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Foreword 
The ACS S Y M P O S I U M 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 A D V A N C E S 
IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typese
by the authors in camera-read
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 pub­
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

THE F I E L D OF SIZE E X C L U S I O N C H R O M A T O G R A P H Y (SEC) remains a viable 

and lively area of polymer characterization. Over the past several years, 
there has been considerable research activity in the area of SEC detection 
and data analysis in order to obtain more comprehensive information 
concerning the composition and molecular architecture of complex polymer 
systems. 

In part, this has bee
polymeric materials fro y
building blocks. These constraints resulted from government legislation in 
the areas of clean air, toxic substances, hazardous wastes, etc. As a 
consequence of being restricted to a narrow set of building blocks, it 
becomes critical to understand how a polymeric material is put together 
(composition, structure, molecular architecture, morphology) in order to 
relate fundamental properties to a polymeric material's performance. 
Therefore, the use of concurrent detectors in SEC along with sophisticated 
data analysis methods to unravel the nature of complex polymers is 
growing. Advances in electronics and computer technology are catalyzing 
the activities of detector development and data analysis. 

The detection and data analysis activities in the field of SEC applied 
to polymeric materials is expected to grow in the future. Improved detectors 
and data analysis systems will become commercially more available 
as a result of the current research activities in selected industrial and 
academic labs. 

I thank the authors for their effective oral and written communications, 
and the reviewers for their critiques and constructive comments. 

T H E O D O R E P R O V D E R 

The Glidden Company 
Strongsville, OH 44136 

ix 
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Chapter 1 

An Overview 
of Size Exclusion Chromatography 

for Polymers and Coatings 

Cheng-Yih Kuo and Theodore Provder 

The Glidden Company, Research Center, 16651 Sprague Road, 
Strongsville, OH 44136 

Recent technological advances have sparked a new 
level of activity in the field of Size Exclusion 
Chromatography (SEC). These include: 1) high 
performance/high
development and increased use of simultaneous 
multiple in-line detectors such as differential 
refractometer, ultraviolet and infrared 
spectrophotometric detectors, viscometers, low angle 
laser light scattering, and mass detection, and 3) 
the application of minicomputer and microcomputer 
technology for instrument control and data analysis. 
These developments in turn have led to new improved 
applications of SEC as well as higher quality 
information. In this paper, the SEC separation 
mechanism, molecular weight calibration methods 
including the use of hydrodynamic volume, instrument 
spreading corrections and polymer chain branching 
calculations will be discussed. Quantitative and 
qualitative examples of the application of multiple 
detectors will be given. Finally, there will be 
some discusison of the requirements necessary for 
high resolution SEC analysis of oligomers and 
examples will be shown. 

Polymer chemists and coatings formulators are c o n t i n u a l l y being 
c a l l e d upon to tailor-make coatings systems which require 
polymers having s p e c i f i c a l l y designed molecular a r c h i t e c t u r e s and 
ph y s i c a l p r o p e r t i e s . Knowledge of the molecular weight and 
molecular weight d i s t r i b u t i o n (MWD) of the polymer components i n 
a coatings system i s e s s e n t i a l f o r the o p t i m i z a t i o n of polymer 
design f o r s p e c i f i c end-use p r o p e r t i e s . Since i t s i n t r o d u c t i o n 
over two decades ago,(JJ g e l permeation chromatography (GPC) or 
s i z e e x c l u s i o n chromatography (SEC) has become an important and 
p r a c t i c a l t o o l f o r the determination of the MWD of polymers. A 
large number of studie s has been published on the use of SEC i n 
p l a s t i c s , eLastomeric and coatings systems. With the advent of 
high e f f i c i e n c y columns, the r e s o l u t i o n i n the lower molecular 

0097-6156/87/0352-0002$07.75/0 
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1. KUO AND PROVDER SEC for Polymers and Coatings 3 

weight region (molecular weights i n the range of 200 to 10,000) 
has been g r e a t l y improved and the speed of a n a l y s i s i ncreased. 
These features make high performance SEC (HPSEC) 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 a n a l y s i s of oligomers and polymers 
i n environmentally acceptable coatings systems. 

SEC. S^J^J^ÀPJL- i l e A h a n i s m 

Size e x c l u s i o n chromatography i s a l i q u i d chromatography method, 
whereby, the polymer molecules are separated by t h e i r molecular 
s i z e or "hydrodynamic volume" i n s o l u t i o n as solvent e l u t e s 
through a column(s) packed w i t h a porous support. The degree of 
r e t e n t i o n of the polymer molecules i n the pores i s the phenomenon 
which a f f e c t s the s e p a r a t i o n . Smaller molecules are r e t a i n e d i n 
the pores to a greater degree than the l a r g e r molecules. As a 
r e s u l t the l a r g e s t s i z e molecule (or the molecule having the 
greatest hydrodynamic volume
followed by the smalle
a s o l u t e e l u t e s from a column or the volume of l i q u i d 
corresponding to the r e t e n t i o n of a s o l u t e on a column i s known 
as the r e t e n t i o n volume ( V R ) and can be r e l a t e d to the p h y s i c a l 
parameters of the column as f o l l o w s : 

v R = ν ο + κν. (1) 

where V R = r e t e n t i o n volume of the s o l u t e 
V q = i n t e r s t i t i a l volume (dead volume) of the column 
V\ = i n t e r n a l solvent volume i n the pores 
Κ = the d i s t r i b u t i o n c o e f f i c i e n t , based upon the 

r e l a t i v e concentrations between phases. 

The t o t a l column volume i s given by 

V T = V o + V. (2) 

Therefore, the r e t e n t i o n volume i s e x p r e s s i b l e i n terms of the 
two measurable q u a n t i t i e s V Q and V T as 

V = V (1-K) + KV^ 0 <K <1 (3) K O 1 — 

The dependence of molecular s i z e i n s o l u t i o n upon r e t e n t i o n 
volume i s s c h e m a t i c a l l y i l l u s t r a t e d i n F i g . 1. The v o i d volume 
V corresponds to the t o t a l e x c l u s i o n of s o l u t e molecules from 
trie pores. The excluded s o l u t e molecules are s i g n i f i c a n t l y 
l a r g e r than the l a r g e s t a v a i l a b l e s i z e pores. Between V and V,p 
the s o l u t e molecules are s e l e c t i v e l y separated based on t h e i r 
molecular s i z e i n s o l u t i o n . Beyond the t o t a l column volume V̂ ,, 
separation w i l l not be achieved by a l i q u i d e x c l u s i o n 
chromatography mechanism. I f molecules appear to separate beyond 
Vrj, they are being r e t a i n e d on the column support by an a f f i n i t y 
mechanism corresponding to K>1. The curve i n F i g . 1 i s commonly 
c a l l e d a c a l i b r a t i o n curve. Methods used to generate the 
c a l i b r a t i o n curve w i l l be discussed l a t e r . I f a molecular weight 
c a l i b r a t i o n curve can be generated f o r the polymer of i n t e r e s t , 
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V R = V 0 ( I - K ) + K V T 

0 £ Κ £ 1 FOR GPC 

RETENTION VOLUME (VR) 

ure 1. I l l u s t r a t i v e SEC C a l i b r a t i o n Curve 
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1. KUO AND PROVDER SEC for Polymers and Coatings 5 

then molecular weight s t a t i s t i c s can be obtained by using the SEC 
raw trace i n conjunction w i t h t h i s c a l i b r a t i o n curve. The 
fundamental aspects of the SEC separation mechanism have been 
trea t e d t h e o r e t i c a l l y by Casassa, et a l , ( 2 _ - ^ ) , Giddings (7), and 
Yau, et al,(8,9). These treatments are based on an e q u i l i b r i u m 
d i s t r i b u t i o n of species between the mobile phase i n the 
i n t e r s t i t i a l volume and the species i n the pore volume of the 
column support. 

Ins t rumen t a t i on 

The e s s e n t i a l components of the instrumentation are a solvent 
r e s e r v o i r , a solvent d e l i v e r y system (pump), sample i n j e c t i o n 
system, packed columns, a d e t e c t o r ( s ) , and a data processing 
system. 

The heart of the instrumentaion i s the f r a c t i o n a t i o n column 
where the separation take
m a t e r i a l used has been
Developments i n column technology  e f f i c i e n c y , 
l a r g e p a r t i c l e s i z e (37—75P) packing m a t e r i a l obsolete. 
C u r r e n t l y , almost a l l the a v a i l a b l e SEC columns are packed w i t h 
the high e f f i c i e n c y , m i c r o p a r t i c u l a t e packings (<10y). Recent 
s t a t e - o f - t h e - a r t developments on column packings have been 
described by Majors (10). A l i s t i n g of such type of packing 
m a t e r i a l s i s shown i n Table 1. 

The concentration of the polymer molecules e l u t i n g from SEC 
columns i s continuously monitored by a detec t o r . The most widely 
used detector i n SEC i s the d i f f e r e n t i a l refTactometer (DRI), 
which measures the d i f f e r e n c e i n r e f r a c t i v e index between solvent 
and s o l u t e . Other detectors commonly used f o r SEC are f u n c t i o n a l 
group d e t e c t o r s ; u l t r a v i o l e t (UV) and i n f r a r e d ( I R ) , and absolute 
molecular weight d e t e c t o r s ; low angle l a s e r l i g h t s c a t t e r i n g 
(LALLS) and i n - l i n e continuous viscometers. A p p l i c a t i o n s of 
these detectors to SEC a n a l y s i s w i l l be discussed l a t e r i n the 
M u l t i p l e Detectors S e c t i o n . Other detectors a l s o being used are 
the densimeter (11-19) and the mass detector (20-23). 

(^ajlibr^lnjjn 

In order to convert a chromatogram i n t o a molecular weight 
d i s t r i b u t i o n curve, a c a l i b r a t i o n curve r e l a t i n g molecular weight 
to r e t e n t i o n volume i s re q u i r e d . Narrow MWD standards 
( p o l y d i s p e r s i t y , M^/M^, i s u s u a l l y l e s s than 1.1) of the polymer 
of i n t e r e s t are used to generate r e t e n t i o n volume curves. A one 
to one correspondence of peak r e t e n t i o n volume wit h peak 
molecular weight, M , is.jaade. The peak r e t e n t i o n volume i s 
u s u a l l y assigned t o Pbe ^m / ^ T f o r narrow MWD polymers. By 
p l o t t i n g l o g M vs_._ r e t e n t i o n volume, a primary molecular weight 
c a l i b r a t i o n cuFve i s generated. The disadvantage of t h i s method 
i s that q u i t e o f t e n w e l l c h a r a c t e r i z e d narrow MWD polymer 
f r a c t i o n s of i n t e r e s t are not r e a d i l y obtainable or r e q u i r e 
extensive l a b o r a t o r y time f o r t h e i r generation. 
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TABLE 1 

Some M i c r o p a r t i c u l a t e Packings f o r SEC 

Name Suppl i e r 

( S e m i r i g i d 
Finepak Gel 
Benson BN-X 
U-Spheragel 
Chromex 
Shodex A 
μ-Styragel 
PL Gel 
BioBeads S 
HSG 
MicroPak TSK type H, HXL 
U l t r a s t y r a g e l 
L i C h r o g e l PS 

Organic Gels) 
Jasco 
A l l t e c h , and Benson Co. 
A l t e x S c i e n t i f i c 
A l t e x S c i e n t i f i c 
P e r k i n Elmer and Showa Denko 

BioRad L a b o r a t o r i e s 
Shimadzu 
Toyo Soda and Vari a n 
Waters Associates 
EM Science 

(Porous S i l i c a Packings) 

LiChrospher 
Zorbax SE 
Zorbax PSM 
μ-Bondagel Ε 
μ-Porasil 60 
Glycophase-G 
MicroPak TSK Type SW 

EM Science 
DuPont 
DuPont 
Waters Associates 
Waters Associates 
P i e r c e Chemical 
Toyo Soda & Va r i a n 

There are other methods f o r generating absolute MWD curves 
without r e s o r t i n g to polymer f r a c t i o n a t i o n . One of these methods 
uses broad MWD standards to generate the molecular weight 
c a l i b r a t i o n curve (_24_-j_6). Other methods i n v o l v e the use of the 
hydrodynamic volume concept. Polymers having d i f f e r e n t chemical 
s t r u c t u r e s or polymers having the same chemical s t r u c t u r e s but 
d i f f e r e n t chain c o n f i g u r a t i o n s ( l i n e a r vs. d i f f e r e n t types of 
branching) w i l l have unique c a l i b r a t i o n curves. The SEC 
separation mechanism i s based upon molecular s i z e i n s o l u t i o n 
(not molecular weight), or hydrodynamic volume. Therefore, i f a 
parameter r e l a t e d to the hydrodynamic volume i s used to generate 
c a l i b r a t i o n curves, a common c a l i b r a t i o n curve f o r a v a r i e t y of 
polymers w i l l be obtained. Benoit and coworkers (37) f i r s t 
proved the experimental v a l i d i t y of t h i s concept by generating 
c a l i b r a t i o n curves c o n s i s t i n g of a p l o t of the product of the 
i n t r i n s i c v i s c o s i t y , [ η ] , and weight average molecular weight M^ 
vs » r e t e n t i o n volume. With commercially a v a i l a b l e polystyrene 
standards such curves are r e a d i l y generated. One can use 
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KUO AND PROVDER SEC for Polymers and Coatings 

experimental and/or mathematical techniques (38) to o b t a i n 
secondary molecular weight c a l i b r a t i o n curves from the 
hydrodynamic volume c a l i b r a t i o n curve as shown s c h e m a t i c a l l y i n 
F i g . 2. 

Two recent refinements i n v o l v i n g the use of hydrodynamic 
c a l i b r a t i o n curves are: (1) Rudin's equation (39) which accounts 
f o r the reduction of e f f e c t i v e hydrodynamic volume of high 
molecular weight polymers w i t h f i n i t e concentration; (2) Hamielec 
and Ouano's f i n d i n g (40) that the tiYdrodynamic volume i s the 
product of i n t r i n s i c v i s c o s i t y and M i n s t e a d of M . This 
refinement i s of importance when appïying hydrodynamic volume 
co n s i d e r a t i o n s to molecular branching models f o r h i g h l y branched 
and heterogeneous polymers. Transformation of the raw 
chromatogram i n t o various molecular weight averages, 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 curves was described by P i c k e t t (41) 
i n one of h i s e a r l y papers. To numerically f i t the c a l i b r a t i o n 
curve, various approache
Yau-Malone equation (42_
d i s c u s s i o n of these treatment

JL^tL^uraent Spreading CQrr^cjtion 

MWD curves c a l c u l a t e d from SEC are g e n e r a l l y broader than the 
true or absolute MWD curves due to instrumental spreading of the 
experimental chromatogram. Thus, the molecular weight averages 
c a l c u l a t e d from the experimental chromatograms can be 
s i g n i f i c a n t l y d i f f e r e n t from the absolute molecular weight 
averages. The instrument spreading i n SEC has been a t t r i b u t e d to 
a x i a l d i s p e r s i o n and skewing e f f e c t s . Several computational 
procedures (44-54) have been reported i n the l i t e r a t u r e to 
c o r r e c t f o r these e f f e c t s . In each method a s p e c i f i c shape f o r 
the chromatogram of an i d e a l monodisperse species or narrow MWD 
sample i s assumed. 

Tung (_55) has shown that the normalized observed SEC 
chromatogram, F ( v ) , at r e t e n t i o n volume ν i s r e l a t e d to the 
normalized SEC chromatogram corrected f o r instrument broadening, 
W(y), by means of the shape f u n c t i o n G(v,y) through the r e l a t i o n 

F(v) = / G(v-y)w(y)dy (4) 

Provder and Rosen (47) applying Tung 1s equation and the "Method 
of Molecular Weight Averages" i n conjunction w i t h a l i n e a r 
c a l i b r a t i o n curve derived the f o l l o w i n g two equations to o b t a i n 
the corrected values M (c) and M (c) from the uncorrected values 
M (uc) and M ( u c ) . η w 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



8 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

Figure 2. Schematic Procedure f o r the Generation of Secondary 
Molecular Weight C a l i b r a t i o n Curve (Reprinted from Ref. 38. 

Copyright 1973, American Chemical Society.) 
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M (c) = M (uc) # 

η η 
M (c) - M (uc) / w w 

where 

X. = 1/2 |[M ( t ) / M (uc)) +[M ( u c ) / M ( t ) ] | (7) 
1 J η η w w j 

X 2 = ( φ-1) / ( φ + 1) (8) 

φ = [M n(t) · M w ( t ) ] / [ M n ( u c ) * M w(uc)] (9) 

M^(t) and M ( t ) are the true or experimentally determined 
molecular weight averages. The "Method of Molecular Weight 
Averages" was include
c o r r e c t f o r instrumen

MujJ^ijxle J^tA cA Q- r_ s-

Most s i z e e x c l u s i o n chromatographs use a DRI as a detector to 
monitor the concentration curves of samples e l u t i n g from the 
columns. This type of detector i s h i g h l y s e n s i t i v e and v e r s a t i l e 
and can monitor exceedingly low sample concentrations i n a 
v a r i e t y of s o l v e n t s . However, i t has s e v e r a l disadvantages which 
prevent i t from being a " u n i v e r s a l d e t e c t o r . " At low and 
intermediate molecular weights, the s p e c i f i c r e f r a c t i v e index 
increment at a given sample concentration i s dependent upon the 
molecular weight. (56,57) For homopolymers, t h i s d i f f i c u l t y can 
be circumvented by c o n s t r u c t i n g a response f a c t o r curve v s. 
molecular weight. For multicomponent polymer systems, there, i s 
the a d d i t i o n a l complexity of the dependence of the s p e c i f i c 
r e f r a c t i v e index increment upon the composition of the polymer 
system. In p r i n c i p l e , i f the s t r u c t u r a l features of the polymer 
system were known, response f a c t o r curves f o r a given 
multicomponent system could be constructed from a knowledge of 
atomic and bond r e f r a c t i o n s . ( 5 8 ) However, t h i s i s a very 
i m p r a c t i c a l approach f o r r e a l polymer systems. 

Most coatings m a t e r i a l s are complex multicomponent systems 
covering the low to intermediate molecular weight range. The use 
of a d i f f e r e n t i a l refTactometer detector w i t h the SEC provides 
u s e f u l r o u t i n e screening i n f o r m a t i o n w i t h regard to the 
approximate molecular weight d i s t r i b u t i o n of these samples. 
However, l i t t l e or no inf o r m a t i o n can be i n f e r r e d w i t h regard to 
the compositional d i s t r i b u t i o n as a f u n c t i o n of molecular weight. 
To obtain t h i s type of inf o r m a t i o n on polymers, i n the past SEC 
f r a c t i o n s have been c o l l e c t e d and analyzed by i n f r a r e d 
spectroscopy. In a d d i t i o n to being a tedious and time consuming 
method, a rather crude a n a l y s i s of compositional d i s t r i b u t i o n as 
a f u n c t i o n of molecular weight i s obtained.(_59,6£) To get 
maximum b e n e f i t from the SEC technique i n terms of ob t a i n i n g 
absolute molecular weight d i s t r i b u t i o n s and r e f i n e d compositional 
d i s t r i b u t i o n s as a f u n c t i o n of molecular weight, s p e c i f i c 
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f u n c t i o n a l group detectors coupled o n - l i n e to the SEC are 
r e q u i r e d . 

-SAÇ/Ĵ RÎ̂ Uy/.ÎR There have been a number of s t u d i e s reported i n 
the l i t e r a t u r e concerning the use of o n - l i n e f u n c t i o n a l group 
detectors (61-77) f o r SEC The f o l l o w i n g examples show how SEC 
w i t h m u l t i p l e detectors can be used i n q u a l i t a t i v e a n a l y s i s . 
Figure 3 shows an SEC/DRI/IR/UV chromatogram f o r a copolymer of 
methyl methacrylate (MMA) and v i n y l acetate (VA) (25/75). 
Comparison of the SEC/IR t r a c e w i t h the SEC/DRI t r a c e shows a 
d i f f e r e n c e i n the r a t i o of the low r e t e n t i o n volume to high 
r e t e n t i o n volume peaks. The DRI detector has a d i f f e r e n t 
response to VA f u n c t i o n a l i t y than the MMA f u n c t i o n a l i t y at low 
r e t e n t i o n volumes (high molecular weight). Although there are no 
UV a c t i v e monomers present i n the polymer, there i s a UV detector 
response to the benzoyl peroxide i n i t i a t o r fragments attached to 
polymer chain ends. Th  SEC/U
trace compared to the SEC/I
r e t e n t i o n volume rang
branching i n t h i s polymer. This i s to be expected s i n c e v i n y l 
acetate i s known to produce branched polymers when made by 
emulsion p o l y m e r i z a t i o n techniques as was t h i s copolymer of v i n y l 
acetate. From t h i s type of a n a l y s i s of chain end d i s t r i b u t i o n s , 
v a l u a b l e i n f o r m a t i o n about polymer chain-branching can be 
obtained. 

F i g . 4 shows the SEC/UV/IR t r a c e of a blend of a styrene/ 
a c r y l i c / a c i d terpolymer r e s i n and a melamine r e s i n . I t i s seen 
that there are three d i s t i n c t peaks i n the SEC/UV tr a c e f o r t h i s 
blend. The SEC/UV/IR traces show that the peak at ~185 ml 
corresponds to the polymer backbone; the middle peak at ~205 ml 
i s a s s o c i a t e d w i t h the melamine r e s i n ; and the t h i r d peak at "220 
ml has a strong UV absorbing c h a r a c t e r i s t i c and i s a c i d i c i n 
nature and may w e l l be caused by r e a c t i o n by-products between 
c a t a l y s t , solvent and monomers. The melamine r e s i n i s melt 
blended w i t h the terpolymer r e s i n . This chromatogram i n d i c a t e s 
that only p h y s i c a l mixing occurs. The SEC/lR/UV inf o r m a t i o n 
shown i n t h i s example i s q u i t e h e l p f u l i n e s t a b l i s h i n g proper 
blending c o n d i t i o n s . 

F i g . 5 shows the SEC/UV and SEC/IR traces of PMMA samples 
(78) which were photopolymerized w i t h d i f f e r e n t concentrations of 
p h o t o g e n s i t i z e r (0.05 χ 10 M, 0.08 χ 10 M, 0.25 χ 10 M and 0.5 
χ 10 Μ ) . The p h o t o s e n s i t i z e r used was 4,4' b i s - ( d i e t h y l amino) 
benzophenone (DEABP). From the UV traces i t i s seen that the 
p h o t o s e n s i t i z e r s are chemically bound to the polymer chains. The 
r e s u l t s a l s o seem to i n d i c a t e that a greater number of s e n s i t i z e r 
fragments r e s i d e i n the lower molecular weight regions. A 
considerable amount of f r e e s e n s i t i z e r can be detected by the UV 
detector ( r e t e n t i o n volume ~210 ml) when t£e i n i t i a l concentra­
t i o n of the s e n s i t i z e r i s above 0.08 χ 10 M. The other 
a u x i l i a r y peaks beyond the r e t e n t i o n volume of 200 ml could be 
due to some ol i g o m e r i c components or s o l v e n t . The SEC/UV t r a c e 
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Figure 3. SEC/DRI/IR/UV Chromâtogram of Copolymer MMA/VA 
(25/75)(Reprinted from r e f . 69. Copyright 1976 American Chemical 
Society.) 
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Figure 4. SEC/UV/IR Chromatogram of a Blend of a 
St y r e n e / A c r y l i c / A c i d Terpolymer Resin and a Melamine Resin 
(Reprinted from r e f . 69. Copyright 1976 American Chemical Society.) 
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at r e t e n t i o n volumes l e s s than 200 ml are polymer chains having 
s e n s i t i z e r fragments attached to the chain ends. Thus the UV 
trace provides a d i s t r i b u t i o n of polymer chain ends i n these 
samples. Values of M and M can be c a l c u l a t e d by means of the η w 
hydrodynamic volume approach. These r e s u l t s show that the 
molecular weight of PMMA decreases w i t h i n c r e a s i n g concentration 
of s e n s i t i z e r . This i s expected from the k i n e t i c s of conven­
t i o n a l f r e e - r a d i c a l p o l y m e r i z a t i o n . E a r l i e r r e s u l t s of the same 
samples run on an SEC/THF instrument d i d not show t h i s systematic 
trend of molecular weights of PMMA as a f u n c t i o n of DEABP 
conc e n t r a t i o n . This i s due to the f a c t that there was only a DRI 
detector attached to the SEC/THF instrument. The DRI detector 
picked up c o n t r i b u t i o n s from a l l the e x i s t i n g components which 
may not be PMMA, such as those which show up at r e t e n t i o n volumes 
greater than 200 ml. These low molecular weight i m p u r i t i e s 
d i s t o r t e d the chromatograms wit h respect to molecular weight 
d i s t r i b u t i o n c a l c u l a t i o n s
molecular weights and
erroneous. This i l l u s t r a t e s one of the advantages of using the 
SEC/IR t r a c e s . In a d d i t i o n , there are no negative peaks i n the 
SEC/IR traces as there are i n the DRI t r a c e . The absence of 
these negative peaks allows much b e t t e r d e f i n i t i o n of the low 
molecular weight b a s e l i n e c u t - o f f p o i n t . A l s o , the IR-detector 
i s not as s e n s i t i v e to room temperature f l u c t u a t i o n s as i s the 
DRI and, t h e r e f o r e , the SEC/IR t r a c e baseline w i l l have b e t t e r 
long term s t a b i l i t y . The same consid e r a t i o n s w i t h regard to 
be t t e r b a s e l i n e d e f i n i t i o n and long term s t a b i l i t y apply to the 
SEC/UV t r a c e s . 

^uajiLitLat_iv_e (^oj^Qsi_tLona1-Mo 1 ec_ular_jjeight j ^ ^ r j j m 
QPAsijier a t i on s The previous examples demonstrated that c r u c i a l 
q u a l i t a t i v e i n f o r m a t i o n can be obtained about the composition of 
components i n multicomponent interpolymers and blends. Coatings 
systems, t y p i c a l l y , c o n t a i n three to s i x components with some 
present as minor c o n s t i t u e n t s . To q u a n t i t a t i v e l y determine the 
compositional d i s t r i b u t i o n as a f u n c t i o n of molecular weight i s a 
rather formidable task f o r such complicated systems. In 
a d d i t i o n , there are some comple x i t i e s associated w i t h using 
m u l t i p l e d e t e c t o r s f o r determining the compositional 
heterogeneity of copolymer as discussed by Mori and Suzuki (73) 
and Bressau (77 ). These co m p l e x i t i e s i n c l u d e accounting f o r : (a) 
dead volume c o r r e c t i o n s , (b) hyperchromic s h i f t s of copolymer 
d e t e c t i o n wavelengths, (c) variance of monomer component 
a b s o r p t i v i t y i n the homopolymer to the copolymer, (d) v a l i d i t y of 
the copolymer molecular weight s c a l e or hydrodynamic volume 
c a l i b r a t i o n approach and (e) mismatch of detector s e n s i t i v i t i e s 
i n e i t h e r the low or high molecular weight ranges of the 
chromatogram. 

In general the mathematical formulation of the q u a n t i t a t i o n 
problem i s shown i n Table 2 f o r η-components. The matrix 
equation, H=AW * G p, can be solved f o r the t o t a l polymer G p and 
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weight f r a c t i o n s Ŵ  i n terms of the detector response f a c t o r s A ^ 
by use of Cramer's r u l e . The rather complex mathematics does not 
lend i t s e l f to r o u t i n e c a l c u l a t i o n s of compositional weight 
f r a c t i o n s W. or t o t a l polymer G p unless a d i r e c t r e a l - t i m e 
o n - l i n e l i n k to a powerful computer system i s a v a i l a b l e . For 
example i f 50 data points per sample are acquired f o r a three 
component system, i t i s necessary to solve a 3 χ 3 matrix 50 
times. For a copolymer system the equations become more t r a c t ­
able and lead to s o l u t i o n s f o r Wi and Gp as shown i n Table 3. 
The two component case has been solved i n the l i t e r a t u r e both by 
Adams (6_6) and by Runyon and coworkers (65) f o r a styrene-
butadiene block copolymer. In these s t u d i e s a DRI ( d e t e c t o r 1) 
and UV (detector 2) detector were used i n THF. The sytrene 
(component 1) and butadiene (component 2) c o n t r i b u t e d to the UV 
response r e s u l t i n g i n &22=®' t n e r e ^ y , s i m p l i f y i n g equations f o r 

and G p i n Table 3. G e n e r a l l y , i n d e a l i n g w i t h multi-component 
polymers, the detecto
c a t i o n s can be made i
many o f f - d i a g o n a l A. . elements w i l l be equal to zero. 

To experimentally determine the response f a c t o r s A.., 
g e n e r a l l y , the homopolymers of the components are monitored by 
the appropriate detector at s e v e r a l concentrations ( 62^ 6_5) The 
slope of the detector response (area under the appropriate 
SEC/detector trace) vs. concentration (grams), which should be 
l i n e a r , i s then the response f a c t o r A... 

When the t o t a l polymer response, G i s known as a f u n c t i o n of 
r e t e n t i o n volume, the molecular w e i g h t ^ d i s t r i b u t i o n can be 
obtained i n the usual manner w i t h the appropriate molecular 
weight c a l i b r a t i o n curve. The molecular weight c a l i b r a t i o n curve 
can be obtained: (a) by using the Runyon (65) copolymer molecular 
weight s c a l e approach, or (b) by using a hydrodynamic volume 
approach i f the Mark-Houwink constants f o r the polymer of 
i n t e r e s t are known or can be determined, or (c) by using a 
hydrodynamic volume approach i n conjunction w i t h an o n - l i n e 
v i s c o s i t y d e t e c t o r . 

SE£/LALLS One of the absolute molecular weight detectors f i n d i n g 
i n c r e a s i n g usage i s the low angle l a s e r l i g h t s c a t t e r i n g (LALLS) 
detector.(78-83) The unique features of the SEC/LALLS i n c l u d e : 
(a) simultaneous generation of the absolute molecular weight 
c a l i b r a t i o n curve and generation of the absolute molecular weight 
d i s t r i b u t i o n by using a DRI and i n conjunction w i t h a LALLS, (b) 
being an e x c e l l e n t detector f o r aqueous SEC because i t can 
generate an absolute molecular c a l i b r a t i o n curve, (c) i t s use f o r 
high temperature measurement, e s p e c i a l l y p o l y o l e f i n s , (d) being 
s e n s i t i v e to very high molecular weight polymers, e.g. m i c r o g e l . 
F i g . 6 i s an example (82) of an NBS Standard SRM-1476 
polyethylene i n TCB at 135°C. I t i s seen that the LALLS detector 
c l e a r l y i n d i c a t e s a high molecular weight component that escapes 
d e t e c t i o n w i t h an IR d e t e c t o r . SEC/LALLS als o has been used f o r 
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Figure 5. SEC/UV/lR Chromâtograms of,Photopolymerized,PMMA 
f o r [DEABP] : A i s 5 χ 10_JM,B i s 8 χ 10 M, C i s 12 χ 10 M, D i s 
25 χ 10 M, E i s 50 χ 10 M. (Reprinted from r e f . 78. Copyright 
1978 American Chemical Society.) 
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Figure 6. SEC/LALLS Chromatogram of SRM 1476 i n TCB at 135°C 
(Reprinted with permission from Ref. 82, Copyright 1979, John 
Wiley & Sons.) 
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TABLE 2 

Q u a n t i t a t i v e A n a l y s i s of Multicomponent System 

H l • ( A 1 1 W l + A12 W2 + A13 W 3 + - - - A1N V ' G P 
H 2 = ( A 2 1 W L + A 2 2 „ 2 + „ 3 + - - - A 2 N W N ) - G P 

"N " ( AN1 Wl + \2 W2 + \ 3 W 3 + " " " % V G P 
Η = AW * G

P 

Η 

1 A l l A12 

AN1 AN2 

- A IN 

- - A, NN 

W l S 

W G Ν Ρ 

TABLE 3 

Q u a n t i t a t i v e A n a l y s i s of Two-Component System 

H l • [ A l l W l + A12 W
2 ] ' G P 

H 2 = | _ A 2 1 WX + A 2 2 
W 2 ] ' 

where, 

t - Detector Responses 1,2, 

Α 1 1 ' Α 1 2 ' Α 2 1 ' A22 ~ R e s P o n s e Factors (Area/Gram), 

Gp - Weight i n Grams of Polymer, 

Wj, Ŵ  - Weight F r a c t i o n of Components 1,2, 

R ^22 A l 2 
"(A 11 Α 1 2 Τ π Τ Α 2 2 - A 2 1 ) 

; R - H^/H^, 

and 
JP = 

H l ( A 2 1 A 2 2 ) H 2 ( A 1 1 A12^ 
A12 A21 A22 A l l 
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the d e t e c t i o n of shear degradation of polymers i n SEC columns 
(84), simultaneous c a l i b r a t i o n of molecular weight separation and 
column d i s p e r s i o n (_85_), measurement of Mark-Houwink parameters 
(86), determination of molecular weight and compositional 
heterogeneity of block copolymers (87) , and i n o b t a i n i n g 
branching i n f o r m a t i o n i n homopolymers and copolymers (88 - 98). 
However, i n using SEC/LALLS the analyst needs to be aware of some 
data a n a l y s i s c o n s i d e r a t i o n s : (a) s p e c i f i c r e f r a c t i v e index 
increment, dn/dc, v a r i e s w i t h molecular weight f o r low molecular 
weight polymers and dependents on the composition of the 
copolymers, (b) V i r i a l c o e f f i c i e n t s depend on molecular weight, 
(c) Transient noise spikes caused by bleeding of packing m a t e i a l s 
or passing of dust p a r t i c l e s can occur, (d) There can be a 
s e n s i t i v i t y mismatch between LALLS and DRI (e.g. inadequate 
s e n s i t i v i t y i n low molecular weight regions and d e t e c t i o n of 
microgel i n high molecular weight r e g i o n s ) , (e) Instrumental peak 
broadening can occur i
provides only q u a l i t a t i v

SEC/Viscometer Another o n - l i n e SEC detector which can provide 
both absolute molecular weight s t a t i s t i c s as w e l l as branching 
i n f o r m a t i o n i s the v i s c o s i t y d e t e c t o r . A d i s c r e t e viscometry 
technique (^9-108) i n v o l v i n g the coupling of a Ubbelohde-type 
viscometer to measure the e f f l u x time of each f r a c t i o n was 
reported i n e a r l y 1970. The disadvantage of t h i s type of 
viscometer i s that i t i s not a t r u l y continuous d e t e c t o r . With 
the speed and reduced column volumes and lower sample concentra­
t i o n s a s s o c i a t e d w i t h modern high performance SEC t h i s type of 
viscometer detector i s not p r a c t i c a l . In 1972, Ouano ( 1_09) 
developed a unique o n - l i n e viscometer which used a pressure 
transducer to monitor the pressure drop across a c a p i l l a r y 
c ontinuously. More r e c e n t l y Lesec (110-112) and coworkers 
described a s i m i l a r and simpler o n - l i n e viscometer. In the 
authors' l a b o r a t o r y , a d i f f e r e n t i a l transducer has been used to 
monitor the pressure drop across a s e c t i o n of c a p i l l a r y tubing as 
the polymer f r a c t i o n s e l u t e from the SEC column. The e x p e r i ­
mental apparatus and performance e v a l u a t i o n were described 
previously.(JJL3_,JJ4) In 1984, the f i r s t commercially a v a i l a b l e 
continuous v i s c o s i t y detector f o r SEC was introduced by V i s c o t e k 
(JJJ),JJJ3). The main component i s the Wheatstone bridge 
c o n f i g u r a t i o n c o n s i s t i n g of four balanced c a p i l l a r y c o i l s . Most 
r e c e n t l y Abbott and Yau (117) described the design of a 
d i f f e r e n t i a l pressure transducer c a p i l l a r y viscometer which i s 
comprised of two c a p i l l a r y tubes, one f o r e l u t i n g sample s o l u t i o n 
and one f o r e l u t i n g s o l v e n t . The advantage of t h i s device i s 
that the measured s i g n a l i s independent of flow r a t e and 
temperature f l u c t u a t i o n s . 

L i k e SEC/LALLS, the v i s c o s i t y detector i s s e n s i t i v e to high 
molecular weight f r a c t i o n s as shown i n F i g . 7. A shoulder at 
3,000,000 molecular weight detected by the DRI becomes a peak 
when detected by the viscometer d e t e c t o r . The usefulness of the 
SEC/Viscometer method i s e x e m p l i f i e d by the study of branched 
polymers. F i g . 8 shows a l o g [ η] vs_._ l o g M p l o t f o r a randomly 
branched polystyrene obtained from the SEC/^iscometer technique. 
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Figure 7. DRI and Viscometer Chromatograms f o r a High 
Molecular Weight PMMA Sample (Reprinted from r e f . 114. Copyright 
1984 American Chemical S o c i e t y . ) 
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Figure 8. P l o t of l o g [η] vs. l o g M f o r a Randomly Branched 
Polystyrene W 
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The d e v i a t i o n from l i n e a r i t y i n the high molecular weight region 
can be c l e a r l y seen. Upon comparing the i n t r i n s i c v i s c o s i t y with 
that of the l i n e a r counterpart at the same molecular weight, the 
branching index g' can be obtained as a f u n c t i o n of molecular 
weight. In a d d i t i o n , the SEC/Viscometer coupling can provide 
absolute molecular weight averages, bulk i n t r i n s i c v i s c o s i t y and 
Mark-Houwink parameters from a s i n g l e SEC experiment. A paper 
d e a l i n g w i t h the d e t a i l e d d e s c r i p t i o n and the e v a l u a t i o n of the 
data treatment f o r an SEC/Viscometer system can be found i n t h i s 
volume. (118) An analyst using an SEC/Viscometer should be aware 
of the f o l l o w i n g o p e r a t i o n a l parameters which can produce e r r o r s 
i n the data: (a) flow v a r i a t i o n s caused by pump p u l s a t i o n s , 
temperature f l u c t u a t i o n s and r e s t r i c t i o n s i n SEC columns as w e l l 
as i n the connecting t u b i n g , (b) mismatch between the flow r a t e 
s e t t i n g and a c t u a l d e l i v e r e d f l o w r a t e which can cause 
concentration e r r o r s , (c) f i n i t e dead volume between detectors 
which can produce a dat
d e t e c t o r , (d) s e n s i t i v i t
DRI detectors i n the hig  weigh  regions

Oligomer A p p l i c a t i o n s 

The emergence of new coatings technologies such as high s o l i d s , 
powder, water-borne and r a d i a t i o n curable coatings as a response 
to governmental r e g u l a t i o n s has l e d to the development of r e s i n 
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 c o n t r o l the 
p r o p e r t i e s of these coatings systems. Recently the HPSEC 
technique, using high e f f i c i e n c y columns, has been shown to 
provide the necessary r e s o l u t i o n i n the low molecular weight 
region of i n t e r e s t f o r the above coatings systems. The high 
e f f i c i e n c y columns r e s u l t from the use of high pore volumes and 
narrow p a r t i c l e s i z e d i s t r i b u t i o n of m i c r o p a r t i c u l a t e packing 
m a t e r i a l s . The e f f i c i e n c y of a column i s measured by p l a t e 
count. For a t y p i c a l HPSEC column w i t h 10 ym or l e s s p a r t i c l e 
packing, the p l a t e count i s u s u a l l y i n the order of 40,000 
plates/m i n contrast to about 1,500 plates/m f o r conventional 
columns (37-75 ym p a r t i c l e s ) . The a b i l i t y of a column to 
separate two adjacent peaks i s expressed by the s p e c i f i c 
r e s o l u t i o n R^ as derived by B l y (119). For oligomer and small 
molecule a p p l i c a t i o n s , Rg values are u s u a l l y obtained from 
various p a i r s of n-alkanes as reported i n the l i t e r a t u r e 
(120-122) f o r a v a r i e t y of HPSEC columns from various vendors. 
The e f f e c t of o p e r a t i o n a l v a r i a b l e s (e.g. flow r a t e , p a r t i c l e 
s i z e , column l e n g t h , temperature, mobile phase, etc.) has been 
stu d i e d by various groups ( 1j_3-l2J>). In general, the column 
p l a t e height decreases ( e f f i c i e n c y increases) w i t h decreasing 
flow r a t e u n t i l an optimum flow rate i s achieved i n accordance 
w i t h the Van Deemter equation.(JL27) Consequently, to obtain high 
r e s o l u t i o n , the flow r a t e should be kept as low as p o s s i b l e . For 
p r a c t i c a l purpose, using THF as mobile phase, the flow r a t e i s 
u s u a l l y set at 1 ml/min. The column e f f i c i e n c y a l s o depends on 
the p a r t i c l e s i z e of the packings as shown by V i v i l e c c h i a and 
coworkers. (_124_). Kato, et a l (126) showed the e f f e c t of flow 
r a t e , p a r t i c l e s i z e and column length on the column p l a t e count. 
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With the advent of high e f f i c i e n c y columns, HPSEC has become 
an indispensable c h r a c t e r i z a t i o n and problem s o l v i n g t o o l f o r 
oligomer a n a l y s i s as w i l l be shown i n the f o l l o w i n g 
examples.(121,128,129) 

HPSEC i s very u s e f u l f o r screening various r e s i n s f o r the 
o p t i m i z a t i o n of coatings v i s c o s i t y and cured f i l m p r o p e r t i e s . 
Among the f i v e p o l y e s t e r r e s i n s shown i n F i g . 9, E-17 was chosen 
to be scaled-up due to the unique combination of good f i l m 
p r o p e r t i e s (hardness and s a l t spray r e s i s t a n c e ) and lowest 
v i s c o s i t y . The three r e s i n s on the r i g h t hand side of F i g . 9 
(E-44, E-38 & E-42) were not acceptable 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 requirement 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 p r o p e r t i e s 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 10 shows the HPSEC traces of two d i f f e r e n t batches of 
experimental a c r y l i c r e s i n s
of high l e v e l s of low molecula
monomer and solvent i  sample TG-37, the g s C lowe  tha
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 f o r sample 
TG-37. This brought the sample w i t h i n the minimum acceptable Tg 
l e v e l c o n s i s t e n t w i t h non-"blocking" of the sample. 

The most commonly used c r o s s l i n k i n g agents f o r i n d u s t r i a l 
coatings are melamine r e s i n s . F i g . 11 shows the HPSEC 
chromâtograms of some melamine c r o s s l i n k e r s . M-l i s h i g h l y 
methylated and i s claimed by the s u p p l i e r to be monomeric, though 
at l e a s t four components are obviously present. M-2 i s a 
p a r t i a l l y methylated r e s i n . I t i s claimed as polymeric, which i s 
evidenced by the higher content of components i n the higher 
molecular weight region. Due to the f a c t that i t i s only 
p a r t i a l l y methylated M-2 has a higher tendency toward 
s e l f - c o n d e n s a t i o n . This phenomenon i s demonstrated by comparing 
the MWD between the new and o l d M-2 r e s i n s as shown i n the 
chromatograms. M-3 i s a b u t y l a t e d r e s i n and also i s claimed to 
be monomeric by the s u p p l i e r . This m a t e r i a l also has a high 
tendency f o r s e l f - c o n d e n s a t i o n , presumably because of the s t e r i c 
hindrance of the bulky b u t y l group which i n t e r f e r e s w i t h f u r t h e r 
a l k y l a t i o n . The l e v e l of high molecular weight components i n the 
melamine c r o s s l i n k e r s could be a d i r e c t r e f l e c t i o n of the 
se l f - c o n d e n s a t i o n r e a c t i o n which would impart l e s s impact 
r e s i s t a n c e to a cured coating assuming a l l other parameters are 
the same. 

In the production of epoxy e s t e r s , i t becomes important to 
monitor changes i n the molecular s t r u c t u r e of low molecular 
weight epoxy r e s i n s during storage. I t i s known that catalyzed 
l i q u i d epoxy r e s i n s w i l l undergo f u r t h e r r e a c t i o n upon aging. 
HPSEC has been used to monitor r e t a i n s of incoming shipments from 
the r e s i n s u p p l i e r and monitor p e r i o d i c samples from storage 
tanks of production p l a n t s . Figure 12 shows that at the time of 
sampling the samples that came from the plant storage tank were 
e s s e n t i a l l y s i m i l a r to the r e t a i n e d samples from the s u p p l i e r . 
Also shown i n the f i g u r e i s an epoxy sample which has been aged 
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Figure 9· HPSEC Chromâtograms of High S o l i d s P o l y e s t e r s 
(Reprinted from r e f . 128. Copyright 1980 American Chemical 
Society.) 
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Figure 10. HPSEC Chromâtograms of A c r y l i c Resins (Reprinted 
from r e f . 128. Copyright 1980 American Chemical Society.) 
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Figure 11. HPSEC Chromâtograms of Four Melamine Resins 
(Reprinted with permission from Ref. 121, Copyright 1981, Marcel 
Dekker, Inc.) 
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Figure 12. HPSEC Chromatograms of Epoxy Resins (Reprinted 
from r e f . 128. Copyright 1980 American Chemcial Society.) 
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f o r a year. I t i s seen that the low molecular weight components 
had undergone f u r t h e r r e a c t i o n 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 r e s p e c t i v e 
production plant to take proper a c t i o n . 

?uQxF_e_J^r_e_nds an_4 . N_eA4s 

In the area of column technology, the development and 
commercialization of the columns f o r u l t r a high molecular weight 
ranges (MW> 10 ) are needed. Also needed are very high 
r e s o l u t i o n columns f o r oligomers (50<MW<3000). With regard to 
solvent d e l i v e r y system, a p u l s e l e s s pump having high accuracy 
and high p r e c i s i o n i s c r i t i c a l , e s p e c i a l l y f o r an SEC/Viscometer 
system. There i s a need f o r enhanced s e n s i t i v i t y of oligomers 
and small molecules. For SEC/UV, diode array spectrometry 
p r o v i d i n g a simultaneou
advantageous f o r p r o v i d i n
polymers w i t h UV a c t i v  chromophores g
I n f r a r e d (FTIR) spectrometer f o r o n - l i n e polymer composition 
determination and i d e n t i f i c a t i o n would expand SEC c a p a b i l i t y to a 
s i g n i f i c a n t l y greater extent. Current l i t e r a t u r e a v a i l a b l e f o r 
the a p p l i c a t i o n of FTIR to SEC i n an o n - l i n e mode i s quit e 
l i m i t e d . (130-132) Besides the high cost of the FTIR, the main 
obstacle i s the a v a i l a b i l i t y of a s u i t a b l e flow-through c e l l to 
overcome mobile phase s p e c t r a l i n t e r f e r e n c e and low solu t e 
c o n c e n t r a t i o n . For complex polymers, the technique of the 
orthogonal chromatography (133-135), should be explored. For 
oligomers, s u p e r c r i t i c a l f l u i d chromatography (SFC) ( 1_36_~L4P_) n a s 

a great p o t e n t i a l . Chromatographic methods f o r g e l content 
determination now are more f e a s i b l e w i t h LALLS and v i s c o m e t r i c 
detectors and should be re-examined. ( 1AL~1A5 ) * 

This overview covers only non-aqueous SEC. For the theory, 
p r a c t i c e , and a p p l i c a t i o n s of aqueous SEC, the reader i s r e f e r r e d 
to the l i t e r a t u r e (146-155) as w e l l as Barth's chapter (1_56) i n 
t h i s volume. For general references on SEC, the reader i s 
r e f e r r e d to the published monographs (157-168). 

_SujmTiarv_ 

This paper has presented a review of the SEC separation 
mechanism, molecular weight c a l i b r a t i o n methods and instrument 
spreading c o r r e c t i o n methods. Examples were shown f o r the 
a p p l i c a t i o n of m u l t i p l e detectors to the determination of 
absolute molecular weight d i s t r i b u t i o n of polymers, compositional 
d i s t r i b u t i o n as a f u n c t i o n of molecular weight of copolymers and 
branching information f o r non-linear polymers. Examples a l s o 
were shown how HPSEC can be used f o r guiding polymer synthesis 
and processing, c o r r e l a t i n g oligomer d i s t r i b u t i o n w i t h end-use 
p r o p e r t i e s and monitoring the q u a l i t y of s u p p l i e r raw m a t e r i a l s . 
In recent years, HPSEC has become an indispensable 
c h a r a c t e r i z a t i o n and problem-solving t o o l f o r the a n a l y s i s of 
oligomers and polymers i n the p l a s t i c s , rubbers,and coatings 
i n d u s t r i e s . The inf o r m a t i o n generated by means of the HPSEC 
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technique has significantly aided polymer chemists and coatings 
formulators to tailor-make coatings systems to meet specific 
end-use properties. 
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This chapter present
exclusion chromatographic (SEC) behavior which may 
occur during high performance SEC. If not eliminated 
or at least reduced, these effects may lead to 
erroneous molecular weight distribution results. 
Enthalpic interactions between polymer and packing 
are discussed in detail as well as intramolecular 
electrostatic effects that occur with poly-
electrolytes. Concentration effects, that is, 
viscous fingering and macromolecular crowding, are 
reviewed. Other nonsize exclusion effects, which may 
exist especially in high performance systems, are 
presented including polymer shear degradation, 
ultrafiltration, and polymer chain orientation. 

Size exclusion chromatography is a unique separation technique 
based on molecular size (hydrodynamic volume) differences among 
solutes. The distribution coefficient Kd of an eluting solute is 
defined as 

Kd = (V e - V 0)/Vi (1) 

where Kd is the ratio of the solute concentration within the 
pores of the packing to the solute concentration in the 
i n t e r s t i t i a l volume, V e is the elution volume of the polymer, and 
V 0 and are the i n t e r s t i t i a l and pore volumes of the packed 
column, respectively. 

The physical significance of the values that Kd can have 
is as follows: 

0<Kd<l 

Complete exclusion of the solute from the 
pores of the packing. 

Partial exclusion; the solute distributes 
between and V 0, but the average 
solute concentration is higher in V Q. 

0097-6156/87/0352-0029$06.00/0 
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Kd = 1 Total permeation; the solute freely 
permeates into and out of the pores of the 
packing; the average solute concentration 
in and V Q are equal. 

K d>l Enthalpic interactions between solute and 
packing are occurring. 

Theory. The most widely accepted mechanism of size separation is 
based on steric exclusion (1). In terms of thermodynamic 
properties, the distribution coefficient consists of enthalpic and 
entropie contributions: 

Κ = e A s ° / R
 e - A H ° / R T (2) 

where AS° is the loss of conformational entropy when 1 mole of 
solute passes from V 0 t
when 1 mole of solute interact

Under ideal SEC conditions, whereby ΔΗ = 0 and equilibrium 
is attained: 

Kd = e ASVR ( 3) 

Thus the distribution coefficient that one obtains from an 
SEC experiment (eqn. 1) should only be a function of the change in 
conformational entropy of the solute, which is dependent on the 
size and shape of the solute with respect to the size and shape of 
the pores of the packing. The SEC distribution coefficient is also 
independent of temperature, unlike a l l other chromatographic 
techniques. In practice, however, Kd is marginally dependent on 
temperature because of conformational changes that the 
macromolecule may experience with changing temperature. Also, the 
pore structure and size of the packing, especially for soft gels, 
may be affected by temperature, which in turn w i l l influence Kd. 
Column efficiency w i l l increase with increasing temperature; this 
w i l l indirectly affect the Kd of the eluting species through a 
decrease in band broadening. 

To take into account nonideal SEC behavior, Dawkins (3-7) 
introduced the distribution coefficient Kp: 

Kp - e-AHVRT (4) 

If enthalpic interactions are present, the distribution coefficient 
Kd obtained from an SEC experiment can be defined as 

Kd = K pK d (5) 

or substituting into eqn. 1 and rearranging: 

V e = V 0 + KpKdVi (6) 
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Therefore, for a separation based solely on steric exclusion, Kp 

is unity. 
Figure 1 shows the relationship between SEC and a l l other 

liquid chromatography modes (8). In SEC we are dealing with a 
relatively small working volume , hence peak capacity is highly 
limited as compared to interactive chromatographic separations 
(8). It is also of interest to note that an SEC column can 
function as an interactive column, and vice versa; this can be done 
by promoting enthalpic interactions through changes in mobile phase 
composition. For example, Kopaciewicz and Régnier (9) explored the 
use of silica-based packings to separate proteins under nonideal 
SEC conditions. They found that proteins could be selectively 
adsorbed, ion excluded, or size excluded by varying mobile phase pH 
relative to the isoelectric point of the protein. Mori and 
Yamakawa (10) used polystyrene packing as both an SEC and 
normal-phase adsorption column by u t i l i z i n g chloroform and 
chloroform-hexane mobil

Nonsize-Exclusion Effects. To develop a reliable SEC method, one 
must not only ensure that enthalpic interactions are zero, but also 
must take into account or eliminate the following nonsize-exclusion 
effects that w i l l lead to nonideal SEC behavior: 

• Solute/packing enthalpic interactions. 

• Intramolecular electrostatic effects. 

• Concentration effects. 

• Polymer shear degradation. 

• U l t r a f i l t r a t i o n . 

• Hydrodynamic effects. 

• Polymer chain orientation and deformation. 

• Peak dispersion. 

Another type of nonideal SEC behavior, which w i l l not be 
covered in this chapter, is related to the use of mixed mobile 
phases (multiple solvents). Because solute-solvent interactions 
play a c r i t i c a l role in controlling the hydrodynamic volume of a 
macromolecule, the use of mixed mobile phases may lead to 
deviations from ideal behavior. Depending on the solubility 
parameter differences of the solvents and the solubility parameter 
of the packing, the mobile phase composition within the pores of 
the packing may be different from that in the i n t e r s t i t i a l volume. 
As a result, the hydrodynamic volume of the polymer may change when 
i t enters the packing leading to unexpected elution results. 
Preferential solvation of the polymer in mixed solvent systems may 
also lead to deviations from ideal behavior (11). 

With the introduction of high performance columns, in which 
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high shear forces are present, polymer shear degradation and chain 
orientation are more of a concern as compared to conventional SEC 
packings. Also because of the small interstices present in a high 
performance column, u l t r a f i l t r a t i o n may lead to incomplete polymer 
elution. However, with the high plate counts and thus excellent 
resolution of high performance columns, peak dispersion corrections 
are not as important as they are for conventional packings of much 
lower efficiencies. Although, as we shall see, concentration 
effects can be more pronounced with high efficiency columns. 

Nonsize -exclusion effects caused by the use of small 
diameter packings are highly dependent on the molecular weight of 
the polymer and, in fact, severely limit the use of SEC for the 
analysis of ultrahigh molecular weight polymers as discussed in 
detail by Giddings (12). 

In this chapter, we w i l l present an overview of these 
nonideal-SEC effects, with the exception of peak dispersion which 
has been extensively covere
13 and 14). The reade
for general background materia  subject

Enthalpic Interactions 

There are a number of different enthalpic interactions that can 
occur between polymer and packing, and in many cases multiple 
interactions can exist depending on the chemical structure of the 
polymer. Enthalpic interactions that are related to water-soluble 
polymers include ion exchange, ion inclusion, ion exclusion, 
hydrophobic interactions, and hydrogen bonding (17). Other types 
of interactions commonly encountered in SEC, as well as in a l l 
other chromatographic separations, are dispersion (London) forces, 
dipole interactions (Keeson and Debye forces), and 
electron-donor-acceptor interactions (20). 

To eliminate these effects, a mobile phase is chosen that is 
a good solvent for the polymer and whose solubility parameter, 6, 
is close to that of the packing. Thus the polymer and packing are 
well solvated and potential adsorptive sites on both are 
"deactivated". As demonstrated by Dawkins (21,22) and Mori 
<lJ2»23) · i f ̂ gel > ^solvent* normal-phase adsorption 
w i l l occur. If < ^solvent» the packing w i l l act as 
a reversed-phase packing. At Ô g e i = S s o i v e n t , size 
exclusion is the dominant separation mechanism. For crosslinked 
polystyrene, which is the most commonly used SEC packing, i t is 
best to use mobile phases that have solubility parameters of 
approximately 9.1, such as chloroform, tetrahydrofuran, or 
toluene. In the case of other packings, such as s i l i c a , solvent 
selection schemes commonly used in HPLC can be used to eliminate 
adsorption. S i l i c a packings can also be surface modified to help 
eliminate adsorption. 

In addition to the solubility parameter model to treat SEC 
adsorption effects, an approach based on Flory-Huggins interaction 
parameters has also been proposed (24-27). For an excellent review 
of both mechanisms, see reference 28. A general treatment of 
polymer adsorption onto chromatographic packings can be found in 
Belenkii and Vilenchik's recent book (29). 
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Adsorption. Hydrophobic interactions, which may occur using 
aqueous mobile phases, usually can be eliminated by the addition of 
an organic modifier to the aqueous mobile phase (30*33.) o r by a 

reduction of ionic strength (34*35.). Recently, Haglund and Marsden 
(36-40) have undertaken a systematic study on the chromatographic 
behavior of low molecular weight solutes on Sephadex packings and 
explained these results in terms of hydrophobic interactions. 

Hydrogen bonding, which can be prevalent in both aqueous and 
nonaqueous SEC systems especially with the use of s i l i c a packings, 
can be eliminated by the addition of urea or guanidine to the 
mobile phase (41) or the use of aprotic solvents, such as 
dimethylsulfoxide, dimethyiformamide, or formamide, which act as 
hydrogen bond acceptors. The use of aprotic solvents not only 
helps in eliminating solute-packing interactions, but also prevents 
polymer association caused by intramolecular hydrogen bonding as in 
the case of polysaccharides (42). The use of alcohols in the 
mobile phase may also preven
examples of polymer adsorptio
references 44-60. 

Electrostatic Interactions. Ion exchange and ion exclusion of 
polyelectrolytes are caused by the presence of dissociated silanol 
groups on silica-based packings, carboxylic groups on polymeric 
packings, or other ionized groups that have been introduced onto 
the packing. Because most chromatographic packings have surface 
anionic groups, which act as cationic exchange sites, electrostatic 
interactions are usually encountered. Cationic polyelectrolytes 
are adsorbed by ion exchange, and anionic polyelectrolytes are 
excluded from entering the pores of the packing because of 
electrostatic repulsive forces. These effects can be, in many 
cases, eliminated by adding electrolyte to the mobile phase, which 
helps to screen electrostatic forces. Also, ion exchange and 
exclusion can be reduced or prevented by lowering the pH (usually 
below 4) to suppress dissociation of silanol and carboxylic 
groups. In addition, a cationic compound, in some instances the 
sample i t s e l f , may be added to the mobile phase to deactivate 
anionic sites. 

For the SEC analysis of polyelectrolytes, i t is best to use 
a hydrophilic, polymeric packing or a surface-modified s i l i c a 
packing in which most of the silanols are derivatized. Another 
approach for the analysis of cationic polyelectrolytes is to use 
packings derivatized with cationic functional groups (61). This is 
the basis of a commercially available SEC packing which is 
chemically bonded with polyethylenimine (62). 

A dramatic example of ion exclusion of a water-soluble 
polymer, which at f i r s t was thought to be "nonionic", is shown in 
Figure 2. When analyzed using an aqueous mobile phase (methanol 
was added to prevent hydrophobic interaction between polymer and 
packing), an unusual multimodal distribution was obtained 
indicating unexpected high molecular weight components. With the 
addition of 0.05 M L1NO3 to the mobile phase, a typical peak 
shape was obtained. (The peak eluting at 34 cm was caused by 
mobile phase mismatch and ion inclusion.) Subsequent analysis by 
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III II Λ λ λ 
V 0 V T - V 0 + V, Vr 

Figure 1. The relationshi
techniques. V 0 is th
( i n t e r s t i t i a l volume), νχ is the total permeated peak volume 
(V 0 + Vj), and V r is the retention volume of an adsorbed 
component. Reproduced with permission from reference 8. Copyright 
1984, Astor Publishing Corp. 

0 14 18 22 26 30 34 

ELUTION DISTANCE, cm 

Figure 2. An example of ion exclusion of a water-soluble polymer 
lightly substituted with carboxylic groups. 
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titrimetry showed that this "nonionic" water-soluble polymer was 
lightly substituted with carboxylic groups, which were 
inadvertently introduced during synthesis. 

Ion inclusion, which was f i r s t reported by Stenlund (63) and 
investigated by others (64-67), is a rather unusual "electrostatic" 
nonsize-exclusion mechanism that occurs when analyzing 
polyelectrolytes. Ion inclusion is not really an enthalpic 
interaction, but a perturbation of the chemical potential between 
ionic components in the i n t e r s t i t i a l volume and those in the pore 
volume. During elution, polyelectrolyte counterions have the 
potential of freely diffusing into the pores of the packing 
(K d = 1) as compared to the polyelectrolyte which is size 
excluded (K d < 1). Because electroneutrality must be 
established between species in the pores and those in the 
i n t e r s t i t i a l volume, additional polymer is forced into (ion 
included) the packing to relax the chemical potential difference. 
This effect is caused b
equilibrium. As a result
values than expected. Io  polyelectrolyte
readily eliminated by adding electrolyte to the mobile phase; 
however, this leads to the presence of a total permeation "salt" 
peak caused by the inclusion of the electrolyte ion having the same 
charge as the polyelectrolyte. 

Recent studies on the SEC analysis of anionic 
polyelectrolytes are given in references 68-78, and those for 
cationic polyelectrolytes are covered by references 55,58,61,62, 
79-91. Papers dealing with adsorption of proteins during SEC are 
9,30. 92-102. The reader should also refer to reviews 16 and 17. 
for older references on these topics. 

Intermolecular Electrostatic Effects 

Because of fixed charges on polyelectrolytes, they exhibit highly 
unusual solution properties (103). In low ionic strength solvents, 
electrostatic repulsive forces among neighboring ionic sites expand 
the polymer chain, increasing its hydrodynamic volume. With the 
addition of electrolyte to the solvent, these electrostatic forces 
are screened and the polymer contracts. The "salt-sensitivity" of 
polyelectrolytes can be quite dramatic. For example, in the case 
of carboxymethylcellulose, the intrinsic viscosity decreased from 
80 to 4.6 dL/g when the ionic strength was increased from close to 
zero to 0.7M (104). The extent of polyelectrolyte contraction is 
governed by the degree of dissociation and ionic substitution on 
the polyelectrolyte, as well as by the uniformity and location of 
the ionic groups on the polymer chain. 

Polyelectrolyte contraction can be followed by determining 
the Kd as a function of mobile phase ionic strength (104). In 
practice, however, the mobile phase ionic strength must be 
sufficiently high to ensure that the chain is in a contracted 
state. In this way, small changes in ionic strength, which may be 
inadvertently introduced during mobile phase preparation, w i l l not 
affect the elution behavior of the sample. Also, i f the ionic 
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strength of an injected sample solution is different from that of 
the mobile phase, the mobile phase ionic strength should be 
sufficiently high to off-set any difference. See references 
63,65,66,105-110 for examples. 

Another peculiar property of polyelectrolytes that takes 
place in low ionic strength solutions is the expansion of the chain 
as the polymer concentration is decreased. This phenomenon is 
caused by a decrease in concentration of closely associated 
counterions surrounding the polyelectrolyte as the polymer 
concentration is decreased (111). This effect results in decreased 
electrostatic screening among ionic sites on the polymer, leading 
to polymer expansion. Because of fixed ionic charges on the 
polymer, intramolecular osmotic pressure also causes molecular 
expansion. Thus, i f polyelectrolytes are analyzed by using 
relatively low ionic strength mobile phases, severe peak fronting 
results (112). Because the polymer concentration is lower on 
either side of the peak
regions and elutes at a
than the peak maximum; a  pea  profil
added electrolyte, the intramolecular electrostatic repulsive and 
osmotic forces are reduced. 

Concentration Effects 

For high molecular weight polymers, concentration effects are 
manifested by increased elution volumes and, i f the viscosity of 
the injected solution is significantly higher than that of the 
mobile phase, by peak distortion. These effects can be explained 
in terms of two phenomena: macromolecular crowding and viscous 
fingering. At high polymer concentrations, a c r i t i c a l 
concentration is approached whereby segmental chain motion becomes 
somewhat restricted because of chain overlap. This reduces the 
hydrodynamic volume of the polymer caused by volume constraints 
imposed by neighboring polymers. In addition, macromolecular 
crowding w i l l decrease the conformational entropy of the polymer in 
the i n t e r s t i t i a l volume, thereby increasing the AS° term (making 
i t less negative) in eqn. 3, leading to an increase in K̂ . Peak 
distortion w i l l result i f the viscosity difference between the 
mobile phase and injected sample is sufficiently large enough to 
cause perturbation of the velocity streamlines of the eluting 
sample. Thus, the mobile phase "fingers" its way through the 
solute plug, resulting in severely distorted peaks (113). If the 
injected concentration exceeds the pore volume capacity, normal 
chromatographic overloading w i l l occur. However, in this case, the 
polymer elution volume w i l l decrease. Theoretical models that take 
into account these three concentration effects have been proposed 
by Janca (114-125). 

A major problem with viscous fingering is that reproducible 
peak shapes, albeit distorted, may be observed; this may be highly 
misleading in interpreting SEC results. To obtain reliable 
results, molecular weight distributions of samples should be 
obtained as a function of polymer concentrations to arrive at a 
value in which peak distortion is not present or peak shape does 
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not change with further lowering of concentration. Different 
approaches used to correct for concentration effects are found in 
references 126-133 and reviewed in 28 and 134. 

It is rather d i f f i c u l t to establish guidelines concerning 
recommended relative viscosities to be used to prevent 
concentration effects. The major reason for this is that viscous 
drag not only depends on the Theological characteristics of the 
polymer solution (115,119). but also on the amount of longitudinal 
and lateral dispersion (i.e., dilution) a sample undergoes as i t 
travels through the column. Also, the mode of injection (e.g., 
point source or diffused sample entry into the column) w i l l also 
play a role regarding chromatographic viscosity effects. For 
example, in conventional aqueous SEC, i t has been recommended that 
the relative viscosity of the sample as compared to the mobile 
phase should be less than 2 (135). However, in a high performance 
column where there is less peak dispersion, this value w i l l be 
considerably lower (104,105,114-120,136)

Additional studie
in references 76,137-147. 

Polymer Shear Degradation 

Until recently, there has been, surprisingly, very l i t t l e data on 
shear degradation of polymers during SEC (12, 148-151). Shear 
degradation in a packed bed is a rather complex hydrodynamic 
process and depends on a number of parameters including shear rate, 
elongational strain rate, polymer concentration, the nature of the 
solvent, and the chemical structure of the polymer. In addition to 
the packed bed, other parts of the chromatographic system with 
which the polymer comes into contact may generate sufficient shear 
forces to cause polymer degradation. Injector valve passages and 
sample loops, column f r i t s , or capillary tubing used for 
connections and within the detector may be possible sites of shear 
degradation. Compared to conventional SEC, linear velocities 
generated in high performance SEC columns are typically five to ten 
times greater. This combined with the use of much smaller packing 
particle sizes lead to shear rates that are one to two orders of 
magnitude higher than for conventional columns. From a survey of 
literature values of c r i t i c a l molecular weights and shear rates 
(148), and the onset of shear degradation observed in SEC, i t 
appears that shear rates in SEC systems must be kept below 
ÎO^-IO^ sec"* to avoid degradation. In most reported 
studies, the molecular weight above which shear degradation was 
observed was ~5xl0 5. For the analysis of ultrahigh molecular 
weight polymers (>10^ g/mole), flow rates of less than 0.1 
mL/min may be required when using a 4mm ID column. Because of the 
inverse relationship between particle diameter and shear rate, the 
use of SEC packings much smaller than 5 urn should be avoided for 
the analysis of >10^ molecular weight polymers. 

Experimentally i t is d i f f i c u l t to detect the occurrence of 
polymer shear degradation since concentration effects, increased 
peak dispersion, and u l t r a f i l t r a t i o n of high molecular weight 
components may also distort the peak profile or shift the 
distribution towards the low molecular weight region. Furthermore, 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



38 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

because shear degradation may occur anywhere in the chromatographic 
system where a high force f i e l d exists, shear degradation may not 
necessarily be accompanied by an increase in elution volume or 
ta i l i n g , especially i f degradation occurs near the end of or after 
the SEC column. 

A qualitative approach for detecting shear degradation is to 
examine the shape of a calibration curve generated by the use of a 
"molecular weight" detector (low-angle laser light scattering 
photometer or viscosity detector): A downward shift of the log M 
versus V e plot is indicative of shear degradation. The best 
approach to determine the extent of shear degradation is to measure 
either the intrinsic viscosity or an average molecular weight of 
the polymer before and after elution through the column. 

Ult r a f i l t r a t i o n 

With decreasing packin
physical entrapment of
molecular weight limit ,
must f i r s t calculate an average radius of the interstices formed in 
a packed bed. This is done by assuming that the packed column 
consists of a bundle of capillaries in which the capillary radius 
can be estimated from the bed hydraulic radius: 

Rh = D pe/6(l-e) (7) 

where Dp is the average diameter of the packing and e is the 
porosity of a packed bed taken as 0.36. Thus, 

Rh - 0.094 Dp (8) 

It should be noted that i f there are any fines present, which would 
readily f i l l in the interstices, in those regions of the 
packed bed would be considerably smaller. 

In addition to the packed bed acting as an u l t r a f i l t e r , the 
porous f r i t s used at both ends of the column may act as very 
effective f i l t e r i n g devices. Thus a 2-]im porosity f r i t would 
have an average pore radius of 1 ]im. Because of the tortuosity 
and relatively wide pore-size distribution present in f r i t s , i t 
would be safe to assume that i t contains much smaller crevices 
which can entrap macromolecules. 

The molecular weight of a polymer which begins to approach 
Rh can be approximated by calculating the radius-of-gyration of a 
macromolecule <s 2>l/2 f which is defined as the 
root-mean-square distance of the elements of the chain from its 
center of gravity, using the Flory-Fox equation (111): 

<s2>3/2 β [ηΐΜ/φ7 (9) 

where^[Ti] is the intrinsic viscosity, M is the molecular weight, 
and Φ is a constant that is equal to 0.39 χ ΙΟ 2 5 mol" 1 when 
[η] is expressed in terms of cm^/g. A more general equation 
written in terms of the Mark-Houwink equation is 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



2. BARTH Nonsize Exclusion Effects in High-Performance SEC 39 

<S2>3/2 = ΚΜ*+1/Φ (10) 

where Κ and a are the Mark-Houwink constants. 
The molecular weight equivalents to for different 

packing sizes for several representative polymers, calculated from 
eqn. (9), are shown in Table I. As indicated, the use of 5- and 
10- μιη packings should pose no serious problem because most 
polymers commonly encountered have molecular weights below 
1 χ 10? g/mol. The use of < 2 urn packings, however, may lead 
to u l t r a f i l t r a t i o n depending upon the polydispersity of the 
sample. These conclusions are based on the assumption that there 
are no fines present in the column. When analyzing ultrahigh 
molecular weight polymers using high porosity O3000 Â pore 
diameters) s i l i c a packings, this assumption is probably not true 
because of the f r a g i l i t y of these packings (155). Thus, the 
presence of, let us say, l-ym fragments caught in the interstices 
of 10 um packings coul
sufficiently small to trap
polyethylene. Furthermore, insoluble material present in the 
sample may also become trapped either in the f r i t or the column 
packing and further reduce the interstices. 

