and 
t h i s "micel lar ca ta lys i s " has been regarded as a model for enzyme 
a c t i v i t y ( 3 ) . Aside from such "biomimetic" features, rate en
hancement by these surfactants may be important for appl icat ions 
in synthetic chemistry. Last ly , the aqueous "pools" so lub i l i zed 
within reversed micel les may be spectra l ly probed to provide 
structura l information on the otherwise elusive state of water in 
small c l u s t e r s . 

To interpret studies into the foregoing matters in d e t a i l , a 
c lear understanding of the s ize and shape of reversed micel les is 
b e n e f i c i a l . Mice l le aggregation numbers, i . e . : ^micel le^monomer 
have been obtained by a var iety of methods, most notably vpo ( 8 ) , 
but also c l a s s i c a l l i ght -scat ter ing (9), i ne las t i c l i g h t - s c a t t e r -
ing (10) and centr i fugat ion (11). A l l of these molecular weight 
methods provide a s ingle average value for the aggregation number, 
e . g . , number-average from vpo or weight-average from 1ight scat
t e r i n g , and thus y i e l d information about micel le s ize d i s t r ibut ion 
only i n d i r e c t l y . The same r e s t r i c t i o n has been encountered in the 
appl icat ion of these techniques to the character izat ion of syn
t h e t i c polymers. This l imi tat ion has in large part provided the 
impetus for the development of GPC, which can portray the whole 
d i s t r i b u t i o n . Size exclusion chromatography has been sparsely 
applied to aqueous micel lar systems. Gel f i l t r a t i o n on Sephadex 
columns has been used to examine the state of associat ion of alkyl 
and ary la lky l sodium sulfonate solutions ( 1 2 . 1 3 ) and to measure 
the s ize of alkylpolyethyleneoxide micel les (14). Porous glass 
was employed to study monomer-micelle e q u i l i b r i a in sodiurn dodecyl 
su l fa te ( 1 5 ) and to f ract ionate casein micel les ( 1 6 ) . However, no 
report has appeared descr ibing the exclusion chromatography of 
surfactants in apolar solvents even though such solvents are t y p i 
c a l l y the ones employed in modern "high e f f i c iency GPC systems. 

The present work reports preliminary studies with a var iety 
of amphiphilic solutes. The resu l t s , while somewhat fragmentary 
at th i s stage, suggest that GPC may be a rapid and versat i le way 
to examine the s ize and s t a b i l i t y of reversed mice l les . 

I I . EXPERIMENTAL 

Di(2-ethylhexyl)sodium sulfosuccinate (di isoocytyl sulfosuc-
c inate , Aerosol 0T, AOT) was obtained from A ldr ich and pur i f ied by 
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12. D U B i N Reversed Micellar Systems 227 

r e c r y s t a l l i z a t i o n from ethanol. Hexadecyl-trimethylammonium bro
mide (CTAB), glycerolmonooleate (GMO) and di-N-octylamine hydro-
bromide (DNOAHBr) were obtained from the same source and used 
without further p u r i f i c a t i o n . Commercial Soya Lec i th in* was 
supplied by Chemurgy Div is ion of Central Soya (Central 3FUB). 
This natural product was further pur i f ied by prec ip i tat ion from 
THF into acetone, which removed the glycerides (soya o i l ) . The 
p r e c i p i t a t e , which contained the soya phosphatides, was further 
pur i f i ed by prec ip i tat ion from THF into ethanol to y i e l d a super
natant consist ing predominantly of chemical l e c i t h i n (phosphatidyl 
chol ine) henceforth referred to as the ethanol-soluble f r a c t i o n . 

GPC was carr ied out with a "main columns" system, or one of 
two "Oligomer GPC" systems. The former was a Waters ALC/GPC 204 
equipped with 1 0 5 , 10 \ 10 3 and 500 A juStyragel columns with 
THF as an eluant. The l a t t e r was in one case a s imi lar Waters i n 
strument with a 10 3 % juStyragel column or 500 A + 100 A (uStyra
ge! columns and benzene as eluant. The second 01igomer GPC was a 
high-speed, high-resolut ion system (25,000 theoret ica l plates) 
u t i l i z i n g a Milton Roy mi ni-pump, a Rheodyne #7120 i n j e c t o r , and 
two Toyo Soda G2000H columns with THF as mobile phase. (The use 
of benzene as a mobile phase with the l a t t e r column set was 
avoided based on the manufacturer's recommendations for columns 
packed with THF.) A Waters R401 d i f f e r e n t i a l refractometer was 
the detector used in a l l experiments. The usual narrow d i s t r i b u 
tion polystyrene standards were used for ca l ib ra t ion and a l l 
reported MW values are r e l a t i v e to the i r e lut ion (M p S). 
III . RESULTS 

A. Chromatographic Behavior of Amphiphiles in Benzene 

GPC chromatograms of Α0Τ in benzene obtained with a 500 ft + 
100 A fjStyragel column set , and over a range of injected sample 
weights, are shown in Figure 1. The apparent peak molecular 
weight increases with the amount of sample applied to the columns. 
At higher sample loads, the value of Mp P S appears to ap
proach a l imi t of 1200-1600. The apparent MWs observed at low 
concentrations (ca 500) may represent a lower 1imit corresponding 
to unassociated so lute . 

The influence of sample s ize on the apparent MW of Α0Τ is 
shown in Figure 2 where sample mass in mg is plotted against 
M p P S . In the range 5-20 mg, the apparent MW increases in a 
nearly l inear maiuier with the sample s i z e . At higher solute con
centrat ions , Mp P S appears to atta in a l im i t ing value which, 
in spite of some scatter in the data, can be ident i f i ed as 1400 
+ 200. 

* Soya l e c i t h i n is a natural product which contains about 34% 
glycerides (soya o i l ) , 5% sugars, and 61% phosphatides. The phos
phatides in turn are comprised of phosphatidyl chol ine , i . e . , 
chemical l e c i t h i n (20%), phosphatidyl ethanolamine (20%), and 
phosphatidyl inos i to l (21%). 
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3mg 

F i g u r e 1 . G P C c h r o m a t o g r a m s of A e r o s o l O T a t v a r y i n g s a m p l e l o a d s ( s o l v e n t : 

b e n z e n e ; c o l u m n s : 5 0 0 A -j- 1 0 0 A p S t y r a g e l ; flow r a t e : 0.58 m L / m i n ; i n j e c t i o n 

v o l u m e : 750 μΣ) 
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12. DUBiN R e v e r s e d M i c e l l a r S y s t e m s 229 

F i g u r e 2. D e p e n d e n c e of a p p a r e n t m o l e c u l a r w e i g h t o n s a m p l e s i z e , f r o m d a t a of 

F i g u r e 1 ((Φ) i n j e c t i o n v o l u m e 2 5 0 ^L; ( ) d a t a for Α Ο Ύ i n THF) 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
2



2 3 0 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Chromatograms obtained for the other compounds eluted in 
benzene are shown in Figure 3. Concentrations applied to the 
columns ranged from ça 2 mg/ml, near the l imit of detect ion, up to 
the s o l u b i l i t y l i m i t . Over th i s range, no change could be 
observed for CTAB. 

B. Exclusion Chromatography in THF 

Samples of AOT were eluted in THF on Toyo Soda 01 igomer 
Columns at 118 ml/hr. A single rather narrow peak was observed 
f o r sample sizes from 0.1 to 31 mg. The dependence of MpP*> 
on sample s ize is shown by the broken l ine in Figure 2. 

The chromatogram of the commercial soya l e c i t h i n as shown in 
F igure 4 suggests a number of components and al 1 subsequent work 
was done with the ethanol-soluble f r a c t i o n , i . e . , phosphatidyl 
cho l ine , or the ethanol- insoluble f r a c t i o n , comprised pr imari ly of 
other phosphatides. 

Chromatograms of the ethanol-soluble f ract ion were obtained 
in THF on Toyo Soda 01 igomer columns over a range of sample 
masses, as shown in Figure 5. The exclusion l imi t of these 
columns is ca 50,000 and M p

P S values above 10,000 are inac
curate because the ca l ib ra t ion curve is very steep in th is region. 
Consequently, chromatograms were also obtained on the "Main 
Column" GPC with the resul ts shown in Figure 6. 

The dependence of MpP^ on sample s ize for the ethanol-
soluble f ract ion is summarized by the so l id l ines in Figure 7. 
For both column sets , the apparent MW of the pr inc ipal peak in 
creases by nearly an order of magnitude as the mass of the i n 
jected sample is increased from one to four mg. In contrast , the 
ethanol- insoluble f ract ion exhibits a rather narrow chromatogram 
with Mp P S = 20,000, essent ia l l y independent of the sample 
mass or the column system. 

IV. DISCUSSION 

The decrease in retention time with increasing sample s i z e , 
along with the high values of M p

P S , is a c lear indicat ion of 
aggregation of these solutes in nonaqueous media. The two solutes 
studied in d e t a i l , AOT and soya phosphatides, both display l i m i t 
ing values of Mp P S at high and low concentrations (see F i g 
ures 2 and 7) that may correspond to the most stable aggregate and 
the unassociated solute, respect ive ly . The concentration depen
dence of Mp P S in the intermediate region varies strongly. 
To some extent th is may correspond to aggregates of intermediate 
s i z e . On the other hand, the process of separation i t s e l f results 
in a continuous perturbation of the equil ibrium and the posit ion 
and breadth of the observed chromatogram may re f lec t in a complex 
way the process of disaggregation as the solute elutes through the 
column. 
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12 . D U B I N R e v e r s e d M i c e l l a r S y s t e m s 2 3 1 

Figure 3. G P C c h r o m a t o g r a m s for D N O A H B r a n d G M O a t v a r y i n g s a m p l e 

l o a d s ( s o l v e n t : b e n z e n e ; c o l u m n s : 5 0 0 A -f 1 0 0 A p S t y r a g e l ( D N O A H B r ) o r 1 0 s 

A p S t y r a g e l ( G M O ) ; flow r a t e : 0 . 5 5 m L / m i n , e x c e p t 1 . 1 3 m L / m i n for c h r o m a t o 

g r a m s i n A ; i n j e c t i o n v o l u m e : 7 0 0 p L ) 
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232 SIZE EXCLUSION CHROMATOGRAPHY ( G P C ) 

F i g u r e 4. GPC c h r o m a t o g r a m s of c o m m e r c i a l s o y a l e c i t h i n ( s o l v e n t : THF; c o l -

u m n s : 2 X G2000H T o y ο S o d a ; flow r a t e : 1 . 9 6 mL/min; i n j e c t i o n : 50 /xL X 75 
m g / m L ; ( ): 2 5 4 n m d e t e c t i o n , 0.2 a b s . u n i t s full-scale) 
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D U B i N R e v e r s e d M i c e l l a r S y s t e m s 233 

0.5mg 

13mg 

20,000 

F i g u r e 5. GPC c h r o m a t o g r a m s of p h o s p h a t i d y l c h o l i n e f r a c t i o n of s o y a l e c i t h i n 

( c o n d i t i o n s s a m e a s for Figure 4 e x c e p t i n j e c t i o n v o l u m e : 5 0 - 2 5 0 yJL) 

* 25mg 

12,000 

12,000 

F i g u r e 6. GPC c h r o m a t o g r a m s of p h o s p h a t i d y l c h o l i n e f r a c t i o n ( s o l v e n t : THF; 

c o l u m n s ; 1 0 5 A + W4 A f 1 0 s A + 5 0 0 A fxStyragel; flow r a t e : 1 . 8 1 m L / m i n ; 

i n j e c t i o n v o l u m e : 2 5 - 2 5 0 ^ L ) 
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234 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 7. Effect of sample size on apparent molecular weight for soya lecithin 
phosphatide fractions (conditions same as for Figures 5 and 6; (O) ethanol-soluble 
fraction (phosphatidyl choline), "oligomer GPC; (%) ethanol-soluble fraction 
(phosphatidyl choline), "main column"; (A) ethanol-insoluble fraction (other phos
phatides), "oligomer GPC"; (±) ethanol-insoluble fraction (other phosphatides), 

"main column") 
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12. D U B i N Reversed Micellar Systems 235 

Micel le Size 

In reviewing the l i t e r a t u r e on reversed mice l lar systems, 
Kertes (2) has tabulated mean aggregation numbers n, usually ob
tained by osmometry or l i g h t - s c a t t e r i n g . In order to compare 
these values with the present f ind ings , we can attempt to ca lcu
late η from the ra t iο of apparent s ize at high concentration to 
that at low sample s i z e , assuming that the former value corres
ponds to the stable mice l lar aggregate. Several measures of 
molecular s ize have been proposed for the ca l ib rat ion of 01igomer 
GPC columns including molecular weight, M (17), the "universal 
c a l i b r a t i o n parameter" [7|]M (18,19), the largest molecular dimen
sion t (20), and the molar volume V m (21,22). While a l l of 
these parameters are sat i s factory for a homologous ser ies of 
so lutes , only the last two provide reasonable congruence for 
s t r u c t u r a l l y d i f ferent solutes in the range of 102<M<104. 
From reported molar volumes for styrène oligomers and low MW 
homologs, 100-5000 MW (18.21.23), we can establ ish the fol lowing 
re lat ionsh ip : 

V m (cc/mole) = 0.9 M p s + 80 (3) 
The numerical values of the molar volume and MPS are thus 

nearly equal over most of the MW range of in terest . Hence, the 
r a t i o of M p

P S at high and low solute concentrations should 
give the rat io of the molar volumes of micel le and monomer i f the 
peak observed at high sample load corresponds to a stable mice l lar 
aggregate. The values of th i s M p

P S ra t io for soya l e c i t h i n 
(ethanol soluble) in THF and DNOAHBr in benzene are 20 and 2, re
spect ive ly ; these are in good agreement with l i t e r a t u r e values of 
the mean aggregation number η = 24 and 2.5 (24,8e). (The value of 
η for l e c i t h i n is that reported for solut ion in butanol, the s o l 
vent c losest in po lar i ty to THF of those formerly studied.) For 
Α0Τ and GM0, both in benzene, the values for the M p

P 5 r a t i o , 
4 and 1.6, are lower than l i te ra ture values for η by factors of 5 
and 10, respect ively (2J. Molar volumes calculated according to 
eq (3) for the free solutes are close to the expected values. 
Therefore, i t appears l i k e l y that the low value found for 
M p (agg)/MpP 5(mon) corresponds pr imari ly to a nega
t i v e error in M p

P S (agg) rather than to a high value for 
M p (mon). In the case of Α0Τ and GM0, the observed peak 
might represent the front of a band of d issoc iat ing aggregates and 
so exhibit a retention time longer than that of a hypothetical 
stable mice l lar aggregate. 

Micel le S t a b i l i t y 

Since aggregates elute more rapid ly than free so lute , the 
chromatographic front is not in equi l ibr ium with the surrounding 
medium but cont inual ly undergoes further d i s s o c i a t i o n , as pointed 
out by Col l (15) and Tokiwa et a l . (12). Working with aqueous 
a l k y l s u l f a t e so lut ions , these authors found that th i s ef fect led 
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2 3 6 SIZE EXCLUSION CHROMATOGRAPHY ( G P C ) 

to broad chromatograms with sharp micellar fronts and long ta i l s . 
In contrast, some of the chromatograms obtained here display a 
narrow aggregate peak and clear resolution between free solute and 
higher MW species. This is particularly so for lecithin (see Fig
ures 4 and 6). The implication of this finding is that the disso
ciation of lecithin aggregates in THF is slow relative to the 
chromatographic separations. Thus, we can regard the apparent MW 
values as corresponding to species present in the sample prior to 
injection. It is interesting to note then that intermediate con
centrations of the ethanol-soluble fraction lead to peaks with 
MpPS=3000-'5000 (MPS(agg)/M?s(mon)=3-5) in light of 
the reported existence of "small" lecithin micelles with MW ca 
3500 (25). Micelles formed from phosphatides other than chemical 
lecithin are apparently more stable yet, most notably at low con
centrations: The ethanol-insoluble fraction exhibits only a high 
MW aggregate peak at applied sample concentrations as low as 0.1%. 

We may contrast this behavior to that found for AOT. As 
shown in Figure 1, the chromatograms for AOT exhibit sharp fronts 
and somewhat diffuse t a i l s , intermediate in shape between the 
symmetrical peaks typical of conventional solutes and the highly 
asymmetric chromatograms obtained for sodium dodecyl sulfate 
micelles in water (15). In addition, the concentration dependence 
of MpP S for AOT is gradual, not abrupt as for lecithin. 
These differences may be attributed to the labi l i ty of the AOT 
micelles which makes the observed retention time quite sensitive 
to the in i t ia l concentration (12) and leads to broadened 
chromatograms. 

Similarly contrasting behavior was observed by Tanford and 
coworkers for n-dodecyl octaethyleneglycol monoether and its hexa-
ethyleneglycol homolog eluted on Sephadex columns ( 1 4 ) . The for
mer detergent--like lecithin here--exhibits a narrow, symmetrical 
peak and no dependence of retention time on concentration; the 
latter compound yields chromatograms with a steep front and a long 
tra i l ing edge, and displays a concentration-dependent peak posi
tion similar to that found here for AOT. However, these authors 
attributed the second type of behavior to slow equilibration among 
micelles of different sizes, in conflict with the reasoning 
adopted here. 

