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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishin  symposi  quickl  i  book form  Th
format of the Serie
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

This volume is the outgrowth of a symposium on the solution properties 
of polysaccharides and reflects the success of the symposium in bringing 

together an international group of experts engaged in studies of virtually 
every aspect of the solution behavior of polysaccharides. Thirty-seven 
chapters span the range from conformational analysis of dissolved poly
saccharides using spectroscopic, scattering, hydrodynamic, and theoretical 
methods to experimental and theoretical investigations of the interactions 
between dissolved polysaccharide chains and between polysaccharides and 
a variety of high- and low-molecular-weight ligand species. Without excep
tion these chapters are
fields, and the book represent  person
wish to remain or become conversant with current research on polysac
charide solution properties. 

Chemical and biological interest in polysaccharides has begun to shift 
over the past decade from the structural and storage polysaccharides of 
plant origin, e.g. cellulose, carrageenan, and starch, toward polysaccharides 
of animal and, especially, microbial origin. The existing and potential 
commercial importance of extracellular microbial polysaccharides produced 
by fermentation using relatively inexpensive feedstocks has provided a 
major impetus for the increasing attention being given to these materials; 
the range of chemical and structural characteristics represented among the 
known microbial polymers and those potentially available by genetic engi
neering techniques can only further encourage this activity. Among poly
saccharides of animal origin attention now is focused strongly on the 
mucopolysaccharides or proteoglycans that occur, usually in close associa
tion with protein, in the intercellular matrix of the connective tissues. This 
interest is motivated by evidence that abnormalities in the distribution of 
these substances accompany a number of serious metabolic diseases. 
Finally, the emerging recognition of poly- and oligosaccharides as immuno
chemical determinants has served as a strong stimulus for studies of poly
mers of both animal and microbial origin. 

The polysaccharides derived from these two sources are almost always 
highly solvated, if not actually dissolved, in their native environment. 
Consequently it is appropriate that investigations of the relationships 
between the chemical structures and the physical and biological properties 
of these species should give special attention to their solution behavior. 

xi 
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Even for those polysaccharides that are crystalline or semicrystalline in 
nature, solution studies must play an important role. Investigations of the 
solution properties of all polymers are necessary not only to obtain funda
mental data concerning the mean molecular weights and molecular-weight 
distributions of the macromolecular species, but also to provide information 
about relationships between chemical structure and the inherent conforma
tional characteristics of individual macromolecules free of interactions with 
other like or unlike species. Such interactions are, of course, important for 
the biological function and physical behavior of polysaccharides, and 
solution studies also provide a unique avenue to information about inter
actions between small numbers of polysaccharide chains or between poly
saccharides and other kinds of molecules and ions. This book illustrates 
the diverse modern techniques currently being exploited to investigate these 
properties of polysaccharides in solution. 

University of California a
Irvine, C A 92717 

November 4, 1980 
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1 
Quasielastic Light-Scattering Studies of Xanthan 
in Solution 

J. G. SOUTHWICK, A. M. JAMIESON, and J. BLACKWELL 

Department of Macromolecular Science, Case Western Reserve University, 
Cleveland, O H 44106 

We are u s i n g q u a s i e l a s t i
the c o n f o r m a t i o n and i n t e r a c t i o n
Xanthan i s the e x t r a c e l l u l a r p o l y s a c c h a r i d e produced by the 
ba c t e r i u m Xanthomonas c a m p e s t r i s and has a wide v a r i e t y o f uses, 
e.g. as a v i s c o s i t y enhancer and food a d d i t i v e . The c h e m i c a l 
s t r u c t u r e i s a r e p e a t i n g p e n t a s a c c h a r i d e : ( 1 , 2 ) a β-1,4-D-glucan 
backbone w i t h a t r i s a c c h a r i d e s u b s t i t u e n t on a l t e r n a t i n g backbone 
r e s i d u e s . The s i d e c h a i n i s β-1,3 l i n k e d β-D-mannopyranosyl-α-
1,4-D-glucuropyranosyl-β-1,2-D-mannopyranoside 6-0-acetate. I n 
a d d i t i o n , the t e r m i n a l D-mannose r e s i d u e o f the s i d e c h a i n may 
have a p y r u v i c a c i d r e s i d u e l i n k e d a t the 4- and 6- p o s i t i o n s . 
The degree of p y r u v a t i o n t y p i c a l l y v a r i e s from 0.31 - 0.56,(3) 
depending on the b a c t e r i a l s t r a i n , h i s t o r y , and f e r m e n t a t i o n 
c o n d i t i o n s . ( 4 , 5 ) 

E a r l y p h y s i c a l c h e m i c a l s t u d i e s o f xanthan i n aqueous s o l u 
t i o n a t low i o n i c s t r e n g t h showed an unusual p r o p e r t y i n t h a t 
t h e r e was a s i g m o i d a l i n c r e a s e i n the v i s c o s i t y o f a 1% s o l u t i o n 
a t T m~55°C.(6) S p e c t r o s c o p i c measurements u s i n g ORD, CD, and 
NMR methods have a l s o d e t e c t e d t h i s t r a n s i t i o n . ( 7 ) A t room tem
p e r a t u r e a broad, f e a t u r e l e s s NMR spectrum i s o b t a i n e d , but the 
s p e c t r a become sharp and d e t a i l e d above the t r a n s i t i o n tempera
t u r e . As a r e s u l t , the t r a n s i t i o n i s e x p l a i n e d as an o r d e r -
d i s o r d e r phenomenon, p r o b a b l y due t o c o n v e r s i o n o f a h e l i x t o a 
f l e x i b l e c o i l . I t has a l s o been shown t h a t the t r a n s i t i o n tem
p e r a t u r e i s v a r i a b l e , depending on the presence o f t r a c e ions. ( 8 ) 

From x- r a y d i f f r a c t i o n s t u d i e s o f o r i e n t e d c r y s t a l l i n e f i l m s , 
Moorhouse et a l ( 9 ) showed t h a t the most l i k e l y s o l i d s t a t e con
f o r m a t i o n i s a 51 r i g h t - h a n d e d s i n g l e h e l i x , r e p e a t i n g i n 47A. A 
s i g n i f i c a n t f e a t u r e o f t h i s s t r u c t u r e i s t h a t the t r i s a c c h a r i d e 
s i d e c h a i n s a r e arranged c l o s e t o (and hydrogen bonded to) the 
g l u c a n backbone, which c o u l d be expected to s t a b i l i z e a s t i f f h e l 
i c a l c o n f o r m a t i o n i n s o l u t i o n . However, the x - r a y p a t t e r n s were 
not o f s u f f i c i e n t q u a l i t y t o determine the s t r u c t u r e unambigu
o u s l y , and o t h e r c o n f o r m a t i o n s i n c l u d i n g m u l t i p l e s t r a n d h e l i c e s 
a l s o need t o be c o n s i d e r e d . E l e c t r o n microscopy by Holzwarth(10) 
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2 SOLUTION PROPERTIES OF POLYSACCHARIDES 

has shown t h a t r o d - l i k e aggregates a r e p r e c i p i t a t e d from unheated 
xanthan s o l u t i o n s . S h o r t e r , t h i n n e r c h a i n s a r e observed i n prepa
r a t i o n s of heated (denatured) xanthan, and from the observed 
dimensions i t i s argued t h a t the o r d e r e d form c o n s i s t s o f a double 
h e l i c a l aggregate of an average of 40 c h a i n s . 