Table I. Molecular Weight Equivalent to the Hydraulic Radius 
of a Column Packed with 2-, 5-, and 10-μπι Particles 

Dpi μ*η 

Polymer 2 5 10 

Polystyrene 8 1.4xl0 7 6.6xl07 2xl0 8 

Linear Polyethylene 1 5 7.1xl06 3.5xl0 7 1.2xl0 8 

Poly(styrene sulfonate) 0 7.2xl06 3.1xl0 7 9.3xl07 

a. a = 0.766, Κ ^ 6.82 χ 10~3 in THF (152). 
b. a = 0.7, Κ = 5.9xl0 - 2 in trichlorobenzene (153). 
c. a = 0.89, Κ = 2.8xl0- 3 in 0.01M NaCl (154) 

Hydrodynamic Effects 

Hydrodynamic or flow-rate effects in SEC have been reviewed 
recently by Aubert and T i r r e l l (156) and Giddings (12). Although 
Aubert and T i r r e l l propose that nonequilibrium effects are not 
significant in SEC, they show experimental evidence to support an 
effect called molecular migration (157) in which Kd increases 
with flow rate. One possible mechanism that is proposed is that 
nonhomogeneous and curvilinear flow fields, which exist in porous 
media flow, cause macromolecules to migrate to the packing surface 
(concave side of streamlines). This enhanced concentration forces 
more solute into the packing, thus increasing K<j. 
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Giddings (12) discusses the consequences of fin i t e flow rate 
within the pores of large porosity packings, which are required for 
the analysis of ultrahigh molecular polymers. Another possible 
phenomenon that is presented is concentration polarization. This 
is caused by pore flow in which partially excluded polymer 
concentrates on the surface of the packing, thereby increasing 
K̂ . If indeed present, polymer at the surface of the pore may 
also form a secondary exclusion barrier which would possibly act to 
exclude smaller macromolecules, decreasing of lower molecular 
weight components. 

Counter to the above phenomena is an effect called 
hydrodynamic chromatography in which high molecular weight 
macromolecules under laminar flow conditions tend to align 
themselves away from surfaces. The reason for this is that large 
macromolecules cannot approach surfaces because of steric 
exclusion. As a result, they do not sample the low velocity 
streamlines, which are
radially towards highe
chromatographic separatio ,  capillary 
tubes or columns packed with nonporous packings, the larger 
particle or macromolecule elutes f i r s t . Although this technique 
has been used for particle size determinations (158), i t has been 
recently applied to macromolecules (159-163). If this effect is 
superimposed on the steric exclusion mechanism in SEC, i t would 
favor the SEC separation. 

Polymer Chain Orientation and Deformation 

It has been reported that elongational and shear flow fields can 
orient macromolecules as well as change their conformation 
(159-162,164,165). Although Aubert and T i r r e l l (156) suggest that 
this effect is not significant in SEC, Prud'homme and coworkers 
(159-162) have explained the elution behavior of high molecular 
weight polymers observed in hydrodynamic chromatography on the 
basis of chain orientation and deformation. Deformation of the 
random-coil shape occurs when the Deborah number, which is defined 
as the longitudinal velocity gradient times the relaxation time of 
a molecule in solution, is greater than 0.5. In the recent study 
by Langhorst, et a l . (162) a flow rate of approximately 0.025 
mL/min through a 10-mm ID column packed with 15-um 
cation-exchange resin, was required to keep the Deborah number 
below 0.5. 

If polymer orientation and deformation were to occur in SEC, 
which is possible because of the extremely high shear rates 
encountered in high performance systems (148), values would be 
smaller than expected and would be dependent on flow rate. In SEC 
however, unlike hydrodynamic chromatography, there is a 
partitioning process in which the polymer diffuses from the high 
flow fields, through a quiescent layer of mobile phase on the 
surface of the packing, and into the almost stagnant liquid phase 
within the pores of the packing. Along this path, elongational 
force fields are extremely small, except for the boundary between 
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the high v e l o c i t y streamlines i n the mobile phase and at the 
surface or the entrance of pores. As a r e s u l t , macromolecules 
would not be subjected to orientâtional or e l o n g a t i o n a l force 
f i e l d s during p a r t i t i o n i n g , which i s i n agreement wit h Aubert and 
T i r r e l l ' s remarks (156). 

Summary 

As i n a l l other l i q u i d chromatographic techniques, extreme 
care must be taken i n choosing the proper mobile phase/packing 
combination to ensure adequate r e s o l u t i o n and the absence of mixed 
mechanisms of separation. In a t y p i c a l SEC experiment i t may be 
d i f f i c u l t , i f not impossible, to determine which n o n s i z e - e x c l u s i o n 
e f f e c t i s o c c u r r i n g . This i s e s p e c i a l l y true when analyz i n g 
u l t r a h i g h molecular weight polymers i n which there could be a 
number of e f f e c t s o c c u r r i n g simultaneously. Because SEC i s a 
r e l a t i v e technique tha
standards, nonideal behavio
C r i t e r i a that may be use  judging  separatio
i s based s t r i c t l y on s t e r i c e x c l u s i o n include measuring e l u t i o n as 
a f u n c t i o n of sample co n c e n t r a t i o n , temperature, and flow r a t e . 
A l s o , i n the absence of secondary separation mechanisms, the 
u n i v e r s a l c a l i b r a t i o n should hold. 

Nonsize-exclusion e f f e c t s are very i n t e r e s t i n g per se and 
o f f e r an opportunity of studying d i l u t e s o l u t i o n p r o p e r t i e s of 
polymers such as e l e c t r o v i s c o u s e f f e c t s , macromolecular crowding, 
and shear degradation. E n t h a l p i c i n t e g r a t i o n s , although 
d e t r i m e n t a l f o r SEC, provide a powerful separation technique f o r 
determining molecular weight d i s t r i b u t i o n s and chemical 
hetereogeneity of polymers. 

Since we are now i n the era of high performance SEC, i n 
which column e f f i c i e n c y and speed of a n a l y s i s are maximized, 
l i m i t a t i o n s of SEC mainly f o r the a n a l y s i s of high molecular weight 
polymers are becoming more apparent. There are a number of 
secondary separation mechanisms that may come i n t o p l a y , which were 
not evident with conventional columns, because of the high f o r c e 
f i e l d s generated i n high performance columns. Nevertheless, SEC i s 
s t i l l the premier technique f o r r a p i d l y o b t a i n i n g the molecular 
weight d i s t r i b u t i o n of polymers covering a molecular weight range 
of over s i x - o r d e r s of magnitude. 
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Chapter 3 

Preparative Gel Permeation Chromatography 

Juris L. Ekmanis 

Waters Chromatography Division, Millipore Corporation, 
Milford, MA 01757 

Preparative GPC using large Styragel columns (57mm I.D. 
X 122 cm) has been used to fractionate polymer samples 
in 50 min runs. A single 105Å Styragel GPC column was 
used to fractionate a high molecular weight polystyrene 
in order to obtain a wide range of different molecular 
weight fractions
standards. Use o
(105, 103Å) improved the fractionation of the lower 
molecular weight components of this polystyrene 
sample. Similarly, a lower pore size column (one 103Å) 
was used to fractionate a low molecular weight epoxy 
resin. 

Starting materials and purified fractions were 
analyzed by GPC with appropriate sets of high effi­
ciency Ultrastyragel columns to demonstrate the extent 
of fractionation. The maximum loading capacity of the 
preparative columns was predicted by first determining 
the loading capacity on a corresponding analytical 
column (7.8 mm I.D.) and then using an appropriate 
scale factor to account for the differences in diam­
eters of the columns. The maximum loading capacity of 
high molecular weight materials is limited by sample 
concentration effects while that of low molecular 
weight materials (e.g.<5000) is limited by column 
capacity. 

The technique of Gel Permeation Chromatography (GPC) was introduced 
by Moore and Hendrickson 01,.2) in 1964 for determining molecular 
weight distributions of polymer samples. The chromatographic column 
packings used for this new technique consisted of porous spheres of 
crosslinked styrene-divinyl benzene resins (37-75ym) that were sub­
sequently available as a family of columns under the name Styragel. 
Analytical column dimensions were 7.8 mm I.D. X 4 ft (122 cm). 
Larger diameter columns were also available for preparative chroma­
tography. In later years, GPC analysis times were reduced and 
resolution was improved by using shorter columns that were packed 
with smaller particle size material. A typical family of GPC 
columns that is available today contains 7ym particles 

0097-6156/87/0352-0047$06.00/0 
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( U l t r a s t y r a g e l ; 7.8 mm I.D. X 30 cm) and a f f o r d s four to f i v e times 
the p l a t e s i n one-fourth the a n a l y s i s time as compared w i t h the 
o r i g i n a l S t y r a g e l columns. 

Although the sma l l p a r t i c l e s i z e , h i g h e f f i c i e n c y columns are 
used today f o r a n a l y t i c a l GPC, the l a r g e p a r t i c l e s i z e m a t e r i a l s 
( S t y r a g e l ) are s t i l l u s e f u l f o r l a r g e r s c a l e p r e p a r a t i v e separations 
Ο»^.)· Preparative GPC i s u s e f u l f o r 

ο Pre p a r a t i o n of c a l i b r a t i o n standards - narrow d i s p e r s i t y 
standards f o r GPC c a l i b r a t i o n , 

ο Polymer f r a c t i o n a t i o n f o r subsequent a n a l y s i s - a n c i l l a r y 
techniques (IR, UV, e t c . ) . 

ο A l t e r i n g polymer d i s p e r s i t y - removing highest and/or 
lowest molecular weight f r a c t i o n s to o b t a i n a sample 
w i t h narrower d i s p e r s i t y (Mw/Mn). 

ο I s o l a t i o n of a d d i t i v e s

In t h i s paper, pre p a r a t i v g l a r g  S t y r a g e
columns (57 mm I.D. X 4 f t . ) was used to f r a c t i o n a t e polymer samples 
i n 50 min on a s i n g l e column. Two examples i n c l u d e the preparative 
separation of a h i g h molecular weight polystyrene and a low mole­
c u l a r weight epoxy r e s i n . A pre p a r a t i v e s e p a r a t i o n of the hi g h 
molecular weight polystyrene was a l s o done using two columns to 
demonstrate the b e n e f i t s of adding another column (lower pore 
s i z e ) . These r e s u l t s demonstrate tha t the sample l o a d i n g c a p a c i t y 
i s l i m i t e d by concentration e f f e c t s ( v i s c o s i t y , e t c . ) f o r high 
molecular weight polymers and by the l o a d i n g c a p a c i t y of the column 
f o r low molecular weight samples (<5000 mol. wt.) which do not 
e x h i b i t c oncentration e f f e c t s . 

Experimental 

The o v e r a l l procedure was s i m i l a r f o r each sample (high molecular 
weight polystyrene, low molecular weight epoxy r e s i n ) and i s 
o u t l i n e d i n Table I . 

Table I . Experimental Procedure 

R e l a t i v e 
Procedure Columns High MW Low MW Flow Rate Load 

A n a l y t i c a l U l t r a s t y r a g e l 10 5,10 4,10 3Â 103,500Â 1 ml/min 
( s t a r t i n g m a t e r i a l s and 
f r a c t i o n s from prep r u n s ) . 

Loading S t y r a g e l 10 5Â (10 3Â) 10 3Â 1.25 ml/min 1 
Study 

Preparative S t y r a g e l 10 5Â (10 3Â) 10 3Â 50 ml/min 40 
F r a c t i o n a t i o n 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



3. EKMANIS Preparative Gel Permeation Chromatography 49 

In each case, the sample was f i r s t analyzed on an optimized s e t 
of h i g h e f f i c i e n c y U l t r a s t y r a g e l columns. In order to use only one 
column f o r the preparative s e p a r a t i o n , the highest pore s i z e column 
i n the a n a l y t i c a l set was s e l e c t e d so as not to exclude a s i g n i f i ­
cant amount of high molecular weight m a t e r i a l . In the case of the 
polystyrene sample, a preparative s e p a r a t i o n was a l s o performed 
using two columns to improve the f r a c t i o n a t i o n of the lower mole­
c u l a r weight components. 

Rather than use the preparative S t y r a g e l column d i r e c t l y , a 
lo a d i n g study was f i r s t performed on a narrow v e r s i o n (7.8 mm I.D. X 
4 f t ) of the pre p a r a t i v e column i n order to determine the optimum 
sample l o a d . I n c r e a s i n g l y l a r g e r sample loads were then i n j e c t e d 
onto the lo a d i n g column w i t h p r o p o r t i o n a t e l y decreased detector 
s e n s i t i v i t i e s u n t i l the maximum load was achieved. This was i n d i ­
cated by an increase i n r e t e n t i o n ( c o n c e n t r a t i o n e f f e c t s ) or de­
crease i n r e s o l u t i o n and/or r e t e n t i o n (column o v e r l o a d i n g ) . The 
loa d i n g s t u d i e s were performe
the preparative column ha
as that of the column i g study,  sampl
r a t e ( f o r constant l i n e a r v e l o c i t y ) could have been s c a l e d up by 
t h i s f a c t o r and the same q u a l i t y of se p a r a t i o n would have been 
achieved. In order to be somewhat con s e r v a t i v e , a s c a l e f a c t o r of 
40 was used i n t h i s work. Thus, the flow r a t e used f o r the prepa­
r a t i v e separations was 50 ml/min. 

Subsequent to the preparative s e p a r a t i o n , the o r i g i n a l sample 
and s e l e c t e d f r a c t i o n s were chromatographed on the a n a l y t i c a l set of 
high e f f i c i e n c y columns to demonstrate the degree of f r a c t i o n a t i o n . 

Tetrahydrofuran (THF, UV grade) was used as the mobile phase 
throughout t h i s work since the extent of f r a c t i o n a t i o n could be 
demonstrated by d i r e c t a n a l y s i s of the pr e p a r a t i v e f r a c t i o n s without 
the need f o r concentration. When samples are to be recovered by 
removal of s o l v e n t , other mobile phases (methylene c h l o r i d e , e t c . ) 
may be p r e f e r r e d to avoid concentrating s o l v e n t i m p u r i t i e s which are 
formed i n THF on exposure to a i r unless a d d i t i o n a l precautions are 
taken. 

Although a flow r a t e of 50 ml/min was used i n these p r e p a r a t i v e 
runs ( t y p i c a l column backpressure was 20 p s i ) , i t i s acceptable to 
use flow r a t e s as high as 100 ml/min w i t h the 57 mm I.D. S t y r a g e l 
columns. Such increased flow r a t e s would a f f o r d reduced a n a l y s i s 
times, e s p e c i a l l y when using s e v e r a l columns i n s e r i e s f o r improved 
f r a c t i o n a t i o n . Although the pumping system used f o r the pr e p a r a t i v e 
work had a maximum flow r a t e of 80 ml/min, other systems are commer­
c i a l l y a v a i l a b l e i f higher flow r a t e s are d e s i r e d . 

A n a l y t i c a l runs and l o a d i n g s t u d i e s were performed w i t h columns 
i n s t a l l e d i n conventional GPC systems (Waters) c o n s i s t i n g of a Model 
590 solvent d e l i v e r y system, a U6K i n j e c t o r , an R401 d i f f e r e n t i a l 
refractometer (or a Model 410 d i f f e r e n t i a l refractometer) and an 
M730 Data Module. The prep a r a t i v e system c o n s i s t e d of a Model 590 
solvent d e l i v e r y system equipped w i t h 80 ml/min pump heads (1/4" 
plungers), an R403 d i f f e r e n t i a l refractometer and an M730 Data Mo­
dule. Preparative sample s o l u t i o n s were loaded (manually) d i r e c t l y 
through the solvent draw o f f v a l v e of the M590 pump, e l i m i n a t i n g the 
need f o r an i n j e c t i o n v a l v e . 
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Results and Discussion 

High Molecular Weight Polystyrene. 
In the f i r s t example, a broad distribution sample of polystyrene was 
analyzed on a set of high efficiency Ultrastyragel GPC columns 
(105,104,103A) with which i t was determined that Mw - 214,000 and 
Mn - 87,000. In the ideal case, a similar set of three (10 5,10 4, 
10 3Â) preparative Styragel columns (each 57 mm I.D. X 4 ft) could 
have been used to fractionate the polystyrene sample. However, we 
i n i t i a l l y chose to demonstrate the extent of fractionation possible 
with only one preparative column and selected the 105A column 
packing material so as not to exclude any of the higher molecular 
weight fractions. 

The maximum loading capacity for this polystyrene sample was 
determined using a flow rate of 1.25 ml/min on an analytical version 
(7.8 mm I.D. X 4 ft) of the preparative Styragel column. With a 
constant injection volum
creased and detector sensitivit
ure 1. Also indicated  sampl  injecte
the preparative column using a scale factor of 40. With increasing 
sample size (mass) the chromatograms should remain unchanged i f no 
concentration effects (long elution) or column overloading effects 
(shorter retention, loss of resolution) occur. No column overload 
was observed but significant concentration effects (viscosity, etc.) 
occurred at concentrations of ^3%. These concentration effects can 
be reduced by decreasing sample concentration and increasing injec­
tion volume with constant sample load (Figure 2; A-D). Notice that 
a further increase in sample load (Figure 2; E) revealed significant 
increase in retention due to concentration effects. Similar con­
centration limiting effects also occurred with lower molecular 
weight polymers, including polyvinyl chloride (Mw = 111,500; Mn = 
53,300) and polycarbonate (Mw - 45,100; Mn = 19,500) where molecular 
weight averages are based on narrow distribution polystyrene 
standards. 

The 500 μΐ injection of 2% polystyrene in THF (Figure 1) was 
selected for scale up to preparative GPC on a 57 I.D. column. Using 
a scale factor of 40, a 20 ml sample (2% polystyrene) containing 
400 mg of polystyrene was injected and 50 ml fractions were co l ­
lected (Figure 3). Molecular weight distributions of the starting 
material and seven fractions (shaded areas in Figure 3) were de­
termined on the analytical set of three Ultrastyragel columns 
(Figure 4). Calculated molecular weight averages for these selected 
fractions are l i s t e d in Table II. As expected, the best fraction­
ation (narrowest distribution) was obtained in the higher molecular 
weight region for which the 10^Â columns is optimized. Improved 
fractionation in the lower molecular weight region would require 
substitution or addition of lower pore size columns. 

In similar fashion, the 2ml injection of 1% polystyrene 
(Figure2; D) was scaled up by a factor of 40. The preparative run 
then consisted of an 800 mg load (80ml; 1% solution). Fractions 
were collected as before and molecular weight averages were deter-
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C O L U M N : S T Y R A G E L * 10» A 

(7.8 m m I.D. χ 4 It.) 

S A M P L E : Po lys tyrene 

I N J E C T I O N V O L U M E : 500 μ Ι 

M O B I L E P H A S E : T H F 

F L O W R A T E : 1.25 m l / m i n 

T E M P E R A T U R E : A m b i e n t 

O E T E C T O R : R l 

Figure 1. Polystyrene l o a d i n g study on one column (Part 1). 

C O L U M N : S T Y R A G E L * 10» A 

(7.8 m m I.D. χ 4 ft.) 

S A M P L E : Polystyrene 

M O B I L E P H A S E : T H F 

F L O W R A T E : 1.25 ml /min 

D E T E C T O R : Rl 

Injection 
Volume % 

Prep* 
Load ing 

Ε 2 ml 1.25 1.0 g 

A 500 μΙ 4% 800 mg 

Β 1.0 ml 2% 800 mg 

c 1.5 ml 1.33% 800 mg 

D 2.0 ml 1% 800 mg 

*57 mm co lumn 

Figure 2. Polystyrene l o a d i n g study on one column (Part 2 ) . 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



DETECTION A N D DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

25 min 50 min 

C O L U M N : STYRAGEL® 10s Â (57 mm I.D. χ 4 ft.) 

SAMPLE: Polystyrene, 2% (w/v) 

INJECTION VOLUME: 20 ml (400 mg polymer) 

MOBILE PHASE: THF 

FLOW RATE

DETECTOR

Figure 3. Preparative GPC of 400 mg polystyrene on one column. 

15 

COLUMNS: U L T R A S T Y R A G E L * - 105, 10\ 1Û 3 A 

SAMPLE: Starting Polystyrene, preparative fractions 

INJECTION VOLUME: 200 μ\ 

MOBILE PHASE: THF 

FLOW RATE: 1 ml/min 

DETECTOR: Rl 

Figure 4. GPC a n a l y s i s of polystyrene f r a c t i o n s from 
400 mg preparative run (one prep column). 
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Table I I . Molecular Weight Averages of Polystyrene F r a c t i o n s from 
400 mg Preparative Run (ÎO^Â Column) 

F r a c t i o n Mw/103 Mn/10 3 Mw/Mn 

30 543.3 471.4 1.15 
33 365.7 302.0 1.21 
36 237.5 179.4 1.32 
39 150.1 100.4 1.50 
42 91.6 54.3 1.69 
44 68.5 32.1 2.14 
46 90.2 21.9 4.13 

mined. The r e s u l t s (Table I I I ) i n d i c a t e d t h a t the best f r a c t i o n ­
a t i o n again occurred i n
that corresponding f r a c t i o n
weight d i s t r i b u t i o n s i n the 800 mg run than i n the 400 mg run 
(Table I I ) . 

Table I I I . Molecular Weight Averages of Polystyrene F r a c t i o n s 
from 800 mg Preparative Run (lO^A Column) 

F r a c t i o n Mw/103 Mn/10 3 Mw/Mn 

30 499.4 426.0 1.17 
33 339.3 264.9 1.28 
36 229.0 152.1 1.51 
39 153.4 84.6 1.81 
42 112.0 55.5 2.01 
44 119.0 44.7 2.66 
47 125.4 62.6 2.00 

The separation of 400 mg polystyrene (Figure 3) was repeated 
w i t h two S t y r a g e l columns (Figures 5,6) to demonstrate the improved 
f r a c t i o n a t i o n of the lower molecular weight components that could be 
achieved by the a d d i t i o n of a lower pore s i z e column (10 3Â) to the 
o r i g i n a l 10^A column. Eight of the 50 ml f r a c t i o n s t h a t were c o l ­
l e c t e d were subsequently analyzed on the a n a l y t i c a l set of three 
U l t r a s t y r a g e l columns (Figure 7). C a l c u l a t e d molecular weight 
averages f o r these s e l e c t e d f r a c t i o n s are l i s t e d i n Table IV. A 
comparison of corresponding f r a c t i o n s of the s i n g l e and dual column 
separations of 400 mg polystyrene (Table V) i n d i c a t e s t h a t the 
a d d i t i o n of a 10 3A column to the s i n g l e ÎO^Â S t y r a g e l column 
s i g n i f i c a n t l y improved the f r a c t i o n a t i o n , e s p e c i a l l y f o r the lower 
molecular weight f r a c t i o n s . As expected, the q u a l i t y of the 
f r a c t i o n s as judged by the narrowness (Mw/Mn) of the r e s u l t i n g 
molecular weight d i s t r i b u t i o n s are very dependent on the column(s) 
used f o r the se p a r a t i o n . 
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105 A 

0 25 50 min 

0 

103 and 10s A 

25 75 100 min 

COLUMNS: Styragel* (each, 57 mm I.D. X 4 ft.) 
SAMPLE: Polystyrene, 2% (w/v) 
INJECTION VOLUME: 20 ml (400 mg polymer) 
MOBILE PHASE: THF 
FLOW RATE
DETECTOR

Figure 5. P r e p a r a t i v e GPC of 400 mg polystyrene (one vs. two 
column systems). 

COLUMNS: Styragel® 103, 10s À (each, 57 mm I.D. X 4 Ft.) 
SAMPLE: Polystyrene, 2% (w/v) 
INJECTION VOLUME: 20 ml (400 mg polymer) 
MOBILE PHASE: THF 
FLOW RATE: 50 ml/min 
DETECTOR: RI (R403), 64X 

63 

50 min 75 min 

Figure 6. P r e p a r a t i v e GPC of 400 mg polystyrene on two columns. 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



3. EKMANIS Preparative Gel Permeation Chromatography 55 

Table IV. Molecular Weight Averages of Polystyrene F r a c t i o n s 

F r a c t i o n Mw/103 Mn/10 3 Mw/Mn 

54 628.1 533.3 1.18 
57 441.3 359.2 1.23 
60 295.9 227.6 1.30 
63 185.2 134.0 1.38 
66 113.4 77.8 1.46 
68 82.1 54.7 1.50 
70 55.7 36.8 1.51 
72 38.7 24.5 1.58 

Table V. Comparison of S i n g l e Column and Dual Column 
Preparative Separation

10 5A Column 1 0  and 10 A Columns 

F r a c t i o n Mw/Mn F r a c t i o n Mw/Mn 

30 1.15 54 1.18 
33 1.21 57 1.23 

36 1.32 60 1.30 
39 1.50 63 1.38 

42 1.69 66 1.46 
44 2.14 68 1.50 

46 4.13 70 1.51 
- - 72 1.58 

Low Molecular Weight Epoxy Resin. 
A s i m i l a r sequence was performed on a low molecular weight epoxy 
r e s i n to demonstrate that column c a p a c i t y , not sample concentra­
t i o n / v i s c o s i t y , determines the maximum sample load f o r low molecular 
weight m a t e r i a l s . The GPC a n a l y s i s of a l i q u i d epoxy on a set of 
1 0 3 and 500Â U l t r a s t y r a g e l columns as w e l l as on a s i n g l e 7.8 mm 
I.D. X 4 f t 10 3Â S t y r a g e l column ( f o r subsequent l o a d i n g study) i s 
shown i n Figure 8. The time s c a l e i n Figure 8 r e f e r s only to chro­
matogram A. The t o t a l volume of the column i n chromatogram Β i s 
50 ml and t o t a l run time i s 40 min. The chart speed has been de­
creased from th a t i n chromatogram A to f a c i l i t a t e a v i s u a l compari­
son of the r e l a t i v e r e s o l u t i o n w i t h these two systems. The l o a d i n g 
study (Figure 9) revealed no increase i n e l u t i o n volume (concen­
t r a t i o n / v i s c o s i t y e f f e c t s ) as was the case w i t h the h i g h molecular 
weight samples. Only a s l i g h t decrease i n r e s o l u t i o n due to column 
l o a d i n g was observed a t above 10% con c e n t r a t i o n (equivalent to 2.0 g 
on a 57 mm prep a r a t i v e column). This eventual decrease i n reso­
l u t i o n was not due to c o n c e n t r a t i o n / v i s c o s i t y e f f e c t s s i n c e d i l u t i o n 
of the 12.5% s o l u t i o n by a f a c t o r of 4 and a p r o p o r t i o n a l increase 
i n i n j e c t i o n volume had no e f f e c t (Figure 9 ) . 
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15 min 3
COLUMNS:
SAMPLE: Starting Polystyrene, Preparative Fractions 
INJECTION VOLUME: 200 ul 
MOBILE PHASE: THF 
FLOW RATE: 1 ml/min 
DETECTOR: Rl 

Figure 7. GPC a n a l y s i s of polystyrene f r a c t i o n s from 
400 mg p r e p a r a t i v e run (two prep columns). 

COLUMNS: 

INJECTION VOLUME: 
MOBILE PHASE: 
FLOW RATE: 
DETECTOR: 

ULTRASTYRAGEL*" 

10J, 500 A 
100 μΙ. 0.5% (w/v) 
THF 
1 ml/min 
Rl. 6X 

Β 

STYRAGEL* 
10J (7.8 mm I.D. χ 4 ft.) 
250 μΙ, 0.5% (w/v) 
THF 
1.25 ml/min 
RI. 8X 

Figure 8. GPC a n a l y s i s of low molecular weight epoxy r e s i n . 
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EKMANIS Preparative Gel Permeation Chromatography 

COLUMN: STYRAGEL* 103 A (7.8 mm I.D. χ 4 ft.) 

SAMPLE: Epoxy 

MOBILE PHASE: THF 

FLOW RATE: 1.25 ml/min 
DETECTOR: Rl 

Figure 9. Epoxy r e s i n l o a d i n g study on one column. 

23 

COLUMN: STYRAGEL* 103 A (57 mm I.D. x 4 ft.) 

SAMPLE: Epoxy, 10% (w/v) 

INJECTION VOLUME: 20 ml 

MOBILE PHASE: THF 

FLOW RATE: 50 ml/min 
DETECTOR: RI (R403), 128X 

Figure 10. Pr e p a r a t i v e GPC of 2.0 g epoxy r e s i n on one column. 
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C O L U M N S : ULTRASTYRAGEL'" 103, 500 A 
INJECTION VOLUME: 100 μ\ 

CONCENTRATION: Epoxy. 0.5% 

Prep fractions, as collected 

MOBILE PHASE: THF 

FLOW RATE: 1 ml/min 

D E T E C T O R : Rl 

Figure 11. GPC a n a l y s i s of epoxy s t a r t i n g m a t e r i a l and 
preparative f r a c t i o n s . 

The 500 VI i n j e c t i o n of 10% epoxy r e s i n i n THF (Figure 9) was 
se l e c t e d f o r s c a l e up to the prep a r a t i v e column (10 3À S t y r a g e l ; 57 
mm I.D. X 4 f t ) using a s c a l e f a c t o r of 40 f o r both i n j e c t i o n volume 
and flow r a t e . Thus, a 20 ml i n j e c t i o n (10% epoxy i n THF) c o n t a i n ­
i n g 2.0 g of epoxy r e s i n was f r a c t i o n a t e d i n Figure 10. S t a r t i n g 
m a t e r i a l and s e l e c t e d f r a c t i o n s (#2-4 and #7-9) were analyzed 
( U l t r a s t y r a g e l columns) to demonstrate the extent of f r a c t i o n a t i o n 
(Figure 11). I f necessary, these i n i t i a l f r a c t i o n s (e.g. #4,9) 
could be f u r t h e r p u r i f i e d on a set of hi g h e f f i c i e n c y columns. 

Summary 

Prepa r a t i v e GPC w i t h even a s i n g l e column i s u s e f u l f o r f r a c ­
t i o n a t i o n of both high and low molecular weight m a t e r i a l s . Smaller 
diameter columns can be used to p r e d i c t optimum sample loads f o r the 
prepa r a t i v e separations on l a r g e columns. Pr e p a r a t i v e l o a d i n g i s 
l i m i t e d by concen t r a t i o n e f f e c t s ( v i s c o s i t y , e t c . ) i n the case of 
high molecular weight polymers and by column c a p a c i t y f o r low mo­
l e c u l a r weight (<5000) m a t e r i a l s where c o n c e n t r a t i o n / v i s c o s i t y 
e f f e c t s do not occur. 
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Chapter 4 

Orthogonal Chromatography 
and Related Advances 

in Liquid Chromatography 

Stephen T. Balke 

Department of Chemical Engineering and Applied Chemistry, 
University of Toronto, Toronto, Ontario M5S 1A4, Canada 

Orthogonal chromatography (OC) and related recent 
advances in both fractionation and detection are 
reviewed. OC is a method of analyzing complex 
polymers using tw
chromatographs to obtain a cross-fractionation. 
Conventional size exclusion chromatography (SEC) and 
high performance liquid chromatography (HPLC) analysis 
of complex polymers have focussed on detection and 
fractionation respectively. The development of OC as a 
method which combines the best of both approaches is 
summarized. In OC of linear copolymers, the fraction­
ation is intended to be a separation by molecular size 
in solution followed by a separation according to 
composition with mixed chromatographic mechanisms 
acting synergistically. The complications encountered 
are discussed and the status of OC in light of recently 
published results is examined. 

Polymers are generally highly complex, multicomponent ma t e r i a l s . The 
molecules present can vary i n molecular weight, composition, sequence 
length (the number of one type of monomer unit i n a row before 
another monomer type i s encountered), branch length, branch 
frequency, and t a c t i c i t y . The concentration of each type of molecule 
present often d i c t a t e s product performance. Frequently molecular 
weight i s the property of i n t e r e s t and s i z e exclusion chromatography 
(SEC) i s used to analyze the polymer. SEC a n a l y s i s i s d i r e c t e d at 
obtaining a f r a c t i o n a t i o n with respect to molecular weight and at 
detecting the concentration of each d i f f e r e n t molecular weight 
present. The molecular weight d i s t r i b u t i o n and molecular weight 
averages can then be c a l c u l a t e d from the chromatogram. This approach 
i s quite straightforward f o r l i n e a r homopolymers where the only 
d i v e r s i t y i n molecules o r i g i n a t e s from the di f f e r e n c e s i n molecular 
weight (Figure 1 ) . However, i f the polymer i s a l i n e a r copolymer, 
for example, instead of a l i n e a r homopolymer, then molecules can vary 
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i n composition and sequence length as w e l l as i n molecular weight 
(Figure 2). I t i s very l i k e l y that these two a d d i t i o n a l property 
d i s t r i b u t i o n s also s i g n i f i c a n t l y a f f e c t product performance. 
Therefore, they too should be e l u c i d a t e d . Furthermore, even i f i t i s 
decided to ignore t h e i r p o s s i b l e e f f e c t on performance and instead 
continue to focus on molecular weight, these other d i s t r i b u t i o n s can 
i n t e r f e r e with the molecular weight a n a l y s i s . This s i t u a t i o n leads 
us to the subject of a n a l y s i s of "complex polymers" and the 
development of a method to accomplish i t , orthogonal chromatography 
(OC). 

In the next s e c t i o n , the term "complex polymers" i s defined, the 
e f f e c t s of polymer complexity on conventional SEC a n a l y s i s are 
examined, and attempts to analyze complex polymers by u t i l i z i n g SEC 
detector technology are summarized. High performance l i q u i d 
chromatography (HPLC) attempts to accomplish the task are then 
described. This i s followed by a summary of the t h e o r e t i c a l 
development of OC, experimenta
which emerged, and f i n a l l
recent developments. and (J2) provide reviews of OC. 

SEC Analysis of Complex Polymers 

D e f i n i t i o n of a Complex Polymer. A simple polymer i s one which has 
at most one broad molecular property d i s t r i b u t i o n (e.g., a broad 
molecular weight d i s t r i b u t i o n ) . A complex polymer i s one which has 
two or more broad molecular property d i s t r i b u t i o n s (e.g., a broad 
molecular weight d i s t r i b u t i o n and a broad copolymer composition 
d i s t r i b u t i o n ) (JO . Pr o p e r t i e s such as molecular weight and 
composition, which can be i n so much v a r i e t y i n a polymer that they 
must be described as a d i s t r i b u t i o n , are here termed " d i s t r i b u t e d 
p r o p e r t i e s " . I t i s the presence of simultaneous breadth ( i . e . , 
v a r i e t y ) i n more than one d i s t r i b u t e d property which i s the d e f i n i n g 
c h a r a c t e r i s t i c of a "complex" polymer and the source of a n a l y s i s 
d i f f i c u l t i e s . 

In t h i s paper, t y p i c a l l i n e a r homopolymers and l i n e a r copolymers 
(as shown i n Figures 1 and 2, r e s p e c t i v e l y ) exemplify simple and 
complex polymers. 

E f f e c t s of Polymer Complexity on Conventional SEC A n a l y s i s . In SEC 
a n a l y s i s of complex polymers both f r a c t i o n a t i o n and detection can be 
adversely a f f e c t e d . With regards to f r a c t i o n a t i o n , the d i f f i c u l t y 
o r i g i n a t e s from the fac t that SEC separates on the basis of molecular 
s i z e i n s o l u t i o n . This i s synonymous with a molecular weight 
separation only i f there i s a unique r e l a t i o n s h i p between molecular 
s i z e and molecular weight. Although t h i s i s the case f o r l i n e a r 
homopolymers i t i s generally not so for complex polymers such as 
l i n e a r copolymers. For example, various combinations of molecular 
weight, composition and sequence length can combine t o y i e l d the same 
molecular s i z e i n s o l u t i o n . Figure 3 i l l u s t r a t e s t h i s by showing the 
r e s u l t of an i d e a l SEC separation for three d i f f e r e n t samples: a 
l i n e a r homopolymer; a blend of two l i n e a r homopolymers; and a l i n e a r 
copolymer. Thus, the presence of property v a r i a t i o n s i n p r o p e r t i e s 
other than molecular weight confounds i n t e r p r e t a t i o n of the 
f ract ionat ion· 
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LINEAR HOMOPOLYMER 

f 
MOLECULAR WEIGHT 

DISTRIBUTION 

A ~ A A ~ A 
A ~ A ~ A 

Figure 1: Property distribution in a linear homopolymer: 
molecular weight distribution of polystyrene (styrene units 
represented by "A"). 

LINEAR COPOLYMER 

C O M P O S I T I O N M O L E C U L A R S E Q U E N C E 
D I S T R I B U T I O N W E I G H T L E N G T H 

D I S T R I B U T I O N D I S T R I B U T I O N 

-CH-CH 2- I I CH3 

-CH2-C 
0=C-0-CH2-CH2-CH2-CHJ 

A Β 
A-AABBBB-B 
A-BABA— Β 
A-ABBA- A 
A—AAA—A 

Figure 2: Property distributions in a linear copolymer: 
composition distribution, molecular weight distribution and 
sequence length distribution of poly(styrene-co-n-butyl 
methacrylate). (Styrene units are represented by "A" and n-butyl 
methacrylate units by "B".) 
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It i s worth noting at t h i s p o i n t that Hamielec et a l . (4) have 
defined a complex polymer as any polymer not having a unique 
r e l a t i o n s h i p between molecular weight and molecular s i z e . This i s a 
very u s e f u l d e f i n i t i o n although i t can sometimes be too r e s t r i c t i v e 
(e.g., i n d e s c r i b i n g a "complex polymer" for detection or f o r nonsize 
exclusion mechanisms). 

Complex polymers can a l s o provide an ambiguous detector 
response. For a l i n e a r homopolymer, i f only one conventional 
detector i s present (e.g., a d i f f e r e n t i a l refractometer or a UV 
detector set at one f i x e d wavelength) polymer concentration at any 
r e t e n t i o n time i s determined from the p r o p o r t i o n a l i t y of the detector 
response to concentration. The detector i s assumed to not respond to 
d i f f e r e n c e s i n molecular weight (a good assumption f o r high molecular 
weights). However, i f a complex polymer such as a t y p i c a l l i n e a r 
copolymer i s being analyzed, i t must also be assumed that the 
detector response i s independent of composition and sequence length 
as well while remaining
assumption i s generall
ambiguous to i n t e r p r e t  s i n g l  respons
simultaneously to polymer concentration, composition and sequence 
length. 

Attempts to Analyze Complex Polymers Using SEC Detector Technology. 
For l i n e a r copolymers, multiple detectors and, more r e c e n t l y , diode 
array UV/vis spectrophotometers have been used i n attempts to 
overcome the above a n a l y s i s problems. The b a s i c idea i s to provide 
more than one detector response so that the polymer concentration and 
the number of p r o p e r t i e s w i l l together equal the number of detector 
responses (Figure 4 ) . This provides the same number of equations as 
the number of unknowns (5,6). 

There are several d i f f i c u l t i e s associated with t h i s approach. 
The most fundamental one i s that the f r a c t i o n a t i o n problem associated 
with polymer complexity i s ignored. Therefore, f o r a complex 
polymer, since each detector i s r e a l l y seeing a wide v a r i e t y of 
molecules, only average property values at each re t e n t i o n time can be 
obtained and a polymer may appear t o be uniform i n composition when 
there i s a c t u a l l y s i g n i f i c a n t composition v a r i e t y . 

In recent years other detectors have appeared. These include 
low -angle l a s e r l i g h t s c a t t e r i n g and i n t r i n s i c v i s c o s i t y . Again, 
the f r a c t i o n a t i o n problem i s not dealt with and the same s i t u a t i o n 
holds as described above. 

Attempts to Analyze Complex Polymers by High Performance L i q u i d 
Chromatography (HPLC) 

There have been many studies d i r e c t e d at using adsorption and 
re versed-phase HPLC to separate copolymers by composition (1.-3). Two 
i n t e r a c t i n g problems associated with these approaches are: 

ο The presence of one property d i s t r i b u t i o n i n t e r f e r e s with 
separation on the b a s i s of the other. For example, i n adsorption 
chromatography, the degree of adsorption can be a f f e c t e d by both the 
molecular weight and by the composition of the molecule. For a 
l i n e a r copolymer, adequate f r a c t i o n a t i o n requires that the 
composition d i f f e r e n c e s completely dominate. 
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LINEAR 
HOMOPOLYMER A A A A 

BLEND OF TWO 
LINEAR 
HOMOPOLYMERS 

LINEAR 
COPOLYME

Figure 3: SEC F r a c t i o n a t i o n ( l e t t e r s A and Β r e f e r to d i f f e r e n t 
types of monomer units) (Reproduced with permission from Ref. 3. 
Copyright 1987, John Wiley & Sons.) 

SIZE 
SEPARATION 

DETECTOR 
*1 

DETECTOR 
#2 

FOR EACH DETECTOR : 

response response total 
to cone. + to cone. = detector 
of A in of Β in response 
polymer polymer 

cone, of A 

cone, of Β 

retention time 

Figure 4: Dual detector SEC: Solution of the two equations f o r 
the two unknown concentrations leads t o p l o t s of the concentration 
r a t i o versus r e t e n t i o n time. (Reproduced from Ref. 6. Copyright 
1983, American Chemical Society.) 
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ο Mixed separation mechanisms can cause the r e s u l t to be 
unpredictable. For example, large pores that allow polymer molecules 
to enter so that large packing areas are a v a i l a b l e for adsorption can 
cause a s i z e exclusion separation to be superimposed upon an 
adsorption separation. Small pores that exclude the molecules 
severely l i m i t the a v a i l a b l e packing area. Adequate f r a c t i o n a t i o n 
requires that one mechanism dominates the s i t u a t i o n or that d i f f e r e n t 
mechanisms can somehow be forced to act i n the same d i r e c t i o n . 

Some studies have s u c c e s s f u l l y demonstrated separations of 
l i n e a r copolymers using HPLC However, i t i s important t o r e a l i z e 
that u n l i k e i n the HPLC of small molecules where a peak shows the 
concentration of only one type of molecule, the SEC chromatogram of a 
complex polymer i s r e a l l y an envelope covering p o s s i b l y thousands of 
d i f f e r e n t components. Even with modern detectors i t i s often very 
d i f f i c u l t to a s c e r t a i n that the d e s i r e d f r a c t i o n a t i o n has r e a l l y been 
accomplished. Uni v e r s a l c a l i b r a t i o n i n SEC i s of p r a c t i c a l u t i l i t y 
because the same f r a c t i o n a t i o
molecular size) occurs whethe
polymer molecules are involved. The f r a c t i o n a t i o n i s r e l i a b l e . This 
i s a very d i f f i c u l t requirement f o r HPLC methods because of the 
v a r i e t y of complex molecules tha t can be present. 

T h e o r e t i c a l Development of OC 

Orthogonal chromatography (OC) i s a method of using SEC to analyze 
complex molecules (2,6). To accomplish the desired f r a c t i o n a t i o n , 
two SEC instruments are coupled together so that the eluent from the 
f i r s t flows through the i n j e c t i o n valve of the second. Figure 5 
shows t h i s arrangement. The f i r s t instrument i s operated as a 
conventional SEC. The second i s operated with a solvent/nonsolvent 
mixture to u t i l i z e nonsize exclusion mechanisms. The desired 
detection i s attained by u t i l i z i n g new detector technology, notably a 
diode-array UV/vis spectrophotometer, at the e x i t of the second 
instrument. The basic p r i n c i p l e s underlying OC are discussed i n the 
f o l l o w i n g paragraphs. 

C r o s s - F r a c t i o n a t i o n . Complex polymers contain more than one broad 
property d i s t r i b u t i o n . If molecular weight and composition are the 
only two property d i s t r i b u t i o n s present then an example of 
c r o s s - f r a c t i o n a t i o n would be the separation of the polymer f i r s t 
according to molecular weight and the separation of each s i n g l e 
molecular weight f r a c t i o n obtained according to composition. This 
c r o s s - f r a c t i o n a t i o n provides a two-dimensional answer to a 
two-dimensional d i s t r i b u t i o n problem. I t has t y p i c a l l y been 
accomplished f o r polymers using solvent/non-solvent p r e c i p i t a t i o n . 

Multi-dimensional Chromatography. Multi-dimensional chromatography 
i s the term used to describe a v a r i e t y of methods where f r a c t i o n s 
from one chromatographic system are each t r a n s f e r r e d to another f o r 
f u r t h e r separation. Combinations of SEC with t h i n - l a y e r 
chromatography have been shown to enable separation of copolymers by 
composition i n a " c r o s s - f r a c t i o n a t i o n " . OC u t i l i z e s a combination of 
two SECs i n a c r o s s - f r a c t i o n a t i o n approach. 
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S y n e r g i s t i c Use of Mixed Separation Mechanisms. In OC the f i r s t SEC 
u t i l i z e s conventional separation by molecular s i z e e xclusion. 
However, the presence of the nonsolvent i n the mobile phase of the 
second instrument encourages a d s o r p t i o n / p a r t i t i o n e f f e c t s as w e l l as 
s i z e exclusion there. 

Figures 6 and 7 i l l u s t r a t e the proposed mechanism i n OC. Using 
the s p e c i f i c example of a separation of a styrene n-butyl 
methacrylate copolymer, the f i r s t SEC separates the copolymer 
according to molecular s i z e i n s o l u t i o n . At any desired r e t e n t i o n 
time, the flow i n the f i r s t instrument i s stopped and an i n j e c t i o n 
made i n t o the second instrument of a s i n g l e molecular s i z e " s l i c e " of 
the chromatogram. The solvent running i n the second instrument i s a 
mixture of tetrahydrofuran (THF) and η-heptane. THF i s a solvent f o r 
both styrene and η-butyl methacrylate p o r t i o n s of the polymer 
molecules. However, η-heptane i s a nonsolvent f o r the s t y r e n e - r i c h 
p o r t i o n s . As a r e s u l t , when the i n j e c t i o n i s made i n t o the second 
instrument, the s t y r e n e - r i c
η-butyl methacrylate-ric
w i l l be present which w i l l r e f l e c t the composition d i f f e r e n c e s . The 
smaller s t y r e n e - r i c h molecules w i l l enter more pores of the column 
packing than t h e i r η-butyl methacrylate-rich counterparts and so be 
f r a c t i o n a t e d . Furthermore, since the s t y r e n e - r i c h molecules "hate" 
the mobile phase, they should f i n d the surface area of the packing 
more " s t i c k y " than the η-butyl methacrylate-rich molecules. Thus, 
again the s t y r e n e - r i c h molecules should be retarded r e l a t i v e t o the 
others. According to t h i s p i c t u r e , the mechanisms of s i z e e xclusion, 
adsorption and p a r t i t i o n are thus able to act s y n e r g i s t i c a l l y to 
accomplish a composition separation. 

Detector Technology. For copolymer composition a n a l y s i s the new 
diode array UV/vis detectors are extremely a t t r a c t i v e : the 
absorption at many wavelengths are instantaneously recorded; there 
i s only a s i n g l e spectrophotometer c e l l so that transport time delays 
between detectors and a x i a l mixing i n detector c e l l s do not confound 
comparison of detector response at d i f f e r e n t wavelengths; and f o r 
styrene copolymers, extremely low concentrations of polymer can be 
detected. 

Results 

I n i t i a l Work. OC was developed by i n j e c t i n g s o l u t i o n s containing 
mixtures of polymers i n t o the f i r s t SEC (5)· Polystyrene, 
poly(η-butyl methacrylate) and poly(styrene co-n-butyl methacrylate) 
were used. I n i t i a l l y the main o b j e c t i v e was to demonstrate that a 
composition separation was a c t u a l l y being obtained and that the 
r e s u l t s were not simply some a r t i f a c t of sampling mixtures of 
polymers with d i f f e r e n t molecular weight d i s t r i b u t i o n s . This was 
shown by running a v a r i e t y of d i f f e r e n t samples and by a c t u a l l y 
analyzing the spread of molecular weights i n a chroraatogram " s l i c e " 
by running the second instrument with pure THF instead of the usual 
THF/ η-heptane mixture. At t h i s point i n the development twelve SEC 
columns were used i n the f i r s t SEC and three i n the second. One hour 
was required to obtain the f i r s t a n a l y s i s . Separation of polystyrene 
from poly(styrene co-n-butyl methacrylate) i n a blend provided the 
best r e s u l t s (5, 7 ) . 
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Waste 

Solvent No.1 

1. Threeway valve 
2. Injection valve 
3. Off/On valve 
4. Mixing valv

5. Pump 
6. UV Detector 
7. GPC Columns 

Figure 5 : Arrangement
Chromatography. Note that the 9 t o 12 columns used f o r SEC 1 were 
reduced to 3 i n l a t e r work to reduce a n a l y s i s times. (Reproduced 
from Ref. 5. Copyright 1980, American Chemical Society.) 

COPOLYMER & MONOMERS 
" AND INTERNAL STANDARD 

(POLYSTYRENE) ( -AAA-) 

Figure 6: Schematic diagram of Orthogonal Chromatography showing 
s i z e f r a c t i o n a t i o n of a l i n e a r copolymer by SEC 1, the v a r i e t y of 
molecules of the same molecular s i z e within a chromatogram " s l i c e " 
( i n t h i s case A r e f e r s to styrene u n i t s and Β to n-butyl 
methacrylate u n i t s ) and composition f r a c t i o n a t i o n by SEC 2. 
(Reproduced from Ref. 6. Copyright 1983, American 
Chemical Society.) 
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Figure 7 : Schematic diagram of Orthogonal Chromatography showing 
the separation mechanisms involved. (Reproduced 
from Ref. 6. Copyright 1983, American Chemical Society.) 
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A x i a l Dispersion C h a r a c t e r i z a t i o n * Use of THF i n both instruments as 
a method of examining the f r a c t i o n a t i o n s i t u a t i o n l e d to the 
i n v e s t i g a t i o n of OC as a method of supplying polymer of extremely 
narrow molecular weight d i s t r i b u t i o n f o r r 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 
of the second instrument (7). To do t h i s , a commercially a v a i l a b l e 
narrow molecular weight d i s t r i b u t i o n standard was i n j e c t e d i n t o the 
f i r s t instrument and sampled at i t s peak by the second instrument. 

Poly(Styrene co-n-Butyl Methacrylate) F r a c t i o n a t i o n . OC was 
developed with the p a r t i c u l a r idea of e l u c i d a t i n g the k i n e t i c s of the 
f r e e r a d i c a l copolymerization of styrene η-butyl methacrylate. Thus, 
t h i s polymer provided the main focus of the work. 

Figure 8 j6) shows the f r a c t i o n a t i o n obtained by analyzing a 
mixture of polystyrene, poly(styrene co-n-butyl methacrylate) and 
p o l y ( n - b u t y l methacrylate) with various η-heptane concentrations. 
Once i t was r e a l i z e d that m u l t i p l e columns i n the f i r s t SEC r e a l l y 
d i d not o f f e r any advantag
because of increased d i l u t i o
l e s s columns reduced a n a l y s i y
s e n s i t i v i t y . For the analyses shown i n Figure 8, only three columns 
were used i n the f i r s t SEC and three i n the second. With t h i s system 
the f i r s t a n a l y s i s by both SEC instruments required a t o t a l of 30 
minutes and subsequent analyses of the same sample about 15 minutes 
each. However, despite these s i g n i f i c a n t reductions i n a n a l y s i s 
times i n comparison to the i n i t i a l work, complete a n a l y s i s of even 
one complex polymer required many cross f r a c t i o n a t i o n s and generated 
much data. 

The diode array UV/vis spectrophotometer was used to both 
i d e n t i f y the polymer e x i t i n g and to obtain a q u a n t i t a t i v e a n a l y s i s of 
the copolymer composition d i s t r i b u t i o n . Figure 9 (6) shows the 
r e s u l t of summing many i n d i v i d u a l f r a c t i o n analyses t o see the t o t a l 
copolymer composition d i s t r i b u t i o n . The r e s u l t had the c o r r e c t 
average composition but not the skewed shape expected from theory. 
Part of the d i f f i c u l t y was the r e l a t i v e l y small number of cross 
f r a c t i o n a t i o n s done. 

OC of Other Polymers. Figure 10 shows the f r a c t i o n a t i o n of 
poly ( e t h y l methacrylate), polystyrene and p o l y d a u r y l methacrylate). 
The THF/η-heptane mobile phase worked w e l l f o r these polymers and UV 
a b s o r p t i v i t y was s u f f i c i e n t f o r detection. The detection requirement 
was e s p e c i a l l y important because of the low concentrations r e s u l t i n g 
i n OC. 

Complications 

ο SEC c a l i b r a t i o n curves obtained i n the usual way by i n j e c t i n g 
"monodisperse" polystyrene standards d i r e c t l y i n t o the second SEC 
using various mobile phases i n that SEC showed a p e c u l i a r "jump" i n 
r e t e n t i o n time when η-heptane concentration was changed from 57 to 
60%. These c a l i b r a t i o n curves a l s o demonstrated that higher 
molecular weight polystyrenes were gr e a t l y retarded by the n-heptane 
concentration (Figure 11). 
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Figure 8 : Two s e r i e s of Orthogonal Chromatography runs showing 
the e f f e c t of % η-heptane i n the mobile phase of SEC 2 on the 
f r a c t i o n a t i o n (AA: polystyrene, AB: poly(styrene co-n-butyl 
methacrylate); BB: poly η-butyl methacrylate). (Reproduced 
from Ref. 6. Copyright 1983, American Chemical Society. ) 
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Figure 9: Copolymer composition d i s t r i b u t i o n f o r whole polymer as 
sum of d i s t r i b u t i o n s obtained from i n d i v i d u a l cross 
f r a c t i o n a t i o n s . (Reproduced from Ref. 6. Copyright 1983, 
American Chemical Society.) 
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Figure 1 0 : Separation of a homopolymer mixture of poly ( e t h y l 
methacrylate) (ΡΕΜΑ), polystyrene (PSTY) and poly ( l a u r y l 
methacrylate) (PLMA) by Orthogonal Chromatography at d i f f e r e n t % 
η-heptane concentrations i n SEC 2 . 
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Figure 11: Polystyrene c a l i b r a t i o n curves f o r SEC 2: v a r i a t i o n 
with % η-heptane. (Reproduced from Ref. 6. Copyright 1983, 
American Chemical Society.) 
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ο Cloud point experiments showed that some of the higher molecular 
weight polystyrene standards used i n analyses should have been 
p r e c i p i t a t i n g at η-heptane concentrations beyond 65%. 
ο The r e s o l u t i o n of the second SEC was strongly a f f e c t e d by the 
order of columns. Figure 12 shows the r e s u l t of changing the 
p o s i t i o n of the smallest pore s i z e column from the f u r t h e s t from the 
i n j e c t i o n valve, to c l o s e s t , when analyzing a blend of polystyrene 
and p o l y ( n - b u t y l methacrylate). 

Status of OC 

E f f e c t of Injected Solvent. I t was eventually determined that the 
mobile phase i n j e c t e d from the f i r s t SEC ( i . e . , pure THF) a f f e c t e d 
the separation i n the second SEC. This i s dramatically demonstrated 
i n Figure 13 which shows the r e s u l t of i n j e c t i n g a narrow molecular 
weight d i s t r i b u t i o n polystyrene sample d i r e c t l y i n t o the second SEC-
Mobile phase was of constan
i n THF)· However, the solven
v a r i e d from 0% η-heptane i n THF t o 50% and p l o t t e d on the abscissa 
versus peak r e t e n t i o n time on the ordinate. Peak re t e n t i o n time 
v a r i e d from 915 seconds at 0% η-heptane t o 960 seconds a t 50%. 

The consequences of t h i s e f f e c t of i n j e c t e d solvent are as 
follows (6): 
ο Operation of the second SEC i s e f f e c t i v e l y always i n a gradient 
mode. The "plug" of THF i n j e c t e d with the polymer sweeps through the 
columns to form t h i s gradient. At higher η-heptane content mobile 
phases, s t y r e n e - r i c h polymers would p r e f e r t o remain with t h i s THF 
plug. However, small pore s i z e packing causes the THF t o be 
separated from the s t y r e n e - r i c h polymer because the THF enters more 
pores. I f t h i s packing i s remote from the detector the THF may 
capture t h i s polymer l a t e r i n l a r g e r s i z e packings since the polymer 
i s also retarded by nonexclusion mechanisms (e.g., adsorption). I f 
the packing i s near the detector then the s t y r e n e - r i c h polymer may be 
separated from the THF pulse long enough to e x i t separately, 
ο P r e c i p i t a t i o n of s t y r e n e - r i c h polymer i s a p o s s i b i l i t y . No 
column plugging or s i g n i f i c a n t l o s s of polymer to the columns (except 
for a few conditions) was observed. This could be due t o the 
sweeping of the columns by the THF pulse. However, since no 
p r e c i p i t a t i o n was evident i n the detector and since the s t y r e n e - r i c h 
polymers were able to be separated from the THF pulse (see previous 
paragraph) i t i s l i k e l y that s o l v a t i o n of the polymer by the THF i s 
a f f e c t i n g the r e s u l t s . 
ο Sequence length can be a f f e c t i n g both f r a c t i o n a t i o n and 
detection. F r a c t i o n a t i o n i n the f i r s t SEC (according to molecular 
s i z e ) i s " u n i v e r s a l " . However, the composition f r a c t i o n a t i o n i n the 
second SEC may be scrambled by sequence length v a r i a t i o n s . There i s 
some evidence that sequence length a f f e c t s UV detector response. 
Thus, a diode array spectrophotometer could be used to obtain 
s u f f i c i e n t information to e l u c i d a t e both composition and sequence 
length. 

Recent Advances Relevant to OC. HPLC studies of polymers 
i n c r e a s i n g l y employ columns with very small pores t o p u r p o s e f u l l y 
exclude a l l polymer molecules (8.-13). The reasons j u s t i f y i n g 
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Figure 12: E f f e c t of column reordering on polystyrene (AA) and 
poly (η-butyl methacrylate) (BB) ret e n t i o n i n SEC 2. Key: top, 
small pore s i z e column l a s t ; and bottom, small pore s i z e column 
f i r s t . (Reproduced from Ref. 6. Copyright 1983, 
American Chemical Society.) 
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Figure 13: E f f e c t of i n j e c t e d solvent composition on polystyrene 
r e t e n t i o n i n SEC 2. (Reproduced from Ref. 6. Copyright 1983, 
American Chemical Society.) 
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t h i s approach are: The high external surface areas of high 
r e s o l u t i o n packings (estimated a t 20% of the t o t a l surface area of a 
packing material with pores large enough to accommodate a l l of the 
polymer molecules) (TO); the p o s s i b l e a b i l i t y of polymer molecules to 
u n c o i l s u f f i c i e n t l y to be a f f e c t e d by small pores i n adsorption-type 
mechanisms (_12). 

Although there remains some disagreement (12,13), the presence 
of a p r e c i p i t a t i o n mechanism i n separations using gradient 
chromatography of polymers i n HPLC separations appears very l i k e l y 
(8,9J. This r e i n f o r c e s the hypothesis mentioned above that 
p r e c i p i t a t i o n i s a l s o an important mechanism i n separation i n the 
second SEC used i n OC. However, i t i s important to note that 
considering the complexity of the polymers to be analyzed and the 
v a r i e t y of important packing v a r i a b l e s , mixed mechanisms must be 
a n t i c i p a t e d . Attempting t o arrange f r a c t i o n a t i o n to s y n e r g i s t i c a l l y 
use these mechanisms appears as a more r e l i a b l e and more generally 
a p p l i c a b l e approach the
mechanism. However, i
polymer complexity and current uncertainty associated with these 
mechanisms demands use of modem detector technology to i d e n t i f y the 
e x i t i n g molecules as thoroughly as i s required by the purpose of the 
a n a l y s i s . 

Glockner et a l . (9) have shown very good separations of styrene 
a e r y I o n i t r i l e copolymers using an SEC and a HPLC set up as are the 
two SEC 1 s i n OC. They term the separation occurring i n the HPLC 
"high performance p r e c i p i t a t i o n l i q u i d chromatography". 

The r e t a r d i n g e f f e c t of pores on solvent r e l a t i v e t o the polymer 
described i n Section 6.1 has now been proposed as the reason f o r the 
good separations obtained by p r e c i p i t a t i o n mechanisms (8-10, 13). 
The polymer i s v i s u a l i z e d to c o n t i n u a l l y r e - p r e c i p i t a t e and 
r e - d i s s o l v e as the solvent front of a gradient r e p e t i t i v e l y overtakes 
and then loses the polymer. 

Garcia Rubio et a l . (14,15) have accomplished s i g n i f i c a n t 
development i n the UV a n a l y s i s of copolymers. In examining the data 
j u s t i f y i n g the use of UV spectra f o r determining both composition and 
sequence length of polymers, a p p l i c a t i o n of e r r o r propagation theory 
showed that the published r e s u l t s on measurement of sequence length 
by UV can be explained by considering only composition, at l e a s t f o r 
c e r t a i n wavelengths. Furthermore, they showed that UV absorption 
spectra are s i g n i f i c a n t l y a f f e c t e d by benzoate groups on the polymer. 
These groups are produced during polymerization when benzoyl peroxide 
i s used as the i n i t i a t o r . For accurate q u a n t i t a t i v e work the spectra 
must be corrected f o r t h i s absorption. Some of the inaccuracy i n 
Figure 9 could well be due to t h i s source of e r r o r . 

Much UV development work u t i l i z e s " o f f - l i n e " a n a l y s i s (detector 
not connected to an SEC) of p r e c i p i t a t e d polymer. I t i n v o l v e s very 
d e t a i l e d i n t e r p r e t a t i o n of d i f f e r e n c e s i n spectra. One caution which 
must be observed i s to ensure that r e s i d u a l monomer or other small 
molecules are not causing spurious r e s u l t s . Acquiring spectra 
" o n - l i n e " using a diode array UV/vis spectrophotometer attached t o an 
SEC i s one answer to t h i s problem. However, then determining the 
concentration of polymer examined can be troublesome. 

Furthermore, i t should be noted that i n t e r p r e t i n g polymer 
spectra i n solvent mixtures t y p i c a l of gradient operation i n l i q u i d 
chromatography may be an a d d i t i o n a l problem. Although a l l solvents 
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may be transparent t o UV, the conformation of the polymer i s expected 
to change with solvent composition and t h i s i n turn can a f f e c t the 
observed spectra. 

Conclusions 

ο Conventional SEC ana l y s i s of complex polymers t o e l u c i d a t e 
i n d i v i d u a l property d i s t r i b u t i o n s (other than the d i s t r i b u t i o n of 
molecular s i z e s ) encounter d i f f i c u l t i e s i n both e f f e c t i v e 
f r a c t i o n a t i o n and unambiguous detection. 

ο The use of new detector technology has been the main emphasis i n 
attempts t o use SEC for the a n a l y s i s of complex polymers. 

ο HPLC attempts to analyze complex polymers have emphasized 
f r a c t i o n a t i o n employing gradient operation and adsorption or reversed 
phase packings. Recent
HPLC. 

ο OC i s a multi-dimensional SEC method which emphasizes both 
f r a c t i o n a t i o n and detection. 

ο OC has been s u c c e s s f u l l y applied t o accomplish a composition 
separation of styrene/methacrylate homopolymers and copolymers. 

ο A mechanism has been po s t u l a t e d to account f o r the observed 
separations and proposes that the various mechanisms involved can act 
s y n e r g i s t i c a l l y . 

ο The p a r t i c i p a t i o n of the mobile phase from the f i r s t SEC i n the 
separation observed i n the second SEC e f f e c t i v e l y creates a gradient 
operation i n the second. 

ο Successive p r e c i p i t a t i o n and d i s s o l u t i o n of the polymer i n the 
second SEC i s l i k e l y an a d d i t i o n a l important separation mechanism. 

ο Quantitative a n a l y s i s has been attempted but detection of sequence 
length i s needed. 

ο Development of UV detector i n t e r p r e t a t i o n and increased automation 
of column switching and data a c q u i s i t i o n / i n t e r p r e t a t i o n are important 
to future OC development. 
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Chapter 5 

A New Stand-Alone Capillary 
Viscometer Used as a Continuous Size 
Exclusion Chromatographic Detector 
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This paper describes a new design of a forced-flow-
-through-type capillary viscometer used for batch 
sample viscosity measurements as well as continuous 
viscosity detectio
(SEC). In one version of our viscometer design, an 
analytical capillary is connected in series with a 
reference capillary in the flow stream and the 
pressure drop across the capillaries is measured by 
pressure transducers. A differential log-amplifier is 
used to convert the two transducer signals into an 
output signal that is directly proportional to the 
natural logarithm of the relative viscosity of the 
sample fluid. The output signal is highly insensitive 
to flow rate fluctuations and thus gives a very 
sensitive and accurate means to measure viscosity. 
The sample fluid could be any neat liquid or a sample 
of polymer solution. Under favorable conditions, a 
single viscosity determination on a polymer solution 
at high dilution can provide a direct measure of the 
polymer intrinsic viscosity, without the need of 
polymer concentration extrapolation. With this 
viscometer used as a continuous viscosity detector for 
SEC, it is possible to achieve SEC molecluar weight 
calibration by way of the universal SEC calibration 
methodology without the need of molecular weight 
standards for the unknown polymers. 

Background 

Accurate measurements of f l u i d viscosity are important in many 
industries for such diverse uses as monitoring syrup manufacture or 
studying polymer structures such as polymer branching, chain 
conformation, solvent interactions or polymer molecular weight (MW). 
Historically, the drop-time type glass capillaries, such as the 
Ubbelohde or Cannon and Fenske types, have been widely used to 
measure f l u i d viscosity. However, this traditional method i s tedius 
and labor intensive, and lacks the desired speed and sensitivity to 
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meet the needs of viscosity measurements, especially for dilute 
polymer solution characterizations. 

The following i s a brief review of the viscosity parameters 
that are commonly used in polymer analyses. The relative viscosity 
(ri , ) of a polymer sample solution as defined in Equation 1 can be 
determined experimentally from the measured viscosity value for the 
polymer sample solution (η) and that of the solvent ( f i ) . From the 
Υ) , value and the polymer sample concentration (c), tne 
calculations for the other viscosity parameters are possible in 
accordance to Equations 2 through 5: 

Relative Viscosity: \ e l = ^^o 

Specific Viscosity: Y\ = \ e l " l (2) 

Inherent Viscosity: n i n h = (In \ e l ) / c (3) 

Reduced Viscosity

Intrinsic Viscosity: [Y\] = lim η. , - lim η , (5) 
c-»o 1 c->o 

where the mathematical symbol In means natural logarithm, and Ĵ g 
means the limiting value for the viscosity parameter as the 
sample concentration c approaches zero at i n f i n i t e dilution. 

The experimental determination of polymer in t r i n s i c 
viscosity i s done through the measurement of polymer solution 
viscosity. The connotation of in t r i n s i c viscosity [ή], however, 
is very different from the usual sense of f l u i d viscosity. 
Intrinsic viscosity, or sometimes called the limiting viscosity 
number, carries a far more reaching significance of providing the 
size and MW information of the polymer molecule. Unlike the 
f l u i d viscosity, which i s commonly reported in the poise or 
centipoise units, the value i s reported in the dimension of 
inverse concentration units of dl/g, for example. The value of 
[η] for a linear polymer in a specific solvent i s related to the 
polymer molecular weight (M) through the Mark-Houwink equation: 

[ri] = KMa (6) 

where Κ and ce*are Mark-Houwink viscosity constants, some of which 
are available in polymer handbooks. The usual value for α f a l l s 
between 0.5 and 0.8 for polymers of the random-coil type 
conformation in solution. 

A more sensitive viscometer than the drop-time glass 
capillary method i s also needed in size exclusion chromatography 
(SEC) such as the gel permeation chromatographic (GPC) analysis 
of polymer molecular weight distribution (MWD). In an SEC 
system, a concentration detector i s commonly used for providing 
the weight concentration profile of the polymer elution curve. 
The MW and MWD information of the sample i s provided indirectly 
by the retention time of the different polymer components in the 
sample. Quite obviously, i t i s highly desirable to have 
additional detectors available for SEC that are sensitive to the 
molecular weight of the different polymer components eluting from 
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the SEC columns. The on-line viscosity and light scattering 
detection capabilities i n addition to the usual SEC 
concentration detector are very useful in achieving absolute 
SEC-MW calibration. The required features of such a MW-specific 
detector for SEC include: continuous mode of monitoring, high 
sensitivity, low noise, and low dead volume for minimal SEC band 
broadening. 4 

Earlier experiments involved the collection of SEC effluent 
aliquots to measure solution viscosity in batches with the very 
time consuming Ubbelohde drop-time type viscometers. A 
continuous capillary type viscometer was f i r s t proposed for SEC 
by Ouano . Basically, as shown in Figure 1, a single capillary 
tube with a dif f e r e n t i a l pressure transducer was used to monitor 
the viscosity of SEC effluent at the exit of the SEC column. As 
liquid continuously flows through the capillary (but not through 
the pressure transducer), the detected pressure drop (ΔΡ) across 
the capillary provides the measure for the f l u i d viscosity (ή) 
according to the Poiseuille'

ΔΡ - k Q η (7) 

where Q = flow rate, k = capillary geometrical constant, 

k = 8L/JIR4 (8) 

with L « capillary length, and R = capillary inside radius. 
I n i t i a l testing of such a detector was encouraging mainly because 
of i t s capability to continuously detect and record the 
SEC-viscosity elution p r o f i l e . The detector f e l l short of being 
entirely successful due to unfavorable signal-to-noise problems. 
There have been other attempts atgthe SEC viscosity detector 
based on single capillary design. ' The performance of these 
viscometers, however, remains marginal because the pressure drop 
ΔΡ signal of a single capillary i s highly subjective to the 
unavoidable flow rate and temperature fluctuations. 