V. CONCLUSIONS 

The size and stability of "reversed micellar" systems may be 
investigated using high-efficiency GPC. Different amphiphiles 
show contrasting behavior depending on micelle size and equilibra
tion rate. The apparent size of the aggregates, based on reten
tion volume, reflects both factors. To some extent, the depen
dence of retention time on sample mass is a measure of the lab i l 
i ty of the aggregates. Chromatography using low concentrations of 
surfactant as a mobile phase is expected to provide more explic
able results. 
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12. DUBIN Reversed Micellar Systems 237 
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13 
Polymerization and Dilute Solution 
Characterization of Poly(dichlorophosphazene) 

G A R Y L . H A G N A U E R 

Polymer Research Division, Army Materials and Mechanics Research Center, 
Watertown, MA 02172 

The high temperature, melt polymerization of hexachlorocyclo-
triphosphazene (I) to polydichlorophosphazene [ N P C I 2 ] x was first 
reported i n 1897 (1). The polymer was usually obtained as a 
crosslinked matrix ( I I I ) and had many of the properties of a good 
elastomer (Tg = -66°C) except that i t was h y d r o l y t i c a l l y unstable. 
Upon exposure to moist a i r , the P-Cl bonds hydrolyze and the 
polymer gradually degrades to phosphoric acid and ammonia. I f the 
polymer i s swollen i n an organic solvent and water i s added, the 
hydrolysis i s quite rapid (2). More recently, soluble "open-chain" 
polydichlorophosphazene (II) has been prepared by using highly 
pure trimer and l i m i t i n g the conversion i n the bulk (ca. 250°C) 
and s o l u t i o n (ca. 200°C) polymerization reactions (3)· In contrast 
to ( I I I ) , (II) by v i r t u e of i t s s o l u b i l i t y can be rendered hydro
l y t i c a l l y stable by replacing i t s chlorine atoms with various 
organic nucleophiles (IV-VI) (3,4_). Hence, tec h n o l o g i c a l l y 
promising poly(organo)phosphazenes are obtained i f care i s taken 
during polymerization to avoid gelation and to sel e c t proper 
conditions for complete chlorine s u b s t i t u t i o n ( 4 , 5 ) . 

Although poly(organo)phosphazenes have been characterized 
using d i l u t e s o l u t i o n techniques (4-10), attempts to characterize 
polydichlorophosphazene d i r e c t l y have been l i m i t e d (11,12,13). The 
presence of gel and the fact that polydichlorophosphazene i s 
moisture s e n s i t i v e generally have precluded an accurate analysis 
of i t s molecular weight (MW) and molecular weight d i s t r i b u t i o n 
(MWD). However i t i s now r e a l i z e d t h a t , i f precautions are taken 
during the p u r i f i c a t i o n and handling of the c y c l i c trimer (I) and 
i f the polymerization y i e l d s are kept low, gel-free p o l y d i c h l o r o 
phosphazene may be prepared r o u t i n e l y . A more d i f f i c u l t problem 
to handle has been the h y d r o l y t i c i n s t a b i l i t y . Although polydich
lorophosphazene i s soluble i n a v a r i e t y of organic solvents, trace 
amounts of water cause hydrolysis with the formation of P-OH side 
groups. In apolar solvents l i k e benzene and toluene, the presence 
of P-OH groups cause the polymer molecules to associate through 

This chapter not subject to U.S. copyright. 
Published 1980 American Chemical Society 
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1 3 . H A G N A U E R Polymerization of Poly(dichlorophosphazene) 241 

d i p o l a r i n t e r a c t i o n s ; and depending upon the extent of h y d r o l y s i s , 
c r o s s l i n k i n g may occur through the formation of P-O-P bonds. In 
polar solvents l i k e acetone and dimethyl formamide, the polymer 
hydrolyzes r a p i d l y , s o l u t i o n s turn t u r b i d and a white p r e c i p i t a t e 
i s evident w i t h i n a few hours to several days. 

In t h i s paper, techniques are described for preparing and 
handling d i l u t e solutions of polydichlorophosphazene. Polymer 
samples are prepared by the melt polymerization of hexachloro-
cyclotriphosphazene i n sealed, evacuated glass ampoules at 250°C. 
P r e c i p i t a t i o n techniques are used to separate the polymer from 
unreacted trimer and low molecular weight polymerization products, 
under anhydrous conditions, the molecular weights and molecular 
weight d i s t r i b u t i o n s of the polymers are d i r e c t l y and accurately 
characterized. Viscometry, membrane osmometry, l i g h t s c a t t e r i n g 
and l i q u i d s i z e exclusion chromatography (SEC) techniques are 
applied f o r d i l u t e s o l u t i o n c h a r a c t e r i z a t i o n . A d d i t i o n a l l y , SEC 
i s used to analyze trimer p u r i t y and to characterize low and 
intermediate molecular weight polymerization reaction products. 
The accuracy of the polymer ch a r a c t e r i z a t i o n i s evaluated and the 
polymerization products of trimer obtained from d i f f e r e n t sources 
are characterized and compared. 

Experimental 

Ma t e r i a l s . Hexachlorocyclotriphosphazene ( I ) , also designated 
as the p h o s p h o n i t r i l i c chloride trimer, was obtained from two 
d i f f e r e n t sources - E t h y l Corp., Femdale, MI and Inabata & Co., 
Minami-Ku Osaka, Japan. Under the conditions used f o r polymer
i z a t i o n i n t h i s study, the trimer samples obtained from Ethyl Corp. 
were observed to form an insoluble matrix ( I I I ) ; whereas the 
Japanese trimer formed soluble polymer ( I ) . Hence, two batches 
of trimer (PN-1 and PN-2) from Ethyl Corp. were p u r i f i e d by vacuum 
d i s t i l l a t i o n , r e c r y s t a l l i z a t i o n from heptane and vacuum sublimation 
to remove inorganic i m p u r i t i e s , hydrolysis products and higher 
molecular weight c y c l i c s and oligomers. A f t e r p u r i f i c a t i o n , the 
samples were found to consist of pure trimer (mp 114°C) to the 
l i m i t s of detection using d i f f e r e n t i a l scanning calorimetry, gas 
chromatography and l i q u i d s i z e exclusion chromatography. The 
trimer from Inabata & Co. i s a high q u a l i t y , polymer grade material 
produced on a large scale under the trade name Phosnic 390. 
Phosnic 390 from two d i f f e r e n t l o t s , IJ-3 and IL-22, was obtained 
and used for polymerization without further p u r i f i c a t i o n . According 
to gas and l i q u i d chromatographic analyses, the Phosnic 390 samples 
consist of 91% c y c l i c trimer and 9% c y c l i c tetramer ( i . e . , octa-
chlo rο cyclot et rapho sphaz ene). 

The trimer samples were polymerized i n sealed pyrex ampoules 
placed i n an aluminum block oven at 250°C. T y p i c a l l y , the ampoules 
contained 50g of trimer sealed under vacuum (0.005 to 0.010 mm Hg) 
and the reactions were terminated by removing the ampoules from 
the oven. A f t e r cooling, the ampoules were opened and the contents 
removed. 
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242 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

The trimer samples and the polymerization reaction mixtures 
were stored under vacuum and handled i n a dry box under a blanket 
of dry nitrogen. Dried solvents were used and precautions were 
taken to exclude moisture during i s o l a t i o n and handling of the 
polymers. In each case, the reaction mixture was dissolved i n 
80ml benzene and the polymer was p r e c i p i t a t e d with 400ml n_-pentane. 
About 10-20% of the trimer and other low MW components are retained 
i n the polymer f r a c t i o n at t h i s stage. To completely remove trimer, 
the polymer was dissolved and p r e c i p i t a t e d a second time. Solvent 
was removed, v i a a Rotavapor-R instrument, from the soluble, low 
molecular weight f r a c t i o n s and both the polymer and the low MW 
f r a c t i o n s were dried and stored under vacuum. 

To remove water, the benzene was azeotroped and d i s t i l l e d 
over CaH 2. The n-pentane was stored over LiMH^ and d i s t i l l e d 
over CaH 2. Toluene was d i s t i l l e d over CaH2. Toluene from 
Burdick & Jackson, Muskegon, MI could also be used for d i l u t e 
s o l u t i o n characterization without any adverse e f f e c t s on polymer 
s o l u b i l i t y . Tetrahydrofuran (THF) was dried over molecular sieves 
and doubly d i s t i l l e d over CaH2. The solvents were blanketed with 
nitrogen to maintain dryness. 

D i l u t e Solution Characterization. The polydichlorophosphazene 
samples were characterized with toluene as the solvent at 25°C. 
The polymers were completely soluble i n d i l u t e s o l u t i o n and 
f i l t e r e d with no d i f f i c u l t y through 0.8μ and 5u membrane f i l t e r s . 
The trimer samples and low MW f r a c t i o n s were dissolved and analyzed 
i n THF s o l u t i o n . Solutions were prepared i n an i n e r t atmosphere 
and kept under a blanket of nitrogen except f o r short i n t e r v a l s 
during which t r a n s f e r or i n j e c t i o n operations were conducted as 
required f o r c e r t a i n analyses. 

Cannon-Ubbelohde d i l u t i o n viscometers were employed f o r 
i n t r i n s i c v i s c o s i t y [η] determinations and number-average molecular 
weights MniOS) were obtained using a Mechrolab model 501 membrane 
osmometer. Light s c a t t e r i n g measurements were made using a FICA 
50 instrument operated with unpolarized l i g h t of wavelength 
λ 0 = 5461Â and c a l i b r a t e d with benzene (Rg = 1.58 χ 10~ 5 cm" 1). 
The average value of the r e f r a c t i v e index increment as determined 
using a Brice-Phoenix d i f f e r e n t i a l refractometer was (dn/dc) = 
0.0635 ml/g. A computer program incorporating a polynomial equation 
for the least-squares analysis of data and a p l o t t i n g routine for 
the contruction of_Zimm p l o t s was used to evaluate weight-average 
molecular weights M^(LS), second v i r i a l c o e f f i c i e n t s A 2 and 
z-average r a d i i of gyration (S 2)3« 

A Waters ALC/GPC-244 instrument with 6000A solvent d e l i v e r y 
system, U6K i n j e c t o r , R400 r e f r a c t i v e index (RI) detector and high 
performance columns was used for l i q u i d s i z e exclusion chromato
graphy (SEC). A Spectra Physics SP4000 data system with SP4020 
data i n t e r f a c e and SP4050 p r i n t e r / p l o t t e r was applied to format 
and integrate data. The following conditions were used f o r 
analyzing the polydichlorophosphazene samples: 
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13. H A G N A U E R Polymerization of Poly(dichlorophosphazene) 243 

Sample concentration - 2yg/ul 
I n j e c t i o n volume - 50ul 
Mobile phase - toluene 
Flow rate - 1 ml/min 
Columns - yBondagel 2000Â, E - l i n e a r , 125 A 
Detection - RI 16X, SP4050 Attenuation 10 
Chart speed - 4 cm/min 
Analysis time - 10 min 
Total plate count 10h plates 

Discrete area segments were computed over four second time 
i n t e r v a l s during polymer e l u t i o n and baseline corrections were 
made. The raw data were transferred to a Hewlett Packard HP9830 
computer f o r evaluation and p l o t t i n g . The following conditions 
were used to analyze the trimer samples and low MW f r a c t i o n s : 

Sample concentration - lug/μΐ 
In j e c t i o n volume - 50yl 
Mobile phase - THF 
Flow rate - 2ml/min 
Columns - (2) Shodex GPC A-800/S columns + (3) 100A yStyragel 

columns 
Detection - RI 16X, SP4050 Attenuation 10 
Chart speed - lcm/min 
Analysis time - 24 min 
Total plate count - 2(10**) plates 

Polydichlorophosphazene and c y c l i c trimer and tetramer standards 
were used for c a l i b r a t i o n . Standard methods were applied for 
i n t e g r a t i n g peak areas. 

Gas chromatographic and mass spectroscopic analyses were run 
using a Finnigan GC/MS instrument with an electron i o n i z a t i o n 
detector at 70eV. Separations were achieved using 3% De x s i l 300 
on 100/200 Supelcoport i n a 5-ft χ 1/4-in glass column programmed 
from 100° to 280°C at 20°C/min. 

Results and Discussion 

Polymerization times and y i e l d s are given i n Table I. The 
polymers and oligomer f r a c t i o n s are designated according to the 
batch or l o t number of the trimer from which they were derived. 
The % polymer i s based on the actual weights of trimer used for 
polymerization and polymer recovered from the second p r e c i p i t a t i o n . 
The values i n parenthesis include the weight of polymer (ca. 3-8%) 
retained i n the soluble oligomer f r a c t i o n s as determined by SEC 
analysis. As shown i n Figure 1, high MW polymer retained i n the 
soluble oligomer f r a c t i o n s elutes at the exclusion l i m i t (670s) as 
a sharp peak followed by another peak (705s) or a t a i l of high MW 
oligomers and a series of intermediate MW oligomers (880, 950, 990, 
1040, 1070, 1100s). The c y c l i c tetramer elutes as a shoulder 
(1170s) on the trimer peak (1250s). The peaks at 1300 and 1390s 
are due to r e s i d u a l solvents from p r e c i p i t a t i o n and drying. I t i s 
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noted that the c y c l i c tetramer does not appear i n the PN-1 and -2 
reaction products. 

Comparable polymer y i e l d s are obtained for the four samples; 
however, the Phosnic 390 samples IJ-3 and IL-22 have appreciably 
more high and intermediate MW oligomer products. Nearly h a l f the 
trimer i n the Phosnic 390 samples undergoes conversion compared 
to 35% for the p u r i f i e d trimer. F i n a l l y , i t i s noted that the 
Phosnic 390 samples achieve s i m i l a r polymer y i e l d s i n about o n e - f i f t h 
to one-half the time as the pure PN trimers. These observations 
suggest that the Phosnic 390 samples may contain component (s) that 
behave as ca t a l y s t s or accelerators and that also tend to increase 
the high and intermediate MW oligomer y i e l d s . 

Besides the trimer, the only component i d e n t i f i e d (by GC/MS 
and SEC) i n the Phosnic 390 samples i s the c y c l i c tetramer. 
However, i t i s d i f f i c u l t to understand how the tetramer might be 
accelerating trimer polymerization since the tetramer i s reported 
to polymerize slower that the trimer and require a higher polymeri
zation temperature (14,15). Metals, s u l f u r and oxygen-bearing 
compounds (alcohols, ethers, ketones and carboxylic a c i d s ) , as w e l l 
as the surfaces of glass reaction tubes, have been reported to 
enhance the polymerization rate (14,16-21). But i t i s noted that 
such rate enhancers also tend to promote c r o s s l i n k i n g and the 
formation of an insoluble matrix ( I I I ) . Since the polymerization 
products were soluble and since i t i s u n l i k e l y that the rate 
enhancers would i n t e n t i o n a l l y have been added to Phosnic 390, t h e i r 
presence i s questionable. More l i k e l y , the differences i n poly
merization are caused by the presence of trace i m p u r i t i e s . For 
example, trace amounts of phosphorus pentachloride from the trimer 
synthesis and of water as a contaminant may be present i n the 
Phosnic 390 samples. Allcock and coworkers found that very low 
concentrations of water (0.02 to 0.1 mol %) i n the c y c l i c trimer 
markedly accelerates the polymerization reaction and have proposed 
a mechanism for c a t a l y s i s based upon the formation of chlorophos-
phazene hydrolysis products (22). With trace amounts of water 
present during polymerization, they also found that the i n t r i n s i c 
v i s c o s i t y of the polymer (II) decreased with increasing water 
concentration but apparently that no high or intermediate MW 
oligomers are formed. However, small amounts of PCI5 (0.02 mol%) 
added to the trimer does r e s u l t i n the formation of low MW 
polymerization products (22). Consequently, the differences i n 
the y i e l d s and products obtained with the Phosnic 390 and PN 
samples as w e l l as the Phosnic 390 IJ-3 and IL-22 samples themselves 
may be a t t r i b u t e d to v a r i a t i o n s i n the amounts of trace water and 
P C I 5 . 

In a l l cases the polymerization products were f u l l y soluble 
i n toluene and the toluene solutions were well-behaved. That i s , 
the d i l u t e polymer solutions f i l t e r e d through 0.8μ membrane f i l t e r s 
with no clogging; normal Huggins constants (23) kfpj0.5 were obtained 
from the viscometric analyses; and regular Zimm p l o t s were obtained 
from the l i g h t s c a t t e r i n g analyses (Figure 2). To evaluate further 
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Figure 2. Zimm plot for poly(dichlorophosphazene) Sample IL-22 
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13. H A G N A U E R Polymerization of Poly(dichlorophosphazene) 247 

the v a l i d i t y of the polymer handling and characterization techniques, 
sample PN-1 was divided i n t o three sections a f t e r polymerization. 
Each section was handled separately to determine the average polymer 
y i e l d (Table I) and the polymers PN-la, - l b and - l c were character
ized at d i f f e r e n t times over a period of one month. 