Our l i g h t s c a t t e r i n g s t u d i e s f o c u s e d i n i t i a l l y on the t h e r m a l 
t r a n s i t i o n , i n o r d e r to compare the d i f f u s i o n p r o p e r t i e s o f 
xanthan above and below T m. T h i s l e d t o an i n t e r e s t i n the con
c e n t r a t i o n dependence o f d i f f u s i o n and the development of c h a i n 
o v e r l a p and entanglement p o i n t s . Some of the work reviewed below 
has been p u b l i s h e d separately.(11,12,13,14) 

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

Xanthan S o l u t i o n s . Specimens of xanthan were o b t a i n e d from 
K e l c o Co. (Kelzan) and fro  Dr  P  Sandford  the t U.S.D.A
N o r t h e r n R e g i o n a l L a b o r a t o r y
d e s c r i b e d by Holzwarth.
^ 0.5% xanthan was prepared by a d d i t i o n of d i s t i l l e d d e i o n i z e d 
water t h a t had p r e v i o u s l y been f i l t e r e d through O.lum M i l l i p o r e 
f i l t e r s ( t o remove b a c t e r i a , d u s t , e t c . ) . T h i s s o l u t i o n was 
d i a l y z e d f o r f o u r days a g a i n s t f i l t e r e d d i s t i l l e d d e i o n i z e d water. 
Other than f o r the f i r s t s o l u t i o n s used f o r the thermal s t u d i e s , 
sodium a z i d e (0.02%) was added to the s t o c k s o l u t i o n s t o r e t a r d 
b a c t e r i a l growth. S o l u t i o n s a t d i f f e r e n t c o n c e n t r a t i o n s were 
prepared by d i l u t i o n w i t h 0.02% aqueous sodium a z i d e . P r e p a r a t i o n s 
b e f o r e and a t d i f f e r e n t i n t e r v a l s a f t e r f i l t r a t i o n were checked 
f o r p o s s i b l e b a c t e r i a l growth by e x a m i n a t i o n o f shadowed s p e c i 
mens i n a J e o l 100B e l e c t r o n m i c roscope. B a c t e r i a l c e l l s were not 
seen i n xanthan s o l u t i o n s t h a t had been f i l t e r e d through 0.22ym 
M i l l i p o r e f i l t e r s ; t hese s o l u t i o n s remained s t e r i l e f o r over a 
month. 

Aqueous xanthan s o l u t i o n s ( i n 0.02% sodium a z i d e ) were 
r o u t i n e l y f i l t e r e d and c e n t r i f u g e d a t ^ 4350g f o r 30 minutes 
b e f o r e c o l l e c t i n g the l i g h t s c a t t e r i n g d a t a . These s o l u t i o n s 
showed a slow t r a n s i t i o n t o lower v a l u e s of D t, a t a r a t e t h a t 
i n c r e a s e d w i t h the c o n c e n t r a t i o n , and t h i s time dependence i s 
one o f the s u b j e c t s o f t h i s paper. S o l u t i o n s i n f i l t e r e d 4M u r e a 
were m a i n t a i n e d a t 90°C f o r t h r e e hours and then c o o l e d s l o w l y 
to room temperature. 

L i g h t S c a t t e r i n g . The thermal t r a n s i t i o n was s t u d i e d u s i n g 
a l a s e r l i g h t s c a t t e r i n g i n s t r u m e n t c o n s i s t i n g o f an argon i o n 
l a s e r (X = 4880A), an EMI 9656KR phototube, a K e i t h l e y 104 wide 
band a m p l i f i e r , and a S a i c o r SAI-52 r e a l time 400 p o i n t spectrum 
a n a l y z e r and d i g i t a l i n t e g r a t o r ; the homodyne d a t a were r e c o r d e d 
as the v o l t a g e s p e c t r a and c o n v e r t e d t o the power s p e c t r a by 
s q u a r i n g 40 d a t a p o i n t s and s u b t r a c t i n g the background. The 
l a t t e r d a t a formed the i n p u t f o r a L o r e n t z i a n c urve f i t t i n g p r o 
gram, from which the h a l f w i d t h a t h a l f h e i g h t , T, was d e t e r -
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1. SOUTHWICK E T A L . Xanthan in Solution 3 

mined. T can be r e l a t e d t o the d i f f u s i o n c o e f f i c i e n t D through 
the e q u a t i o n 

r = D K 2 ( i ) 

where K i s the s c a t t e r i n g v e c t o r (^ = - ^ ^ s i n 0/2) . 
A 

In l a t e r work the above apparatus f o r spectrum a n a l y s i s was 
r e p l a c e d by a d i g i t a l photon c o r r e l a t i o n s p e c t r o m e t e r . R a d i a t i o n 
a t X = 6328A from a He-Ne l a s e r was focused on the s o l u t i o n , and 
the s c a t t e r e d photons were d e t e c t e d u s i n g an ITT FW130 phototube 
w i t h a P a c i f i c P h o t o m e t r i e s d i s c r i m i n a t o r / a m p l i f i e r system. The 
c o r r e l a t i o n f u n c t i o n was computed by a Honeywell S a i c o r SAI-42A 
c o r r e l a t o r and p r o b a b i l i t y a n a l y z e r t h a t was m o d i f i e d t o pe r m i t 
d i g i t a l photon c o r r e l a t i q n a n a l y s i s . F o r amonodisperse specimen 
the time c o r r e l a t i o n f u n c t i o n o f the i n t e n s i t y f l u c t u a t i o n s  C(T ) 
i s g i v e n by 

C ( T ) = A e ~ r T + B (2) 

where A i s a c o n s t a n t , x i s the time, B i s the background, and T, 
the time c o n s t a n t , (the h a l f w i d t h a t h a l f h e i g h t i n the L o r e n t z i a n 
spectrum), r i s determined from the s l o p e o f a p l o t o f l n C ( x ) 
a g a i n s t T. F o r a specimen c o n t a i n i n g a d i s t r i b u t i o n o f m o l e c u l a r 
w e i g h t s , a p l o t o f l n C ( x ) a g a i n s t x e x h i b i t s a degree o f c u r v a 
t u r e . We have a p p l i e d the a n a l y s i s procedure o f Brown et a l ( 1 5 ) 
i n w hich the f o l l o w i n g q u a d r a t i c f u n c t i o n i s f i t t e d t o the d a t a : 

l n | C ( x ) | - B = - 7 x + ^ | f ( T x ) 2
 ( 3 ) 

The i n i t i a l s l o p e o f the p l o t , r , i s now the average time c o n s t a n t , 
and i s r e l a t e d t o the Z-averaged d i f f u s i o n c o e f f i c i e n t by equa
t i o n (1) . The degree o f c u r v a t u r e o f the p l o t i s dependent on the 
p o l y d i s p e r s i t y which can be q u a n t i f i e d by the parameter u 2 / r 2 . 