Attempts to compensate for flow rate fluctuation have been 
made by the use of multiple capillary tubes. Both Blair's 
and Haney's viscometers use a parallel bridge design of four 
capillaries. ' The desired f l u i d viscosity response i s detected 
by measuring the dif f e r e n t i a l pressure across the capillary 
bridge. Haney's design has led to a commercial capillary 
viscometer (Viscotek Corp., Porter, Texas). The device provides 
much superior sensitivity over the earlier single capillary 
designs. Flow rate and temperature fluctuations are largely 
eliminated to provide a very stable baseline. The size of the 
sample viscosity signal, as measured by the differential pressure 
across the capillary bridge, however, i s s t i l l highly affected by 
flow rate changes. The measured differential pressure i s 
directly proportional to the overall flow rate across the 
capillary bridge. The series capillary design of Abbott and Yau 
overcomes, the problem of flow rate dependency of the viscometer 
response. This latter viscometer design i s the subject of this 
paper. While this viscometer i s described herein, with reference 
particularly to polymer-solvent solutions, i t should be noted 
that the viscometer may be used with other type sample liquids as 
well. 
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( P o i s e u e l l ' s Law Δ Ρ « k7/ , k = 8QL /qjR«) 

F L 0 W IN CAPILLARY FLOW OUT 

Pi 

ΔΡ = Pi - Pu 

VARIABLE RELUCTANCE 
TRANSDUCER 

Figure 1. Differential Pressure Detection of Fluid Viscosity. 
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The Key Design Features 

The new viscometer design u t i l i z e s two sets of the capillary and 
pressure transducer assemblies like the one shown in Figure 1. 
The capillaries are connected in series as shown in Figure 2 for 
the stand-alone viscometer configuration. At the time the sample 
solution passes through the analytical capillary, the reference 
liquid or the carrier solvent continuously flows through the 
reference capillary. The di f f e r e n t i a l pressure signals from the 
two capillary-transducer systems are fed to a differential 
logarithmic amplifier. The diff e r e n t i a l logarithmic amplifier 
compares the input signals and gives the ratio between the 
analytical and the reference pressure drops ΔΡΑ/ΔΡ . The output 
of the log-amplifier gives the desired measure of the natural 
logarithm of the sample relative viscosity, that i s In η ,. 
Real time signal processing of the simultaneous pressure arops 
across the analytical and reference capillaries eliminate the 
effects of flow rate an
log-amplifier output signal
noise i s the key to the high sensitivity and the signal-to-noise 
performance of the present viscometer. The following i s a 
mathematical analysis of the differential log-amplifier output 
signal (s) of the viscometer with the series capillary design: 

S - In ΔΡ Α - In AP R 

= In (ΔΡ Α/ΔΡ Κ) 

- In (G Ak AQ AVG Rk RQ Rn o) 

where G i s the electronic gain, k i s the capillary geometrical 
constant as defined before in Equation 8, Q i s again the flow 
rate, ri i s the viscosity of the f l u i d in the analytical 
capillary, and n i s the solvent viscosity; the subscripts A and 
R refer to the analytical and the reference capillary, 
respectively. Under the usual solvent flow rate and viscosity 
conditions of SEC and viscometric measurements, the laminar flow 
requirement of the Poiseuille's equation (Eq. 8) i s easily 
satisfied. The solution flow through the measuring capillary 
usually does not exceed a Reynold's number of 100, far below the 
condition for the on-set of turbulence. Since the flow rates in 
two capillaries connected in series have to be the same, that i s 
Q. = QR, flow rate effects are cancelled out from Equation 9 to 
give trie flow rate independent signal: 

s = m ( G A k A v c y y y 

= In n r e l + In (G Ak A/G Rk R) (10) 

The second term in Equation 10 i s a zero offset factor for the 
desired viscometer signal of In ri 1 of the f i r s t term, where 
ï) r e l - VU as noted before. r e 
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STAND-ALONE VISCOMETER 

Figure 2 e Viscometer-Configuration 1. 
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By adjusting the gains of the ΔΡ signal electronically so as 
to match G.k and G_k , that i s ln(G.k /G_k ) = In 1 = 0 to give 
the d i r e c t A l f i n r e l Mdout: Α Α κ κ 

S - l n \ e l 

= n i n h χ c (11) 

And, at sufficient sample dilution, 

S = [ή] χ c (12) 
The electronic matching of the capillary performances can be 
easily accomplished by nulling the log-amplifier output when the 
viscometer pumps solvent through both the analytical and the 
reference capillaries, that i s when η = ft and l n = l n 1 = 0. 

The unique advantages of this new viscometer design include: 
(1) true ln η , readou
match the capillary flo
factors between the analytical and the reference capillary, (3) 
quick and convenient rematching of capillary performance i s 
easily done electronically to offset any long term d r i f t of the 
capillary resistance due to the polymer build-up on capillary 
walls or any response factor variations of the pressure 
transducers, (4) high accuracy over a wide dynamic range of 
0.0001 to about 5 in the relative viscosity units. On the other 
hand, the viscometer i s equally matched with the Viscotek 
viscometer in enjoying the following additional advantages: (1) 
high sensitivity of better than the 10 relative viscosity 
units, (2) due to the high sensitivity, single point [η] 
determination i s possible without the need of sample 
concentration extrapolation, (3) capillaries are of high 
length-to-diameter ratio and require no kinetic energy and 
end-effect corrections, (4) shear-rate can be controlled and 
varied to study the non-Newtonian behavior of a polymer solution 
or other neat l i q u i d samples, (5) easy adaptation to automation, 
(6) option to add a concentration detector to the batch 
viscometer to allow in- s i t u sample concentration monitoring. 

Configurations As a Stand-Alone Viscometer 

Figures 2 and 5 i l l u s t r a t e two different configurations of the 
viscometer that can be used in batch sample viscosity 
determinations. 

In the viscometer-configuration 1 shown in Figure 2, the 
reference capillary i s placed before the sample injection valve. 
Carrier solvent i s i n the reference capillary a l l the time. 
Sample solution i s introduced into the solvent flow stream from a 
sample loop via a sample injection valve. The solvent flow 
pushes the sample solution through the analytical capillary where 
the viscosity of the sample i s detected. The ΔΡ signal from each 
pressure transducer i s fed to a dif f e r e n t i a l logarithmic 
amplifier as shown in the Figure. The viscometer output i s the 
ln ft , signal of the sample solution. A pump i s used to 
circulate the solvent through the viscometer. The viscometer 
capillaries are immersed in a temperature controlled liquid bath 
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A concentration detector such as the d i f ferent ia l refractometer i s 
shown here connected in series with the cap i l lar i e s . The following 
components are typica l ly used in the viscometer: stainless steel 
capi l lar ies of 1/16-in. o .d. and 0.016 i n . i . d . X 8 i n . long, 2 ml. 
sample loop, Celesco pressure transducers of 1 psi rating, Valco 6 
port sample valve, Burr Brown Log 100 JP. type d i f ferent ia l log-
amplifier, VWR-1145 c irculat ion temperature bath (-15 to 1 5 0 ° C ) . 
Several l i q u i d chromatographic pumps have been used. A Du Pont 860 
pump was used to obtain the data reported in this work. 

In operation, the viscometer of Figure 2 w i l l generate two 
separate signal detector traces for recording. The d i f ferent ia l 
log-amplifier w i l l generate a viscosi ty (In h J trace while the 
concentration detector w i l l generate a concentration (c) trace. 
Both w i l l occur simultaneously and repeatedly from successive 
sample injections as shown in Figure 3 for a polystyrene sample. 
From the In η , and the c signals, the inherent v iscos i ty of the 
polymer sample can be calculated d irec t ly and accurately from the 
ratio of the signal amplitude
obvious that the use o
has the advantage of reducing operator errors in preparing sample 
solutions of desired concentrations. 

The flow rate independence of this viscometer has been 
demonstrated by intentionally varying the flow rate during the 
sample analyses. In Figure 4, the log-amplifier signal (In η , ) 
i s recorded at the top, the ΔΡ and ΔΡ signals are also recorded 
as the middle and the bottom traces respectively. The upsets in 
the bottom ΔΡ trace reflect the intentional flow rate variations 
manipulated by upsetting the pump flow rate control . Such flow 
rate upsets have greatly disturbed the ΔΡ. signal as wel l , 
especially at the top of the ΔΡ. response to an injected sample 
viscosi ty . The log-amplifier s ignal , however, i s not affected by 
the flow rate upsets. The integrity of the log-amplifier signal 
gives credence to the true In η , measurement of the viscometer. 

An alternative configuration for a batch viscometer i s shown 
in Figure 5. In this case, the reference capi l lary i s also placed 
downstream from the sample injection valve. A delay volume i s 
added between the analyt ical and the reference cap i l l ar i e s . The 
function of the delay volume i s to prevent sample solution reaching 
the reference capi l lary during the time that the sample viscosi ty 
i s being monitored in the analyt ical capi l lary . With the delay 
volume, the sample ΔΡ signal i s s t i l l referenced against the 
solvent ΔΡ signal to give the true In η , measurement for the 
sample. At the completion of the sample measurement, the 
viscometer w i l l reset i t s e l f as the sample solution flushes through 
the reference capi l lary . This viscometer-configuration 2 i s shown 
in Figure 5 with an optional UV concentration detector connected in 
the para l le l arrangement. In operation, the viscometer in Figure 5 
w i l l generate the dual trace viscosi ty and concentration signals 
shown in Figure 6 for a polyethylene-terephthalate sample. The 
flushing of the delay volume can be monitored by the returning of 
the negative log-amplifier signal back to baseline. Compared to 
the ear l ier viscometer configuration of no delay volume, this 
viscometer configuration offers a better signal-to-noise 
performance, however, at the cost of longer sample analysis time 
due to the additional time required to flush out the delay volume. 
A coiled large i . d . tubing of about 4 to 6 ml volume i s typ ica l ly 
used as the viscometer delay volume. 
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PRECISION OF STAND-ALONE VISCOMETER 

PS-17 .5K MW in THF 
h ] - 0.135 d l / g . 1% Cone. 
1.0 ml/min. Flowrate 

, n 7 ? r e l v 

J 1 I I L 
Time (minutes) — -

Figure 3 e P r e c i s i o n of the D i f f e r e n t i a l Pressure Viscometer. 
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Figure 4 0 Flow r a t e Independent Viscometer Response. 
Sample: po l y s t y r e n e 17500 MW 
Solvent: THF, co n c e n t r a t i o n : 1%. 
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STAND-ALONE VISCOMETER 

89 

<Poi*«uel i '» Law: Δ Ρ - kQ7/ , k - 8L ) 

Figure 5 « Viscometer-Configuration 2. 
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Due to the high sensitivity of the viscometer, accurate 
readings of viscosity responses can be made with sample values 
much less than 1.1. Therefore, sample solutions of very low 
concentration can be analyzed in the viscometer to produce a single 
point in t r i n s i c viscosity determination without the need of 
concentration extrapolation. As shown in Figure 7 for a 
polystyrene sample, any Y\. , determination at the r i - , value of 
much less than 1.1 gives jbPactically the int r i n s i c viscosity of the 
sample. The approximation can be made even better by calculating 
the sample i n t r i n s i c viscosity from the Solomon-Gatesman equation: 

[Vl] = l i m 7 2 ( n r e l - l - l n n r e l ) / c (13) 
c-X) 

Configurations as a SEC Detector 

Figures 8 and 10 il l u s t r a t
viscometer used as an on-lin

In the detector-configuration 1 shown in Figure 8, a SEC 
column set i s placed between the sample injection valve and the 
analytical capillary of the viscometer. A large depository column 
has been added between the analytical and the reference capillary. 
The SEC concentration detector such as the differential refrac-
tometer (R.I.) i s shown here connected in the series arrangement 
following directly after the analytical capillary. Typically, a 
large low pressure column of about 300 ml volume f i l l e d with large 
packing beads can be used as the depository column. 

In operation, the SEC detector of Figure 8 w i l l generate 
both the viscosity (In η .) and the concentration traces for 
recording the SEC elutiofi ecurve profile. The polymer bands eluting 
from the SEC column and the analytical capillary w i l l be dras­
t i c a l l y diluted in concentration when they f i n a l l y emerge from the 
depository column and reach the reference capillary. For a l l 
practical purposes, the pressure drop across the reference 
capillary w i l l be responding to the solvent viscosity and any flow 
rate changes, while the pressure drop of the analytical capillary 
w i l l respond to the viscosity of the eluting polymer bands as well 
as any flow rate changes. Some build-up of polymer concentration 
in the depository column w i l l occur after many sample analyses in 
close time intervals. Flushing out the depository column may be 
necessary at times. This can be done for example by the continuous 
pumping of solvent through the system overnight. 

The flow rate independence of the new SEC viscosity detector 
design has been demonstrated by intentionally working with a very 
large pump flow rate noise as shown in Figure 9. The noisy pump 
response was created when two of the three pistons of a Du Pont 860 
pump were made inoperative, leaving only a single reciprocating 
piston to do the pumping. The Figure shows the ΔΡ and the ΔΡ 
signals at two flow rate levels, while the SEC elution peaks are 
barely v i s i b l e in the noisy ΔΡ signal at the top trace, they are, 
however, clearly detected in tne log-amplifier signal shown at the 
bottom of the Figure. This i s the result of the very effective 
cancellation of pump noise by the log-amplifier in the present 
viscometer design. Another thing to notice i s the size of the 
elution peaks in the log-amplifier trace. The fact that the size 
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STAND-ALONE VISCOMETER RESULT 
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Figure 6. Typical Viscometer Output Signal Traces. 
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Figure 7. Single Point Intrinsic Capability of the Viscometer 
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D I F F E R E N T I A L PRESSURE CAPILLARY VISCOMETER AS AN I N - L I N E 
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Figure 8 C SEC Detector-Configuration 1. 
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Figure 9o Flow Rate-Independent SEC-Viscosity Detection 
Sample: polystyrene mixture (1.8M + 100K + 9K) 
Solvent: THF, Concentration: 0.08% 
2X Du Pont PSM-Bimodal columns 100 μΐ sample loop. 
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of the elution peaks remain the same at two flow rate levels i s 
indicative of the viscosity detector providing the true viscosity 
information of the polymer sample. Typically, with an average good 
working LC pump, the SEC viscosity elution curves can be obtained 
with very l i t t l e baseline noise, much better than the noise shown 
here. The usual SEC Sample loop size of 25 or 50 μΐ i s normally 
adequate for the SEC viscosity analyses as well. 

An alternative configuration for a SEC viscosity detector i s 
shown in Figure 10. The depository column in the Figure 8 detector 
is replaced here by a considerably smaller delay volume. The delay 
volume element i s nothing more than a coiled large i.d. tubing 
connecting the analytical and the reference capillary. The delay 
volume should be sufficiently large so that, when the separated 
polymer bands are eluting through the analytical capillary, only 
pure solvent i s present in the reference capillary at the time. 
Typically, a delay volume of about 10 ml i s sufficient for SEC 
systems where a set of two high performance SEC columns are used. 
The viscosity detector i
tration detector connecte
operations, this viscosity detector w i l l reset i t s e l f as the 
eluting polymer bands completely sweeps through the delay volume. 
Compared to the earlier detector configuration, this detector 
configuration offers a better signal-to-noise performance. The 
self-cleaning and reset feature i s a considerable advantage. 
However, additional time i s required with this detector 
configuration to flush out the delay volume after every sample. 

Figure 11 ill u s t r a t e s an SEC separation of a sample of 
3-component polystyrene mixture with the dual concentration and 
viscosity detectors of Figure 10. The top trace shows the 
concentration elution profile of the SEC separation as detected by 
a UV-photometer. The bottom trace records the same SEC separation, 
except with the viscometer signal from the log-amplifier output. 
The viscometer response i s highly noise free and i s shown here, as 
expected, being highly biased in favoring the detection of the 
early eluting high MW component. The last elution peak occurring 
before the flushing of the delay volume i s caused by the impurity 
in the sample preparation. When the polymer sample i s flushing 
through the delay volume and the reference capillary, a negative 
log-amplifier signal results as shown in the Figure. The flushing 
of the delay volume can be watched through the log-amplifier 
signal. 

The high viscosity of some high MW samples i s known to cause 
flow rate upsets as the sample passes through the SEC column f r i t s . 
Such flow rate upsets often occur at the time of elution of the 
sample. While the flow rate upsets like this are l i k e l y to cause 
viscosity detection errors in most other SEC viscosity detectors, 
the signal of the present viscosity detector, however, w i l l remain 
true, and unaffected by the high sample viscosity problem. 

Placement of the reference capillary ahead of the SEC columns 
and the sample injection value i s not an acceptable configuration 
for an SEC viscosity detector. Being at the high back pressure 
location, the flow rate noise sensed by the reference capillary 
would be out of phase with that sensed by the downstream analytical 
capillary. The compressibility of the column liq u i d volume under 
high pressure acts as an hydraulic capacitance causing the phase 
shifts of the flow noise between the two capillaries. The result 
i s incomplete cancellation of flow rate fluctuations. 
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DIFFERENTIAL PRESSURE CAPILLARY VISCOMETER AS AN IN-LINE 
yiSCTSITY DETECTOR. 
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Figure 10. SEC Detector-Configuration 2. 
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DUAL GPC CONCENTRATION & VISCOSITY TRACES 

DuPont Bimodal PSM Columns 
Polystyrene Mixture in THF 
P S - M W : 1.8M + 100K + 9K 
Flowrate«1.5ml/min. 

Impurity 

UV CONC. 

Inject 

< t o ] - c ) 

h—2 min.-^ 

2 3 4 5 6 7 
Time (minute) « 

10 11 12 

Figure 11. Typical SEC-Viscosity Analysis. 
Sample: polystyrene mixture (1.8M + 100K + 9K) 
solvent: THF, Concentration: 0.25% overall, mixture 
ratio =1:2:3. 2X Du Pont PSM-Bimodal columns 25 μλ 
sample loop, flow rate -1.5 ml/mm. 
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SEC-MW and Universal Calibration 

SEC i s commonly known as a molecular-weight-distribution (MWD) 
technique. S t r i c t l y speaking, however, this i s not quite true. 
SEC separates polymer molecules only according to their sizes 
rather than their MW. One finds that the SEC-MW calibration curves 
using the same column set can be quite different for different 
polymer-solvent systems, such as shown in Figure 12 . Direct SEC-MW 
calibration i s only possible when there are known MW standards 
available of the sample polymer type. This i s only possible for a 
very limited number of polymer types shown in the Figure. For the 
majority of experimental polymers absolute GPC-MW calibration i s 
simply impossible due to the lack of narrow MW standards. 

One solution to the problem i s by way of the universal 
calibration approach suggested by Benoit . Since SEC separations 
are based mainly on the hydrodynamic volume of the polymer 
molecules, there should exist a universal SEC calibration curve 
when hydrodynamic volume
plot. According to th

Polymer hydrodynamic Volume = [ Ϊ Ί ] Μ (14) 

Therefore, the method of universal calibration would mean that a 
plot of the logarithm of [η]Μ versus SEC elution volume V would 
behave like a master calibration plot that i s unique for a 
particular SEC column set. Through the years, there have been 
numerous results published in support of the universal calibration 
practice in SEC. This i s indeed true as illustrated by our data 
shown in Figures 12 , 13 and 14 . The very different MW and [η] 
calibration curves of the four different polymer types shown in 
Figures 12 and 13 a l l converge to a single universal calibration 
curve based on the product of M [Y\] in Figure 14 . 

As illustrated in Figure 15 , the search for the MW calibration 
of an unknown polymer from the universal calibration curve requires 
an on-line SEC viscosity detector. Since narrow MW standards are 
not available for most commercial and experimental polymer samples, 
the determination of the polymer [η] calibration would not be 
possible without an on-line SEC viscosity detector. Once the [ii] 
calibration for the unknown polymer i s established, the polymer MW 
calibration can then be deduced from the universal calibration 
curve as indicated by the approaches shown in Figure 1 5 . 

SEC-[n.] Calibration and Column Dispersion 

The concentration of the polymer sample eluting from SEC column i s 
sufficiently dilute that the recorded log-amplifier signal closely 
approximates the product [rï]xc, in accord with Equation 12 . 
Therefore, the [ii] value of the sample components can be determined 
by calculating the ratio between the viscosity and the 
concentration detector signals. This direct approach to [ri] 
calibration i s illustrated in Figure 16 , for two polystyrene 
samples: one i s a broad MWD sample, the other i s a mixture of 
three narrow standards. However, this [ΓΊ] calibration requires 
proper compensation for the effect of column dispersion and 
instrumental band-broadening. As shown in Figure 17 , one finds the 
viscosity calibration resulting from a broad MWD sample normally 
t i l t s away from the true calibration curve. The extent of this 
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SEC MOLECULAR WEIGHT-RETENTION VOLUME 
CALIBRATION 

(Dupont Zorbax-PSM Tr imodal Columns) 

LOG M (G/MOL) 
7r 

POLYSTYRENE 

POLY (PMMA) 

POLY (ISOPRENE) 

6 6.5 7 7.5 8 8.5 9 
RETENTION VOLUME, ML. 

Figure 12. Peak Position SEC-MW calibration 

SEC INTRINSIC VISCOSITY-RETENTION VOLUME 
CALIBRATION 

(Dupont Zorbax-PSM Tr imodal columns) 

LOG [t[] (dl/g) 
i . 5 r POLYSTYRENE 

POLY (PMMA) 

POLY (ISOPRENE) 

MOBILE PHASE- THF 
FLOWRATE- 1.0 ML/MIN. 
COLUMNS- 25 X 0.62 CM, 

-1.5 1 ' 1 ' ' ' « · ' ' ' ' ' 
β 6.5 7 7.5 8 8.5 9 

RETENTION VOLUME. ML. 

ure 13 ο Peak Position, SEC-Viscosity Calibration 
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(Dupont Zorbax-PSM T r imoda l Columns) 

L 0 S M l t ( ] POLYSTYRENE 
7.5r 

2.5 I . 1 . 1 . 1 . 1 . 1 . 1 
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Figure 14. Universal SEC calibration. 

Figure 15. MW Calibration Via Universal SEC Calibration. 
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D I F F E R E N T I A L P R E S S U R E C A P I L L A R Y V I S C O M E T E R - G P C A P P L I C A T I O N 

P O L Y S Y R E N E S A M P L E S I N T H F 

4 D U P O N T T R I M O D A L P S M C O L U M N S 

N A R R O W MW S T A N D A R D S B R O A D MWD S A M P L E 

9 0 0 K 1 1 0 K 9 K 

* R E T E N T I O N T I M E ( M I N . ) 

Figure 16. Typical SEC-Viscosity Analyses. 
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DIRECT GPC-[^CALIBRATION VIA ON-LINE VISCOMETER 

0.01 - ET= 3.25 χ 1 0 ' 5 d l / g 

E 2 = 1.276 M L " 1 

Two DuPont Trimodal Columns 

~λ5 9 ïoTë 12 
Retention Vol. V R M L -

Figure 17. Direct SEC-[ï)] Calibration Via Viscosity Detector. 
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calibration curve mismatch i s dependent on the-extent of SEC column 
dispersion and the breadth of the sample MWD. ' This effect of 
column dispersion on [r\] cal ibrat ion could lead to serious errors 
in the SEC-MWD analysis using the universal cal ibrat ion approach. 
Attempts have been made in our SEC-viscosity computer program to 
properly account for the SEC column dispersion effects. This , 
however, i s another subject matter outside the scope of this paper. 

Discussions 

The preferred viscometer configuration for sens i t iv i ty and 
convenience i s the design that uses the delay volume (Figure 5 and 
10). This viscometer design has the unique advantage of being 
equally applicable as a batch viscometer as well as an SEC 
viscosity detector. Conversion between a viscometer or a detector 
involves the simple steps of changing to a different size sample 
loop and delay volume tubing. The viscometer hydraulic plumbing 
can be also easi ly modifie
sample viscosi ty and shear-rat

The advent of new l ight scattering, v iscosi ty , density, and 
photodiode detectors becoming available commercially could add a 
new dimension to SEC for studying polymer branching and copolymer 
composition problems. Proper computer software to treat the SEC 
analyses using multiple detectors i s as important as the detector 
hardware development i t s e l f . SEC is a highly reproducible 
technique. The quantative aspects of the technique can be greatly 
expanded with the help of additional detectors and supporting 
software. 
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Herein are reported some finding
automatic viscometer, in parallel with a differential refractometer, as a detector 
system for SEC. A universal calibration is required for the instrument and two 
methods of construction are applicable. The first is the customary peak-position 
calibration using polymer standards of narrow molecular-weight distribution and 
the second uses a single broad standard of known Mw and Mn. The two types of 
calibration are shown to give nearly-identical values of molecular weight when 
used to process chromatograms obtained from various linear humopolymer 
standards of varying chemical composition. These values compare favourably 
with those quoted by the suppliers of the polymer standards. One of the more 
powerful features of this instrumentation, namely its potential for estimating 
accurate molecular weights of branched polymers, is demonstrated by analysis of 
a series of branched polyvinylacetates prepared by a conventional bulk, free-
radical polymerisation procedure. The calculation of the degree of chain 
branching is discussed. Another particular feature of the viscometer detector, its 
ability to indicate the presence of low concentrations of high-molecular-weight 
impurity in polymer samples, is also shown. 

Since its discovery in 1959 (1) and first application to synthetic organic polymers in 1964 
(2), SEC has become the most widely used technique for routine characterisation of 
polymer molecular weights (MW) and molecular-weight distributions (MWD), as attested 

3Correspondence should be addressed to this author. 
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by the volume of publications which have appeared over the last twenty years. The basic 
technique and applications are well covered in books and reviews, eg. refs. 3-5. The major 
advantages of S E C over classical techniques (light scattering, osmometry, 
ultracentrifugation) are speed, simplicity of operation and reproducibility. A major 
drawback, however, in the case where a single detector (commonly a differential 
refractometer, DRI) is used to monitor column effluent, is the need for a calibration of the 
instrument, which reduces SEC to a secondary technique of polymer characterisation. 
Despite considerable experimental drawbacks and high costs, the idea of continuously 
monitoring the MW of the effluent as well as the concentration has proven attractive and 
powerful instrumentation has appeared over the past decade. Use of both an MW and a 
concentration detector in tandem provides data that can be used to make absolute MW 
calibrations. 

The two techniques which have so far been applied to MW detection in SEC are 
low angle laser light scattering photometry (LALLSP) and viscometry (VISC). The 
earliest flow-through, light-scattering sample cell using a laser light source was described 
in 1966 by Cantow et al. (6). Pioneering work on a more useable system was done in the 
mid seventies by Ouano et al
reliable instrument, the KMX-
Corporation. The earliest VISC detectors (8-10) i  use sampled effluent discontinuously 
by successively charging a series of Ubbelohde-type viscometers The first instrument 
which continuously measured viscosity, by monitoring the pressure drop across a 
capillary containing the column effluent, was described by Ouano (11) in 1972. The main 
problem with this design was a noisy signal due to extreme sensitivity of the pressure 
transducer in the flow cell to variations in solvent flow rate. Only recently has this 
problem been overcome. The Viscotek Model 100 instrument, which is a capillary-bridge 
viscometer, became commercialised in 1985 (12-14) and has a much improved signal-to-
noise ratio. The purpose of the present work was an evaluation of this instrument. To 
this end a universal (hydrodynamic-volume) calibration (15) for our SEC system was 
constructed using well-characterised, narrow-as well as broad-MWD polystryrene (PS) 
and polymethylmethacrylate (PMMA) standards from commercial sources. The 
customary method for constructing a universal calibration is to determine MWs and 
intrinsic viscosities, [η], for the polymers in question, analyze them on a suitable SEC 
system to obtain their retention volumes, V R , then plot V R against log [η]Μ. Separate 
determination of [η] is not necessary when the Viscotek detector is employed in tandem 
with a suitable concentration detector, in our case a DRI. The Viscotek continuously 
monitors the pressure drop across a capillary tube which is proportional to the specific 
viscosity, q s p , of the fluid flowing through it. Since the approximation 

is valid at the low polymer concentrations in SEC effluents and since we know c from the 
DRI detector response, then for any volume increment Δ Υ in a chromatogram. 

We can thus obtain [η] for a slice of the chromatogram as narrow as we wish, or for the 
whole polymer. The only information required independently of our SEC system is the 
molecular weights of our calibration standards. This represents a significant advance 
over the previous situation in which [η] had either to be determined in a separate 
experiment or through use of the Mark-Houwink parameters, Κ and a, if available from 
the literature. 

Having obtained a suitable calibration for our system, the next step was to 
chromatograph a number of polymers of different chemical types having known MWs, 
namely polyvinylchloride (PVC), polysulphone, broad-MWD P M M A and both linear and 

n s p = [η] c (1) 

[η] (ΔΥ) = q s p (AV)/c(AV) (2) 
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branched polyvinylacetates (PVAc), on the VISC/DRI system, to compare the absolute 
MWs with those calculated from the instrumental data. Finally, some experiments were 
performed which demonstrate the utility of the VISC in detecting small amounts of high 
MW "impurity" in polymer samples. 

Experimental 

The majority of polymer samples examined in this work were of commercial origin. The 
suppliers' MW data were assumed to be accurate. Data pertaining to these polymers are 
given in Table 1. 

Some PVAc samples examined in this study were synthesised in our laboratories 
at McMaster by a method which had been previously shown to yield products with 
extensive long-chain branching (LCB) (16). Freshly-distilled vinyl acetate monomer, to 
which was added 2,2'-azobis (2-methylpropionitrile) (AIBN) initiator at 1.02 X 1 0 - 4 mol. 
dm-3, was pipetted into glass ampoules. These were plunged into liquid N 2 to freeze the 
monomer, attached to a vacuum line and evacuated for approx. 15 seconds, then sealed 
using a torch. Polymerisatio
100 ± 1°C. Six sets of ampoule
seconds reaction time in the hop g polyme  sample  varying
degrees of branching In each case the ampoules were quenched in liquid nitrogen then 
broken open and a small quantity of 1-4-dioxane added to dissolve the polymer. After 
dissolution was complete, which took up to two days under ambient conditions, diethyl 
ether was added to the polymer solution in a flask immersed in iced water to bring about 
precipitation of the polymer. The product was finally melt evacuated at 130°C under high 
vacuum to constant weight. 

An absolute value of M w for each of these branched PVAcs was obtained from 
light-scattering measurements. In each case five polymer solutions were made up in 
tetrahydrofuran (THF) solvent and a Chromatix K M X - 6 L A L L S P instrument was 
employed to measure the intensity of light scattered from these solutions at 7° to the 
incident laser beam. A Chromatix KMX-16 laser differential refractometer was used to 
determine the refractive index increments, dn/dc, of the polymer solutions under ambient 
conditions. 

Values of 0.0455 and 0.0528 cm3 g-1 were obtained respectively for the samples of 
lowest (900s) and highest (6300s) conversions. These are close to the value of 0.05 
obtained for the same system by Atkinson and Dietz (17) who examined linear PVAcs, 
albeit using polarised light of wavelength λ = 546 nm as opposed to our laser light source 
of λ = 633 nm. Atkinson and Dietz also reported no significant variation of dn/dc with 
molar mass in the range 3X 10 4 -1.5 Χ 105 g m o l - 1 , so it was decided to use the value 
0.05 cm3 g-1 in each of our customary plots of Kc/Re against c to obtain M w . 

In order to demonstrate whether or not the PVAcs we had synthesised were 
branched it was decided to perform some measurements using an SEC instrument with a 
single DRI detector. The instrumentation comprised a Waters Associates ALC-150 
automated liquid chromatograph fitted with five Toyo Soda H Gel columns designated 
1000, 2500, 3000, 4000 and 6000. T H F was pumped at 1.0 cnvVmin through the system 
which was kept at 30°C. The columns were calibrated with a kit of ten narrow-MWD 
linear PS standards from the Toyo Soda Co. Our PVAcs were then chromatographed on 
the same instrument (sample concentrations = 1 mg/ml). The Mark-Houwink constants 
for linear polystyrene in T H F at 25°C (15), K i = 1.50 X 10 -2 cm3 g - l . a i = 0.70 and for 
linear PVAc in T H F at 35°C (17), K 2 = 1.56 X 10 -2 cm3 g - i , a 2 = 0.708 were employed 
to obtain estimates of MW for our PVAcs based on their peak retention volumes. This was 
performed assuming validity of the universal ([η]Μ) calibration procedure, ie. at any V R 

[ηΐΐ M i = [ η ] 2 Μ 2 (3) 
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T A B L E 1 
Data Pertaining to Linear Polymers of Commercial Origin Used in This Study 

Sample Supplier M w M n c* 
Identification and Lot number /103gmol-i /103gmol-l mg/ml 

PS Narrow 2070 PC-61222 2.07 1.79 1.73 
3970 PC-61110 3.97 3.57 1.69 

M 8770 PC-80314 8.77 — 1.71 
• 1 18100 PC-41220 18.1 15.1 1.66 

46500 PC-30908 46.5 46.3 0.81 
• 1 114K G Y - S - 8 114 108 0.33 
• 1 168K PC-30126 168 164 0.42 
It 262K PC-50124 262 258 0.47 
II 402K PC-00507 402 395 0.32 
II 599K PC-3012 0.42 
II 940K PC-8032
II 1560K PC-5032
" 1894K PC-50724 1894 1790 0.36 
II 2817K W A - 1 4 B 2817 2300 0.34 

PS Broad Dow 1683 Dow 1683 250 100 2.29 
II 321K SPP 321 84.6 2.60 

P M M A Narrow 7670 P C - P M 5 - 1 8.01 6.96 2.0 
II 27K P C - P M 5 - 2 27.0 24.3 0.46 
• 1 49K P C - P M 5 - 3 49.0 40.0 0.81 
• I 107K P C - P M 5 - 5 107 107 0.54 
• 1 240K P C - P M 3 - 5 240 266 0.30 
II 330K P C - P M 5 - 9 330 295 0.63 
II 400K P C - P M 5 - 1 0 400 360 0.22 
II 840K P C - P M 5 - 1 2 840 750 0.30 

P M M A Broad 33K P S - 0 6 33.3 13.7 2.62 
II 93K P S - 0 9 93.3 46.4 1.54 

490K P S - 0 8 490 119.2 1.59 
II 699K PS-16215 699 213 0.49 

Polysulphone SPP -01 67.0 20.4 3.25 
P V C 77K S P P - 0 2 77.3 39.6 1.47 

122K S P P - 0 3 122 57.3 1.85 
II 193K S P P - 0 4 194 86.3 1.67 

PVAc 125K S P P - 0 5 125 52.7 2.75 
II 195K S P P - 0 6 195 63.6 2.06 
II 237K S P P - 0 7 237 89.9 2.01 

Note: 
c* denotes concentration of sample injected into VISC/DRI SEC system. 
Suppliers: 
PC denotes Pressure Chemical Co., Pittsburgh, Pa. 
G Y denotes Goodyear Tyre and Rubber Co., Akron, Oh. 
WA denotes Waters Associates, Milford, Ma. 
PS denotes Polysciences, Warrington, Pa 
SPP denotes Scientific Polymer Products, Ontario, Ν.Y. 
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log M 2 = log (K! /K 2 ) + (iai + 1) log Mi) / (a 2 + 1) (4) 

The instrument which formed the basis of this investigation, an SEC with a dual 
VISC/DRI detector system, is now briefly described, together with basic operational 
information. Degassed U V grade T H F was pumped through the system at 1.5 cm 3/min by 
a Waters Associates Model 6000 A pump. Two Modchrom mixed-bed columns, each 7.8 
mm X 30 cm, packed with porous particles of nominal diameter 5 pm (similar to μ-
Styragel), were maintained at 50°C in a Waters T C M column oven. Samples were applied 
by means of a Rheodyne 7125 six-port injector equipped with a 100 μΐ sample loop. The 
two detectors, fitted in parallel, were a Knauer L E D (DRI), operating at 21-22°C and a 
Viscotek Model 100 (VISC) operating at 30°C. Data acquisition and analysis were 
performed on an IBM PC/XT computer using an A S Y S T - U N I C A L 2.04 software system 
as supplied with the Viscotek instrument. 

The experimental plan for this SEC system was as follows. First, calibration was 
achieved using a single broad standard PS of known M n , M w and [η] ie. Dow 1683. 
Knowledge of [η] allows one to set the instrument parameters for the VISC, the most 
important being the differentia
accomplished by setting an initia
calibration using the Dow 1683 chromatograms by supplying the known values of M w and 
M n . The same chromatogram was then analysed using the newly-established calibration 
to give back M w , M n and [η]. This latter step was repeated as often as necessary, each 
time entering a modified value of DPT sensitivity, until the correct value of [η] was 
obtained. (N.B in our work the optimum value of DPT sens, was 1.30. This gave [η] = 
0.841 dl/g which is exactly the value quoted by the supplier). Next, peak-position 
calibrations were established using linear, narrow-MWD PS and P M M A standards. A 
comparison of the broad PS, narrow PS and narrow P M M A calibrations was then made by 
comparing values of MW calculated using each one from chromatograms of selected 
known samples. 

Secondly, a series of linear, well-characterised polymers (PVCs, PMMAs, PVAcs 
and polysulphone) were analyzed and their MWs by SEC compared with those quoted by 
the supplier. 

Thirdly, we examined the branched PVAcs, mentioned earlier. A comparison was 
made of the three sets of MW data calculated from the L A L L S , the SEC-DRI system and 
the SEC-dual VISC/DRI system. 

Finally, we sought to demonstrate the efficiency of the VISC detector in 
measuring small quantities of high-MW impurities in polymer samples. This was done by 
analyzing solutions of the three PS blends made from PS Narrow 2817 Κ and PS Narrow 
168 Κ with small, successively increasing weight fractions of the former. 

Results and Discussion 

a) Calibration. Figure 1 shows the (linear ) calibration established using the Dow 1683 
broad PS standard. Figure 2 shows the calibration established using 14 narrow-MWD PS 
standards together on the same plot with data for the 8 narrow-MWD P M M A s . In 
constructing these two calibrations, values of [η] and peak V R were determined by the 
instrument. The MWs chosen were M w s , from the suppliers (Table 1). Clearly the P M M A 
data fit very well on the PS curve in fig. 2, which is intuitively satisfying. 

Table 2 gives a comparison of the values of M w and M n calculated from the 
VISC/DRI chromatrograms of three standards using the three calibrations described 
above. The two PS calibrations in particular give excellent agreement with the Dow 1683 
data. M w values are within 10% of those quoted for both PS 321K and P M M A 33K 
although the M n values are in somewhat greater disagreement. This discrepancy is 
discussed later. 
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11.0 13.

Figure 1 Universal calibration curve established using a single broad-MWD PS 
standard of known M w and Mn. 

10.0 14.0 18.0 22.0 26.0 
V R/cm 3 

Figure 2 Universal calibration curves established using a series of narrow-MWD PS 
and PMMA standards. 
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T A B L E 2 

Comparison of MW Data from Supplies with Those Calculated from 
the Three Types of Calibration Established for the VSIC/DRI SEC 

Sample M w M n Calibration 
/103gmol-i /103gmol-l 

Dow 1683 251.9 101.3 PS broad 
broad 248.5 97.8 PS narrow 
standard 247.0 118.4 P M M A narrow 

(250.0) (100.0) (Suppliers' value) 

PS 321K 295.6 111.3 PS broad 
broad 332.1 128.1 PS narrow 
standard 301.2 129.4 P M M A narrow 

(321.0) 

P M M A 33K 36.8 15.7 PS broad 
narrow 36.7 19.3 PS narrow 
standard 38.0 20.9 P M M A narrow 

(33.3) (13.7) (Suppliers' value) 

Figure 3 is illustrative of the type of errors which could be incurred if one 
attempted to use a single narrow-MWD standard to calibrate an SEC instrument. Fig. 
3(a) is an intrinsic-viscosity plot calculated from the DRI and VISC responses for PS 
Narrow 114K. Plotted on the same graph is a portion of the [η] versus V R curve 
constructed from the [η] and peak V R values of the narrow-MWD PS standards given by 
the VISC/DRI system, which we call the "ideal" curve (see fig. 4). Fig. 3(b) is a similar 
plot for PS Narrow 940K. Although the value of [ηΐ around the peak V R is close to the 
ideal value, departure from ideality occurs very rapidly as one moves away from the peak 
in both cases. This is a result of peak-broadening effects which are most marked for 
narrow-MWD polymers. Even though the chromatograms were corrected for broadening, 
an entirely satisfactory algorithm for dispersion correction has yet to be devised owing to 
the complexity of the transport phenomena within S E C columns giving rise to the 
broadened peaks. Fig. 3(c) is the intrinsic-viscosity plot for the Dow 1683 broad PS 
standard. The curve is the actual plot and the data points are taken from the "ideal" 
curve. Agreement between the two sets of data is very good, which is validification of the 
single-broad-standard calibration method. Owing to the actual width of the MWD in such 
standards, the errors incurred in applying peak-broadening corrections are relatively 
much smaller than is the case for narrow-MWD polymers. 

b) Linear Polymer Standards. The suppliers' values of M w and M n for linear P V C , 
P M M A , PVAc and polysulphone samples are given in Table 3, together with those 
calculated from VISC/DRI chromatographic data using the narrow PS calibration. Once 
again the calculated M w values are generally in very good agreement with the quoted 
ones, whilst the M n values are somewhat at variance. There are two possible reasons for 
the latter. One is the reliability of the quoted M n values. Some of these were themselves 
calculated from other SEC data with the concomitant pitfalls. The second and possibly 
more important factor is the fact that the current Viscotek-supplied software uses 
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0.500 h 

10.6 10.8 H O * 11.2 11.4 
VR/cm3 

Figure 3 Intrinsic-viscosity plots for the polystyrene standards a) PS Narrow 114K, 
b) PS Narrow 940K and c) Dow 1683 (broad). 
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constant values of σ (the Gaussian broadening parameter) and τ (the skewing factor) in 
correcting peaks for broadening. It is well known (see, eg. ref. 4), however, that these 
parameters do vary with V R . This is illustrated in figure 5 for our SEC system where 
values of σ and τ, as calculated from the VISC/DRI chromatograms, for eleven of the 
narrow PS standards are plotted as a function of peak V R . The peak-broadening 
correction routine in the A S Y S T - U N I C A L 2.04 software accepts only a single value of 
either of these parameters and recommends the use of those obtained from the narrowest 
standard; in our case PS Narrow 262K. 

T A B L E 3 

Comparison of MW Data from Suppliers with Those Calculated from the Narrow-PS 
Calibration for Linear PVCs, PMMAs, PVAcs and Polysulphone 

Sample M w /103gmol-l Mn/103 gmol - 1 

P V C 77K 
122K 82 (122) 45 (57) 
193K 175 (193) 81 (86) 

P M M A 33K 37 (33) 19 (14) 
93K 102 (93) 65 (46) 

490K 521 (490) 233 (119) 
699K 695 (699) 264 (213) 

PVAc 124K 125 (124) 51 (64) 
194K 218 (194) 91 (53) 
237K 242 (237) 72 (90) 

Polysulphone 67 (67) 32 (20) 

Figures in brackets refer to suppliers' quoted values. 

c) Branched PVAcs. Table 4 gives the values of M w for the six samples calculated from 
the L A L L S P data, the Waters ALC-150 chromatographic data (using Mark-Houwink 
parameters for linear PS and linear PVAc) and from the VISC/DRI SEC system. 
Considering the L A L L S P data alone the increase in M w with conversion is in accord with 
previously-published data (16,18) and is bound up with the kinetics of bulk, free-radical 
VAc polymerisation (18). Comparison of the M p values (MWs calculated at the peak V R ) 
from the ALC-150 instrument with the M w s from L A L L S P shows a consistent, sizeable 
underestimate in each case for the chromatographic data. That the use of Mark-Houwink 
constants for linear PVAc gives rise to such underestimates is good evidence that the 
polymers are in fact branched. Branched polymers have more compact conformations and 
hence lower intrinsic viscosities than their linear analogues. Substitution of a value of 
[nj2 which assumes linearity in equation 3 will then lead to too low a value of M 2 if the 
polymer happens to be branched. The values of M w calculated from the VISC/DRI data, 
where [η] is measured directly for each whole-polymer sample, branched or unbranched, 
compare much more favourably with the L A L L S P values. 
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PS NARROW 2819 K 

PS NARROW 2070^ 

Figure 4 "Ideal" intrinsic viscosity vs. peak V R plot, constructed from narrow-MWD 
PS standard data. 

0.3 

cm 3 

0.2 

12.5 
VR /cm 3 

17.5 

Figure 5 The variation of the peak-broadening parameters, σ and x, against V R for 
eleven narrow-MWD PS standards. 
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T A B L E 4 

Value of M w for branched PVAcs calculated using one absolute technique (LALLSP) and 
two SEC instruments (DRI and dual VISC/DRI) 

MWs/103gmol-i 

PVAc 
Identification M p (Waters A(C - 150) M W ( L A L L S P ) M w (VISC/DRI) 

900 270 (-18%) 328 402 ( + 23%) 
1900 270 (-34%) 411 434 ( + 1%) 
3600 279 (-31%) 406 422 ( + 4%) 
4500 279 (-42%) 482 436 (-10%) 
5400 321 (-33%) 479 456 (-4%) 
6300 396 (-37%) 628 539 (-14%) 

Percentages in brackets refe  discrepancy  chromatographi
(LALLSP) M w d a t a . 

No attempt was made to calculate actual degrees of branching for those PVAcs in 
the present work. The computational scheme for so doing is quite straightforward, but 
the exact meaning of such estimates is open to question owing to the many assumptions, 
valid and invalid, required to derive a quantitative estimate of branching from SEC and 
viscometric data. 

The experimental quantity from which information concerning branching is 
derived is g', the ratio of intrinsic viscosities of branched (subscript br) and linear 
(subscript 1) isomers; 

g, = Wbr/[n]i (5) 

We need further to infer from g' an estimate of g 0 the ratio of unperturbed radii of 
branched and linear isomers: 

g = < r 2 >}KI < r 2 >f <6) 
o g br g 1 

Relations between g' and g 0 are semi empirical and approximate (19,20). It is 
assumed that g' is independent of solvent conditions and that a theta solvent for a linear 
polymer is also a theta solvent for its branched analogues. Neither of these assumptions 
is well founded (19). In practical applications, exponential relations between g' and g 0 of 
the form 

have been proposed. For example, a well-studied branched polymer is low-density 
polyethylene (LDPE), for which k = 1.2 has proven satisfactory (21-23). The number, n, 
of branches per macromolecule is obtained through one of the Zimm-Stockmayer 
relationships (24), an example of which is given below: 
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( l + n/7 j · 

-172 

+ 4n/9n 
(8) 

In outline, a method of calculating n using the VISC/DRI system is as follows. 
First, one should establish a universal calibration for the instrument. Second, obtain 
chromatograms for the branched polymer, together with a value of [nJbr- ^br is calculated 
directly from the universal calibration. An estimate of [nji is then obtained using a 
suitable Mark-Houwink relationship and we now have sufficient information to calculate 
g' and hence η through equations 5-8. The great advantage of the VISC/DRI system over 
earlier methods of determining branching by SEC and off-line viscometric measurements 
is that it is possible to measure [q]br across the chromatograms in slices as small as we 
desire. This means that we could examine how branching varies with MW across a given 
sample, as well as obtaining the average value of η for the whole polymer. 

d) Detection of Small Amounts of High-MW Impurities. The dual chromatograms for the 
three blends of PS Narrow 2817 Κ and PS Narrow 168 Κ are shown in fig  6  Estimates of 
the amount of high-MW materia
detector responses are shown
amount actually weighed in to the sample vial. Clearly, there is a substantial difference 
between the amounts calculated from the detector responses and those obtained by direct 
weighing. A number of reasons for this are possible, the most important being the method 
of calculation. For a DRI response, at any V R , the chromatogram height H D R I ( V ) is 
proportional to the concentration c(V). Hence, for the volume interval A V 

<W*V) = (Σ H D R 1 (V) / Σ H D R I ( V ) ) X T O T A L C ( 9 ; 

AV al lV 

For a VISC response Hyisc (V) is proportional to the specific viscosity, q s p (V), i.e. is 
proportional to [η] (V) c(V). Hence 

( ^ ( A V ) = I ( H V I S C ( V ) / [ q ] ( V ) ) / X ( H ^ ç (V)/[nJ(V)) j X Totalc (10) 
V A V al lV 

Values of [η] (V) were obtained directly from the curve shown in fig. 4. A l l our 
calculations were performed manually by taking approximately 40 raw chromatogram 
heights from across the entire sample. Greater accuracy would be achieved using a 
computer with a more accurate integration routine (based, eg., on Simpson Rule). 

Whatever numerical errors are incurred in calculating percentage concentrations 
from detector responses, it is clear from fig. 6 that the viscometer detector gives a much 
better qualitative indication of the presence of high-MW species in a sample than the DRI. 
This is particularly noticeable in fig. 6a where the presence of 1.5% high-MW polymer is 
barely discernible from noise in the DRI trace, whilst a substantial peak is obtained from 
the VISC. 

It is noteworthy that the VISC detector would not be particularly useful in the 
detection of microgel, i.e. high-MW cross-linked impurity in polymer samples. Microgels 
have very low viscosities, despite their high MWs, owing to their compact, spherical 
conformations. We can illustrate this with reference to a specific example. A series of 
polystyrene-co-divinylbenzene microgels containing approximately 5% cross-linking 
agent were prepared by Booth et al. (25). Subsequent intrinsic-viscosity determinations 
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a) 
WEIGHT % 

PS NARROW 1287 Κ 
VISC 1.96 
CONC —1.09 

WEIGHED IN — 1.50 

8.0 12.0 16.0 
j / c m 3 

20.0 24.0 

b) 

8.0 12.0 16.0 20.0 24.0 

VR / c m 3 

VISC 4.08 
CONC 4.37 

WEIGHED IN 3.36 

1 1 L -1 1 1 
8.0 12.0 16.0 20.0 24.0 

V R / c m 3 

Figure 6 Dual chromatograms obtained from polystyrene blends of PS Narrow 2817K 
and PS Narrow 168K. 
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revealed that the microgels had intrinsic viscosities which were approximately one-
thirtieth the values obtained for linear polystyrenes of equivalent MW. 

Summary 

The present work has been concerned with the evaluation of an SEC system with dual 
detectors; a DRI coupled with a new type of differential viscometer. The system was 
calibrated with both narrow-and broad-MWD polymer standards and the accuracy of each 
type of universal calibration checked by chromatographing various linear, well-
characterised polymers. Good agreement was obtained between the quoted M w values 
and those calculated from the chromatograms. M n values were at somewhat greater 
variance. Several possible reasons for this were discussed. Some branched PVAcs were 
synthesised and characterised by an absolute technique, L A L L S P Values of M w obtained 
from the VISC/DRI system were in very good agreement with the absolute data, which 
gives further validification to the universal-calibration method of Benoit, et al (15) and 
illustrates the power of this new S E C system as a rapid, reliable technique of 
characterising branched polymers

Finally, we have demonstrate
amounts of high-MW impurity  polyme  samples
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Chapter 7 

Gas Permeation 
Chromatography—Viscometry 

of Polystyrene Standards in Tetrahydrofuran 

M. A. Haney1, John E. Armonas2, and L Rosen 3 

1Viscotek Corporation, 1030 Russell Drive, Porter, T X 77365 
2Modchrom, Inc., 8666 Tyler Boulevard, Mentor, OH 44060 

3Pressure Chemical Company, 3419 Smallman, Pittsburgh, PA 15201 

Studies of polystyren
uncommon. However, bothersom  discrepancie
in the literature and in practice. For example, the 
published Mark-Houwink parameters are in wide disagree­
ment (1). The purpose of this work is to examine a large 
number of PS standards from multiple suppliers, covering 
a wide range of molecular weights. The intrinsic 
viscosities and GFC retention volumes have been measured 
and used independently to correlate and crosscheck the 
molecular weights provided by the suppliers. 

EXPERIMENTAL 

The size exclusion chromatography for this study was done 
in the routine manner execept for the inclusion of an on­
line viscosity detector called a Differential Viscometer 
(3) (Viscotek Corp., Porter, Texas, USA). This instru­
ment together with an R1 concentration detector permits 
the calculation of intrinsic viscosities across the 
chromatogram. An IBM PC data system with software is 
also provided (5). The software acquires data from both 
detectors, and performs calculations of intrinsic 
viscosity and molecular weight distributions using the 
Universal Calibration Method. 

C o l u m n s : Two M o d c h r o m M i x e d Bed S t y r e n e -

So1 v e n t : 
F l o w r a t e : 
T e m p e r a t u r e : 
Pump : 
I n j e c t o r : 

d i ν i n y 1 b e n z e n e 5 m i c r o n G e l 
THF ( s t a b i l i z e d ) 
.1.5 m 1 / m i η 
30 C 
K n a u e r M o d e l 64 
R h e o d y n e M 7 1 2 5 , f i x e d 50 u l l o o p 

0097-6156/87/0352-0119$06.00/0 
© 1987 American Chemical Society 
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Sample? Cone f o r M < !<: 
, f o r 1000 

1 000 
300,000 

Co ne De t e c t ο r : 
0 . OS % f o r M > 3 CM".) < 000 
l- η β u ρ r D i t f e r e n 11 a L R e t r a c t ο meter 
Model LED 

V i s c o s i t y D e t e c t o r : V i s c o t e k D i f f e r e n t i a l V i seοmeter 
Modei 100 

RESULTS AND DISCUSSION 

Da t a a r e shown i n T a b l e I . I n t r i n s i c v i s c o s i t i e s were 
d e t e r m a n e d i n seρa r a t e eκρeri ments by t h e b a t ch d i f f e r -
e n t i a l ν ιscometry method (8) as shown i n c o l u m n 2 and by 
t h e ο r ι - - l i n e G Ρ C d i f
sh οwη ιn c ο l u m n 3. G
ι ο c ο .1 L Î m n ^ . C ο 1 u m n '5 1 i s t. s t h e mo 1 e c u l a r e wei g h t s ρ r ο -
ν i ded f o r t h e s e s t a n d a r d s by t h e s u p p l i e r s . These were 
t a r e n t o be t h e Mw v a l u e s f r o m l i g h t - s c a t t e r i n g m e a s u r e ­
m e n t s , where a v a i l a b l e . 

Ρiqurp 1 shows t h e l o g a r i t h m i c ρ l o t o f i n t r i n s i c v i s c o — 
s i t i e s v s Μ (, sup ρ 1 i e r ) . The p l o t has a d i s t i n c t " b r eak " 
a t a. m o l e c u l a r w e i g h t of a b o u t 10,000. T h i s t y p e o f b r e a k 
i n t h e p l o t h a s been o b s e r v e d f o r many po 1 ymer s ( -·ι ) . Above 
t h e b r e a k t h e Mark-Houwink c o n s t a n t s a r e s i m i l a r , b u t 
d i s t i n c t f r o m t h o s e p r e v i o u s l y r e p o r t e d f o r p o l y s t y r e n e 
i n THF ( 1 ) . B e l o w t h e b r e a k t h e Mark-Houwιnk c o n s t a n t s 
a r e d r a s t i c a l l y d i f f e r e n t . The m o l e c u l a r w e i g h t s c omputed 
f r o m t h e e x p e r i m e n t a l i n t r i n s i c v i s c o s i t i e s u s i n g t h e 
d e r i v e d Mark-Houwink c o n s t a n t s a r e shown i n c o l u m n 6 of 
Tab l e 1 . 

F i g u r e 2 shows a c o n v e n t i o n a l GPC c a l i b r a t i o n c u r v e f o r 
t h e s t a n d a r d s , t h a t i s , a p l o t o f GPC r e t e n t i o n v s l o g M. 
These d a t a were f i t t e d t o a ^ t h o r d e r p o l y n o m i a l and t h e 
m o l e c u l a r w e i g h t s o f a l l t h e s t a n d a r d s r e c o m p u t e d f r o m 
t h i s f i t u s i n g t h e m e a s u r e d r e t e n t i o n v o l u m e s . These 
v a l u e s a r e shown i n c o l u m n 7 o f T a b l e I . 

I n most c a s e s , t h e d e r i v e d m o l e c u l a r w e i g h t s i n c o l u m n s 6 
and 7 a r e f a i r l y c o n s i s t e n t w i t h t h e s u p p l i e r m o l e c u l a r e 
w e i g h t s i n c o l u m n 5. The " b e s t " v a l u e s i n c o l u m n 8 a r e 
t h e a v e r a g e s o f t h e v a l u e s i n c o l u m n s 5-7 f o r t h o s e c a s e s . 
I n o t h e r c a s e s , t h e d e r i v e d v a l u e s a p p e a r t o be d i s t i n c t l y 
d i f f e r e n t f r o m t h e s u p p l i e r v a l u e s , i n w h i c h c a s e t h e 
" b e s t " v a l u e s a r e t a k e n t o be t h e a v e r a g e o f c o l u m n s 6—7 
I t s h o u l d be n o t e d t h a t t h e d a t a i n c o l u m n s 6-7 c a n n o t be 
more a c c u r a t e o r b e t t e r t h a n t h e d a t a i n c o l Limn 5 on a 
c o l l e c t i v e b a s i s , b e c a u s e t h e f o r m e r h a s b e e n d e r i v e d 
f r o m t h e l a t t e r . H owever, on an i n d i v i d u a l b a s i s , t h e 
d a t a i n c o l u m n s 6-7 s h o u l d be more a c c u r a t e , b e c a u s e i t i s 

D a t. a A c g u ι s ι t ι ο η : V i s c o t e k U n i c a l DS 
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d e r i v e d f r o m a d d i t i o n a l m e a s u r e m e n t s and u s i n g a l a r g e r 
d a t a b a s e t h a n was a v a i l a b l e t o t h e s u p p l i e r s . 

The ' b e s t " m o l e c u l a r w e i g h t s were t h e n c o m b i n e d w i t h t h e 
mea s u r e d i n t r i n s i c v i s c o s i t i e s t o g e n e r a t e a U n i v e r s a l 
C a l i b r a t i o n C u rν e shown i n F i g u r e 3. Τhis cur νe w a s 
u s e d t o a n a l y z e s e v e r a l b r o a d d i s t r i b u t i o n p o l y s t y r e n e 
s t a n d a r d s u s i n g t h e u n i v e r s a l c a l i b r a t i o n method and mea­
s u r i n g t h e i n t r i n s i c v i s c o s i t y d i s t r i b u t i o n o f t h e b r o a d 
s t a n d a r d s a c r o s s t h e c h r o m a t o g r a m s w i t h t h e D i f f e r e n t i a l 
V i s c o m e t e r D e t e c t o r . T h i s method g e n e r a t e s 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 and Mark-Houwink p a r a m e t e r s a arid k 
d i r e c t l y . The d a t a a r e shown i n T a b l e I I . 

I n i t i a l r u n s on Dow 1682
p e r i m e n t a l v a l u e s o f Mn and Mw seemed to be t o o h i g h com­
p a r e d t o t h e s t a n d a r d v a l u e s . T h i s was f e l t t o r e s u l t 
f r o m t h e u s e o f c o n c e n t r a t i o n s t o o h i g h i n t h e n a r r o w 
s t a n d a r d s . One o f t h e s t a n d a r d s (168 K) was r u n a t 
v a r i o u s c o n c e n t r a t i o n s t o s e e t h e e f f e c t o f c o n c e n t r a t i o n 
on m e a s u r e d r e t e n t i o n volume1,' T a b l e I I I . ) . I t c a n be s e e n 
t h a t a t t h i s m o l e c u l a r w e i g h t ? t h e c o n c e n t r a t i o n o f s a m p l e 
s h o u l d have been l e s s t h a n 0.05 */. t o p r e v e n t c o n c e n t ­
r a t i o n e f f e c t s . I n f a c t , t h e s a m p l e s i n t h i s c o n c e n t ­
r a t i o n r a n g e were a b o u t 0.25 % , w h i c h l e a d s t o a c o r ­
r e c t i o n o f a b o u t .03 ml t o t h e n a r r o w s t a n d a r d s . T h i s 
c o r r e c t i o n was a p p l i e d t o t h e r e t e n t i o n v o l u m e s o f t h e 
n a r r o w s t a n d a r d s a b o v e 100K and t h e b r o a d s t a n d a r d s were 
r e c o m p u t e d f r o m t h e c o r r e c t e d 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 . 
T h e s e r e s u l t s a r e shown i n T a b l e l i b . Now t h e v a l u e s 
f o r Dow 1683 and NBS 706 a r e c o m p a r a b l e t o t h e s t a n d a r d 
v a l u e s . A l s o shown i n T a b l e l i b a r e v a l u e s o b t a i n e d f o r 
two 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 , Dow 685 and 
SPP 039C. 

T h e r e i s some s c a t t e r i n t h e computed Mark-Houwink 
c o n s t a n t s f r o m t h e b r o a d p o i / s t y r e n e s t a n d a r d s o f T a b l e 
l i b . H owever, t h e a v e r a g e o f t h e f o u r s a m p l e s i s v e r y 
c l o s e t o t h a t f o u n d f r o m t h e s e t o f n a r r o w s t a n d a r d s . 

CONCLUSIONS 

1. The i n t r i n s i c v i s c o s i t y p l o t f o r p o l y s t y r e n e s shows 
a dι s t i ne t b r e a k a t a b o u t 10,000 d a l t o n s . 
Above t h i s v a l u e t h e Mark-Houwink p a r a m e t e r s a r e : 

a = .713 , Κ = 1.28 χ 10 . 
B e l o w 10,000 t h e Mark-Houwink p a r a m e t e r s a r e : 

a = .^28 , Κ = 1.71 >< 10 ~3 . 
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DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

T a b l e I I I . E f f e c t o f Sample C o n c e n t r a t i o n on R e t e n t i o i 
Wat row S t a n d a r d s 

S a m p l e :

one (% w/v) P e t . V o l . (ml) 

0.50 13.03 
0,25 12.91 
0.10 12.85 
0.05 12.82 
0.025 12.82 
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S t a n d a r d s f r ο m 3 d i f f e r e n t s o u r c e s c ο r r e l a t e with 
e a c h o t h e r f a i r l y w e l l . C a r e must be t a k e n n o t to 
r e 1 y ο η 1 y ο n t h e b o t t l e ν a 1 u e s f o r s t - « r-, d a r" d 
mo 1 e c u I a r we ι q h t s . 

i n t r i n s i c v i s c o s i t y d e t e r m i n a t i o n s n o u 1 -Λ be a qu ι c i-
a n d r e 1 ι a b 1 e m e t h o d f o r de t e r m ι η ι n g t h e? m ο 1 e c u i a r 
w e ι g n t s ο f n a r r ο w ρ ο 1 y s t y r e n e s t a n d a r- d s . 

C a u t i ο n m u s t b e e χ e r c ι s e d ι n m a k i r. rj u ρ n a r r ο w 
s t a n d a r d s t ο a v o i d c ο n c. e n t r a t. ι ο n e f f e c t s υ ρ ο n r e -
t e n t ι ο n . 

T h e Un ι ν e r s a i C a l .i b r a r. ι ο n m e t h ο d ι s c. a ρ a b 1 e ο f ρ r ο -
ν ι d ι ri g a c c u r a t e ν a 1 u e s ο f m ο 1 e c u 1 a r w e ι g h t d ι -s t r i b ». 
t i on a s w e l l a s l i a r k -Houw i nk p a r aine t e r s f r o m b r o a d 
d ι s t r ι b u t i ο n s
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Chapter 8 

Use of a Viscometric Detector 
for Size Exclusion Chromatography 

Characterization of Molecular Weight 
Distribution and Branching in Polymers 

Cheng-Yih Kuo, Theodore Provder, M. E. Koehler, and A. F. Kah 

The Glidden Company, Research Center, 16651 Sprague Road, 
Strongsville, OH 44136 

Automated data analysi
on-line capillary viscometer detector for use with a 
Waters Model 150C ALC/GPC. Absolute molecular weight 
distribution curves and statistics were obtained from a 
universal calibration curve, based on polystyrene, in 
conjunction with chromatograms from viscometer and 
refractometer detectors. Yau and Malone's equation was 
used to fit the non-linear calibration curve. Correc­
tions for dead volume and absolute flow rate also were 
made. Additionally, Mark-Houwink parameters, Κ and α, 
were obtained for polymers of interest and a branching 
index as a function of molecular weight was calculated 
for branched polymers. A detailed evaluation of the 
methodology was performed using various standard and 
commercial polymers as well as experimental resins. Use 
of this methodology to generate polymer chain-branching 
information was demonstrated. 

Since i t s i n t r o d u c t i o n i n 1964ÇO, g e l permeation chromatography 
(GPC) or s i z e e x c l u s i o n chromatography (SEC) has become the most 
widely used technique f o r the determination of the molecular weight 
d i s t r i b u t i o n (MWD) of polymers. The recent advances i n SEC have 
been centered on the f o l l o w i n g three areas: a) the development of 
high performance columns w i t h m i c r o p a r t i c u l a t e packings f o r high 
speed and high r e s o l u t i o n s e p a r a t i o n s , b) the i n t e r f a c i n g of s i z e 
e x c l u s i o n chromatographs to computers f o r instrument c o n t r o l as 
w e l l as data a c q u i s i t i o n and a n a l y s i s , c) the development and 
u t i l i z a t i o n of molecular s i z e (or molecular weight) s e n s i t i v e 

0097-6156/87/0352-0130$07.00/0 
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d e t e c t o r s . There are two types of molecular s i z e s e n s i t i v e 
d e t e c t o r s ; the low angle l a s e r l i g h t s c a t t e r i n g photometer and the 
c a p i l l a r y viscometer. This paper w i l l focus on the c a p i l l a r y 
viscometer d e t e c t o r . 

In the 1970*5, q u i t e a number of s t u d i e s (2-11) were reported 
i n v o l v i n g the coupling of a Ubbelohde type of c a p i l l a r y viscometer 
to a conventional s i z e e x c l u s i o n chromatograph (SEC). The polymer 
f r a c t i o n s e l u t i n g from the SEC columns and refTactometer were 
c o l l e c t e d i n a syphon and then emptied i n t o the Ubbelohde 
viscometer. The e f f l u x times were used to c a l c u l a t e the i n t r i n s i c 
v i s c o s i t y of each f r a c t i o n . This i s a d i s c r e t e batch type 
op e r a t i o n . With the increased speed and reduced column volumes 
ass o c i a t e d w i t h high performance SEC, t h i s type of viscometer was 
not p r a c t i c a l . In 1972, Ouano (12) f i r s t developed a unique 
o n - l i n e viscometer which used a pressure transducer to monitor the 
pressure drop across a s e c t i o n of a c a p i l l a r y tubing c o n t i n u o u s l y . 
This continuous viscomete
In 1976, Lesec and co-worker
o n - l i n e continuous viscomete
E v a l u a t i o n of t h i s viscometer detector f o r use w i t h a v a r i e t y of 
polymer systems was subsequently published.(14) In our l a b o r a t o r y , 
development of an o n - l i n e viscometer detector f o r SEC was underway 
concurrent w i t h the work of Lesec and co-workers. The development 
of our SEC/Viscometer system was f i r s t reported on at the 1982 
P i t t s b u r g h Conference.(15) In our SEC/Viscometer system a 
commercially a v a i l a b l e d i f f e r e n t i a l pressure transducer was 
u t i l i z e d to monitor the pressure drop across a s e c t i o n of a 
c a p i l l a r y t u b i n g . To reduce the noise caused by the r e c i p r o c a t i n g 
pump systems, two h y d r a u l i c dampers were i n s t a l l e d . A d e t a i l e d 
e v a l u a t i o n of t h i s SEC/Viscometer system was included i n a recent 
ACS SYMPOSIUM SERIES volume.(16) In a recent paper (17) Lesec 
demonstrated the f e a s i b i l i t y of t h e i r modified viscometer detector 
which used two pressure transducers to monitor the pressure drop at 
each end of the c a p i l l a r y tubing f o r high temperature work. In 
1984, the f i r s t commercially a v a i l a b l e continuous v i s c o s i t y 
detector f o r SEC was introduced by Viscotek.(18) The main 
component of the Viscotek detector i s the Wheatstone bridge 
c o n f i g u r a t i o n c o n s i s t i n g of four balanced c a p i l l a r y c o i l s . The 
d e t a i l e d d e s c r i p t i o n of the design and e v a l u a t i o n of the Viscotek 
viscometer can be found i n a recent p u b l i c a t i o n . ( 1 9 ) Recently 
Abbott and Yau described the design of a d i f f e r e n t i a l pressure 
transducer c a p i l l a r y viscometer (20) which i s comprised of two 
c a p i l l a r y tubes, one f o r e l u t i n g sample s o l u t i o n and one f o r 
e l u t i n g s o l v e n t . Signals corresponding to each pressure drop 
measurement are fed to a l o g a r i t h m i c a m p l i f i e r and the i n t r i n s i c 
v i s c o s i t y i s determined. The measured i n t r i n s i c v i s c o s i t y i s 
independent of flow r a t e and temperature f l u c t u a t i o n s . 

In a previous paper (16) the hardware design of the 
SEC/Viscometer system used i n t h i s work has been described. The 
e f f e c t s of o p e r a t i o n a l v a r i a b l e s , e.g. pump p u l s a t i o n s , f l o w rate 
and flow i r r e g u l a r i t i e s on the performance of the viscometer and 
the enhancement of the s i g n a l - t o - n o i s e r a t i o by using mechanical 
dampers a l s o has been described. Our current work has focused on 
the development, implementation and a p p l i c a t i o n of automated data 
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a n a l y s i s methodology. In t h i s paper, a d e t a i l e d e v a l u a t i o n i s 
given of the computational procedures and methodology used to 
c h a r a c t e r i z e molecular weight d i s t r i b u t i o n (MWD) and 
chain-branching i n a wide v a r i e t y of polymers. 

Ins trumentation 

D e t a i l s of the SEC/Viscometer detector system have been described 
p r e v i o u s l y . ( 1 6 ) The key component of the viscometer detector i s a 
d i f f e r e n t i a l pressure transducer (CELESCO Model P-7D, Canoga Park, 
CA) w i t h a +25 p s i pressure range. The transducer monitors the 
pressure drop across a s e c t i o n of s t a i n l e s s s t e e l c a p i l l a r y tubing 
( l e n g t h : 2 f t . , I.D. = 0.007 i n . ) . Pump pressure f l u c t u a t i o n s 
were damped by a method p r e v i o u s l y described.(16) The viscometer 
assembly i s placed i n the constant temperature column compartment 
of the Waters Model 150C ALC/GPC chromatograph between the column 
o u t l e t and the refractomete
temperature was maintaine
s i x U l t r a s t y r a g e l column  (2x1  ,  ,  ,
As s o c i a t e s , M i l f o r d , MA). The mobile phase used was HPLC grade 
tetrahydrofuran and the flow rate was set at a nominal flow rate of 
1.0 ml/min. 