The d i l u t e s o l u t i o n parameters are l i s t e d i n Table I I . A l l 
the samples have high molecular weights and broad molecular weight 
d i s t r i b u t i o n s . The parameters are consistent for samples PN-la, 
- l b and - l c w i t h i n the usual l i m i t s of experimental error expected 
for the d i l u t e s o l u t i o n techniques. This means that the parameters 
for PN-2 are s i g n i f i c a n t l y d i f f e r e n t from those of the PN-1 polymers. 
Although both trimers were p u r i f i e d , trace differences i n trimer 
p u r i t y or polymerization conditions evidently were responsible for 
the higher VL^ and ί% values and the broader MWD of PN-2. S i m i l a r l y , 
most parameter values for IJ-3 and IL-22 were d i f f e r e n t not only 
from those of the PN-1 and -2 polymers but also from those obtained 
for one another. The low values of the second v i r i a l c o e f f i c i e n t 
A 2 i n d i c a t e that toluene i s a thermodynamically poor solvent and 
perhaps a Θ solvent for polydichlorophosphazene; while the [η] 
and (S^,1* values are comparable to values of the parameters 
obtained for other high MW polymers i n Θ solvents (24). For a 
l i n e a r polymer, the values of [η] and (s2^*5 i n a Θ solvent are the 
lowest values the parameters may assume without the solvent 
becoming a non-solvent. However, i f the polymer i s branched, the 
values of [η] and (β\** w i l l be less than those obtained for the 
l i n e a r polymer of i d e n t i c a l MW. The [η] and (s2\** values obtained 
for polydichlorophosphazene are no lower than expected for the 
polymer i n a Θ solvent. Therefore, i f the polydichlorophosphazene 
samples are branched, they do not appear to be highly branched. 
F i n a l l y , i t i s noted that, regardless of differences i n p o l y d i s -
p e r s i t y , the polymers have s i m i l a r φ 2 ^ ζ / Μ ν values which suggests 
that they have a s i m i l a r chain structure a l b e i t l i n e a r or branched. 

A t y p i c a l SEC e l u t i o n p r o f i l e f o r polydichlorophosphazene i s 
shown i n Figure 3. A l l the samples eluted between 330 and 500 
seconds with only s l i g h t differences i n the shapes of t h e i r 
chromatograms, i . e . , PN-1 and -2 had broader, more symmetrical 
chromatograms than IJ-3 and IL-22. No low MW peaks due to trimer 
or r e s i d u a l oligomers were evident. Upon an a l y s i s , the c y c l i c 
trimer had an e l u t i o n time of 525 seconds. The polymers were 
compatible with the uBondagel column packing such that, as long 
as d i l u t e solutions were in j e c t e d and anhydrous conditions were 
maintained, no increases i n column back pressure or changes i n 
el u t i o n times were observed. 

Upon c a l i b r a t i n g the columns with narrow MWD polystyrene 
standards, i t was noted that the polydichlorophosphazenes eluted 
over a r e l a t i v e l y s t r a i g h t region of the c a l i b r a t i o n p l o t . There
fore a two parameter equation, 

log M = c + C i t . (1) 
i ο A ι 

American C t a i c a f 
S o c i a l / L'.Tcry 

1155 16th Gl. M, W. 
Washington. D. C. 20036 
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Figure 3. SEC analysis of poly(dichlorophosphazene) Sample IL-22 
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where c Q and ci are constants, was calculated from the molecular 
weights Mi and elution times t i of the standards eluting during 
the same interval as the polydichlorophosphazenes. Using Eq.l and 
the polydichlorophosphazene segment areas Â , number- and weight-
average molecular weights were evaluated 

fin " Σ ν Σ ( Y V ( 2 ) 

j - l J-l 

κ- Σ w j ^ Y <3) 

j=l J-l 
and were used to calculate the respective elution times 

log M - c, 
t » — 
η cj 

(4) 
log M -c / 0 

t = w o (5) 
w C j 

Next,^ and t w were substituted into Eq.l with the respective 
polydichlorophosphazene absolute molecular weights Mn(OS) and 
Ï^(LS) to form simultaneous equations which were then solved to 
obtain new constants 

V l o g ^ O S ) - y log Mn(0S) ^ 
° Si "̂w 

log M (LS) - log M (OS) 
c: W t - t ° <7> 

w η 
for the polydichlorophosphazene calibration curve. The calculations 
Eqs.2-7 were reiterated until the calculated values Mn and agreed 
with the absolute parameters. The final constants were then used 
in Eq. 1 to obtain the cumulative 

(8) 

and the differential molecular weight distributions (Figure 4). 
A i 

F(log M ±) = gl (9) 
4cj V"* A 

The "4" in the denominator of Eq. 9 is the integrated segment area 
interval in seconds. 
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L O G ^ M 

Figure 5. M WD for IL-22 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
3



252 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Upon applying the calibration constants obtained from the 
data of one sample to evaluate the SEC data of the other samples, 
the calculated Mn and values correspond fairly well (within 
10-20%) with the absolute MW parameters of the samples. This 
agreement also suggests that the samples probably have similar 
chain structures. The distribution functions for samples PN-1 and 
IL-22 are plotted in Figures 4 and 5. The molecular weight 
distributions of both polymers are similar to distribution curves 
reported for derivatized poly(organo)phosphazenes (4-10). 
Conclusions and Comments 

Techniques were developed for the dilute solution characteri
zation of polydichlorophosphazene. The purity of the trimer has 
a significant effect on oligomer formation, polymerization time 
and polymer MW and MWD. The polymers prepared in this study have 
high molecular weights and broad molecular weight distributions 
and probably have similar, i f not identical, chain structures. 
SEC analysis shows that some samples have a bimodal MWD. At this 
time it is not possible to tell whether the bimodality is an 
artifact of the polymerization mechanism or, perhaps, a consequence 
of partial hydrolysis of the polymer; i.e., the high MW shoulder 
in Figure 5 may be due to the formation of aggregates through 
intermolecular dipolar interactions of P-OH side groups or to 
polymer molecules crosslinked by P-O-P bonds. 

Several assumptions were made in using the broad MWD standard 
approach for calibration. With some justification a two parameter 
equation was used for calibration; however the method did not 
correct or necessarily account for peak speading and viscosity 
effects. Also, a uniform chain structure was assumed; whereas 
in reality the polymer may be a mixture of branched and linear 
chains. To accurately evaluate the MWD the polymer chain structure 
should be defined and hydrolysis effects must be totally eliminated. 
Work is currently underway in our laboratory to fractionate a low 
conversion polydichlorophosphazene to obtain linear polymer 
standards. The standards will be used in polymer solution and 
structure studies and for SEC calibration. Finally, the universal 
calibration theory will be tested and then applied to estimate the 
extent of branching in other polydichlorophosphazenes. 
Acknowledgement 

The author gratefully acknowledges Dr. Robert E. Singler and 
Mr. Thomas N. Koulouris for their assistance in purifying the 
trimer samples and preparing the polymers for this study and 
Mr. A. J. Deome for running the GC/MS analyses. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
3



13. HAGNAUER Polymerization of Poly(dichlorophosphazene) 253 

Abstract 
Polydichlorophosphazene samples are prepared by the high 

temperature, melt polymerization of hexachlorocyclotriphosphazene. 
Techniques are developed for the isolation and dilute solution 
characterization of the hydrolytically unstable polymer. Visco-
metry, membrane osmometry, light scattering and liquid size 
exclusion chromatography techniques are applied. The polymers are 
found to have high molecular weights, broad molecular weight 
distributions and apparently similar chain structures. The purity 
of hexachlorocyclotriphosphazene has a significant effect on 
oligomer formation, polymerization time and polymer molecular 
weight and molecular weight distribution. 
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14 
Characterization of Poly(dichlorophosphazene) by 
Gel Permeation Chromatography 

H. E. ADAMS, J. K. VALAITIS, C. W. HENDERSON, and E. J. STRAUS 

The Firestone Tire & Rubber Company, Central Research Laboratories, Akron, OH 44317 

It i s well known that the trimeric phosphonitri-
lic chloride can be polymerized, at 2 0 0 - 3 0 0 ° C , to 
poly(dichlorophosphazene) (1), hereafter this polymer 
will be referred to as chloropolymer. Since this 
polymer contains hydrolytical ly-unstable chlorine 
groups, these groups are usually replaced with various 
alcohols, phenols, or amines to import the polymer 
stability. In our laboratories, the substitution is 
generally with alcohols or phenols. The reaction 
scheme is shown in Figure 1. 

The substituted phosphazene polymers are both 
hydrolyt ica l ly stable and show a wide range of physical 
properties. These properties may range from elastomers 
with good low temperature properties and good solvent 
resistance to plast ics with fairly high structural 
integri ty as well as polymers with fairly good high 
temperature stability (2,3,4,5,6). 

A number of publications have discussed the char
acterizat ion of the substituted polymers (4,5,7,8,9). 
However, because of the poor hydrolytic stability of 
the chloropolymer, characterization of it has been 
rather difficult and slow to develop, and the litera
ture is rather scant in this regard (10,11). Conclu
sions about the structure and polymerization mechanism 
of the chloropolymer have sometimes been drawn from 
the analysis of the substituted polymers. These 
conclusions, of course, assume that there is very 
little, i f any, change of the chloropolymer chain 
structure during the substitution reaction. It was 
felt that a direct analysis of the chloropolymer may 
lead to a more accurate landerstanding of both the 
polymer structure and the polymerization mechanism. 
From a quality control viewpoint, i t was f e l t that i f 
the quality of the chloropolymer predicts the quality 
of the substituted polymer, then considerable time 

0-8412-0586-8/80/47-138-255$05.00/0 
© 1980 American Chemical Society 
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LgtUrt S c h e m e showing the polymerization of the tumeric phosphonitrilic 
chloride to poly(dichlorophosphazene) and its subsequent substitution with the 

sodium salts of alcohols or phenols 
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14. A D A M S E T A L . Characterization of Poly(dichlorophosphazene) 

and expense could be saved by avoiding the substitu
tion process i f i t is found that the chloropolymer 
does not measure up to the expected quality control 
standards. 

It was f e l t , that the best tradeoff of informa
tion gained for time and effort expended i n developing 
an analysis technique for the chloropolymer favored 
the gel permeation chromatography (GPC) technique. As 
a result, a GPC technique for this analysis was 
developed. Although i t is f e l t that this technique 
needs further development, the i n i t i a l results appear 
to be encouraging. 
Experimental 

A schematic of the instrument employed, along 
with some of the modifications made, is il l u s t r a t e d i n 
Figure 2. This i s essentially a Waters Associates GPC 
Model 200 instrument. In addition to the usual nitro
gen purge at the degasser, a nitrogen supply line i s 
also connected to the bottom of the solvent reservoir. 
Nitrogen is allowed to slowly bubble through the 
solvent supply tank and, i n this way, protects the 
solvent from the atmosphere. The small solvent supply 
tank heater was disconnected since too much solvent 
was lost by evaporation due to nitrogen bubbling 
through the tank. The solvent line i s equipped with 
the usual 5-8 y sintered metal f i l t e r before the 
solvent pump and the usual 0.01 μ asbestos f i l t e r 
after the solvent pump. 

In this study, four Styragel columns were 
ut i l i z e d ; one column had a nominal porosity rating of 
10£,c two columns of 10*, and the fourth column of 
10" A. The refractometer was maintained at 37°C. A 
5 ml syphon was used to monitor a solvent flow rate 
of 1 ml/min. The instrument was run at the highest 
sensitivity setting because the refractive index 
difference between our solvent and polymer was only 
moderate and because a number of samples analyzed had 
a broad molecular weight distribution (MWD). 

The sample solutions were prepared to a concen
tration of 0.3% (wt/vol) i n a dry box under nitrogen. 
Polymerization bottles with septum caps were used to 
hold the solutions u n t i l injection. The sample 
injection system was modified by removing the injection 
port heater and replacing the usual syringe-type 
injection f i t t i n g with a 1/16" tubing Swedgelock 
f i t t i n g . In this way, the sample can be injected 
directly via the sample f i l t e r i n g unit. Before injec
ting the sample, the f i l t e r i n g - i n j e c t i o n system i s 
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258 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

f i r s t flushed with nitrogen, then the solvent and 
f i n a l l y the sample solution i s introduced. 

The f i l t e r i n g unit i s shown i n Figure 3. The 
sample solution is introduced into the f i l t e r i n g unit 
vi a a syringe through a septum located at the top of 
the steel screw cap of the f i l t e r i n g unit. The sample 
solution i s forced through a 0.5 μ teflon f i l t e r and 
into the sample loop using nitrogen pressure. Both 
cellulose-and asbestos-type f i l t e r s were u t i l i z e d i n 
the i n i t i a l work, however, i t was found that much of 
the polymer sample was adsorbed onto these type of 
f i l t e r s . Approximately 10 ml of the sample solutions 
are allowed to overflow the 2 ml GPC sample loop i n 
order to wash the loop with the specimen solution. 

Certified ACS grade, Fisher S c i e n t i f i c toluene 
was u t i l i z e d as the solvent i n this work. The solvent 
is prepared for use by f i r s t mixing f i v e gallons of 
toluene with 10 lbs of dessicant-type s i l i c a and 
allowing the mixture to stand for several hours. The 
solvent is then metered into a closed d i s t i l l a t i o n 
system and flash d i s t i l l e d . A forefraction i s 
removed v i a an azeotrope trap. The remaining solvent 
is stored i n the closed d i s t i l l a t i o n system's storage 
tank u n t i l i t i s needed. When the solvent is required, 
i t i s f i r s t passed through a s i l i c a gel column and 
then through a 3 CA molecular sieve column, the dimen
sions of each column being 4 f t χ 2 i n . The solvent 
at this point generally contains about 20 ppm water. 
To further reduce the water level, 5 ml of trimethyl-
chlorosilane i s added to the toluene, i n one-gallon 
amber glass containers, and allowed to stand overnight 
before use. In this way, the water content of the 
solvent is further reduced since trimethylchlorosilane 
is a well-known water scavenger (12). It may also 
react with other functional groups, such as OH groups, 
should such groups be present on this polymer. It i s 
anticipated that these groups w i l l react with the water 
scavenger and thus s t a b i l i z e the polymer by preventing 
possible crosslinking reactions (Figure 4). Trimethyl
chlorosilane elutes at count 45 and is of opposite 
polarity from the chloropolymer. A drawback to using 
trimethylchlorosilane i s that HC1 is generated as a 
byproduct. Attempts were made to neutralize i t s 
potentially harmful effects on the instrumentation by 
introducing triethylamine as an acid acceptor. 
However, i t was found that the resulting amine hydro
chloride was insoluble i n this solvent and thus this 
amine could not be used as an acid acceptor. It has 
since been found that tributylamine hydrochloride was 
soluble i n our solvent and i t i s planned to use this 
amine as an acid acceptor i n our future studies. 
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A D A M S E T A L . Characterization of Poly(dichlorophosphazene) 259 

Figure 4. Scheme showing the reaction of trimethylchlorosilane with ROH, 
where R may be either H or a polymeric moiety 
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260 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Results and Discussion 

The GPC instrument was calibrated with three 
rela t i v e l y narrow MWD chloropolymers. It i s recog
nized, however, that for an accurate log vs. count 
calibration curve, monodisperse calibration standards 
are required. The number average molecular weights 
(M n

fs) of the calibration samples were determined by 
osmometry, with toluene as the solvent. Extreme pre
cautions were taken to minimize contact of the polymer 
and specimen solution with the atmosphere. This c a l i 
bration i s tentative and a more accurate calibration 
is planned which, i n addition to M n

fs, w i l l u t i l i z e 
light scattering weight average molecular weights 
(M^'s). One of the broad molecular weight GPC c a l i 
bration techniques (13-18) w i l l then be employed 
for this analysis. 

The log M n vs. count calibration curve is shown 
on Figure 5. This is a f a i r l y linear calibration 
curve, but i t covers only a rel a t i v e l y narrow mole
cular weight range of 145,000 to 317,000 g/mole. 
Although we have sought to prepare higher MW samples 
for this purpose, we inadvertently obtained polymers 
with bimodal MWD1 s and did not use them for this 
calibration. 

Even i f a l l of the GPC analysis precautions 
described are adhered to there is no guarantee that a 
good analyses of the polymer w i l l result i f the poly
mer i s exposed to the atmosphere during the polymer 
preparation stage. Figure 6 shows chromatographs of 
two samples that were exposed to the atmosphere during 
the polymer preparation stage. These polymers appear 
to elute very late and part of each sample elutes 
immediately before and after the impurity peak (counts 
40-50). We have ascribed the latter phenomenon as 
being due to adsorption effects. We feel that the 
degree of adsorption of the sample may be related to 
the concentration of polar groups present on the 
polymer. 

When precautions are taken to prepare and 
analyze the chloropolymer under stringently dry 
conditions, i t i s possible to study polymerization 
variables by this GPC technique. Chromatographs of 
three samples of the chloropolymer, prepared by three 
different polymerization techniques, are shown i n 
Figure 7. The distinguishing feature of these chro
matographs i s that they show two components of widely 
different MW's; a relat i v e l y low MW component and a 
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14. A D A M S E T A L . Characterization of Poly(dichlorophosphazene) 261 

1 0 ' *- 1 1 1 Η 1 
2 8 3 0 3 2 3 4 

C O U N T S 

Figure 5. Calibration curve obtained with relatively narrow molecular weight 
samples of poly(dichlorophosphazene) 

Δ R I 

C O U N T S 

Figure 6. Chromatographs of two samples of poly(dichlorophosphazene) exposed 
to the atmosphere during polymerization 
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2 6 2 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Δ R l 

3 2 2 8 

C O U N T S 

Figure 7. Chromatographs of three samples of poly(dichlorophosphazene) pre-
pared by three different polymerization techniques 

Δ R! 

4 1 3 9 3 7 3 5 3 3 3 1 2 9 2 7 2 5 2 3 2 1 

C O U N T S 

Figure 8. Chromatographs showing the effect of a coagulation process. Higher 
elution volume peak represents the original sample while the lower elution volume 

peak represents the coagulation recovered material. 