R e s u l t s and D i s c u s s i o n 

I n a q u a s i e l a s t i c l i g h t s c a t t e r i n g study o f macromolecular 
s o l u t i o n s , i t i s e s s e n t i a l t o e s t a b l i s h a c l e a r r e l a t i o n s h i p be
tween the e x p e r i m e n t a l c o n d i t i o n s and the type o f r e l a x a t i o n 
phenomena m a n i f e s t i n the l i g h t s c a t t e r i n g d a t a . To a c c o m p l i s h 
t h i s , one must perform experiments over a range o f s c a t t e r i n g 
a n g l e s and s o l u t i o n c o n c e n t r a t i o n s . One of our o b j e c t i v e s i s 
to determine the 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 t) f o r 
xanthan, and t o r e l a t e t h i s parameter t o a hydrodynamic s i z e . 
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4 SOLUTION PROPERTIES OF POLYSACCHARIDES 

E f f e c t of S c a t t e r i n g Angle 

Akcasu jet a l ( 1 6 ) have r e c e n t l y shown t h a t QELS i s due s i m p l y 
to t r a n s l a t i o n a l d i f f u s i o n p r o v i d e d KR g<2.5, where K i s the 
s c a t t e r i n g v e c t o r ( — ^ s i n 0/2) and R g i s the r a d i u s o f g y r a t i o n . 
However, i f KRg>2.5, i n t e r n a l motions such as r o t a t i o n a l d i f f u 
s i o n and i n t r a c h a i n r e l a x a t i o n s a r e a l s o e v i d e n t i n the l i g h t 
s c a t t e r i n g d a t a . F i g u r e 1 p r e s e n t s a p l o t of T a g a i n s t s i n 2 0 / 2 , 
where V i s the h a l f - w i d t h determined from the l i g h t s c a t t e r i n g 
power spectrum f o r an 0.025% s a l t - f r e e s o l u t i o n of xanthan. A 
l i n e a r r e l a t i o n s h i p e x i s t s between V and s i n 2 0 / 2 f o r 0 <6O°, and 
i n t h i s r e g i o n the t r a n s l a t i o n a
g i v e n by T = D tK 2. I n t e r n a
0 > 60° and these l e a d t o p o s i t i v e d e v i a t i o n s from the l i n e a r be
h a v i o r . I f we take 0 = 60° as the s m a l l e s t s c a t t e r i n g a n g l e where 
i n t e r n a l r e l a t i o n a l motions a r e e v i d e n t , and a p p l y the e q u a t i o n 
of Akcasu jet a l ( 1 6 ) (KR g = 2.5), then R g = 1456& f o r xanthan i n 
s o l u t i o n . 

E f f e c t of C o n c e n t r a t i o n 

The r e l a x a t i o n a l phenomena e v i d e n t i n the l i g h t s c a t t e r i n g 
d a t a a l s o depend upon the c o n c e n t r a t i o n of polymer i n s o l u t i o n , 
and D t can o n l y be determined i n d i l u t e s o l u t i o n s . W i t h i n c r e a s 
i n g c o n c e n t r a t i o n f o r f l e x i b l e c o i l macromolecules, a c r i t i c a l 
c o n c e n t r a t i o n c* i s reached where m o l e c u l a r domains b e g i n t o 
o v e r l a p w i t h each o t h e r , r e s u l t i n g i n an e n t a n g l e d network s t r u c 
t u r e . A t c o n c e n t r a t i o n s above c*, q u a s i e l a s t i c l i g h t s c a t t e r i n g 
d e t e c t s the motion of c h a i n segments between p o i n t s o f e n t a n g l e 
ment. F i g u r e 2 p r e s e n t s a p l o t of the measured d i f f u s i o n c o e f f i 
c i e n t a g a i n s t c o n c e n t r a t i o n f o r xanthan s o l u t i o n s a t low c o n s t a n t 
i o n i c s t r e n g t h . I t i s seen t h a t the s l o p e changes a t a concen
t r a t i o n o f c - 0.015%, and t h i s t r a n s i t i o n c o u l d correspond t o the 
onset of c h a i n i n t e r a c t i o n s . E x t r a p o l a t i o n to c = 0 y i e l d s a 
hydrodynamic r a d i u s of Rh = 1 2 0 0 l , and, from the m o l e c u l a r weight 
of M = 2 . 1 6 x i 0 6 (see b e l o w ) , o v e r l a p i s p r e d i c t e d a t c - 0 . 0 3 % , 
assuming s p h e r i c a l m o l e c u l e s . However, c u r r e n t i n v e s t i g a t i o n s 
f a v o r a more r o d - l i k e c o n f o r m a t i o n f o r xanthan, i n which case the 
t r a n s i t i o n a t c - 0 . 0 1 5 % c o u l d a r i s e due t o i n t e r p a r t i c l e i n t e r 
f e r e n c e e f f e c t s , and f u r t h e r s t u d i e s a r e i n p r o g r e s s on t h i s p o i n t . 

I n l a t e r work we reexamined low ( c o n s t a n t ) i o n i c s t r e n g t h 
s o l u t i o n s of a second xanthan specimen (Kelzan) u s i n g the more 
s e n s i t i v e method of photon c o r r e l a t i o n a n a l y s i s . F i g u r e 3 p r e s e n t s 
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Figure 2. T>t vs. concentration for xanthan in aqueous solution at low ionic strength. 
The data were recorded atO = 40°C and 25°C. 
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Figure 3. Plots of the logarithm of the correlation function vs. time for aqueous 
xanthan solutions at 0.023%, 0.069%, and 0.092% concentrations and low ionic 
strength (0.02% sodium azide). Data were collected at 6 = 40°C and 17°C. Y — B 
is the experimental measurement minus the background; (Y — B)1^ is equal to C(t) 

in Equation 2. 
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c o r r e l a t i o n f u n c t i o n s p l o t t e d as £n(Y - B) vs time f o r QELS d a t a 
o b t a i n e d from low i o n i c s t r e n g t h xanthan s o l u t i o n s a t t h r e e con
c e n t r a t i o n s ; 0.023%, 0.069%, and 0.092%. I t i s seen t h a t t h e p l o t 
f o r t he 0.023% xanthan s o l u t i o n shows a s i g n i f i c a n t degree o f 
c u r v a t u r e , which i s p r o b a b l y due t o the c o r r e l a t i o n l e n g t h p o l y -
d i s p e r s i t y . C o r r e l a t i o n f u n c t i o n s f o r 0.004% and 0.0115% s o l u t i o n s 
gave p l o t s s i m i l a r to the 0.023% p l o t i n t h a t they evidenced a 
s i n g l e , p o l y d i s p e r s e r e l a x a t i o n mode. However, the curves f o r the 
0. 069% and 0.092% s o l u t i o n s show a d i s c o n t i n u o u s change i n s l o p e : 
a degree o f c u r v a t u r e s i m i l a r t o the d a t a f o r c=0.023% i s e v i 
dent a t s h o r t e r c o r r e l a t i o n times ( T < 0.005s), but a t l o n g e r 
c o r r e l a t i o n times the curves appear to be l i n e a r . The da t a ob
t a i n e d from a 0.14% xanthan s o l u t i o n g i v e a p l o t o f £n(Y-B) vs 
time which i s q u a l i t a t i v e l y s i m i l a r t o 0.092% p l o t . 