The absolute flow rate was c a l i b r a t e d using a g r a v i m e t r i c 
procedure and a Thermalpulse flow meter (Molytek, P i t t s b u r g h , PA) 
which i s based on the design of M i l l e r and Small (21, 22). The 
op e r a t i o n a l p r i n c i p l e of the flowmeter i s based on the measurement 
of the t i m e - o f - f l i g h t of a thermal p u l s e . The thermal pulse 
generated upstream by a thermistor i s detected downstream by 
another t h e r m i s t o r . The time required f o r the thermal pulse to 
t r a v e l through a f i x e d volume i s used to c a l c u l a t e the flow r a t e as 

flow rate f = 60 ν (1) 
(t - k ) 

where 

f = flow rate i n ml/min. 

ν = e f f e c t i v e flow c e l l volume i n ml (constant) 

t = time i n sec. between pulses 

k = c a l i b r a t i o n constant ( s e c ) . 

Each time the downstream thermistor detects the thermal p u l s e , i t 
t r i g g e r s another pulse upstream and the c y c l e repeats as long as 
flow continues. Therefore, i t monitors the flow r a t e continuously. 
In our system, the flow rate was determined to be 0.93 ml/min when 
the nominal flow rate was set at 1.0 ml/min with THF as mobile 
phase operating at 40°C. 
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M a t e r i a l s 

1. The polystyrene standards used f o r c a l i b r a t i o n are shown i n 
Table 1 along with the corresponding s u p p l i e r molecular weight 
c h a r a c t e r i z a t i o n data. 

2. The p o l y v i n y l acetate samples ( A l d r i c h 18250-8 Lot #1 and Lot 
#3) and a polymethyl methacrylate sample ( A l d r i c h 18226-5) were 
obtained from the A l d r i c h Chemical Co., Milwaukee, Wl. 

3. Two polymethyl methacrylate samples (Eastman 6041 and 6036) 
were obtained from the Eastman Organic Chemicals, Rochester, 
NY. 

4. The p o l y v i n y l c h l o r i d e (PC-PV-4) sample was obtained from the 
Pressure Chemical Co., P i t t s b u r g h , PA. 

5. Three polydispers
( i ) Dow 1683 was obtaine , , , 
( i i ) NB5 706 was obtained from the Na t i o n a l Bureau of 
Standards, Washington, D.C., ( i i i ) PS-4 was a round r o b i n 
sample from the ASTM Section D-20-70.02 Size E x c l u s i o n 
Chromatography Task Group. 

6. The randomly branched polystyrene and two star-shaped 
polystyrenes were obtained from the Polymer Science Department 
at the U n i v e r s i t y of Akron, Akron, OH. 

TABLE 1. Polystyrene Standards Used f o r C a l i b r a t i o n 

Sample * Μη 3 Mw . (Mn^Mw) 1^ 2 

χ 10 χ 10 χ 10 

WA-27237 2.04 2.12 2.09 
P C - l i b 3.10 3.60 3.34 
PC-8b 9.43 10.0 9.71 
PC-41220 15.1 20.5 17.6 
PC-7b 33.0 36.0 35.0 
ArRo-500-16 97.6 98.1 97.9 
NBS-705 170.9 179.3 175.0 
PC-lc 193.0 200.0 196.5 
ArRo-300-2 392.0 394.0 393.0 
PC-13a 640.0 670.0 654.8 
PS-16241 945.0 1030.0 987.0 
PC-14a 1610.0 1900.0 1749.0 
Duke-2575 3727.0 4100.0 3909.0 

PC - Pressure Chem. Co., P i t t s b u r g h , PA. 
NBS - N a t i o n a l Bureau of Standards, Washington, D. C. 
ArRo - ArRo L a b o r a t o r i e s , Inc., J o l i e t , I L . 
Duke - Duke Standards Co., Palo A l t o , CA. 
PS - PolySciences, Inc., Warrington, PA. 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



134 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

Data A n a l y s i s Methodology 

The automation of the SEC/Viscometer detector system i s achieved by 
i n t e r f a c i n g the DRI and v i s c o s i t y detectors to a microcomputer f o r 
r e a l time data a c q u i s i t i o n . The raw data subsequently are 
t r a n s f e r r e d to a minicomputer (DEC PDP-11/44) f o r storage and data 
r e d u c t i o n . The automated data a c q u i s i t i o n and a n a l y s i s system f o r 
the s i z e e x c l u s i o n chromatograph wi t h m u l t i p l e detectors used i n 
t h i s study have been described previously.(23) 

Data Reduction Procedures. D e t a i l s of the data a n a l y s i s f o r the 
SEC/Viscometer system have been described p r e v i o u s l y . ( 1 6 ) The data 
r e d u c t i o n scheme i s summarized i n Figure 1 and b r i e f l y w i l l be 
reviewed here. The i n t r i n s i c v i s c o s i t y [n](V) of the e f f l u e n t at a 
given r e t e n t i o n volume V i s determined from the DRI and continuous 
v i s c o s i t y detector responses according to the f o l l o w i n g equation 

h ] ( V ) = J

where ΔΕ^ and ΔΕ(ν) are the v i s c o s i t y detector responses at 
constant flow rate corresponding to solvent and to sample having 
con c e n t r a t i o n C(V), r e s p e c t i v e l y . For a l i n e a r transducer, ΔΕ(ν) 
i s p r o p o r t i o n a l to the pressure drop across the c a p i l l a r y , Δρ(ν). 
The concentration C(V) i s given by 

C(V) = W-f(V)// n f(V)dV (3) 
V L 

Where W (grams) i s the weight of the sample i n j e c t e d , and f(V) i s 
the DRI response at the r e t e n t i o n volume V. The parameters V^ and 
VJJ represent the lowest and highest values of chromatogram sample 
r e t e n t i o n volume. 

The bulk i n t r i n s i c v i s c o s i t y of the sample i s given by 

V V 
[η] = / H C(V) [ n](V) dV/ / H C(V)dV (4) 

V V V L L 
As shown i n Figure 1 data from the viscometer detector and DRI are 
combined to y i e l d the i n t r i n s i c v i s c o s i t y as a f u n c t i o n of 
r e t e n t i o n volume ( l a ) . This curve then was f i t to a polynomial and 
a smoothed curved c a l c u l a t e d . At t h i s stage of data reduction the 
analyst can choose to continue to use the polynomial smoothed 
values of l o g [n](V) throughout, or continue to use the unsmoothed 
values f o r f u r t h e r data r e d u c t i o n . 

Using the curve l o g [η](V) .vs. V ( l a ) and the hydrodynamic 
volume c a l i b r a t i o n curve, l o g V^ vs_. V ( l b ) , a "secondary" 
molecular weight c a l i b r a t i o n curve was generated ( l c ) . 
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M(V) = V h ( V ) / [ n ] ( V ) (5) 

This "secondary" molecular weight c a l i b r a t i o n curve was f i t to a 
polynomial over the r e t e n t i o n volume range of the sample. Then the 
molecular weight d i s t r i b u t i o n s t a t i s t i c s are c a l c u l a t e d from t h i s 
"secondary" c a l i b r a t i o n curve and the DRI trace of the sample under 
analysis· 

The Mark-Houwink parameters Κ and a, where appropriate f o r the 
sample of i n t e r e s t , are c a l c u l a t e d from a p l o t of l o g [η] vs_. l o g 
M(ld) f o r l i n e a r polymers. For branched polymers, the branching 
index, g', i s c a l c u l a t e d from 

g'(M) = MhtH/MlfH (6) 

where [τΐ]^ ^ i s the i n t r i n s i c v i s c o s i t y of the branched polymer at 
a given molecular weight M, and [η] M i s the i n t r i n s i c v i s c o s i t y 
of the corresponding l i n e a
For polymers wi t h know
d i r e c t l y . 

The above data treatment assumes that the detector c e l l 
contents are homogeneous with respect to the molecular s i z e and 
molecular weight of the polymer species. For h i g h l y branched and 
heterogeneous copolymers t h i s may not be t r u e . Hamielec and 
coworkers (24,25) have shown that f o r such cases, a number average 
molecular weight d i s t r i b u t i o n i s derived from the hydrodynamic 
volume c a l i b r a t i o n curve. This i s p a r t i c u l a r l y important when 
applying molecular branching models to the data such as that of 
Zimm and Stockmayer (26) to o b t a i n number and weight-average 
branching frequency i n f o r m a t i o n . In t h i s paper f o r the polymers 
s t u d i e d , branching model c a l c u l a t i o n s were not c a r r i e d out. 

Raw Viscometer Data Smoothing. The computational procedures 
include F o u r i e r f i l t e r i n g of the raw viscometer data to s e l e c t i v e l y 
remove p e r i o d i c noise at the frequencies of operation of the p i s t o n 
pump system, and high frequency noise from other sources. An 
example of the Fast F o u r i e r Transform (FFT) smoothing of an 
exaggerated noisy s i g n a l (pump pulse dampers removed) i s 
i l l u s t r a t e d i n Figure 2 along w i t h the FFT transformed data curve. 
The program used was the DEC subroutine FFT.(27) In the example 
shown, 512 d i s c r e t e data p o i n t s (corrected f o r the mean) were 
passed to the FFT subroutine f o r a forward transform. The f u n c t i o n 
p l o t t e d i n Figure 3 shows the square root of the sum of the squares 
of the r e a l and imaginary p o r t i o n s of the data returned by the FFT 
subroutine. The a b s c i s s a i s the index of the point normalized to 
2π. Smoothing of the data was e f f e c t e d by s e t t i n g both the r e a l 
and imaginary values to zero between 0.4 and (2^-0.4). These 
end-points were chosen e m p i r i c a l l y . Since most of the data are 
described by the f i r s t few p o i n t s , the f u n c t i o n appears to be 
r e l a t i v e l y i n s e n s i t i v e to the exact choice of t r u n c a t i o n 
end-points. The inverse transform a f t e r t r u n c a t i o n r e s u l t s i n the 
smoothed curve shown i n Figure 2. A t y p i c a l example i s shown i n 
Figure 4 which shows the chromatograms of the polystyrene standard 
(Mw=17,000) before and a f t e r FFT. I t i s seen that i n s t a l l a t i o n of 
two h y d r a u l i c dampers i n the pumping system reduces excessive noise 
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Refractometer 

J κ,α 
C a l i b r a t i o n c u r v e 

Raw Data: 
Viscometer and 
Refractometer 

(1a) 

R e t e n t i o n V o l u m e 

DRI trace 

MW distribution & statist ics l o g M 

Figure 1. Data Reduction Scheme f o r A n a l y s i s of DRI/Viscometer 
Chromatograms. 

17 18 19 

RETENTION VOLUME (ML) 

Figure 2. FFT Smoothing of the Viscometer Responses with the 
Dampers Removed. 
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F i g u r e 4. FFT S m o o t h i n g o f t h e V i s c o m e t e r R e s p o n s e s f r o m a 
P o l y s t y r e n e S t a n d a r d . 
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due to pump p u l s a t i o n s . The FFT a n a l y s i s of the chromatogram 
f u r t h e r smooths and removes the remaining pump p u l s a t i o n n o i s e ; 
thereby enhancing the a n a l y s t ' s a b i l i t y to make baseline 
s e l e c t i o n s . 

Non-linear Hydrodynamic Volume C a l i b r a t i o n Curve. The hydrodynamic 
c a l i b r a t i o n curve, l o g V^ vs. V shown i n Figure l b , i s generated 
using the commercially a v a i l a b l e narrow MWD polystyrene standards 
l i s t e d i n Table 1 and published values (28, 29) of the Mark-Houwink 
parameters Κ and α f o r polystyrene i n THF a}; 25°C, (K=1.6 χ 10 , 
α = 0.706 f o r M w > 10,000 and Κ = 9.0 χ 10 , α = 0.5 f o r Mw 
ΟΟ,ΟΟΟ). The experimental data p o i n t s composing the n o n - l i n e a r 
c a l i b r a t i o n curve were f i t t e d w ith the phenomenologically based 
Yau-Malone equation.(30) This equation i s derived from d i f f u s i o n 
theory and i s expressed as f o l l o w s : 

A + Β 

where ψ = V h°/C, 

2 (7) 

and A, B, C and D are constants with A equal to the v o i d volume, 
A+B equal to t o t a l volume, and e r f c W i s the complement e r r o r 
f u n c t i o n of ψ. 

The computational procedure f o r the generation of the 
hydrodynamic volume c a l i b r a t i o n curve requires a set of c a l i b r a t i o n 
values from SEC data (molecular weight, r e t e n t i o n volume) which are 
f i t to the four-parameter Yau-Malone equation using the Nelder-Mead 
search procedure.(31-33) The c a l i b r a t i o n procedure then generates 
a curve w i t h i n the experimental data range, using the values of A, 
B, C and D found by the Nelder-Mead procedure. The curve thus 
generated i s f i t to a polynomial to speed up the computational time 
during the data a n a l y s i s . The Yau-Malone equation avoids 
i n a p p r o p r i a t e e x t r a p o l a t i o n s outside the experimental data range 
which o f t e n occur when a polynomial f i t to experimental data p o i n t s 
i s e x t rapolated outside the experimental data range. An example i s 
i l l u s t r a t e d i n Figure 5. Other examples demonstrating the use of 
the Yau-Malone equation f o r f i t t i n g n on-linear c a l i b r a t i o n curves 
can be found i n the l i t e r a t u r e . ( 3 4 - 3 6 ) 

The e f f e c t of polymer concentration on the hydrodynamic volume 
a l s o was considered i n the generation of the hydrodynamic volume 
curve. The computational procedure includes an option f o r 
c o r r e c t i n g the concentration e f f e c t through Rudin's equation.(37) 

4πΚΜ 1 + α 

9.3 χ 1 0 2 4 + 4ÏÏ N C[KMa-K M 0 , 5] (8) 
ο θ 
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where = e f f e c t i v e hydrodynamic volume 
23 

N q = Avogadro's number = 6.023 χ 10 
C = concentration (g/ml) 
Κ, α = Mark-Houwink parameters 
K Q = K value at thêta c o n d i t i o n 

This equation shows the e f f e c t of f i n i t e c oncentration on reducing 
hydrodynamic volume f o r very high molecular weight polymers. For 
polymers wi t h medium molecular weight (ca. 200,000) and below, the 
concentration e f f e c t i s minimal. One way to reduce the concentra­
t i o n e f f e c t f o r very high molecular weight polymers i s to keep the 
polymer concentration as low as p o s s i b l e . This a l s o w i l l prevent 
"viscous f i n g e r i n g " from d i s t o r t i n g the chromatograms. For our 
system i t was found that Rudin's c o r r e c t i o n i s not necessary as 
long as very d i l u t e s o l u t i o n s (ca. 0.01% w/v) were used f o r the 
very high molecular weigh

Dead Volume. The dead volume d i f f e r e n c e between the viscometer and 
DRI must be accounted f o r . Otherwise systematic e r r o r s i n 
Mark-Houwink parameters Κ and α can occur. In the previous paper 
(16), a method developed by Lesec and co-workers (38) based on 
i n j e c t i n g a known amount of a very high molecular weight 
polystyrene standard onto low p o r o s i t y columns was used. From the 
viscometer and DRI chromatograms, the apparent i n t r i n s i c v i s c o s i t y 
[n] was p l o t t e d against r e t e n t i o n volume V. A s e r i e s of [η] vs. V 
p l o t s are then constructed assuming a range of dead volume, AV. 
The slope of each p l o t i s determined by l i n e a r r e g r e s s i o n and i s 
p l o t t e d against the assumed AV. The c o r r e c t AV corresponds to the 
[n] vs_. V curve having zero slope. The dead volume value, AV, was 
found to be 115μ£ f o r our system using t h i s procedure. The 
assumption of complete e x c l u s i o n of the high molecular weight 
species by the columns might be questionable. A small degree of 
s e p a r a t i o n could have taken place i n the columns, c o n s i d e r i n g the 
f a c t that very high molecular weight polystyrene standards are not 
s t r i c t l y monodisperse. 

In the current study a d i f f e r e n t approach was used. The 
hydrodynamic volume c a l i b r a t i o n curve was generated with narrow 
molecular weight d i s t r i b u t i o n polystyrene standards having known 
Mark-Houwink parmeters. I f a broad MWD l i n e a r polystyrene sample 
were analyzed, the measured Κ and α should agree w i t h the values 
used to generate the hydrodynamic volume c a l i b r a t i o n curve 
p r o v i d i n g no s i g n i f i c a n t instrument broadening c o r r e c t i o n i s 
r e q u i r e d . I t was found that the measured Κ and α values were 
dependent upon the value of the dead volume c o r r e c t i o n . Figure 6 
demonstrates the [η] _vs. M dependence on dead volume f o r a broad 
molecular weight d i s t r i b u t i o n polystyrene sample. The proper value 
of dead volume was determined by a d j u s t i n g AV values u n t i l the 
measured Κ and α values f o r the broad molecular weight d i s t r i b u t i o n 
polystyrene sample co i n c i d e d w i t h the known values f o r p o l y s t y r e n e . 
For the chromatographic system discussed i n t h i s paper, the best 
value was found to be 9 5 y l . The Mark-Houwink parameters determined 
f o r other l i n e a r polymers, using t h i s dead volume value, were i n 
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Figure 6. E f f e c t of Dead Volume AV on the Slope and Intercept of 
the l o g [η] vs. l o g M p l o t . 
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very good agreement wit h the l i t e r a t u r e values. Therefore, t h i s 
procedure f o r determining dead volume was found to be s e l f - c o n ­
s i s t e n t . Table 2 shows the e f f e c t of varying the value of dead 
volume upon molecular weight averages, i n t r i n s i c v i s c o s i t y , and 
Mark-Houwink parameters. I t i s seen that the Mark-Houwink 
parameters, Κ and ot, are very s e n s i t i v e to the value of the dead 
volume between d e t e c t o r s . However, the molecular weight averages 
and the bulk i n t r i n s i c v i s c o s i t y are barely a f f e c t e d . 

TABLE 2. EFFECT OF DEAD VOLUME BETWEEN DETECTORS 
(TEST SAMPLE: DOW 1683 PS) 

VOLUME [η] M M Κ α 
(Ml) d l / g xYo" 3 χϊθ~ 3 xlO 

0 0.86 
50 0.86 
95 0.86 248 102 1.62 0.704 

100 0.86 248 99.3 1.64 0.695 
200 0.86 249 101 3.85 0.638 

Figure 6 demonstrates that the e f f e c t of the dead volune 
c o r r e c t i o n i s to rot a t e the [η] vs_. M p l o t about a point [[η],Μ] 
which i s independent of dead volume. Undercorrecting f o r dead 
volume r e s u l t s i n values of Κ which are l e s s than the true value 
and values of α which are l a r g e r than the true value of a. 
Overcorrecting f o r dead volume r e s u l t s i n values of Κ l a r g e r than 
the true value of Κ and values of α l e s s than the true value a. 

In t h i s work, using u l t r a s t y r a g e l columns, i t was found that 
instrumental broadening c o r r e c t i o n s were unnecessary. 

L i n e a r Polymers 

A s e r i e s of commercially a v a i l a b l e polymers have been analyzed with 
t h i s methodology. Figures 7 and 8 show the DRI and viscometer 
traces f o r a PMMA sample (Eastman 6041). Figures 9-11 show the 
f i t t e d data along w i t h sample data. Although the data at both high 
and low molecular weight regions appear s c a t t e r e d , the non-noisy 
data between the v e r t i c a l bars i n Figures 9-11 c o n s t i t u t e about 94% 
of the area under the DRI chromatogram. This i s shown i n Figure 7 
as the crosshatched area. Figure 11 demonstrates the l i n e a r i t y of 
the l o g [η] _y_s_. l o g M curve i n the high molecular weight region f o r 
a l i n e a r polymer. The Mark-Houwink parameters, Κ and a, are 
obtained from the i n t e r c e p t and the slope of the s t r a i g h t l i n e , 
r e s p e c t i v e l y . Figure 12 shows the f i n a l molecular weight 
d i s t r i b u t i o n with cumulative and d i f f e r e n t i a l p l o t s . For branched 
polymers, two a d d i t i o n a l p l o t s i n d i c a t i v e of branching are produced 
and w i l l be shown l a t e r . 
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F i g u r e 7. DRI T r a c e f o r a PMMA Sample ( E a s t m a n 6041). 

44 56 68 
RETENTION VOLUME (ML) 

92 

F i g u r e 8. F F T Smoothed V i s c o m e t e r T r a c e f o r a PMMA Sample 
( E a s t m a n 6041). 
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44 48

Figure 9. P l o t of lo g [η] vs. Retention Volume f o r a PMMA 
Sample (Eastman 6041). 

44 48 52 56 60 64 68 
RETENTION VOLUME (ML) 

Figure 10. "Secondary" Molecular Weight C a l i b r a t i o n Curve f o r a 
PMMA Sample (Eastman 6041). 
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MOLECULAR WEIGHT 

Figure 12. Cumulative and D i f f e r e n t i a l D i s t r i b u t i o n Curves f o r a 
PMMA Sample (Eastman 6041). 
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P o l y s t y r e n e . Table 3 shows the r e s u l t s obtained f o r three broad 
MWD polystyrene samples. The agreement f o r M and M values 
obtained from SEC/Viscometry a n a l y s i s and thennomina¥ values 
supplied by the vendors i s e x c e l l e n t . In a d d i t i o n the Mark-Houwink 
parameters, Κ and α values a l s o are i n e x c e l l e n t agreement with 
each other as w e l l as with l i t e r a t u r e values.(28,39) This shows 
the consistency of the a n a l y s i s method and the technique f o r 
determining the dead volume between d e t e c t o r s . The lower M^ value 
f o r the NBS 706 sample i s due to the low molecular weight t a i l 
a s s ociated with the sample. 

TABLE 3. SEC/VISCOMETRY RESULTS 
FOR THREE BROAD MWD POLYSTYRENE SAMPLES 

SAMPLE Μ χ 10" 3 

η 
Dow 1683 102 

(100)-
248 

(250) 
0.86 

(1.60)b (0.706)-

NBS-706 103 
(136) 

261 
(258) 

0.93 
(0.93)-

1.47 
(1.60) 

0.707 
(0.706) 

ASTM PS-4 103 
(105)2 

310 
(323)-

1.06 , 
(1.03)-

1.73 
(1.60) 

0.699 
(0.706) 

- Nominal values supplied by the vendors. 
- See Reference 28 f o r l i t e r a t u r e value. 
- See Reference 39 f o r l i t e r a t u r e value. 
- ASTM Round Robin r e s u l t s . 

Polymethyl Methacrylate. Table 4 shows the r e s u l t s obtained f o r 
three commercially a v a i l a b l e polymethyl methacrylate samples. 
Again the molecular weight averages obtained w i t h SEC/Viscometry 
are i n good agreement with the nominal values and the Κ and a 
values are s e l f - c o n s i s t e n t and i n e x c e l l e n t agreement w i t h the 
l i t e r a t u r e values.(40) 

P o l y v i n y l C h l o r i d e . The r e s u l t s obtained f o r a p o l y v i n y l c h l o r i d e 
sample are l i s t e d i n Table 5. I t i s seen that the measured 
molecular weight s t a t i s t i c s are i n reasonable agreement with the 
nominal values. The Mark-Houwink parameters Κ and α obtained from 
the l i n e a r p l o t of log [η] _vs_. l o g M are i n good agreement w i t h one 
group of l i t e r a t u r e values (41-43) while the α value i s lower than 
that of another group. (3,44-46) 

Branched Polymers 

Randomly Branched Po l y s t y r e n e . Branched molecules i n s o l u t i o n are 
more compact than l i n e a r molecules and therefore the o v e r a l l s i z e 
of a branched polymer molecule i n s o l u t i o n i s smaller than the 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



146 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

TABLE 4. SEC/VISCOMETRY RESULTS FOR THREE BROAD MWD PMMA SAMPLES 

SAMPLE Μ χ 10 3 

η Μ χ 10 3 

w [n](dl/g) Κ χ 10 4 α 

Eastman 6041 139 
(160)-

242 
(267)-

0.62 
(0.67)-

1.31 
(1.04)S 

0.686 
(0.697)-

Eastman 6036 52.6 
(48.6)-

1 1 1 a (115)-
0.374 , 

(0.371)-
1.18 

(1.04)-
0.697 

(0.697)-

A l d r i c h 18226· -5 161 450 1.01 . 1.24 0.690 

- Nominal values supplied by the vendor. 
- Measured i n Benzene, Polymer Bank Data Sheet. 
5 See Reference 40 f o r previous l i t e r a t u r e v alues. 

Inherent v i s c o s i t y value supplied by vendor. 

TABLE 5. SEC/VISCOMETRY RESULTS FOR A POLYVINYL CHLORIDE SAMPLE 

SAMPLE Μ χ 10 3 Μ χ 10 3 [n](dl/g) Κ χ ΙΟ 4 α η w 
Pressure 
Chemical 
PV-4 57 122 1.20 3.36 0.702 , 

(54)- (132) (1.25) (1.63) (0.766)-
(4.48) (0.700)-

Nominal values supplied by Pressure Chemical Co. 
See Reference 44 f o r l i t e r a t u r e value. 
See Reference 41 f o r l i t e r a t u r e v alue. 
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l i n e a r polymer having the same molecular weight. Figure 13 shows 
the p l o t of l o g [η] _vs. l o g M f o r a randomly branched polystyrene 
polymer. The d e v i a t i o n from l i n e a r i t y i n the high molecular weight 
region required a t h i r d order polynomial to f i t t h i s curve. Figure 
14 compares the f i t t e d l o g [η] vs. l o g M curve f o r t h i s branched 
polystyrene sample wi t h that of the corresponding l i n e a r _^ 
polystyrene sample having Mark-Houwink parameters Κ = 1.6 χ 10 
and α = 0.706. Using Equation 6, the Branching Index, g f , can be 
c a l c u l a t e d as a f u n c t i o n of molecular weight and i s shown i n Figure 
15. The molecular weight s t a t i s t i c s _ a n d the i n t r i n s i c v i s c o s i t y 
were c a l c u l a t e d to be M n = 117,000, M w =393,000 and [η] = 0.76 
d l / g , r e s p e c t i v e l y . These molecular weight_averages are close to 
those obtained by SEC/LALLS measurement of M = 123,000 and M = 
408,000.(47) 

Star-Branched Polystyrene. The SEC/Viscometer methodology was 
app l i e d to a narrow 12-ar
molecular weight of eac
molecular weight of t h i s monodisperse star-branched polymer i s 
180,000. Based on the molecular weight c a l i b r a t i o n curve generated 
from the l i n e a r polystyrene standards the molecular weight at the 
peak r e t e n t i o n volume would be 100,000. Applying the 
SEC/Viscometry methodology gave values of M = 151,000, M^ = 
182,000 and [η] = 0.297 d l / g . Thus, a very accurate M^ value was 
obtained from SEC/Viscometry methodology. 

The branching index, g T , c a l c u l a t e d from the i n t r i n s i c 
v i s c o s i t y measurement i s r e l a t e d to the g value c a l c u l a t e d from the 
l i g h t s c a t t e r i n g experiment by the f o l l o w i n g equations 

g* - g £ (9) 

g = « s 2 > 0 > b / < s 2 > 0 ( J l ) M (10) 
2 2 

where <s > , and <s >q ^ are the unperturbed r a d i i of g y r a t i o n 
f o r a branched and a l i n e a r polymer, r e s p e c t i v e l y , of the same 
molecular weight. The value of ε l i e s between 1/2 and 3/2 f o r a 
branched polymer d i s s o l v e d i n good s o l v e n t . For a star-shaped 
polymer, g can be estimated by using the random walk model (45) 

*R.W. " ( 3 f " 2 ) / f 2 0 1 ) 

where f i s the number of branches that r a d i a t e from a branch p o i n t . 
F e t t e r s and co-workers i n a recent study (49) on 12- and 18-arm 
s t a r polymers found that i n theta s o l v e n t , g i s always greater than 
g R ^ suggesting that these s t a r polymers are expanded at the th e t a 
temperature. They a l s o found that i n theta s o l v e n t , the value of ε 
as described i n Equation 9 i s around 0.62 and seems to be a lower 
l i m i t f o r branched polymers. In good s o l v e n t s , the values of ε are 
higher than that i n the theta s o l v e n t . This i s c l e a r l y seen from 
Table 6 which l i s t s some of the hydrodynamic data taken from that 
paper along w i t h our r e s u l t s . In f a c t , both values of g T and ε i n 
THF are i n e x c e l l e n t agreement wit h the values obtained i n toluene. 
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Figure 13. P l o t of log [η] vs. l o g M f o r a Randomly Branched 
Polystyrene. 

Figure 14. P l o t s of l o g [η] vs. l o g M f o r a Li n e a r and a 
Branched Polystyrene. 
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TABLE 6. HYDRODYNAMIC DATA FOR 12-ARM STAR POLYSTYRENE* 

e x p t l 
= <S > 

2 
/<s > = 0.276 

s t a r 

g R.W. = ( 3 f - 2 ) / f 0.236 (Random Walk) 

S'cydohexane " ^ 1 star/[η ] £ = 0.41 = g ^ ; ε = 0.62 
g , T o l u e n e = ^Istar/[η 1^ = 0.35 ; ε = 0.72 

THIS WORK 

g ' T H p = 0.35

* See Reference 49 

Figure 16 shows the viscometer and DRI traces of another 
star-branched p o l y s t y r e n e . This sample contained about 12% of the 
s t a r t i n g l i n e a r arm precursor which elu t e d at r e t e n t i o n volume ca. 
52 ml. The k i n e t i c molecular weight of the l i n e a r precursor was 
260,000. The r e s u l t s obtained f o r the i n d i v i d u a l peak through the 
SEC/Viscosity methodology are summarized i n Table 7. I t i s seen 
that the measured M^ of the l i n e a r arm i s very closed to the 
k i n e t i c value. The average f u n c t i o n a l i t y of t h i s s t a r polymer i s 
c a l c u l a t e d to be f = 10. 

TABLE 7. SEC/VISCOMETRY RESULTS OF STAR PS-W (WHOLE POLYMER) 

FRACTION Μ χ 10 n 
-3 Μ χ 10 w h ] ( d l / g ) f 

Star polymer 1,920 

Linear Arm 241 

g f = 0.325 

2,530 

254 
( 2 6 0 ) 3 

ε = 0.88 

1.72 

0.914 

10.0 

1.0 

K i n e t i c value of molecular weight of l i n e a r precursor 

P o l y v i n y l Acetate. Two p o l y v i n y l acetate samples (PVAc #1 and PVAc 
#3) a l s o were analyzed. Both samples have been shown to be 
branched by Hamielec (50) by a SEC/LALLS study. Table 8 shows the 
r e s u l t s obtained from SEC/Viscometry along with some of the 
a v a i l a b l e data. I t i s seen that the i n t r i n s i c v i s c o s i t y values f o r 
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Figure 15. P l o t of Branching Index as a Function of Molecular 
Weight f o r a Randomly Branched Polystyrene. 

2* 32 40 48 56 6ft 72 80 88 
RETENTION VOLUME (M L ) 

Figure 16. DRI and Viscometer Traces of an Unfractionated 
Star-shaped Polystyrene. 
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both samples are i n good agreement with the ASTM Round Robin 
r e s u l t s obtained with o f f - l i n e measurements. The molecular weight 
averages are comparable with the r e s u l t s obtained from various 
sources. The Mark-Houwink parameters, Κ and a, obtained from 
l i n e a r e x t r a p o l a t i o n of l o g [η] _vs. log M, f e l l between the two 
values ofte n c i t e d f o r l i n e a r p o l y v i n y l acetate.(8,51) Dawkins and 
co-worker (52) i n t h e i r most recent p u b l i c a t i o n a l s o found that i s 
the case. Figure 17 shows the d e v i a t i o n of the p l o t l o g [η] vs. 
log M from l i n e a r i t y . Also shown i n the p l o t i s the molecular 
weight d i s t r i b u t i o n curve. The branching index, g T , as a f u n c t i o n 
of molecular weight i s shown i n Figure 18 along with the molecular 
weight d i s t r i b u t i o n curve. 

TABLE 8. SEC/VISCOMETRY RESULTS 
OF TWO POLYVINYL ACETATE SAMPLES 

SOURCE Mn - Mw [n](dl/g) Κ , 
χ 10 χ 10 χ 10 

SEC/Viscometry(This work)101 287 0.79 0.89 0.757 a 

A l d r i c h 83.4 331 
Hamielec, e t . a l . 90.2 300.2 -
ASTM Round Robin 8_3_._4_ 2_63_ 0.81 

PVAC #3 

SOURCE Mn Mw - [n](dl/g) Κ , 
χ 10 χ 10 χ 10 

SEC/Viscometry(this work)109 695 1.48 0.86 0.761 
A l d r i c h 103 840 
Hamielec, e t . a l . 146 626 -
ASTM Round Robin 102 587_ K51 -

Graessley, e t . a l . b 0.51 0.791 
D i e t z , e t . al.° 1.56 0.708 
Dawkins, e t . a l . 0.942 0.737 

^ Extrapolated from the l i n e a r p o r t i o n of l o g [η] vs. l o g M curve. 
See Reference 8. 

^ See Reference 51. 
See Reference 52. 

Summary 

In t h i s paper, the enhancement of the s i g n a l - t o - n o i s e r a t i o of the 
viscometer s i g n a l through the implementation of a numerical FFT 
technique i s discussed and the computational procedures are 
described. A number of examples of q u a n t i t a t i v e a p p l i c a t i o n s to a 
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Figure 17. P l o t of l o g [η] vs. l o g M f o r a Branched P o l y v i n y l 
Acetate (PVAc) ( A l d r i c h 18250-8 Lot #3). 

DC 
Û. 
Ο 

MOLECULAR WEIGHT 

Figure 18. P l o t of Branching Index as a Function of Molecular 
Weight f o r a Branched PVAc ( A l d r i c h 18250-8 Lot #3). 
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wide v a r i e t y of l i n e a r and branched polymers are shown. O v e r a l l , 
the SEC/Viscometry detector methodology described i n t h i s paper 
provides very accurate absolute molecular weight d i s t r i b u t i o n s , 
molecular weight averages, bulk i n t r i n s i c v i s c o s i t y v a l u e s , and 
Mark-Houwink Κ and α parameters from a s i n g l e SEC experiment. In 
a d d i t i o n , accurate i n t r i n s i c v i s c o s i t y - m o l e c u l a r weight r e l a t i o n s 
can be obtained f o r l i n e a r and branched polymers as w e l l as a 
branching index as a f u n c t i o n of molecular weight. 
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Chapter 9 

A New Detector for Determining 
Polymer Size and Shape in Size 

Exclusion Chromatography 

L. Brower, D. Trowbridge, D. Kim, P. Mukherjee, 
R. Seeger, and D. McIntyre 

The Institute of Polymer Science, The University of Akron, 
Akron, OH 44325 

A viscometer has been constructed using membrane pores 
as capillary viscometers and can be readily adapted to 
conventional SE
shown to give
solvent flow and intrinsic viscosities for moderate 
molecular weight polymers of MW approximately 100,000. 
The viscometer has been used to analyze different 
types of polymer structures including microgel. The 
microgel pressure difference measurements correlate 
with conventional measurements of gel content. The 
chromatograms of microgels in both natural rubbers and 
commercial acrylic polymers can be obtained and give a 
rapid method of detecting microgel. Also the detailed 
chromatographic patterns show the possibility of 
differentiating between types of microgel. The 
observed gel viscometry results are discussed in terms 
of polymer entanglements. 

Traditional SEC has had difficulties handling extremely large 
molecules in which linear polymers have molecular weights exceeding 
10 g/mol.(1,2), Also the different shapes of large molecules are 
difficult to pin point unless there is a marked difference from the 
universal ca1ibration.(3) Finally very large molecules commonly 
known as microgel (consisting of internally cross!inked and branched 
chains of colloidal dimensions) present a scientific challenge to 
characterize adequately by any technique. In addition microgel is 
also a laboratory hazard to be avoided in a routine SEC measurements 
because of its inadvertent plugging of costly columns. 

In response to the above characterization problems and an 
interest in understanding the topology of intramolecular 
entanglement a membrane viscometer was developed.(4 ; In the membrane 
viscometer a solution is passed through a thin CM0 μrn) membrane 
with well-defined pores of fixed diameter that are nearly 
perpendicular to the membrane surface. The important feature is 
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that the pore (or hole) diameters, Dh, be a v a i l a b l e i n a range of 
s i z e s such that the polymer (or molecule) of diameter, Dm, can pass 
through the large holes f r e e l y or the small holes with some-
d i f f i c u l t y . Both the pressure drop across the membrane and the 
c o n c e n t r a t i o n of e f f l u e n t are measured continuously while the flow 
r a t e s of e f f l u e n t are increased i n step-wise or continuous f a s h i o n . 
At t h i s stage of development only the unconfined time-average radius 
of g y r a t i o n i s considered as ^ Dn. However other v i s c o m e t r i c or 
p r o j e c t i o n r a d i i may u l t i m a t e l y be more u s e f u l . 

E a r l y measurements i n a steady-state flow apparatus showed that 
the membrane viscometer allows the d i r e c t c a l c u l a t i o n of kinematic 
v i s c o s i t i e s that are i n good agreement with independent c a p i l l a r y 
viscometer measurements under l i m i t e d c o n d i t i o n s . Agreement i s 
e x c e l l e n t when (1) the average polymer diameter i s smaller than the 
membrane hole, that i s , D m < Dh, and (2) the e f f l u e n t flow r a t e or 
i t | r e l a t e d maximum shear r a t e , dv/dx, i s not too l a r g e , (dv/dx > < 
10 s *.(4) However, i t als  becam  c l e a  i  th  e a r l  measurement
that to have a g e n e r a l l
c h a r a c t e r i z a t i o n of polymer
concentration p o l a r i z a t i o n and d e l i v e r a pulse of polymer through 
the membrane. To that end an i n j e c t i o n loop was used to introduce 
the polymer s o l u t i o n to the membrane.(5) 

The performance of the pulsed flow ( i n j e c t i o n loop) i s s i m i l a r 
to that of the unpulsed u n i t when l i n e a r polymer molecule^ are not 
too confined by the hole, the shear ra t e s are l e s s than 10 s , and 
concentrations are less than 100 pom. The pulsed flow apparatus has 
s i n c e been used to explore i n a p r e l i m i n a r y way the a n a l y s i s of 
extremely high molecular weight polymers, entangled polymers, h i g h l y 
branched polymers, and microgels. In t h i s paper a b r i e f d e s c r i p t i o n 
of the apparatus i s presented and discussed, and then some 
i n t e r e s t i n g p r e l i m i n a r y r e s u l t s on microgels are given. F i n a l l y a 
s p e c u l a t i v e d e s c r i p t i o n of the molecular rearrangements that occur 
during these membrane measurements i s followed by a few remarks on 
the a n a l y t i c a l p o t e n t i a l of the membrane viscometer detector. 
S p e c i a l c o n s i d e r a t i o n i s given to i t s use as a general purpose 
a d d i t i o n to SEC equipment i n l a b o r a t o r i e s already analyzing 
polymers. 

Membrane Viscometer 

The membrane viscometer must use a membrane with a s u f f i c i e n t l y 
w e l l - d e f i n e d pore so that the flow of i s o l a t e d polymer molecules i n 
s o l u t i o n can be analyzed as P o i s e u i l l e flow i n a long c a p i l l a r y , 
whose length/diameter i s > 10. As such the v i s c o s i t y , η,, of a 
Newtonian f l u i d can be determined by measuring the pressure drop 
across a s i n g l e pore of the membrane, knowing i n advance: the 
t h i c k n e s s , L, and cross s e c t i o n . A, of the membrane, the radius of 
the pore, R | _, the flow r a t e per pore, Q; , and the number of pores 
per u n i t area, N. The v i s c o s i t y , the maximum shear s t r e s s , σ, and 
the v e l o c i t y gradient, r , can be c a l c u l a t e d from laboratory 
measurements of the above instrumental parameters where = Q^^/N. 

η, = TTR^ ΔΡ 
8L Qt 
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y = H Q , 
ÏÏFT 

σ = R _ ΔΡ 
2L 

Design Concept The o b j e c t i v e of t h i s research was to b u i l d an 
apparatus which could measure the flow behavior of polymer s o l u t i o n s 
flowing through porous media. The concept of the design was to 
provide c o n t r o l l e d flow to a Nuclepore membrane by using a p r e c i s i o n 
pump and to measure the pressure drop across a s i n g l e membrane with 
a s e n s i t i v e pressure transducer. The dimensions of the flow 
channels were c o n t r o l l e d by s e l e c t i o n of the proper pore-size 
membrane. The concentration of polymer i n the s o l u t i o n downstream 
from the membrane was measured continuously with a d i f f e r e n t i a l UV 
absorbance detector. A l l s o l v e n t s passing to the apparatus were 
p r e f i l t e r e d d i r e c t l y into the primary d e l i v e r y pump to reduce the 
p o s s i b i l i t y of b l o c k i n g
and dust. The main advantag
continuously measuring membrane pressure drop and s o l u t i o n 
c o n c e n t r a t i o n . Thus the apparatus could be used to conduct 
t r a n s i e n t as w e l l as steady s t a t e experiments. 

Figure 1 presents a diagram of the major s e c t i o n s of the 
apparatus and t h e i r i n t e r c o n n e c t i o n s . 

P r e f i 1 ter Sect ion The p r e f i l t e r system for the solvent was a pump 
and f i l t e r holder arrangement s i m i l a r to that of the measurement 
system only using a coarse f i l t e r of 0.5 μπι pores. 

Pump Sect i o n P u l s e l e s s flow at c o n t r o l l e d flow r a t e s was provided 
by an Isco model 314 pump. This pump i s b a s i c a l l y a 350 ml 
motorized syringe with a c a p a b i l i t y of generating constant flow 
r a t e s . 

Membrane Se^tj_gjn The Nuclepore membranes provided c o n t r o l l e d 
geometry flow channels of polymer molecular dimensions. The pores 
in a Nuclepore membrane are made by chemically etching the damaged 
membrane mater i a l created when an atomic nucleus passes through a 
polycarbonate or polyester f i l m . This patented process allows the 
manufacturer to c o n t r o l the dimensions of the pores simply by 
c o n t r o l l i n g the length of time that the f i l m i s subjected to 
e t c h i n g . The number of pores per u n i t area of membrane surface i s 
c o n t r o l l e d by c o n t r o l l i n g the f l u x of n u c l e i passing through the 
f i l m during the i r r a d i a t i o n process. The pores produced by t h i s 
process are roughly c y l i n d r i c a l i n shape and o r i e n t e d normal to the 
plane of the membrane surface ( o ). The pores are arranged on the 
surface i n a random manner and thus i t i s p o s s i b l e to have two pores 
q u i t e c l o s e together, however the f r a c t i o n of pores which e x i s t as 
doublets or higher m u l t i p l e pores i s less than 10% of the t o t a l 
number of pores. Other workers have measured the pore r a d i i of 
Nuclepore membranes and found that the reduced standard d e v i a t i o n of 
the pore r a d i a l dimensions i s 0.05*/.. (7) 

The Nuclepore membranes used f o r t h i s work were standard 
p o l y e s t e r membranes 25 mm i n diameter. The pore number, N, i s 
c a l c u l a t e d from the pore den s i t y and the e f f e c t i v e flowing area of 
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Figure 1. Diagram of major apparatus s e c t i o n s 
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the 25 mm membrane i n the f i l t e r holder which i s the area (3.9 cm ) 
i n s i d e the Q-ring seal that holds the membrane. The membranes were 
mounted i n a standard f i l t e r holder purchased from Nuclepore. This 
f i l t e r holder was connected to the pump by s t a i n l e s s s t e e l tubing 
and the f i l t e r assembly and i n l e t tubing were contained i n a 
temperature c o n t r o l l e d water bath. Metal tubing and a high pressure 
pump were used to give the apparatus the c a p a b i l i t y of running 
experiments at l i n e pressures above atmospheric pressure downstream 
of the membrane. However, a l l of the work reported here was done 
with the membrane o u t l e t at atmospheric pressure. 

D i f f e r e n t i a l Pressure Measurement Section The pressure drop across 
the membrane i s the dependent v a r i a b l e i n the experiment and 
therefore the accurate measurement of small d i f f e r e n t i a l pressure i s 
the primary f u n c t i o n of the apparatus. The apparatus uses a 
pressure transducer to mak
drop across the membrane
pressure transducer was s e l e c t e
pressure drops. 

Mod i f ιed Membrane Viscometer For the pulsed system a c o i l of tubing 
(the i n j e c t i o n loop) was placed a f t e r the p r e f i l t e r and before the 
membrane holder as shown i n Figure 2. D i r e c t i o n a l valves at each 
end of the loop c o n t r o l l e d the flow path. Solvent or s o l u t i o n could 
be pumped d i r e c t l y to the UV to e s t a b l i s h b a s e l i n e absorbance or for 
c a l i b r a t i o n . To make Ρ measurements the flow was d i r e c t e d through 
the membrane and then in t o the d i f f e r e n t i a l UV spectrophotometer. 
The flow could also be brought to the upstream p o r t i o n of the 
membrane holder and then to the UV detector i n an e f f o r t to measure 
the concentration at the membrane surface. 

Cai i b r a t ion of Instrument When 10 μm and 0.6 μm membranes were used 
to determine the v i s c o s i t y of THF using the manufacturer's 
determination of Ν from the flow of water, the v i s c o s i t i e s of THF 
were measured to be an average of 85'/. of the true value. The d i r e c t 
experimental Ρ vs Q curves are shown i n Figure 3. (There i s , 
however, a systematic trend below 65'/. as membranes of even lower 
pore s i z e s are used. Although t h i s trend i s p u z z l i n g i t i s 
unimportant f o r polymer research since most polymer s o l u t i o n s t u d i e s 
need r e l a t i v e v i s c o s i t y , Q r s p e c i f i c v i s c o s i t y , Π..-ρ, 
measurements.) 

c The r V e l d a ^ a a s a f u n c t i o n of flow r a t e , Q, are shown for a 
10 w g/mol molecular weight polystyrene i n Figure 4. Both the 
Ubbelohde vis c o m e t r i c data and the membrane viscometer data are 
p l o t t e d on the same graph f o r a 0.6 urn pore membrane at a low 
concentration of 100 ppm. The flow i s Newtonian. The actu a l 
agreement of the c a p i l l a r y and membrane v i s c o s i t i e s at low flow 
r a t e s i s always e x c e l l e n t when D m << Dh and the concentration i s 
extremely low. At small pore s i z e , high c o n c e n t r a t i o n s , and high 
shear r a t e s the flow can become non-Newtonian. The l a t t e r e f f e c t s 
are only b r i e f l y discussed i n t h i s paper, but i t i s t h i s e f f e c t that 
o f f e r s an oportunity to c h a r a c t e r i z e the shape rather than the 
o v e r a l l s i z e . Even f o r a r e l a t i v e l y large pore (0.6, μίη) membrane 
the shear rates vary from 100 s * at 2 ml/hr to 10 s at 200 
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Figure 3. Representative pressure drop vs. flow r a t e curves for 
solvent i n d i f f e r e n t membranes: 0.6 nm (·>, 0.1 μπι (α) 
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Figure ^. V i s c o s i t y vs. shear r a t e f o r 10 5 MW polystyrene i n 
membrane viscometer (o) and i n gla s s c a p i l l a r y viscometer (·) 
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ml/hr, while the pressure d i f f e r e n c e s are s t i l l measurable but small 
(10-10 Pa), and the maximum shear s t r e s s e s are extremely low. The 
Reynolds numbers are an order of magnitude below turbulence. The 
D/l r a t i o s are l e s s than 1/10 except f o r the 10 pm pore membrane i n 
which P o i s e u i l l e flow formulas need to be corrected f o r end e f f e c t s 
to determine true v i s c o s i t i e s or shear r a t e s . 

Measurements of Ge_l_ Çpjntent and Type 

Convent iona 1 Ge_l_ Character i z a t ι on The gels chosen f o r a p r e l i m i n a r y 
study were two natural rubber gels (from guayule, parthemum 
argentatum, (GNR) and hevea b r a z i l i e n s i s (HNR) p l a n t s ) and three 
commercial a c r y l i c gels of unknown composition from the Glidden Co. 
Both types of gel are t y p i c a l of those encountered i n polymer 
l a b o r a t o r i e s and required f o r product s p e c i f i c a t i o n s . A l l of the 
gels were f i r s t c h a r a c t e r i z e d both by standard f i l t r a t i o n techniques 
(using 5 μ<η and 0.5 μητ
using a S o r v a l l c e n t r i f u g
the r e s u l t s of the abov  ge
case the i n i t i a l concentrations of the s o l u t e were 2500 ppm. In 
order to have a standard polyisoprene with l i t t l e , i f any, gel an 
a n i o n i c a l l y polymerized s y n t h e t i c polyisoprene rubber (SPI) was 
made, tested f o r g e l , and i s included i n the t a b l e . It i s apparent 
that the n a t u r a l rubber gel r e s u l t s i n Table 1 have a more 
meaningful p a t t e r n than the a c r y l i c gel r e s u l t s . This behavior 
suggests that the a c r y l i c g e l s are a d i f f e r e n t "type" of gel from 
the n a t u r a l rubber g e l s . No s p e c i f i c chemical evidence for branch 
or c r o s s l i n k density was determined although such data must 
u l t i m a t e l y be considered i n an c r i t i c a l gel a n a l y s i s . Of course the 
microgel i s non-uniform i n s i z e . Also i t i s l i k e l y that the l a r g e s t 
s i z e are most s e n s i t i v e to a pore confinement measurement. 

Table I. Conventional Gel Determinations 

Samp les 

Po1 y i soprene 
a) an i o n i c 
b) guayule rubber (GNR) 
c) hevea rubber (HNR) 

(SMR-5) 

A c r y l i c s 
A 
C 
D 
Β 

Gel 

F i l t r a t i o n 
5μιτΐ O.Spm 

Sed imentat ion 
2000 rpm for \ hr. 

? j clogged 
0 ; clogged 
0 j 37 

( ppt.) I 

0 
17 
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Membrane Viscometer Charac ter i 2 a t ion of Natural. Rubber The membrane 
viscometer was used with a 10 μ m membrane i n the p r e l i m i n a r y 
s t u d i e s . THF was the solvent and the i n j e c t i o n loop contained 4.7 
ml. The chromatograms at a f i x e d flow r a t e of HO ml/hr were taken 
as a f u n c t i o n of c o n c e n t r a t i o n . At extremely high concentration 
(1000 ppm) the chromatograms become very broad and take considerable 
time to come back to the b a s e l i n e . This i s b e l i e v e d to oe due to 
the p a i r entanglement i n concentrated s o l u t i o n and w i l l be discussed 
l a t e r . In an e f f o r t to determine the point at which t h i s phenomenon 
becomes dominant i n a high molecular weight s o l u t i o n the data for 
the HNR are rep l o t ted to be an apparent v i s c o s i t y , ΔΡ/Q, as a 
f u n c t i o n of Q as shown in Figure 5. Note that almost Newtonian 
behavior i s observed at 10 ppm. Maximum peak values of the 
chromatograms were used for the pressure measurements shown in 
Figure 6. The concentration was f i x e d at 10 ppm i n order to be f r e e 
of i n t e r - p a r t i c l e i n t e r a c t i o n s from the microgel. At such low 
concentrations there i
that due ho the polyme
ml/hr. However both the SP  and GN  excess pressures do plateau by 
20 ml/hr, whereas HNR excess pressures continue to grow i n d e f i n i t e l y 
with increased flow r a t e . 

Membrane Vise o me ter Character i z a t i o n of A c r y l i c Polymers The- work 
with a c r y l i c gels was extremely complex both in the conventional arid 
the membrane viscometric c h a r a c t e r i z a t i o n as the data i n Table 1 and 
Figures 7-10 show. A c r y l i c s appear to have low gel as measured in 5 
μιη f i l t e r s , yet they have a high eel content by sedimentation. In 
a d d i t i o n a t e n - f o l d decrease i n the f i l t e r pore s i z e from 5 μαι to 
0.05 urn makes A and C u n f i 1 t e r a b l e . Also the gel contents from 
sedimentation don't then c o r r e l a t e with the f i l t r a t i o n r e s u l t s . 
(Another sample not shown i n the table had a p r e c i p i t a t e due to 
g r a v i t a t i o n a l s e t t l i n g and therefore could not be run i n the 
membrane νi se ο meter.) 

The nature of the a c r y l i c gel i s obviously q u i t e d i f f e r e n t from 
that of the n a t u r a l rubber. Sample A had the same measureable gel 
in both sedimentation and f i l t r a t i o n through 5 μιτι pore f i l t e r s . 
Since pores greater than 10 Mm were not on hand, sample A was not 
run through the 10 μπ. membrane viscometer. However the s o l u t i o n 
remaining above the sediment from a sedimentation of sample A, 
c a l l e d A 5 i ? ( j « was measured and compared to C. 

The chromatograms of C using a 10 μπ pore membrane were 
obtained i n the membrane viscometer with 10 μπι pores and a 4.7 mi 
loop. The chromatograms were obtained as a f u n c t i o n of 
concentration and as a f u n c t i o n of flow r a t e and are shown i n 
Figures 7 and 8 r e s p e c t i v e l y . With these samples there i s very 
l i t t l e pressure b u i l t up at low flow r a t e s or low concentrations. 
This may i n d i c a t e that the gel i s not a d i s c r e t e l y c r o s s l i n k e d 
c o l l o i d a l - s i z e molecule but rather a coordinated tangle of molecules 
held together by non-covalent bonds that s h i f t s p a t i a l l y with time 
under low e x t e r n a l s t r e s s e s . The assymetry of the chromatograms at 
high flow r a t e probably i n d i c a t e s a dynamic response of the 
entanglement rather than the existence of a d i s t r i b u t i o n of d i s c r e t e 
microgel p a r t i c l e s . 
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Figure 5. P/Q ( a r b i t r a r i l y scaled) vs. flow r a t e , Q, for hevea 
natural rubber, HNR, s o l u t i o n s containing BV. gel i n a t o t a l 
rubber concentration of 10 ppm (·) and 20 ppm (a) 

FLOW RATE (ml/hr) 

Figure 6. Excess pressure ,ap, vs. flow r a t e for various 
polystyrene s o l u t i o n s of hevea, HNR, guayule, GNR, and s y n t h e t i c 
polyisoprene, SPI, with 87,, 3*/., and 0% gel determined 
g r a v i m e t r i c a l l y and run at a concentration of 10 ppm I n THF with 
a 10 μm membrane 
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Concentration Dependency 

ο ζ 
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Figure 7. Chromatogram of a c r y l i c gels C as a f u n c t i o n of 
concentration using a flow r a t e of 80 ml/hr, THF, and a 10 Mm 
membrane 

Flow Rate Dependency 

Sample: C 
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Solvent: 
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Figure 3. Chromatogram of a c r y l i c g e l , C, as a f u n c t i o n of flow 
r a t e at a concentration of 2.5*/. i n THF using a 10 μ in membrane 
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A comparison of A c e f i and C shows that the A sample, freed of 
i t s e a s i l y sedimented p a r t i c l e s , A 5 e d , has l e s s pressure yet very 
asymmetric peaks even at iow flow r a t e s (Figure 9), Figure 10 with 
Ac.ecj and C compared at the same flow rate and concentration shows 
that the excess pressure at the peak height f o r the C sample i s 
always larger than the A = P C j , and the d i f f e r e n c e between C and A 5 e ? cj 
would c o n s t a n t l y grow at larger flow r a t e s due to the plateau i n 
Ac-̂ çj. This i s best i n t e r p r e t e d as the d i f f e r e n c e in entangling of 
the e n t i r e molecular system even at 2.3% c o n c e n t r a t i o n , the 
concentration at which sedimentation and f i l t r a t i o n experiments were 
made e a r l i e r . With t h i s apparatus an estimate of the gel content of 
the C sample can be made even though i t can not be f i l t e r e d i n a 0.ΓΪ 
μπ\ f i l t e r . It i s not s u r p r i s i n g that sample A 5 e n would have less 
entangling than sample C since the sedimentation had e l i m i n a t e d the 
most entangled molecular aggregates. It i s d i f f i c u l t to i n t e r p r e t 
the assymetry of the peaks at high flow r a t e s in contrast to the 
rapi d symmetric pressur  r i s d f l a  lo  concentratio
and low flow r a t e s . I
s t u d i e s of the gels usin
c r o s s l i n k density as the varying molecular parameters. U n t i l these 
extensive measurements are made, the r o l e of entanglement 
i n t e n s i f i e d by p o l a r i z a t i o n could make the i n t e r p r e t a t i o n of r e s u l t s 
at high concentration d i f f i c u l t . The UV curves cor r e l a t e with Lne 
-curves at iow concentrations. 

Discussion 

The membrane viscometer can r a p i d l y give chromatoqrams r e l a t e d to 
the a b i l i t y of large molecules to reconfigure themselves in order to 
pass through c o n f i n i n g pores. As such the viscometer can be used to 
e l u c i d a t e whole chain dynamics i n v o l v i n g c r o s s l i n k s , intra-mo1 ecular 
entanglements, and inter-molecular entanglements. Work i s m 
progress to study these e f f e c t s s y s t e m a t i c a l l y i n high molecular 
weight, branched, and model c r o s s - l i n k e d systems. However there i s 
also a need to r a p i d l y assess the amount of microgel and the type of 
microgel in polymeric m a t e r i a l s . The present membrane viscometer 
holds some promise as such a monitoring t o o l . Also i t can r e a d i l y 
be adapted to an e x i s t i n g SPC apparatus. In such a c o n f i g u r a t i o n a 
very cheap membrane can save damage to expensive GPC columns and at 
the same time give an approximation of the amount of gel and an 
i n d i c a t i o n of the type of microgel through AP measurements as a 
f u n c t i o n of flow r a t e and c o n c e n t r a t i o n . 

A greater molecular understanding w i l l be required to i n t e r p r e t 
the d i f f e r e n c e between f i x e d (covalent) and mobile (polar) 
c r o s s l i n k s and t o p o l o g i c a l entanq 1 ement.. 
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Chapter 10 

Determination of Functional Groups 
in Molecular Components 
of Polydimethylsiloxanes 

Erwin Kohn and Matthew E. Chisum 

Development Division, Mason & Hanger—Silas Mason Company, 
P.O. Box 30020, Amarillo, TX 79177 

On-line size exclusion chromatographic (SEC) methods for 
the determination of silicon hydride, silanol, and sili­
con phenyl functiona
nents of polydimethylsiloxane
described. The methods are illustrated with the analy
sis results of Sylgards and other commercial samples, 
some of which have bimodal molecular weight distribu­
tions and contain specific functional groups in only one 
of the molecular weight components. The silicon hydride 
groups were monitored by means of their IR band near 
2160 cm-l and the silanol groups were followed by the 
hydrogen bonded OH stretching frequency near 3440 cm - 1. 
Silicon phenyl groups were monitored in the UV at 215 nm 
for quantitation. For silanol and phenyl groups the 
choice of mobile phase is crucial to the analysis. 

Polymeric silicones are extensively used in applications which re­
quire thermal stability and long-lasting retention of critical pro­
perties. They can be produced in various degrees of hardness and 
resiliency by combining prepolymer fluids, which contain reactive 
functional groups, in such ways as to form giant polymer networks 
with those desired properties. 
When designing rubbery materials the aim is to use precursors which 
are easy to handle, preferably liquid, and which will convert into 
solids of the proper consistency and other properties, soon after 
the application is complete. Hardening of the material requires the 
formation of very large molecules from small ones, which can be ac­
complished by an addition reaction of functional groups contained in 
the starting materials. Indiscriminate joining of groups, however, 
does not result in acceptable properties and careful tailoring of 
the links is required. This has been accomplished by commercial 
vendors such as Dow-Corning or General Electric. Nonetheless, pro­
duction of materials for special applications demanding critical 
properties requires analytical procedures for evaluation of these 
commercial precursor fluids. These analytical methods are also 
needed for an understanding of the curing reaction which is 
important in the production of such materials. 

0097-6156/87/0352-0169S06.00/0 
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In t h i s paper d e t a i l e d methods f o r the determination of placement 
and assay of s i l i c o n hydride (Si-Η), s i l i c o n hydroxide (Si-OH) and 
s i l i c o n phenyl (Si - 0 ) f u n c t i o n a l groups i n molecular weight com­
ponents of s i l i c o n e s of the Sylgard (Dow-Corning Co.) type w i l l be 
described. The methods are i l l u s t r a t e d with the a n a l y s i s of Sylgard 
a d d i t i o n prepolymers and of model polydimethylsiloxanes (PDMS). 

The Sylgard a d d i t i o n system c o n s i s t s of two f l u i d s i l i c o n e pre­
polymers which are mostly PDMSs of r e l a t i v e l y low molecular weight. 
Part A contains v i n y l groups as w e l l as a platinum c a t a l y s t and Part 
Β has both Si-Η and v i n y l groups. The cu r i n g r e a c t i o n occurs on 
mixing of the two l i q u i d s , y i e l d i n g a s o l i d s i l i c o n e . P h y s i c a l pro­
p e r t i e s of the s i l i c o n e depend mainly on the s i z e d i s t r i b u t i o n of 
chains i n the precursor f l u i d s and on the amount and p o s i t i o n i n g of 
r e a c t i v e f u n c t i o n a l groups i n the f l u i d s . Other f a c t o r s , such as 
a d d i t i v e s and type and concentration of c a t a l y s t , are of l e s s e r 
importance. The h y d r o s i l a t i o n ( 1 ) r e a c t i o n which l i n k s the chains 
c o n s i s t s of bond formatio  s i l i c o  hydrid
on one c h a i n , and the carbo
with the simultaneous attachmen
group (Figure 1). The r e a c t i o n r a t e i s markedly a c c e l e r a t e d by 
platinum c a t a l y s i s and wi t h each such l i n k i n g event the polymeric 
chain or network i s g r e a t l y increased. 

The p o s i t i o n of the f u n c t i o n a l group on the prepolymer chain i s 
c r i t i c a l as regards the r e s u l t i n g polymer p r o p e r t i e s . I f the groups 
are terminal to short chains or c l o s e l y spaced on longer chains, 
segments between chains w i l l be sh o r t , the molecular weight (MW) 
w i l l tend to be low and the s i l i c o n e w i l l have low t e n s i l e s t r e n g t h . 
I f only a s i n g l e r e a c t i v e f u n c t i o n a l group i s on some molecules, 
nonreactive (terminated) chains w i l l form, r e s u l t i n g i n a polymer of 
low MW, which i s e i t h e r l i q u i d or a s o f t s o l i d without s t r e n g t h . I f 
the f u n c t i o n a l groups are at the ends of chains ( t e r m i n a l ) o n l y , 
l i n e a r polymers w i l l r e s u l t which w i l l tend to be s o f t . Polymers 
with more than two r e a c t i v e groups per chain may form more cr o s s -
l i n k e d and therefore harder or l e s s r e s i l i e n t s i l i c o n e products. A 
combination of types i s f r e q u e n t l y d e s i r a b l e to produce m a t e r i a l s 
with s p e c i f i c degrees of r e s i l i e n c e . P o s i t i o n i n g of f u n c t i o n a l 
groups i s a matter of both the placement of these groups on i n ­
d i v i d u a l chains and the d i s t r i b u t i o n of chain s i z e s , or molecular 
weight d i s t r i b u t i o n (MWD), of the precursor f l u i d s . A d e t a i l e d 
knowledge of the composition of the precursor f l u i d s w i t h respect to 
f u n c t i o n a l group placement i s , t h e r e f o r e , of considerable importance 
i n e s t a b l i s h i n g c r i t i c a l p r o p e r t i e s of the s i l i c o n e products. 

Experimental 

On-line s i z e e x c l u s i o n chromatographic (SEC) analyses were performed 
with a Waters Model 401 d i f f e r e n t i a l refractometer (DR), a Waters 
Model 480 u l t r a v i o l e t (UV) v a r i a b l e wavelength spectrophotometer and 
a Foxboro Miran 1A i n f r a r e d (IR) photometer, equipped w i t h a z i n c 
selenide u l t r a m i c r o f l o w c e l l of 1.5 mm nominal pathlength and 4.5 μΐ 
volume, purchased from the same s u p p l i e r . A set of ten Mycrostyra-
ge l (Waters A s s o c i a t e s ) columns, regenerated by A n a l y t i c a l Sciences 
Inc. (ASI) and of nominal p o r o s i t i e s 100, 500 (two) 10 3 (two), 10 4 

(three ), 105 and 10&&, i n the order given and a mobile phase flow 
r a t e of 1 ml/min was used. The column set had a s p e c i f i c r e s o l u t i o n 
of 19.7 i n 1,4-dioxane, as determined by the method of Yau(_2). 
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G e n e r a l l y , 1 to 5 mg of sample d i s s o l v e d i n 100 μΐ of mobile 
phase were i n j e c t e d for each SEC run. For the Si-Η determinations 
t e t r a c h l o r o e t h y l e n e (TCE) mobile phase was used at 55°C. I t was 
Dowper grade (Dow Chemical Co.) and was d r i e d by passage through 
a c t i v a t e d Molecular Sieves (Linde Co.). The Si-OH analyses employed 
1,4-dioxane/ TCE (90/10 by volume) at the same temperature. The 
dioxane was purchased from Burdick & Jackson, with UV c u t o f f of 211 
nm and water content of 0.036%. The s i l i c o n e - p h e n y l analyses used 
methylene c h l o r i d e (Burdick & Jackson, UV c u t o f f of 230 nm, water 
content 0.003%) at 35°C and tetrahydrofuran (THF, Burdick & Jackson, 
UV c u t o f f 212 nm, water content 0.02% or l e s s ) at 50°C. Each of the 
mobile phases was c o n t i n u a l l y purged wi t h pure helium during use. 
The model s i l i c o n e s (D6170, D6190, T2030, T2078, PS038, PS061, 
PS118, PS160, PS340, PS463, PS537, and PS732) were obtained from 
Pe t r a r c h Systems, Inc. For the IR spectra a N i c o l e t MX-10 FT-IR 
spectrometer was used at a r e s o l u t i o n of 1 cm"^. The UV spectra 
were measured on a Mode
trophotometer which wa
equipped with an in-hous  pack
age. Other experimental d e t a i l s are described elsewhereO) · 

Molecular Weight D i s t r i b u t i o n 

S i z e e x c l u s i o n chromatography was employed to determine the MWD of 
Sylgard and other PDMS f l u i d s . The MWD of Sylgard 182B i s given by 
the bottom l i n e of Figure 2. I t shows that the d i s t r i b u t i o n of t h i s 
Sylgard prepolymer i s bimodal, c o n s i s t i n g of a large broad band, r e ­
p r e s e n t a t i v e of a component wit h average MW of about 1,200 Daltons, 
as w e l l as of a smaller band of about 30,000 Daltons. Other Sylgard 
prepolymers were a l s o found to have two or more molecular weight 
component bands when analyzed i n t h i s manner. 

Determination of S i l i c o n Hydride Groups 

To determine Si-Η groups i n d i f f e r e n t molecular s i z e p o r t i o n s of the 
sample the Miran IR d e t e c t o r was made part of the SEC a n a l y s i s sys­
tem. The instrument was set at 4.64 μπι, which i s the p r i n c i p a l 
s t r e t c h i n g wavelength of Si-Η bonds. The top l i n e i n Figure 2 i s 
the trace from t h i s d e t e c t o r during the SEC a n a l y s i s of Sylgard 
182B. This trace e x h i b i t s only a s i n g l e band, f u l l y corresponding 
to the lower MW band detected by the DR. The IR trace corresponding 
to the higher MW band has no a b s o r p t i o n , which shows that Si-H 
groups are absent i n t h i s MW component of the prepolymer. 

Q u a n t i t a t i v e measurements of the lower MW band revealed the 
presence of s e v e r a l Si-Hs i n each PDMS chain. Furthermore, the 
shapes of the DR and IR traces are the same, which i n d i c a t e s that 
the d i s t r i b u t i o n of hydride groups i s p r o p o r t i o n a l to MW and pro­
bably random. An example of a non-random d i s t r i b u t i o n would be a 
PDMS with Si-Η terminated chains. With two hydrides per chain, 
regardless of s i z e , the IR trace of the lower MW p o r t i o n would be 
enhanced and the shapes of the two curves would d i f f e r markedly. 
This i s indeed observed w i t h model PDMSs having hydride groups i n 
t e r m i n a l p o s i t i o n s . I f Si-Η p o s i t i o n s are random i n Sylgard 182B 
and there are s e v e r a l Si-Hs per molecule, most of them must be i n 
i n t e r n a l p o s i t i o n s on the chains. 
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Higher r e s o l u t i o n measurements of the Si-Η s t r e t c h i n g band i n 
model compounds revealed a s i g n i f i c a n t d i f f e r e n c e i n the frequency 
of t h i s band between ter m i n a l and i n t e r n a l l y placed hydride groups 
(Figure 3 ) . For t e r m i n a l hydrides the frequency was about 2127 cm~l, 
whi l e for i n t e r n a l ones i t was about 2167 cm~l (Table I)· The f r e ­
quency f o r the two Sylgards was about 2163 cm"!, nearly that f o r i n ­
t e r n a l placements, and i n l i n e w i t h a random d i s t r i b u t i o n . 