41 3 9 3 7 3 5 3 3 31 2 9 2 7 2 5 2 3 21 

C O U N T S 

Figure 9. Chromatographs of three poly(dichlorophosphazene) samples that 
showed identical intrinsic viscosities in toluene 
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14. A D A M S E T A L . Characterization of Poly(dichlorophosphazene) 263 

high MW component. The three different polymerization 
techniques also y i e l d different ratios of high to low 
MW components. The presence of these two components 
may indicate that there are two separate processes 
taking place during the polymerization (either poly
merization and degradation or polymerization and 
coupling for example). If one assumes a linear extra
polation of the calibration curve, then the low MW 
components range i n MW from 4,000 to 8,000 g/mole 
while the high MW components range i n MW from 300,000 
to 8,000,000 g/mole. It is realized, however, that 
this assumption i s subject to error, especially at 
the extreme ends of the MWD. It i s interesting to 
note that the high MW components which show di s t i n c t l y 
bimodal chromatographs show MW ratios of the higher MW 
peak to the si s t e r lower MW peak of 3:1. This may 
indicate that a trifunctional coupling reaction is 
occurring with this polymer. Additional work is i n 
progress to both ascertain this p o s s i b i l i t y and deter
mine what the mechanism of this coupling reaction may 
be. 

Since a number of the polymers that were analyzed 
showed rather broad MWD's, the low MW components were 
sometimes removed by a fractionation of the polymer 
with toluene/hexane as the solvent/non-solvent pair. 
Figure 8 shows the effect of such a fractionation 
process. The lower MW chromatograph is the original 
polymer while the higher MW chromatograph i s the pre
cipitated fraction which constitutes approximately 60% 
of the recovered precipitated material* Naturally, 
the recovered material has a higher peak MW since i t 
is the precipitated higher MW component; but, as i n a 
number of our attempted fractionations with this 
polymer, the higher MW fraction s t i l l retains much of 
the low MW material and has a broad MWD. 

Solution viscosity measurements have sometimes 
been u t i l i z e d as quality control tests for this 
polymer. Chromatographs of three samples that showed 
identical i n t r i n s i c viscosities (0.8 g/dl) i n toluene 
are shown i n Figure 9. These chromatographs indicate 
that the identical viscosities are the result of 
different combinations of high and low MW components. 
These three polymer samples probably have significantly 
different physical properties; and i f viscosity 
measurements alone are u t i l i z e d for quality control 
purposes, they may be quite misleading. 

Summary 
It was shown that under stringently dry polymer 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
4



264 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

preparation and analysis conditions, i t i s possible 
to study the polymerization variables of the chloro-
polymer by the GPC technique. These stringently dry 
conditions were achieved by u t i l i z i n g a number of 
safeguards which included d i s t i l l a t i o n of the solvent 
before use, addition of trimethylchlorosilane to the 
solvent as a water scavenger, specimen preparation 
under a nitrogen atmosphere, and special sample injec
tion and f i l t r a t i o n procedures. 

U t i l i z a t i o n of this analysis technique revealed 
that the chloropolymer showed a rather broad MWD and 
often contained substantial amounts of low MW material. 
Different polymer preparation techniques resulted i n 
polymers with substantially different MWD's. Often, 
polymers with nearly identical i n t r i n s i c viscosities 
did not show identical MW parameters and revealed 
varying MWD's. Comparison of some of the high MW 
bimodal chromatographs showed that the ratios of the 
MW's of the higher MW peak to the si s t e r lower MW peak 
were 3:1. It was speculated that this bimodality may 
indicate that a trifunctional coupling reaction may 
be taking place with this polymer. It i s f e l t that 
additional work is necessary to establish whether this 
phenomenon is general or unique to specific samples 
only. It was theorized that the presence of two 
components of widely different MW's may indicate that 
there are two separate processes occurring during 
the polymerization; such as polymerization occurring 
concurrently with coupling or degradation. 

As stated i n the introduction, the aim of this 
study was to develop a GPC technique for the analysis 
of the chloropolymer. It is f e l t that the techniques 
discussed should y i e l d a v a l i d analysis. Additional 
technique refinements should further improve this GPC 
analysis and w i l l probably result i n a better under
standing of both the polymer structure and polymeri
zation mechanism of the chloropolymer. These refine
ments are now being pursued. 

When carefully prepared polymer samples were 
available i n this study, attempts were made to inter
pret these GPC data. However, i t is f e l t that these 
data are tentative and much work is necessary before 
any general conclusions can be drawn about the struc
ture of this polymer. 
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Optimization of Peak Separation and Broadening 
in Aqueous Gel Permeation Chromatography 

Nonionic Polyacrylamides 

S. N. E. OMORODION, A. E. HAMIELEC, and J. L. BRASH 

Department of Chemical Engineering, McMaster University, 
Hamilton, Ontario, Canada, L8S 4L7 

In the investigation reported herein, an attempt has been 
made to maximize peak separation and minimize peak broadening for 
aqueous GPC of polyacrylamides with CPG porous glass packings. 
To reduce or eliminate polymer solute/glass packing interactions 
the following parameters were optimized: a) pH, ionic strength 
and concentrations of additives such as nonionic surfactants, 
b) selection of pore sizes in a column combination. 

It is found that most of the complicating effects in this 
system, tending to cause deviations from ideal, size-exclusion, 
behaviour can be attributed to ion exclusion. 

Ideally GPC separates polymer molecules according to size in 
solution. Aqueous GPC has a number of complicating features, a 
common one of which is polymer adsorption on the packing. Also 
many water-soluble polymers exhibit polyelectrolyte properties in 
solution. Inorganic packings may have active sites which are 
positively or negatively charged. This can cause either irrever
sible adsorption or complete exclusion of polymer ions from the 
pores of the packing (ion exclusion). To reduce or eliminate com
plicating phenomena such as polymer adsorption, ion exclusion, 
ion inclusion and molecular aggregation, packing materials have 
been chemically surface-treated and different additives such as 
salts, acids, surfactants and alcohols have been included in the 
mobile phase (1)(2)(3) (4). unfortunately, controversies and con
fusion s t i l l exist in the recent literature concerning definitions, 
mechanisms and methods of elimination of these undesirable pheno
mena (1_) (2) (5) (6) . This situation arises in large measure due to 
a lack of systematic investigation of these effects. It was the 
purpose of the present work, therefore, to make a thorough study 
of the complications in aqueous GPC arising from polymer-solvent 
and polymer-substrate interactions. In addition i t was hoped to 
develop means of eliminating or minimizing these interactions for 
selected systems so that practically useful conditions (maximum 

0-8412-05 86-8/80/47-13 8-267$05.00/0 
© 1980 American Chemical Society 
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peak separation, minimum peak broadening) for GPC analysis could 
be defined. In this paper we report on the system polyacrylamide/ 
controlled porous glass (CPG). Polyacrylamides are commercially 
available in a wide range of molecular weights although they are 
broadly distributed and not fully characterized with respect to 
MWD. Controlled porous glass is also readily available and can 
be obtained in a wide range of particle size and pore diameter 
suitable for an "optimization" study. These packings can be e f f i 
ciently dry-packed and have been widely and successfully used in 
organic GPC (7_) · 

Experimental 

The apparatus employed for this study was a Waters Assoc
iates Model ALC/GPC 300 with a differential refractometer as mass 
detector operated at room temperature. A 2 ml sample loop with 
polymer concentrations of 0.01-0.1 wt.% and a 5 ml siphon were 
employed with mobile phase flowrates in the range 1-8 ml/min. 
The columns were dry-packed with CPG-10 glass packing. A l l im
portant details of column combination, mobile phase and flowrate 
will be specified when discussing the results of the study. Pre
liminary studies were done with dist i l l e d water as mobile phase. 
These were followed by studies using mobile phases containing 
salts, acids, surfactants and other additives. Two neutral sur
factants were used as additives to minimize adsorption. These 
are (1) an alkylphenoxypolyethoxyethylene (Tergitol, from Union 
Carbide Corp.) and (2) a polyethyleneoxide (weight average MW 
300,000 from Cellomer Assocs.Inc, Webster,Ν.Υ.) . Some polar 
organic solvents such as dimethylsulfoxide, dioxane, formamide 
and dimethylformamide were also used as additives in the mobile 
phase. 

The polyacrylamides were obtained from Polysciences, Warring
ton, Pennsylvania. Weight average MW's for these polymers, supp
lied by the manufacturer, are given in Table I . 

Table I. Characteristics of polyacrylamides.* 

Designation Lot No. M^IO"3 M^IO"3 M
r m s

x l 0 ~ * \ / M i 

PAM55 93-7 
PAM100 93-3 
PAM270 93-3 
PAM500 93-5 
PAM1000 95-6 
PAM2000 95-4 
PAM5000 94-3 

* Data supplied by Polysciences 

55.00 
100.00 
270.00 
500.00 
1000.00 
2000.00 

5-6000.00 
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15. O M O R O D I O N E T A L . Peak Separation and Broadening 269 

Intrinsic viscosity measurements were done with a large num
ber of solvents varying in pH, ionic strength, etc., using Cannon-
Ubbelohde semimicro dilution viscometers. This was done to pro
vide information on the effect of mobile phase composition on the 
size of a polymer molecule in solution and thus to facilitate the 
interpretation of GPC behavior. 

Results and Discussion 

1. Effect of pH, ionic strength and nonionic surfactants on 
polymer dimensions. 

Intrinsic viscosity data for the nominally nonionic poly
acrylamides are given in Figure 1. Duplicate measurements were 
made after an interval of 8 months and indicate good reproducibi
l i t y and polymer stability. A variety of solvents, corresponding 
to those used in the GPC experiments, were employed. These range 
from dist i l l e d water to electrolyte solutions varying in pH from 
2.5 to 7.0, in ionic strength from 0.013 to 0.503, and to which 
the nonionic detergents Tergitol and polyethylene oxide were 
added in varying amounts. 

The intrinsic viscosities in distilled water do not show 
conventional behavior and clearly no simple Mark-Houwink relation 
is followed in this medium. The 500,000 and 55,000 MW polymers 
in particular show very high intrinsic viscosities (25 and 1 to 2 
respectively). We have no satisfactory explanation for this be
havior at the present time and can only speculate that these poly
mers may be hydrolyzed to varying degrees. At low ionic strength 
and high pH the negative charges associated with the carboxylate 
anions would exert a maximum effect on chain extension and thus 
would lead to high values of intrinsic viscosity. 

In a l l the other solvents used, the intrinsic viscosities 
are smaller (possibly as a result of charge screening by elec
trolytes) and follow a single Mark-Houwink relation. This equa
tion is found to be: 

[η] = (0.212 ± 0.039) * 10"3
 ^ 0 - 6 9 H ± 0 - 0 1 5 

This behavior shows that the dimensions of these polymers are in
dependent of pH, ionic strength (in the ranges studied) and pre
sence or absence of Tergitol or polyethyleneoxide. This result 
is of considerable help in interpretation of GPC behavior since 
in the absence of polymer-glass substrate interactions, the mole
cular weight calibration curves (log MW vs. elution volume) should 
be independent of pH, ionic strength or the two nonionic surfac
tants investigated. 

2. Effect of ionic strength on GPC elution volumes. 
For investigation of GPC behavior, a series of M.W. calibra

tion curves (log MW vs. elution volume) was obtained for a number 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
5
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Figure 1. Intrinsic viscosities for nonionic polyacrylamides in water and aqueous 
solutions of various pH and ionic strength ((Φ, •> water; (A, O , m) aqueous 
solutions (pH range 2.5-7.0 and ionic strength range 0.013-Ό.503) containing a 

nonionic surfactant (either Tergitol or polyethylene oxide; J7W = 300,000))  P
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15. OMORODiON E T A L . Peak Separation and Broadening 271 

of mobile phase compositions. For optimal usefulness, these 
curves should ideally be linear with a relatively small slope in
dicating good molecular weight resolution. 

Figure 2 shows molecular weight calibration curves for poly
acrylamides in dis t i l l e d water and in various NaCl solutions ran
ging from 0.001 to 0.5 M. Although the pH also varied between 
5.0 and 6.18, this would be expected to have only a slight effect, 
i f any, on the GPC process since carboxylic acid groups on poly-
acrylamide are almost fully ionized in this pH range. However, 
i t is possible that charge density on the glass surface would 
vary somewhat over this pH range. In a l l these experiments a o 

single column of length 4 f t , 3/8 in I.D. and pore size 2000 A 
was used. 

In di s t i l l e d water, the polymers are completely excluded 
from the pores and elute at the column void volume. It is un
likely that this exclusion is based on size since the pore dia
meter is relatively large. Also, as already indicated, the in
trinsic viscosities in water are only slightly greater than in 
salt solutions (with the exception of the 500,000 and 55,000 MW 
polymers). Again one is led to speculate that these polymers are 
partially hydrolyzed. The resulting polyanions would tend to be 
excluded by charge repulsion from the negatively charged pores of 
the glass substrate. Chain extension due to charging could also 
contribute to exclusion at the higher molecular weights. 

With the addition of NaCl, pore permeation is seen to occur 
and this is again consistent with polyelectrolyte behavior. Thus 
addition of salt would be expected to screen the charge on the 
polymer and to attenuate the effect of the surface charge by com
pression of the associated electrical double layer. The anoma
lous behavior of the 500,000 and 55,000 MW samples is again evi
dent, particularly at low ionic strength. These samples behave 
as molecular species that are abnormally large relative to the 
others in the series, again suggesting that they are more highly 
hydrolyzed and thus have a higher charge density. 

As can be seen from Figure 2, pore permeation increases with 
ionic strength, but the curves are not linear and in particular 
show poor resolution at MW less than a million. Complete loss of 
resolution in this MW range is seen at 0.5 M NaCl reflecting, 
presumably total permeation. However the total permeated volume 
(as measured with NaCl) is significantly greater than the polymer 
elution volume at 0.5 M NaCl. Such a volume difference could be 
explained i f a fraction of the pores is inaccessible to even the 
lowest M.W. polymer investigated. 

On addition of polyethylene oxide of M.W. 300,000 at a con
centration of 0.025 g l i t e r " 1 , i t is seen that a single calibra
tion curve is obtained, independent of NaCl concentration. (It 
should be noted, however, that at very low NaCl concentration, 
less than about 0.005 M, the curve s t i l l appears at lower elution 
volumes). This curve is not linear but does exhibit fairly good 
resolution. It is likely that the effect of polyethylene oxide 
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272 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 2. Molecular weight calibration curves for nonionic polyacrylamide for 
a single column (4 ft X 3/s in. i.d.) containing 2000 À CPG-10 (200/400 mesh) 

packing with aqueous salt solutions as mobile phase. 
One mobile phase contains polyethylene oxide (Mw = 300,000) (For details see Table 
II). Mobil phase flow rate: 4.2 mL/min; (•) water; (Π) mobile phase containing poly
ethylene oxide (Mw = 300,000); (M) 0.001U NaCl; (Φ) 0.005M NaCl; (0) 0.025U 

NaCl; (A) 0.050U NaCl; (A) 0.100M NaCl; (Ο) 0.5M NaCl. 
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15. O M O R O D I O N E T A L . Peak Separation and Broadening 273 

is to reduce further the effects of surface and polyanion charge 
by adsorbing on the glass. Such adsorption would also cause a 
reduction in the pore diameter relative to the polymer solute. 
The effective pore diameter would now be less than 2000 A and 
complete permeation by polymer solute would no longer be possi
ble. It should be mentioned that the salt peak retention volume 
was not significantly reduced suggesting that the effective pore 
volume was the same even in the presence of the adsorbed poly
ethylene oxide. 

3- Effect of pH on GPC elution volumes. 
The effect of pH is shown in Figure 3 . These data again are 

for the same single 4 ft column with a pore diameter of 2000 A 
and thus are comparable to those of Figure 2 . The solutions 
were acidified with sulfuric acid to yield pH values between 2 . 25 
and 1 .6 , in a range where carboxylic acid groups on the polymer 
chain may be expected to be undissociated. Variation in pH in 
the range indicated would thus be expected to cause changes in 
the charge density on the glass surface. As the pH decreases, 
the curves are seen to shift to higher elution volumes with some 
resolution evident in the higher molecular weight region parti
cularly at higher pH. At very low pH, resolution is almost tot
ally lacking and even the 2 χ 1 0 6 and 5 x 1 0 6 MW samples show 
extensive pore permeation. As seen in Figure 2 there was very 
l i t t l e permeation by these samples at high pH even in 0 . 5 M NaCl. 
As in Figure 2 there is a gap between the apparent total permeated 
volume and the total permeated volume as determined using NaCl. 

The variations in elution volume with pH in this system can o 

again be explained in terms of "ion exclusion". Thus the 2000 A 
pores are almost totally permeable to polyacrylamide of molecular 
weight up to five million when charge effects are suppressed. 

The effect of pH in the range studied is completely elimina
ted by addition of 300,000 MW polyethylene oxide with "collapse" 
of the data onto a single calibration curve. This competitive 
adsorption effect wi l l be discussed more fully in section 4 . 