The f i r s t moments (Y ) determined from the c o r r e l a t i o n 
f u n c t i o n s a r e p l o t t e d a g a i n s t c o n c e n t r a t i o n i n F i g u r e 4  r i n 
c r e a s e s w i t h c o n c e n t r a t i o
an i n f l e c t i o n , and the
^0.07% the d a t a i n d i c a t e t h a t f a s t and slow r e l a x a t i o n p r o c e s s e s 
c o e x i s t i n s o l u t i o n , as evidenced by the d i s c r e t e change i n the 
s l o p e o f the 0.069% curve i n F i g u r e 3. As the c o n c e n t r a t i o n i s 
i n c r e a s e d above 0.07%, r decreases t o an almost c o n s t a n t v a l u e f o r 
b o t h the f a s t and slow p r o c e s s e s . T h i s t r a n s i t i o n i s d e s i g n a t e d 
c 2 , and corresponds t o a major e f f e c t i n the q u a s i e l a s t i c l i g h t 
s c a t t e r i n g d a t a : s p e c i f i c a l l y , a t r a n s i t i o n from a s i n g l e ( p o l y 
d i s p e r s e ) r e l a x a t i o n mode to bimodal r e l a x a t i o n b e h a v i o r , due t o 
the appearance o f an a d d i t i o n a l slow r e l a x a t i o n mechanism as w e l l 
as a g e n e r a l s l o w i n g down of the r e l a x a t i o n t i m e s . 

P r e s e n t l y we can see two p o s s i b l e e x p l a n a t i o n s f o r the 
o c c u r r e n c e o f the c 2 t r a n s i t i o n . F i r s t l y , the t r a n s i t i o n c o u l d 
be due t o a s o l - g e l t r a n s i t i o n , such t h a t j u n c t i o n zones a r e 
formed a t c 2 through i n t e r m o l e c u l a r alignment of the s t i f f xan
than c h a i n segments. Under these c i r c u m s t a n c e s , the d i f f u s i o n o f 
the j u n c t i o n zones through the s o l u t i o n would be the source of the 
slow r e l a x a t i o n p r o c e s s . The f a s t r e l a x a t i o n p r o c e s s corresponds 
to the d i f f u s i o n of n o n - a l i g n e d c h a i n segments, i . e . s e c t i o n s o f 
the c h a i n s between j u n c t i o n zones. A second p o s s i b l e e x p l a n a t i o n 
a r i s e s from the hydrodynamical model f o r s e m i - d i l u t e s o l u t i o n s of 
r i g i d rods proposed by D o i and Edwards.(17,18) T h i s t h e o r e t i c a l 
model p r e d i c t s t h a t f o r s e m i - d i l u t e s o l u t i o n s the c o r r e l a t i o n 
f u n c t i o n w i l l e x h i b i t a t r a n s i t i o n to a n o n - e x p o n e n t i a l decay 
which bears a s t r o n g resemblance t o a bimodal e x p o n e n t i a l r e 
l a x a t i o n . However our e x p e r i m e n t a l r e s u l t s a r e o n l y q u a l i t a t i v e l y 
i n agreement w i t h the p r e d i c t i o n s o f D o i and Edwards, and f u r t h e r 
work i s n e c e s s a r y to d i s t i n g u i s h between these two p o s s i b i l i t i e s , 
1. e. j u n c t i o n zones between s e m i f l e x i b l e c h a i n s o r a c o m p l e t e l y 
r i g i d r od c o n f o r m a t i o n . 
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Thermal T r a n s i t i o n 

Our s t u d i e s of the thermal t r a n s i t i o n i n xanthan s o l u t i o n s 
were done u s i n g the spectrum a n a l y z e r , which was not s u f f i c i e n t l y 
s e n s i t i v e to a l l o w us t o perform experiments a t h i g h temperatures 
f o r c o n c e n t r a t i o n s below c*. N e v e r t h e l e s s , we were a b l e t o l o o k 
a t the thermal p r o p e r t i e s o f h i g h e r c o n c e n t r a t i o n s o l u t i o n s . 
F i g u r e 5 shows the hydrodynamic r a d i i determined from the Stokes-
E i n s t e i n e q u a t i o n p l o t t e d as a f u n c t i o n of temperature f o r a 0.1% 
s a l t - f r e e (NRRL) xanthan s o l u t i o n . T h i s c o n c e n t r a t i o n corresponds 
to s e m i d i l u t e c o n d i t i o n s ( c * < c < c 2 ) • However, we would expect 
t h a t the b e h a v i o r of the apparent hydrodynamic r a d i u s , R ^ H which 
i s c a l c u l a t e d from our apparent d i f f u s i o n c o e f f i c i e n t , w i l l be 
q u a l i t a t i v e l y s i m i l a r to the b e h a v i o r o f the t r u e R^. From 
F i g u r e 5 i t i s seen t h a t h e a t i n g the s o l u t i o n r e s u l t s i n an i n 
c r e a s e i n RgPP from 840A a t 15°C t o 940& a t 34°C, whereupon a 
f u r t h e r i n c r e a s e i n temperatur
d e c l i n e to 650A a t ^47°C
a g a i n i n c r e a s e w i t h temperature to a v a l u e of 770A at^68°C. Upon 
c o o l i n g the s o l u t i o n a s i g m o i d a l i n c r e a s e i n the hydrodynamic 
r a d i u s i s seen, w i t h m i d p o i n t ^39°C, and the r a d i u s measured a t 
room temperature (22°C) a f t e r h e a t i n g and c o o l i n g i s ^1100A, 
which i s ^ 200A l a r g e r than the o r i g i n a l v a l u e ( i . e . b e f o r e h e a t 
i n g ) . E x p e r i m e n t a l s p e c t r a o b t a i n e d i n the r e g i o n of the t r a n s i 
t i o n (35 - 40°C) c o u l d not be f i t t e d to a L o r e n t z i a n curve r e g a r d 
l e s s o f the number of p o i n t s s k i p p e d , and t h e r e f o r e Z-average 
hydrodynamic r a d i i c o u l d not be determined a t these temperatures. 