Table I . S i l i c o n Hydride S t r e t c h i n g Frequency f o r Terminal and 
I n t e r n a l Hydrides 

Frequency 
S i l i c o n e Si-Η Type (cm-1) 

1,1,3,3-Tetramethyldisiloxane (T2030) Terminal 2128 
H-Terrainated P o l y d i m e t h y l s i l o x a n e

(PS537) 
Polymethylhydrosiloxane,  (PS118) 
Sylgard 182B 2162 
Sylgard 184B 2163 

The s i z e e x c l u s i o n chromatography-infrared (SEC-IR) method a l s o 
provided f o r q u a n t i t a t i v e determination of Si-Η groups i n various 
portio n s of the MWD of the polymer. This was done by measuring the 
area under the appropriate p o r t i o n of the SEC-IR curve which c o r r e ­
sponds to a p a r t i c u l a r MW component. C a l i b r a t i o n was performed with 
a model compound, PS118, which i s a PDMS with r e g u l a r l y placed Si-Hs 
and a MW close to that of the hydride c o n t a i n i n g Sylgard component. 
The Si-Η content of PS118 was determined by comparing i t with 
1,1,3,3-tetramethyldisiloxane (T2030) which was found to be of 99+% 
p u r i t y by SEC a n a l y s i s . Q u a n t i t a t i o n r e s u l t s for three Sylgard sam­
ples f o r which bulk measurements by nuclear magnetic resonance (NMR) 
were a l s o a v a i l a b l e are given i n Table I I . In the f i r s t two sam­
p l e s , 184-31B and 184-36B, the agreement between s p e c i f i c Si-Η con­
tent by SEC-IR and bulk content by NMR i s good. The t h i r d sample, 
1107-69, shows a lower value by SEC-IR than by NMR. In t h i s case, 
NMR a n a l y s i s was performed at an e a r l i e r time while SEC-IR was per­
formed much l a t e r , a f t e r long storage without e x c l u s i o n of the a t ­
mosphere. That a change i n the sample had occurred on storage was 
i n d i c a t e d by i t s p a r t i a l l y g e l l e d s t a t e p r i o r to SEC-IR a n a l y s i s . 

Table I I . Percent S i l i c o n Hydride Content by SEC-IR and Bulk NMR 

Sylgard SEC-IR NMR 

184-31B 0.45 0.45 
184-36B 0.43 0.44 
1107-69 1.24 1.60 
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Figure 1. Curing r e a c t i o n . 
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Figure 2. DR and IR traces of Sylgard 182B i n TCE. 
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Figure 3. IR of term i n a l and i n t e r n a l Si-H's i n TCE. 
A. 1,1,3,3-Tetramethyldisiloxane (T2030). B. Polymethylhydi 
s i l o x a n e (PS118). 
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Determination of S i l a n o l Groups 

S i l a n o l groups i n PDMSs, may form by r e a c t i o n of Si-Hs with atmos­
pheric moisture or oxygen (Figure 4 ) ( 4 , 5 ) . They i n t e r f e r e with the 
normal cu r i n g r e a c t i o n s through the formation of polymers (Figure 4) 
of undesirable p r o p e r t i e s . The free s i l a n o l absorbs s t r o n g l y i n the 
IR at about 3690 cm"~l(6^ but i s p a r t i a l l y hydrogen bonded to other 
OHs(_7) and to the oxygens of the polydimethylsiloxane backbone when 
i n a solvent which i s incapable of hydrogen bonding. The IR spec­
trum of the TCE s o l u t i o n of PS340, an OH terminated PDMS with an 
approximate number average molecular weight of 1,500, i s given i n 
Figure 5. The spectrum shows a sharp band near 3690 cm""*, which i s 
assigned to the free hydroxyl a b s o r p t i o n , as w e l l as a very broad 
band centered roughly at 3400 cra"l, which i s t y p i c a l of hydrogen 
bonded hydroxyIs and, t h e r e f o r e , so assigned. The magnitudes of 
both bands v a r i e d w i t h sample concentration and q u a n t i t a t i o n was not 
p o s s i b l e . 
In a strong proton r e c e i v i n
a l l OH groups are expecte  s i n g l
sorbing species should r e s u l t . This was indeed found to be the case 
as shown i n Figure 6, which gives the relevant p o r t i o n of the IR 
spectrum of PS340 i n dioxane. The s i n g l e broad peak, which i s cen­
tered near 3440 cm~"l, has more than t e n f o l d the area of the TCE 
absorption and shows no trace of the unbonded spe c i e s . S i l a n o l con­
c e n t r a t i o n i n t h i s solvent can be quantitated as i l l u s t r a t e d by the 
c a l i b r a t i o n curve of Figure 7 i n which the absorbance area of the 
3440 cm~l peak i n PS340 i s p l o t t e d against microgram of s i l a n o l i n 
the mobile phase. 
Use of dioxane mobile phase permitted the development of an SEC-IR 
method f o r the q u a n t i t a t i o n of s i l a n o l groups i n PDMSs. Because the 
r e f r a c t i v e indexes of dioxane and PDMS are nearl y the same ten 
volume percent TCE was added which permitted monitoring of the MWD 
with the DR d e t e c t o r . P o l y d i m e t h y l s i l o x a n e s not con t a i n i n g hydroxyl 
groups were found to have a small absorbance at the wavelength of 
the measurement and c o r r e c t i o n f o r t h i s e r r o r was made by s u b t r a c t ­
i n g the absorbance of PS038, a PDMS of molecular weight comparable 
to that of the sample and used at the same co n c e n t r a t i o n . The 
method i s i l l u s t r a t e d i n Figure 8 which shows the SEC-IR and DR 
traces of a mixture of PS340 and of hexamethyldisiloxane. I t i s 
noted that the IR absorption occurs only where the PS340 e l u t e s . 
A l s o , the shapes of the IR and DR curves are not the same; the IR 
curve i s more prominent at the lower molecular weights. This i s the 
phenomenon observed before i n the s i l i c o n hydride a n a l y s i s ; since 
the s i l a n o l s are only at both ends of the chains the smaller 
molecules co n t a i n more of them. 

Determination of S i l i c o n - P h e n y l Groups 

Pol y d i m e t h y l s i l o x a n e s c o n t a i n i n g phenyl groups e x h i b i t absorptions 
i n the UV which are s i m i l a r to those observed for other phenyl con­
t a i n i n g compounds(<B ) . They include a p r i n c i p a l band i n the f a r UV 
near 215 nanometer (nm), designated ^l>a(9) and a weak i n t e n s i t y 
band m u l t i p l e t which i s centered near 260 nm, designated ^Ι^(£). 
The l a t t e r i s o f t e n used to recognize and o c c a s i o n a l l y to qu a n t i t a t e 
benzenoid content. 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



KOHN AND CHISUM Molecular Components of Polydimethylsiloxanes 

Si — Si — OH + H 2 

Si — OH -t- H — S i — • — Si - 0 — Si — + H 2 

Figure 4. Reactions of Si-Η with H2O and OH. 
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Figure 5. Si-OH IR of PS340 i n TCE. 
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Figure 6. Si-OH IR of PS340 i n 1,4-dioxane. 
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Figure 8. 

Log Molecular Weight — 

SEC-DR and IR trace of s i l i c o n e mixture i n 1,4-dioxane. 
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To q u a l i t a t i v e l y determine phenyl placements i n s i l i c o n e s , 
SEC-UV a n a l y s i s was used at 254 nm, with methylene c h l o r i d e mobile 
phase. 
This choice of solvent permits e f f i c i e n t monitoring of the MWD of 
the sample by employing an IR detector at 9.6 μιη, at which wave­
length s i l i c o n e s have a strong Si-O-Si asymmetric s t r e t c h i n g band. 
The DR d e t e c t o r i s not a p p l i c a b l e f o r t h i s a n a l y s i s because of 
s i m i l a r i t y i n r e f r a c t i v e index of methylene c h l o r i d e and phenyl 
c o n t a i n i n g PDMSs. The q u a l i t a t i v e aspects of the phenyl a n a l y s i s 
are i l l u s t r a t e d w ith Figures 9 and 10, which give the UV (phenyl) 
and IR (MW) traces of Sylgards 184A and 184B, r e s p e c t i v e l y . I t i s 
noted that i n each example the higher molecular weight component i s 
r e l a t i v e l y r i c h i n phenyl. 

Because of the low magnitude of the e x t i n c t i o n c o e f f i c i e n t of 
the ^L^ band the method required r e l a t i v e l y large amounts of sam­
p l e , and may r e s u l t i n " l o a d i n g " of the columns i n case of the low 
phenyl contents normall
i n methylene c h l o r i d e an
"molar" (formula weight)  pheny
s o l v e n t s , i n both regions of the UV spectrum, vary w i t h the p o s i t i o n 
of the phenyl group i n s i l o x a n e model compounds and e s p e c i a l l y i f 
the phenyls are i n geminal p o s i t i o n ( 1()) . The e x t i n c t i o n c o e f f i ­
c i e n t s (E) f o r the shorter wavelength band i n methylene c h l o r i d e , at 
or near 230 nm, are given i n Table I I I f o r a number of phenylmethyl 
s i l o x a n e s . 

Table I I I . E x t i n c t i o n C o e f f i c i e n t s f o r Several Phenylmethyl 
Siloxanes at or Near 230 nm i n Methylene C h l o r i d e 

Siloxane E(*) 

1,3-Diphenyltetramethyldisiloxane (D6190) 250 
1,1,3,3-Tetraphenyldimethylsiloxane (T2078) 600 
1 , 3 - D i p h e n y l t e t r a k i s - l , 1 , 3 , 3 - ( d i m e t h y l s i l o x y ) 

d i s i l o x a n e (D6170) 50 
P o l y d i m e t h y l s i l o x a n e , v i n y l p h e n y l terminated (PS463) 280 
Copolymer-(96%)dimethyl-(4%)diphenylsiloxane (PS732) 730 
Polymethylphenylsiloxane (PS160) 150 

(*)Per formula weight of phenyl 

Since the i n t e n s i t i e s of the bands d i f f e r f o r d i f f e r e n t p l a c e ­
ments of the phenyl group i n the s i l i c o n e s , the method does not lend 
i t s e l f to q u a n t i t a t i o n . The i n t e n s i t y of the shorter wavelength 
band, however, i s much enhanced i n polar s o l v e n t s , such as 
1,4-dioxane and THF, and i s l e s s v a r i a b l e w i t h changes i n p o s i t i o n 
of the phenyl groups along the PDMS backbone. This i n t e n s i t y en­
hancement i s probably due to charge-transfer complexing of phenyls 
wi t h the oxygens of the s o l v e n t . In these complexes the e l e c t r o n i c 
t r a n s i t i o n s are le s s i n f l u e n c e d by the p o s i t i o n of the phenyl group 
along the s i l o x a n e chain than they are i n non-polar solvents where 
complexing i s weak or absent. The e x t i n c t i o n c o e f f i c i e n t s f o r the 
shorter wavelength band i n dioxane and THF, at or near 215 nm, are 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



178 D E T E C T I O N A N D D A T A A N A L Y S I S I N 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 
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Figure 9. SEC-IR and UV trace of Sylgard 184A. IR at 9.6 m, UV 
at 254 nm. 
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Figure 10. SEC-IR and UV trace of Sylgard 184B. IR at 9.6 m, UV 
at 254 nm. 
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shown i n Table IV f o r a number of phenylmethyl s i l o x a n e s . More than 
a t e n - f o l d increase i n Ε f o r dioxane or THF versus methylene 
c h l o r i d e was observed f o r most s i l o x a n e s . The UV spectra of 
1,3-diphenyltetramethyldisiloxane and of Sylgard 184A i n THF are 
shown i n Figures 11 and 12. 

Table IV. E x t i n c t i o n C o e f f i c i e n t s f o r Several Phenylmethyl 
Siloxanes at or Near 215 nm i n 1,4-Dioxane or THF 

E(*) 
S i loxane Dioxane THF 

1,3-Diphenyltetramethyldisiloxane (D6190) 9,200 9,200 
1,1,3,3-Tetrapheny1-1,3-Dimethyldisiloxane (T2078) 8,400 8,200 
1 , 3 - D i p h e n y l t e t r a k i s - l , 1 , 3 , 3 - ( d i m e t h y l s i l o x y ) 

disiloxane(D6170) 6,40
Po l y d i m e t h y l s i l o x a n e , v i n y l p h e n y
Copolymer-(96%)dimethyl-(4%)diphenylsiloxan  (PS732) 6,10
Polymethylphenylsiloxane (PS160) 7,900 9,400 

(*) Per formula weight of phenyl 

Tetrahydrofuran was chosen f o r the SEC analyses because i t s r e ­
f r a c t i v e index provides a s l i g h t l y l a r g e r d i f f e r e n c e for d e t e c t i o n 
of the samples and monitoring of the MWD, than does dioxane. But 
the d i f f e r e n c e i n r e f r a c t i v e index i s s t i l l not f u l l y s a t i s f a c t o r y 
f o r good d e t e c t i o n of the MW of the d i m e t h y l s i l o x a n e backbone. 
Representative SEC-UV and DR curves f o r Sylgard 184A i n THF mobile 
phase are given i n Figure 13. A comparison of the shapes of the 
curves representing phenyl content as detected by UV absorbance at 
215 nm and the MWD as determined by the DR, shows a greater concen­
t r a t i o n of phenyls at the lower MW end of the d i s t r i b u t i o n . I f an 
unusual d i s t r i b u t i o n of phenyls i s excluded the r e s u l t s suggest 
ter m i n a l placement of phenyls i n these Sylgards, as was observed i n 
c e r t a i n s i l a n o l c o n t a i n i n g compounds described p r e v i o u s l y . PS463, a 
PDMS w i t h t e r m i n a l l y placed phenyl groups, shows t h i s e f f e c t , while 
another, PS061, which has a small i n t e r n a l block of pheny line thy 1-
s i l o x a n e u n i t s , does not. 

Q u a n t i t a t i o n of phenyl content i n Sylgards was performed by 
comparison of areas of UV absorbance at 215 nm with a c a l i b r a t i o n 
curve generated w i t h PS463, a phenyl terminated PDMS. In performing 
the i n t e g r a t i o n f o r phenyl content the absorbance due to the THF 
peroxide band was omitted but other bands, due to lower molecular 
weight i m p u r i t i e s which c o n t a i n phenyls, were included to permit 
comparisons w i t h bulk a n a l y t i c a l methods, such as NMR. 

I n t e r f e r e n c e by f u n c t i o n a l groups other than Si-Η, which are 
present i n many Sylgard prepolymers, has not been i n v e s t i g a t e d . I t 
i s expected that aromatic groups such as biphenyl and naphthyl w i l l 
give absorbances s i m i l a r to phenyl. The absorbance of Si-Η c o n t a i n ­
i n g PDMSs at 215 nm was n e g l i g i b l e . 
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Figure 11. UV spectrum of 1,3-diphenyltetraraethyldisiloxane 
(D6190) i n THF. 
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Figure 12. UV spectrum of Sylgard 184A i n THF. 
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Figure 1 

Log M o l e c u l a r Weight 

3. SEC-UV at 215 nm and DR of Sylgard 184A in THF. 
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Conclusions 

Methods f o r the d e t e c t i o n of placement and q u a n t i t a t i o n of Si-H, 
Si-OH and Si - 0 groups i n molecular weight components of s i l i c o n e s of 
the p o l y d i m e t h y l s i l o x a n e type have been developed using SEC-IR and 
SEC-UV o n - l i n e techniques. In the case of s i l a n o l s , problems with 
p a r t i a l hydrogen bonding were overcome by use of 1,4-dioxane mobile 
phase. For phenyl groups, methylene c h l o r i d e was e f f e c t i v e f o r 
q u a l i t a t i v e measurements and THF y i e l d e d q u a n t i t a t i v e r e s u l t s at 
high s e n s i t i v i t y . 
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Chapter 11 

Analysis of Coal Liquids 
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Size exclusion chromatograph
micron, 100A PL-Gel column (7.8 mm id x 60 cm long) and dry, 
additive-free tetrahydrofuran (THF) as the mobile phase, sepa­
rates coal liquids into fractions containing species with similar 
linear molecular sizes. Since most similar molecular size 
species in coal liquid happen to have similar functionalities, 
the size separation enables the separation of fractions con­
taining similar chemical species. The fractions separated by SEC 
are collected by a multiloop sample valve. The multiloop valve 
links the liquid chromatograph with a high resolution gas 
chromatograph. The GC system is equipped with a Finnigan Ion 
Trap Detector (ITD), a mass spectrometer for capillary chroma­
tography. The volume of the fractions as well as the timing of 
fraction collection can be varied in order to study any specific 
species in the sample. The technique can be used to analyze coal 
liquids, petroleum crudes, and their various distillation cuts. 

The analysis of Wyodak recycle solvent by SEC-GC-MS shows 
that certain distribution order exists for species in coal li­
quids with respect to their size and degree of isomerization. 
The alkanes increase in chain lengths without any appreciable 
degree of isomerization, except for some biological markers such 
as pristane and phytane. Phenols and aromatics vary in size and 
extent of isomerization which causes the liquid to contain a 
large number of species. 
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An enormous amount of work both at bench scale and at p i l o t plant 
scale have been conducted to study the production of l i q u i d and 
gaseous hydrocarbons from c o a l . S i n c e most of the a n a l y t i c a l 
methods are e i t h e r very t i m e consuming or v e r y s p e c i a l i z e d , 
a l m o s t a l l the d a t a a v a i l a b l e on the c o a l l i q u e f a c t i o n p r o c e s s 
are based on d i s t i l l a t i o n d ata or on the assumption t h a t a l l 
p r o d u c t s which are not i n s o l u b l e s o l i d s are c o n v e r t e d . I t i s 
known that products of l i q u e f a c t i o n vary based on co a l , r e a c t i o n 
c o n d i t i o n s , and media of r e a c t i o n ; hence, c o n v e r s i o n and y i e l d 
may be based on very d i f f e r e n t products. 

The type of q u a n t i t a t i v e a n a l y t i c a l data which are needed f o r 
modelling and k i n e t i c studies on c oal l i q u e f a c t i o n process could 
not be obtained by using general a n a l y t i c a l techniques. We have 
developed a new a n a l y t i c a l approach f o r o b t a i n i n g q u a l i t a t i v e 
information as well as q u a n t i t a t i v e data on coal l i q u i d species. 
Coal l i q u e f a c t i o n produces smaller molecules from coal which i s 
composed of l a r g e r m o l e c u l a
molecular species i n whic

Size exclusion chromatography (SEC) separate
on s i z e i n a short a n a l y s i s time. Unlike other chromatographic 
techniques, SEC does not r e t a i n sample species in the column, the 
a n a l y s i s t i m e i s f i x e d , and e v e r y t h i n g l o a d e d onto the column 
e l u t e s w i t h i n a f i x e d time frame. The a p p l i c a t i o n of SEC i s 
l i m i t e d only to the s o l u b i l i t y of the sample in a solvent. Since 
t e t r a h y d r o f u r a n (THF) i s a good s o l v e n t f o r c o a l l i q u i d s , the 
separation of coal l i q u i d s by SEC can be e a s i l y achieved. 

Although the w e l l established use of s i z e exclusion chroma­
tography (SEC) i s the separation and c h a r a c t e r i z a t i o n of polymers 
based on m o l e c u l a r s i z e or m o l e c u l a r weight, i t s use can be 
extended f o r the s e p a r a t i o n of s m a l l e r s i z e m o l e c u l e s ( 1 _ l l ) . 
Since coal derived mixtures have se v e r a l small molecules of s i m i ­
l a r s i z e s , the use of SEC a l o n e does not r e s o l v e them f o r the 
purpose of i d e n t i f i c a t i o n . The gel columns packed with 5ym poly­
mer p a r t i c l e s have about 50,000 t h e o r e t i c a l p l a t e s per meter, a 
f i v e f o l d increase over that of 10 pm columns; thus, an increase 
i n separation e f f i c i e n c y i s achieved. Because sample s i z e s can 
be i n c r e a s e d w i t h r e a s o n a b l y good r e s o l u t i o n , and a 60 cm l o n g 
column can separate a r e l a t i v e l y large sample i n a time as short 
as 25 minutes, SEC can be used as a p r e l i m i n a r y s e p a r a t i o n 
technique p r i o r to use of other a n a l y t i c a l techniques such as gas 
chromatography (GC) and gas chromatography-mass spectroscopy (GC-
MS). 

Coal l i q u i d s , petroleum crudes, and t h e i r d i s t i l l a t i o n cuts 
have been s e p a r a t e d i n t o f o u r or f i v e f r a c t i o n s by SEC (5~15). 
The SEC f r a c t i o n s were analyzed by use of GC. The procedure was 
performed manually. I t was i n e f f i c i e n t , and s u s c e p t i b l e to human 
error. The automated f r a c t i o n c o l l e c t i o n followed by i n j e c t i o n 
of the f r a c t i o n into the GC reduces a n a l y s i s time, and o f f e r s an 
o p t i o n f o r c o l l e c t i o n of the d e s i r e d number of f r a c t i o n s a t 
predetermined time i n t e r v a l s . The manual c o l l e c t i o n of up to 10 
one-ml f r a c t i o n s i s a l s o used i n order to study the e f f e c t i v e n e s s 
of the automated method. 
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The f l a m e i o n i z a t i o n d e t e c t o r (FID) can be used f o r the 
detection and q u a n t i t a t i v e estimation of components separated by 
the GC. I d e n t i f i c a t i o n of major s p e c i e s can be a c h i e v e d by a 
mass spectrometer which can not be used f o r q u a n t i t a t i v e a n a l y s i s 
of complex mixtures such as coal l i q u i d s . 

Mass s p e c t r o m e t e r s used to be e x p e n s i v e and complex f o r 
r o u t i n e use as a GC d e t e c t o r . The Ion Trap D e t e c t o r (ITD, 
F i n n i g a n ) i s a low p r i c e d mass s p e c t r o m e t e r (MS) f o r c a p i l l a r y 
chromatography. Three a n a l y t i c a l t o o l s - SEC, GC, and ITD - are 
incorporated i n t o a powerful a n a l y t i c a l system f o r the a n a l y s i s 
of complex m i x t u r e s such as c o a l l i q u i d s , p e t r o l e u m crude and 
various r e f i n e r y products. The instrumentation and the SEC-GC-MS 
a n a l y s i s of a coal l i q u i d are presented i n t h i s paper i n order to 
demonstrate the technology. 

EXPERIMENTAL 

Coal L i q u i d Samples 

C o a l l i q u i d s used i n t h i s work are r e c y c l e s o l v e n t s which were 
o b t a i n e d from the U n i v e r s i t y of North Dakota Energy Research 
Center where anthracene o i l was used to l i q u e f y c o a l s and the 
r e s u l t i n g product s l u r r i e s were rec y c l e d as l i q u e f a c t i o n s o l ­
vents approximately twenty times. The r e c y c l e solvent contained 
a s u b s t a n t i a l amount of o r i g i n a l a n t h r a c e n e o i l and i t s 
d e c o m p o s i t i o n p r o d u c t s a l o n g w i t h c o a l d e r i v e d p r o d u c t s . The 
rec y c l e solvent represents a very complex synthetic crude sample. 
The r e c y c l e solvents produced from Wyodak subbituminous co a l , two 
North Dakota l i g n i t e s (ZAP-2 and Beulah), and Texas B i g Brown 
l i g n i t e were used f o r the an a l y s i s . These r e c y c l e solvents were 
used f o r m i n i - r e a c t o r l i q u e f a c t i o n e x p e r i m e n t s at Texas A&M 
Un i v e r s i t y . The products from these experiments are al s o being 
a n a l y z e d . A 2 5% s o l u t i o n o f t h e c r u d e was p r e p a r e d i n 
t e t r a h y d r o f u r a n (THF) and f i l t e r e d through 0.45 ym d i s p o s a b l e 
HPLC f i l t e r s (Supelco) and 100 y Is of the f i l t e r e d s o l u t i o n were 
used f o r each SEC separation. 

SEC-GC-MS Instrumentation 

A schematic of the system i s shown i n Figure 1. The system con­
s i s t s of the f o l l o w i n g : a l i q u i d chromatograph (LC^ Waters 
ALC/SEC Model 202) equipped w i t h a 60 cm, 5 ym, 100 A P L - g e l 
column (Polymer L a b o r a t o r i e s ) and a r e f r a c t i v e index d e t e c t o r 
(Waters Model R 401); a gas chromatograph ( V a r i a n , VISTA 44) 
equipped with a bonded phase fused s i l i c a c a p i l l a r y column (BP5, 
0.32mm ID, 25M l o n g ) m a n u f a c t u r e d by S c i e n t i f i c G l a s s 
E n g i n e e r i n g , Inc. (SGE); an au t o s a m p l e r ( V a r i a n 8000); a f l a m e 
i o n i z a t i o n d e t e c t o r ( F I D ) ; a n i t r o g e n s p e c i f i c d e t e c t o r 
(Thermionic Ion S p e c i f i c - TSD); and a microcomputer system (IBM 
CS 9000) with 1000K bytes RAM and dual 8" floppy disk drives f o r 
c o l l e c t i n g raw chromatographic data. 

A Finnigan Ion Trap Detector (ITD), a small mass spectrometer 
for c a p i l l a r y chromatography, i s the t h i r d d e t e c t o r i n t e r f a c e d 
w i t h the gas chromatograph. The c o n t r o l of the ITD, the data 
c o l l e c t i o n , and the i d e n t i f i c a t i o n of s p e c i e s , by a l i b r a r y 
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search w i t h a NBS Mass S p e c t r a l Data Base stored on a 10 megabyte 
hard d i s k , are performed by an IBM PC XT microcomputer. S i n c e 
the c u r r e n t l y a v a i l a b l e software does not a l l o w the operation of 
the ITD i n a run programmed mode, i t i s manually r e s e t between GC 
runs. New software f o r ITD w i l l be a v a i l a b l e soon f o r u n i n t e r ­
rupted a n a l y s i s of s e v e r a l samples. Frequently samples c o l l e c t e d 
on the l o o p s of v a l v e V ( F i g u r e 2) were c o n c e n t r a t e d and 
m a n u a l l y i n j e c t e d as a l a r g e r - s i z e sample (0.2-0.5 μΐ) w i t h a 
S c i e n t i f i c Glass Engineering (SGE) on-column i n j e c t o r i n order to 
o b t a i n a good mass s p e c t r a l f r a g m e n t a t i o n p a t t e r n of minor 
components. A f t e r the i n i t i a l i d e n t i f i c a t i o n , the major 
fragmentation peak i s used i n r o u t i n e SEC-Ge-MS a n a l y s i s . 

SEC-GC I n t e r f a c e 

The continous sample separations on the g e l column f o l l o w e d by 
t h e GC a n a l y s i s of s e l e c t e
o p e r a t i o n of two 6-por
V a l c o I n s t r u m e n t Company) as i l l u s t r a t e d i n F i g u r e 2. Sample 
i n j e c t i o n i n t o the LC was performed by a s i x p o r t valve (V^ ) w i t h 
a 2 ml sample l o o p and f i t t e d w i t h a s y r i n g e - n e e d l e p o r t f o r 
v a r i a b l e sample s i z e i n j e c t i o n . The combined o p e r a t i o n of 
another 6-port s w i t c h i n g valve and the 34-port valve (V ) w i t h 16 
s a m p l e l o o p s (100 μΐ) e n a b l e d t h e l i n k i n g o f trre l i q u i d 
chromatograph w i t h the autosampler of the gas chromatograph. The 
autosampler was modified to handle 100 μΐ samples d i r e c t l y from 
the f r a c t i o n c o l l e c t i o n l o o p s of V . When V was t u r n e d 
c l o c k w i s e , i t kept V i n l i n e of the LC e f f l u e n t ; so t h a t the 
f r a c t i o n s of s e p a r a t e d sample c o u l d be c o l l e c t e d and the 
autosampler was bypassed. at i t s counter c l o c k w i s e p o s i t i o n 
kept V i n l i n e w i t h the autosampler f o r sample i n j e c t i o n but i t 
bypassed the LC stream. Generally, 0.1 μΐ samples were used f o r 
the GC a n a l y s i s . Sometimes the stream from the c a p i l l a r y column 
was s p l i t (50/50) f o r the simultaneous monitoring by the FID and 
TSD. The r e a l t i m e m o n i t o r i n g of t h e GC was p o s s i b l e on both 
V a r i a n and IBM systems and the raw c h r o m a t o g r a p h i c d a t a were 
s t o r e d on the 8" f l o p p y d i s k s . The f r a c t i o n c o l l e c t i o n s and 
sample i n j e c t i o n s i n t o the gas chromatograph, as w e l l as the data 
c o l l e c t i o n , were performed by the i n t e g r a t e d system composed of a 
V a r i a n Automation System (VISTA 401) and the IBM microcomputer 
(CS 9000). For each sample i n j e c t e d i n t o the SEC column, up t o 
16 f r a c t i o n s were c o l l e c t e d and a n a l y z e d by the GC u s i n g 
a p p r o p r i a t e gas c h r o m a t o g r a p h i c programs s t o r e d i n the memory 
without any manual i n t e r a c t i o n . 

I n a d d i t i o n to the use of the LC-GC i n t e r f a c e ( F i g u r e 2), 1 
ml f r a c t i o n s were m a n u a l l y c o l l e c t e d and a n a l y z e d by gas 
chromatograph using the autosampler. The concentrated f r a c t i o n s 
were a l s o evaporated using a slow stream of n i t r o g e n and analyzed 
each f r a c t i o n by GC-MS using a SGE on-column i n j e c t o r . 

RESULTS AND DISCUSSION 

Wyodak Recycle Solvent 

Figure 3 shows the SEC separation of Wyodak r e c y c l e solvent. The 
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Figure 1  SEC-GC-MS instrumentation
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Figure 2. SEC-GC i n t e r f a c e Note: V has s i x t e e n sample loops 
i n s t e a d of s i x shown. 
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s e p a r a t i o n p a t t e r n of v a r i o u s c h e m i c a l s p e c i e s and c h e m i c a l 
g r o u p s a r e a s s i g n e d b a s e d on r e p o r t e d (4-15) as w e l l as 
u n r e p o r t e d s t u d i e s . When v a l v e s and V ( F i g u r e 2) are 
engaged, the SEC e f f l u e n t s are c o l l e c t e d i n the sample loops of 
V at s p e c i f i c i n t e r v a l s . The r e f r a c t i v e index detector output 
snows the e f f e c t of such f r a c t i o n c o l l e c t i o n s as negative peaks 
( F i g u r e 4). 

SEC Separation of Major Chemical Species i n Coal L i q u i d s 

The major s p e c i e s i n a c o a l l i q u i d can be "lumped" as n o n v o l a -
t i l e s , alkanes, phenolics, aromatics and other species, i n c l u d i n g 
u n i d e n t i f i e d species. The order i n which they elute from SEC i s 
i l l u s t r a t e d i n F i g u r e 3. W i t h i n each group the s p e c i e s are 
separated i n the order of decreasing l i n e a r molecular s i z e . The 
" n o n v o l a t i v e s " i n c l u d e heavy m o l e c u l e s and the s p e c i e s t h a t 
accumulate on the c a p i l l a r
by FID and ITD. Th
hydrocarbons ranging fro g  l a r g e
than n-C were not u s u a l l y d e t e c t e d due to the c o n d i t i o n s 
used i n most of t h i s work. T h e i r presence was e s t a b l i s h e d by 
conducting one or two a n a l y s i s by expanding the l i m i t s of the GC 
temperature program. The next chemical lump that elutes from the 
SEC are phenolics, which include a l l a l k y l a t e d aromatic compounds 
w i t h the hydroxy f u n c t i o n a l - g r o u p , such as a l k y l a t e d phenols, 
indanols, and naphthols. They elute from the SEC i n the order of 
decreasing l i n e a r molecular s i z e s . The l a s t major chemical lump 
to e l u t e from the SEC are the a r o m a t i c s , and they i n c l u d e 
alkylated-benzenes, indans, naphthalenes, and heavier p o l y c y c l i c 
aromatics such as pyrenes, dibenzofuran, and dibenzothiophenes. 

Gaschromatograph A n a l y s i s of SEC F r a c t i o n s of Wyodak R e c y c l e 
Solvent 

S i x t e e n SEC f r a c t i o n s of 100 y l each were c o l l e c t e d from the 
Wyodak r e c y c l e s o l v e n t ( F i g u r e 4) at 0.5 min i n t e r v a l s . Each 
f r a c t i o n was a n a l y z e d by i n j e c t i n g 0.1 y l i n t o the GC u s i n g the 
f l a m e i o n i z a t i o n d e t e c t o r (FID). The f i r s t t h r e e and the l a s t 
samples did not show any peaks other than the peaks derived from 
the s o l v e n t ; so the GC of those f r a c t i o n s are not i n c l u d e d i n 
F i g u r e 5. The f i r s t GC ( F i g u r e 5-1) c o r r e s p o n d s to the GC of 
f r a c t i o n #4 and the l a s t GC ( F i g u r e 5-12) i s t h a t of f r a c t i o n 
#15. By i n c r e a s i n g the GC oven temperature the l a r g e r alkanes i n 
f r a c t i o n #2 and #3 can be d e t e c t e d . A s h o r t e r column enhances 
the FID response as these heavy alkanes accumulate on the column 
probably due to i r r e v e r s i b l e adsorption or decomposition. 

I d e n t i f i c a t i o n of S p e c i e s i n SEC F r a c t i o n s of Wyodak R e c y c l e 
Solvent 

Figure 5~1 shows the GC of f r a c t i o n #4. I t shows alkanes ranging 
from C to C . I t i s q u i t e p o s s i b l e t h a t the f r a c t i o n may 
contain nigher alkanes which are not detected due to the GC-oven 
temperature l i m i t . The peaks are i d e n t i f i e d from the MS fragmen­
t a t i o n p a t t e r n . F r a c t i o n #5 i s c o l l e c t e d a f t e r a 0.5 minute 
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Figur e 3. SEC of Wyodak r e c y c l e solvent 

F i g u r e 4. 100 μΐ F r s . C o l l e c t e d by SEC-GC i n t e r f a c e ( o n - l i n e ) 
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Figure 5. Gaschromatograms of SEC f r a c t i o n s (Fr. #3 through #14 
i n F i g u r e 4). Temperature program 80°-120°C at 
4°C/min, 120-280°C at 10°C/min and 4 min. h o l d a t 
280°C. 
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i n t e r v a l and i t s GC (Figure 5-2) shows alkanes ranging from C 
t o C . T h i s f r a c t i o n has s m a l l e r a l k a n e s (C ̂  q " ~ c

2 4 ̂  i n l a r S e ^ 
proportions i n a d d i t i o n to s m a l l e r amounts of alkanes (C -C ) 
which were detected e a r l i e r i n f r a c t i o n #4. 

When SEC columns are o v e r l o a d e d the peaks t a i l t o l o n g e r 
r e t e n t i o n time or volume. In the case of other modes of chroma­
to g r a p h y , such as gas chromatography, the o v e r l o a d i n g causes a 
s h i f t i n the r e t e n t i o n time towards lower values, and peaks skew 
towards lower r e t e n t i o n times. A "cascading e f f e c t " occurs due to 
the decreasing number of a c t i v e s i t e s seen by the sample as the 
number of the same sample molecules, which t e m p o r a r i l y block the 
a c t i v e s i t e s , increases. The reverse phenomenon i s true i n the 
case of SEC where a l a r g e r sample s i z e causes peak spreading and 
the sample to e l u t e over a s l i g h t l y longer r e t e n t i o n time period. 

The peak due to C i s l a r g e r r e l a t i v e l y to other alkanes i n 
Figures 5-1 and 5-2. Our experience w i t h f o s s i l f u e l s i n d i c a t e s 
that the s t r a i g h t chai
b u t i o n over a wide m o l e c u l a
reported works on hydrocarbon f u e l s an unusual enhancement of a 
p a r t i c u l a r s t r a i g h t c h a i n a l k a n e i s not observed. The a l k a n e 
f r a c t i o n s a l w a y s c o n t a i n branched a l k a n e s such as p r i s t a n e , 
phytane, and hopane, and some of them are c a l l e d b i o l o g i c a l 
markers. I t i s q u i t e p o s s i b l e that the C peak could be due to 
some branched alkanes c o - e l u t i n g w i t h n-C . 

The GC of f r a c t i o n #6 i s shown i n Figure 5~3, which contains 
mostly alkanes i n the range of C - C ^ and s m a l l amounts of C ^ 
and C -C . The f r a c t i o n #6 was c o l l e c t e d 0.5 m i n u t e s a f t e r 
f r a c t i o n #5 and 1 minute a f t e r f r a c t i o n #4. I f f r a c t i o n #5 were 
not c o l l e c t e d , the GC of f r a c t i o n #4 and #6 which were 1 minute 
apart would have i d e n t i f i e d a l l the species but not n e c e s s a r i l y 
q u a n t i t a t i v e l y . F r a c t i o n #5 has species from both f r a c t i o n s #4 
and #6. The peak w i d t h of s p e c i e s e l u t i n g at t h e s e r e t e n t i o n 
times i s about 1 minute. Hence SEC f r a c t i o n c o l l e c t i o n at 1 min 
(1 ml) i n t e r v a l s would have i d e n t i f i e d a l l the species w i t h l e s s 
overlapping and a n a l y s i s time could have been reduced to h a l f . A 
short peak immediately a f t e r C i s p r i s t a n e ( t r i m e t h y l h e x a d e -
cane). The s h o r t peaks t h a t appear between the n -alkane peaks 
appear to be i s o a l k a n e s or branched a l k a n e s . The base l i n e 
appears to be s h i f t e d s l i g h t l y upward compared to the base l i n e 
of t h e GC's i n F i g u r e 5-1 and 5 -2 . T h i s i s p r o b a b l y due t o a 
l a r g e number of p o s s i b l e i s o m e r s of p h e n o l i c s p e c i e s . 

GC of f r a c t i o n #7 ( F i g u r e 5"4) has a l k a n e s as s m a l l as C ^ 
The r a t i o of peak heights of p r i s t a n e to C increases i n the 6c 
of t h i s f r a c t i o n compared to previous f r a c t i o n s as expected from 
i t s s h orter l i n e a r molecular s i z e . The s m a l l e r peaks between n-
alkane peaks are a l k y l a t e d phenols and branched alkanes. 

F r a c t i o n #8 ( F i g u r e 5-5) i s m o s t l y a l k y l a t e d p h e n o l s and 
indanols with a t r a c e amount of s m a l l e r alkanes. The base l i n e 
s h i f t i s due to the c o - e l u t i o n of s e v e r a l l a r g e phenolic species 
i n many i s o m e r i c forms. F r a c t i o n #9 ( F i g u r e 5-6) does not 
contain any alkanes. The r a t i o of the o - c r e s o l s to m, p - c r e s o l s 
i n c r e a s e s from f r a c t i o n #8 to #9. Both m - c r e s o l and p - c r e s o l 
are s t r u c t u r a l l y l o n g e r than o - c r e s o l . Some l o n g a r o m a t i c 
species such as biphenyls a l s o appear i n t h i s f r a c t i o n . Compared 
to f r a c t i o n #8, the p h e n o l s i n f r a c t i o n #9 a r e of s h o r t e r s i z e 
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w h i l e the peaks appearing at long GC r e t e n t i o n times are aroma-
t i c s . I t i s safe to say that phenols appear before 16 minutes of 
GC r e t e n t i o n time f o l l o w e d by aromatics a f t e r 16 minutes. The GC 
of f r a c t i o n #10 i s shown i n Figure 5-7. L i g h t phenols i n c l u d i n g 
x y l a n o l s and c r e s o l s p r e s e n t i n t h i s f r a c t i o n are s e p a r a t e d on 
the GC b e f o r e a r e t e n t i o n t i m e of 8 minutes. The s p e c i e s 
appearing a f t e r 8 minutes are aromatics, mostly w i t h a l k y l s i d e 
chains. 

F r a c t i o n #11, whose GC i s i n F i g u r e 5-8, c o n t a i n s p h e n o l , 
which appears at 3 minutes. Phenol i s the only phenolic i n Frac­
t i o n 11. A l m o s t a l l p o s s i b l e i s o m e r s of one and two r i n g 
aromatics w i t h a l k y l side chains (propyl or shorter) are detected 
i n t h i s f r a c t i o n . S i n c e the number of s p e c i e s a r e h i g h e r , co-
e l u t i o n s of two or more components at one GC r e t e n t i o n t i m e i s 
observed. The Mass S p e c t r a l fragmentation p a t t e r n can be used to 
assign the molecular formula and general s t r u c t u r a l nature. The 
i d e n t i f i c a t i o n of isomer
The NBS Mass S p e c t r a l Dat
standard reference spectra to i d e n t i f y the species  t h i s f r a c
t i o n . Most of the i d e n t i f i c a t i o n has been assigned based on the 
f r a g m e n t a t i o n p a t t e r n s and b o i l i n g p o i n t s d e r i v e d from the GC 
r e t e n t i o n times. 

F r a c t i o n #12 as shown i n Figure 5~9 has overlapping from two 
t y p e s of a r o m a t i c s - a l k y l a t e d a r o m a t i c s and p o l y c y c l i c 
aromatics. 

F r a c t i o n #13 c o n t a i n s a r o m a t i c s w i t h s l i g h t a l k y l a t i o n and 
the r i n g numbers i n c r e a s e as shown i n F i g u r e 5-10. Both 
f r a c t i o n s #14 and #15 ( F i g u r e 5-11, 12) c o n t a i n o n l y a r o m a t i c s 
w i t h few a l k y l s i d e chains. 

One e x c e p t i o n t o the r u l e t h a t SEC s e p a r a t e s s p e c i e s i n 
decreasing order of l i n e a r molecular s i z e i s that condensed r i n g 
aromatics tend to remain i n the column longer. Some p o l y c y c l i c 
a r o m a t i c s such as pyrene and coronene a re e l u t e d from the g e l 
column only a f t e r napthalene although they are much l a r g e r . More 
pyrene i s i n F r a c t i o n #15 than i n F r a c t i o n #14 but the reverse i s 
true f o r anthracene which appears before naphthalene. 

E f f e c t of Solvent-Solute I n t e r a c t i o n on SEC 

The s e p a r a t i o n of c h e m i c a l s p e c i e s by s i z e e x c l u s i o n chroma­
t o g r a p h y i s more r e p r o d u c i b l e than any o t h e r type of chroma­
tography. Once the SEC columns, the m o b i l e phase (most o f t e n a 
pure s o l v e n t l i k e THF or t o l u e n e ) , and the f l o w r a t e a r e 
s e l e c t e d , the r e t e n t i o n volume (or r e t e n t i o n time assuming the 
f l o w r a t e does not change) i s p r i m a r i l y a f u n c t i o n of l i n e a r 
m o l e c u l a r s i z e , w hich can be o b t a i n e d from the v a l e n c e bond 
s t r u c t u r e i f the compound i s known. Some of the chemical species 
can i n t e r a c t w i t h the solvent forming complexes w i t h an e f f e c t i v e 
l i n e a r s i z e g r e a t e r than t h a t of t h e m o l e c u l e . T h i s causes the 
expected r e t e n t i o n volume, based on " f r e e " molecular s t r u c t u r e , 
to s h i f t t o a l o w e r but ve r y r e p r o d u c i b l e r e t e n t i o n volume. 
P h e n o l s i n c o a l l i q u i d s form 1:1 complex w i t h THF (9,10) and 
c a r r y the e f f e c t i v e l i n e a r m o l e c u l a r s i z e t o i n c r e a s e . As a 
r e s u l t p h e n o l i c s p e c i e s e l u t e sooner than e x p e c t e d from t h e i r 
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v a l e n c e bond s t r u c t u r e s . A l t h o u g h p h e n o l s and a r o m a t i c s have 
s i m i l a r s t r u c t u r e s , they e l u t e at d i f f e r e n t r e t e n t i o n volumes 
when THF i s used as the mobile phase. 

E f f e c t of Gel-Solute I n t e r a c t i o n on SEC 

I f the m o l e c u l e s have a tendency to i n t e r a c t w i t h the p a c k i n g 
m a t e r i a l of the column, molecules may elute at longer r e t e n t i o n 
volume. In the case of PL g e l columns which are packed w i t h a 
g e l formed by the c o - p o l y m e r i z a t i o n of s t y r e n e and d i v i n y l 
benzene, the a r o m a t i c s p e c i e s have a tendency to s t a y on the 
column s l i g h t l y longer than expected from t h e i r l i n e a r molecular 
s i z e s . The SEC e l u t i o n pattern shows that the aromatics appear 
to be s m a l l e r than s i m i l a r s t r u c t u r e d c y c l o a l k a n e s . Among 
s i m i l a r aromatics such as benzene, naphthalene, and anthracene, 
the e l u t i o n volume i s in the decreasing order of l i n e a r molecular 
s i z e s ( i . e . a n t h r a c e n
benzene elutes l a s t ) . I
t h r e e or more r i n g s ar  s i n g l g  pyren
and coronene, the e l u t i o n time increases as the number of rings 
i n c r e a s e s . Pyrene has a r e t e n t i o n t i m e l o n g e r than t h a t of 
a n thracene. Coronene i s e l u t e d o n l y a f t e r pyrene. The 
a d d i t i o n a l a l k y l side-chain causes the molecules to elute sooner, 
as expected from the r e s u l t i n g l i n e a r s i z e increase due to a l k y l 
side-chains. 

Probable Molecular Structure Based on SEC 

Although the mechanism of SEC separation i s c o n t r o l l e d by l i n e a r 
m o l e c u l a r s i z e as w e l l as o t h e r p a r ameters, the s e p a r a t i o n 
p a t t e r n i s v e r y r e p r o d u c i b l e . C o n s i d e r i n g a l l the m o l e c u l a r 
p a r a m e t e r s r e s p o n s i b l e f o r the 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 i c 
separation pattern and the known separation patterns of a number 
of compounds, i t i s possible to p r e d i c t the r e t e n t i o n volume of a 
compound of known s t r u c u r e . Based on the same p r i n c i p l e the 
r e t e n t i o n volume g i v e s i n f o r m a t i o n on the s t r u c t u r e of the 
molecule. 

The r o l e of s i z e exclusion chromatography i s the separation 
of rather complex coal l i q u i d s i n t o simpler f r a c t i o n s . The reten­
t i o n volume can be used to help i d e n t i f y the chemical s t r u c t u r e 
where GC-MS i s unable to i d e n t i f y i t s p o s s i b l e s t r u c t u r e . For 
example biphenyl and dihydroacenaphthene have the same molecular 
formula as well as s i m i l a r mass s p e c t r a l fragmentation patterns. 
Coal l i q u i d s contain both species. The one which appears f i r s t 
(lower SEC r e t e n t i o n volume) i s biphenyl (GC ret. time = 17 min. 
i n Figure 5-6). Dihydroacenaphthene appears l a t e r at longer SEC 
r e t e n t i o n volume and i s i d e n t i f i e d i n Figure 5~12 at GC r e t e n t i o n 
time of 13 minutes. The former has a longer s t r u c t u r e compared 
to the l a t t e r . 

Sample Spreading 

As mentioned e a r l i e r , SEC i s extremely reproducible with respect 
to r e t e n t i o n volume, peak width, and height. The r a t i o of reten-
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t i o n volume to peak width (V/W) i s a constant over the separation 
range of the SEC column. The sep a r a t i o n range i s between t o t a l 
s i z e e x c l u s i o n volume (V ), where a l l the s p e c i e s l a r g e r than a 
p a r t i c u l a r s i z e e l u t e w i t h o u t any s i z e s e p a r a t i o n , and t o t a l 
p e r m e a t i o n volume (V ), where a l l the m o l e c u l e s s m a l l e r than a 
p a r t i c u l a r s i z e e l u t % w i t h o u t any s e p a r a t i o n i r r e s p e c t i v e of 
t h e i r s i z e s . The species which f a l l w i t h i n the s i z e range of V E 

t o V , which i s d e t e r m i n e d by the pore s i z e of the column, a r e 
elut§d somewhere between V and V i n decreasing order of l i n e a r 
m o l e c u l a r s i z e s . The peak widt?i i n c r e a s e s as the r e t e n t i o n 
volume increases. 

This phenomenon i s quite apparent from Figure 5. Since the 
100 u l f r a c t i o n s are c o l l e c t e d at 0.5 ml volume i n t e r v a l s and the 
species have about 1 μΐ peak width, each species i s detected i n 2 
or more consecutive f r a c t i o n s . The f r a c t i o n s at the lower r e t e n ­
t i o n volumes sp r e a d l e s s compared t o thos e a t the h i g h e r 
r e t e n t i o n volumes, as
C Η and phenathrene
three ^SEC f r a c t i o n s w i t
f r a c t i o n ( F i g u r e 5 - 1,2, 3). Phenanthrene i s d e t e c t e d i n the 
l a s t f i v e f r a c t i o n s ( F i g u r e s 5 - 8, 9, 10, 11, 12). The 
examination of any p a r t i c u l a r species shows that they are spread 
over 3 or more f r a c t i o n s and the range of spreading (a measure of 
peak width) increases w i t h r e t e n t i o n volume. 

I t i s q u i t e e v i d e n t t h a t the a n a l y s i s of s m a l l f r a c t i o n s a t 
r e t e n t i o n volume i n t e r v a l s of 0.5 ml or even 1 ml does not mi s s 
any major or minor s p e c i e s . A l m o s t a l l s p e c i e s a t d e t e c t a b l e 
l e v e l s are i d e n t i f i e d . 

Q u a n t i t a t i v e A n a l y s i s by SEC-GC-MS 

The q u a n t i t a t i v e e s t i m a t i o n of s p e c i e s by SEC-GC-MS t e c h n i q u e 
r e q u i r e s a mathematical s o l u t i o n . Two t y p e s of approaches f o r 
the q u a n t i t a t i v e e s t i m a t i o n can be e n v i s i o n e d . One f o r the 
e s t i m a t i o n of one or more s e l e c t e d s p e c i e s of i n t e r e s t . The 
second approach i s based on grouping of various species i n c o a l 
l i q u i d s i n t o a few chemical lumps and e s t i m a t i n g the quantity of 
the s e lumps by u s i n g the d a t a d e r i v e d from the a n a l y s i s i s 
technique. 

When a p a r t i c u l a r component e l u t i n g a t a c e r t a i n r e t e n t i o n 
volume i s t o be e s t i m a t e d , t h i s approach can be o u t l i n e d as 
f o l l o w s . S i n c e SEC i s e x t r e m e l y r e p r o d u c i b l e , the peak shape, 
peak w i d t h and peak h e i g h t a r e dependent on the amount of the 
s p e c i e s i n the sample volume i n j e c t e d , sample volume and 
r e t e n t i o n t i m e . From t h e s e f a c t o r s t he SEC peaks can be 
simulated or e l u t i o n p a t t e r n of any species w i t h i n the separation 
range can be p l o t t e d as a f u n c t i o n of mass vs. r e t e n t i o n volume. 
The a n a l y s i s data s u p p l i e s the concentration of t h i s p a r t i c u l a r 
species over two or more 0.5 ml i n t e r v a l s . A match-up computer 
program has to be developed so that i t can p i c k up the peak shape 
and concentration based on 3 or 4 data p o i n t s at known i n t e r v a l s . 

The second approach towards q u a n t i t a t i v e a n a l y s i s i s based on 
d i v i d i n g the c o a l l i q u i d i n t o d i s t i n c t f r a c t i o n s c o n t a i n i n g s i m i ­
l a r chemical species as i s i l l u s t r a t e d i n Figure 2. This type of 
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chemical lumping gives more u s e f u l i n f o r m a t i o n on c o a l l i q u e f a c ­
t i o n r e a c t i o n s and on k i n e t i c models of c o a l l i q u e f a c t i o n p r o ­
cesses. 

I t i s a f a c t t h a t c o a l l i q u i d s are composed of thousands of 
or maybe m i l l i o n s of chemical compounds. C l a s s i f y i n g them i n t o a 
few meaningful groups of compounds can be a s u i t a b l e procedure to 
evaluate c o a l l i q u i d compostion. C u r r e n t l y at l e a s t two types of 
c l a s s i f i c a t i o n approaches have been used. One i s based on p h y s i ­
c a l s e p a r a t i o n by a p p r o p r i a t e c o m b i n a t i o n of p h y s i c a l and 
c h e m i c a l methods. The second approach i s based on e s t i m a t i n g 
f u n c t i o n a l groups or f u n c t i o n a l i t i e s i n a c o a l l i q u i d by sophis­
t i c a t e d i n s t r u m e n t a t i o n such as s o l i d s t a t e NMRs and FT-IRs. By 
the f i r s t methodology c o a l l i q u i d i s s e p a r a t e d i n t o f r a c t i o n s 
such as o i l s (pentane s o l u b l e ) a s p h a l t e n e s (pentane i n s o l u b l e s 
but benzene s o l u b l e s ) and p r e a s p h a l t e n e s ( p y r i d e n e s o l u b l e but 
i n s o l u b l e i n benzene and pentane) where no c l e a n s e p a r a t i o n or 
e s t i m a t i o n i s achieved
cummulative data i s achieve
logy has the disadvantag g  compoun
one f u n c t i o n a l group. The amount of each group i s estimated as 
s e p a r a t e m o i e t i e s and computed s e p a r a t e l y . The a l k y l c h a i n s 
attached to an aromatic r i n g , which a l s o has phenolic groups, i s 
v e r y d i f f e r e n t from s a t u r a t e d h y d r o c a r b o n s such as n o rmal 
p a r a f f i n s but they are c l a s s i f i e d together i n t h i s approach. 

D i s t r i b u t i o n of Alkanes 

One of the major r e s u l t s of SEC-GC-MS stu d i e s i s the discovery of 
an o r d e r l y p a t t e r n , by which v a r i o u s i s o m e r s and homologs of 
s i m i l a r c h e m i c a l s p e c i e s e x i s t i n c o a l l i q u i d s . For example 
almost any d i r e c t c o a l l i q u e f a c t i o n process produces very s i m i l a r 
species, which d i f f e r from each other by s i z e and extent of i s o ­
m e r i z a t i o n but w i t h an o r d e r l y d i s t r i b u t i o n p a t t e r n . A l k a n e s 
r a n g i n g from C-jpHpfi a n d C 4 4 H 8 0 a r e d e t e c t e d i n a l m o s t a n v c o a l 
l i q u i d . Most or t h e s e a r e s t r a i g h t c h a i n a l k a n e s showing an 
o r d e r l y c o n t i n u o u s p a t t e r n . N e i t h e r i s a p a r t i c u l a r n - alkane 
a l m o s t absent nor i s i t p r e s e n t i n a d i s p r o p o r t i o n a t e amount. 
E x c e p t i o n s e x i s t f o r some branched a l k a n e s such as p r i s t a n e , 
phytane, and hopane. These s p e c i e s are a l s o c a l l e d b i o m a r k e r s 
and t h e i r c o n c e n t r a t i o n v a r i e s depending on the sample. 

D i s t r i b u t i o n of Phenols 

P h e n o l s are a major c h e m i c a l lump p r e s e n t i n c o a l l i q u i d s . 
Phenols have b a s i c a l l y one or more aromatic r i n g s t r u c t u r e s with 
a l k y l s u b s t i t u e n t s . Methyl, e t h y l and propyl are the most common 
a l k y l s u b s t i t u e n t s . The s m a l l e s t s p e c i e i s the one w i t h a 
hydroxyl group attached to a benzene r i n g . A d d i t i o n of a methyl 
group produces three isomers - o-, m-, and p - c r e s o l s . I t appears 
that a l l three are present i n more or l e s s same proportion. The 
number of p o s s i b l e isomers increases as the p o s s i b l e number and 
s i z e of a l k y l s u b s t i t u e n t s increases. I t i s expected that higher 
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degree of a l k y l a t i o n can produce l a r g e r m o l e c u l e s i n a l a r g e r 
number of isomeric forms, separation of which i s rather d i f f i c u l t 
even by high r e s o l u t i o n GC methods. This could be the reason why 
a s h i f t i n the GC base l i n e i s o bserved f o r the SEC p h e n o l i c 
f r a c t i o n s r a t h e r than r e s o l v e d peaks. S i n c e these s h i f t s are 
quite reproducible and r e a l , i t can be assumed that these "bumps" 
are due to a l a r g e number of components e l u t i n g c o n t i n u o u s l y 
without r e s o l u t i o n . T h e i r SEC r e t e n t i o n time suggests that they 
are probably phenols. The gas chromatographers who are used to 
fewer sharp peaks from c a p i l l a r y GC may prefer to resolve them. 
Sometimes d e r i v i t i z a t i o n t e c h n i q u e s are used to obtain sharper 
well resolved peaks. As a matter of f a c t unresolved "bumps" are 
t e l l i n g a story. Too many isomers of clo s e molecular weight or 
b o i l i n g point are e l u t i n g without r e s o l u t i o n at close r e t e n t i o n 
times. Phenols do show peak t a i l i n g i n most GC separation condi­
t i o n s . But c u r r e n t l y a v a i l a b l e c a p i l l a r y columns do not have 
t h i s as a serious problem
as the degree of a l k y l a t i o
i s l e s s than that f o r phenol  improve  xylanols
The d e r i v i t i z a t i o n of phenols p r i o r to GC separation may produce 
fewer w e l l r e s o l v e d peaks but at the expense of l o s i n g some 
components. 

D i s t r i b u t i o n of Aromatics 

The number of isomers of a l k y l a t e d aromatics i s enormous. Lower 
members of a l k y l a t e d benzenes such as xylenes are well resolved 
and d e t e c t e d by FID and MS. I n c r e a s e d a l k y l a t i o n causes an i n ­
c r e a s e i n the number of isomers. In the case of both a l k y l a t e d 
p h e n o l s and a r o m a t i c s v a r i o u s i s o m e r s are e x i s t i n g i n a 
continuous pattern. The lower a l k y l a t i o n gives few well resolved 
isomers. The higher a l k y l a t i o n gives a large number of isomers 
but i n smaller concentrations. 

Overlapping of Species i n SEC F r a c t i o n s 

When SEC-GC i s used f o r coal l i q u i d a n a l y s i s , 0.1 y l f r a c t i o n s of 
SEC e f f l u e n t s are analyzed by GC to produce simpler gas chromato-
grams. Some of these gas chromatograms, f o r example the GC of 
longer alkanes, are composed of c h e m i c a l l y s i m i l a r components. 
The f l a m e i o n i z a t i o n d e t e c t o r (FID) r e s p o n s e f a c t o r based on 
mass, i s e s s e n t i a l l y the same f o r these l a r g e r a l k a n e s . The 
t o t a l a rea counts of such gas chromatograms, excluding solvent 
peak, which represents the sample volume (0.1 μΐ), m u l t i p l i e d by 
the response f a c t o r w i l l g i v e the mass of a l k a n e s i n the SEC 
f r a c t i o n analyzed. C e r t a i n SEC f r a c t i o n s are composed of two or 
more d i f f e r e n t chemical species due to the overlapping e f f e c t of 
s i m i l a r s i z e species. For example, the low b o i l i n g point alkanes 
are mixed w i t h the h i g h b o i l i n g p o i n t phenols where the l i n e a r 
molecular s i z e s of the species are s i m i l a r . The alkanes appear 
at low r e t e n t i o n times whereas phenols appear at longer r e t e n t i o n 
t i m e s ( F i g u r e 5~4). In these cases the a r e a counts have to be 
lumped i n t o two groups, one f o r a l k a n e s and another one f o r 
p h e n o l s . Each o f t h e s e a r e a c o u n t s m u l t i p l i e d by t h e 
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corresponding FID response f a c t o r i n d i c a t e the amount of alkanes 
or p h e n o l s p r e s e n t i n the 0.1 y l SEC f r a c t i o n s . A l l of the 
s i x t e e n or more GCs of s e l e c t e d SEC 0.1 y l f r a c t i o n s of c o a l 
l i q u i d s or r e c y c l e s o l v e n t s are i n d i v i d u a l l y analyzed f o r v a r i o u s 
"lumped chemical" species i n the f r a c t i o n s . Coal l i q u i d samples 
can be s e p a r a t e d by d i s t i l l a t i o n and e s t i m a t e d f o r t h e 
n o n v o l a t i l e content. The SEC of n o n v o l a t i l e s and v o l a t i l e s are 
r e c o n s t r u c t e d to show both i n the same SEC output. These d a t a 
along w i t h SEC-GC data are used to r e c o n s t r u c t the SEC of Wyodak 
coal derived r e c y c l e solvent as shown i n Figure 4 . 

SEC-GC-MS A n a l y s i s of Other Coal L i q u i d s 

SEC o u t p u t of f o u r c o a l l i q u i d s are shown i n F i g u r e 6. The gas 
chromatograms of SEC f r a c t i o n s c o l l e c t e d a t s i m i l a r r e t e n t i o n 
volumes c o n t a i n s i m i l a r c h e m i c a l s p e c i e s as i l l u s t r a t e d i n 
Figure 7. The amount
sample depending on th
l e s s p r i s t a n e , a b i o l o g i c a l marker compared t o o t h e r t h r e e 
samples. 

SEC vs. D i s t i l l a t i o n 

The chemical lumping p a t t e r n shown i n Figure H i s very s i m i l a r to 
the p l o t t i n g of d i s t i l l a t i o n t e m p e r a t u r e s vs. c o m p o s i t i o n , a 
t e c h n i q u e commonly used i n p e t r o l e u m r e f i n i n g t o s i m u l a t e the 
c o m p o s i t i o n of d i s t i l l a t e as a f u n c t i o n of t e m p e r a t u r e . S i n c e 
SEC includes n o n v o l a t i l e s , i n f o r m a t i o n on t h e i r s i z e d i s t r i b u t i o n 
i s a l s o shown. I n each c h e m i c a l lump the m o l e c u l a r w e i g h t 
d e c r e a s e s as SEC r e t e n t i o n volume i n c r e a s e s . The i n d i v i d u a l 
c h e m i c a l lump has a SEC s e p a r a t i o n p a t t e r n s i m i l a r to a 
d i s t i l l a t i o n temperature vs. molecular weight p l o t , a technique 
used i n p e t r o l e u m r e f i n i n g t o i l l u s t r a t e the c o m p o s i t i o n of 
va r i o u s d i s t i l l a t i o n cuts. 

CONCLUSIONS 

The c h e m i c a l lump of a l k a n e s i s the s i m p l e s t . S t r a i g h t a l k a n e s 
are d i s t r i b u t e d t h r o u g h o u t the range i n a c o n t i n u o u s p a t t e r n . 
Such a pattern does not e x i s t f o r phenols and aromatics. Both of 
them have s i m i l a r a r o m a t i c n u c l e u s such as benzene, indan and 
naphthalene. The presence of h y d r o x y l groups d i s t i n g u i s h e s the 
phenols from the aromatics. The a l k y l side chains ranging mostly 
from C.j t o C a t t a c h e d to the s i m p l e a r o m a t i c n u c l e u s r e s u l t i n 
l a r g e r molecules of phenols and aromatics. As the number of side 
chains increases, the number of isomers increases e x p o n e n t i a l l y . 
The mass d i s t r i b u t i o n of phenolics and aromatics reaches a maximum 
at a c e r t a i n molecular weight and then decreases at higher molecu­
l a r weights. At the lower end of the mass d i s t r i b u t i o n p a t t e r n , 
s i n c e a number of i s o m e r s are p o s s i b l y s m a l l e r , t h e GC i s w e l l 
r e s o l v e d and composed of l a r g e r w e l l r e s o l v e d peaks. At the 
h i g h e r m o l e c u l a r w e i g h t end, a v e r y l a r g e number of i s o m e r s a r e 
p o s s i b l e i n a s m a l l mass, the GC shows an upward s h i f t i n the base 
l i n e which i s due to a l a r g e number of species that are appearing 
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Figure 6. SEC of c o a l l i q u i d s u s i n g the SEC-GC i n t e r f a c e on­
l i n e ( F i g u r e 2). F r a c t i o n c o l l e c t i o n t i m i n g i s 
s i m i l a r to one used f o r Wyodak (Figure 4) except f o r 
Western Kentucky S y n t h o i l where 24 f r a c t i o n s were 
c o l l e c t e d . 

Will 

ILL iuLLiiiJL. 

5 15 25 5 15 25 5 15 25 min 

Figure 7. Gas chromatograms of SEC f r a c t i o n s , c o l l e c t e d a t 
s i m i l a r r e t e n t i o n volumes, of four r e c y c l e solvents. 
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unresolved. Since phenols have an inherent tendency for tailing, 
the large phenols are not at all resolved. In the case of large 
aromatics, the enormous number of isomers are appearing with quite 
a few peaks partially resolved. 

The species which are unknown and have not been identified as 
one of the major chemical lump such as alkanes, phenols and aro­
matics are lumped together as unidentified. However, the species 
in this lump include saturated and unsaturated cycloalkanes with 
or without side chains, which resembles the naphthenes, a 
petroleum refinery product group. A number of well known species 
in coal liquid are not mentioned in this lumping scheme. Such as 
heterocyclic compounds with sulfur, nitrogen or oxygen as the 
heteroatom, and other heteroatom containing species. Some of 
these compounds appear with aromatics (e.g. thiophenes, quino-
lines) and with phenols (e.g. aromatic amines), and most of them 
are lumped with the unidentified species lump. 

One exception to th  rul  tha  SEC  specie  i  th
decreasing order of linea
aromatics appear to adher  longe
polycyclic aromatics such as pyrene and coronene are eluted from 
the gel column only after naphthalene although their molecular 
sizes are much larger. More pyrene is in Fraction #15 than in 
Fraction #14 but reverse is true for anthracene. 
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Chapter 12 

Chemometrics in Size Exclusion 
Chromatography 

Stephen T. Balke 

Department of Chemical Engineering and Applied Chemistry, 
University of Toronto, Toronto, Ontario M5S 1A4, Canada 

Nonlinear regression, graphics and error propagation 
analysis are reviewed along with their applications in 
size exclusion chromatography (SEC). Nonlinear 
regression is th  fittin f equation  which
linear in the unknow
data. The metho  implementatio  depend  upo
results required. Simple data fitting is distinguished 
from obtaining meaningful coefficient values in fitted 
equations. Calibration curves from polydisperse samples, 
calibration curve fits, detector nonlinearity assess­
ment and shape function fitting are discussed. Graphics 
portray data for assessment and new insights. Plotting 
of digitized chromatogram heights, residuals, and 
integrands (as "moment analysis plots") are examined. 
Current common but misleading plots are described. 
Error propagation analysis provides a simple way of 
predicting error in calculated quantities. Ratioing 
experimental quantities is shown to be a source of 
large error. 

Chemometrics is computer implemented mathematics, particularly 
statistics, in Chemistry. With the new wave of microprocessor 
assisted liquid chromatographs and inexpensive microcomputers, 
chemometric methods in column liquid chromatography are now rapidly 
developing and proliferating. 

Size exclusion chromatography (SBC) has traditionally required 
more application of computers than other forms of liquid 
chromatography. For example, in high performance liquid 
chromatography (HPLC), only an area determination under individual, 
separated, chromatographic peaks is generally required. This area is 
needed for determining the concentration of the single solute present 
under each peak. By contrast, in SEC the conventional objectives of 
the interpretation are to calculate the concentration of each of 
thousands of different molecular weights present under one peak (the 
molecular weight distribution) and to calculate the molecular weight 
averages. 

0097-6156/87/0352-0202$06.00/0 
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In t h i s chapter, three chemometric methods of i n c r e a s i n g 
importance t o SEC are examined: nonlinear regression, graphics and 
e r r o r propagation a n a l y s i s . These three methods are b r i e f l y 
described with emphasis on SEC a p p l i c a t i o n s and on c r i t i c a l concerns 
i n t h e i r c o r r e c t implementation. In a d d i t i o n to the s p e c i f i c 
references c i t e d , f u r t h e r information on these methods and others may 
be found i n a recent book which examines chemometrics i n both SEC and 
HPLC together (JJ as well as i n p e r i o d i c reviews (2). 

Nonlinear Regression: D e s c r i p t i o n 

Regression generally means the f i t t i n g of mathematical equations to 
experimental data (3). Nonlinear regression, unlike l i n e a r 
regression, encompasses methods which are not l i m i t e d t o f i t t i n g 
equations l i n e a r i n the c o e f f i c i e n t s (e.g. simple polynomial forms). 

Nonlinear regressio
f l e x i b l e . They are compose

1. A "search algorithm" which successively guesses values f o r the 
unknown " c o e f f i c i e n t s " (these are also c a l l e d "parameters" or 
"constants"). 

The Nelder-Mead SIMPLEX algorithm has been frequently used i n 
A n a l y t i c a l Chemistry as w e l l as i n other areas of science and 
engineering. Assessment and f u r t h e r development of the method 
remains an a c t i v e f i e l d of research (4.). 

2. An "objective f u n c t i o n " which defines the f i t of the equation to 
the data given the guessed c o e f f i c i e n t values. 

Residuals are the d i f f e r e n c e between the value of the ordinate 
of the experimental point and the value of the corresponding ordinate 
given by the f i t t e d equation. That i s , i f data i s f i t t e d as y versus 
x, then at any x } the r e s i d u a l i s the d i f f e r e n c e between the data 
value of y. and the value on the f i t t e d l i n e (^ ) : 

Simple l i n e a r regression (3) a c t u a l l y minimizes the sum of 
squares of the r e s i d u a l s i n order to f i t an equation to data. That 
i s : 

(1) 

minimize (2) 

where η i s the number of data p o i n t s . 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



204 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

Nonlinear regression can employ the same "objective f u n c t i o n " . 
However, nonlinear regression i s much more f l e x i b l e . The desire of 
the analyst to emphasize some data over another f o r experimental 
e r r o r reasons or for other reasons can be e a s i l y incorporated v i a 
weighting f a c t o r s , powers higher than squared, or even novel 
f u n c t i o n a l forms. For example, a general nonlinear regression 
objective function s i m i l a r to that of Bandler (5) i s : 

minimize Δ.(υ> (3) 

where the w. are weighting f a c t o r s and ρ i s a constant. 

3. A method of c o n s t r a i n i n
reasonable values. 

Two primary methods e x i s t f o r c o n s t r a i n i n g the search to values 
considered reasonable by the a n a l y s t : transformation of the 
independent v a r i a b l e s and penalty functions (5). The main point to 
note i s that with nonlinear regression the analyst should have t h i s 
very s i g n i f i c a n t power over the search. Then, instead of t r y i n g t o 
f i n d a s o l u t i o n from an i n f i n i t e number of p o s s i b l e values f o r the 
unknown c o e f f i c i e n t s , the search w i l l focus on a p h y s i c a l l y 
reasonable range. 

Regression methods are now frequently employed i n SEC 
i n t e r p r e t a t i o n and i t i s important to r e a l i z e that the v a l i d i t y of a 
p a r t i c u l a r a p p l i c a t i o n strongly depends upon the purpose of the 
regression. There are three main reasons f o r applying regression 
methods i n column l i q u i d chromatography ( _1) : 

ο To summarize the data so that i t can be r e a d i l y 
regenerated and " i n between values" accurately 
determined. 
This i s the e a s i e s t type of a p p l i c a t i o n . Only 
p r e c i s i o n and accuracy of the f i t are of concern. 