4 . Effect of neutral surfactants on GPC elution volumes. 
Figure 4 shows the effects of Tergitol and polyethylene oxide 

MW 3 0 0 , 0 0 0 , on elution volumes using a column of 4 foot length 
and 2000 A pore diameter. For Tergitol at various pH and ionic 
strength levels similar to those of Figures 2 and 3 , the curves 
exhibit relatively good pore permeation and resolution and are 
similar, though not identical to each other. Thus Tergitol 
appears to modify but does not eliminate the effects of charge in 
this system. It may be postulated that this occurs through ad
sorption of the surfactant on the glass, thereby masking the sur
face charge and creating a new surface which is effectively un
charged and which, in addition, does not interact with polyacryl
amide. This mechanism of charge suppression thus differs from 
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2 7 4 S I Z E E X C L U S I O N C H R O M A T O G R A P H Y ( G P C ) 

• » I I 1 1 1 
5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 

PEAK RETENTION VOLUME (counts) 

Figure 3. Molecular weight calibration curves for nonionic polyacrylamide for a 
single column (4 ft X 3/s in. i.d.) containing 2000 A CPG-10 (200/400 mesh) 

packing with aqueous solutions containing Na^SO^ and H2SOk. 
One mobile phase contains polyethylene oxide (M w = 300,000) (For details see Table 
II). Mobile phase flow rate: 4.2 mL/min; (•) water; (Π) mobile phase containing poly
ethylene oxide (Mw - 300,000); (A) 0.0167U Na2SOh/0.005U H2SOh (pH = 2.28); 
(A) 0.0167M NagSOi/O.OlM HtSOh (pH = 1.98); (M) 0.0033U NatSOk/0.005U 
H.SOt, (pH = 2.28); (0) 0.005M HtSOh (pH = 2.15); (V) 0.01M HtSOk (pH = 1.91); 
(Y) 0.0312U NagSOt/O.OlM H2SOh (pH = -2.15); (φ) 0.025M #,50, (pH = 1.61); 

(Ο) 0.0167U Na2SOh/0.025U #2S04 (pH = 1.62). 
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15. OMORODION ET AL. Peak Separation and Broadening 275 

that involving pH and ionic strength in that whereas ion exclu
sion due to repulsion is prevented, attractive interactions are 
also inhibited. At low pH or high ionic strength, where charge 
effects are diminished, i t is probable that physical adsorption 
of polyacrylamide occurs. That Tergitol does not completely sup
press charge effects is shown by the slight differences in the 
calibration curves which show no clear trends but fluctuate ran
domly with pH and electrolyte concentration. 

In the presence of polyethylene oxide MW 300,000 at a con
centration of 0.025 g l i t e r " 1 , variations in pH and ionic strength 
have no effect on elution volumes and a single calibration curve 
is obtained as shown in Figure 4 and Table II. This behavior 
presumably also results from modification of the glass surface by 
the polyethylene oxide surfactant, but in this case charge effects 
appear to be completely suppressed and the effective pore diameter 
and volume reduced. Such an interpretation is also in accord with 
the fact that the elution volumes are lower with polyethylene 
oxide than with Tergitol, since Tergitol is a much smaller mole
cule than the polyethylene oxide. 

Table II. Peak Retention Volumes of Polyacrylamides with Polyethy
lene Oxide (300,000 Mw) in Mobile Phase. 

*Mobile-Phase Peak Retention Volume (Counts) 

pH = 4.050 7.000 3.500 7.000 3.400 
I 0.025 0.025 0.025 0.250 0.100 

Sample 
PAM 55 8.30 8.33 8.30 8.32 8.30 
ΡAM 270 7.80 7.82 7.80 7.82 7.80 
PAM 500 7.10 7.13 7.10 7.13 7.10 
PAM 1000 6.35 6.40 6.35 6.40 6.35 
PAM 2000 4.90 4.92 4.90 4.91 4.90 
Std. A 4.80 4.80 4.80 4.80 4.80 
ml/count 5.05 5.00 5.05 5.00 5.05 

*Mobile-phase contains 0.025 gm/1 PEO (300,000 V 
Pore-Size : 2000 A CPG-10 120/200 Mesh. 

With a pore diameter of 2000 A i t is conceivable that the adsor
bed polymer layer could significantly reduce the effective pore 
volume. 

5. Optimization of calibration curve. 
The discussion thus far has dealt with composition of the 

mobile phase and its effects on deviations from ideal GPC behav
iour, and we have presented data for a single column and single 
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2 7 6 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 4. Molecular weight calibration curves for nonionic polyacrylamide for a 
single column (4 ft X 3/s in. i.d.) containing 2000 A CPG-10 (120/200 mesh) 
packing for a number of mobile phases containing either polyethylene oxide (M^ 

= 300,000) or Tergitol. 
(M) See Table II for details of mobile phases; (Δ) 0.01M KHJC9Ot)9 2HtOI0.02% 
NaNs/1.0 gm/24 LT, pH = 2.50; (+) 0.0033M NagSO,,/0.02% NaNn/1.0% CHsOH/ 
1.0 gm/24 LT, pH = 3.25; (•) 0.0033U Na2SOfl/0/02% NaNs/1.0 gm/24 L Γ, pH 
= 2.75; (Ο) 0.05M KF/0.025 wt % NaNn/1.0% CHnOH/1.0 gm/16 L Τ; (V) 0.033U 

NajSOJl.0% CH3OH/1.0 gm/24 L T, pH = 2.95. 
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15. O M O R O D I O N E T A L . Peak Separation and Broadening 277 

pore size in order to simplify interpretation of these effects. 
Clearly i f a useful calibration curve is to be obtained over a 
wide range of MW, i t is necessary to use a multi-column system 
with a range of pore sizes corresponding to the molecular size 
range of interest. Data relevant to this question for CPG-10/ 
polyacrylamide are shown in Figure 5 which present calibration 
curves on single columns of different pore sizes. These experi
ments were performed using an aqueous solution of 0.02 M ^280^ 
containing 0.02 g Ζ"1 Tergitol at pH 7. Under these conditions 
charge and adsorption effects should be minimal. 

It is clear from Figure 5 that the smaller pore size columns, 
as expected, resolve the smaller molecules and exclude the larger 
ones while the larger pore size columns prgvide resolution for the 
larger molecules. Pore diameters of 3000 A allow extensive per
meation but l i t t l e resolution of the intermediate molecular weight 
polyacrylamide samples when Tergitol was used in this study. With 
polyethylene oxide the reduction of pore diameter and volume with 
adsorption makes the 3000 A most useful for the separation of the 
highest molecular weight polyacrylamides. 

Figures 6, 7 and 9 show calibration curves using two multi-
column combinations and illustrate the degree of "optimization" 
obtained in this system. The mobile phases for Figures 6 and 7 con
tained 0.025 g £ - 1 polyethylene oxide and ion exclusion and adsorp
tion effects should therefore be largely eliminated. Figure 6 
shows that reasonably good resolution can be obtained with a com
bination of five columns but does exhibit some loss of peak sepa
ration at the low and high MW ends. In Figure 7 the effect of 
adding a sixth column of small pore size is illustrated and i t is 
seen that resolution at the low MW end is thereby somewhat im
proved. This calibration curve is effectively linear with a 
change of slope at 500,000 MW. It should provide a useful aqueous 
GPC system for MW and MWD determination of nonionic polyacryla
mides. 

The chromatograms obtained with the five column combination 
are shown in Figure 8, where Std.C a very high molecular weight, 
extensively hydrolysed polyacrylamide has been included to show 
the extensive separation possible at high molecular weights for 
this column combination and mobile phase. These chromatograms 
were used to estimate the molecular weights of the standards and 
then a comparison with the manufacturer's values was made in Table 
III. The single-species variance (σ2) gives a measure of peak 
broadening for the system, and the slope of the molecular weight 
calibration curve a measure of peak separation. The molecular 
weight correction factor Ρ indicates that corrections for imper
fect resolution for the three highest molecular weight standards 
is quite small being about 4%. The rather large corrections for 
the 55,000 and 500,000 standards is surprising. There is no ob
vious explanation for this result. One might speculate that these 
smaller molecules experience a certain amount of adsorption as 
they have a larger available pore volume and are thus exposed to a 
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278 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

10»! 
3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

PEAK RETENTION VOLUME (counts) 

Figure 5. Molecular weight calibration curves for nonionic polyacrylamides for a 
number of single columns (4 ft χ 3/s in. i.d.) containing CPG-10 (200/400 mesh) 

packing. 
Mobile phase: set Table Π for details of mobile phases; all contain polyethylene oxide 

(Myf = 300,000); mobile phase flow rate: 4.2 mL/min. 
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10· \ 

10· I 

10*1 

io*l 
23.5 26.0 28.5 31.0 33.5 36.0 38.5 

PEAK RETENTION VOLUME (counts) 

41.0 

Figure 6. Molecular weight calibration curve for nonionic polyacrylamides for a 
5-column combination (each 4 ft X 3/s in. Ld.) with 3000 A, 3000 A, 2000 A, 

1000 A, and 729 A CPG-10 (200/400 mesh) packing. 
Mobile phases: (O) pH = 7.0, I = 0.025; (A) pH = 7.0, 1= 0.25; (Π) pH = 3.5, 
I = 0.025. All solutions contain 0.025 gm/L polyethylene oxide, 1.50 gm/24 L Tergitol, 

and 2.5% CH3OH; mobile phase flow rate: 2.0 mL/min. 
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280 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

10V 

10* h 

i n 3 » « » • ι t ι 1 l 

20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 
PEAK RETENTION VOLUME (counts) 

Figure 7. Molecular weight calibration curve for nonionic polyacrylamides for a 
6-column combination (each 4 ft X 3/s in. Id.) with 3000 A, 3000 A, 2000 A, 

1000 A, 729 A, and 500 A CPG-10 (200/400 mesh) packing. 
Mobile phase: pH = 7.0, 1= 0.25, 0.025 gm/L polyethylene oxide, 1.5 gm/24 L 

Tergitol, 2.5% CH3OH; mobile phase flow rate: 2.0 mL/min. 

20 25 30 35 40 45 

RETENTION V O L U M E (counts) 

Figure 8. Chromatograms for nonionic polyacrylamide standards and Standard C 
for the column combination shown in Figure 6. 

Mobile phase: pH = 7.0, I = 0.25, 0.025 gm/L polyethylene oxide, 1.5 gm/24 L 
Tergitol, 2.5% CHsOH; mobile phase flow rate: 2 mL/min. (1) PAM 2000; (2) PAM 
1000; (3) PAM 500; (4) PAM 270; (5) PAM 55; all at 0.05 wt %; Standard C at 

0.03 wt %. 
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15. OMORODION ET AL. Peak Separation and Broadening 281 

Table III. Molecular Weight Calculations on Nonionic PAM Standards 
- Polyethylene Oxide in Mobile Phase. 

Reported M (uc)* M (uc)* σ 2 

w' N ** 
M xlO"1* x 10~h x 10_lf (counts2) Ρ 

5.50 7.6 4.1 5.65 0.72 
50.00 76.1 30.2 7.22 0.66 
100.00 95.8 41.6 - 1.04 
200.00 209.0 106.0 0.74 0.96 

336.0 356.0 162.0 0.80 0.96 
(Standard B) 
* Number and weight average molecular weights for Polysciences 

Standards and McMaster Standard B, calculated from raw chroma-
tograms using the molecular weight calibration curve M(V) =0.20 
x 10 1 1 exp(-0.341 V - 0.006 V 2) with V in counts (1 count = 5 ml). 

2 
** Ρ = exp(-(D2a) /2) with D2 the slope of the molecular weight 

calibration curve at the peak position of the chromatogram of 
the Standard. 

much larger surface area. The high molecular weight polyethylene 
oxide may be excluded from some of these same pores and thus be i n 
effective in preventing adsorption. The observation that the 
variance of the single-species chromatograms decreases with in
crease in molecular size i s consistent with the observations of 
Tung and Runyon (9) who found a maximum in the variance at an in
termediate molecular weight. Finally, Figures 9 and 10 and Table 
IV show a molecular weight calibration curve for a mobile phase 
containing Tergitol but no polyethylene oxide, the associated 
chromatograms and calculations of the weight average molecular 
weights for the polyacrylamide standards. Excellent peak separa
tion over a wide molecular weight range is indicated. In fact, 
peak separation is better with Tergitol in the absence of poly
ethylene oxide at the high molecular weight end. However, 
the calculated weight average molecular weights for the 55,000 
and 500,000 PAM standards are again considerably larger than re
ported by Polysciences. The previous explanation concerning 
possible adsorption of the lower molecular weight PAM standards 
would not be relevant in the absence of high molecular weight 
polyethylene oxide. We cannot offer a reasonable explanation for 
this observation. 

6. Relation of Present Results to Existing Literature 
Two recent attempts to develop aqueous GPC for the character

ization of nonionic polyacrylamide have been reported (10,11_) . 
The f i r s t (10) employed controlled porosity glass (CPG-10) with 
formamide containing KC1 (0.005 M) as the mobile phase. The 
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107 

10e 

10e 

10*1 J L 
100.0 110.0 

- L -L. 
120.0 130.0 140.0 150.0 

PEAK RETENTION VOLUME (cc) 

I I 
160.0 170.0 

Figure 9. Molecular weight calibration curve for nonionic polyacrylamides for a 
4-column combination (each 4 ft χ 46 in. Id.) with 3000 A, 3000 A, 1000 A, 

and 370 A GPC-10 (200/400 mesh) packing. 
Mobile phase: 0.0167M Na2SOA/1.0% CH3OH/0.05 wt % NaNs/0.5 gm/24 L Tergitol; 

mobile phase flow rate: 4.2 mL/min. 

RETENT ION V O L U M E (counts) 

Figure 10. Chromatograms for nonionic polyacrylamide standards for the column 
combination (mobile phase and flow rate given in Figure 9) 
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Table IV. Molecular Weight Calculations on Nonionic PAM Standards 
- Tergitol in Mobile Phase (no Polyethylene Oxide) 

Reported Mw(uc)* MN(uc)* σ 2 

iyclO"1* x 10"h x 10'k (counts2) Ρ ** 

5.50 9.20 3.30 6.8 0.60 
50.0 79.8 31.6 6.2 0.63 
100.0 102. 39.2 0.21 0.98 
200.0 207. 106. 0.47 0.97 
500.0 387. 198. - 1.29 

* Number and weight average molecular weights for Polysciences 
Standards calculated from raw chromatograms using the molecular 
weight calibration curve M(V) = 1.412 x 10 1 0 exp(-.390 V) (1 
count = 5 ml). 

** Ρ = exp(-(D2a)2/2) 

investigation was not comprehensive and the final separations 
achieved were not impressive. Four 4 f t . columns containing 
3125Â, 486Â, 255A and 75Â packing gave a 19.4 ml separation for 
molecular weights in the range of about 120,000 to 5 x 106. The 
use of 255Â and 75Â packing for high molecular weight polyacryla-
mides is not recommended based on our observations with single 
columns containing one pore size. No discussion is made of peak 
broadening. The second study (11) employed a newly commercialized 
organic gel packing TSK-GEL type PW (Toyo Soda Manufacturing Co., 
Japan). The packing particles were 15 microns in diameter. A 
0.08 M tris-HCl buffer solution (pH = 7.94) was used as mobile 
phase. The peak separation obtained with a three column set (G 
3000 PW + 2 G5000 PW) is comparable to the peak separation obtain
ed in the present study for the molecular weight range, 120,000 to 
3.6 x 106. Peak broadening appeared to be appreciable although no 
calculations of single-species variance were done. 
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16 
Biological Applications on Spherogel TSK-SW
-Type Gel 
A New High-Performance Support for Aqueous Size 
Exclusion Chromatography 

R. SOMACK, V. S. McKAY, and J. W. GILES 

Altex Scientific, Inc., 1780 Fourth Street, Berkeley, CA 94710 

Among the pr inc ipa l techniques used fo r the p u r i f i c a t i o n of 
proteins and other macromolecules of b io log i ca l systems are s ize 
exclusion (gel f i l t r a t i o n ) , ion-exchange, and b i o s p e c i f i c a f f i n i t y 
chromatography. Several very useful c e l l u l o s i c , dextran, and 
polyacrylamide column materials have been avai lab le fo r some time 
for these types of chromatography. The essent ia l properties of 
these stat ionary phase materials are t h e i r large poros i t ies and 
hydrophi l ic surfaces which minimize undesirable interact ions be
tween solutes and the stat ionary phase. While these materials 
have been extremely useful in uncountable studies , they are not 
without disadvantages. Thei r drawbacks resu l t from a lack o f 
r i g i d i t y which causes t h e i r degree of swell ing to change markedly 
in response to changes in pH or ion ic strength. An even more 
serious consequence of t h e i r non-r ig id i ty i s a high susceptabi l -
i t y to compression when solvent flow rates exceed rather low 
l i m i t s . The r e s t r i c t i o n to quite slow flow rates when these com
press ib le gels are used often extends the time required fo r a 
typ ica l separation to many hours or even a few days (1). 

Until recent ly , most e f fo r t s to develop r i g i d s i ze exclusion 
or ion-exchange supports which do not adsorb or denature proteins 
and which would be compatible with a high performance l i q u i d 
chromatography have met with l i t t l e success. "Control led porosity 
glass" supports have been developed {2, 3, 4 ) , but the react ive 
exposed s i l ano l groups i r r e v e r s i b l y adsorb or denature many pro
teins (5) . Attempts to el iminate these e f fects by coating the 
glass surface with various reagents have met with l imited success 
(£, _7» 8, £ , 10.). However, masking the reactive s i l i c a surface 
with carbohydrate l i k e bonded phases appears to have el iminated 
some of these e f fects (1J_, 12). More recent ly , maximum coverage 
micropart iculate bonded s i l i c a supports have been described which 
appear to exh ib i t the desired properties of low adsorption and 
high resolut ion (13, 14). In th is study we have examined the s u i t 
a b i l i t y o f Spherogel-TSK Type SWR, a new s i z e exclusion support 

0-8412-0586-8/80/47-138-285$05.00/0 
© 1980 American Chemical Society 
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286 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

of the l a t t e r type, fo r rap id , high resolut ion separations comon-
ly encountered in biochemical research. 