The d a t a i n d i c a t e t h a t the thermal t r a n s i t i o n e v i d e n t i n low 
i o n i c s t r e n g t h xanthan s o l u t i o n s r e s u l t s i n a r e d u c t i o n i n the 
apparent r a d i u s o f the p a r t i c l e , a r e s u l t which i s c o n s i s t e n t 
w i t h a h e l i x -> c o i l t r a n s i t i o n . The poor f i t to a s i n g l e L o r e n t z 
i a n c urve f o r the d a t a i n the t r a n s i t i o n r e g i o n i m p l i e s a g r e a t e r 
p o l y d i s p e r s i t y i n r e l a x a t i o n times a t these temperatures. T h i s 
i s a s i g n i f i c a n t o b s e r v a t i o n , s i n c e s i n g l e r e l a x a t i o n b e h a v i o r has 
been re p o r t e d ( 1 9 , ^ 0 ) i n the t r a n s i t i o n r e g i o n f o r o t h e r macro-
m o l e c u l e s t h a t a r e known to undergo s i n g l e h e l i x - c o i l t r a n s i t i o n s 
i n s o l u t i o n . I n t e r p r e t a t i o n of t h i s enhanced p o l y d i s p e r s i t y near 
T m i s d i f f i c u l t i n view o f the c o n c e n t r a t i o n , but the most l i k e l y 
e x p l a n a t i o n i s t h a t i n t e r m o l e c u l a r a s s o c i a t i o n s occu r below T m 

and these p r o b a b l y disengage j u s t p r i o r to the c o n f o r m a t i o n a l 
t r a n s i t i o n . I n support of t h i s i n t e r p r e t a t i o n we note t h a t 
q u i e s c e n t b i r e f r i n g e n c e has been observed i n low i o n i c s t r e n g t h 
xanthan s o l u t i o n s f o r c > 0.25%,(21) and t h a t t h i s b i r e f r i n g e n c e 
i s seen to d i s a p p e a r a t a v a l u e e q u a l to T m. I n a d d i t i o n the 
slow r e l a x a t i o n mode i n low i o n i c s t r e n g t h s o l u t i o n s of K e l z a n 
a t c > 0.07% (as d e s c r i b e d above) p o i n t s t o i n t e r m o l e c u l a r a s s o 
c i a t i o n s a t these h i g h e r c o n c e n t r a t i o n s . The h i g h e r v a l u e s of 
RfpP observed on c o o l i n g below T m a r e p r o b a b l y r e l a t e d to our 
o b s e r v a t i o n of a time dependent a g g r e g a t i o n i n xanthan a t low 
i o n i c s t r e n g t h . ( 1 2 ) 
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Figure 4. The z-average time constant Y vs. concentration for xanthan solutions in 
0.02% aqueous sodium azide: (X) values determined from single-mode correlation 
functions; (A and O) values determined for the fast and slow modes, respectively, 

from bimodal correlation functions. 
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Figure 5. Apparent hydrodynamic radii vs. temperature for a 0.1% xanthan solu
tion at low ionic strength: (X) data obtained on heating the solutions; (O) data 
obtained on subsequent cooling; ( ) temperatures where the z-average diffusion 

coefficients could not be determined, probably due to polydispersity. 
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C h a r a c t e r i z a t i o n of the Random C o i l Conformation 

The s o l u t i o n p r o p e r t i e s o f xanthan d i s s o l v e d i n 4M urea 
s o l u t i o n s ( c < 0 . 0 6 % ; low i o n i c s t r e n g t h ) are d i s t i n c t l y d i f f e r e n t 
a f t e r the s o l u t i o n has been heated f o r t h r e e hours a t 90°C and 
r e c o o l e d to room temperature. The o p t i c a l r o t a t i o n a t 365nm f o r 
unheated xanthan i n 4M urea i s [a] 3 5 5 = -46°, as compared to 
[ a ] 3 6 5 = - 15° f o r the heated and c o o l e d s o l u t i o n ; [a] 3 6 5 = - 35.8° 
f o r xanthan i n aqueous s o l u t i o n . F i g u r e 6 shows p l o t s o f [ a ] 3 6 5 
a g a i n s t temperature f o r xanthan i n aqueous s o l u t i o n ( A ) , and heat 
t r e a t e d xanthan i n 4M urea ( B ) . The aqueous s o l u t i o n shows d a t a 
v e r y s i m i l a r to t h a t r e p o r t e d by M o r r i s et: a l , (7) and p r o b a b l y 
corresponds to an o r d e r - d i s o r d e r t r a n s i t i o n . However, f o r the 
heat t r e a t e d 4M u r e a s o l u t i o n [a] 355 i s c o n s t a n t (-15°) up t o 
50°C, above which the n e g a t i v e r o t a t i o n decreases t o 20° a t 60°C. 
Above 55°C i t i s seen t h a t the b e h a v i o r f o r the two systems i s 
s i m i l a r : [ a ] 3 5 5 decrease
same r a t e . These d a t a
e x i s t between xanthan i n aqueous (unheated) and heat t r e a t e d 4M 
urea s o l u t i o n s , and t h a t the m o l e c u l a r c o n f o r m a t i o n i n the heated 
urea s o l u t i o n i s a random c o i l , which i s a l s o the c o n f o r m a t i o n i n 
low i o n i c s t r e n g t h s o l u t i o n s a t h i g h temperatures. 

D i s t i n c t d i f f e r e n c e s between the aqueous (unheated) and heat 
t r e a t e d 4M urea s o l u t i o n a r e a l s o seen i n the hydrodynamic p r o p e r 
t i e s . F i g u r e 7 i s a p l o t o f n Sp/c a g a i n s t shear r a t e (y) f o r 
0.025% s o l u t i o n s o f xanthan i n t h r e e s o l v e n t systems; (A) 0.01M 
N a C l , (B) 1.0M N a C l , and (C) heat t r e a t e d 4M u r e a . One can see 
t h a t the urea s o l u t i o n does not show the l a r g e shear t h i n n i n g e f 
f e c t s e v i d e n t i n the sodium c h l o r i d e s o l u t i o n s , w h i ch i s a g a i n 
s u g g e s t i v e o f a f l e x i b l e c o i l c o n f o r m a t i o n i n (heated) u r e a . We 
have a l s o determined the zero shear i n t r i n s i c v i s c o s i t i e s and 
l i m i t i n g 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 s f o r xanthan i n b o t h 
the o r d e r e d and random c o n f o r m a t i o n s , and have c a l c u l a t e d t h e 
hydrodynamic r a d i i u s i n g the S t o k e s - E i n s t e i n e q u a t i o n . These d a t a 
are p r e s e n t e d i n T a b l e I . Our v a l u e s f o r the zero shear i n t r i n s i c 
v i s c o s i t i e s a r e o f l i m i t e d a c c u r a c y s i n c e we have used a 4-bulb 
v a r i a b l e shear c a p i l l a r y v i s c o m e t e r f o r these measurements, and 
a low shear Newtonian v i s c o s i t y regime was not d e t e c t e d . Never
t h e l e s s , t h i s t e c h n i q u e does demonstrate the l a r g e hydrodynamic 
d i f f e r e n c e s between the two xanthan c o n f o r m a t i o n s . The hydro-
dynamic r a d i i c a l c u l a t e d f o r the o r d e r e d and d i s o r d e r e d c o n f o r 
mations agree q u a l i t a t i v e l y w i t h our r e s u l t s o b t a i n e d from a 
s a l t - f r e e 0.1% s o l u t i o n as a f u n c t i o n o f temperature. The d i s 
o r d e r e d c o n f o r m a t i o n has a s m a l l e r hydrodynamic r a d i u s , which 
i s p r o b a b l y s e n s i t i v e to i o n i c s t r e n g t h . We note t h a t D i n t z i s 
e t a l ( 2 2 ) o r i g i n a l l y a p p l i e d the s o l u t i o n p r e p a r a t i o n t e c h n i q u e 
of h e a t i n g 4M u r e a xanthan s o l u t i o n s , and concluded t h a t such 
s o l u t i o n s were " t r u e s o l u t i o n s 1 1 of xanthan, whereas unheated 
s o l u t i o n s i n e i t h e r 4M urea o r ammonium a c e t a t e were not " t r u e 
s o l u t i o n s " , but formed d i s p e r s i o n s . Our data show t h a t con
f o r m a t i o n a l d i f f e r e n c e s a r e apparent i n these s o l u t i o n s . 
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Figure 6. Specific optical rotation [a]365 vs. temperature: (O) data for a 0.06% 
solution of xanthan in 0.02%) sodium azide; (X) data for a 0.047% solution of 