ο To determine the value of p h y s i c a l l y meaningful 
c o e f f i c i e n t s i n equations. 
This i s the most d i f f i c u l t a p p l i c a t i o n . Not only 
must the f i t be accurate and p r e c i s e , the p r e c i s i o n 
of the c o e f f i c i e n t s determined i n the f i t must be 
defined. 
C o r r e l a t i o n amongst the c o e f f i c i e n t s and s e n s i t i v i t y 
of the p r e d i c t i o n s of the equation used t o the values 
of the c o e f f i c i e n t s i s al s o important. 

ο To provide e f f i c i e n t l o g i c on how to change 
separation conditions i n order to obtain optimum 
r e s o l u t i o n . 
This a p p l i c a t i o n has been used i n HPLC but so f a r not 
i n SEC (6) . Since reduction of experimental 
work i s the emphasis, the e f f i c i e n c y of the f i t t i n g 
method i s of utmost importance. 
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Nonlinear Regression; Examples i n SEC 

Determining C a l i b r a t i o n Curves from Polydisperse Samples. In 
conventional SEC i n t e r p r e t a t i o n , narrow molecular weight d i s t r i b u t i o n 
standards are needed f o r c a l i b r a t i o n purposes. Nonlinear regression 
has enabled polydisperse samples to be used. A v a r i e t y of methods 
are involved. In the simplest one, developed i n 1969 (7), a 
polydisperse standard of the polymer of i n t e r e s t with known Mn and Mw 
i s a v a i l a b l e . I t i s i n j e c t e d i n t o the SEC to obtain a broad 
chromatogram. A c a l i b r a t i o n curve equation containing two unknown 
c o e f f i c i e n t s i s assumed (e.g. a " l i n e a r " c a l i b r a t i o n curve) and the 
nonlinear regression method i s used t o f i n d the c o e f f i c i e n t s such 
that when the c a l i b r a t i o n curve i s used along with the broad 
chromatogram to c a l c u l a t e molecular weight averages Mn and Mw, these 
averages agree with the independently known values. The same 
c a l i b r a t i o n curve i s then used to analyze other s i m i l a r samples of 
unknown Mn and Mw. Ther
search methods" with ne
For example, some employ r e s o l u t i o n c o r r e c t i o n expressions as w e l l as 
a c a l i b r a t i o n curve equation. The schematic i n Figure 1 shows one 
such strategy: the molecular weight averages are corrected f o r a x i a l 
d i s p e r s i o n e f f e c t s (Mn(c) and Mw(c)) before being compared to those 
known f o r the standard ( î în(a) and Mw(a)). As shown i n Figure 1, 
i n t r i n s i c v i s c o s i t y of the whole polymer can take the place of one 
molecular weight average. Then, [ij](c) i s the r e s o l u t i o n c orrected 
value of i n t r i n s i c v i s c o s i t y and [7fj(a) i s the value known f o r the 
standard. Sometimes the r e s o l u t i o n c o r r e c t i o n f a c t o r s themselves 
c o n s t i t u t e some of the unknown c o e f f i c i e n t s which are to be 
determined by the search. Others search methods u t i l i z e the 
u n i v e r s a l c a l i b r a t i o n curve rather than the conventional one and 
i n t r i n s i c v i s c o s i t y (expressed as a function of molecular weight) as 
well as molecular weight averages. This provides one way of 
c a l i b r a t i n g f o r branched polymers. Recent reviews have been 
published (J^,j3,9^). As mentioned above, i f the a c t u a l c o e f f i c i e n t 
values are to be a l l o c a t e d some p h y s i c a l s i g n i f i c a n c e (e.g. as 
r e s o l u t i o n factors) then a d d i t i o n a l considerations beyond those of 
ensuring a simple f i t to the data enter the problem. 

F i t t i n g of C a l i b r a t i o n Curves Determined Using "Monodisperse" 
Samples. The mathematical f i t of the c a l i b r a t i o n curve of log 
(molecular weight) versus r e t e n t i o n time (or f o r u n i v e r s a l 
c a l i b r a t i o n , log (hydrodynamic volume) versus r e t e n t i o n time) 
determined i n conventional i n t e r p r e t a t i o n using narrow molecular 
weight d i s t r i b u t i o n standards d r a s t i c a l l y a f f e c t s computed r e s u l t s . 
The c a l i b r a t i o n curve i s used i n c a l c u l a t i n g both ordinate and 
abscissa of the molecular weight d i s t r i b u t i o n as well as the 
molecular weight averages. F i t t i n g the p l o t t e d p o i n t s "by eye" i s 
not s u f f i c i e n t l y dependable. Frequently, l i n e a r regression i s used 
because a simple polynomial form i s assumed. The equation i s then 
l i n e a r i n the unknown c o e f f i c i e n t s . 

Equation 4 i s an example of such an equation: 

log M = B + C t + D t + E t (4) 
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Figure 1 : Schematic diagram of c a l i b r a t i o n curve search with no 
r e s o l u t i o n c o r r e c t i o n (a,b,c,d) and with d i r e c t r e s o l u t i o n 
c o r r e c t i o n of the molecular weight averages (a,b,c,e,d). 
(Reproduced with permission from Ref. 1. Copyright 1984, 
E l s e v i e r . ) 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



12. B A L K E Chemometrics in SEC 207 

M i s the peak molecular weight of a narrow d i s t r i b u t i o n l i n e a r 
homopolymer and t i s re t e n t i o n time. The equation i s l i n e a r i n the 
c o e f f i c i e n t s B, C f D and Ε· 

Note that, as shown by Equation 4, because the equation can be 
f i t by l i n e a r regression does not n e c e s s a r i l y mean that i t i s a 
s t r a i g h t l i n e . L i n e a r i t y i n the c o e f f i c i e n t s i s the important 
aspect, not l i n e a r i t y i n the dependent v a r i a b l e , t . However, as w i l l 
be seen i n the discussion on e r r o r propagation a n a l y s i s below, 
because " l o g M" and not simply "M" must be used i n the l i n e a r 
regression, i t does mean i n t h i s case that each peak molecular weight 
must have the same percent e r r o r . I f not, then nonlinear regression 
or s p e c i f i c a l l y derived weighting f a c t o r s i n the l i n e a r regression 
must be used. 

The most common reason f o r using nonlinear regression however, 
i s that the equation of i n t e r e s t i s nonlinear i n the c o e f f i c i e n t s to 
be determined. For example, i n t h e i r SEC i n t e r p r e t a t i o n , Provder and 
Rosen (JIO, JJ[) as well a
expression nonlinear i
and Malone (13) i n a t h e o r e t i c a l development: 

ν = Β + C ν (1-expi-Z 2) ) + e r f c (Z) 
7Γ Ζ 

(5) 

where 

and e r f c ( Z ) = exp(-x ) dx 

where ν i s re t e n t i o n volume. 
Another example of an equation nonlinear i n the parameters i s 

the sum of exponentials form which i s u s e f u l with some r e s o l u t i o n 
c o r r e c t i o n methods: 

Μ = Β exp (-Ct) + D exp (-Et) (6) 

Equation 6 i s nonlinear i n the c o e f f i c i e n t s B, C, D and E. 

Detector N o n l i n e a r i t y Assessment. Detector l i n e a r i t y i s i m p l i c i t l y 
assumed when conventional chromatogram i n t e r p r e t a t i o n i s 
accomplished. This assumption must be checked by p l o t t i n g the the 
area under a narrow chromatogram versus concentration f o r various 
concentrations and f i t t i n g the data with a polynomial t o see i f 
Beer's law holds. That i s , the polynomial: 

A = Β + Ce + Dc 2+ Ec 3 (7) 

where A i s area, c i s concentration and B,C, D and Ε are 
c o e f f i c i e n t s , i s f i t to the data using l i n e a r regression. I f c i s 
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the only non-zero c o e f f i c i e n t then Beer's law holds. Otherwise, 
e i t h e r more terms i n the polynomial are r e t a i n e d or a l t e r n a t i v e l y , 
the curve can be c h a r a c t e r i z e d by an equation nonlinear i n the 
c o e f f i c i e n t s and nonlinear regression used t o f i t the equation to the 
data. For example, Scott (14) has suggested an equation of the form: 

A = Κ c r (8) 

where Κ and r are the c o e f f i c i e n t s to be determined. This equation 
can be l i n e a r i z e d by using logarithms with analogous conditions f o r 
e r r o r i n log A to those mentioned above f o r log M versus t f i t t i n g . 
Also, Carr ( 1_5) has c r i t i c i z e d Equation 8 on the basis that i t cannot 
adequately f i t c e r t a i n cases. 
F i t t i n g of Shape Functions. Shape functions are mathematical 
expressions which are used to describe the chromatogram of a sample 
which has only one molecular s i z e present. Shape functions are 
needed to q u a n t i t a t i v e l
"peak spreading" which occur
the chromatographic columns  comple
expressions containing several unknown c o e f f i c i e n t s . They are f i t to 
chromatograms of " s i n g l e molecular weight" samples or are 
incorporated i n t o more complex expressions t o f i t broad 
chromatograms. Even the simplest and most common, the Gaussian 
f u n c t i o n , i s a function nonlinear i n three c o e f f i c i e n t s , area (A), 
standard deviation (σ ) and mean time ( t ) : 

A H t - t ) 2 

G(t) = — r exp (9) 
' 2σ 2 

Figure 2 shows a f i t of t h i s function to the front h a l f of an 
experimental chromatogram. 

Resolution C o r r e c t i o n . As alluded to above, nonlinear regression i s 
often employed for r e s o l u t i o n c o r r e c t i o n i n approaches i n v o l v i n g 
combined c a l i b r a t i o n c urve/resolution c o r r e c t i o n search methods, and 
i n determining " r e s o l u t i o n f a c t o r s " (e.g. the r e c i p r o c a l of the 
variance i n the Gaussian Function (Equation 9). Note that when the 
c o e f f i c i e n t i n an equation, such as the variance, i s assigned 
s p e c i f i c meaning (e.g. a measure of resolution) then the regression 
i s being used beyond a simple "data regeneration" purpose. The 
second of the main reasons f o r applying regression, namely the 
determination of the value of p h y s i c a l l y meaningful c o e f f i c i e n t s , i s 
then involved, with i t s attendant a d d i t i o n a l concerns. 

Graphics: D e s c r i p t i o n 

Graphics are simply d i s p l a y s of p l o t t e d data used to assess the 
v a l i d i t y of c a l c u l a t i o n s and to d i r e c t i n t e r p r e t a t i o n . With the 
revolutionar y increase i n computer a c c e s s i b i l i t y , graphics have 
become very easy to obtain. Graphics enable the extremely r a p i d and 
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Figure 2 : A. F i t of a Gaussian shape function to the fro n t h a l f 
of an experimental chromatogram. B. Residual between the 
Gaussian and the experimental curve. (Reproduced with permission 
from Ref. 1. Copyright 1984, E l s e v i e r . ) 
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c l e a r communication to the chromatographer of many diverse diagnostic 
messages simultaneously. There i s a wide v a r i e t y of p o s s i b i l i t i e s . 
Those most important to SEC are reviewed i n the next se c t i o n . 

Graphics: Examples i n SEC 

P l o t t i n g of D i g i t i z e d Chromatogram Heights. "Overlapping" of 
chromatograms has been used by chromatographers since the e a r l i e s t 
days of SEC. Allowing the computer to "normalize" the chromatograms 
by d i v i d i n g each height by the area enables overlapping to be e a s i e r 
i n t e r p r e t e d because then a l l the chromatograms have an area of u n i t y . 
M u l t i p l y i n g each normalized height by the amount of polymer present 
i n a polymerization process so that the r e s u l t i n g area of the 
chromatogram r e f l e c t s polymer quantity has proven very u s e f u l i n at 
l e a s t one i n v e s t i g a t i o n (16^). Furthermore, simply p l o t t i n g of the 
actual p oints obtained by the computer and a knowledge of how 
c a l c u l a t i o n s are being performe
data sampling r a t e . Figur
continuous curve superimposed on the p o i n t s . I f i t i s known that the 
computer i s drawing a s t r a i g h t l i n e between data p o i n t s i n the 
various i n t e g r a t i o n operations then we can see that because of the 
inadequate sampling rate, the peak used by the computer i n t h i s case 
i s a truncated version of the more probable curve shape. 

P l o t s of Residuals. Residuals can be p l o t t e d i n many ways: o v e r a l l 
against a l i n e a r scale; versus time that the observations were made; 
versus f i t t e d values; versus any independent v a r i a b l e (3_). In every 
case, an adequate f i t provides a uniform, random s c a t t e r of p o i n t s . 
The appearance of any systematic trend warns of e r r o r i n the f i t t i n g 
method. Figures 4 and 5 shows a p l o t of area versus concentration 
and the associated p l o t of r e s i d u a l s . Also, the lower p a r t of Figure 
2 shows a p l o t of r e s i d u a l s (as a continuous l i n e because of the 
large number of points) f o r the f i t of the Gaussian shape to the 
front h a l f of the experimental peak. In addition to these examples, 
p l o t s of r e s i d u a l s have been used i n SEC to examine shape changes i n 
consecutive uv spectra from a diode array uv/vis spectrophotometer 
attached to an SEC and the adequacy of l i n e a r c a l i b r a t i o n curve f i t s 
Π ) . 

Moment Analysis P l o t s . Moment an a l y s i s p l o t s are obtained by 
p l o t t i n g the integrand of the i n t e g r a l d e f i n i n g a moment of a 
chromatogram or a molecular weight average (which i s r e a l l y the 
moment of a transformed chromatogram). For example, a moment 
an a l y s i s p l o t f o r Mw i s based on the d e f i n i t i o n of Mw i n terms of the 
chromatogram: 

Mw = J M(t) W N(t) dt (10) 
where : 0 

M(t) i s the molecular weight at retention time t 
W N(t) i s the normalized height of the chromatogram 
("normalized" means that each height on the raw 
chromatogram has been d i v i d e d by the area). 
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Figure 3 : Assessment of sampling rate adequacy by p l o t t i n g of 
d i g i t i z e d heights. (Reproduced with permission from Ref. 1. 
Copyright 1984, E l s e v i e r . ) 
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Figure 4: Linear regression of peak area versus i n j e c t e d solute 
concentration. (Reproduced with permission from Ref. 1. 
Copyright 1984, E l s e v i e r . ) 
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Figure 5 : P l o t of r e s i d u a l s f o r the l i n e a r regression of Figure 
4. (Reproduced with permission from Ref. 1. Copyright 1984, 
E l s e v i e r . ) 
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The product M(t) W N(t) i s the integrand i n t h i s case and a p l o t 
of M(t) W N(t) versus t i s the moment a n a l y s i s p l o t f o r Mw. S i m i l a r 
p l o t s can be made fo r the other molecular weight averages. Figure 6 
shows moment a n a l y s i s p l o t s for Mn, Mw and Mz. 

Moment an a l y s i s p l o t s to provide a p i c t u r e of the c a l c u l a t i o n of 
a molecular weight average were f i r s t proposed by Boni (17). When 
superimposed on the o r i g i n a l chromatogram, t h i s p i c t u r e enables the 
analyst t o see ju s t what heights of the o r i g i n a l chromatogram are 
co n t r i b u t i n g to a molecular weight average. Sometimes, molecular 
weight averages are seen to depend upon heights at the noise l e v e l of 
the detector f o r most of t h e i r information. In Figure 6 we see some 
evidence of t h i s i n the low ret e n t i o n time p o r t i o n of the moment 
ana l y s i s p l o t f o r Mz. 

Misleading P l o t s . Although graphics i s now s u f f i c i e n t l y important to 
be considered a separat
r e a l i z e that h i g h l y misleadin
p a r t i c u l a r , p l o t t i n g the same v a r i a b l e , even as par t of a group of 
other v a r i a b l e s , on both axes of a p l o t can create a c o r r e l a t i o n (the 
same as p l o t t i n g "x" versus "x" fo r example) which has no p h y s i c a l 
s i g n i f i c a n c e . Using logarithms on both axes can r e i n f o r c e t h i s 
misleading appearance (18,)· This e r r o r i s p a r t i c u l a r l y l i a b l e to 
a f f e c t the non-SEC c h a r a c t e r i z a t i o n of molecular weight standards 
used f o r SEC c a l i b r a t i o n . The reason f o r t h i s i s that i n 
i n t e r p r e t a t i o n of l i g h t s c a t t e r i n g , i n t r i n s i c v i s c o s i t y and osmometry 
data, the customary procedure i s to p l o t a property value (e.g. 
s p e c i f i c v i s c o s i t y ) divided by concentration versus concentration and 
to extrapolate the apparent s t r a i g h t l i n e t o zero concentration. 
Garcia-Rubio et a l . (19) show that such p l o t s can provide a curvature 
which f a l s e l y i n d i c a t e s the need for more terms i n the f i t t i n g 
equation ( i . e . more " v i r i a l c o e f f i c i e n t s " ) . 

E r r o r Propagation A n a l y s i s ; D e s c r i p t i o n 

E r r o r propagation anal y s i s i s the estimation of e r r o r accumulation i n 
a f i n a l r e s u l t as a consequence of e r r o r i n the i n d i v i d u a l components 
used to obtain the r e s u l t . Given an equation e x p l i c i t l y expressing a 
r e s u l t , the e r r o r propagation equation can be used to estimate the 
er r o r i n the r e s u l t as a function of e r r o r i n the other v a r i a b l e s . 
For example, the er r o r i n a r e s u l t "z" which i s a function of two 
v a r i a b l e s , "x" and "y", each of which i s subject to random e r r o r of 
standard deviation s x and s y r e s p e c t i v e l y where the random e r r o r i n 
one v a r i a b l e i s not c o r r e l a t e d to the random e r r o r i n the other, i s 
given by (20, 2Y) ; 

- i 2 

2 _ 

àx 
(11) 

2 
where s z i s the e r r o r variance of the r e s u l t , z. 
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For v a r i a b l e s whose err o r s are not independent, a general form 
of Equation 11 incorporates covariance as well as variance. Also, 
another form of the equation has been derived f o r non-random e r r o r 
(2Ό). As w i l l be seen below, c e r t a i n computations, w e l l known i n 
SEC, are now being found to be i n t r i n s i c a l l y imprecise because of 
e r r o r propagation. 

E r r o r Propagation A n a l y s i s : Examples i n SEC 

Estimation of E r r o r i n C a l c u l a t e d Results. A s t a r t l i n g r e s u l t i s 
obtained when the e r r o r propagation equation f o r random e r r o r i s 
applied to a r e s u l t which i s c a l c u l a t e d from the r a t i o of two 
experimental q u a n t i t i e s , each with random experimental e r r o r . I f the 
components of the r a t i o are independent v a r i a b l e s then i t i s e a s i l y 
shown that the e r r o r i n the r e s u l t increases at lower values of the 
denominator of the r a t i o despite h i g h l y p r e c i s e experimental data 
(see (22) and Appendix I )
c o e f f i c i e n t values compute
a n a l y s i s of copolymers i  (22)  Figur
c a 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 values with d i f f e r e n t symbols f o r 
a l t e r n a t i n g , random and block copolymers. Figure 8 shows the same 
values with e r r o r bars obtained from the e r r o r propagation a n a l y s i s 
of Appendix I. D i f f e r e n c e s between the various types of polymers no 
longer appear s i g n i f i c a n t (22). 

Even when there i s some dependence amongst the experimental 
v a r i a b l e s , e r r o r propagation can mean that r a t i o i n g of experimental 
values causes unexpectedly high e r r o r . Work i n a n a l y s i s of the 
" i n t e r n a l standard method" commonly used i n chromatography (mostly 
HPLC) i s one example (23). Absorbance r a t i o i n g , an i n c r e a s i n g l y 
common approach (24)/ i s subject to s i m i l a r p o s s i b i l i t i e s . 

E r r o r i n C a l c u l a t e d Data to be F i t by Regression. E r r o r propagation 
can be used to estimate the e r r o r i n c a l c u l a t e d data and p l o t t e d 
along with the data as e r r o r bars before equations are f i t . L i near 
regression, f o r example, requires that the e r r o r be the same f o r each 
ordinate value and that no s i g n i f i c a n t e r r o r be present i n the 
abscissa values. Because the logarithm of molecular weight i s used 
i n the ordinate i t can be shown by e r r o r propagation a n a l y s i s that, 
as mentioned above, a p p l i c a t i o n of l i n e a r regression to the 
conventional c a l i b r a t i o n curve r e a l l y means that the "percent" e r r o r 
i n molecular weight i s assumed constant (see Appendix I I ) . For 
molecular weight t h i s i s fortunate since a constant "percent" e r r o r 
u s u a l l y i s the case. However, for many other cases, the best 
procedure i s to avoid the transformation by using nonlinear 
regression. 

Conclusions 

ο Nonlinear regression enables broad molecular weight 
d i s t r i b u t i o n standards to be used f o r SEC c a l i b r a t i o n 
and permits simultaneous r e s o l u t i o n c o r r e c t i o n and 
c a l i b r a t i o n . Furthermore, i t g r e a t l y increases the 
v a r i e t y of equations which can be f i t to c a l i b r a t i o n 
curves, detector l i n e a r i t y data and chromatogram 
shapes. 
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Figure 6 : Moment ana l y s i s p l o t s f o r molecular weight averages: 
A. Mz, B. Mw, C. Mn. A l
areas by d i v i d i n g eac
what f r a c t i o n of shaded area corresponds to the very small t a i l 
heights of the normalized chromatogram ( i . e . WN ) f o r each p l o t . 
(Reproduced with permission from Ref. 1. Copyright 1984, 
E l s e v i e r . ) 
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Figure 7: 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 frcm r a t i o of 
absorbance to concentration versus mole f r a c t i o n styrene: 
A a l t e r n a t i n g copolymer; • random copolymer; # block 
copolymer. (Data a n a l y s i s from Ref. 22.) 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



216 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 
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Figure 8 : Same as Figure 7 except showing 95% confidence limits 
as vertical error bars about each point. (Data analysis from Ref. 
22.) 
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ο For v a l i d r e s u l t s , the nonlinear regression procedure 
used must f i t the a p p l i c a t i o n . I n t e r p o l a t i o n , 
determination of p h y s i c a l l y meaningful c o e f f i c i e n t 
values and experimental opt i m i z a t i o n , c o n s t i t u t e the 
three main a p p l i c a t i o n s . 

ο Graphics i s now s u f f i c i e n t l y important t o c o n s t i t u t e a 
separate chemometric method. I t i s the key t o ra p i d 
diagnosis of numerical i n t e r p r e t a t i o n problems by 
chromatographers. P l o t s of r e s i d u a l s and moment 
anal y s i s p l o t s are p a r t i c u l a r l y u s e f u l . P l o t t i n g of 
the same v a r i a b l e on both axes of the graph should be 
avoided. 

ο E r r o r propagation a n a l y s i s enables the e r r o r i n a 
r e s u l t to be determined based upon the estimated 
e r r o r i n the components
i s r e v o l u t i o n i z i n g SE
p a r t i c u l a r , i t shows that r a t i o s of experimental data 
should generally be avoided. Also, i t enables 
c a l c u l a t i o n of e r r o r i n data to be f i t by regression 
methods and aids i n the assessment of the adequacy of 
the f i t t i n g procedure. 
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Appendix I: Error i n Ratios of Experimental Quantities 

Consider a r e s u l t K, obtained by r a t i o i n g two experimental 
q u a n t i t i e s , A and c. 

Κ = (I - D 

In the example analyzed by Garcia-Rubio (22), A was absorbance, 
c, concentration, and Κ the e x t i n c t i o n c o e f f i c i e n t . The e r r o r i n A 

2 
i s random and q u a n t i f i e d by the e r r o r variance, s A . S i m i l a r l y , the 
e r r o r i n c i s given by s 2 . Covariance i s zero. That i s , the 
e r r o r of A can be determined independent of the e r r o r i n c and vice 
versa. 

A p p l i c a t i o n of the E r r o r Propagation Equation (Equation 11) 
gives: 

(1-2) 

In the best of circumstances, the e r r o r i n A i s n e g l i g i b l e , so 
that s 2 = 0 and: 

A 

=2- J2. 
S — ' S Κ 4 c 

C 

(1-3) 

Writing t h i s r e s u l t as e r r o r bounds on Κ 

Κ + 95% Confidence L i m i t s = Κ i 2 s„ 

1 ± 
2s„ 

(1-4) 

(1-5) 

At low values of c the e r r o r boundaries explode i n value, 
regardless of high p r e c i s i o n (low s c ) i n c. 
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Appendix I I : C a l i b r a t i o n Curve E r r o r 

For a c a l i b r a t i o n curve of the form of Equation 1 the logarithm of 
the peak molecular weight of the standard i s used and not simply the 
peak molecular weight. I t i s important t o note that the e r r o r i n the 
logarithm of the value i s not the same as the e r r o r i n the value 
i t s e l f . 

This can be shown by a p p l i c a t i o n of the e r r o r propagation 
equation (Equation 11). If the e r r o r i n the peak molecular weight M 
i s represented by the e r r o r variance, 
s2^ and we l e t 

y = l o g M (II-1) 

then the e r r o r i n y i s obtained by applying Equation 11 t o Equation 
II-1 to o b t a i n : 

(II-2) 
2.303 M 

Thus, the e r r o r i n the ordinate of the c a l i b r a t i o n curve, y, i s 
a c t u a l l y a value p r o p o r t i o n a l to the e r r o r i n M d i v i d e d by M. In 
other words, the f r a c t i o n a l e r r o r i n M i s involved rather than the 
absolute e r r o r . 

In using l i n e a r regression i t i s assumed that the e r r o r i n the 
ordinate i s a constant. Thus, we are j u s t i f i e d i n using l i n e a r 
regression to f i t Equation 4 i f the % e r r o r i n M i s constant but not 
i f the absolute e r r o r i n M i s constant (because then the value of s y 

w i l l vary with M). 

R E C E I V E D March 25, 1987 
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Chapter 13 

Multiple Detectors in Size Exclusion 
Chromatography: Signal Analysis 

L. H. Garcia-Rubio 
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The characterizatio
exclusion chromatograph
multiple detectors for the measurement of the polymer 
concentration and for the estimation of molecular 
properties such as composition and molecular weight. 
Depending upon the complexity of the analytical problem, 
a variety of detectors are used. Typical detection 
systems include refractometers, infrared and ultraviolet 
spectrophotometers, densitometers, on-line viscometers 
and low angle light scattering photometers. All of these 
detectors have different response factors and their 
measurement equations propagate the experimental error 
differently. Because of these differences, direct use of 
the synchronized signals from a system of detectors 
often leads to errors in the measurements and/or to 
partial interpretation of the data. This paper reports 
on the effect that the differences in detector 
sensitivity and measurement errors have on the 
quantitative interpretation of the data from multiple 
detector systems. As a case study, the signals from a 
detection system composed of a d i f ferent ia l 
refractometer, a spectrophotometer and viscosity 
measurements on collected fractions are presented and 
discussed. 

Complex polymers are those having a joint distribution of molecular 
properties. Branched polymers, copolymers and stereoregular polymers 
fall within this category. For example, branched polymers have a joint 

0097-6156/87/0352-0220$06.00/0 
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d i s t r i b u t i o n of m o l e c u l a r w e i g h t ? and b r a n c h i n g f r e q u e n c i e s , 
c o p o l y m e r s have a j o i n t d i s t r i b u t i o n of c o m p o s i t i o n / m o l e c u l a r 
weight/sequence length and t a c t i c i t y . Complex polymers may r e s u l t from 
homopolymerizations and c o p o l y m e r i z a t i o n s . Thus, polybutadienes are 
complex polymers formed from the c i s , t r a n s and v i n y l a d d i t i o n s of 
b u t a d i e n e . In a d d i t i o n , s i n c e p o l y b u t a d i e n e s are known to undergo 
branching r e a c t i o n s , p o l y b u t a d i e n e s are c h a r a c t e r i z e d by a j o i n t 
c o m p o s i t i o n / m o l e c u l a r w e i g h t / b r a n c h i n g f r e q u e n c y d i s t r i b u t i o n . In 
general, complex polymers do not e x h i b i t a unique r e l a t i o n s h i p between 
the s i z e of the molecules i n s o l u t i o n and the molecular weight as most 
l i n e a r homopolymers do. T h e r e f o r e , the c h a r a c t e r i z a t i o n of complex 
polymers using s i z e e x c l u s i o n chromatography (SEC) o f t e n requires the 
use of m u l t i p l e d e t e c t o r s f o r t h e measurement of the p o l y m e r 
c o n c e n t r a t i o n and f o r the estimation of molecular properties such as 
c o m p o s i t i o n , m o l e c u l a r weight and b r a n c h i n g f r e q u e n c y (J_2JJ5) · 
Depending upon the complexity of the a n a l y t i c a l problem, a v a r i e t y of 
detectors are used. T y p i c a
(which have become the standar
i n f r a r e d (2-_4) and u l t r a v i o l e t s p e c t r o p h o t o m e t e r s ( 5 ^ 1 . 6 ) , 
d e n s i t o m e t e r s (17-19), o n - l i n e viscometers (7,10,20,21) and low angle 
l i g h t s c a t t e r i n g photometers (22-25). A l l of these d e t e c t o r s have 
d i f f e r e n t response f a c t o r s and t h e i r measurement equations propagate 
the experimental errors d i f f e r e n t l y (26-28). Because of d i f f e r e n c e s i n 
s e n s i t i v i t y and n o i s e l e v e l , d i r e c t use of the synchronized s i g n a l s 
from a system of detectors often leads to errors i n the measurements 
and/or t o p a r t i a l i n t e r p r e t a t i o n of the data (11,14,16). This paper 
reports on the e f f e c t that the d i f f e r e n c e s i n detector s e n s i t i v i t y and 
measurement errors have on the q u a n t i t a t i v e i n t e r p r e t a t i o n of the data 
from m u l t i p l e detector systems. As a case s t u d y , the s i g n a l s from a 
d e t e c t i o n s y s t e m composed of a 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 , a 
spectrophotometer and v i s c o s i t y measurements on c o l l e c t e d f r a c t i o n s 
are presented and discussed. 

Problem Formulation and A n a l y s i s 

The c h a r a c t e r i z a t i o n of complex polymers requires at l e a s t one 
d e t e c t o r per d e s i r e d p r o p e r t y . O b v i o u s l y , some of the m o l e c u l a r 
p r o p e r t i e s w i l l be i n t e r - r e l a t e d and the r e s p o n s e from any given 
detector w i l l i n c l u d e , i n g e n e r a l , c o n t r i b u t i o n s from one or more 
p r o p e r t i e s . T h u s , the r e s p o n s e f r o m u l t r a v i o l e t and i n f r a r e d 
spectrophotometers are known to contain information on the composition 
and the m i c r o s t r u c t u r e of the polymer chains (3,4,1 4, 15,28,29), the 
i n t r i n s i c v i s c o s i t y and l i g h t s c a t t e r i n g measurements, on the o t h e r 
hand, respond t o at l e a s t the c o m p o s i t i o n and the molecular weight 
(20,24,25) . The d e t a i l e d d i s c u s s i o n on the i n t e r p r e t a t i o n of complex 
s i g n a l s has been presented elsewhere (26-29) and i t w i l l be discussed 
i n the c o n t e x t of 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 i n a s e p a r a t e 
p u b l i c a t i o n . In what follows i t w i l l be assumed that each detector i s 
t r a i n e d to e i t h e r a unique property or a l i n e a r combination of polymer 
p r o p e r t i e s . 

T h e minimum s e t o f p r o p e r t i e s t o be m o n i t o r e d i n a 
chromatographic e f f l u e n t are the polymer concentration, the polymer 
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composition and the m o l e c u l a r w e i g h t . The c o m p o s i t i o n and polymer 
c o n c e n t r a t i o n d e t e c t o r s p r o v i d e i n f o r m a t i o n t h a t i s , i n g e n e r a l , 
indepenednt of the m o l e c u l a r w e i g h t s . The i n t e r p r e t a t i o n o f t h e 
s i g n a l s f r o m m o l e c u l a r weight d e t e c t o r s ( i e : LLALS and o n - l i n e 
viscometers) r e q u i r e s p r i o r knowledge of the polymer c o n c e n t r a t i o n . A 
s i g n i f i c a n t f r a c t i o n of the e r r o r i n the i n t e r p r e t a t i o n of molecular 
weight d e t e c t o r s i s l a r g e l y the r e s u l t of propagated measurement 
e r r o r s a r i s i n g from the e s t i m a t i o n of both the polymer composition and 
the polymer concentration (14-16,27). Figure 1 shows the e f f e c t of the 
d i f f e r e n c e i n s e n s i t i v i t y f o r the c o n c e n t r a t i o n and c o m p o s i t i o n 
d e t e c t o r s . As i t can be seen i n the r e g i o n s of low s i g n a l t o n o i s e 
r a t i o ( i : the t a i l s of the chromatogram), t h e r e i s an a p p a r e n t l y 
dramatic increase i n the content of one of the comonomers, s t y r e n e i n 
t h i s c a s e . C l e a r l y , i t i s important t o assess how much of the s i g n a l 
represents a c t u a l changes i n composition and how much i t i s due t o the 
d i f f e r e n c e s i n s e n s i t i v i t y and noise l e v e l of the detectors i n v o l v e d . 
The types of d e v i a t i o n s show
c o n d u c t e d w i t h d e t e c t o r
references c i t e d i n 2 an
a t t r i b u t e d t o t h e e f f e c t of the m i c r o s t r u c t u r e on the d e t e c t o r 
response, however, no attempt has been made t o e s t i m a t e the e r r o r 
bounds of the measurements and thus e l u c i d a t e the extent t o which the 
d e v i a t i o n s o b s e r v e d can be a t t r i b u t e d t o m i c r o s t r u c t u r e o r 
c o m p o s i t i o n a l e f f e c t s on the polymer f r a c t i o n a t i o n process and on the 
detector responses. 

I f a c h r o m a t o g r a p h e q u i p p e d w i t h a r e f r a c t o m e t e r , a 
spectrophotometer, a viscometer and a LLALS photometer i s assumed f o r 
the a n a l y s i s of a two component polymer system, the equations r e l a t i n g 
the composition and the polymer concentration t o the refractometer and 
the spectrophotomer are given by (1,14-16) 

Where η i s the r e f r a c t i v e i n d e x d i f f e r e n c e between the polymer i n 
s o l u t i o n and t h e s o l v e n t , i s the s p e c i f i c r e f r a c t i v e i n d e x 
increment or r e f r a c t o m e t e r r e s p onse t o the i t h s p e c i e s , P^ i s the 
weight f r a c t i o n of the i t h s p e c i e s , A i s the absorbance, i s the 
absorption c o e f f i c i e n t or the spectrophotometer r e s p o n s e t o the i t h 
s p e c i e s and C i s the t o t a l c o n c e n t r a t i o n of polymer i n the e f f l u e n t 
s t r e a m . I n t h i s c a s e , i t has been assumed t h a t o n l y one of t h e 
c o m p o n e n t s a b s o r b s a t t h e f r e q u e n c y s e l e c t e d f o r t h e 
spectrophotometer. 

The e q u a t i o n s r e l a t i n g s i g n a l s f r o m the m o l e c u l a r weight 
detectors to the concentration and the molecular weights are g i v e n by 

η = [ v i P i + v 2(1 - P i ) ] c (1) 

A = ε 2(1 - P J C (2) 

(22) 

KC/R(0) = 1/Mw + 2A 2C (3) 
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R E T E N T I O N V O L U M E ( C O U N T S ) 

F i g . 1. R e s u l t s from the d i r e c t a p p l i c a t i o n of the s i g n a l s from a SEC 
d e t e c t i o n system composed of a 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 and uv 
spectrophotometer (254 nm). 
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Where Mw i s the w e i g h t ave rage m o l e c u l a r w e i g h t or the appa ren t 
molecular weight i n the case of c o p o l y m e r s , A 2 i s the s econd v i r i a l 
c o e f f i c i e n t , and Κ i s an o p t i c a l constant def ined as 

N U î J I d c J 

R(6) i s the excess R a y l e i g h r a t i o , n 0 and λ 0 are the r e f r a c t i v e index 
of the so lven t and the wavelength of the l i g h t sou rce . 

I f the second v i r i a l c o e f f i c i e n t i s n e g l i g i b l e , equat ion 3 becomes 

R(6 ) /K = MwC (5) 

In the case of i n t r i n s i c v i s c o s i t y measurements, the measurements w i l l 
be i n the form of pressure drop or a r a t i o of e f f l u x t imes  In e i t h e r 
case , the i n t e r p r e t a t i o n

Q = Cn]C (6) 

Where Q = l n ( Δ Π x / Δ Π 0 ) when pressure t ransducers are used (20) and i t 
w i l l be def ined as Q = ( t - t 0 ) / t 0 when c a p i l l a r y v i s c o m e t e r s a re 
used ( 7 ) . 

The d e s i r e d po lymer p r o p e r t i e s can be o b t a i n e d d i r e c t l y from 
equat ions 1,2,5 and 6 

Pi = [ ε 2 - ν 2 ( Α / η ) ] / [ ε 2 - ( v 2 - v J U / n ) ] (7) 

C = [ ε 2 η - ( v 2 - ν 1 ) Α ] / ( ε 2 ν 1 ) (8) 

Mw = R(9) / (KC) (9) 

[ η ] = Q/C (10) 

Note that a l l the d e s i r e d p r o p e r t i e s depend d i r e c t l y or i n d i r e c t l y on 
the r a t i o A / n and t h e r e f o r e , on the r e l a t i v e r e sponse f a c t o r s and 
s i g n a l to no ise r a t i o s of the spectrophotometer and the 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 . In g e n e r a l , spectrophotometers are more s e n s i t i v e than 
d i f f e r e n t i a l r e f r ac tomete r s , t h e r e f o r e , the r a t i o A / n 0 0 at the t a i l s 
o f the chromatogram, t h a t i s , the ref rac tometer s i g n a l w i l l be zero 
w h i l e there s t i l l be a s i g n a l from the spectrophotometer . In a d d i t i o n , 
e q u a t i o n s 9 and 10 a re h y p e r b o l i c f u n c t i o n s of the c o n c e n t r a t i o n . 
Thus, as the concen t r a t i on decreases the apparent values of Mw and [ η ] 
w i l l i n c r e a s e , i n c r e a s i n g the u n c e r t a i n t y i n the es t imates of the 
molecu la r weights and the i n t r i n s i c v i s c o s i t i e s (see A p p e n d i x I and 
references 26-29) . In the l i m i t when A / n •* 0 0 (or n/A -** 0 ) , the polymer 
compos i t ion and the t o t a l polymer c o n c e n t r a t i o n have f i n i t e v a l u e s 
t h a t a re d i f f e r e n t from the l i m i t s expected on the ba s i s of the mass 
balances 

l i m P l = 1/(1 - v j / v 2 ) 
( A/n)->°° 

(11) 
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lim C = 
(A/n)-»°° 

- ( v 2 - ν 1 ) Α / ( ε 2 ν 1 ) (12) 

That i s , depending on the magnitude and sign of the response f a c t o r s , 
the weight f r a c t i o n can be greater than one or i t can be negative. For 
example, i f v x< v 2 , i n the l i m i t where the refractometer s i g n a l has 
approached zero, the f r a c t i o n of monomer 1 i n the copolymer w i l l be 
g r e a t e r than 1. The same a p p l i e s to the c o n c e n t r a t i o n , i t can be 
greater than the concentration i n j e c t e d i n the chromatograph or i t can 
a l s o be n e g a t i v e depending on the values of the response f a c t o r s . I t 
i s important to r e a l i z e that the e f f e c t s suggested by equations 11 and 
12 w i l l appear as d e t e r m i n i s t i c trends i n the data, thus misleading 
the estimation of the molecular weights and the i n t e r p r e t a t i o n of the 
c o m p o s i t i o n data (26,27). I t i s cl e a r that the l i m i t i n g f a c t o r i n the 
i n t e r p r e t a t i o n of the s i g n a l s from a multidetector system w i l l be the 
d e t e c t o r with the l e a s t s e n s i t i v i t y . When t h i s s i g n a l becomes zero or 
i t i s confounded with th
10 becomes under-determined
with the d i f f e r e n c e s i n detector s e n s i t i v i t y , the measurement n o i s e 
a l s o p l a y s an important r o l e . As i t can be seen i n F i g u r e 2, the 
instrument noise propagated through e q u a t i o n s 7-10 can cause w i l d 
o s c i l l a t i o n s i n the r e g i o n s of low s i g n a l - t o n o i s e r a t i o ( i e : the 
t a i l s of the chromatograms). C l e a r l y , without good e s t i m a t e s of the 
polymer c o n c e n t r a t i o n and the polymer composition, the estimates of 
both the point values and the average m o l e c u l a r p r o p e r t i e s w i l l be 
considerably biased. In some cases i t i s p o s s i b l e to solve the problem 
e x p e r i m e n t a l l y by c o l l e c t i n g f r a c t i o n s a n d a n a l y z i n g them 
i n d e p e n d e n t l y f o r c o n c e n t r a t i o n and c o m p o s i t i o n (JJi-J.6) , 
u n f o r t u n a t e l y , t h i s i s not a s a t i s f a c t o r y s o l u t i o n . I t i s always 
p o s s i b l e , however, to obtain good estimates of the errors associated 
with the measured polymer p r o p e r t i e s ( i e : c o m p o s i t i o n , m o l e c u l a r 
w e i g h t s , etc.) The a p p l i c a t i o n of simple error propagation techniques 
(26,27,30) t o eq u a t i o n s 7-10 y i e l d s good a p p r o x i m a t i o n s t o t h e 
variance of the desired properties 

v a r ( P i ) = 

var(C) = 

(A/n) 2var(n) + var(A) 

L ( ^ T 1 ( v 2 - v x ) ( A / n ) ) M 

£ 2
2var(n) + ( v 2 - v1)2 var(A) 

var(Mw) = 

( ε 2 V j ) 2 

var(R(6)) 
KC 

R ( e ) 

\ KC2"" 
var(C) 

(13) 

(14) 

(15) 

var(η) = var(Q) 
l c 2 

var(C) (16) 

From equations 13-16, the s t a n d a r d e r r o r f o r each measurement as a 
f u n c t i o n of the e l u t i o n time can be obtained. A d d i t i o n a l propagation 
of these e r r o r s through the i n t e g r a t i o n a c r o s s the chromatogram 
r e s u l t s i n estimates of the errors associated with the SEC c a l c u l a t i o n 
of the average polymer p r o p e r t i e s . T h e r e f o r e , i t enables r e l i a b l e 
s t a t i s t i c a l comparisons between SEC estimates and s t a t i c measurements 
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RETENTION VOLUME (COUNTS) 

F i g . 2. E f f e c t o f t h e u v d e t e c t o r n o i s e o n t h e e s t i m a t i o n o f t h e 
m o l e c u l a r w e i g h t a s f u n c t i o n o f e l u t i o n v o l u m e f o r a 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 . The s y m b o l s r e p r e s e n t m o l e c u l a r w e i g h t s o b t a i n e d 
u s i n g t h e u n i v e r s a l c a l i b r a t i o n a n d v i s c o s i t y m e a s u r e m e n t s o n 
c o l l e c t e d f r a c t i o n s 
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on the t o t a l polymer. For example, i f the U n i v e r s a l C a l i b r a t i o n i s 
used and the chromatogram i s integrated using the t r a p e z o i d a l r u l e , 

Mw = I M(i)[w(i) + w(i+1)] Δν/2 
1 

M(i) = J ( i ) / [ n ] i 

(17) 

(18) 

where Δν r e p r e s e n t s the e l u t i o n volume increment between s a m p l e 
p o i n t s , w ( i ) i s the weight f r a c t i o n of polymer at the i t h sample 
point, J ( i ) i s the polystyrene-based u n i v e r s a l c a l i b r a t i o n curve and 
[ n ] i i s the i n t r i n s i c v i s c o s i t y at the i t h sample point. The variance 
for the weight average molecular weight can be approximated as 

var(Mw) = 

(w(i) + w(i + 1)) [ J ( i ) I v a r ( [ n ] i ) 
[η]ί 2 

(19) 

The v a r i a n c e f o r t h e weight f r a c t i o n w ( i ) can be o b t a i n e d from 
equation 14 and the variance for M(i) can be c a l c u l a t e d d i r e c t l y from 
e q u a t i o n 18. Note t h a t the p r o p a g a t i o n of e r r o r a n a l y s i s can be 
r e a d i l y extended t o other averages and and i t can a l s o be used t o 
account f o r the e r r o r s associated with the c a l i b r a t i o n of columns and 
detectors. 

Experimental Methods 

S t y r e n e - a c r y l o n i t r i l e copolymers were synthesized by bulk f r e e - r a d i c a l 
polymerization at 60°C and 40°C using AIBN as i n i t i a t o r . The Copolymer 
compositions were determined by gas chromatography and v e r i f i e d by XH 
NMR s p e c t r o s c o p y . The copolymers were p u r i f i e d p r i o r t o the SEC 
a n a l y s i s by p r e c i p i t a t i o n from absolute methanol. The s i z e e x c l u s i o n 
chromatograph i s a m o d i f i e d room temperature Waters high pressure 
l i q u i d chromatograph equipped with a d i f f e r e n t i a l refractometer and a 
Waters 440 d u a l uv d e t e c t o r . The i n j e c t i o n v a l v e , d e t e c t o r s and 
volume counter were interphased with a Data General Nova mini computer 
t h a t was used p r i m a r i l y for data logging, base l i n e c o r r e c t i o n s , and 
data synchronization. The f i r s t detector downstream from the columns 
was used as reference f o r synchronization purposes. The refractometer 
and uv spectrophotometers were c a l i b r a t e d t o a b s o l u t e u n i t s u s i n g 
b e n z e n e - C C l 4 s o l u t i o n s . F r a c t i o n s were c o l l e c t e d at regular i n t e r v a l s 
f o r i n t r i n s i c v i s c o s i t y measurements. I n t r i n s i c v i s c o s i t i e s were 
m e a s u r e d w i t h Cannon Ubbelohde v i s c o m e t e r s at 25°C. The SEC was 
equipped with a set of s i x μ-Styragel columns ( 1 00, 500, 1 0 3, 1 01*, 
10 5, and 10 6 A). [μ-Styragel i s a r e g i s t e r e d trademark of Waters 
Associates.] For s i z e e x c l u s i o n chromatography a n a l y s i s a 200 uL 
s a m p l e volume of 0.5% (w/v) c o n c e n t r a t i o n was i n j e c t e d onto the 
columns. The solvent flow r a t e was s e t at 1 ml/min. THF was used as 
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m o b i l e phase. The columns were c a l i b r a t e d using 18 narrow polystyrene 
standards [Pressure Chemicals]. The molecular weights were c a l c u l a t e d 
u s i n g the u n i v e r s a l c a l i b r a t i o n curve p r i n c i p l e and reported Mark-
Houwink parameters. Whenever f r a c t i o n s were c o l l e c t e d the m o l e c u l a r 
weights were c a l c u l a t e d d i r e c t l y from the u n i v e r s a l c a l i b r a t i o n and 
i n t r i n s i c v i s c o s i t y measurements. 

Results and D i s c u s s i o n 

Polymers produced at v a r i o u s i n i t i a l monomer c o m p o s i t i o n s and 
c o n v e r s i o n l e v e l s were a n a l y s e d using equations 7,8 and 10. The 95% 
c o n f i d e n c e i n t e r v a l (2a) c a l c u l a t e d from the c o r r e s p o n d i n g e r r o r 
p r o p a g a t i o n e q u a t i o n s has been superimposed on t o the measured 
property values. The r e s u l t s are shown i n f i g u r e s 3~5. Figure 3 shows 
a low c o n v e r s i o n copolymer s y n t h e s i z e d w i t h a f e e d c o m p o s i t i o n 
containing 60% styrene ( i e : f
o f c o p o l y m e r i z a t i o n ,
composition across the chromatogram  i n t e r p r e t a t i o
s y n c h r o n i z e d s i g n a l s suggests that t h i s i s not the case. As i t can be 
seen at the t a i l s of the chromatogram ( i e : at t h e low and h i g h 
m o l e c u l a r weight ends) t h e r e are s i g n i f i c a n t changes i n composition 
s u g g e s t i n g t h a t the Mayo-Lewis k i n e t i c s are not v a l i d . However, 
a p p l i c a t i o n of the e r r o r propagation equations i n d i c a t e s that, given 
the variance of the measurements, there i s no evidence to suggest that 
the c o m p o s i t i o n s at the t a i l s of the chromatogram are d i f f e r e n t from 
the values at the middle of the chromatogram, which agree w i t h the 
e x p e c t e d c o m p o s i t i o n from copolymerization k i n e t i c s . Figure 4 shows 
the data f o r a h i g h c o n v e r s i o n h i g h s t y r e n e c o n t e n t c o p o l y m e r 
( i e : f 1 0

 = 0«9, ? 1 = 0.85). In t h i s case i t appears t h a t t h e r e i s 
e v i d e n c e of the i n t e r m e d i a t e s i z e c h a i n s h a v i n g s t a t i s t i c a l l y 
s i g n i f i c a n t d i f f e r e n c e s i n composition. Compositionally heterogeneous 
polymer c h a i n s can be e x p e c t e d a t h i g h c o n v e r s i o n s s i n c e h i g h 
c o n v e r s i o n copolymers may not follow the copolymeri z a t i o n theory due 
t o the g e l e f f e c t . F i n a l l y , F i g u r e 5 shows a low c o n v e r s i o n low 
styrene copolymer (f 1 0=0.4, P 1 = 0.55) f o r which the molecular weights 
were determined from i n t r i n s i c v i s c o s i t y measurements on c o l l e c t e d 
f r a c t i o n s . C l e a r l y , the c a l c u l a t e d error bars ( i e : the 95% confidence 
i n t e r v a l ) at each sampling point allows a r e a l i s t i c i n t e r p r e t a t i o n of 
the SEC d a t a . The c a l c u l a t i o n of the average Mn, Mw and composition 
and t h e i r corresponding 95% confidence i n t e r v a l f o r the whole polymer 
a l l o w s the s t a t i s t i c a l comparison between the SEC estimated averages 
and the s t a t i c measurements on the whole polymer. The e r r o r a n a l y s i s 
on the s t a t i c measurements was done i n accordance with the equations 
i n Appendix I and r e f e r e n c e 27. As i t can be seen i n T a b l e I, i f 
a l l o w a n c e i s made f o r the propagated experimental e r r o r s , there i s 
good agreement between the SEC and the s t a t i c measurements at the 95% 
confidence l e v e l . 

Summary and Conclusions 

The d i r e c t i n t e r p r e t a t i o n of the s i g n a l s from several detectors i n SEC 
e x p e r i m e n t s has been a n a l y s e d . I t i s c l e a r t h a t t h e d i r e c t 
i n t e r p r e t a t i o n of the s y n c h r o n i z e d s i g n a l s from d e t e c t o r s having 
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R E T E N T I O N VOLUME (COUNTS) 

F i g . 3. I n t e r p r e t a t i o n of the s i g n a l s from a m u l t i d e t e c t o r SEC: a. 
d i r e c t c a l c u l a t i o n s ; b. 95% c o n f i d e n c e i n t e r v a l i n c l u d e d . Low 
conversion, intermediate styrene content SAN copolymer. 
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1.2 I 

RETENTION VOLUME (COUNTS) 

F i g . 4. I n t e r p r e t a t i o n of the s i g n a l s from a m u l t i d e t e c t o r SEC: a. 
d i r e c t c a l c u l a t i o n s ; b. 95% c o n f i d e n c e i n t e r v a l i n c l u d e d . High 
conversion s t y r e n e - r i c h SAN copolymer. 
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R E T E N T I O N V O L U M E ( C O U N T S ) 

F i g . 5. I n t e r p r e t a t i o n of the s i g n a l ? from a multidetector SEC: 
d i r e c t c a l c u l a t i o n s ; 95% c o n f i d e n c e i n t e r v a l i n c l u d e d . Low 
c o n v e r s i o n , low s t y r e n e content SAN copolymer: φ styrene content,© 
molecular weight. 
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TABLE I 

COMPARISON BETWEEN STATIC MEASUREMENTS AND SEC ESTIMATES 

S t a t i c Measurements SEC Resul t s 
Sample P l [ n](dl/g) Mw Mw [η] 

GC THF 25°C V i s c o s i t y 

standard 
d e v i a t i o n 0.01 0.025 2.0% 3.0% 0.05 

R0209 0.87 
R0204 0.84 
R0206 0.80 
R0208 0.74 
R0210 0.69 
RÔ211 0.68 

0.406 80031 
0.533 92955 
0.588 120151 
0.790 124305 

81190 0.500 
99061 0.510 

109240 0.725 
114680 0.874 

d i f f e r e n t s e n s i t i v i t i e s and noise l e v e l s can l e a d t o a m b i g u i t i e s i n 
t h e i n t e r p r e t a t i o n of SEC d a t a . The a p p l i c a t i o n of s i m p l e e r r o r 
propagation techniques r e s u l t s i n equations f o r the e s t i m a t i o n of the 
v a r i a n c e s of t h e d e s i r e d p o l y m e r p r o p e r t i e s . The p r o p a g a t e d 
experimental e r r o r s can then be used to e l i m i n a t e a m b i g u i t i e s i n the 
data and f o r the s t a t i s t i c a l comparison of s t a t i c measurements on the 
whole polymer and the e s t i m a t e s from SEC e x p e r i m e n t s . The e r r o r 
p r o p a g a t i o n a n a l y s i s can be r e a d i l y a p p l i e d t o more c o m p l i c a t e d 
measurement e q u a t i o n s ( i e : e q u a t i o n 3) p r o v i d e d t h a t t h e r e a r e 
s u f f i c i e n t measurements t o e s t i m a t e a l l the parameters i n v o l v e d . 
Furthermore, i f detectors l i k e the diode array spectrophotometers a r e 
used, s e v e r a l measurements on the same v a r i a b l e w i l l be obtained, thus 
a l l o w i n g f o r the s t a t i s t i c a l e s t i m a t i o n of t h e d e s i r e d p o l y m e r 
p r o p e r t i e s . 
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APPENDIX I 

ERRORS IN THE ESTIMATION OF POLYMER PROPERTIES 

In t h i s appendix, a summary of the e r r o r p r o p a g a t i o n e q u a t i o n s and 
o b j e c t i v e f u n c t i o n s used f o r standard c h a r a c t e r i z a t i o n techniques are 
presented. These equations are i m p o r t a n t f o r the e v a l u a t i o n of the 
e r r o r s a s s o c i a t e d w i t h s t a t i c measurements on the whole polymers and 
for the subsequent s t a t i s t i c a l comparison w i t h the SEC est i m a t e s (see 
r e f e r e n c e s 26 and 27 f o r a more d e t a i l e d d i s c u s s i o n of the 
equations). Among the models most widely used t o c o r r e l a t e measured 
v a r i a b l e s and polymer p r o p e r t i e s i s the truncated power s e r i e s model 

k.x , ι ( I D 

where y i s the measured q u a n t i t y ( e f f l u x t i m e , i n t e n s i t y of l i g h t 
etc.) and χ i s the independent v a r i a b l e , normally c o n c e n t r a t i o n . The 
parameters a r e g e n e r a l l y i n t e r p r e t e d i n terms of one or s e v e r a l 
m o l e c u l a r p r o p e r t i e s . The f i r s t - o r d e r e f f e c t s ( k ^ ) r e p r e s e n t 
" s p e c i f i c polymer p r o p e r t i e s " such as, i n t r i n s i c v i s c o s i t i e s , s p e c i f i c 
r e f r a c t i v e index increments, f i r s t v i r i a l c o e f f i c i e n t s e t c . which a r e 
r e l a t e d d i r e c t l y or i n d i r e c t l y t o primary molecular p r o p e r t i e s l i k e 
the number and weight, average molecular weights, chemical composition 
e t c . Second and h i g h e r - o r d e r e f f e c t s ( i e : i>1) a r e r e l a t e d t o 
i n t e r m o l e c u l a r e f f e c t s such as hydrogen b o n d i n g and e n d - t o - e n d 
m o l e c u l a r d i s t a n c e s . The sec o n d - o r d e r e f f e c t s a r e o f t e n used t o 
e x p l a i n the behaviour of polymer s o l u t i o n s and polymer m e l t s . The 
problems a s s o c i a t e d w i t h the e s t i m a t i o n of polymer p r o p e r t i e s using 
e q u a t i o n 11 can be d i v i d e d i n t o two c l o s e l y - r e l a t e d s t a t i s t i c a l 
p r o b l e m s : t h e p r o p a g a t i o n o f e x p e r i m e n t a l e r r o r s through the 
measurements and measurement e q u a t i o n s and the problem of model 
d i s c r i m i n a t i o n and parameter e s t i m a t i o n . 
In o r d e r t o a n a l y z e the r e s u l t s f r o m p o l y m e r c h a r a c t e r i z a t i o n 
measurements, equation 11 i s , normally, transformed i n t o i t s " s p e c i f i c 
form" i . e . : 

Ν 
- Σ k.x . ι 

i-1 (12) 

The r a t i o n a l e behind t h i s transformation has been t h a t , f o r most 
c a s e s , the f i r s t two terms i n the s e r i e s are s u f f i c i e n t t o adequately 
represent the measurement as a f u n c t i o n of the independent v a r i a b l e 
i . e . : 

ζ = y = k x + k 2 x 
χ 

(13) 
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Note t h a t , the t r a n s f o r m a t i o n y/x i m p l i e s an er r o r t r a n s f o r m a t i o n . 
T h e r e f o r e , the v a r i a b l e ζ may show t r e n d s w h i c h a r e due t o t h e 
e x p e r i m e n t a l e r r o r . In a d d i t i o n , p l o t s of ζ (y/x) vs χ have i m p l i c i t 
c o r r e l a t i o n s s i n c e ζ w i l l v a r y w i t h x. T h i s c o r r e l a t i o n may a l s o 
appear i n the form of trends, which can be p a r t i c u l a r l y misleading i n 
the assessment of the number of terms r e q u i r e d by e q u a t i o n 1-1 t o 
represent the data. 
I f oy 2 i s the variance of the measurement y and σχ 2 i s the variance of 
t h e i n d e p e n d e n t v a r i a b l e x, t h e n f o r t h e case of independent 
measurements i n χ and y, the variance of the c o r r e l a t i o n v a r i a b l e s y 
or ζ can be approximated by 

var (y) = oy 2 (14) 
2 2 

var (z) = oy 2 j_ + σχ 2 y (15) 

from equations 14 and 15, i t can be shown th a t : 

var (z) > var (y) f o r a l l χ such that 0 < |x| ̂  1 

var (z) = var (y) f o r a l l χ such that χ = x 0 and 

ay2 

y 2 

var (z) < var (y) f o r a l l χ such that |x| 

E q u a t i o n s 14 t h r o u g h 16 i n d i c a t e that c a r e f u l c o n s i d e r a t i o n must be 
given t o the a n a l y s i s of the e r r o r s t r u c t u r e and t o the c o n f i d e n c e 
i n t e r v a l s of the c o r r e l a t i o n v a r i a b l e s , otherwise trends due t o e r r o r s 
w i l l appear as r e a l when, i n f a c t , they may be c o n t a i n e d w i t h i n the 
e r r o r bands of e i t h e r y or z. 

(16) 

Sources of Experimental E r r o r 

T h e r e a r e two m a i n s o u r c e s of e r r o r p r o p a g a t i o n i n s t a t i c 
measurements, e r r o r s due t o s u c c e s s i v e d i l u t i o n s and e r r o r s due t o 
i n i t i a l i n s t r u m e n t o f f s e t . Other e r r o r s which are a l s o a p p l i c a b l e t o 
SEC a n a l y s i s are d i s c u s s e d i n (J_) . These e r r o r s can be propagated 
using the c r i t e r i a presented here. I f w i s the i n t i a l mass of polymer 
and V x i s t h e amount of s o l v e n t added t o o b t a i n t h e d e s i r e d 
c o n c e n t r a t i o n C i , the d i l u t i o n p r o c e s s can be r e p r e s e n t e d by the 
f o l l o w i n g set of equations: 

C, = w (17) 
Vi 

C 2 = w (18) 
V, + V 2 
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... C = 
η η 

l v. 
J - i J 

In the same d i l u t i o n i s used η t i m e s , ( i . e . the same p i p e t t e w i t h 
constant % error ε i s used). 

C = w C l (19) η V i . n O + ε ) n(1 + ε) 

where η i s now the d i l u t i o n f a c t o r . The error associated with the 
d i l u t i o n p r o c e s s i s a f u n c t i o n of the i n i t i a l e r r o r i n w and the 
cu m u l a t i v e e r r o r due t o v o l u m e t r i c a d d i t i o n s . From equation 19 i t 
follows d i r e c t l y that the variance and the c o v a r i a n c e of C can be 

approximated by 

var (C ) = var(w) + I w 
n 

η var(V,) (110) 

η 2 ν ^ 

cov (C , C.) = f 1 W 1 \ var(w) + f C i \ f C j ) i var(V x) (111) 
J u v j I j v J \ W I \ W I 

I t can be seen form equations 19 to 111 that both the variance and the 
c o v a r i a n c e t e r m s d e c r e a s e w i t h i n c r e a s i n g d i l u t i o n (n) k e e p i n g 
approximately a constant error f o r small d i l u t i o n errors (ε). A source 
of e r r o r seldom considered i s the i n i t i a l o f f s e t (ε 0). This i n i t i a l 
bias may be due to an instrument o f f s e t , a change i n the r e f e r e n c e 
v a l u e s or t o an e r r o r i n the i n i t i a l c o n c e ntration and i t causes a 
constant displacement along the χ or y a x i s , i . e . : 

y = k x x + k 2 x 2 + ε 0 (112) 

or f o r the s p e c i f i c model: 

ζ = y-ερ = k x + k 2x (113) 
χ 

The i n i t i a l o f f s e t can give r a i s e t o d e t e r m i n i s t i c t r e n d s whenever 
successive d i l u t i o n s are employed (27). 

Choice of Objective Functions 

S i n c e b o t h χ and y c o n t a i n e x p e r i m e n t a l e r r o r , the parameter 
estimation problem should be tr e a t e d as an error i n v a r i a b l e s problem 
(3,32). The o b j e c t i v e f u n c t i o n to be minimized i s given by: 
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M 
= I 
j = 1 var(ε ) 

j j 

(114) 

where 

ε . = 
J 

η 
I 

i = 1 
k.x. 
ι J 

and 

/ \ ? 9ε . var(ε ) = ay 2 = j 
J 3x. 

J 

S i m i l a r o b j e c t i v e f u n c t i o n ? can be c o n s t r u c t e d f o r the " s p e c i f i c " 
model (equation 12). 

APPENDIX I I 

CALIBRATION OF THE SEC DETECTION SYSTEM 

The main o b j e c t i v e s i n c a l i b r a t i n g the SEC d e t e c t i o n system i n 
absolute r e f r a c t i v e index and absorption units are the estimation of ν 
and ε at the normal fl o w c o n d i t i o n s and the s t a n d a r d i z a t i o n of the 
measurement e r r o r s . The f i r s t step i n the c a l i b r a t i o n p r o c e s s i s the 
e s t i m a t i o n of the i n s t r u m e n t s c o n s t a n t s to transform the computer 
units i n t o absorbances and r e f r a c t i v e index u n i t s . The Waters 440 UV 
s p e c t r o p h o t o m e t e r d i s p l a y s absorbance u n i t s . Therefore, step changes 
i n the instrument's balance and s a m p l i n g of the s i g n a l p r o v i d e the 
necessary data f o r the c a l i b r a t i o n . The equations obtained are: 

3 

ΔΑ! = (0.1 18685 χ 10 ) . cu x (111) 

ΔΑ 2 = (0.122639 x 10~ 3) . c u 2 (112) 

where ΔΑ(ΐ) i s the absorption d i f f e r e n c e between the sample and the 
base l i n e f o r the i t h detector and c u ( i ) i s the absolute d i f f e r e n c e i n 
computer u n i t s (409.5 cu = 1 v o l t ) between the base l i n e and the 
s i g n a l f o r the i t h d e t e c t o r . The c a l i b r a t i o n of the d i f f e r e n t i a l 
refractometer requires s o l u t i o n s of known r e f r a c t i v e index d i f f e r e n c e . 
B e n z e n e / C C I 4 s o l u t i o n s are known t o f o l l o w the i d e a l behaviour 
(volumes are a d d i t i v e ) . In a d d i t i o n , the r e f r a c t i v e index of these 
mixtures i s p r o p o r t i o n a l to the volume f r a c t i o n of benzene, therefore: 

n
? o l " n B XB + ( 1 - V n C C U 

Δη = ( n s o l - n c c l ^ ) = ( η β - n ^ ) * x E 
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η . = r e f r a c t i v e index of the s o l u t i o n s o l 

n D = r e f r a c t i v e index of benzene (1.5020) 
D 

n C C l = r e f r a c t i v e index of CC1 H (1.4596) 

x D = volume f r a c t i o n of benzene 

U s i n g s t e p c h a n g e s i n t h e c o n c e n t r a t i o n o f b e n z e n e , t h e 
r e s p o n s e was c o r r e l a t e d w i t h the c a l c u l a t e d r e f r a c t i v e i n d e x 

d i f f e r e n c e (ARI) at an a t t e n u a t i o n of 4x. 

ARI = (2.537534 χ 10~ 8) .eu (115) 

Using benzene as a t r a c e r
the i n j e c t i o n loop under
leaves the columns i n the i n t e r v a l ( t o - t f ) . The mass of m a t e r i a l 
i n j e c t e d can be c a l c u l a t e d by i n t e g r a t i n g the contents of the detector 
c e l l . A simple mass balance gives 

r t f 

M = C. V. = I An(t) . v ( t ) dt (116) ο ι loop J t o — ^ - ^ 

I f an average value of flow r a t e i s used (v) equation 116 becomes 

r t f 

M - C. V. = ν J An(t) dt (117) ο ι loop - \ κ ν to 

where 

C^ = conc e n t r a t i o n of the i n j e c t e d s o l u t i o n 

v = ( V "ccO 
M q = mass i n j e c t e d 

The volume V. was e s t i m a t e d u s i n g e q u a t i o n 117 and r e p l i c a t e d l o o p 
i n j e c t i o n s of various concentrations i s 

V. = 2.22 ± 0.12 cm 3, loop 

Once the volume of the i n j e c t i o n loop i s known, the o v e r a l l e x t i n c t i o n 
c o e f f i c i e n t (ε) and r e f r a c t i v e i n d e x increment (v) f o r an unknown 
s a m p l e can be c a l c u l a t e d d i r e c t l y f r o m e q u a t i o n 116 and the 
corresponding equations f o r the uv spectrophotometer at the r e q u i r e d 
wavelengths 
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C. V. ι loop 

rtf 
i t Q A n ( t ) . d t ( 1 1 8 ) 

C.V. ι loop 

i t f 

w 
ΔΑ(t) . dt ( 1 1 9 ) 

The average flow r a t e was estimated from a v e r a g i n g the time e l a p s e d 
between consecutive counter s i g n a l s . 

R E C E I V E D May 4, 1987 
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Chapter 14 

Light Scattering Characterization 
of Branched Polyvinyl Acetate 

Q.-W. Wang, I. H. Park, and B. Chu1 

Department of Chemistry, State University of New York, 
Stony Brook, NY 11794-3400 

Branching effects of polyvinyl acetate (PVAc) were 
investigated in a good solvent, methyl ethyl ketone at 
25°C, by laser light scattering, high performance size 
exclusion chromatography (SEC) and viscometry  Several 
branched PVAc sample
branching was characterize
(Rg) and the effective hydrodynamic radius (Rh) by means 
of light scattering, as well as the hydrodynamic volume 
parameter by means of intrinsic viscosity ([η]) . The 
branching effect on the size parameters (Rg and Rh) was 
much smaller than that on the hydrodynamic volume 
parameter. In particular, the change of the ratio Rh/Rg 

with respect to the degree of branching was negligibly 
small (maximum of a few percent even for the most highly 
branched PVAc). We were able to obtain the molecular 
weight distribution (MWD) of branched PVAc using the 
Laplace inversion of the intensity-intensity time 
autocorrelation function and static light scattering 
measurements. The results are in good agreement with 
the MWD obtained from a combination of SEC and intrinsic 

Long-chain branched polymers, such as polyvinyl acetate (PVAc) and 
low density polyethylene (LDPE), are important technologically as 
well as scientifically in polymer rheology. (1,2) Different 
analytical methods, such as size exclusion chromatography 
(SEC)/viscometry, (3̂ 5) SEC/light scattering and 
SEC/ultracentrifugation, (6,7) have been used to characterize the 
degree of long-chain branching. In particular, the SEC/viscometry 
method has been applied extensively to analyze the branching 
effects. More recently Chu, et al.(8) tried to estimate the 
branching effect and the molecular weight distribution (MWD) of 
branched LDPE using a combined technique of static light 
scattering (SLS) and dynamic light scattering (DLS). In this 
article, we want to examine the branching effects on the 

Correspondence should be addressed to this author. 
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determination of MWD of branched PVAc using DLS and to check our 
a n a l y s i s and r e s u l t s using the SEC/viscometry method. 

Expérimental 

1. Synthesis of PVAc 

V i n y l a c e t a t e monomer of p o l y m e r i z a t i o n grade (over 99.98% p u r i t y ) 
was used f o r the p o l y m e r i z a t i o n of branched PVAc. Samples B,, 
and B 2 were polymerized at 60°C f o r 7 days, 4 days and 2 days, 
r e s p e c t i v e l y . Sample B, was synthesized at room temperature f o r 2 
months. Some branched PVAc samples were converted t o l i n e a r 
p o l y v i n y l a l c o h o l (PVA) through s a p o n i f i c a t i o n w i t h a methanol 
s o l u t i o n of NaOH. The product, PVA, was then washed w i t h methanol 
and r e a c e t y l i z e d by anhydride a c e t i c a c i d i n p y r i d i n e ( s o l v e n t ) at 
-95 C u n t i l a l l of the PVA s o l i d d i s s o l v e d and reacted. A t r a c e 
of p y r i d i n e was remove
l i n e a r PVAc s e v e r a l time
sample was f r a c t i o n a t e g
good s o l v e n t and water as the non-solvent. B^, and B^^ represent 
the highest molecular weight f r a c t i o n s among the branched PVAc 
prepared w h i l e B ^ and B ^ denoted the f o u r t h f r a c t i o n of B^ and 
B^ samples, r e s p e c t i v e l y . I t should be noted th a t f r e e - r a d i c a l l y 
s ynthesized PVAc i s a complex mixture of l i n e a r and branched 
chains. The branched chains have d i f f e r e n t branching frequencies 
and branched lengths even a f t e r f r a c t i o n a t i o n . Therefore, our 
f r a c t i o n s do not represent w e l l - d e f i n e d polymer f r a c t i o n s of 
uniform branching frequencies and lengths. 