Experimental Methods 

High Performance L iqu id Chromatography. A l l separations 
were performed using an Altex S c i e n t i f i c (1780 Fourth St reet , 
Berkeley, CA 94710) Model 320 Advance Research Chromatograph, 
consist ing of a model 100A dual piston ana lyt ica l pump, a Model 
153 UV detector, a Model 210 in ject ion valve, and a Model 155 
recorder. The columns (600 x7.5mm) evaluated were the Spherogel 
TSK-SW-2000 and SW-3000 (A l tex) . Unless otherwise s tated , a l l 
separations were carr ied out at 23° - 25°. 

Proteins. Standard proteins fo r column c a l i b r a t i o n curves 
were obtained from Boehringer Mannheim. The methods out l ined by 
Latham et a l % (15) were followed^to prepare and label crude rat 
l i v e r nuclear extract with Π Π - t r i iodothyron ine . Normal con
t r o l serum was from Ortho Diagnostics and instant non-fat dry 
milk from Carnation. Alpha-chymotrypsin and alpha-casein were 
purchased from Sigma. Crude myosin subfragment 1 (SI) was p u r i 
f i e d by alpha-chymotryptic digestion of myosin using the method 
of Weeds and Taylor (16>). A f ract ion containing a l l three myosin 
l i g h t chains was i so la ted as described by Holt and Lowry (17). 
A l l myosin derived proteins were d i a l i z e d against mobile phase 
buffer consist ing of 50 mM Na3P04 (pH 7 .4) , 0.2 M (NH4) 2S04, 
1 mM EDTA, 0.2 mM d i th iothrecto ! and 0.02% NaN3* 

Assays, Protein concentrations were measured by the method 
of Bradford (18) and the various cont ract i le protein ATPase ac
t i v i t i e s by the method of Martin and Doty (.19). Gel e l e c t r o 
phoresis was carr ied out by the method of Ames (20) on 1.5 mm 
polyacrylamide slabs using the discontinuous SDS buffer system of 
Laemmli (2]_). Dried gels were scanned at 550 nm for densiometry 
measurements. 

Results and Discussion 

Cal ibrat ion Curves and E f f i c i e n c y . Protein c a l i b r a t i o n 
curves for both the SW-2000 and SW-3000 columns are shown in 
Figure 1. Good l i n e a r i t y was evident over the range of molecular 
weights used with each column. However, cytochrome C which i s a 
smal l , very basic protein eluted sooner than expected when chro-
matographed on the SW-2000 column. The fract ionat ion of a mixture 
of four standard proteins ranging in molecular weight from 15,000 
to 150,000 on the SW-2000 column i s shown in the same f igure . The 
recovery of absorbance units was e s s e n t i a l l y complete and no ad
sorption of the proteins tested was evident at the concentration 
of phosphate buffer used (0.2 M). 
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16. SOMACK ET AL. Spherogel TSK-SW-Type Gel 287 

3 

ι ι ι 1 ι ι 1 1 1 1 1 1 1 1 1 ι 1 1 1 ι τ
ο 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

RETENTION TIME (MINUTES» 

PROTEIN STANDARDS MW 
1. Cytochrome C 12500 

RETENTION TIME (MINUTES) 

Figure 1. Protein calibration curves for the Spherogel TSK-SW 2000 and SW 
3000 columns. Ten μΣ containing 10-100 fig of each protein in 0.2M KPOf buffer 
(pH 6.8) was chromatographed in the same buffer at 1.0 mL/min. Detection was 
at 254 nm X 0.16 AUFS; pressure: 500 psi. A chromatogram of 4 proteins on 

the SW 2000 column is also shown. 
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288 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 2 shows the e f f e c t of flow rate on column e f f i c i e n c y 
using the SW-2000 column with cytochrome C. The column e f f i c i e n 
cy expressed as the number of theoret ica l plates (N) was depend
ent on flow ra te , a resu l t typ ica l of s i z e exclusion chromato
graphy. 

Fractionation of Serum and Column Capacity. A Fract iona
t ion of human serum on the SW-3000 column is shown in Figure 3. 
A d e f i n i t i v e i d e n t i f i c a t i o n of the proteins in each peak i s not 
poss ib le , however, the e lut ion times of the peaks at 13-14 min. 
and 15 min. are close to the times which would be expected for 
gamma-globulins and albumins, two of the pr inc ipa l c lasses of 
serum proteins. These data also indicate the loading capacity 
of th is column with serum. More than 14 mg. of undiluted serum 
was injected before evidence of overloading in the form of band 
broadening and peak d i s tor t ion was observed. 

Milk Proteins. Size exclusion chromatography i s commonly 
used in biochemistry to observe in teract ive processes between 
proteins. We tested the c a p a b i l i t y of the SW-2000 gel to follow 
such phenomena in mi lk . Figure 4 shows the 254 nm absorbing 
p r o f i l e s obtained a f t e r chromatographing ident ica l volumes of 
three d i lut ions of non-fat dry milk in 0.2 M PO4 buf fer , at pH 7. 
While the data are not amenable to quantitat ive ana lys i s , d i l u t i o n 
appears to have caused disaggregation of higher molecular weight 
material in the f i r s t peak with a concomitant accumulation of 
lower molecular weight material in the t h i r d peak. In order to 
estab l i sh that th is e f f e c t was not due to the difference in tota l 
mass chromatographed, 10 yl of undiluted whole milk was injected 
using a 10 y l loop and the resu l t compared to a run where 100 μΐ 
of a 1:10 d i l u t i o n was injected using a 100 μΤ loop. Although 
the same sample mass was appl ied in both cases, the apparent d i s 
aggregation was s t i l l observed (data not shown). A s i m i l a r e f f e c t 
was observed in whole milk. Upon rechromatographing material c o l 
lected from the f i r s t peak, a s h i f t of much of the material to a 
l a t e r e lu t ing posit ion occurred (Figure 5) . A s i m i l a r d i l u t i o n 
e f f e c t can a lso be observed by chromatographing alpha-casein alone 
at d i f ferent concentrations (Figure 6 ) . I n i t i a l l y , the protein 
was chromatographed at approximately the same concentration at 
which i t i s present in whole milk. Af ter d i l u t i n g the protein 
1:10, the p r o f i l e c l e a r l y showed the disaggregation of material 
with a molecular weight of 80,000 daltons or greater. These ob
servations are consistent with the known properties of alpha-
casein , the major protein found in milk. Dry milk i s 25% casein 
by weight, h a l f of which i s alpha-casein (22). The alpha-casein 
f ract ion makes up 50% of the tota l milk protein and a l l of the 
casein in milk part ic ipates in complex, revers ib le aggregation 
(23, 24). It seems reasonable to speculate that these d i l u t i o n 
e f fects observed in whole milk are due to the disassociat ion of 
high molecular weight casein aggregates. High performance s ize 
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SOMACK ET AL. Spherogel TSK-SW-Type Gel 289 

0.5 0.6 0.7 0.8 0.9 

FLOW RATE (Ml/Min) 

Figure 2. Effect of flow rate on the 
efficiency (N) of the Spherogel TSK-SW 
2000 column. The conditions were as 
indicated in Figure 1 using cytochrome C 

as test solute. 

I 1 1 1 1 1 1 ι Γ 
Ο 3 6 9 12 15 18 21 24 

M I N U T E S 

Figure 3. Fractionation of human serum proteins on Spherogel TSKSW 3000. 
The conditions were as in Figure 1. The analyses were made using (Λ) α 50-μΣ, 
injection loop with an analytical flow cell; (B) a 100-L loop with a semipreparative 

flow cell; or (C, D) a 500-L loop with a preparative flow cell. 
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MW 
80,000 
<V0) 

j , , , , , ι -
Ο 3 6 9 12 15 18 

RETENTION TIME (MINUTES) 

Figure 4. Effect of sample concentration on the distribution of milk proteins on 
Spherogel TSK-SW 2000 column. Instant, nonfat, dry milk was dissolved in 
mobile phase at the indicated concentrations and ΙΟ-μΣ aliquots infected under 

the conditions outlined in Figure 1. 
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16. SOMACK ET AL. Spherogel TSK-SW-Type Gel 291 

0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21 24 27 30 33 

RETENTION TIME (MINUTES) 

Figure 5. Redistribution of higher molecular weight milk proteins on the SW 2000 
column. Whole milk (100 μΣ) was fractionated under the conditions indicated in 
^Figure 4. A lOO^L aliquot of eluant collected from the shaded portion of the 

profile on the left was rechromatographed as shown on the right. 

0 3 6 9 12 15 18 21 24 
RETENTION TIME (MINUTES) 

Figure 6. Fractionation of α-casein on the SW 2000 column at 25 mg/mL 
( ; and 2.5 mg/mL ( The conditions were shown in Figure 4. 
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292 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

exclusion chromatography promises to become a powerful technique 
for studying these types of phenomena in complex mixtures. 

Pur i f i ca t ion of T y b i n d i n g Proteins. Another phenomenon in 
biology commonly studied by s i ze exclusion chromatography i s the 
interact ion of proteins with small molecules. We tested the 
u t i l i t y of the SW-3000 column in pur i fy ing the thyroid hormone 
nuclear binding protein from l i v e r c e l l n u c l e i . These receptors 
have been previously p u r i f i e d by adding radioact ive t r i iodothyro
nine (T3) to crude nuclear ext rac ts , followed by conventional gel 
chromatography on soft carbohydrate gels (25). Nuclear extract 
containing approximately 100 yg of protein was incubated with 
[T25fl -T3 for two hours and c h i l l e d to 0° . An al iquot (100 y l ) 

containing approximately 20 yg of nucleoprotein was applied at 
0 - 4° C and a flow rate of 1 ml/miη. The bulk o f largely exclud-

Ϊ nucleoprotein is c l e a r l y separated from the highly p u r i f i e d 
3 " T 3 " Tabelled receptor-complex (Figure 7). A large ex

cess of unlabelled T3 abolishes most of the s p e c i f i c b inding. 
E s s e n t i a l l y the same method was used by Latham, Ring and Baxter 
(Jj[) using Sephadex G-100, however approximately f i ve running 
hours were required. The high reso lut ion , speed and reproduci
b i l i t y of th is separation are current ly being exploited to study 
interact ions between p u r i f i e d hormone receptors and nuclear h i s -
tones. C lear ly , the potent ia l of these columns fo r studying 
s i m i l a r interact ions i s considerable. 

Skeletal Muscle Contract i le Proteins. The Spherogel c o l 
umns were also tested for t h e i r s u i t a b i l i t y fo r pur i fy ing contrac
t i l e proteins from skeleta l muscle. A crude alpha-chymotryptic 
digest of myosin was fract ionated on the SW-3000 column (Figure 
8) . This digest contains the two subfragments, SI (LC]) and 
SI (LC 3 ) with reported molecular weights of 116,000 and 121,000 
daltons, respect ively (25, 26). The difference in s ize i s due to 
the type of l i g h t chain"TLC"T~associated with a common heavy chain 
(SI) of about 100,000 daltons. Polyacrylamide gel electrophoresis 
of eluate from the leading and t r a i l i n g edges of the major peaks 
indicates a high degree of p u r i f i c a t i o n and confirmed that the 
f i r s t peak contains SI (LC3) and the second, SI (LC*|). Heavy 
meromyosin (HMM) eluted in the excluded volume. The apparent 
molecular weights of the subfragments derived from th is run are 
140,000 daltons for SI (LC3) and 158,000 daltons for SI (LC]) 
which are higher than reported values estimated by gel e l e c t r o 
phoresis (26). The protein recoveries in th i s run were nearly 
quantitat ive and the ATPase a c t i v i t i e s of HPLC-purified S i ' s 
(K+-EDTA-ATPase, Mg 2+-ATPase and act in-act ivated ATPase) compared 
well with the published values for SI p u r i f i e d by conventional 
s ize exclusion chromatography (26). 

A l l three myosin l i g h t chains (LC] , LC2 and LC3) were 
chromatographed on the SW-2000 column (Figure 9 ) . The absorbance 
p r o f i l e at 254 nm showed four major peaks, the l a s t of which 
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16. SOMACK ET AL. Spherogel TSK-SW-Type Gel 293 

"*!· RADIOACTIVITY DISTRIBUTION IN COUNTS/MINUTE (x 10%*) 

Large MwC 1 2 5l3- T 3 

labelled nucleoprotein 

MINUTES MINUTES 

Figure 7. Purification of Td nuclear receptors on the SW 3000 column. Crude 
liver nuclear extract was prepared and incubated with [125I]-T3 as outlined in the 
Methods section. In A, 100 μΣ of extract were injected and chromatographed at 
4° using a mobile phase containing 50mM NaPOk (pH 7), 0.2M NH3SOk, ImM 
EDTA, O.lmM dithiothreitol, and 5% glycerol; pressure: 700 psi. The profile 
shown in Β was obtained after a 1000-fold excess of unlabeled T3 was added to 

the [125I]-labeled extract used in A. 
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294 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Figure 8. Fractionation of a-chymotryptic digest of myosin on the SW-3000 
column. A 500-JAL aliquot of crude digest containing 8.5 mg/mL of protein (see 
Methods section) was chromatographed as in Figure 7 at 24° with a flow rate 

of 0.5 mL/min. 

Figure 9. Fractionation of myosin light chains on the SW-2000 column. A 500-
pL aliquot of a mixture of light chains containing 10.0 mg/mL of protein (see 
Methods section) was chromatographed as in Figure 8 at a flow rate of 0.2 mL/min. 
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16. SOMACK E T A L . Spherogel TSK-SW-Type Gel 295 

eluted a f t e r the total permeation volume. The protein p r o f i l e , 
however, indicated that only the f i r s t three peaks contained pro
t e i n . The apparent molecular weights of these peaks calculated 
from the retention times were 58,000, 36,000, and 23,500 daltons. 
Densitometry of e lectrophoret ic gels run with a l iquots from the 
column fract ions confirmed that peak 1 consisted of a 2:1 mixture 
of LC] to LC3, peak 2, at 1:1 mixture of LC] to LC3 and peak 3 
was pure LC2. The molecular weights of the indiv idual l i g h t 
chains estimated from these results are reasonable consistent with 
the accepted values of 20,000, 21,000 and 16,000 dalts fo r LC2, 
LC-j and LC3, respect ive ly . S imi lar LC] and LC5 aggregates were 
reported using blue-sepharose chromatography (27). 

These high performance s i ze exclusion separations of alpha-
chymotrypsin SI and myosin l i g h t chains compare favorably with 
those achieved by ion exchange chromatography but require only a 
f ract ion of the time to accomplish. Furthermore, the very short 
retention times allow for separation of these l a b i l e proteins at 
room temperature, whereas operation at 0-40° C would otherwise be 
mandatory to avoid the loss of enzymatic a c t i v i t y . 

Abstract 

The silica-based Spherogel TSK-SW 2000 and SW 3000 columns 
designed for aqueous size exclusion chromatography were evaluated 
for their ability to perform a variety of protein separations 
conmonly encountered in biochemical research. These columns 
proved to be excellent for carrying out high speed, high resolu
tion analytical and preparative spearations of proteins. Little, 
if any, protein adsorption was noted with the proteins tested even 
when complex samples such as serum of milk proteins were chromato-
graphed. Excellent recoveries of multiple enzymatic activities 
were achieved in the purification of contractile muscle subfrag
ments with labile ATPase activity. 
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17 
Use of Sephadex Gels with Aqueous Pyridine 
Solvent to Determine Purity Levels of Hydrophilic 
Polymeric Dyes Containing Hydrophobic 
Impurities 
ANTHONY R. COOPER and DENA S. V A N DERVEER 1 

Process Development, Dynapol, 1454 Page Mill Road, Palo Alto, CA 94304 

A new serie s of dyes (l), intended f o r screening as p o t e n t i a l 
food a d d i t i v e s , has been prepared by coupling r e a c t i v e chromo-
phores to a polymer backbone (2^3.). This backbone provides the 
s t e r i c requirement f o r non-absorbability when ingested, and may 
also be t a i l o r e d t o produce a water-soluble dye from a water-
insoluble chromophore. However, t h i s introduces unique problems 
i n both p u r i f i c a t i o n (h) and analysis of these polymeric dyes, 
because the hydrophobic character of the chromophore or i t s simple 
d e r i v a t i v e s has the a b i l i t y of binding strongly to the dye. The 
method described here has been developed f o r q u a n t i t a t i v e analysis 
of the hydrophobic impurities i n the water-soluble polymeric dye 
product. @ 

Sephadex , a dextran gel cross-linked with epichlorohydrin, 
has been su c c e s s f u l l y used as a separation medium i n a v a r i e t y of 
b i o l o g i c a l and chemical a p p l i c a t i o n s . The gel may act as a molec
u l a r sieve to separate molecules on the basis of s i z e , but can 
also separate molecules of s i m i l a r s i z e on the basis of p o l a r i t y 
and a v a i l a b l e hydrogen π-bonding (5.,6.,X,80 · For example, phenol 
was found to be s i g n i f i c a n t l y retarded i n e l u t i o n time due to 
i n t e r a c t i o n with the ether linkages i n the t i g h t e r dextran gels 
G-10, G-15 and G-25 and e s p e c i a l l y LH-20 prepared by hydroxy 
a l k y l a t i o n of Sephadex G-25 (£). The choice of solvent pH and 
io n i c strength also a f f e c t s the separation of indole acids (10). 
Gelotte (5.) found that a c i d i c amino acids were excluded from 
Sephadex G-25, aromatic amino acids were adsorbed s l i g h t l y , and 
basic amino acids were strongly absorbed when water was used as a 
solvent; however, these e f f e c t s were negated i n the presence of 
s a l t . M o d i f i c a t i o n of the chromatographic properties of Sephadex 
has also been reported, using aqueous mixtures with pyridine 
(11,12) or alcohols (13,1*1,15). Marsden has discussed the theory 
of i n t e r n a l solvent composition of a gel i n a mixed solvent ( l 6 ) . 
Thus, by c a r e f u l s e l e c t i o n of column packing and solvent composi
t i o n , an optimal separation between a water-soluble polymer and 
hydrophobic imp u r i t i e s may be achieved. 