xanthan in 4M urea that had been maintained at90°C for 3 h. 
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Figure 7. Plots of r)sp/c vs. shear rate (y) for 0.025%) xanthan solutions in the 
following solvents: (X) 0.01M sodium chloride; (O) l.OM sodium chloride; (U) 
4M urea. The solution was maintained at 90°C for 3 h before collecting the data. 
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Abstract 

Quasielastic light scattering has been used to investigate 
the properties of xanthan gum in aqueous solution as a function 
of concentration, temperature, and solvent. With increasing 
concentration, a transition is seen at c* = 0.015% corresponding 
approximately to the onset of molecular overlap. A second tran
sition is also detected at a higher concentration c 2 = 0.07% 
where, in addition to a general reduction in the relaxation times, 
the single (polydisperse) relaxation mode observed below c 2 is 
replaced by bimodal behavior above the transition. Two possible 
explanations exist for such an effect: the slow mode could ori
ginate from intermolecular associations of semirigid chains; 
alternatively, xanthan
tion and such a system
motions (restricted rotations) above a critical concentration 
[Doi and Edwards(17,18)]. The thermal transition evident in low 
ionic strength xanthan solutions can be followed by light scat
tering, and it is observed that the apparent hydrodynamic radius 
significantly decreases with increasing temperature in the vici
nity of the transition temperature, T m . In addition there is an 
increase in the macromolecular polydispersity near to T m . These 
results indicate that the thermal transition corresponds to a 
disruption of an aggregate structure which is coincident with 
the previously reported conformational change. Finally, the 
solution properties of xanthan solutions in 4M urea following 
heat treatment are interpreted in terms of a truly random coil 
conformation under these conditions. 
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2 
Is Xanthan a Wormlike Chain or a Rigid Rod? 

GEORGE M. HOLZWARTH 

Exxon Research and Engineering Company, P.O. Box 45, Linden, ΝJ 07036 

Xanthan is a high-molecular-weight
spread utility as a viscosity-increasing
Aqueous xanthan solutions are markedly shear-thinning (non-New
tonian): the viscosity of a 1 mg/ml solution changes from 700 
cP to less than 10 cP as the shear stress varies from 0.01 to 20 
dyne cm-2. 

Shear thinning behavior of dilute polymer solutions can be 
qualitatively explained by two distinct models: (1) the mole
cule may be a non-deformable, highly elongated prolate ellipsoid 
which becomes oriented at high shear stresses; (2) the molecule 
may be a stiff but nevertheless wormlike chain which becomes 
oriented and deformed under high shear stresses. 

The first model has been explored for xanthan by Whitcomb and 
Macosko (1), who show that an undeformable ellipsoid of length 
1.5 μm and midpoint diameter 19 A can fit data they observed for 
the variation of intrinsic viscosity with shear stress in dis
tilled water. Rinaudo and Milas (2) have also adopted this model 
to fit their intrinsic viscosity and sedimentation data. 

In contrast, a recent study from this laboratory (3) concludes 
that native xanthan molecules are better viewed as st i ff but worm
like chains. This conclusion follows from measurements of zero-
shear intrinsic viscosity for a homologous series of xanthans of 
different molecular weight: for native xanthan the exponent z in 
the relation [η] = KMZ is only 0.96 rather than 1.8 as expected 
for rigid rods. It is the goal of this paper to explore whether 
a wormlike model is consistent with other experimental data, es
pecially the dependence of intrinsic viscosity on shear stress 
(non-Newtonian behavior). 

Chain stiffness can be quantitatively characterized by the 
persistence length a, defined as 
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16 SOLUTION PROPERTIES OF POLYSACCHARIDES 

where ĥ  is the mean-square end-to-end length of the polymer, J_ 
is the contour length of the chain, and n is the number of repeat
ing units. For a flexible chain like polystyrene dissolved in 
benzene, a. is less than 1 nm; for double helical DNA, a_=60 nm (180 
base-pairs (_4); for a-helical poly-benzy 1-L- glutamate, which be
haves as a rigid rod for all lengths synthesized to date (5_), the 
persistence length is comparable to or exceeds the longest molec
ular length (300 nm). 

What is the persistence length of xanthan? The ellipsoid 
model of Whitcomb and Macosko (1) would imply a>1.5pm. The el
lipsoid model of Rinaudo and MiTas (2) implies a>0.6ym. On the 
other hand, the close similarity between the intrinsic viscosity 
of xanthan and of DNA (_3) for the same molecular weight suggests 
that the persistence lengths of the two polymers are similar, 
i.e. â 50 nm. 

If a=50 nm, what is the ratio of contour length L to the per
sistence length? The pentasaccharid
the length i_ of the residue (two $-( l+4)-D-glucopyranose units) is 
about 10A. The polymer molecular weight is between 2x10̂  {2,6) 
and 15x106 (_3). Taking M=10xl06 (a median value for various sam
ples from my own work) as a guide, one finds that the degree of 
polymerization (DP) is 10̂  and the single strand contour length 
DP x £= lOun. Although x-ray studies (_7) favor a sinqle-stranded 
structure, there is evidence that xanthan may be double-stranded 
(8); this would mean that the contour length is 5yn. Xanthan mol
ecules in this length range have been seen in electron micrographs 
prepared under conditions which will stretch out the chains (8). 

If the persistence length is 50 nm and the contour length is 
50un, then the contour length is on the order of 100 times the 
persistence length. Such a chain is coiled in solution. Another 
way of expressing this model is to say that xanthan (M=10̂ ) be
haves hydrodynamically like a flexible chain with about 50 freely-
jointed Kuhn-equivalent links each about 100 nm long. 

Is such a deformable chain model inconsistent with the non-
Newtonian intrinsic viscosity? Finding an answer to this question 
is the goal of this paper. To this end, the viscosity of xanthan 
solutions was measured over a broad range of shear stress, includ
ing especially the low-shear Newtonian limit which has not been 
measured by Whitcomb and Macosko. The intrinsic viscosity at 
various shear stresses was then determined and the resultant ex
perimental curve was compared to theoretical expectations for a 
flexible chain (bead-and-spring) model. 