2. SEC Measurements 
5 0 

A ^se£ of two Waters u l t r a s t y r a g e l columns, designated 10 A and 
10 A and a Waters pump (Model 590) f o r HPLC were used i n t h i s 
study. The e l u t i o n s o l v e n t was te t r a h y d r o f u r a n (THF) which was 
d i s t i l l e d i n the presence of a small amount of CaH~ i n order to 
remove the peroxide. The flow r a t e was maintained at 1 ml/min. 
The sample i n j e c t i o n volume was -30 y l . The chromatogram detected 
by the d i f f e r e n t i a l refractometer (Waters R401) was recorded on a 
s t r i p chart recorder. A l l experiments were performed at room 
temperatures w i t h concentrations below the over-loading c o n d i t i o n . 
3. L i g h t S c a t t e r i n g Measurements 

We used an argon ion l a s e r ( L e x e l Model 95) operating at λ = 
514.5 nm. A standard photon counting d e t e c t i o n system was useâ to 
measure the i n t e n s i t y of s c a t t e r e d l i g h t w h i l e the s i n g l e - c l i p p e d 
photoelectron count a u t o - c o r r e l a t i o n f u n c t i o n was measured w i t h a 
Malvern L o g l i n 7027 d i g i t a l c o r r e l a t o r . A l l sample s o l u t i o n s f o r 
l i g h t s c a t t e r i n g experiments were f i l t e r e d through a M i l l i p o r e 
T e f l o n f i l t e r of nominal 0.2 ym pore s i z e . The f i l t r a t e was again 
c e n t r i f u g e d f o r ~2 hours at ~4000 g r a v i t y and f i n a l l y t r a n s f e r r e d 
i n t o the l i g h t s c a t t e r i n g c e l l u sing a d u s t - f r e e p i p e t . We used 
benzene as a standard f o r computing the Rayleigh r a t i o R and 
took R = 2.49xl0" 5 cm"1 f o r benzene at θ = 90°, λ • 5ΐΧΪ5 nm 
and 25>ΪΥ The r e f r a c t i v e index, the r e f r a c t i v e index increment, 
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the density, and the viscosity of methyl ethyl ketone (MEK) at 
25°C were 1.3760 at λ = 514.5 nm, 0.081 ml/g at λ = 514.5 nm,(9) 
0.80 g/ml and 0.401 cP, respectively. ° 

4. Methods of Data Analysis 

4.1 Light scattering data. 

(a) Intensity of scattered light. 

From measurements of scattered light intensity as a function 
of concentration and scattering angle, we can determine the weight 
average molecular weight, Μ , the z-average radius of gyration, R 
and the second v i r i a l coefficient, A^. According to the classical 
Rayleigh-Debye theory, we have 

2 2 
u p -ι 1 6

ÎTTë) - ΤΓ ( 1 + - Γ Τw w 3 o 

where H = (4π 2
η
2/Ν X A)(B n/3C) 2 with λ_ , η , Ν and (3n/3C) being, 
Ο cl Ο Ο α 

respectively, the wavelength of light in vacuum, the solvent 
refractive index, Avogadro's number and the refractive index 
increment. Κ[Ξ (4?τ/λ )sin(6/2) with λ = λ /η ] is the magnitude of 
the momentum transfer vector. R ( θ) is ?he°excess Rayleigh ratio 
of the solution at concentration C and scattering angle θ. The 
intercept at θ = 0 and C=0 yields the weight average molecular 
weight, M̂ . The slope in a (HC/R^)^^ vs concentration plot and 
the angular dependence of (HC/R^)^^ yield the second v i r i a l 
coefficient A^ and the z-average radius of gyration, R , 
respectively. ^ 
(b) Spectrum of scattered light. 

The spectrum of scattered light contains dynamical 
information related to translational and internal motions of 
polymer chains. In the self-beating mode, the intensity-intensity 
time correlation function can be expressed (10) as 

G ( 2 ) ( t ) = <I(0)I(t)> = A(l + b | g ( 1 ) ( t ) | 2) (2) 

where A is t h e b a s e line, b is a coherence function of the 
spectrometer, g (t) is the normalized time correlation function 
of^the scattered electric f i e l d and t is the delay time. Although 
g (t) is a single exponential decay curve for monodisperse, non-
interacting and structureless macromolecules, g (t) is related 
to the normalized characteristic linewidth distribution G(T) 
through a Laplace integral equation for polydisperse systems by 
eq. (3). # 

ίτ\ <E (0)E (t)> r t 

g i 1 > ( t ) = _ | L _ i = r G(De - r t d r (3) 
<E s(0)E s(0)> 0 
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where Τ i s the c h a r a c t e r i s t i c l i n e w i d t h . For narrow s i z e 
d i s t r i b u t i o n s , the second-order cumulant expansion can be used to 
determine the average c h a r a c t e r i s t i c l i n e w i d t h Γ 

l n | g ( 1 ) ( t ) | « - r t + 1/2 p 2 t 2 (A) 

—2 — ? where the v a r i a n c e i s ρ2/Γ w i t h = f(T-Γ) G(F)dr. Eq. (3) i s 
v a l i d f o r p o l y d i s p e r s e p a r t i c l e s w i t h i n t e r n a l motions. Then G(r) 
becomes a complex f u n c t i o n of both s i z e and i n t e r n a l motions 
which, under f a v o r a b l e c o n d i t i o n s , may be separated by examining 
the angular dependence of G(K,r). In our case, we know th a t as 
K-*0, i n t e r n a l motions become l e s s important and measurements of 
G(T) at low s c a t t e r i n g angles r e v e a l e s s e n t i a l l y only ^ a 

d i s t r i b u t i o n of t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t ( D E Γ/Κ ). 
The presence of i n t e r n a
a l s o be represented a
s c a t t e r i n g angle θ and a f i n i t e c o n c e n t r a t i o n C, we have 

Γ/Κ 2 = D ° (1 + f R 2 K 2 ) ( 1 + k_C) (5) z g d 

where D i s the z-average t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t at 
i n f i n i t e d i l u t i o n , f i s a constant depending upon _the chain 
s t r u c t u r e , p o l y d i s p e r s i t y and so l v e n t q u a l i t y ; and k^ i s an 
average d i f f u s i o n second v i r i a l c o e f f i c i e n t . In order to estimate 
the normalized l i n e w i d t h d i s t r i b u t i o n G(T), we chose an a l g o r i t h m 
developed by Provencher(12)and commonly known as CONTIN. At t=0, 
/Âb g ^ ± ; ( t = 0 ) was made equi v a l e n t w i t h the i n t e g r a t e d excess 
s c a t t e r e d i n t e n s i t y 

/Âb g ( 1 ) ( t = 0 ) = Skb f°° G(r)dT = /Âb = <I> (6) 
0 

I f the CONTIN a l g o r i t h m was running i n equal spacing on the 
l o g a r i t h m i c s c a l e and the l i n e w i d t h d i s t r i b u t i o n was normalized by 
the area, then the i n t e n s i t y of s c a t t e r e d l i g h t f o r each f r a c t i o n 
Γ. can be expressed as G ( l n r . ) which i s r e l a t e d to G ( l \ ) by the 
r e l a t i o n 

Γ 
/ G(r)dT ( i n equal spacing on Γ s c a l e ) 
^min 

ΙηΓ 
= / G(r)Γ dlnT ( i n equal spacing on ΙηΓ s c a l e ) 

ΙηΓ . mm 

or GUnT.) = r.G(r.) (7) 
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The next step is to transform G(r .)[or G(lnT.)] to the molecular 
weight distribution (MWD). 1 1 

(c) Molecular weight distribution. 

According to eq. (1), we have 

Μ Ρ (θ) 
w " (1 + 2A0M C) V J 

2 w 

In eq. (8), the term M / ( l + 2Â M C) can be considered to be a 
bulk property, i.e., i s independent o î each f r a c t i o n . In other words, 
the second v i r i a l c o e f f i c i e n t i s assumed to be a constant, 
independent of molecular weight in the polydiserse system under 
consideration. However, the form factor, P(Θ) can play a very 
important role in the transformatio

<I(K)> = / f(M)M P(K,M)dM (equal spacing on M scale) 

/f(M)M 2 P(K,M) dlnM (equal spacing on InM scale) 

<I(K)> * ΔInM Σ f(M.)M2 P(K,M.) (9) 
i 

Here f(M.) is the weight fraction of molecular weight M. using 
equal spacing in M scale and P(K,M.) is the form factor ior the 
molecular weight M. at the scattering vector K, and the f i n a l 
expression in eq. (9) approximates the MWD as a discrete 
distribution. If Γ. is related to M. by an empirical power law (Γ 
~ M aD) 9 ΔΐηΓ can èe linked with ΔInM through a proportionality 
constant. In our case, the weight fraction of each M. in lnM-
space, F^(lnM^) has the form 

FjlnM.) = f(M.)M. - ^ „ (10) 
1 1 

as C-K). In computing the molecular weight distribution, we also 
need the molecular weight dependence of D(=K_^ Γ/Κ ) and of R . 
From laser light scattering characterization of unfractionatld 
polymer samples of different molecular weight, we obtained 

7> _ ,. w -«D (11) 
Ζ 

R = L M °R 
g R w (12) 
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By combining eq. (5) with eq. (11), we can imply a relation 
between the molecular weight, Μ , and the characteristic 
linewidth, Γ, at a f i n i t e scattering angle and a f i n i t e 
concentration 

Γ 
M. = [-_ 1 ι 1 / ^ (13) ι 1 2 2 ? J 

K k_(l + f R V ) ( l + k.C) 
υ g α 

= (const. Γ . ) 1 / α ϋ 

2 2 
In eq. (13), we have included the (1 + fR Κ ) term without 
ex p l i c i t l y inserting eg.^ (12). It should be 8oted that at small 
scattering angles, fR Κ <<1  However  for broad MWD  the high 
molecular weight fractio
term in eq. (13). In eq

k 2 M . 2 * R κ 2 

P"1(K,Mi) = 1 (14) 

Thus, for the conversion of F (InM) from G(r.) we can use eqs. 
(10) and (14), while for the x-axis we have eq. (13) using InM 
spacing. 

4.2 Analysis of size exclusion chromatogram 

The most widely accepted parameter defining the elution 
volume ν in SEC is the hydrodynamic volume, (13) which for 
flexible coils of f i n i t e dilution is proportional to the product 
of the molecular weight M and the intrinsic viscosity [n] (= 
(n-n )/(n C) with η being the solvent viscosity). Under fixed 
experimental conditions, the relation between M[n] and elution 
volume has been shown to be independent of the nature of the 
structure of the polymer chain over a wide range with few 
exceptions. (14) Hence, the calibration curve U(v)(= M[n]) can be 
set to be proportional to Rn, with Rn being the viscometric 
hydodynamic radius of the polymer c o i l . 

I O Ï Ï N R 3 

U(v) =Μ[η] Ξ Λ Λ (15) 

The calibration curve U(v) can be determined from well-
characterized fractions of linear polystyrene. Under the same 
fixed experimental conditions and for two different polymers 

M 1 [ n ] 1 = Μ 2 [ η ] 2 (16) 

at the same elution volume, i.e., the SEC detector cannot 
distinguish polymers having the same [η] but different structures. 
If these two different polymers follow the Mark-Houwink equation 
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over our range of interest, a simple substitution of [η] by [η] = 
ΚηΜ α immediately leads to an equation which transforms the primary 
calibration curve (obtained using polymer 1) for use in other 
polymers as denoted by subscript 2. 

λ k (1 + α ) 
l n M 2 - TT^T l n i r j + TTT^T l n M i ( 1 7 ) 

at the same elution volume. Therefore, a calibration curve ν = 
H(M), relating the logarithm of molecular weight of the eluant to 
the elution volume ν for any polymer, can be obtained from the 
primary calibration curve and eq. (17). (15,16) 

Next, in order to transform the chromatogram denoting a plot 
of concentration C versus elution volume ν into a plot of the 
weight fraction, f(M) versus the molecular weight M, both curves 
were normalized. 

/C(v)dv = /f(M)dM = 1 (18) 

We set 

f(M) = - C ( v ) ^ (19) 
dM 

with the negative sign accounting for the fact that high molecular 
weight fractions appear at low elution volumes. In InM-space we 
can express the weight fraction F (InM) as 

w 

F (InM) = -C(v)M ^ (20) w dM 

As illustrated by eqs. (19) and (20), we need a calibration 
curve relating the elution volume, v, with the molecular weight 
(M) in order to obtain a correct transformation from the 
chromatogram to the molecular weight distribution (MWD). In other 
words, the calibration curve in SEC provides the empirical 
information needed in the transform of the elution volume to the 
molecular weight (for the x-axis of MWD).̂  If an empirical 
equation such as ν = b^ + b^ InM + b^ (InM) is used for the 
calibration curve, the molecular weight (in InM-space) can be 
calculated from the chromatogram C(v) according to the following 
procedure. 

M = / f (M)MdM = - /C(v) (̂ ~) ·Μ 2 dlnM w dM 
b. 2b0lnM Ί 

'C(v) (/ + — 1 — ) M 
M M 

dlnM, 
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M = - ΔInM Σ C(v.)M. (b 0 + 2b. InM.) (21) w ι ι l J ι 

which can be simplified to 

M * -b0AlnM Σ C(v.)M. (22) 
W Ζ . 1 1 

1 

i f b. = 0. Thus, in a simple linear calibration curve (i.e. b2<0, 
b^=0;, the molecular weight distriDution in InM-space can be 
computed easily according to eq. (22) without any manipulation on 
the height of the chromatogram i f the detector in SEC measures the 
weight concentration. . It should also be noted that the universal 
molecular weight calibration curve for SEC works better with [η] 
M . (17) We shall use M instead of M in our plots because the n — \jnatural variable i
measurements. Furthermore

versus M have M expressed in M̂ . ^ 

Results and Discussion 

1. Degree of Branching 
In order to estimate the degree of branching, we need 

information to establish a baseline concerning the behavior of 
linear PVAc in terms of the scaling relations R = k„M a R , [η] = 
Κ η M a, etc., which are essentially available in the 
literature. (18,19) Only one sample (L,.) among our linear 
fractions was measured for comparison with tne literature. 

The z-average radius of gyration, R , and the weight-average 
molecular weight, Μ , were determined b$ means of a Zimm plot as 
shown typically in Fig. 1. As values of the radius of gyration R 
and of the intrinsic viscosity [η] for sampe L,. are in bette? 
agreement with experimental data reported by Shultz, (38_) we chose 
the Shultz data as our reference for linear PVAc. Figures 2 and 3 
show log-log plots of radius of gyration and intrinsic viscosity 
[η ] as a function of molecular weight for both linear and branched 
polymers, respectively. As expected, R ^(M) < R ^(M) and [ n ] b < 
[n ] ^ with the subscripts b and 1 denoting bran§ned and linear 
polymers. Furthermore, the effect increases with increasing 
degree of branching. 

Empirical equations for linear PVAc in MEK at 25°C were 
established. 

R = 1.28xl0"2 M 0 , 5 9 (nm) (23) g w 

[η] = 1.29xl0"2 M 0 , 7 1 (1/kg) (24) w 

with M expressed in units of g/mol. In eq. (24), we used only 
American Chemical Society 
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1. 1 

0. 3 1 ' ' « ' ' ' ' 1 

0. ϋ 0. 2 0. 4 0. 6 0. 8 

Figure 1. AZimm p l o t f o r PVAc ( L 5 ) i n MEK at 25°C. 
M = 1.58xl0 6 g/mol. A 0 = 2.82x10 ~4 cm 3 mol/g 2. R = 56 nm. 
Note: mol = mole. 

3 Q I 1—1—I—I—1 1 1 ι I 
0.5 1.0 2.0 5.0 

1 0 6 M W ( g / m o l ) 

F i g u r e 2. Log-log plot of R (nm) versus M (g/mol) for PVAc in MEK 
at 25°Ç2 Jîie9 solid line8denotes the Yinear PVAc, R (nm) = 
1.28x10 M * . The broken line ( ) and the chain l?ne (-·— 
-·-) denote B~ and B, branching series, respectively. For the B, 
branching series, R * 3.5xl0" 2 Μ °· 5 1 (nm). R fe(M) < R χ(Μ) for highly branchedPVAc (e.g. B ^ ^ where the su§scripts bgànd 1 
denote branched and linear polymers, respectively. 
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the three data points in the higher molecular weight range of ref. 
(18) and our L,. data yielding α =0.71 which is an acceptable 
exponent value. η 

The z-average^ translational diffusion coefficient a£ 
i n f i n i t e dilution, D , could be determined by extrapolating F/K 
to zero scattering angle and zero concentration as shown typically 
in Figs. A and 5. D is related to the effective hydrodynamic 
radius, by the Stokes-Einstein relation: 

lim - k τ 
D° = K+0 (-U = , B

 p (25) 
Z 0 0 Κ 2 6 π η ο \ 

with k being the Boltzmann constant. The viscometric 
hydrodynamic radius, R [ Ξ (3M[ η] / I O Ï Ï ^ ) 1' 3 based on eq  ( 1 5 ) ] of 
linear PVAc (L^) and th
on eq. ( 2 5 ) ] , are i
limits with R N ~ A3 nm and R,_ ~ A2 nm. We can estimate an 
exponent of the scaling relation R̂  = k^M^h by means of 

°h = ~Ύ~ ( 2 6 ) 

With α = 0.71, we have = 0.57. By using L<- as our calibration 
standard, we can now determine the molecular weight dependence of 
linear PVAc in MEK at 25 C. Figure 6 shows a log-log plot of R, 
and M for linear and branched PVAc in MEK at 25°C. The solid w line is denoted by 

R h = 1.22xl0"2 M w
0 , 5 7 (nm) (27) 

D° = 2.10xl0"8 Μ " ° · 5 7 (m2/sec) (28) z w 

with M expressed in g/mol. Again, at the same molecular weight, 
R^ b^R^ ι a n (* the effect increases with increasing degree of 
branching. The degree of branching has been defined by several 
types of ratios between the size of the linear chain and that of 
the branched chain at the same molecular weight. 
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2 ο I « ι ι ι ι ι ι 1 1 
" θ . 5 1 . 0 2 . 0 5 . 0 

1 0 6 M W ( g / m o l ) 

Figure 3. Log-log plo
in MEK at 25°C. Th
Solid line: [n] = 1.29χ1θ"  M (1/kg) for linear PVAc using 
only three data points in the high M range of ref. 17 and our L,. 
data. Chain line: [n] * l.lxlCT 1 M^0-55 (1/kg) for the 
branched B, series. Note: I/kg = ml/g. 

1. 4 

υ 

0 1 2 3 4 5 

1 0 " 1 0 K 2 ( c m - 2 ) 

Figure 4. Plot of Γ/Κ2 versus K 2 for branched PVAc (B ) in MEK 
at C_« 3.44xl0~4 kg/1 and 25°C. 
l i m -11 2 K-*0 κ 2= ÏÏ = 1.18x10 x ± in/sec ζ 
Γ/Κ 2 = D (1 + fR 2 K 2) with fR 2 = 2.56xl0" 1 6 m2 and Κ 
expressed in n r l . g ' a p p 8 ' a p p 
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(31) 

Table 1 l i s t s the molecular parameters as well as g, h and G 
ratios of linear and branched PVAc in MEK at 25°C. Our most 
branched PVAc (B41) has g - 0.70, G = 0.79 and h - 0.87 suggesting 
that the branching effect is strongest for g but weakest for h. 

2 
In fact, as g comes from the ratio of R for linear and branched 
polymers, and h comes from the ratio of R 8 (not R 2) for linear and 
branched polymers, the branching effect must necessarily be 
smaller fo^r h tjhan for g. Similarly, as G comes from the ratio of 
[n] - - R^ for linear and branched polymers, the branching 
effect must be bigger for G than for h. Zimro and Stockmayer (20) 
have derived equations relating g and the number of branch points 
(n ) for randomly branched polymer  havin  trifunctional
te¥rafunctional branc
polydisperse systems
trifunctional branch points, we can determine η values i f the g 
values are known. (3) For g - 0.70, η -2.6 suggesting 2-3 
trifunctional branched points for our most branched PVAc (BA1). 
Thus, for our branched PVAc samples, the overall degree of 
branching is relatively low. 

An empirical expression between g and G was proposed by Park 
and Graessley (21) with 

ln g = 0.735 ln G - 0.113 (ln G) 2 (32) 

3 3/2 
According to eqs. (29)-(31), G - h - g provided that changes 
of R and R^ (or R^) are comparable with respect to molecular 
weigh?. Figure 7 shows a plot of R /R, versus M for linear and 
branched PVAc in MEK at 25°C. Wifhin the degree of branching 
available for the PVAc fractions we were able to achieve the 
static (R ) and dynamic (R^) sizes for different molecular weight 
PVAc with^different degrees of branching showing similar trends, 
i.e., the ratio R /R̂  i s not very sensitive to the degree of 
branching for PVAc pelymeijs of the samê  molecular weight. Table 1 
also l i s t s values for G , h and It^sjould be noted that 
in comparing the size ratios (h, G and g ) between branched 
and linear PVAc, the experimental error limits are f a i r l y large 
(-+10%) because we used estimates of sizes for linear PVAc of 
corresponding molecular weight by means of eqs. (23), (24) and 
(27). For branched polymers, the empirical scaling relation of 
the type such as eq. (23) should be modified at constant degree of 
branching since R , <R ^ at high molecular weight and R ^ - R ^ 
at low moleular However, we shall ignore th?s D subtle 
detail. 

Sample Β41 has the highest degree of branching as shown in 
Figs. 2, 3 and 6. ^Within the molecular weight range of our 
studies (between -5x10 g/mol and -1x10 g/mol) we may represent 
t|je molecular weight dependence of the parameters (R , R^» [ η] and 
D z) by assuming B 3 4 χ B44. As B34 was in the molecular weight 
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1. 6 

A N 1-4 
Ε 
ϋ 

1. 2 

1. 0 

Figure 5. Plot of D versus concentration for branched PVAc (Β, Ί) 
in MEK at 25 C. D Z = D° (1 + k.C) with If = 1.04x10-11 m2/sec 
and k = 420 1/kg. Z Z d z 

Ù1 

10 M w ( g / m o l ) 

Figure 6. Log-log plot of Κ (nm) versus M (g/mol) for linear and 
branched PVAc in MEK at 25°C. The symbolsWare the same as those 
in Fig. 2. 
R h(nm)= 1.22x10 M w for linear PVAc of the solid line. 
Rh B 4(nm) - 2.65xl0"2 M^0-5! for series of the chain line. 

1. 5 -

1. 4 " 

r 1. 3 " 
(Z 
\ 
cn 1. 2 " 

(Z -

1. 0 
0. 5 

ο B21 

Δ L5 • B34 

ο B14 ν Β41 

2. 0 

1 0 " b M w C q / m o l ) 

ι. ο 
Γ6Κ 

5. 0 

Figure 7. Plot of R /IL versus M for linear and branched PVAc in 
MEK at 25°C. 8 n 
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Table 1. Molecular parameters of linear and branched PVAc in 
MEK at 25°C 

Sample MwxlO A 2xl0 R R h [η] R
n 

code (g/mol) (cm3 ^ (nfi) (nm) (l/kg) (nm) \ 
mol/g ) 

L5 1.58 2, ,82 56 A2 312 A3 1.33 0, ,98 

B1A 1.28 2, 

B3A 1.16 2, .96 AA 33 2A3 36 1.33 0. .92 

BA1 2.96 2, .29 70 52 A02 57 1.35 0. .91 

B21 3.83 2, .42 8A 63 563 70 1.33 0. .90 

•ample G g h g h G g 
code (eq.31) (eq.29) (eq.30) 

L5 * * - - - -
B1A 0. .90 0.9A 0.97 0.91 0. 91 0.97 0.97 

B3* 0. .93 0.81 0.93 0.73 0. ,80 0.98 0.90 

hl 0, .79 0.70 0.87 0.59 0. ,66 0.9A 0.8A 

B21 0. .91 0.7A 0.91 0.6A 0. .75 0.97 0.86 
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range where the size parameters begin to converge, the assumption 
should be acceptable for a qualitative estimate of the empirical 
scaling relations for branched PVAc. Then, we have 

Rg,BA - 3.5X10"
2 Μ ° · 5 1 

W 
(nm) (33) 

= 2.65χ1θ"2 Μ ° · 5 1 

w (nm) (34) 

= l . l x l O ' 1 M ° · 5 5 

W 
(1/kg) (35) 

* 2.1X10"8 M - ° - 5 1 

W 
(m2/sec) (36) 

(33), (34) and (35
and 6, respectively. Finally, we can estimate the degree of 
branching for t 
branching effect. 
branching for the series which shows the most pronounced 

[ n k 1.1x10 M 
G - - ^ — T « 8.5 Μ -°· 1 6 (37) 

[ n ] , 1.29xlO~2M ° · 7 1 W 

1 w 

2. Molecular Weight Distribution from Laser Light Scattering 

We shall i l l u s t r a t e our analysis by using one normalized 
characteristic linewidth distribution G(T . ) from the CONTIN method 
based on the experimental intensity-intensity time correlation 
function.measured at scattering angle θ = 33 , concentration^C = 
3.44x10 g/ml in MEK at 25°C. With fR ~ 2.56x10m and 
k^ - 420 1/kg being determined from Figs. g4 aI8d 5, respectively, 
we have 

Γ/Κ 2 = D°(l + 2.56xl0" 1 6 K 2 ) ( l + 420C) (m2/sec) (38) 

with Κ expressed in m By substituting eqs. (36) and (38) into 
eq. (13), each Γ. was converted into the corresponding M. and the 
weight fraction F 1(lnM) in InM spacing was computed from ό(Γ.) by 
eqs. (10), (14) Wand (33). The molecular weight distribution of 
B,- sample is shown in Fig. 8. The weight average molecular 
weight M (~2.96xl06 g/mol) obtained from the Zimm plot cw^s in good 
agreement with the weight average molecular weight, M^ (~3.0xl06 

g/mol) calculated from this distribution. The results are 
summarized in Table 2. 

3. Molecular Weight Distribution from Gel Permeation Chromatography 

Intrinsic viscosity [η] = 444 1/kg for the branched PVAc B41 
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Table 2. Comparison of LLS and SEC results 

SEC 
LLS α = 0.55 α = 0.58 

10"6xMw 3.0 2.
g/mol -

10"6xM 2.3 2.2 2.2 
g/moln 

M /M 1.30 1.23 1.23 w η 

* fi M -2.96x10 g/mol from the Zimm plot. 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



256 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

sample in THF at 25 °C. AS both THF and MEK are good solvents for PVAc, we 
assumed that the exponent of the Mark-Houwink equation for the unfractionated B4 

branched PVAc in THF would be the same as that in MEK at 25 °C. A comparison 
of hydrodynamic radii of linear and of branched PVAc in different solvents, as listed 
in Tables 3 and 4, suggests support for this assumption. With α = 0.55 and [n] = 444 
1/kg, a Mark-Houwink equation for B4 branched PVAc in THF at 25 °C may be 
expressed as 

[η] = 1.23x1ο"1 M 0 , 5 5 (1/kg) (39) w 

The Mark-Houwink equation for the linear polystyrene/THF system at 
25 C was determined accurately by W. Graessley et a l . We used 
their equation as follows: 

[η] = 1.25xl0"2 M

Our primary calibration curve obtained with narrow MWD linear 
polystyrene samples could now be used to determine the molecular 
weight distribution of branched PVAc ( B ^ ) by means of eqs. (39), 
(40) and (17). The calibration curve for B^ branched PVAc was not 
linear but showed a slight upturn at the low elution volume range 
as shown in Fig. 9. The calibration curve in Fig. 9 could be 
represented by 

ν = 48.81-3.474 In M p y A C + 8.215χ1θ"2 (In M p v A C ) 2 (ml) 
(41) 

with M expressed in g/mol. The elution volume ν could be 
converted to the corresponding molecular weight by the calibration 
curve and the height C(v) of the chromatogram could be transformed 
into the weight fraction, F^(lnM) by eqs. (20) and (41). 

The molecular weight distribution obtained from SEC analysis 
was also shown in Fig. 8. In order to check the effect of the 
estimated exponent α(-0.55) on molecular weight distribution for 
Β£ branched PVAc, we used another a(~0.58) value to compute a new 
calibration curve as shown in Fig. 9. The two calibration curves 
almost overlapped with each other. The results are listed in 
Table 2. In both cases, we obtained the same weight-average 
molecular weight and the polydispersity index (M /Mn)« Thus, we 
could confirm that in using a two-point (BQ^ and B^j) estimate for 
a, we have not introduced an appreciable error in the 
determination of molecular weight distribution of branched PVAc. 

The two molecular weight distributions (MWD) from 
SEC/viscometry and laser light scattering (LLS), as shown in Fig. 
8, agreed reasonably well over the entire molegular weight range. 
The weight average molecular weight M (-2.7x10 g/mol) calculated 
from MWD of SEC was a l i t t l e smaller Wthan that (~3.0xl06 g/mol) 
from light scattering. The number average molecular weight 
(-2.2x10 g/mol) was the same for both cases. If we consider the 
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Table 3. Comparison of hydrodynamic r a d i i of l i n e a r and branched 
PVAc i n two

Hydrodynamic r a d i u s (nm) 

Sample THF (A) MEK (B) R a t i o (A/B) 

PVAc L 5 37.3 42.0 0.89 

PVAc B 7 1 47.0 52.0 0.90 41 

Ave. 0.90 
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Table 4. Comparison of hydrodynamic radii of linear polystyrene 
in two different solvents at 25 C 

Hydrodynamic radius (nm) 

Sample M xlO 6 

w 

PS,linear 1.8 47.1 46.6 1.01 

0.88 29.8 31.4 0.95 

0.411 20.2 20.7 0.98 

0.160 11.9 12.3 0.97 

Ave. 0.98 

a) From ref. 21 

b) Calculated from the molecular dependence^equation of 
translational diffusion coefficients, D = (2.18+0.32)xl0 
M -0.55+0.02 / 2, s „ 0 0

 z 

M — (m /sec) in ref. 22. w 
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0. 2h 

0. 1 

Q. 0 

M (g/mol) 

Figure 8. Molecular weight distribution of branched PVAc (B,^) as 
determined by laser light scattering (LLS) and size exclusion 
chromatography (SEC)/viscometry. A comparison of results by the 
two methods is lis t e d
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\ 
CO 1 0 % 

5 
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Δ PVAc C Ο,-0. 55) 
Ο PVAc < 0,-0. 58) 

14 16 18 20 

Qlut ion volume(ml) 

Figure 9. SEC calibration curves for linear polystyrene (PS) and 
branched PVAc lis t e d in Table 2. 
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Figure 10. A universal plot of log(R, ) versus elution volume (v) 
in THF at 25QC. Data are li s t e d in Table 5. 
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Table 5. Hydrodynamic r a d i u s (R^) and e l u t i o n volumes (v) of 
s e v e r a l d i f f e r e n t polymers i n THF at 25°C 

Polymer -6 S t r u c t u r e M w ( x l 0 g/mol) R h (nm) ν (ml) 

polystyrene l i n e a r 0, ,160 11, .9 a 19.251 

0, .411 20, .2 a 17.851 

0, ,88 29, .8 a 16.721 

1. ,80 47, . i a 15.641 

2. ,00 48, ,4 C 15.47 

5, ,5 84, ,4 C 14.60 

polystyrene 12-arm s t a r 0. ,79 19. ,6 d 17.83 

2. ,1 30. ,8 d 16.78 

p o l y v i n y l l i n e a r L,. 1. ,58 37. .0 16.32 
acetate 

branch Β,., 41 2. ,96 47. ,0 15.80 

B34 1. ,16 29. ,7 e 16.45 

B 2 1 3. ,83 56. .7 e 15.30 

B14 1. ,28 32, .4 e 16.63 

a) From r e f . 21. 

b) I n t e r p o l a t e d from our u n i v e r s a l c a l i b r a t i o n curve of standard 
l i n e a r p o l ystyrene samples. 

c) C a l c u l a t e d from the equation D° = (2.18+0.32)xl0~ 8 Μ "°· 5 5±°· ( 

m2/ s e c of r e f . 22 and the r a t i o constant (0.98) shown i n 
Table 4. 

d) Converted from our experimental R^ i n benzene w i t h a r a t i o 
constant of 0.98 

e) Converted from our experimental R^ i n MEK w i t h a r a t i o 
constant of (0.90) shown i n Table 3. 
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limits of resolution for our SEC columns in the high molecular 
weight range and the estimated calibration curve from linear 
polystyrene as well as the strong sensitivity of light scattering 
for high molecular weight fractions, a discrepancy (-10%) in M 
between SEC and LS is quite acceptable indeed. Thus, we note tha¥ 
laser light scattering could not only determine the degree of 
branching, but also the MWD of branched polymers without some of 
the complications by the SEC/viscometry method. 

Conclusion 

Intrinsic viscosity is proportional to the hydrodynamic volume 
while dynamic light scattering yields a translational diffusion 
coefficient which is inversely proportional to the hydrodynamic 
radius. Thus the size ratio is more sensitive to 
the degree of branching than If we assume that an 
empirical scaling relatio
an unfractionated branche
proportionality constant k can be estimated based on experimental 
measurements of y for the branched polymer and the molecular 
weight dependence of y for the linear polymer under the same 
conditions. It is important to note that the SEC/viscometry 
technique requires a knowledge of the empirical relation y = kMa, 
in a similar way as required by LLS. However, as LLS is less 
sensitive to the degree of branching, the approximation in using 
an overall average α exponent in the diffusion 
coefficient/molecular weight transform should hold reasonably well 
for most practical purposes, at least for PVAc. 

Finally, instead of Μ[η] versus elution volume, we^ can 
construct a new universal calibration curve using R̂  = 

for the y-axis as shown in Fig. 10. The potential 
tor combining LLS with SEC is obvious. If we can perform LLS 
measurements on just a few fractions from SEC, and have knowledge 
on behavior of the linear polymer, we can determine M , MWD, and 
the degree of branching on those fractions, as welY as other 
static and dynamic properties accessible by LLS. 
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Chapter 15 

Generalized Intrinsic Viscosity 
Relations for Copolymers and Higher 

Multispecies Polymers 

for Size Exclusion Chromatographic 
Universal Calibration 

Robert A. Mendelson 

Monsanto Company, 730 Worcester Street, Springfield, MA 01151 

An appropriat
Sakurada (M-H-S
and higher multispecies polymers has been 
developed, with specific equations for 
copolymers and terpolymers created by 
addition across single double bonds in the 
respective monomers. These relate intr in­
sic viscosity to both polymer MW and 
composition. Experimentally determined 
intrinsic viscosities were obtained for 
poly(styrene-acrylonitrile) in three 
solvents, DMF, THF, and MEK, and for 
poly(styrene-maleic anhydride-methyl 
methacrylate) in MEK as a function of MW 
and composition, where SEC/LALLS was used 
for MW characterization. Results demon­
strate both the validity of the generalized 
equations for these systems and the 
limitations of the specific (numerical) 
expressions in particular solvents. 

Determination of the dilute solution intrinsic viscosi­
ties of homopolymers and the relating of these quantities 
to molecular weight was the f irst method of polymer 
molecular weight characterization and remains a principal 
method. The relationship used is generally called the 
Mark-Houwink-Sakurada (M-H-S) equation, and the constants 
of the equation are specific to each polymer-solvent 
system. These M-H-S equations have extensive usefulness 
throughout fundamental and applied polymer research. 
Definition of appropriate equations has become even more 
important with the advent of size exclusion chromato­
graphy (SEC) as a means of completely characterizing the 
molecular weight distributions (MWD) of polymers because 

0097-6156/87/0352-0263$06.00/0 
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o f t h e r e c o g n i t i o n t h a t SEC s y s t e m s may be c a l i b r a t e d by 
t h e s o - c a l l e d method o f " u n i v e r s a l c a l i b r a t i o n " { 1 ) . T h i s 
method i s b a s e d on t h e o b s e r v a t i o n 2) t h a t t h e p r o d u c t o f 
t h e i n t r i n s i c v i s c o s i t y t i m e s m o l e c u l a r w e i g h t ( h y d r o d y ­
n a m i c v o l u m e ) i s a u n i q u e f u n c t i o n o f t h e e l u t i o n v o l u m e 
o f an SEC c o l u m n s e t f o r a w i d e v a r i e t y o f p o l y m e r s i n a 
g i v e n s o l v e n t . T h u s , t h e f a c t t h a t w e l l c h a r a c t e r i z e d 
n a r r o w MWD s t a n d a r d s f o r c a l i b r a t i o n a r e a v a i l a b l e f o r 
o n l y a few p o l y m e r i c s p e c i e s ( e . g . , p o l y s t y r e n e , p o l y -
m e t h y l m e t h a c r y l a t e ) no l o n g e r l i m i t s t h e c a l i b r a t i o n o f 
SEC s y s t e m s . These s t a n d a r d s may be u s e d t o c r e a t e a 
u n i v e r s a l c a l i b r a t i o n f u n c t i o n a p p l i c a b l e t o e s s e n t i a l l y 
a l l p o l y m e r s w h i c h t a k e on a random c o i l c o n f i g u r a t i o n i n 
s o l u t i o n . W h i l e a p p l i c a t i o n o f t h i s u n i v e r s a l c a l i ­
b r a t i o n f o r a p a r t i c u l a r p o l y m e r r e q u i r e s k n o w l e d g e o f 
t h e M-H-S e q u a t i o n f o r t h a t p o l y m e r i n t h e c h r o m a t o ­
g r a p h i c s o l v e n t , t h i  h a  i l p r e s e n t e d  m a j o
p r o b l e m f o r homopolyme
c a s e o f c o p o l y m e r s an
more c o m p l e x . Here i t i s e x p e c t e d t h a t t h e i n t r i n s i c 
v i s c o s i t y i s a f u n c t i o n o f b o t h m o l e c u l a r w e i g h t and 
p o l y m e r c o m p o s i t i o n , and g e n e r a l i z e d M-H-S e q u a t i o n s t o 
r e p r e s e n t t h i s c o m p l e x f u n c t i o n a l i t y have n o t been u s e d 
e x t e n s i v e l y . R a t h e r , t h e p r a c t i c e i n t h e c a s e o f c o p o l y ­
mers h as been t o e v a l u a t e t h e m o l e c u l a r w e i g h t d e p e n d e n c e 
o f i n t r i n s i c v i s c o s i t y a t some f i x e d c o p o l y m e r c o m p o s i ­
t i o n and t o u s e t h i s r e l a t i o n s h i p , p e r s e . 

I n t h i s p a p e r a g e n e r a l i z e d a p p r o a c h i s p r e s e n t e d t o 
t h e d e r i v a t i o n o f M-H-S e q u a t i o n s f o r m u l t i s p e c i e s p o l y ­
mers c r e a t e d by a d d i t i o n p o l y m e r i z a t i o n a c r o s s s i n g l e 
d o u b l e bonds i n t h e monomers. The s p e c i a l c a s e s o f 
c o p o l y m e r s and t e r p o l y m e r s a r e d e r i v e d . T h i s d e v e l o p m e n t 
i s c o m b i n e d w i t h e x p e r i m e n t a l r e s u l t s t o e v a l u a t e t h e 
n u m e r i c a l p a r a m e t e r s i n t h e e q u a t i o n s f o r p o l y ( s t y r e n e -
a c r y l o n i t r i l e ) (SAN) i n t h r e e s e p a r a t e s o l v e n t s and f o r 
p o l y ( s t y r e n e - m a l e i c a n h y d r i d e - m e t h y l m e t h a c r y l a t e ) 
(S/MA/MM) i n a s i n g l e s o l v e n t . The t h r e e s o l v e n t s i n t h e 
c a s e o f SAN a r e d i m e t h y l f o r m a m i d e (DMF), t e t r a h y d r o f u r a n 
( T H F ) , and m e t h y l e t h y l k e t o n e (MEK); and t h e s o l v e n t f o r 
S/MA/MM i s MEK. 

T h e o r e t i c a l T r e a t m e n t 

We a t t e m p t h e r e t o d e v e l o p a m a t h e m a t i c a l e x p r e s s i o n f o r 
t h e d e p e n d e n c e o f t h e d i l u t e s o l u t i o n i n t r i n s i c v i s c o s i t y 
o f m u l t i s p e c i e s p o l y m e r s on b o t h m o l e c u l a r w e i g h t and 
p o l y m e r c o m p o s i t i o n w i t h some b r o a d d e g r e e o f g e n e r a l i t y 
and t o p a r t i c u l a r i z e t h e r e s u l t f o r t h e s p e c i f i c c a s e s o f 
c o p o l y m e r s and t e r p o l y m e r s s u c h as SAN and S/MA/MM. The 
d e t a i l s o f t h e d e r i v a t i o n a r e s p e c i f i c t o p o l y m e r s r e s u l ­
t i n g f r o m a d d i t i o n p o l y m e r i z a t i o n a c r o s s a s i n g l e d o u b l e 
bond i n e a c h monomer u n i t . I n p r i n c i p l e t h e a p p r o a c h may 
be e x p a n d e d t o o t h e r schemes o f p o l y m e r i z a t i o n so l o n g a s 
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the number of carbon atoms i n the backbone chain can be 
r e l a t e d to a simple measure of composition. Indeed, 
Kruse and Padwa(_3) have t r e a t e d the s p e c i f i c case of 
styrene-butadiene copolymers, where there are two p o l y -
merizable double bonds i n the butadiene monomer (they 
assume a l l 1 , 4 - a d d i t i o n ) . A second r e s t r i c t i o n on the 
c u r r e n t work i s that of a p p l i c a b i l i t y to l i n e a r polymers, 
o n l y . The problem to be addressed i s that of developing 
a continuous r e l a t i o n between i n t r i n s i c v i s c o s i t y and 
molecular weight and composition, while r e t a i n i n g 
s u f f i c i e n t s i m p l i c i t y to allow experimental d e f i n i t i o n of 
the equation's parameters f o r s p e c i f i c polymer-solvent 
systems. Three f a c t o r s , which are consequences of 
polymer compositional change must be addressed. F i r s t , 
s i n c e the d i f f e r e n t monomer s p e c i e s ' molecular weights 
are g e n e r a l l y d i f f e r e n t , the r e l a t i o n s h i p between polymer 
molecular weight and chai  s i z  i  f u n c t i o f composi
t i o n . Second, i n t r o d u c t i o
i n t o the backbone ma
s i o n s ; and, t h i r d , the solvent-polymer i n t e r a c t i o n may 
vary with polymer composition. I t should be noted that 
these i s s u e s have been addressed i n a very d i f f e r e n t 
manner by Goldwasser and Rudin( Γ7 ). 

The s t a r t i n g p o i n t i s the hypothesis that the 
i n t r i n s i c v i s c o s i t y i s a d i r e c t f u n c t i o n of the number of 
carbon atoms i n the backbone chain. This addresses the 
f i r s t of the above c o n s i d e r a t i o n s and i s c o n s i s t e n t with 
the homopolymer case and with the approach of Kruse and 
Padwa(_3) . The s p e c i f i c form of the f u n c t i o n a l dependence 
of i n t r i n s i c v i s c o s i t y on the number of backbone carbon 
atoms i s given by 

[ΠΙ = J Z 1 3 (1) 

where Ζ i s the number of carbon atoms i n the backbone, 
and J and β i n c l u d e the averaged conformational and 
excluded volume terms. Thus, J and β are analogous to 
the c l a s s i c a l Κ and α terms i n the homopolymer M-H-S 
equation. In t h i s d e r i v a t i o n i t i s assumed that J and β 
are constant over some impo r t a n t l y wide range of compo­
s i t i o n a l change. Thus, the second and t h i r d concerns 
s t a t e d e a r l i e r are i n i t i a l l y addressed by assuming that 
the balance of segment-segment and solvent-segment i n t e r ­
a c t i o n s i s e s s e n t i a l l y i n v a r i a n t over some wide composi­
t i o n range. As w i l l become apparent, t h i s assumption i s 
r e a d i l y t e s t a b l e e x p e r i m e n t a l l y f o r s p e c i f i c systems. 

For the case of p o l y m e r i z a t i o n by a d d i t i o n across 
s i n g l e double bonds i n each monomer, Ζ may be w r i t t e n as 

Ζ = 2M Zw./M. ( i = 1 — n) (2) ρ 1 1 

where M i s the polymer molecular weight and w. and M. 
are the^weight f r a c t i o n and molecular weight oè the i ^ t h 
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monomer type i n the polymer of η monomer types. Thus, 
the general equation f o r the i n t r i n s i c v i s c o s i t y of an 
η-species polymer f o l l o w s immediately as 

[Π] = 2β3 Μ ρ
β (Zw./M i) P ( i = 1 — n) (3) 

where the M^'s are known, M and wi are a n a l y t i c a l l y 
determinable, and J and β nuust be e x p e r i m e n t a l l y 
determined f o r any s p e c i f i c polymer i n a s p e c i f i c 
s o l v e n t . For the case of copolymers, i = 1,2 and 

[ri] = 2βϋ Μ ρ
β (w 1/M 1 + [ 1 ^ 1 ] / Μ 2 ) β (4) 

Equation (4) may be rearranged i n a number of ways. A 
p a r t i c u l a r form l e n d i n g s i m p l i c i t y to the f i n a l 
e x p r e s s i o n i s 

[Π] - {2β3[(Μ2-Μ1)/Μ

where the term i n the f i r s t brackets i s expected to be a 
constant i n v o l v i n g J and β and the two monomer molecular 
weights, and the composition term, {ŵ  + M-^/i M2-M- ) , 
i n c l u d e s a constant which i s un i q u e l y determined èy the 
monomer molecular weights. In the s p e c i f i c case of SAN, 
ta k i n g AN as monomer-1, M 1 = 53.1 and M 2 = 104.1, eq.(5) 
y i e l d s 

[Π] = (1.845χ10" 2) βα Μ ρ
β (w A N + 1.041) β (6) 

where J and β must be determined e x p e r i m e n t a l l y i n 
p a r t i c u l a r s o l v e n t s . The terpolymer case f o l l o w s r e a d i l y 
from eq.(3 ) : 

[Π] = 2^J Μ ρ
β (w 1/M 1 + w2/M2 + w 3/M 3) P (7) 

Again, the terms may be rearranged i n a number of ways; 
the p a r t i c u l a r form chosen here i s 

[ 1 1 ] - (2/M 3) PJM p
P{w 1(M 3-M 1)/M 1 + w 2(M 3-M 2)/M 2 + 1 } β (8) 

In the s p e c i f i c case of S/MA/MM, l e t t i n g MA be monomer-1, 
MM be monomer-2, and styrene be monomer-3, M^ = 98, M 2 = 
100, and M 3 = 104. Introd u c i n g these values i n t o eq.(8) 
y i e l d s 

[ri] = ( 1 .923xlO" 2)^JM β ( 6 .122xlO~ 2w M a+4 . 0 0 0 x l 0 ~ 2 w M M + l ) β 

ρ M A run ^ ^ j 

Since M 2 and M 3 are very s i m i l a r , the S/MA/MM terpolymer 
might be t r e a t e d as a copolymer (S/MA), lumping methyl 
methacrylate and styrene together, and r e w r i t i n g eq.(5) 
as 

[ri] = ( 1 . 1 7 7 χ 1 0 ~ 3 ) β J Μ ρ
β (w M A + 16.33) β (10) 
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Again, J and β must be determined e x p e r i m e n t a l l y f o r 
s p e c i f i c s o l v e n t s . These p r e d i c t i o n s w i l l be examined i n 
the R e s u l t s s e c t i o n of t h i s paper. 

Experimental 

The polymer samples s t u d i e d here f a l l i n t o three d i s t i n c t 
c a t e g o r i e s . Data from two sample p o p u l a t i o n s have been 
combined i n the SAN copolymer study. A group of SAN 
m a t e r i a l s having compositions ranging from 42 (wt)% AN to 
82% AN were polymerized and c h a r a c t e r i z e d q u i t e some time 
ago (1972), with i n t r i n s i c v i s c o s i t i e s determined only i n 
DMF. Very r e c e n t l y , a second group of SANr s with compo­
s i t i o n s from 5 (wt)% to 48% AN, as w e l l as one sample of 
p o l y s t y r e n e (0% AN), were polymerized and c h a r a c t e r i z e d , 
with i n t r i n s i c v i s c o s i t i e s determined i n DMF, THF, and 
MEK. These two p o p u l a t i o n
R e s u l t s s e c t i o n by th
data". The t h i r d categor
copolymers and S/MA/MM terpolymers, with i n t r i n s i c 
v i s c o s i t i e s measured only i n MEK. 

In a l l cases, i n t r i n s i c v i s c o s i t i e s were measured at 
25°C i n constant temperature baths c o n t r o l l e d to +0.1°C 
or b e t t e r , u s i n g suspended l e v e l Ubbelohde d i l u t i o n 
v iscometers with s o l v e n t flow times of at l e a s t 100 s e c . 
No k i n e t i c energy c o r r e c t i o n s were made. S o l u t i o n flow 
times were measured at four c o n c e n t r a t i o n s f o r each 
sample, and i n t r i n s i c v i s c o s i t i e s were obtained from the 
c l a s s i c a l double e x t r a p o l a t i o n of *! S D/ C v s - c a n ^ 
(In f i r ) / c vs. c to a s i n g l e i n t e r c e p t v a l u e . Concentra­
t i o n ranges were v a r i e d somewhat with the molecular 
weights of the samples, but were chosen such that both 
f u n c t i o n s were s t r a i g h t l i n e s i n a l l cases. 

The c h a r a c t e r i z e d molecular weights used i n t h i s 
i n v e s t i g a t i o n were i n a l l cases weight average v a l u e s , 
Mw, obtained by SEC. However, the SEC method v a r i e d , as 
might be expected, both with the nature of the polymer 
c h a r a c t e r i z e d and with the time at which the measurements 
were made. Thus, the "new" p o l y s t y r e n e and SAN samples 
were c h a r a c t e r i z e d u s i n g a dual d e t e c t i o n SEC/LALLS 
(Waters 150C SEC/LDC-Milton Roy KMX-6 low angle l a s e r 
l i g h t s c a t t e r i n g d e t e c t o r ) system(_4,5) . T h i s system uses 
a d i f f e r e n t i a l r e f r a c t i v e index (DRI) d e t e c t o r as the 
c o n c e n t r a t i o n d e t e c t o r and LALLS to measure excess s c a t ­
t e r i n g i n t e n s i t y ( p r o p o r t i o n a l to molecular weight). As 
i s w e l l known by now, the use of the l i g h t s c a t t e r i n g 
d e t e c t o r permits the d i r e c t measurement of molecular 
weight as a f u n c t i o n of r e t e n t i o n volume, without 
recourse to the n e c e s s i t y of any form of column c a l i ­
b r a t i o n . For a l l c h a r a c t e r i z a t i o n s in,.this f isystem the 
column set c o n s i s t e d of a 10 , 10 , 10 , 10 A assembly 
( e i t h e r Waters μ-Styragel or ASI U l t r a g e l c r o s s l i n k e d 
p o l y s t y r e n e ) . The chromatographic s o l v e n t was THF 
c o n t a i n i n g 250ppm a n t i o x i d a n t (BHT). R e f r a c t i v e index 
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i n c r e m e n t ( d n / d c ) v a l u e s were i n d e p e n d e n t l y d e t e r m i n e d 
u s i n g a p r e c i s i o n 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 ( L D C / M i l t o n 
Roy KMX-16). A l t h o u g h t h e d a t a a r e n o t d i s c u s s e d h e r e , 
dn/dc was f o u n d t o be l i n e a r w i t h AN c o n t e n t , as m i g h t be 
e x p e c t e d . From t h e s e d a t a i t was r e l a t i v e l y s t r a i g h t ­
f o r w a r d t o a s s e s s t h e e x p e c t e d e r r o r o f u s i n g a s a m p l e 
a v e r a g e dn/dc t o c a l c u l a t e t h e i n d i v i d u a l MWs o f t h e 
e l u a n t s f r o m l i g h t s c a t t e r i n g , a s s u m i n g t h e w o r s t c a s e o f 
c o m b i n e d c o m p o s i t i o n a l h e t e r o g e n e i t y and c o m p o s i t i o n a l 
c o r r e l a t i o n w i t h m o l e c u l a r s i z e i n a g i v e n s a m p l e . T h u s , 
a v a r i a t i o n o f +5% AN c o n t e n t ( a b s o l u t e ) a b o u t t h e mean 
o f t h e s a m p l e , i f c o r r e l a t e d w i t h e l u t i o n v o l u m e , w o u l d 
be e x p e c t e d t o r e s u l t i n a p p r o x i m a t e l y +5% e r r o r i n t h e 
sa m p l e Mw; no c o r r e l a t i o n o f c o m p o s i t i o n a l h e t e r o g e n e i t y 
w i t h e l u t i o n v o l u m e , o f c o u r s e , e l i m i n a t e s t h e e r r o r . 
S i m i l a r l y , e r r o r s i n t h e DRI measurement o f c o n c e n t r a t i o n 
due t o c o m p o s i t i o n a l h e t e r o g e n e i t  c o r r e l a t e d w i t h e l u
t i o n v o l u m e were v i e w e
Of c o u r s e , a d d i t i o n a
s i t i o n a l d r i f t i ^ e ) w o u l d e l i m i n a t e t h e s e p o t e n t i a l 
s o u r c e s o f e r r o r , b u t t h e y were n o t u s e d i n t h i s w o r k . 
The l i g h t s o u r c e s f o r b o t h LALLS and t h e KMX-16 were 
He-Ne l a s e r s w i t h 6328 A i n c i d e n t w a v e l e n g t h . The 
a c c u r a c y o f t h e SEC/LALLS was c h e c k e d by d e t e r m i n i n g t h e 
m o l e c u l a r w e i g h t s o f a number o f n a r r o w MWD s t a n d a r d s , 
w i t h e x c e l l e n t r e s u l t s . 

By c o n t r a s t , t h e " o l d " SAN's h a v i n g c o m p o s i t i o n s 
f r o m 42% t o 82% AN were c h a r a c t e r i z e d ( 6 ) i n 1972 u s i n g a 
s i n g l e d e t e c t o r SEC s y s t e m w i t h a c o l u m n s e t c o n s i s t i n g 
o f f o u r p o r o u s g l a s s b ead c o l u m n s ( P o r a s i l ) c a l i b r a t e d 
a g a i n s t o s m o m e t r i c a l l y d e t e r m i n e d M v a l u e s f o r s e v e r a l 
o f t h e s a m p l e s s t u d i e d . T h a t i s , t R e " Q - f a c t o r " 
c a l i b r a t i o n o b t a i n e d f r o m p o l y s t y r e n e s t a n d a r d s was 
m o d i f i e d t o f o r c e c o r r e c t SEC e v a l u a t i o n o f M n f o r a 
number o f h i g h AN SAN s a m p l e s o f known M . I n t h e c a s e 
o f t h i s g r o u p o f s a m p l e s , t h e c h r o m a t o g r a p h i c s o l v e n t was 
DMF c o n t a i n i n g 0.05M L i B r as an e l e c t r o l y t e . 

I n t h e c a s e o f t h e t h i r d c a t e g o r y o f s a m p l e s , S/MA 
and S/MA/MM, t h e M v a l u e s were d e t e r m i n e d by A. S. 
Kenyon(7) u s i n g a ^EC/LALLS s y s t e m s i m i l a r t o t h a t 3 

d e g c r i b ^ d e a g l i e r , w i t h μ - S t y r a g e l c o l u m n s ( a g a i n , 10 , 
1 0 , 1 0 , 10 A ) . The c h r o m a t o g r a p h i c s o l v e n t i n t h i s 
c a s e was DMF c o n t a i n i n g m a l e i c a c i d as an e l e c t r o l y t e , 
and v a l u e s o f dn/dc were m e a s u r e d as d e s c r i b e d above f o r 
t h e "new" SAN work. I n some c a s e s t h e S E C / L A L L S - d e r i v e d 
M^'s were c h e c k e d a g a i n s t t h o s e o b t a i n e d by " s t a t i c " 
l i g h t s c a t t e r i n g measurement a t a s e r i e s o f 
c o n c e n t r a t i o n s , w i t h good a g r e e m e n t . 

A v e r a g e c o p o l y m e r c o m p o s i t i o n s o f SAN s a m p l e s were 
d e t e r m i n e d by e l e m e n t a l a n a l y s i s , y i e l d i n g w e i g h t p e r c e n t 
a c r y l o n i t r i l e i n t h e p o l y m e r . C o m p o s i t i o n s o f S/MA and 
S/MA/MM were d e t e r m i n e d by s e q u e n t i a l h y d r o l y s i s and 
p y r i d i n e t i t r a t i o n t o o b t a i n m a l e i c a n h y d r i d e c o n t e n t a n d 
by i n f r a r e d a n a l y s i s f o r m e t h y l m e t h a c r y l a t e c o n t e n t . 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



15. MENDELSON Generalized Intrinsic Viscosity Relations 269 

R e s u l t s and D i s c u s s i o n 

The c o m b i n e d c h a r a c t e r i z a t i o n r e s u l t s f o r a l l o f t h e SAN 
s a m p l e s ( i n c l u d i n g t h e one p o l y s t y r e n e s a m p l e ) , i . e . , 
w e i g h t f r a c t i o n o f AN mer u n i t s ( W

A N ) , Μ , and [η] i n 
e a c h s o l v e n t , a r e s u m m a r i z e d i n T a o l e I . Where b l a n k s 
e x i s t i n t h e [η] c o l u m n s , t h e i n t r i n s i c v i s c o s i t y was n o t 
m e a s u r e d f o r t h a t p a r t i c u l a r s a m ple i n t h a t p a r t i c u l a r 
s o l v e n t . E q u a t i o n (6) p r e d i c t s t h a t a p l o t o r r e g r e s s i o n 
o f l o g [ r ) ] v s . l o g [ M w ( w A N + 1 . 0 4 1 ) ] s h o u l d t e s t t h e v a l i d ­
i t y o f t h e r e l a t i o n s h i p a n d , i f v a l i d , s h o u l d y i e l d β and 
J f r o m t h e s l o p e and i n t e r c e p t , r e s p e c t i v e l y . T h e r e f o r e , 
t h e f i n a l c o l u m n o f T a b l e I g i v e s t h e c a l c u l a t e d v a l u e s 
o f ( M w ( w A N + 1 . 0 4 1 ) ] . To t e s t t h e v a l i d i t y o f e q . ( 6 ) , 
t h e l a r g e body o f SAN [Y]] d a t a f o r DMF as t h e s o l v e n t was 
i n i t i a l l y p l o t t e d as i n d i c a t e d above w i t h c e r t a i n 
o m i s s i o n s . B e c a u s e DMF i  know  t  b  s o l v e n t f o
p o l y s t y r e n e r e l a t i v
r e a s o n a b l y h i g h l e v e
t h o s e SAN s a m p l e s c o n t a i n i n g 10% AN o r l e s s were o m i t t e d . 
T h i s p l o t , i n c l u d i n g b o t h " o l d " and "new" d a t a , i s shown 
h e r e as F i g u r e 1, d e m o n s t r a t i n g a good s t r a i g h t l i n e f i t 
t o t h e d a t a ( o v e r t h e c o m p o s i t i o n a l r a n g e , 15-82% AN, and 
t h e M w r a n g e , 4 5 , 0 0 0 - 8 0 0 , 0 0 0 ) , and c o n f i r m i n g t h e 
v a l i d i t y o f e q . ( 6 ) f o r t h i s c o p o l y m e r - s o l v e n t s y s t e m . I t 
a l s o i n d i c a t e s no s y s t e m a t i c b e h a v i o r d i f f e r e n c e b e t w e e n 
t h e o l d and new d a t a s e t s . L i n e a r l e a s t s q u a r e s f i t t i n g 
o f t h e d a t a y i e l d s 

[ ^ 2 5 ° C , D M F » 1 - 8 6 X 1 0 - 4 ( w A N + 1 . 0 4 1 ) 0 · 6 9 0 f ^ 0 " 6 9 0 ( 11) 

where t h e u n i t s o f [η] and M w h e r e and t h r o u g h o u t ^ t h i s 
p a p e r a r e d l / g and d a l t o n s , r e s p e c t i v e l y . The R 
c o r r e l a t i o n c o e f f i c i e n t f o r t h e l o g a r i t h m i c f o r m o f 
e q . ( l l ) i s 0.967, w h i c h must be c o n s i d e r e d q u i t e good 
c o n s i d e r i n g t h e d i f f e r e n t t i m e f r a m e s o f t h e d a t a and t h e 
a c c u m u l a t e d i n h e r e n t e r r o r s o f a l l o f t h e m e a s u r e m e n t s 
i n v o l v e d - T h u s , f r o m e q s . ( 6 ) and ( 1 1 ) , β = 0.690 and J = 
2.93x10 . 

R e t u r n i n g t o t h e o m i t t e d AN <̂  10% d a t a , F i g u r e 2 
r e p e a t s t h e d a t a i n F i g u r e 1, p l u s t h e a d d i t i o n a l f i v e 
p o i n t s . I t i s a p p a r e n t t h a t a l l f i v e p o i n t s s y s t e m a t i ­
c a l l y f a l l b e l o w t h e l i n e r e p r e s e n t i n g e q . ( l l ) . T h i s i s 
r e a d i l y e x p l a i n e d i n t e r m s o f a r a p i d d e c r e a s e i n t h e 
t h e r m o d y n a m i c s o l v e n t power o f DMF w i t h d e c r e a s i n g AN 
c o n t e n t o f t h e c o p o l y m e r a t some c o m p o s i t i o n b e l o w 15% 
AN. T h i s v e r y i n t e r e s t i n g r e s u l t a d d r e s s e s t h e t h i r d 
c o n c e r n e x p r e s s e d e a r l y i n t h e T h e o r e t i c a l s e c t i o n and 
s u g g e s t s t h a t p o l y m e r - s o l v e n t i n t e r a c t i o n e f f e c t s on c o i l 
d i m e n s i o n s as a f u n c t i o n o f c o p o l y m e r c o m p o s i t i o n a r e 
r e l a t i v e l y a b r u p t , r a t h e r t h a n c o n t i n u o u s and g r a d u a l . 
T h i s i s n e c e s s a r y f o r t h e m o d i f i e d M-H-S e q u a t i o n 
e x p r e s s e d i n e q . ( l l ) t o be v a l i d o v e r any s i g n i f i c a n t l y 
w i d e p o l y m e r c o m p o s i t i o n a l r a n g e , and i t i s i n c o n t r a s t 
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TABLE I. Molecular Structure - [η] Data for SAN Samples 

Sample WAN M xlO"*3 

w DMF h ) THF 
(dl/g) 

MEK 
Mw< wAN + 1' a 

Ν - PS 10 0 280 0.55 0.909 0.504 2.91 X 
Ν - SAN 200 L 0.058 405 1.068 1.489 1.035 4.45 X 10l Ν - SAN 201 L 0.069 84.8 0.327 0.469 0.334 9.41 X 10* 
Ν - SAN 202 L 0.100 411 1.175 1.561 1.053 4.69 X 10 5 

Ν - SAN 203 L 0.100 84.5 0.436 0.549 0.409 9.64 X 10* 
Ν - SAN 20A L 0.147 498 1.525 1.783 1.268 5.92 X 10 5 

Ν - SAN 205 L 0.149 141 0.637 0.733 0.535 1.68 X 10 5 

Ν - SAN 206 B 0.185 263 1.033 1.116 3.22 X 10 5 

Ν - SAN 207 Ρ 0.215 177 0.735 0.785 0.621 2.22 X 105 
Ν - SAN 208 Ρ 0.232 
Ν - SAN 209 Ρ 0.261 125 0.641 0.659 0.569 1.63 X 10
Ν - SAN 210 Ρ 0.268 251 1.063 1.087 0.858 3.29 X 10 5 

Ν - SAN 211 Ρ 0.326 86.8 0.591 0.594 0.478 1.19 X 105 

Ν - SAN 212 Ρ 0.330 113 0.693 0.691 0.549 1.55 X 10 5 

Ν - SAN 213 L 0.415 96.5 0.713 0.470 0.508 1.41 X 10 5 

0 - SAN 214 L 0.423 128 0.785 1.87 X 10 5 

0 - SAN 215 L 0.450 78.4 0.615 1.17 X 10 5 

Ν - SAN 216 L 0.481 289 1.801 0.850 1.109 4.40 X 10 5 

Ν - SAN 217 L 0.483 804 3.274 1.287 1.889 1.23 X 10 6 

0 - SAN 218 L 0.619 62.7 0.543 1.04 X 10 5 

0 - SAN 219 L 0.620 44.8 0.447 7.44 X 10* 
0 - SAN 220 L 0.621 101 0.714 1.68 X 10 5 

0 - SAN 221 L 0.621 98.3 0.760 1.63 X 10 5 

0 - SAN 222 Ρ 0.632 100 0.797 1.67 X 10 5 

0 - SAN 223 L 0.635 45.5 0.457 7.63 X 10* 
0 - SAN 224 L 0.646 73.2 0.568 1.23 X 10 5 

0 - SAN 225 L 0.654 115 0.835 1.95 X 10 5 

0 - SAN 226 L 0.666 151 1.067 2.58 X 10 5 

0 - SAN 227 Ρ 0.666 93.0 0.762 1.59 X 10 5 

0 - SAN 228 L 0.672 90.9 0.748 1.56 X 10 5 

0 - SAN 229 Ρ 0.679 90.5 0.803 1.56 X 10 5 

0 - SAN 230 Ρ 0.68 113 0.880 1.95 X 10 5 

0 - SAN 231 L 0.697 115 0.935 2.00 X 10 5 

0 - SAN 232 L 0.718 76.6 0.667 1.35 X 10 5 

0 - SAN 233 L 0.723 149 1.102 2.63 X 10 5 

0 - SAN 234 L 0.739 149 1.125 2.65 X 10 5 

0 - SAN 235 Ρ 0.823 90.5 0.668 1.69 X 10 5 

N 
0 

new data 
old data 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
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MW(WA NH-1.041) 

F i g u r e 1. I n t r i n s i c v i s c o s i t i e s o f SAN samples i n DMF 
s o l v e n t v s . combined s t r u c t u r e parameter, 
M (w + 1.041), f o r samples with w = 0.15 - 0.82. 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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F i g u r e 2. I n t r i n s i c v i s c o s i t i e s o f SAN s a m p l e s i n DMF 
s o l v e n t v s . c o m b i n e d s t r u c t u r e p a r a m e t e r , 
M w ^ W A N + 1·041), e x t e n d i n g c o m p o s i t i o n r a n g e t o 
i n c l u d e s a m p l e s w i t h w = 0 - 0.82. 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
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t o t h e r e s u l t s o f G o l d w a s s e r and R u d i n ( r 7 ) f o r 
p o l y ( s t y r e n e - m e t h y l m e t h a c r y l a t e ) c o p o l y m e r s where b o t h 
M-H-S c o n s t a n t s were r e p o r t e d t o be c o n t i n u o u s l y v a r y i n g 
f u n c t i o n s o f c o m p o s i t i o n . 

The l e s s e x t e n s i v e i n t r i n s i c v i s c o s i t y d a t a f o r SAN 
i n THF and i n MEK ( a l l "new" d a t a ) a r e g i v e n i n T a b l e I 
and a r e p l o t t e d i n F i g u r e 3, a g a i n f o l l o w i n g f r o m e q . ( 6 ) , 
t h i s t i m e i n c l u d i n g t h e p o l y s t y r e n e and l o w AN s a m p l e s . 
I t i s i m m e d i a t e l y e v i d e n t f o r t h e THF s o l v e n t c a s e t h a t 
t h e p o l y s t y r e n e and l o w AN SAN s a m p l e s f i t w e l l , b u t t h a t 
t h e t h r e e s a m p l e s a t 42% and 48% AN f a l l w e l l b e l o w t h e 
b e s t l i n e t h r o u g h t h e r e m a i n d e r o f t h e d a t a . T h u s , as 
m i g h t be e x p e c t e d f r o m a k n o w l e d g e t h a t v e r y h i g h AN SAN 
i s n o t s o l u b l e i n THF, a r a p i d d e c r e a s e i n s o l v e n t power 
may be d e d u c e d t o o c c u r i n t h e c o p o l y m e r c o m p o s i t i o n 
r e g i o n somewhere b e t w e e n 33% and 42% AN. O m i t t i n g t h e 
t h r e e h i g h AN d a t a p o i n t s  l i n e a  l e a s  b e s
f i t o f l o g [ r i ] v s . l o g { M
t h e t 1 THF ^ a t a a n d

i s g i v e n by 

[ V l 525°C,THF " 1-98X10- 4 <wAN + 1 . 0 4 1 ) 0 · 6 8 1 M ^ ' 6 8 1 (12) 

w i t h an R c o r r e l a t i o n c o e f f i c i e n t o f 0.986 f o r t h e 
l o g a r i t h m i c f o r m c o v e r i n g t h e a p p l i c a b l e c o m p o s i t i o n 
r a n g e f r o m 0% t o c a . 35% AN. Thus , f r o m e q s . ( 6 ) and 
( 1 2 ) , β = 0.681 and J = 3.00x10 . 