1 Current address: Geology Dept., U.C.S.B., Santa Barbara, CA. 

0-8412-05 86-8/ 80/47-138-297$05.00/0 
© 1980 American Chemical Society 
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298 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Experimental 

The polymeric dye used f o r t h i s study was made by coupling a 
bromo-anthrapyridone (Br-AMP), synthesized in-house, to an amino-
ethylene- sodium ethylene sulfonate copolymer (2), synthesized 
in-house. The molecular weight r e l a t i v e to polystyrene sulfonate 
was ^50,000. The chromophore and polymer backbone structures are 
shown i n Figure 1. Analogs of the bromo compound, containing a 
hydroxy (0Η·ΑΜΡ) or amino ( Ν Η 2 Ά Μ Ρ ) group at the i - p o s i t i o n 
(both compounds synthesized in-house), are formed by hydrolysis or 
degradation i n the coupling reactions. As i m p u r i t i e s , these must 
be removed from the crude rea c t i o n mixture and detected to deter
mine p u r i t y of the f i n a l product. 

The Sephadex was soaked f o r 2k hours i n the experimental s o l 
vent, and the fines decanted before being packed i n the columns 
by pumping the swollen gel from a packing r e s e r v o i r with the chro
matographic eluent at ̂ 2 ml/min. C a l i b r a t i o n standards of each 
of the Br·AMP, OH-AMP and ΝΗ2·ΑΜΡ de r i v a t i v e s were obtained. 
Solutions of each were made up i n the experimental b u f f e r , at con
centrations between 50 and 150 ppm, and chromatographed. The 
c a l i b r a t i o n curves are shown i n Figure 2. 

Spiking experiments were performed by f i r s t chromatographing 
solutions of each of the impurities at a given concentration. 
Then each impurity was added to separate solutions of 1 g/dl poly
meric dye so that the impurity concentrations were i d e n t i c a l to 
those of the f i r s t s o l u t i o n s . This spiked dye was also chromato
graphed, and the two traces compared. 

Results and Discussion 

The anthrapyridone impurities encountered i n our system are 
soluble i n neat pyridine and i n aqueous pyridine i n the presence 
of base, whereas the polymer i s water-soluble. The buffer pH 
value of 12 was chosen as a compromise between impurity s o l u b i l i t y 
and the s t a b i l i t y of the Sephadex column packing. The presence of 
pyrid i n e and base i n an aqueous buffer serves to s o l u b i l i z e the 
hydrophobic i m p u r i t i e s , and allow the gel to separate the polymer 
from the impurities on the basis of molecular s i z e . P y ridine con
centrations above 15 v/v% caused t a i l i n g of the polymer peak i n t o 
the region where the anthrapyridones e l u t e . The anthrapyridone 
impurities a l l exhibited the same e l u t i o n time. Below 15 v/v% 
p y r i d i n e , separation between the impurities was achieved, but e l u 
t i o n times became too long. In the l a t t e r case, the absence of a 
high concentration of pyrid i n e allows f o r greater i n t e r a c t i o n 
between the g e l and the i m p u r i t i e s . The f i n a l conditions chosen 
are shown i n Table I . With the chromatographic conditions chosen, 
e l u t i o n times f o r each of the species were: polymeric dye, 12.2 
min.; 0Η-ΑΜΡ, 23.2 min.; Br·ΑΜΡ, 2k.8 min.; and ΝΗ2·ΑΜΡ, 27.6 min. 
When each of these species was chromatographed separately, d i f f e r 
ent l i n e a r c a l i b r a t i o n curves which passed through the o r i g i n were 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

26
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

8.
ch

01
7



COOPER AND V A N DERVEER Sephadex Gels 299 

Figure 2. Calibration curves for OH · AMP (— O—); Br · AMP (--A—); 
and NH2 · AMP (- - • - -) (for conditions, see Table I; ordinate: concentration of 

AMP derivative, ppm; abscissa: peak area, in.2) 
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300 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Table I 

F i n a l Chromatographic Conditions 

Column Packing 

Column Size 

Solvent 

I n j e c t i o n Concentration 

I n j e c t i o n Volume 

Lower Detection Limit 
f o r Impurities 

Solvent Flow Rate 

Analysis Time 

Detection 

Sephadex G-25 Superfine, soaked f o r 
2k hours with in-use solvent before 
packing i n t o the columns 

Three columns, 1 cm χ 25 cm glass 

15 v/v% p y r i d i n e , 0.01M sodium phos
phate, pH 12 

Polymeric dye 1 g/dl 

0.2 ml 

10 ppm 

1 ml/min 

35 min 

3^0 nm absorbance Varian Techtron 
Model 635 equipped with ISCO high-
pressure flow c e l l s 
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17. COOPER AND V A N DERVEER Sephadex Gels 301 

obtained f o r each one. This indicates that a l l of the solute 
i n j e c t e d was eluted from the column. 

Sample chromatograms of the spiking experiments are shown i n 
Figures 3 and k. Figure 3 shows each of the impurities a t l l O p p m , 
and superimposed are chromatograms of the polymeric dye spiked 
with each of the impurities at the same concentration. The-
chromatograms are e s s e n t i a l l y superimposable. A small discrepancy 
a r i s e s from the fac t that the t a i l of the polymer peak overlaps 
the impurity peak. This makes the pure impurity peak appear lower 
than the dye-spiked impurity peak. This i s also evident i n F i g 
ure k9 where dye has been spiked with decreasing amounts of 
OH-AMP. In both cases, i t i s important to note that the impuri
t i e s are not being i r r e v e r s i b l y bound to the pure dye product. 
Quantitative amounts of spiked, i n j e c t e d impurities are being 
recovered. 

An attempt was made to improve on the analysis by employing 
a pingle column of approximately the same volume. The d e t a i l s of 
t h i s are shown i n Figure 5 as Column A, and a comparison i s made 
with the three-column s t y l e designated as B. The number of theo
r e t i c a l plates (TTP) and the number of t h e o r e t i c a l plates per 
foot (TPPF) are higher f o r Column A. However, the separation i s 
much poorer as a r e s u l t of excessive t a i l i n g of the polymer when 
Column A was run at 1 ml/minute. Slowing the flow rate to 
O.k ml/minute f o r Column A d i d not improve the s i t u a t i o n . 

Conclusions 

A r e l i a b l e chromatographic method has been developed f o r the 
quantitative a n a l y s i s of hydrophobic i m p u r i t i e s i n water-soluble 
polymeric dyes. The method u t i l i z e s both the molecular sieve 
e f f e c t of normal gel permeation chromatography and solute-column 
packing i n t e r a c t i o n , modified by solvent composition. This method 
eliminates the need to extract the impurities from the polymeric 
dye with 100$ ex t r a c t i o n e f f i c i e n c y , as would be required f o r an 
ordinary l i q u i d chromatographic a n a l y s i s . 

ABSTRACT 

Water-soluble polymeric dyes have been prepared from water
-insoluble chromophores, viz., anthraquinone derivatives. Unre-
acted chromophore and its simple derivatives, which are all water
-insoluble, remain in solution due to so lubi l iza t ion by the poly
meric dye. A method has been developed to separate and quantitate 
the polymeric dye and these hydrophobic impurities using Sephadex 
column packing. The solvent developed has the property of debind-
ing the impurities from the polymer, and further allows a separa
t ion of the impurities into discrete species. This la t te r separa
t ion i s based on the functional groups on the impurity molecules, 
having a different interaction with the Sephadex surface i n the 
presence of th i s solvent. The polymer elutes at the void volume 
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302 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

110 ppm OH-AMP 110 ppm Br*AMP 110 ppm N H 2 A M P 

Figure 3. Chromatograms of OH · AMP, Br · AMP, and NH2 · AMP at 110 
ppm in the absence ( ; and presence ( ; of polymeric dye (1 g/dL) (ordi

nate: absorbance, 340 nm; abscissa: elution time, min) 

110 ppm O H - A M P 50 ppm O H - A M P 20 ppm O H - A M P 

Figure 4. Recovery experiments for OH · AMP at 110, 50, and 20 ppm in the 
absence ( ; and presence ( ; of polymeric dyes (1 g/dL) (ordinate: absorb

ance, 340 nm; abscissa: elution time, min) 
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17. COOPER AND VAN DERVEER Sephadex Gels 303 

Figure 5. Effect of column dimensions on the chromatographic separation (ordi
nate: absorbance, 340 nm; abscissa: elution time, min). Column A: 1.5 X 25 cm; 
44.2 mL; 397 theoretical plates/ft; 325 theoretical plates; 0.4 mL/min flow rate-
Column B: three 0.9 X 25 cm; 47.7 mL; 112 theoretical plates/ft; 275 theoretical 

plates; 1.05 mL/min flow rate. 
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304 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

and is easily quantitated. Quantitation of the various i m p u r i t i e s 
was achieved by chromatographing pure standards. Spiking experi
ments were performed to demonstrate that complete separation of 
the impurities from the polymeric dye was achieved. 
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INDEX 

A 

Absorbance of polystyrene particles .. 62 
Acetate, polyvinyl 136 

long-chain branching in 136 
linear 137 

Acetate polymerization, vinyl 137 
Acetonitrile 77 
Acrylic(s) 219 

HPGPC chromatograms of high 
solids 220/ 

oligomers 217 
resins, HPGPC chromatograms of 218/ 

Acrylonitrile 78, 82/, 83, 86,90 
concentration of polymerized 79 
and methylacrylate, polymerization 

of 77 
monomeric 79 
and styrene 77 
/styrene copolymers 86 

Adhesion 219 
Aerosol MA 5 
Aerosol OT 48, 229/ 
Aggregation, mass-action law 225 
Aggregation numbers, micelle 226 
Alkyds 219 
Alkylphenoxypolyethoxyethylene 268 
Alkylpolyethyleneoxide micelles 226 
ΑΜΑ 4/, 5,9 
Amino-ethylene-sodium ethylene 

sulfonate copolymer 298 
Amphiphiles 226 

in benzene 227 
A N / Μ Α graft polymer, chromato-

gram of 80/ 
AN/S copolymers 86 

chromatograms of 87/ 
polymer composition analyses for .. 88* 

AN/S latex, chromatographic data on 89/ 
Analysis, particle size 1-25 
Anthraquinone derivatives 301 
AOT 227, 230 
Apolar solvents 225 
Aqueous pools 226 
Average property determination for 

copolymers 159 
Axial 

dispersion 175, 176/ 
characterization 180 

velocity, eluant 3 
velocity, particle 3 

Β 

Br · AMP (bromo-anthrapyridone) .. 298 
Band-spreading correction 125 
Beer-Lambert 16 
Benzene 210,235 
Biological applications 285-296 
Biomimetic features 226 
Bonds, Ρ—Ο—Ρ 241 
Branched polymers, characterization 

of 107-129 
Branching in polyvinyl acetate, 

long-chain 136 
Branching structure factor 142/ 
Broad MWD standards 183 

polydextran 193*, 195* 
PVC 188,191 

Broad-standard linear calibration 104 
Broadening in gel permeation chroma

tography, optimization of peak 
separation and 267-284 

Bromo-anthrapyridone (Br · AMP) .. 298 
Bulk copolymerization of styrene 

/i-butyl methacrylate 179 
η-Butyl methacrylate 163, 169 

chromatogram, polystyrene 162/ 
styrene 164/ 

C 
Calibration 

curve(s) 
HDC universal 8/ 
for L E C system 12/ 
molecular weight 189/, 192/, 194/ 

linear 193 
polystyrene 209/ 
universal 184-186 

for PMMA 155/, 156/ 
SEC 38* 

-MW 203 
column 74 
effect of ionic concentration on 

material recovery and 
universal 3 

homopolymer 168/ 
linear 195* 

broad-standard 104 
SEC-W 99 

molecular weight 184 
and peak broadening 183-196 
universal 189/ 
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306 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Capillary bed model 3 
Capillary hydrodynamic chroma

tography 2 
Caprolactam 215 
Catalysis, micellar 226 
Cavities, exclusion effect in 

cylindrical 199/ 
Centrifugation 226 
Characterization of poly(dichloro-

phosphazene) by GPC 255-266 
Chloroform 79 
Chromatogram(s) 

of A N / Μ Α graft polymer 80/ 
copolymer(s) 170/ 

of AN/S 87/ 
HPGPC 

of high solids acrylics 220/ 
of high solids polyesters 218/ 
of isocyanate cross-linkers .214/, 216/ 
of polyester urethane 222/ 
resins 

of acrylic 218/ 
of epoxy 221/ 
of melamine 220/ 

of PMMA 154/ 
polystyrene, Λ-butyl methacrylate .. 162/ 

Chromatographic 
data on AN/S latex 89/ 
detector 77 
interpretation techniques 78 

Chromatography 
gel filtration 198 
gel permeation (GPC) 91,198 
hydrodynamic (HDC) 1,27,47 

capillary 2 
porous 2 

liquid exclusion (LEC) 1 
orthogonal 149 

cross fractionation by 168/ 
potential barrier (PBC) 1 
size exclusion (SEC) 27 
tubular pinch 2 

Chromophores 301 
Classical light scattering 226 
CMC (see Critical micelle 

concentration) 
Coatings 223 

powder 210 
systems 207-224 
UV-curable 219 
viscosity, low 217 
water-borne 219 

Coefficient(s) 
extinction 56, 67,74 

measurement of 52 
for non-absorbing particles 57 

Mark-Houwink 107,109,113, 
127, 137 

scattering 29 

Colloidal particle chromatography, 
principal areas of 4/ 

Colloidal suspension, turbidity of 52 
Column(s) 

calibration 74 
microparticulate high efficiency 210 
packing procedure 74 
steric exclusion 169 

Comonomers, polymerized 79 
Conformation, effect of 197-206 
Constants, Mark-Houwink 103 
Controlled-pore/porous glass 

(CPG) 7,268,281 
packings, partition coefficients for .. 13/ 

Conversion copolymerization of 
styrene π-butyl methacrylate, 
high- 159 

Conversion for copolymers 159 
Copolymer(s) 

acrilonitrile/styrene (AN/S) 86 
polymer composition analyses for 88/ 

beads, styrene-divinylbenzene 2 
chromatograms 170/ 
composition distribution(s) 171 

theoretical normalized 170/ 
composition, instantaneous 159 
measurement of property distribu

tion for 163 
Copolymerization kinetics 169 
Copolymerization of styrene w-butyl 

methacrylate 149 
bulk 179 
high-conversion 159 

Corona effect 57 
Correction, band-spreading 125 
Coupled-column chromatography 169 
CPG (see Controlled pore/porous 

glass) 
Critical micelle concentration 13,225 

operational 225 
Cross fractionation by orthogonal 

chromatography 167, 168/, 179 
Cross-linker(s), isocyanate 215 

HPGPC chromatograms of 214/, 216/ 
Cross-linking 215, 223 
Cylindrical cavities, exclusion effect in 199/ 
Cytochrome C 286 

D 
Densitometry of electrophoretic gels .. 295 
Density, optical 16 
Detection, light scattering 107-129 
Detector, chromatographic 77 
Detector response, mass 184 
Diameter averages 73 

based on mixture rule 73* 
for latex particles 69/, 70/, 71/ 

Diameters, particle 67 
calculated 42/ 
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INDEX 307 

o-Dichlorobenzene 208, 210 
Dichromate ion 2 
Dichromate, sodium 56 
Differential refractometry 112 
Dimethylformamide 268 
Dimethylsulfoxide 268 
Dioxane 268 
Dispersion, axial 176/ 
Dispersion characterization, axial 180 
Distribution, resolution of particle size 18 
DNOAHBr 235 

chromatogram for 231/ 
w-Dodecyl octaethyleneglycol mono-

ether 236 
Dyes, hydrophilic polymeric 297-304 

£ 
Elastomers, emulsion polymerized .... 77 
Electron micrographs, scanning 54/-55/ 
Electrophoresis, polyacrylamide gel .. 292 
Electrophoretic gels, densitometry of 295 
Emulsion polymerization 150 
Emulsion polymerized elastomers 77 
Epichlorohydrin 297 
Epoxy esters 219 