Materials and Methods. The xanthan sample employed was a 
commercial dry powder (Keltrol) from Kelco Co. Samples were 
hydrated without further purification by overnight stirring in 
deionized water, then diluted with predissolved buffer concen
trate to a final solvent containing 0.8M NaCl, 0.04 M PO4, .02% 
NaN3, pH 7. 
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2. H O L Z W A R T H Xanthan: Chain or Rod 17 

Viscosity was measured with several instruments. For lowest 
shear rates a rotating-cylinder viscometer, constructed in this 
laboratory by using principles described by Zimm and others (_9), 
was used. The inner cylinder (rotor) was suspended in the test 
solution by a feedback-controlled pressure regulator (Cartesian 
diver principle). This type of suspension eliminates all mech
anical bearings except the solution in question and eliminates 
the possibility of interference by films at solution-air inter
faces. The outer, stationary cylinder is made of precision 
glass-tubing. The rotor contains a lacquered aluminum ring to 
which a torque is applied by a rotating magnetic field. The 
rotating magnetic field is provided by the stator of a commercial 
electric motor. The driving torque on the aluminum ring in the 
rotor is varied by adjusting the electrical voltage applied to 
the motor windings. Shear stresses of .001 to .06 dyne cm"2 

were employed; the corresponding shear rates were approximately 
0.01-1 sec~l. These shea
than solutions behave as Newtonian fluids. The sample temper
ature was 20°. The viscosity of buffer was used as a standard 
to convert the rotation period of the rotor into an absolute 
viscosity. 

Two commercial viscometers were used at higher shear stresses: 
a Rheometrics Mechanical Spectrometer with sensitive transducer 
(data kindly provided by P. J. Whitcomb of General Mills Chemicals 
Co.), and a Contraves instrument (data kindly provided by W. Gale 
and B. Boseck of Exxon Production Research Co.). Viscosity stand
ards from Cannon Instrument Co. were used to check the Contraves 
instrument. 

Results. In Figure 1 are shown the viscosity versus shear 
stress data for xanthan solutions (.1 to 1 mg/ml) in 0.5M NaCl, 
0.04M phosphate buffer, pH 7, containing 0.02% NaN3 as a pre
servative. The data show a Newtonian plateau between 0.001 and 
0.08 dyne/cm2 for 0.1, 0.2, and 0.3 mg/ml. As the shear stress 
increases beyond 0.1 dyne/cm2, a sharp drop occurs in the vis
cosity. The viscosity decreases until a second Newtonian plateau 
is reached at 2-20 dyne/cm2. For higher xanthan concentrations 
the low-shear stress Newtonian plateau occurs at lower shear 
stresses and the transition between the two plateaus is broadened. 
Whitcomb and Macosko (2) have reported similar data except that 
their data did not extend into the low-shear Newtonian range at 
low concentrations. 

In order to make a molecular interpretation from these data, 
it is necessary to obtain a plot of intrinsic viscosity versus 
shear stress. For this purpose the raw viscosity data in Figure 
1 were first fitted to a simple equation, the Meter equation, 
which has four parameters 
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2. HOLZWARTH Xanthan: Chain or Rod 19 

Boger (]Q) has shown that this equation works remarkably well 
in fitting viscosity data for polyacryamide solutions over four 
decades in shear stress including both the low and high shear 
Newtonian plateaus. 

Table 1 lists the parameters obtained from a least-squares 
f i t to the measured data at 100, 200, and 300 mg/1 xanthan con
centration. 
Concentration n„ n x a-1 

o » m ? 

mg/1 cP cP dyne/cm 

100 2.5+0.1 1.6+.1 0.6+0.1 2.4+.8 
200 6.5+0.3 1.7+0.4 0.5+0.1 1.1+.3 
300 14.7+0.4 2.0+.3 0.48+0.04 1.2+.1 

From the data in Figure 1 and Table 1, parameter values for 
the Meter equation describing the intrinsic viscosity can be es
timated: [n]0 = 8000 ml/g [ n L = 3000 ml/g, T m = 0.5 dyne cm*2, 
a-1 = 1.5 (geometric mean). Figure 2 shows a plot of [n]/[n]ovs* 
shear stress in 0.5M NaCl, 0.04M PO4 pH 7 at 20°. Whitcomb and 
Macosko have previously reported the intrinsic viscosity of xan
than but in distilled water. Where the shear stresses overlap, 
the data are very similar to those in 0.5M NaCl. There is thus 
remarkably little effect of ionic strength on the shear stress at 
which [n]/[n]0 drops sharply. However, the value of [nJo o b ~ 
tained by Whitcomb and Macosko, 24700 ml/g, is substantially 
greater than the value obtained here, 8000 ml/g. 

The question now arises, what model(s) make these data under
standable in molecular terms? In Figure 2 is shown the non-New
tonian intrinsic viscos- ity for the rigid rod model, with length 
1.5 m and midpoint diameter 1.9 nm, as calculated by Whitcomb 
and Macosko (V). The model gives a satisfactory f i t to the ex
perimental data, including the new data for the first Newtonian 
plateau. 

Testing the deformable chain model is more problematic. 
Only recently has the theory of chain dynamics been extended by 
Peterlin (Y\) and by Fixman (J2_) to encompass the known non-New
tonian intrinsic viscosity of flexible polymers. This theory, 
which is an extension of the Rouse-Zimm bead-and-spring model but 
which includes excluded volume effects, is much more complex than 
that for undeformable ellipsoids, and approximations are needed 
to make the problem tractable. Nevertheless, this theory agrees 
remarkably well (J3_) with observations on polystyrene, which is 
surely a flexible chain. In particular, the theory predicts quite 
well the characteristic shear stress at which the intrinsic vis
cosity of polystyrene begins to drop from its low-shear Newtonian 
piateau. 
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20 SOLUTION PROPERTIES OF POLYSACCHARIDES 

How well do predicted and observed non-Newtonian intrinsic 
viscosity agree for a wormlike model of xanthan? Fixman (Ref. _1_2, 
Fig. 4) gives the non-Newtonian intrinsic viscosity for a flex
ible chain model at various values of the excluded volume param
eter a n as a function of the normalized shear rate parameter Kn. 
The parameter Kn, which incorporates the effects of molecular 
weight and chain stiffness, equals 1.71[n]0Mnog/RT where [nJo 
is the polymer intrinsic viscosity at zero shear stress, 0 "is 
the solvent viscosity, g is the shear rate in sec"̂  and the 
other symbols have their usual meaning. 

The experimental parameters required in the theory to model 
the chain and its stiffness are M, [n]o, and an excluded volume 
parameter. For xanthan we take a log-normal distribution in M 
between IxlO6 and 30xl06, with peak at lOxlO6 and width approxi
mating the observed distribution (3). The intrinsic viscosity 
at each molecular weight is fixed "by the relation [n] = 4.76x10-4 
JV| 1.046 taken from [n]-M
volume parameter (Fixman
tremes with a n = 1.0 (Fixman's 1=1) and a n = 2.5 (Fixman's 1=7). 
Since xanthan is a polyelectrolyte (a factor not included in the 
theory), the large value of a n may be more appropriate, although 
a large ionic strength (0.8 M NaCl) was chosen for the experimen
tal work to suppress polyelectrolyte expansion. 