T u r n i n g t o t h e SAN i n MEK d a t a , a l s o p l o t t e d i n 
F i g u r e 3, i t i s a p p a r e n t t h a t t h e h i g h e r AN SAN s a m p l e 
d a t a ( 4 2 % and 48% AN) f i t on t h e g e n e r a l s t r a i g h t l i n e 
r e p r e s e n t a t i o n , as do t h e two s a m p l e s a t 10% AN and one 
o f t h e two s a m p l e s a t 6-7% AN. However, t h e o t h e r l o w AN 
(7 % ) and p o l y s t y r e n e f a l l b e l o w t h e l i n e , s u g g e s t i n g 
r e d u c e d s o l v e n t power i n t h i s c o m p o s i t i o n r e g i o n . The 
l i n e a r l e a s t s q u a r e s f i t o f t h e l o g a r i t h m i c f o r m was 
a g a i n c a l c u l a t e d , i n t h i s c a s e o m i t t i n g t h e p o l y s t y r e n e 
and t h e f o u r l o w e s t AN l e v e l SAN s a m p l e s f r o m t h e 
c a l c u l a t i o n . C o n v e r t i n g t o t h e e x p o n e n t i a l f o r m , t h i s 
y i e l d s 

[ ^ 2 5 ° C , M E K = 3.30X10- 4 (w A N + 1 . 0 4 1 ) 0 ' 6 1 9 M w ° ' 6 1 9 (13) 
2 

w i t h an R c o r r e l a t i o n c o e f f i c i e n t o f 0.995 f o r t h e 
l o g a r i t h m i c f o r m o f t h e e q u a t i o n . Here t h e a p p l i c a b l e 
c o m p o s i t i o n r a n g e i s somewhat a m b i g u o u s ; i t c l e a r l y 
e x t e n d s t o a t l e a s t 48% AN on t h e h i g h s i d e and t o l e s s 
t h a n 10% AN on t h e l o w s i d e ( p e r h a p s t o e v e n l o w e r AN 
c o n t e n t ) . A c o n s e r v a t i v e d e f i n i t i o n o f t h e a p p l i c a b l e 
c o p o l y m e r c o m p o s i t i o n r a n g e o f e q . ( 1 3 ) i s 10-48%_AN. 
From e q s . ( 6 ) and ( 1 3 ) , β = 0.619 and J = 3.90x10 . 

T h e r e a r e a v a r i e t y o f M-H-S e q u a t i o n s i n t h e 
l i t e r a t u r e f o r p o l y s t y r e n e and s e v e r a l a t f i x e d compo­
s i t i o n s f o r SAN c o p o l y m e r s , and t h e r e i s c o n s i d e r a b l e 
v a r i a t i o n i n t h e v a l u e s o f Κ and α g i v e n . However, i t i s 
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F i g u r e 3. I n t r i n s i c v i s c o s i t i e s o f SAN samples i n THF 
s o l v e n t and i n MEK s o l v e n t vs. combined s t r u c t u r a l 
parameter, M (w + 1.041), f o r samples with 
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p o s s i b l e to make some comparisons with the r e s u l t s of the 
c u r r e n t work. Table II summarizes values of Κ and α (α ξ 
β) f o r p o l y s t y r e n e i n MEK and SAN i n MEK and i n DMF at 
f i x e d copolymer compositions evaluated from the c u r r e n t 
work and from s e v e r a l r e f e r e n c e s . Based on the a l r e a d y 
noted p o s s i b i l i t y that eq.(13) may be extended below the 
s t a t e d range of a p p l i c a b i l i t y , the comparison f o r p o l y ­
styrene i n MEK appears reasonably j u s t i f i e d . However, no 
such comparison f o r p o l y s t y r e n e i n DMF appears j u s t i f i e d 
based on the c l e a r change i n s o l v e n t power at low AN 
contents. The author i s unaware of any a p p r o p r i a t e 
l i t e r a t u r e M-H-S equations f o r SAN i n THF; however, a 
number of refe r e n c e s are a v a i l a b l e f o r p o l y s t y r e n e i n 
THF, and s e v e r a l are given i n Table I I . Good agreement 
i s observed with Shimura (8 ) f o r p o l y s t y r e n e i n MEK, as i s 
r e l a t i v e l y good agreement with other i n v e s t i g a t o r s whose 
r e s u l t s f a l l on e i t h e  sid f th t r e s u l t s  Fo
SAN i n MEK c u r r e n t r e s u l t
Shimura at the two composition
but are at v a r i a n c e with the r e s u l t s of Lange and 
Baumann( Yl, Γ3 ) whose value of α changes d r a s t i c a l l y over 
the composition range, where c u r r e n t data give a constant 
α (or β ) . By c o n t r a s t , i n DMF the Lange and Baumann 
r e s u l t s are i n good agreement with the c u r r e n t work and 
show a r e l a t i v e l y constant α with changing composition, 
while the r e s u l t of Shimura at the one a v a i l a b l e compo­
s i t i o n g ives a c o n s i d e r a b l y higher value of a. In the 
case of THF the only comparison i s f o r p o l y s t y r e n e , where 
the exponent from the current work appears somewhat low 
compared to the s p e c i f i c references c i t e d . 

F i n a l l y , we examine the terpolymer case u s i n g data 
obtained f o r S/MA/MM terpolymers, as w e l l as S/MA 
copolymers. Table III summarizes the measured weight 
f r a c t i o n s of maleic anhydride (w ) and of methyl 
methacrylate ( W

M M ) m ^ r u n i t s i n tne polymers, the M
w ' s , 

and the i n t r i n s i c v i s c o s i t i e s i n MEK at 2 5 ° C A l s o , the 

a c c o r d i n g to e q . ( 9 ) and according to e q . ( 1 0 ) . I t may be 
seen that both forms r e s u l t i n good s t r a i g h t l i n e f i t s to 
the data. Again, l i n e a r l e a s t squares f i t t i n g of the 
l o g a r i t h m i c form of the data was performed. For the 
terpolymer e x p r e s s i o n e q . ( 9 ) , the r e s u l t i n g equation i n 
e x p o n e n t i a l form i s 

[ n ] 2 5 ° C , M E K = 

3 . 1 0 x l 0 - 4 ( 6 . 1 2 x l 0 - 2 w M a + 4 . 0 0 x l 0 - 2 w M M + l ) 0 - 6 0 8 M T 7
0 - 6 0 8 (14) 

with an R c o r r e l a t i o n c o e f f i c i e n t ( l o g a r i t h m i c form) of 
0 . 9 7 3 , and y i e l d i n g β = 0 . 6 0 8 and J = 3 . 4 2 x 1 0 . 
T r e a t i n g the data i n copolymer form (assuming methyl 
methacrylate may be neglected and t r e a t e d as a d d i t i o n a l 
styrene mer u n i t s , i . e . , e q . ( 1 0 ) ) y i e l d s 

w 
2 
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TABLE II. Comparison of M - H - S Parameters at fixed AN Content with 
Literature Results 

Solvent WAN TEMP. 
(°C) 

K 
(dl/g) 

α Reference 

MEK 0 30 2. ,3 χ 10"4 0. ,62 Shimura (8) 

MEK 0 25 3. ,9 χ 10"4 0. ,58 Outer, Carr, Zimm (9) 

MEK 0 25 1. ,95 χ 10"4 0.635 Oth, Desreux (10) 

MEK 0 25 

MEK 0 25  χ

MEK 0. ,10 30 1. .5 x 10~4 0. .70 Lange, Baumann (12) 

MEK 0, ,10 25 3. .58 χ 10"4 0. .619 This work 

MEK 0. ,24 30 3. .6 χ 10"4 0. .62 Shimura (8) 

MEK 0. ,24 30 2. .5 x 10~4 0. .67 Baumann, Lange (13) 

MEK 0. ,24 25 3. .85 χ 10"4 0. .619 This work 

MEK 0. ,46 30 5, .3 x 10~4 0. .61 Shimura (8) 

MEK 0. .50 30 9, .8 χ 10"4 0, .56 Lange, Baumann (12) 

MEK 0. .50 25 4. .31 x 10~4 0, .619 This work 

DMF 0. .24 20 1, .8 χ 10"4 0, .71 Baumann, Lange (13) 

DMF 0, .24 25 2, .21 x 10~4 0, .690 This work 

DMF 0. .46 30 1, .2 χ 10"4 0, .77 Shimura (8) 

DMF 0, .50 20 2, .65 χ 10"4 0, .72 Lange, Baumann (12) 

DMF 0, .50 25 2 .51 x 10~4 0, .690 This work 

THF 0 25 1 .60 x 10~4 0, .706 Provder, Rosen (14) 

THF 0 25 1 .41 x 10~4 0 .700 Benoit (15) 

THF 0 25 1 .16 x 10~4 0 .73 Spychaj, et al (16) 

THF 0 25 2 .03 χ 10~4 0.681 This work 
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TABLE III. Molecular Structure - [η] Data for S/MA and S/MA/MM Samples 

Sample WMA WMM 
χ 10~3 

in] 
(dl/g) 
MEK 

* M w X Pt * M w X Pc 

S/MA - 1 L 0. ,209 0 79.8 0. ,282 8. .08 X 10 4 1.32 X 10 6 

S/MA - 2 L 0. ,219 0 112 0 .374 1 .13 X 10 5 1.85 X 10 6 

S/MA - 3 L 0. .232 

S/MA - 4 L 0. .214 0 151 0. .456 1. .53 X 10 5 2.50 X 10 6 

S/MA - 5 L 0. .214 0 172 0. .463 1, .74 X 10 5 2.85 X 10 6 

S/MA - 6 Β 0. .238 0 242 0. .584 2, .45 X 10 5 4.01 X 10 6 

S/MA/MM - 7 L 0. .173 0.08 170 0. .43 1, .72 X 10 5 2.81 X 10 6 

S/MA/MM - 8 Β 0. .219 0.08 383 0. .715 3. .89 X 10 5 6.34 X 10 6 

S/MA/MM - 9 L 0. .273 0.07 222 0. .55 2, .26 X 10 5 3.69 X 10 6 

S/MA/MM - 10 L 0. .304 0.07 195 0, .58 1, .99 X 10 5 3.24 X 10 6 

S/MA/MM - 11 Β 0. .268 0.07 155 0. .46 1, .58 X 10 5 2.57 X 10 6 

S/MA/MM - 12 L 0. .195 0.13 268 0. .65 2, .73 X 10 5 4.43 X 10 6 

*Pt = (6.12x10 2 w^+4.00x10 2 w^+1) 

*Pc = ( ν Μ Λ + 1 6 . 3 3 ) 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
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M^6 J22 χ ΙΟ2 4.CO0x I02\Â ,M+| ) 

F i g u r e 4. I n t r i n s i c v i s c o s i t i e s of S/MA and S/MA/MM 
samples i n MEK s o l v e n t vs. the terpolymer parameter, 
M w(6.122xlO" 2w M A + 4.000xl0~ 2w + 1), and v s . the 
copolymer parameter, M (w + 16.33). 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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[*)] = 5 . 6 7 x 1 0 - 5 ( w. + 1 6 . 3 3 ) 
0 . 6 0 8 0 . 6 0 8 (15 ) 25°C,MEK 

U -ο ^ Π w i t h = 0 . 9 7 3 , β = 0 . 6 0 8 , and J = 3 . 4 4 x 1 0 , i n 
c o m p l e t e a g r e e m e n t w i t h t h e t e r p o l y m e r t r e a t m e n t . 
R e d u c i n g e i t h e r e q . ( 1 4 ) o r (15) t o t h e p o l y s t y r e n e c a s e 
( n o t n e c e s s a r i l y j u s t i f i e d by t h e c o m p o s i t i o n r a n g e 
c o v e r e d ) g i v e s Κ = 3 . 1 x 1 0 and α = 0 . 6 0 8 . C o m p a r i s o n o f 
t h i s r e s u l t w i t h t h e s i m i l a r r e d u c t i o n o f t h e SAN r e s u l t 
t o z e r o p e r c e n t AN and w i t h l i t e r a t u r e r e s u l t s , a l l g i v e n 
i n T a b l e I I , shows q u i t e good a g r e e m e n t . T h u s , where 
s u c h c o m p a r i s o n i s p o s s i b l e , t h e d a t a d e m o n s t r a t e i n t e r ­
n a l c o n s i s t e n c y b e t w e e n t h e p o l y m e r s y s t e m s and v e r i f y 
t h e g e n e r a l c o p o l y m e r and t e r p o l y m e r e q u a t i o n s , a t l e a s t 
f o r t h e s e p o l y m e r - s o l v e n t s y s t e m s . 

A t h e o r e t i c a l f r a m e w o r
t h e i n t r i n s i c v i s c o s i t y o f a m u l t i s p e c i e s p o l y m e r f o r m e d 
by a d d i t i o n a c r o s s s i n g l e d o u b l e bonds i n t h e monomer 
s p e c i e s i n t e r m s o f m o l e c u l a r w e i g h t and p o l y m e r c o m p o s i ­
t i o n . B a s e d on t h e a s s u m p t i o n t h a t i n t r i n s i c v i s c o s i t y 
i s r e l a t e d t o t h e number o f c a r b o n atoms i n t h e p o l y m e r 
c h a i n b a c k b o n e , t h e g e n e r a l e x p r e s s i o n f o r t h e m u l t i -
s p e c i e s p o l y m e r o f η monomer s p e c i e s has been d e r i v e d and 
t h e s p e c i f i c c a s e s o f c o p o l y m e r s and t e r p o l y m e r s d e v e l o p ­
e d . E x p e r i m e n t a l l y d e t e r m i n e d d a t a f o r SAN i n t h r e e 
s o l v e n t s , DMF, THF, and MEK and f o r S/MA/MM i n MEK were 
o b t a i n e d and t r e a t e d i n t h e c o n t e x t o f t h i s t h e o r y , c o n ­
f i r m i n g i t s a p p l i c a b i l i t y , as w e l l as d e f i n i n g t h e p o l y ­
mer c o m p o s i t i o n r a n g e s o v e r w h i c h t h e e q u a t i o n s may be 
v a l i d l y a p p l i e d f o r e a c h s o l v e n t . D e m o n s t r a t i o n o f g e n ­
e r a l a p p l i c a b i l i t y t o w i d e r a n g i n g c o p o l y m e r and h i g h e r 
m u l t i s p e c i e s p o l y m e r t y p e s c l e a r l y r e q u i r e s t e s t i n g o f 
numerous o t h e r s y s t e m s b e y o n d t h o s e s t u d i e d h e r e . 
M o r e o v e r , t h e d e v e l o p m e n t o f t h e t h e o r e t i c a l f o r m a l i s m i n 
no way o b v i a t e s t h e r e q u i r e m e n t f o r e x p e r i m e n t a l 
( e m p i r i c a l ) d e t e r m i n a t i o n f o r e a c h m u l t i s p e c i e s p o l y m e r 
t y p e - s o l v e n t c o m b i n a t i o n o f t h e v a l u e s o f t h e c o n s t a n t s , 
i n v o l v i n g i n t e r a c t i o n s , w h i c h a p p e a r i n t h e e q u a t i o n s a nd 
o f t h e i r r a n g e o f a p p l i c a b i l i t y . I t d o e s , h o w e v e r , 
p r o v i d e a r a t i o n a l f r a m e w o r k f o r a c c o u n t i n g f o r t h e 
p o l y m e r c o m p o s i t i o n , as w e l l as m o l e c u l a r w e i g h t , i n t h e 
d e f i n i t i o n o f t h e M-H-S e q u a t i o n , and i t h as s p e c i a l 
u t i l i t y f o r SEC " u n i v e r s a l c a l i b r a t i o n " . 

A c k n o w l e d g m e n t s 

The a u t h o r w i s h e s t o t h a n k D r s . R. L . K r u s e and A. R. 
Padwa f o r s a m p l e s , as w e l l as f o r u s e f u l d i s c u s s i o n s . 
The u s e o f SEC m o l e c u l a r d a t a o r i g i n a l l y o b t a i n e d by Mr. 
R. M a r t i n and Dr. A. S. Kenyon i s a c k n o w l e d g e d w i t h 

Summary 
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t h a n k s , as i s t h e e x p e r i m e n t a l a s s i s t a n c e o f M i s s S. E. 
V o l l r a t h and Mr. J . P. C h l a s t a w a . F i n a l l y , t h e a u t h o r 
w i s h e s t o t h a n k t h e M o n s a n t o C h e m i c a l Company f o r 
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Chapter 16 

Dependence of Spreading Factor 
on the Retention Volume 

of Size Exclusion Chromatography 

Rong-Shi Cheng, Zhi-Liu Wang, and Yang Zhao 

Department of Chemistry, Nanjing University, Nanjing, 
People's Republic of China 

The variance of the instrumental spreading function, 
i .e . the spreading factor of monodispersed polymer 
in a SEC column  determined experimentall  with 
narrow MWD polystyren
method of simultaneou  dependenc
of the spreading factor on the retention volume 
deduced from a simple theoretical approach may be 
expressed by a formula with four physically meaning­
ful and experimentally determinable parameters. The 
formula f i ts the experimental data guite well and 
the conditions for the appearance of a maximum 
spreading factor are explicable. 

In the previous paper (1) a method for simultaneous c a l i ­
bration of molecular weight separation and instrumental 
spreading of SEC with characterized polymer standards was 
proposed. A thorough knowledge about how the spreading 
factor varies with the retention volume is of decided 
importance when applying broadening corrections for MWD 
determination. It is also useful for studying the pore 
surface structure of the SEC packings (2) and for deci­
ding whether a resolvable peak of the chromatogram corres­
ponds to a monodisperse species or not. In the present 
article a theoretical formula relating the spreading 
factor to the retention volume with four physically 
meaningful and experimentally determinable parameters is 

given and tested with experimental results. 

THEORY 

The variance of the spreading function, i .e . the spread­
ing factor of monodisperse polymer in a SEC column 
may be written as 

0097-6156/87/0352-0281$06.00/0 
© 1987 American Chemical Society 
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«-S = °£c + <̂EC ( 1> 
The f i r s t t e r m i s t * i e c o m b i n e d c o n t r i b u t i o n o f t h e 
l o n g i t u d i n a l d i s p e r s i o n a n d e x t r a c o l u m n e f f e c t t o t h e 
s p r e a d i n g f a c t o r a n d may be r e g a r d e d a s a c o n s t a n t n e a r l y 
i n d e p e n d e n t o n t h e m o l e c u l a r w e i g h t o f p o l y m e r . The 
s e c o n d t e r m oS?w„ i s t h e c o n t r i b u t i o n o f t h e SEC p r o c e s s . SEC 
A c c o r d i n g t o t h e r a t e t h e o r y ( 3 , 4 ) , 0 * i s p r o p o r t i ona1 
t o t h e d i s t r i b u t i o n c o e f f i c i e n t Κ ana i n v e r s e l y p r o ­
p o r t i o n a l t o t h e d i f f u s i o n c o e f f i c i e n t D o f t h e p o l y m e r 
i n t h e p o r e 

°Lc *= «SEC 1 ° ( 2 ) 

The d i s t r i b u t i o n c o e f f i c i e n t Κ.,„^ i s d e f i n e d a s 
bEC KSEC = ( VR - V 0 > ' V! ( 3 > 

and t h e d i f f u s i o n c o e f f i c i e n
t h e m o l e c u l a r w e i g h

D oc Μ ~ ε ( 4 ) 
I n E g . 3 an d 4, and V\ a r e t h e i n t e r s t i t i a l v o l u m e a nd 
t o t a l p o r e v o l u m e o f t h e p a c k i n g s i n t h e c o l u m n r e s ­
p e c t i v e l y a n d ε i s a c o n s t a n t n e a r l y e g u a l t o o n e . The 
m o l e c u l a r w e i g h t i s r e l a t e d t o t h e r e t e n t i o n v o l u m e by a 
l i n e a r c a l i b r a t i o n f u n c t i o n M(V^) : 

I n M = A M - B M V K ( 5 ) 
S u b s t i t u t i n g E g. 3, 4 and 5 i n t o Eg. 2 we h a v e 

°SEC = C "W'V EXP[£(AM-BMV] ( 6 ) 

i n w h i c h c i s a p r o p o r t i o n a l i t y c o n s t a n t . P u t t i n g 
a = ( c / V. ) E X P ( ε A ) ( 7 ) 1 M 
b — £ Β ( 8 ) 

and s u b s t i t u t i n g E g . 6 i n t o Eg. 1, we g e t 

°0 = *k + A(VR - V EXP("BVR> <9> 
w h i c h r e l a t e s t h e s p r e a d i n g f a c t o r t o t h e r e t e n t i o n 
v o l u m e V w i t h f o u r p h y s i c a l l y m e a n i n g f u l p a r a m e t e r s 

r a ana b. The f o r m e r t w o p a r a m e t e r s <ρ£ and c o u l a 
be d e t e r m i n e d by s e p a r a t e e x p e r i m e n t s , f o r e x a m p l e by 
i n j e c t i n g a s a m p l e w i t h h i g h m o l e c u l a r w e i g h t e x c e e d i n g 
t h e e x c l u s i o n l i m i t , o r b y t h e method o f G r o h and Halâsz 
( 5 ) . P a r a m e t e r a and b may be e s t i m a t e d f r o m c a l i b r a t i o n 
f u n c t i o n a n d ( o r ) f r o m e x p e r i m e n t a l d a t a by c u r v e 
f i t t i n g t e c h n i q u e . 

Eg. 9 p r e d i c t s t h a t a maximum s p r e a d i n g f a c t o r e x ­
i s t s a t a c e r t a i n p a r t i c u l a r r e t e n t i o n v o l u m e . D i f f e r ­
e n t i a t i n g E g . 9 w i t h r e s p e c t t o V Q , we h a v e 

v o = V r t + 1/b ( i n ) R,max 0 ν ι υ y 
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° 0 . m a x = + C a / b ; ^ P ( - < 1 + b V Q ) j (11) 
Eg. 10 shows t h a t V

R m χ d e p e n d s o n t h e v a l u e o f and 
b. I f b o t h t h e i n t e r s t i t i a l v o l u m e and t h e s l o p e o f t h e 
c a l i b r a t i o n l i n e a r e h i g h , t h e maximum may e s c a p e s f r o m 
one * s o b s e r v t i o n . 

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

Two s e r i e s o f n a r r o w MWD p o l y s t y r e n e s t a n d a r d s w e r e u s e d 
t o c a l i b r a t e a SN-01A GPC e q u i p m e n t , o n e o f w h i c h (TSK) 
was s u p p l i e d by T o y o S o d a Co. and t h e o t h e r (NPS) was 
p r e p a r e d a n d c h a r a c t e r i z e d i n t h i s l a b o r a t o r y . The 
c o l u m n (3*1 M) w e r e p a c k e d w i t h NDG p o r o u s s i l i c a b e a d s . 
T e t r a h y d r o f u r a n e was u s e d a s e l u e n t . The e l u t i o n v o l u m e 
was c o u n t e d by a 2.60 m l . s i p h o n e t u b e . 

R e s u l t s a n d _ D i s c u s s i o

The mean e l u t i o n v o l u m e V and t o t a l v a r i a n c e <r* o f t h e 
e x p e r i m e n t a l c h r o m a t o g r a m o f p o l y s t y r e n e s t a n d a r d s w e r e 
f i r s t c a l c u l a t e d . The r e s u l t s a r e l i s t e d i n T a b l e I . By 
t h e method o f s i m u l t a n e o u s c a l i b r a t i o n o f m o l e c u l a r 
w e i g h t s e p a r a t i o n and c o l u m n d i s p e r s i o n ( 1 ) , t h e 
c o e f f i c i e n t s o f t h e e f f e c t i v e r e l a t i o n b e t w e e n t h e m o l e ­
c u l a r w e i g h t and e l u t i o n v o l u m e 

M * ( V ) : I n M = A * - Β *V ( 1 2 ) M M 
w e r e e v a l u a t e d f o r e a c h s t a n d a r d w i t h t h e a i d o f i t e r a t i o n 
s t a r t i n g f r o m t h e e x p e r i m e n t a l c h r o m a t o g r a m , m o l e c u l a r 
w e i g h t and i n h o m o g e n e i t y d a t a . The c a l i b r a t i o n f u n c t i o n 
o f t h e c o l u m n was e v a l u a t e d by l i n e a r r e g r e s s i o n b e t w e e n 
t h e mean e l u t i o n v o l u m e V and t h e c r o s s p o i n t m o l e c u l a r 
w e i g h t M(V) y i e l d i n g 

I n M = 22.724 - 0.342 V r j ( 1 3 ) 
κ 

From t h e t h e o r e t i c a l r e l a t i o n s h i p b e t w e e n t h e c o e f f i c i e n t s 
o f t h e e f f e c t i v e r e l a t i o n and t h a c a l i b r a t i o n f u n c t i o n 

V = A M - ( 1 - S > B M ^ ( 1 4 ) 

V = 5 B M ( 1 5 ) 

t h e p a r a m e t e r 5 f o r e a c h s t a n d a r d was t h e n c a l c u l a t e d . 
F i n a l l y t h e s p r e a d i n g f a c t o r was o b t a i n e d a c c o r d i n g t o 
t h e d e f i n i t i o n o f p a r a m e t e r ξ : 

f- = ( - < σ*>> / ( 1 6 ) 

The a v e r a g e s p r e a d i n g f a c t o r < or^> o f n a r r o w MWD p o l y ­
s t y r e n e s t a n d a r d s may be r e g a r d e d a s t h e s p r e a d i n g f a c t o r 

O^Q o f a m o n o d i s p e r s e p o l y m e r f o r w h i c h V = V. A l l 
t h e r e s u l t s t h u s o b t a i n e d a r e l i s t e d i n T a o l e I I . 

The v a r i a t i o n o f t h e s p r e a d i n g f a c t o r w i t h r e t e n t i o n 
v o l u m e i s shown i n F i g . 1. The e x i s t e n c e o f a maximum 
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Table I. The Mol e c u l a r Weight and SEC Data 
of P o l y s t y r e n e Standards 

Polymer <M> *1ΰ <M>/<M> V ςτ£ w w η Τ 

TSK-2 1 .73 1 .02 37. 80 0. .67 
TSK-10 9.89 1 .02 32. 96 0. .80 
TSK-20 18.4 1 .07 31 . 44 1 . .51 
TSK-40 42.7 1 .05 28. .49 1 . .43 
TSK-80 79. 1 I .01 26. .50 0. .70 
TSK-128 130 1 .05 25. .50 0. .95 
NPS-2 0.563 1 .05 42. .05 0, .91 
NPS-3 1 .20 1 .04 39. .52 0 .86 
NPS-4 2.78 1 .03 36. .89 0. .80 
NPS-5 5.00 1 .02 35 .05 0 .77 
NPS-6 12.0 
NPS-7 15.4 

Table I I . The C o e f f i c i e n t s o f the E f f e c t i v e r e l a t i o n s 
and the Spreading F a c t o r s o f P o l y s t y r e n e 
Standards 

Polymer A * Β * ξ <Γ Λ
2 

TSK-2 16.24 0. , 172 0. 500 0. 50 
TSK-10 16.68 0. , 157 0. .462 0. .63 
TSK-20 18.73 0. , 21 1 0. .623 0. .92 
TSK-40 18. 17 0. . 184 0. .535 1 . .02 
TSK-80 16.60 0. ,114 0. .329 0. .68 
TSK-128 19.81 0. 226 0. .663 0. .53 
NPS-2 19.15 0. .253 0 . .746 0. .43 
NPS-3 21 .00 0. .299 0, .873 0. .48 
NPS-4 19.27 υ. .247 0. .723 0. .52 
NPS-5 21 .91 0. .316 0, .928 0. .57 
NPS-6 20.50 0. .270 0, .794 0. .72 
NPS-7 19.38 û. .233 0. .685 0. .84 

spreading f a c t o r i s obvious and i n accord with some 
l i t e r a t u r e r e s u l t s . Rearranging Eg. 9 we have 

l n ( °%~ °KX> / (VV = i" a - b V R (17) 
the l o g a r i t h m i c term should decreases l i n e a r l y with . 
Such a p l o t i s shown i n F i g . 2 i n which the v a l u e of 
and V Q are estimated from the chromatograms of t o t a l l y 
excluded samples as 0.37 and 25.3 r e s p e c t i v e l y . From the 
i n t e r c e p t and s l o p e o f the l i n e i n F i g . 2, the parameter 
a and b are evaluated and equal t o 1190 and 0.309 respec­
t i v e l y . The c a l c u l a t e d curve o f °"Ô VR̂  with these e v a l u ­
ated parameters i s drawn i n F i g . 1 too. The c o i n c i d e n c e 
with the experimental d a t a i s q u i t e w e l l . 
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1 . 6 

1 . 2 

o.8h-

0.4h-

0 . Ol 

F i g u r e 1. Dependence o f the spreading f a c t o r on the 
the r e t e n t i o n volume. 
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I t should be n o t i c e d t h a t the val u e of parameter b 
( 0 . 3 0 9 ) i s s l i g h t l y s m a l l e r than the s l o p e of the c a l i ­
b r a t i o n f u n c t i o n Β ( 0 . 3 4 2 ) as expected by the theory. 
From the r e l a t i o n s h i p between b and Β„Λ (Eg. 8 ) , we get 

jyj 
S - 0 . 9 0 f o r the present case. The c a l c u l a t e d t h e o r e t i c a l 
O ^ ( V ^ ) curves are very s e n s i t i v e t o the v a l u e of the 

parameter £ as shown i n F i g . 1. I t i n d i c a t e s t h a t the 
d i f f u s i o n behavior of macromolecules i n the pore o f SEC 
Packings can be s t u d i e d i n a q u a n t i t a t i v e way by systema­
t i c i n v e s t i g a t i o n of ins t r u m e n t a l spreading e f f e c t . 
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Chapter 17 

Correction for Instrumental Broadening 
in Size Exclusion Chromatography 
Using a Stochastic Matrix Approach 

Based on Wiener Filtering Theory 

L. M. Gugliotta, D. Alba, and G. R. Meira1 

Intec (Conicet and Universidad Nacional del Litoral), (3000) Santa Fe, 
Argentina 

The correction for non-uniform instrumental broadening 
in SEC is solve
stochastic technique
(1) must be reformulated in matrix form, and the meas­
urements assumed contaminated with zero-mean noise. 
The proposed technique is based on an extension to 
time-varying systems of Wiener's optimal filtering 
method (1-3). The estimation of the corrected chromato 
gram is optimal in the sense of minimizing the estima­
tion error variance. A test for verifying the results 
is proposed, which is based on a comparison between 
the "innovations" sequence and its corresponding 
expected standard deviation. The technique is tested 
on both synthetic and experimental examples, and com­
pared with an available recursive algorithm based on 
the Kalman filter (4). 

Most methods of correction for instrumental broadening in SEC (or 
hydrodynamic chromatography) are based on the deterministic integral 
equation due to Tung (_5) : 

oo 
z(t) = j g(t,x) U(T) di (1) 

—OO 
where t,x: both represent elution time or elution volume; 

z(t): is the base-line corrected chromatogram; 
g(t,x): is the time-varying or non-uniform spreading function, 

which is built up by the set of unit mass impulse 
responses g(t) of truly monodisperse polymers with dif­
ferent elution times τ ; and 

u(t): is the corrected chromatogram. 
When g(t,x) is considered time-invariant, then Equation 1 re­

duces to a convolution integral. 
There are two basic problems associated to Equation 1: 

i) the determination of the spreading g(t,x); and 
1Correspondence should be addressed to this author. 
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i i ) the e s t i m a t i o n of u(t) , based on the knowledge of z ( t ) and 
g ( t , x ) . 
With respect t o the spreading c a l i b r a t i o n , s e v e r a l methods have 

been suggested e.g. (6-lk). Numerous techniques have been proposed 
f o r s o l v i n g the inverse f i l t e r i n g problem represented by Equation 1, 
w i t h d i f f e r e n t degrees of success e.g. (U,15-19)» Only references 
(]0 , (l8) and (19) make no assumptions on the shape of g ( t , x ) . 

In t h i s work, an inverse f i l t e r i n g technique based on Wiener's 
optimal theory ( l - 3 ) i s presented. This approach i s v a l i d f o r time-
v a r y i n g systems, and i s solved i n the time domain i n matrix form. 
A l s o , i t i s i n many respects equivalent t o the numerically " e f f i ­
c i e n t " Kalman f i l t e r i n g approach described i n (k) . For t h i s reason, a 
comparison between the two techniques w i l l be made. 

Theory 

The Spreading Model. Considerin
and bearing i n mind tha
l e n g t h , then one may w r i t e

k 0=s 
z(k) = I g(k,k 0) u ( k 0 ) 

k 0=-r 
(k = 0 , 1 , 2 , . . . , n) (2) 

where k,kQ*. are the d i s c r e t e equivalents of t and τ, r e s p e c t i v e l y ; 
- r , s : are the lower and upper l i m i t s of the sum i n Equation 2 , 

w i t h non-zero values of the i n d i c a t e d product. 
Let ζ and u denote column vectors such t h a t : 

[ z ( 0 ) , z ( l ) , 

[u ( 0 ) , u ( l ) , 

., z(n) 

u(n)]-

(3a) 

(3b) 

_z has normally more non-zero elements than u. Even though the theory 
can be modified t o a l l o w f o r t h i s f a c t , we assume f o r s i m p l i c i t y that 
u has the same number of components as z_. Therefore, one can w r i t e 
Equation 2 i n matrix form as f o l l o w s : 

ζ = G u (Ua) 

w i t h 

g ( 0 , 0 ) g ( 0,l) . . . g(0,n)" 

g ( l , 0 ) g ( l , l ) . . . g(l,n) 

,g(n,0) g(n,l) . . . g(n,n) 

(kh) 

Note the f o l l o w i n g : 
In g e n e r a l , the f i r s t and the l a s t elements of u w i l l be zero. 
Each column of G contains an impulse response, w i t h the impulse 
a p p l i e d at the element i n the diagonal of G. (See Figure 1 f o r a 
3-D r e p r e s e n t a t i o n of a t y p i c a l G matrix.) 
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g ( k , k 0 ) 

Figure 1: T r i d i m e n s i o n a l r e p r e s e n t a t i o n of a t y p i c a l G matrix. 

In Detection and Data Analysis in Size Exclusion Chromatography; Provder, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



290 DETECTION AND DATA ANALYSIS IN SIZE EXCLUSION CHROMATOGRAPHY 

Hess and Kratz (6) t r i e d to estimate u d i r e c t l y from Equations k 
as follows : 

Û = G - l z (5) 

In general, t h i s operation i s numerically i l l - c o n d i t i o n e d , leading to 
i n c o r r e c t r e s u l t s . (The degree of i l l - c o n d i t i o n i n g may be measured by 
the condition number, defined by the r a t i o of the modulus of the 
l a r g e s t to the smallest eigenvalue of G). 

A s t o c h a s t i c version of Equation ka. may be written: 

ζ = G u + v (6a) 

ζ_ = y + y_ (6b) 

where y_ = [ν(θ),..., v(n
y: i s the noise-free measured chromato­

gram; and 
_z,u,y_: w i l l be assumed zero-mean s t o c h a s t i c 

v a r i a b l e s . 
In what follows, we s h a l l seek a r e s t o r i n g matrix H such that 

the estimate u_ i s c a l c u l a t e d through: 
u = Η ζ (Τ) 

Λ. 

Let e^ = (u-u) be the estimation e r r o r associated with u. The e s t i ­
mate u i s chosen i n such a way that the corresponding mean square 
e r r o r Ε[(u-u) (u-u)] i s minimized. 

The Input Estimation Through a Wiener F i l t e r i n g Approach. Equation 
6a represents a time-varying l i n e a r f i l t e r with a measurement no i s e, 
and the s t a t i s t i c s of such noise may be considered non-stationary. 
Simply stated, the optimal inverse f i l t e r i n g problem i s t h i s : assum­
ing that a s i g n a l i s f i r s t d i s t o r t e d through a l i n e a r f i l t e r of known 
c h a r a c t e r i s t i c s and then contaminated with an a d d i t i v e noise, what 
l i n e a r operation on the r e s u l t i n g measurement w i l l y i e l d the best 
estimation of the o r i g i n a l s i g n a l ? . "Best" i n t h i s case means minimum 
mean-square e r r o r . This branch of f i l t e r i n g began with N. Wiener's 
work i n the 19U0's ( 1_) . R.E. Kalman then made an important c o n t r i ­
bution i n the e a r l y 1960's; by providing an a l t e r n a t i v e approach to 
the same problem using state-space methods (20-21) . 

N. Wiener's s o l u t i o n was o r i g i n a l l y derived i n the frequency 
domain for time-invariant systems with s t a t i o n a r y s t a t i s t i c s . In what 
fol l o w s , a matrix s o l u t i o n derived from such approach but developed 
i n the time domain for time-varying systems and non-stationary s t a ­
t i s t i c s w i l l be presented (22-23)· An expression f o r the required 
transformation H i n Equation 7 w i l l be obtained. In a l l that follows, 
we s h a l l denote with u the best estimate of u, i . e . an estimate such 
that : 

E[(u-Û) T(u-Û)] < E[(u-u) T(u-u)] (8) 
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where i s any suboptimal estimate of u_. The p r i n c i p l e of orthogona­
l i t y (24-26), s t a t e s that Equation 8 w i l l be v e r i f i e d i f the estima­
t i o n e r r o r vector i s orthogonal t o the measurements. In other words, 
the f o l l o w i n g must be t r u e : 

E [ ( u - u ) z T ] = 0 (9) 

S u b s t i t u t i n g Equation 6a and Equation Τ i n t o Equation 9 and oper­
a t i n g , one obtains: 

E[uu T] G T + E[uv T] = Η E[zz_T] (lO) 

We s h a l l assume the input u u n c o r r e l a t e d w i t h v, i . e . : 

E[uvT] = E[vuT] = ο ( U ) 

Let Z u and Σ ζ be the covarianc
r e s p e c t i v e l y . (Such matrice
Equation 10 may be w r i t t e n

Σ G T = Η Σ (12) u ζ 

From: 

Σ ζ = E[(Gu+v)(Gu+v) T] (13) 

and bearing i n mind Equation 11, one f i n d s : 

Σ = G Σ G T + Σ (1*0 ζ u ν 
S u b s t i t u t i n g Equation lk i n t o Equation 12 and operating, one f i n a l l y 
a r r i v e s a t : 

Η = Σ η G T [G Σ α G T + Σ ^ ' 1 (15) 

In other words, the optimal estimate may be c a l c u l a t e d through: 

Û = Σ G T [ G Σ G T + Σ l" 1 ζ (16) — u u ν — 
Note the f o l l o w i n g : ^ 

- For any a r b i t r a r y G , the existence of [ G Σ Υ G T + Σ Ν ] ~ i s ensured 
by the i n v e r t i b i l i t y of Σ Ν . 

- Adopting Σ u=qI and Σ ν = 0 , then Equation l 6 reduces t o Equation 5 . 
- With E u=ql and Σ Υ = Γ Ι , Equation 16 has a format which i s i d e n t i c a l 

t o the s o l u t i o n derived i n (27) through a d e t e r m i n i s t i c minimum 
l e a s t squares approach f o r t i m e - i n v a r i a n t systems. This i s to be 
expected, because the Wiener f i l t e r i n g technique may be i n f a c t 
i n c l u d e d as part of the general theory of l e a s t squares. 

The F i l t e r Adjustment. The computation of u through Equation 16 i n ­
volves the p r e s p e c i f i c a t i o n of Σ Η and Σ Ν · These matrices are i n 
general symmetric; and the s i m p l i f i c a t i o n of c o n s i d e r i n g both v. and u 
white noises has been found to provide s a t i s f a c t o r y r e s u l t s . Thus, 
Σ Α and Σ Γ w i l l be assumed diagonal. 
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The s t a t i s t i c s of ν may be considered s t a t i o n a r y w i t h sound 
p h y s i c a l b a s i s . Therefore, we s h a l l simply adopt: 

Σ γ = r I (IT) 

where the s c a l a r r may be obtained from the sample variance of the 
chromatogram b a s e l i n e noise. Note that f o r any p o s i t i v e r , the i n v e r -
t i b i l i t y of [G E U G t + Σ ν] i n Equation l 6 i s t h e o r e t i c a l l y ensured. 

Consider now the e s t i m a t i o n of the diagonal elements of E u. The 
f o l l o w i n g assumptions can be made: 
a) Take the variance of u(k) t o be constant. In t h i s case, and remem­

berin g that u(k) i s assumed of zero mean, one may w r i t e : 

Σ = q I (18a) u 
where the value of q may be simply estimated from the measurement 
z(k) as f o l l o w s : 

q = J I [ z ( k ) ] 2 (18b) 
k=0 

b) Allow now the variance of u(k) t o be time-varying. (This i s more 
r e a l l i s t i c than b e f o r e ) . C a l l : 

Σ u = diag. [q ( 0 ) , q ( l ) , ... q(n)] (19) 

Here, we can estimate q(k) i n s e v e r a l ways, f o r example: 

q(k) = C i [ z ( k ) ] 2 (20) 

or 
q(k) = C 2 [ u ( k ) ] 2 (21) 

where C^, C 2 are p o s i t i v e constants, and u(k) i s any other suboptimal 
e s t i m a t i o n of u. 

The S o l u t i o n V a l i d a t i o n . Obvious c o n d i t i o n s that the r e s u l t a n t s o l u ­
t i o n u must s a t i s f y are: a) u must be non-negative; b) the operation 
Gu should provide a n o i s e - f r e e measured f u n c t i o n ; and c) the areas 
under the measured and the c o r r e c t e d chromatograms must be equal. I t 
should be emphasized that c o n d i t i o n b) i s a necessary but not suf­
f i c i e n t f o r good r e s u l t s . Apart from the mentioned checks, a v a l i d a ­
t i o n procedure based on the a n a l y s i s of the innovations w i l l now be 
presented. 

Consider f i r s t the covariance matrix Σ~ corresponding t o the . . . . . e u e s t i m a t i o n e r r o r e^, i . e . : 

Σ = E[(u-Û)(u-Û)T] (22) 
e u 

S u b s t i t u t i n g Equation 6a i n t o Equation 7 and the l a t t e r i n t u r n i n t o 
Equation 2 2 , one obtains: 

Σ = Σ - 2 H G E + H G Σ G T H T + H ϋ H T 

e u u u u v (23) 
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The innovations sequence e^ i s defined by: 

Ëz = L " 1 (2*0 

and t h e r e f o r e , 

£z = ζ - G u (25) 

because the best estimate f o r ζ i s y = Gu, since Y_ i s zero mean. Sub­
s t i t u t i n g Equation 6a i n t o Equation 25 y i e l d s : 

e_2 = G e^ + ν (26) 

The corresponding covariance matrix i s found s u b s t i t u t i n g Equation 23 
i n t o : 

Σ = E [ ( G e u + v ) (G e  + v ) ] (27) 
e z 

and the f i n a l r e s u l t i s : 

Σ = G Σ G T - 2 G H G E G T H H G E G T Η Τ G T + G Η Ε }F G? + e z u u u ν 
+ Σ γ (28) 

The proposed check c o n s i s t s i n matching the innovations sequence 
obtained from Equation 25 w i t h the corresponding expected time-
v a r y i n g variance provided by Equation 28. I f the innovations sequence 
i s assumed zero-mean Gaussian white, then e z(k) should be w i t h i n the 
+σ θ (k) bounds f o r approximately two t h i r d s of the time. ( a e (k) r e ­
presents the standard d e v i a t i o n of e z ( k ) , found by square rooming the 
diagonal elements of Ze )· 

Note that the proposed check must be perfomed a f t e r having ob­
t a i n e d the est i m a t i o n of u. In c o n t r a s t , i n the Kalman f i l t e r t e c h -

^z nique (k) , the corresponding values of e^ and Σ e may be r e c u r s i v e l y 
c a l c u l a t e d along w i t h the input estimate. 

Examples of A p p l i c a t i o n 

In order t o compare the present technique w i t h the method based on 
the Kalman f i l t e r (k), the same examples presented i n that p u b l i c a ­
t i o n w i l l be attempted. The f i r s t two examples are s y n t h e t i c , while 
the t h i r d i s based on r e a l experimental data. A l l examples were 
solved by means of a VAX 11/780 computer programmed i n FORTRAN 77. 
Routines f o r matrix operation from the IMSL package (28) were u t i ­
l i z e d . 

Example 1. By processing the curve u(k) shown i n Figure 2a through a 
time-varying f i l t e r defined by the set of impulse responses of Figure 
1, a no i s e - f r e e chromatogram y(k) i s obtained. This curve was then 
contaminated w i t h Gaussian white noise of a r e l a t i v e l y low variance 
(10~5)5 t o provide z(k) . C l e a r l y , the best estimate f o r r i s 10~55 

and i n t h i s case a constant value f o r q=5xlO*"3 vas adopted by t r i a l 
and e r r o r , p r o v i d i n g an acceptable compromise between the d i f f e r e n t 
checks. 
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Let ûj^(k) be the optimal estimate obtained through the Kalman 
approach, u(k) and u^(k) are a l s o shown i n Figure 2a. The innovations 
corresponding to û(k) are represented i n Figure 2b. This example was 
solved assuming noisy b a s e l i n e s e c t i o n s before and a f t e r the peak as 
p a r t of the chromatogram. For t h i s reason, and because q was assumed 
constant, o s c i l l a t i o n s are observed i n u(k) and uf[(k) i n those sec­
t i o n s of the curve. In both techniques, b e t t e r estimations are ob­
t a i n e d i f q i s adopted time-varying through Equation 20. In t h i s 
case, the mentioned o s c i l l a t i o n s around the baseline sections before 
and a f t e r the peak disappear. 

Example 2. This example was f i r s t suggested by Chang and Huang (29), 
and attemped l a t e r on by Hamielec and co-workers (19)· The problem i s 
i l l u s t r a t e d by Figure 3, which represents the f o l l o w i n g : u ( k ) , the 
uniform spreading f u n c t i o n g ( k ) , the broadened curve z ( k ) , and the 
recuperated u 2 ( k ) by method 2 proposed i n (19)» The s o l u t i o n shown i n 
Figure 3 i s p r a c t i c a l l  (29)
of method 1 i n (19). C l e a r l y
p r i a t e l y recover the double-peake  i n p u t

This problem was solved adopting the same values f o r r and q as 
i n (k_) , i . e . : r=0.1 and q c a l c u l a t e d through Equation 20 w i t h C]_=l. 
The r e s u l t s are shown i n Figure Ha, where the o r i g i n a l u(k) i s com­
pared to the estimates obtained through the proposed technique and 
through the Kalman approach (Figure 10a of 00) . Figure i l l u s ­
t r a t e s the innovations t e s t . 

Example 3· Curve z(k) i n Figure 5 represents the chromatogram of a 
PS standard of MW=525, when f r a c t i o n a t e d through an A-802 Shodex 
column mounted on a S e r i e s 3-B Perkin Elmer l i q u i d chromatograph. The 
chromatogram of pure benzene g(k) i s adopted as the uniform spread­
in g f u n c t i o n . The polymer sample i s expected to be i n t e g r a t e d by the 
f i r s t PS oligomers, w i t h preponderance of the pentamer. I d e a l l y , 
d e l t a functions ought to be recuperated, with the highest peak at a 
molecular weight of 520. 

Here, a value of r=5xlO~5 was adopted, and q was c a l c u l a t e d 
through Equation 20 w i t h C]_=0.75. In Figure 5, the r e s u l t of the pre­
sent technique i s compared to the r e s u l t i n Figure 12a of 00. As 
w i t h a l l previous examples, the estimated n o i s e - f r e e chromatogram 
y(k) i s p r a c t i c a l l y c o i n c i d e n t with the measured z ( k ) . 

Conclusions 

The proposed technique i s numerically "robust", and i t s r e s u l t s are 
comparable to those obtained through a r e c u r s i v e method based on the 
Kalman f i l t e r {k) . I t should be noted that because the present t e c h ­
nique u t i l i z e s a l l of the information simultaneously, the r e s u l t s 
have been compared to those of the optimal smoother estimates i n 00 , 
which are " b e t t e r " than the t r u e f i l t e r e d estimates. 

The main advantage of the s t o c h a s t i c matrix approach i s the 
s i m p l i c i t y f o r i t s computer implementation. Equation 17 d i r e c t l y pro­
v i d e s the desired r e s u l t , and Equation 28 i s the basis of a v a l i d a ­
t i o n t e s t which may or may not be performed according to previous 
experience. In other words, the proposed method i s conceptually and 
p r a c t i c a l l y e a s i e r t o implement than the Kalman counterpart. The 
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b 

0 50 100 

Figure 2: Example 1: a) Comparison between the " t r u e " input u ( k ) , 
the estimation of that input through the present t e c h ­
nique u(k) and the same es t i m a t i o n through the method 
described i n (h) u^-(k) ; b) Innovations sequence and 
+oe (k) bounds corresponding to u ( k ) . 

Figure 3: Example 2: ( a f t e r Hamielec and co-workers ( 1 9 ) ) · 
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Figure 5: Example 3: a) Experimental chromatogram, spreading 
f u n c t i o n and comparison of present r e s u l t s with those 
i n {k); b) V a l i d a t i o n t e s t f o r û(k). 
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p r i n c i p a l drawback of the present technique i s i t s r e l a t i v e l y high 
computational cost, both i n memory and computation time. T y p i c a l l y , 
i n order to solve a chromatogram of 128 points with a time-varying 
q(k) , a computation time of 5 mins. was required to estimate u(k) , 
and 4.5 more mins. were necessary f o r the v a l i d a t i o n t e s t . 

A point that has not been i n v e s t i g a t e d i s the p o s s i b i l i t y of 
considering u(k) a coloured noise instead of white noise, and there­
fore a non diagonal E u . For example, the choice of a t r i d i a g o n a l 
E u would imply the assumption of u(k) a random walk process. On the 
one hand, by imposing a c o r r e l a t i o n among successive values of u(k), 
the f l e x i b i l i t y of the output i s reduced, and f o r example a de l t a 
f unction could not be recuperated. On the other hand, smoother out­
puts and better s o l u t i o n s could be obtained i f good "a p r i o r i " e s t i ­
mations of the r e a l a u t o c o r r e l a t i o n s of u(k) could be provided. 

F i n a l l y , i t should be noted that apart from i t s use i n chromato­
graphic data treatment, inverse f i l t e r i n g techniques such as that de­
sc r i b e d i n t h i s work hav
of polymerization engineering
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Applications, SEC to oligomers, 18-19 
Aromatics, distribution in coal liquids, 196 

Batch viscometer 
configuration, 87,89/ 
output signal traces, 87,91/ 
single-point intrinsic 

capabilities, 90,91/ 
Bed hydraulic radius 

calculation, 38 
molecular weight equivalent, 39/ 

Branched poly(vinyl acetate) 
degree of branching, 247-251 
hydrodynamic radius, 258,260-262/ 
intrinsic viscosity vs. molecula

weight, 247,250/ 
molecular parameters, 251,253
radius of gyration vs. molecular 

weight, 247,248/ 
radius ratio vs. molecular 

weight, 251,252/ 
synthesis, 241 
Zimm plot, 247,248/ 

Branched poly(vinyl acetates) 
degree of branching, 114 
determination of branching, 106 
molecular weight data, 112, 114/ 
molecular weight measurement, 106,108 
synthesis, 106 

Branched polymers 
randomly branched polystyrene, 145-148,1 
star-branched polystyrene, 147,149-151 

Branching data analysis methods 
analysis of size exclusion 

chromatogram, 245-247 
light-scattering data, 242-245 

Branching index, calculation, 135 
Bulk intrinsic viscosity, determination, 134 

C 

Calibration curve 
description, 3,5 
error, 219 
molecular weight related to retention 

volume, 5 
Chemometrics, definition, 202 
Coal, analysis by SEC, 184 
Coal liquefaction process, data 

analysis, 184 
Coal liquid samples, description, 185 
Coal liquids 

alkane distribution, 195 
aromatic distribution, 196 
overlapping of species in SEC 

fractions, 196-197 

Coal liquids—Continued 
phenol distribution, 195-196 
probable molecular structure based on 

SEC, 190/, 193 
quantitative analysis by 

S E C - G C - M S , 194-195 
SEC output, 197,198/ 
SEC separation of major chemical 

species, 188,189/ 
Coefficients of effective relations, 

polystyrene standards, 283,284/ 
Complex polymers 

ambiguous detector response, 60 
analysis by HPLC, 62,64 
analysis by SEC detector 

technology, 62,63/ 
characterization, 221 -222 
definition  60,62,221 

Compositional distribution, vs. molecular 
weight, 12-13,15/ 

Concentration effects, elimination, 36-37 
Concentration polarization, definition, 40 
Continuous capillary type viscometer 

multiple-tube system, 82 
single-tube system, 82,83/ 

Contraction of polyelectrolytes, 35-36 
Contribution of longitudinal dispersion and 

extracolumn effect, 282 
Contribution of the SEC process, 

calculation, 282 
Cross-fractionation, description, 64 

D 

Data reduction procedures for SEC-viscometer 
system, scheme, 134-136/ 

Dead volume 
determination, 139 
effect between detectors, 141/ 
effect on viscosity-molecular weight 

plot, 139,140/,141 
Deformation, cause, 40 
Degree of branching, estimation, 247-251 
Deterministic integral equation 

expression, 287 
problems, 287-288 

Differential log-amplifier output signal, 
calculation, 84 

Differential pressure, measurement, 159 
Differential pressure transducer capillary 

viscometer 
description, 131 
design, 16 

Differential pressure viscometer 
flow rate independence, 87,88/ 
precision, 87,88/ 
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Differential refractometer 
description, 5 
disadvantages, 9 

Discrete batch type operation, 
description, 131 

Distillation vs. SEC, 197 
Distributed properties, definition, 60 
Distribution coefficient 

calculation, 282 
definition, 29 
for nonideal SEC behavior, 30-31 
physical significance of values, 29-30 
vs. conformational entropy of solute, 30 

Ε 

Electrostatic interactions, 33 
Enthalpic interactions 

adsorption, 33 
electrostatic interactions, 33,34/,35 
elimination, 32 
types, 32 

Error propagation analysis 
definition, 213-214 
error in data fit by regression, 214 
estimation of error in 

results, 214,215-216/ 
Error propagation equations 

choice of objective functions, 236-237 
sources of experimental error, 235 
theory, 234-235 

Error propagation in static measurements, 
sources, 235 

Filter adjustment, calculation, 291-292 
Flame-ionization detector, identification of 

coal liquids, 185 
Flory-Fox equation, 38 
Fluid viscosity 

differential pressure detection, 83/,84 
measurements, 80-81 

Forced flow-through type capillary 
viscometer 

configuration 1, 84,85/,87 
configuration 2, 86,87, 88/ 
differential log-amplifier output 

signal, 84,86 
zero offset factor, 84 

Fractionation, poly(styrene-co-«-butyl 
methacrylate), 68 

G 

Gel permeation chromatography 
calibration curve, 120,124/ 
molecular weight 

distribution, 254,256,257/,258 

Gel permeation chromatography—Continued 
preparative, 48 
system, 47-48 
See also Size exclusion chromatography 

Gel-solute interaction, effect on SEC, 193 
Gels, conventional characterization, 162/ 
GPC, See Gel permeation chromatography, Size 

exclusion chromatography 
Graphics 

definition, 208 
misleading plots, 213 
moment analysis plots, 210,213,215/ 
plots of residuals, 210,212/ 
plotting of digitized chromatogram 

heights, 210,211/ 

H 

preparative GPC, 50-55 
High-performance liquid chromatography, 

complex polymers, 62,64 
High-performance SEC, oligomer 

applications, 18-22 
Hydrodynamic chromatograph, definition, 40 
Hydrodynamic effects, description, 39-40 
Hydrodynamic volume calibration curve 

generation, 6-7 
refinements, 7 
schematic, 7,8/ 

Hydrogen bonding, elimination, 33 
Hydrophobic interactions, elimination, 33 

I 

Inherent viscosity, definition, 81 
Injected solvent, effect on orthogonal 

chromatography, 73,74/ 
Input estimation through a Wiener filtering 

approach 
optimal estimate, 290-291 
problem, 290 

Instrument spreading correction, 
calculation, 7,9 

Instrumental broadening, correction 
methods, 287 

Instrumentation 
SEC, essential components, 5 
SEC-viscometer system, 132 

Intermolecular electrostatic effects, 
elimination, 35-36 

Intrinsic viscosity 
calibration, 97,100-101/ 
definition, 81 
dependence on number of backbone carbon 

atoms, 265 
determination, 97,134 
effect of solvent, 273,274/ 
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Intrinsic viscosity—Continued 
experimental determination, 81 

logarithmic plot vs. molecular 
weight, 120,123/ 

measurement, 267 
poly(styrene-acrylonitrile), 269-279 
relationship to molecular weight, 81 

Inverse filtering technique, examples of 
applications, 293-294,295-296/ 

Ion exclusion of water-soluble polymer, 
example, 33,34/,35 

Ion inclusion, description, 35 

L 

LALIS, See Low-angle laser light 
scattering, 13,14/, 16 

Laser light scattering, molecula
distribution, 254,255/,257/,25

Light scattering 
intensity of scattered light, 242 
molecular weight distribution, 244-245 
spectrum of scattered light, 242-244 

Linear calibration function, 
calculation, 282 

Linear copolymer, property 
distributions, 59,61/ 

Linear homopolymer, property 
distribution, 59,61/ 

Linear poly(vinyl acetate) 
hydrodynamic radius, 258,260-262/ 
molecular parameters, 251,253/ 

Linear polymers 
cumulative and differential distribution 

curves, 141,144/ 
differential refractometer trace, 141,142/ 
molecular weight data, 110,112/ 
poly(methyl methacrylate), 145,146/ 
poly(vinyl chloride), 145,146/ 
polystyrene, 145/ 
properties, 106,107/ 
secondary molecular weight curve, 141,143/ 
viscometer trace, 141,142/ 
viscosity vs. molecular weight, 141,144/ 
viscosity vs. retention volume, 141,143/ 

Long-chain branching, 
characterization, 240-262 

Low molecular weight epoxy resin, 
preparative GPC, 55-58 

Low-angle laser light scattering (LALIS) 
detector 

chromatogram, 13,14/, 16 
features, 13 

M 

Macromolecular crowding, 36 
Mark-Houwink equation, 38-39 

Mark-Houwink-Sakurada equation 
application, 263 
derivation for multispecies 

polymers, 264-267 
parameters at fixed acrylonitrile 

concentration, 275,276/ 
Mass spectrometers, identification of coal 

liquids, 185 
Membrane viscometer 

applications, 167 
calculation of kinematic viscosities, 156 
characterization of acrylic 

polymers, 163,165/, 166/, 167 
characterization of natural 

rubber, 163,164/ 
description, 155,156 
design, 157,158/ 
diagra  with loo  system  159,160/ 

maximum shear stress calculation, 156-157 
membranes, 157-159 
prefilter system, 157 
pressure/flow rate vs. flow rate, 159,161/ 
pump, 157 
velocity gradient calculation, 156-157 
viscosity calculation, 156 
viscosity vs. shear rate, 159,161/ 

Microgel, definition, 155 
Microparticulate packings, list, 5,6/ 
Molecular migration, definition, 39 
Molecular size, dependence on retention 

volume, 3,4/ 
Molecular weight 

calculation, 246-247 
effect of U V detector noise vs. elution 

volume, 225,226/ 
error propagation techniques, 225,227 
poly(styrene-acrylonitrile), 269,270/ 
polystyrene standards, 283,284/ 
universal calibration curve, 257/,258 
variance, 227 

Molecular weight calibration curve 
generation, 13 
secondary, generation, 134-135 

Molecular weight distribution 
determination for 

poly(dimethylsiloxanes), 171,173/ 
gel permeation 

chromatography, 254,256,257/,258 
laser light scattering, 254,255/,257/,258 

Molecular weight distribution curve, 
generation, 5-7,8/ 

Molecular weight specific detector, 
features, 82 

Molecular weights 
branched poly(vinyl acetates), 112 
determination for 

poly(styrene-acrylonitrile), 267 
linear polymers, 110,112/ 
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Multicomponent system, quantitative 
analysis, 13,15/ 

Multidetector SEC 
comparison between static measurements and 

estimates, 228,232/ 
interpretation of signals, 228,229-231/ 

Multidimensional chromatography, 
description, 64 

Multiple capillary tube viscometer, 
advantages over single-tube design, 82 

Multispecies polymers, derivation of 
Mark-Houwink-Sakurada equation, 264-267 

Orthogonal chromatography—Continued 
multidimensional chromatography, 64 

poly(ethyl methacrylate), 68,71 
poly(lauryl methacrylate), 68,71 
poly(styrene-co-H-butyl 

methacrylate), 68,69/ 
polystyrene, 68,71 
recent advances, 73,75-76 
separation mechanisms, 65,67/ 
size fractionation, 65,66/ 

Ν 

Narrow polystyrene standards, 
viscosities, 120,121-122/ 

Natural rubber, membrane viscomete
characterization, 163,164/ 

Non-size-exclusion effects, overview
Nonlinear hydrodynamic volume calibration 

curve 
effect of polymer concentration, 138-139 
example, 138,140/ 
generation, 138 

Nonlinear regression 
definition, 203 
detector nonlinearity assessment, 207 
determining calibration curves from 

polydisperse samples, 205 
fitting of calibration curves determined 

using monodisperse samples, 205,207 
fitting of shape functions, 208,209/ 
parts of method, 203-204 
reasons for liquid chromatographic 

application, 204 
resolution correction, 208 
schematic of calibration curve, 205,206/ 

Ο 

Oligomers 
acrylic resins, 19,20/ 
applications, resolution, 18-19 
epoxy resins, 19,21/,22 
melamine cross-linkers, 19,21/ 
polyester resin screening, 19,20/ 

Orientation, elimination of effects, 40-41 
Orthogonal chromatography 

arrangement of SEC instruments, 64,66/ 
axial dispersion characterization, 68 
complications, 68,72/,73,74/ 
copolymer composition distribution, 68,70/ 
cross-fractionation, 64 
description, 64 
detector technology, 65 
effect of injected solvent, 73,74/ 
initial studies, 65 

Phenols, distribution in coal 
liquids, 195-196 

Phenylmethylsiloxane

Poly(dimethylsiloxanes) 
molecular weight distribution, 171,173/ 
phenyl analysis, 177 
quantitation of phenyl content, 179 

Poly(ethyl methacrylate), 
fractionation, 68,71 

Poly(lauryl methacrylate), 
fractionation, 68,71 / 

Poly(methyl methacrylate), SEC-viscometry 
results, 145,146/ 

Poly(styrene-acrylonitrile) 
intrinsic viscosity, 269-272,275-279 
molecular structure data, 275,277/ 
molecular weights, 269,270/ 
sample preparation, 267 

Poly(vinyl acetate) 
branched, See Branched poly(vinyl acetate) 
branching index vs. molecular 

weight, 151,152/ 
SEC-viscometry results, 149,151/ 
viscosity vs. molecular weight, 151,152/ 

Poly(vinyl chloride), SEC-viscometry 
results, 145,146/ 

Polyelectrolytes 
chain expansion, 36 
contraction, 35-36 

Polymer complexity, effects on conventional 
SEC analysis, 60 

Polymer concentration, effect on 
hydrodynamic volume, 138-139 

Polymer molecular weight characterization, 
Mark-Houwink-Sakurada equation, 263 

Polymer properties 
determination, 224 
effect of functional group position, 170 
errors in estimation, 234-237 
variance, 225 

Polymer shear degradation, See Shear 
degradation 
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Polymeric silicones, applications, 169 
Polystyrene 

fractionation, 68,71 / 
SEC-viscometry results, 145/ 

Polystyrene broad standards, universal 
calibration data, 125,127/ 

Polystyrene narrow standards, effect of 
sample concentration, 125,128/ 

Polystyrene standards 
coefficients of the effective 

relations, 283,284/ 
molecular weight, 283,284/ 
spreading factors, 283,284/ 

Poly(vinyl acetates), branched, See Branched 
polyvinyl acetates), 106 

Preparative GPC 
applications, 48 
flow rate, 49 
high molecular weight polystyren

analysis, 53,56/ 
fractions, 50 
maximum loading capacity, 50,51 / 
molecular weight averages, 50,53/,55/ 
molecular weight distributions, 50,52/ 
separations, 53,54/,55/ 

low molecular weight epoxy resin 
analysis, 55,56/ 
fractionation, 57-58/ 
loading study, 55,57/ 

preparative separation, 49 
procedure, 48/,49 
Styragel column, 49 

Q 

Quantitative analysis 
multicomponent system, mathematical 

formulation, 13,15/ 
two-component system, mathematical 

formulation, 13,15/ 

R 

Randomly branched polystyrene 
branching index vs. molecular 

weight, 147,150/ 
size, 145,147 
viscosity vs. molecular weight, 147,148/ 

Ratio of intrinsic viscosities, 
calculation, 114 

Ratios of experimental quantities, 
error, 218 

Raw viscometer data smoothing 
example from polystyrene 

standard, 135,137/,138 
power spectrum of signal, 135,137/ 
with dampers removed, 135 

Relative viscosity, definition, 81 
Resolution, influencing factors, 18 
Retention volume 

calculation, 282-283 
definition, 3 
dependence of molecular size in 

solution, 3,4/ 

SEC, See Size exclusion chromatography 
Shape functions, definition, 208 
Shear degradation 

detection, 37-38 
influencing parameters, 37 

Shear stress, maximum, calculation, 156-157 
Silanol groups 

IR spectra, 174,175/ 
Silicon-phenyl groups, 

determination, 174,177-181 
Silicone hydride groups 

determination, 171 
percent content, 172/ 
stretching frequencies, 172/, 173/ 

Simple polymer, definition, 60 
Size exclusion chromatogram, 

analysis, 245-247 
Size exclusion chromatographic analyses, 

experimental setup, 170-171 
Size exclusion chromatographic detection 

system, calibration, 237-239 
Size exclusion chromatographic detector 

alternative configuration, 94,95/ 
configuration, 90,92/ 
flow-rate independence, 90,93/,94 
flow-rate upsets, 94 
preferred configuration, 102 
viscosity analysis, 94,96/ 

Size exclusion chromatographic measurements, 
experimental procedure, 241 

Size exclusion chromatography 
application of computers, 202 
application to coal liquids, 184 
calibration curve, 5-7,8/ 
complex polymers, 60-63 
correction for instrumental 

broadening, 287-296 
description, 3 
dual detector, 62,63/ 
effect of column overloading, 191 
effect of difference in detector 

sensitivity, 222,223/ 
effect of gel-solute interaction, 193 
effect of solvent-solute 

interaction, 192-193 
error propagation analysis, 213-214 
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Size exclusion chromatography—Continued 
fractionation, 60,63/ 
future trends and needs, 21 
graphics, 208,210-213 
instrument spreading correction, 7,9 
instrumentation, 5,6/ 
microparticulate packings, 5,6/ 
molecular weight calibration, 97,98/ 
molecular weight calibration vs. universal 

calibration, 97,99/ 
molecular weight distribution 

determination, 171 
multiple detectors, 9-18 
nonlinear regression, 203-208 
probable molecular structure of coal 

liquids, 190/, 193 
relationship to other chromatographic 

techniques, 31,34/ 
sample spreading, 190/, 193-19
separation of major chemical

coal liquids, 188,189/ 
separation of Wyodak recycle 

solvent, 186,188,189/ 
system setup, 119-120 
types of detectors, 131 
universal calibration, 97,99/ 
universal calibration curve, 125,126/ 
viscosity calibration, 97,98/ 
vs. distillation, 197 
See also Gel permeation chromatography 

Size exclusion chromatography-differential 
refractometer-UV spectrometer-IR 
spectrometer, chromatogram, 10,11/ 

Size exclusion chromatography-GC 
alkane distribution, 195 
analysis of coal liquids, 197,198/ 
aromatic distribution, 196 
quantitative analysis, 194-195 

Size exclusion chromatography-GC interface, 
system, 186,187/ 

Size exclusion chromatography-GC-mass 
spectrometry 

instrumentation, S E C - G C 
interface, 186,187/ 

phenol distribution, 195-196 
Size exclusion chromatography-IR 

spectrometer, chromatogram, 10,12,14/ 
Size exclusion chromatography-IR system, 

quantitation of silanol groups, 174,176/ 
Size exclusion chromatography-laser light 

scattering system, design, 267-268 
Size exclusion chromatography-UV 

spectrometer, chromatogram, 10,12,14/ 
Size exclusion chromatography-UV 

spectrometer-IR spectrometer, 
chromatogram, 10,11/ 

Size exclusion chromatography-viscometer 
system 

analysis of branched polymers, 146-151 

Size exclusion chromatography-viscometer 
system—Continued 

analysis of linear polymers, 141-146 
data reduction procedures, 134-135,136/ 
dead volume, 139-141 
differential pressure transducer capillary 

viscometer, 131 
hardware design, 131-132 
instrumentation, 132 
materials, 133 
nonlinear hydrodynamic volume calibration 

curve, 138-139 
polystyrene standards used for 

calibration, 133/ 
raw viscometer data smoothing, 135-138 
Viscotek detector, 131 

Size exclusion data, polystyrene 
standards  283,284/ 

Solubility parameter model, treatment of 
adsorption effects, 32 

Solvent-solute interaction, effect on 
SEC, 192-193 

Specific viscosity, definition, 81 
Spreading factor 

applications, 281 
polystyrene standards, 283,284/ 
variation with retention 

volume, 283-284,285/ 
Spreading function variance, definition, 281 
Spreading model 

representation of G matrix, 288,289/ 
theory, 288,290 

Star-branched polystyrene 
branching index, 147 
differential refractometer trace, 149,150/ 
g value, 147 
hydrodynamic data, 147,148/ 
molecular weight, 147 
SEC-viscometry results, 149/ 
viscometer traces, 149,150/ 

Styrene-acrylonitrile copolymers, 
synthesis, 227 

Sylgard addition system 
curing reaction, 170,173/ 
description, 170 

Τ 
Tetrahydrofuran, use in SEC 

analyses, 179,181/ 
Truncated power series model, equation, 234 
Two-component system, quantitative 

analysis, 13,15/ 

U 

Ubbelohde-type capillary viscometer, 
experimental setup, 131 
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Ultrafiltration, molecular weight limit, 38 
Universal calibration, description, 264 
Universal calibration curve 

effect of sample concentration, 125,127/ 
plot, 125,126/ 
polystyrene broad standards, 125,127/ 

V 

Viscometer-differential refractometer 
detector system 

calculation of branching, 114-115 
comparison of molecular weight 

data, 108,110/ 
description, 108 
detection of high MW 

impurities, 115,116/,117 
errors, 110,111/ 
experimental plan, 108 
universal calibration curves, 108,109/ 

Viscosity, calculation, 156 
Viscosity detector 

advantages and disadvantages, 18 
design, 16 
intrinsic viscosity vs. molecular 

weight, 16,17/, 18 
sensitivity, 16,17/ 

Viscosity gradient, calculation, 156-157 

Viscotek detector, description, 131 
Viscous fingering, 36-37 
Void volume, definition, 3 

W 

Wiener filtering approach 
filter adjustment, 291-292 
input estimation, 290-291 
solution validation, 292-293 

Wyodak recycle solvent 
effect of fraction collectors, 188 
G C analysis of SEC fractions, 188,190/ 
identification of species in SEC 

fractions, 188,190/,191-192 
SEC separation, 186,188,189/ 

Yau-Malone equation, expression, 138 

Ζ 

Z-average translational diffusion 
coefficient, 
determination, 249,250/,252/ 

Zimm plot, for polyvinyl acetate), 247,248/ 
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