HPGPC chromatogram of 213/ 
Epoxy resins, HPGPC chromato

grams of 221/ 
Esters, epoxy 219 
Exclusion effect in cylindrical cavities 199/ 
Exclusion effect of a rigid rod 200 
Extinction coefficient(s) 56,67,74 

measurement of 52 
for non-absorbing particles 57 

Extinction cross section 17/ 

F 

Field-flow fractionation (FFF) 2 
Filtration effect 5 
Filtration, gel 226 
Floor tile 223 
Formamide 268 
Fractionation, field-flow (FFF) 2 
Fractionation of serum 288 
Fractosil 7, 11,12/ 

packings, partition coefficients for .. 13/ 

Gel(s) 
densitometry of electrophoretic .... 295 
electrophoresis, polyacrylamide ... 292 
filtration 226 

chromatography 198 

Gel(s) (continued) 
permeation chromatography (GPC) 27, 

91, 149, 150, 159, 167, 179, 198, 207, 
210, 227, 236, 257, 260 

and absolute Mn comparison .... 157/ 
and absolute Ms comparison .... 157/ 
analysis 64/ 
characterization of poly(dichloro-

phosphazene) by 255 
chromatograms of phosphatidyl 

choline fraction 233/ 
soya lecithin 233/ 

chromatograms of soya lecithin .. 232/ 
elution volumes, effect 

of ionic strength on 269 
of neutral surfactants on 273 
of pH on 273 

high-conversion polymerization 
kinetic modeling utilizing 149-182 

HPLC 169 
Sephadex 297-304 

Gloss 141 
Glass packing, porous 47 
Glass transition temperature 215 
GMO 235 

chromatogram for 231/ 
GPC (see Gel permeation chromatography) 
Grafting 78 
Gyration, radius of 197 

H 

Hardness, pencil 219 
Haze 141 
HDC (see Hydrodynamic chroma

tography) 
η-Heptane 169 
Hexachlorocyclotriphosphazene, 

polymerization of 231 
High 

-conversion polymerization kinetic 
modeling utilizing GPC 149-182 

-performance 
gel permeation chromatography 

(HPGPC) 207,208,215, 
217, 219,223 

characterization of 
oligomers 207-224 

chromatogr am(s) 
of epoxyester 213/ 
of high solids acrylics 220/ 
of high solids polyesters .... 218/ 
of isocyanate cross-

linkers 214/, 216/ 
of polyester urethane 222/ 
resins 

of acrylic 218/ 
of epoxy 221/ 
of melamine 220/ 
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308 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

High (continued) 
-performance (continued) 

liquid chromatography 
(HPLC) 163,286 

analysis 162/ 
-pressure, low-density poly-

ethylenes 145/, 146 
resins (HP-LDPE) 139 

Homopolymer calibration 168/ 
Homopolymerization 179 

of methyl methacrylate 149 
high-conversion 150 

HPGPC (see High-performance gel 
permeation chromatography) 

HPLC (see High-performance liquid 
chromatography) 

Human serum proteins 289/ 
Hydrodynamic chromatography 

(HDC) 1, 13,27,47,179 
percent recoveries of latexes in 6t 
porous 11 

L E C and 7 
universal calibration curve 8/ 

Hydrophilic polymeric dyes 297-304 

Inelastic light scattering 226 
Interference effect 62 
Interpretation techniques, chromato

graphic 78 
Intrinsic viscosity(ies) 113,190/ 

instantaneous branched 134 
instantaneous linear 134 
for nonionic polyacrylamides 270/ 
ratios of 109 

Inverted micelles 225 
Ionic, effect(s) of 

concentration on material recovery 
and universal calibration 3 

strength on GPC elution volumes .. 269 
strength on R F 4/, 12/ 

Isocyanate cross-linkers 215 
HPGPC chromatograms of 214/, 216/ 

Kinetics, copolymerization 169 
Kurtosis 31,40/, 41, 210 

L 

Latex(es) 
in HDC, percent recoveries of 6/ 
monodisperse 9 
particles 

diameter averages for 69/, 70/, 71/ 
mixtures of 71 
polystyrene 47 

Lattices, model 27 
LCB (see Long-chain branching) 
LDPE (see Low-density polyethylene) 
LEC (see Liquid exclusion chroma

tography) 
Lecithin 236 

soya 235 
GPC chromatograms of 232/ 

phosphatidyl choline fraction 
of 233/ 

Light scattering 241 
classical 226 
detection 107-129 
inelastic 226 

Linear 
calibration 195/ 

broad-standard 104 
SEC-W 99 

molecular weight calibration curve 193 
polymers 183-196 

Liquid chromatography, high-
performance 286 

Liquid exclusion chromatography 
(LEC) 1,9,10/ 

and porous HDC 7 
system, calibration curve for 12/ 

Long-chain branching (LCB) 131, 133, 
139, 141 

frequency 143/, 144/ 
Low coatings viscosity 217 
Low-density polyethylene (LDPE) 131, 142/ 

application of MWBD method to .. 139 

M 
Mark-Houwink 

coefficients 107, 109,113, 
127, 137, 139 

constants 103, 133, 184,185, 187 
relation 269 

Mass-action law aggregation 225 
Mass detector response 184 
Material recovery and universal 

calibration, effects of ionic 
concentration on 3 

Measurement, particle size 48 
MEK resistance 219 
Melamine resins, HPGPC chromato

grams of 220/ 
Membrane osmometry 241 
Methyl methacrylate 163 

homopolymerization of 149 
high-conversion 150 

polymerization 179 
Methacrylate 79, 82/, 83 

polymerization of acrylonitrile and 77 
Micellar catalysis 226 
Micellar systems, reversed 225-238 
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INDEX 309 

Micelle(s) 
aggregation numbers 226 
alkylpolyethyleneoxide 226 
inverted 225 
reversed 225 
size 235 
sodium dodecyl sulfate 236 
stability 235 

Microparticulate high efficiency 
columns 210 

Mie scattering 42/ 
Mie theory ...18, 29, 57/, 62, 66, 70, 73, 74 
Milk proteins 288, 290/, 291/ 
Mixture rule, diameter averages 

based on 73/ 
MMA ,.··. 150 
Model lattices 27 
Molecular weight 

and branching distribution method 
(MWBD) 131-148, 138/, 142/ 

to LDPE, application of 139 
calibration 184 

curve 189/, 192/, 194/ 
linear 193 
universal 184-186 

and peak broadening 183-196 
universal 189/ 

distribution (MWD) 143/, 144/, 183, 
219, 223, 257 

broad 257 
polydextran standards .193/, 195/ 
polystyrene (PS) I l l 
PVC standards 188,191 

curve 91 
low molecular polymer 223 
polystyrene standards, 

narrow 183, 185, 188 
oligomers, low 219 
weight-average 125 

MOLWT program 112 
Monodisperse latex 9 
Monodispersity 74 
Monomeric acrylonitrile 79 
Monomeric styrene 78 
Multiple scattering 29 
Muscle contractile proteins, skeletal .. 292 
MWBD (see Molecular weight and 

branching distribution) 
MWD (see Molecular weight 

distribution) 

Ν 

NaCl, percent recoveries of poly
styrene using SLS and 6/ 

N H 2 · AMP 298 
Narrow MWD polystyrene I l l , 115/ 

standards 183, 185, 188 

NBS 
polystyrene SRM 706 114 
SRM #1476 146/ 
SRM 706 polystyrene 117/ 

Nitrate, potassium 48 
Nitrate, sodium 48 
Nitrile resin polymerizations 77 
Non-absorbing particles, extinction 

coefficient for 57 
Non-homopolymer character 167 
Non-steric exclusion mechanisms 169 
Non-porous packing, HDC 2 
Normalized copolymer composition 

distributions, theoretical 170/ 

Ο 

OH · AMP 298 
Oligomer(s) 223 

acrylic 217 
HPGPC characterization of 207-224 
polyester-based urethane 223 

Operational CMC 225 
Optical density 16 
Orthogonal chromatography 149,175 

cross fractionation by 167, 168/, 179 
Osmometry 190/ 

membrane 241 

Ρ 
PBLG (polybenzyl-L-glutamate) 203 
PCP (polychloroprene) I l l , 119/, 

120,122/, 123/ 
PMMA (see Polymethyl methacrylate) 
ρ — ο — Ρ bonds 241 
PPG (polypropylene glycol) 188,191 
PS (see Polystyrene) 
PSBD (polystyrene butadiene) 5 
PVAc (see Polyvinyl acetate) 
PVAC-E4 138/ 
PVC (see Polyvinyl chloride) 
Packing—HDC, non-porous 2 
Packing procedure, column 74 
PAM (see Polyacrylamide) 
Paneling, interior wood 223 
Particle(s) 

diameter(s) 51/, 67 
calculated 42/ 

extinction coefficient for non-
absorbing 57 

recovery 63 
size 

analysis 1 
distribution, resolution of 18 
measurement 48,65 

standards 52 
Partition coefficient(s) 

for CPG packings 13/ 
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310 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Partition coefficient(s) (continued) 
for fractosil packings 13/ 
separation factor and 33/—35/ 

PBC (potential barrier chromatog
raphy) 1 

Peak 
areas for polymers and monomer .. 84/ 
broadening calibration, molecular 

weight and 183-196 
separation 47 

and broadening in gel permeation 
chromatography, optimiza
tion of 267-284 

Pencil hardness 219 
Permeation chromatography, gel (see 

Gel permeation chromatography 
(GPC)) 

pH on GPC elution volume, effect of 273 
Phosnic 390 245 
Phosphatides 236 

soya 230 
Phosphatidyl choline fraction, GPC 

chromatograms of 233/ 
of soya lecithin 233/ 

Phosphonitrilic chloride 255 
to poly(dichlorophosphazene), 

polymerization of the trimeric 256/ 
Photosensitizer 223 
Pinch effect, tubular 2 
PN trimers 245 
Poly η-butyl methacrylate, separation 

of 176/ 
Polyacrylamide(s) (PAM) 268,271, 

273, 281,283 
gel electrophoresis 292 
nonionic 272/, 274/, 276/, 

278/, 279/, 280/, 282/ 
intrinsic viscosities for 270/ 
standards 281/ 

with polyethylene oxide, retention 
volumes of 275/ 

Polyacrylonitrile 81 
Polybenzyl-L-glutamate (PBLG) 203 
Polycarbonate 92 
Polychloroprene (PCP) I l l , 119/, 

120, 122/, 123/ 
Polydextran 194/ 

standards, broad MWD 193/, 195/ 
Polydichlorophosphazene 231-254, 

261/, 262/ 
dilute solution parameters 248/ 
by GPC, characterization of 255 
polymerization of the trimeric 

phosphonitrilic chloride to 256/ 
Polyester(s) 219 

-based urethane oligomers 223 
HPGPC chromatograms of high 

solids 218/ 
urethane, HPGPC chromatograms of 222/ 

Polyethylene 92 
oxide 268,271,281 

retention volumes of poly-
acrylamides with 275/ 

resins, high-pressure low-density 
(HP-LDPE) 136, 139, 145/, 146 

Polymer(s) 
characterization of branched ...107-129 
composition analysis for AN/S 

copolymers 88/ 
intrinsic viscosity 107 
linear 183-196 
MWD, low molecular 223 
peak area correlation 89/ 
viscosity characterization 91 

Polymerization(s) 
of acrylonitrile and methacrylate .. 77 
emulsion 150 
of hexachlorocyclotriphosphazene .. 231 
methyl methacrylate 179 
nitrile resin 77 
of PMMA 159 
radical-initiated 149 
of the trimeric phosphonitrilic 

chloride to polydichlorophos
phazene) 256/ 

vinyl acetate 137 
Polymerized acrylonitrile, concentra

tion of 79 
Polymerized comonomers 79 
Polymethyl methacrylate 

(PMMA) 47,92, 150, 151 
calibration curve for 155/, 156/ 
chromatograms of 154/ 
polymerization of 159 

Polypropylene glycol (PPG) 188, 191 
Polystyrene(s) (PS) 5, 81, 92, 104, 

113, 189/, 190/, 203 
broad MWD I l l 
butadiene (PSBD) 5 
w-butyl methacrylate chromatogram 162/ 
η-butyl methacrylate, separation of 178/ 
latex particles 47 
narrow MWD I l l , 115/ 

standards 183, 185, 188 
NBSSRM706 117/ 
mixture of 210 
molecular weight calibration curve 209/ 
particles, absorbance of 62 
using SLS and NaCI, percent 

recoveries of 6/ 
SRM 706 120 

NBS 114 
standards 41 
sulfonate 298 

Polyvinyl acetate (PVAc) 111, 118/, 120, 
121/, 122/, 131, 138/, 139 

linear 137 
long-chain branching in 136 
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INDEX 311 

Polyvinyl chloride (PVC) 5,190;, 191,192/ 
standards, broad MWD 188,191 

Pools, aqueous 226 
Porous hydrodynamic chromatography 2 
Potassium nitrate 48 
Potential barrier chromatography 

(PCB) 1 
Powder coatings 210 
Protein(s) 286 

calibration curves 287/ 
human serum 289/ 
milk 288, 290/, 291/ 
skeletal muscle contractile 292 

Pyridine 297-304 

R 

Radical-initiated polymerizations 149 
Radius of gyration 197 
Random-coil 205/ 
Rayleigh 73 

scattering 66 
Recoveries of latexes in HDC, percent 6* 
Recovery, particle 63 
Refractometry, differential 112 
Resin(s) 

HPGPC chromatograms 
of acrylic 218/ 
of epoxy 221/ 
of melamine 220/ 

polymerizations, nitrile 77 
self-emulsifying 219 
synthesis and processing 207 

Resistance, MEK 219 
Resolution of particle size distribution 18 
Resolution, signal 14 
Retention time 159 
Retention volume 29 
Reversed micellar systems 225-238 
Reversed micelles 225 
Rheological properties 223 
Rigid rod(s) 202, 205/ 

exclusion of 200 
Rod(s), rigid 202 

exclusion effect of 200 
ROH, reaction of trimethylchloro-

silane with 259/ 

S 
Scanning electron micrographs 54/-55/ 
Scattering 

coefficients 29 
Mie 42* 
multiple 29 
Rayleigh 66 

SEC (see Size exclusion chromatog
raphy) 

Self-emulsifying resins 219 

Separation factor and partition 
coefficient 33*-35* 

Sephadex gels 297-304 
Serum, fractionation of 288 
Serum proteins, human 289/ 
Serum proteins, human 289/ 
Shape, effect of solute 197-206 
Shape function 175 
Signal resolution 14 
Silica sol separation 205/ 
Size exclusion chromatography 

(SEC) 27,31,43 
calibration curves 38* 
-[η] calibration, linear 99 
/ L A L L S 108, 111, 115*, 118*, 119* 
-MW calibration curve 203 

Size, micelle 235 
Skeletal muscle contractile proteins .... 292 
Skewness 31, 40*, 41, 210 
SLS (see Sodium lauryl sulfate) 5 
Sodium 

dichromate 56 
dihexylsulfosuccinate (ΑΜΑ) 5, 9 
dodecyl sulfate micelles 236 
lauryl sulfate (SLS) 4/, 5,7 

and NaCl, percent recoveries of 
polystyrene using 6* 

nitrate 48 
Solid spheres 202 
Solute shape, effect of 197-206 
Solvents, apolar 225 
Soya lecithin 235 

GPC chromatograms 232/ 
of phosphatidyl choline fraction 

of 233/ 
phosphatide fractions, effect of 

sample size on MW for 234/ 
Soya phosphatides 230 
Spheres, solid 202 
SRM 706 polystyrene NBS 117* 
Stability, micelle 235 
Standards 

broad MWD 183 
polydextran 193*, 195* 
PVC 188, 191 

narrow MWD polystyrene .183, 185, 188 
particle 52 
polystyrene 41 

Steric exclusion columns 169 
Steric exclusion separation 169 
Styrene 78,86,163,169 

acrylonitrile and 77 
η-butyl methacrylate 150,164/ 

high-conversion copolymeriza-
tion of 159 

composition in polymer, average .... 166/ 
-divinylbenzene copolymer beads .. 2 
monomeric 78 

Sulfonate, polystyrene 298 
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312 SIZE EXCLUSION CHROMATOGRAPHY (GPC) 

Surfactants on GPC elution volumes, 
effect of neutral 273 

Swedgelock fitting 259/ 

Τ 

Tile, floor 223 
Time, retention 159 
Tear strength 141 
Temperature, glass transition 215 
Tergitol 273,281 
Tetrahydrofuran (THF) ... 62,93,104,112, 
113, 137, 175, 188, 191, 227, 230, 235, 242 

/i-heptane mixture 169 
Trimeric phosphonitrilic chloride to 

poly(dichlorophosphazene), 
polymerization of 256/ 

Trimethylchlorosilane 258, 264 
with ROH, reaction of 259/ 

Tubular pinch chromatography 2 
Tubular pinch effect 2 
Turbidity 16,29,56 

of a colloidal suspension 52 
detector 65 

U 
Universal molecular weight calibra

tion curve 184-186, 189/ 
Urethane, HPGPC chromatograms of 

polyester 222/ 

Urethane oligomers, polyester-based .. 223 
UV-curable coating 219 

V 
VAc polymerization 140/ 
Variance 40i, 41, 210 
Velocity, eluant axial 3 
Velocity, particle axial 3 
Vinyl acetate polymerization 137 
Viscometry 241 
Viscosity(ies) 219 

characterization, polymer 91 
intrinsic 113,190/ 

instantaneous branched 134 
instantaneous linear 134 
for nonionic polyacrylamides .... 270/ 
polymer 107 
ratio of 109 

low coatings 217 
Volume, retention 29 

W 

Water-borne coatings 219 
Weight 

-average diameters 42* 
-average molecular weight 125 
sequence distributions, theoretical .. 174/ 

Wood paneling, interior 223 

Ζ 

Zimm-Stockmayer equation 135 
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