In Figure 2 is shown the calculated curve of the ratio [n]/ 
[n]o at various values of shear stress for the bead-spring 
(Fixman) theory with a n = 1.00 and a n = 2.5. It is apparent 
that Fixman's theory without any adjustable parameters can ex
plain the data at least qualitatively, for a n = 2.5. This 
bead-spring model can give a reasonably accurate representation 
of the specific shear stress at which [n] first decreases, and 
the rate of decrease with shear stress is also predictable. 

A critical reader might ask what effects a lower molecular 
weight, for example 2x10° rather than 10x106, would have on the 
theoretical curve. The major effect would be to decrease Kn by 
the multiplicative factor 0.2. This would shift the theoretical 
curve to higher shear stresses (by a factor of 5) for a given 
value of [n]/[n]0 in Fig. 2, making the agreement with experi
ment less, satisfactory. 

It should be emphasized that the agreement between the bead-
and spring model and the data for xanthan in Figure 2 does not 
mean that xanthan is a typical flexible chain. Rather, it means 
that, although the chain is very stiff (persistence length of 
order 50 nm and about 100 pentasaccharide repeating units per 
persistence length, the molecular weight of the native molecule 
is so high (contour length many times longer than the persistence 
length) that the chain behaves hydrodynamically as a random 
coi 1. 

A qualitative view of the molecular basis for the non-New
tonian intrinsic viscosity can then be attempted. This is 
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2. H O L Z W A R T H Xanthan: Chain or Rod 21 

Figure 2. Normalized plot of intrinsic viscosity vs. shear stress: ( ) experimen
tal data derived from Figure 1; ( ) F(l) and F(7) are calculated for the bead-
and-spring model with Fixman's excluded volume parameter 1 = 1 and 7 (&v = 1.0 
and 2.5, respectively); (- • -) calculated for a rigid ellipsoid with length = 1.5 fim 

and minor diameter =1.9 nm (1). 

RIGID RODS 

WORMLIKE CHAIN 

1 .0 

.001 .01 .1 10 100 

Figure 3. Diagram of the effect of shear 
gradient on shape and orientation of a 
wormlike xanthan chain and a rigid-rod 

model. 
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22 SOLUTION PROPERTIES OF POLYSACCHARIDES 

shown in Fig. 3. At low shear stresses, the molecule, with con
tour length about 100 times as long as the persistence length, is 
approximately spherical. At shear stresses for which the intrin
sic viscosity begins to decrease from its zero shear limit, the 
chain is somewhat extended. Finally, at sufficiently large shear 
stresses, the chain becomes greatly extended. In contrast, the 
sole effect of shear gradient on a solution of rigid rods is 
orientation (Fig. 3). 

Can the wormlike model f i t other data? It was argued above 
that the Kuhn-equivalent approximation to the xanthan chain 
(M=107) is 50 freely jointed links each 100 nm long. For this 
chain, the root mean square radius of gyration s can be esti
mated: 

(S2)l/2 = (nL2/6) V2 = 3000 A 

The intrinsic viscosity
x S is 

[rilo = 10rf NA [0.875 S]3/3M = 10,000 ml/g 

These values are in the observed range of xanthan (2,3,6,14). 
When xanthan is denatured by heating above its "melting 

temperature" in a buffer of low ionic strength, the chain con
formation is altered. The denatured form has a viscosity which 
depends much more strongly on ionic strength than the native form 
(15); this suggests that the persistence length of the denatured 
polymer is less than that of the native structure, although ex-
cluded-volume effects probably also contribute (16). Recently, 
it has also been shown that the viscosity of theTenatured form 
shows a weaker non-Newtonian behavior than the native molecule 
(17). It would be very interesting to extend these observations 
by measuring the intrinsic viscosity at zero shear stress for the 
denatured molecule. 

It is important to note that the typical application of xan
than uses a semi-dilute, not dilute solution. Interactions be
tween the chains, which are not considered in this study, play an 
important role in the viscosity of these solutions. 

Summary. The non-Newtonian intrinsic viscosity of xanthan 
can be explained either by a bead-spring model or by a rigid rod 
model with appropriate parameters. A Kuhn-equivalent chain with 
about 200 repeating units per link and about 50 links per mole
cule is in my view more consistent with all the data than is a 
rigid rod model. 
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3 
Investigation on Conformational Properties of 
Xanthan in Aqueous Solutions 

M. MILAS and M. RINAUDO 

Centre de Recherches sur les Macromolécules Végétales, Laboratoire propre du 
C.N.R.S., associé à l'Université Scientifique et Médicale de Grenoble, 
53 X - 38041 Grenoble Cedex, France 

The ordered conformatio
interpreted as an heli
perature TM depending on the polymer concentration, ionic strength, 
nature of the counterions (1-3). It seems that until now, the 
dependence of TM on the degree of neutralization (or pH) of the 
polyacid form and on the molecular weight has not been investiga
ted. 

The dependence of conformational transition on the pH. 

In this part of the work, we report the results of potentio-
metry and optical rotation measurements. At different tempera
tures we have measured (Figure 1a) the dependence of the apparent 
pKa on the degree of dissociation αt. The pKa is defined as : 

where at is the total degree of dissociation ; αt = αH+ + αN with 
αH+ the degree of autodissociation of the carboxylic site during 

the titration (αH+ = , Cp the concentration of xanthan expres

sed in equivalent per liter) and αN the degree of neutralization. 
Under acid form of the polymer, one gets : αt with α the 
initial degree of ionization of the acidic groups. One observes 
that the curves change with increasing temperature. Above 40°C a 
shift in the position of the maximum can be observed. A similar 
behavior is found for the optical rotation as a function of αt 

and the temperature (Figure 2a). Consideration of both figures 
leads us to the conclusion that there is a conformational change 
when αt increases. This transition takes place for a given mel
ting dissociation degree ( α t ) M which decreases when the tempera-
ture increases. ( ( α t ) Μ is taken as half transition at [α] 300 = 

- 75° decig. - 1 cm2). A plot of ( α t ) M as a function of the tempe
rature in Figure 2b shows a transition around 40°C. This 
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temperature separates i n fact the two realms of different beha
vior of Xanthan solutions as shown i n Figure l a . 

Behavior above 40°C. The behavior i s that of a polyelectro
lyte with a charge-driven conformational change as monitored by 
optical rotation. The values of [a] increase for the values of 
a t between 0.3 and 0.5 due to the conformational transition 
(Figure 2a). The pK a changes (Figure la) are in agreement with 
the [of| curves and show a conformational transition with variation 
of the charge potential. In that range of temperatures both the 
i n i t i a l degree of dissociation (Figure lb) and the corresponding 
pK a vary only s l i g h t l y with temperature. In the presence of an 
excess of s a l t (Figure 3a) the pK a i s independent of the degree of 
t i t r a t i o n and equal to 3.3 ; a correction based on the Debye-
Huckel theory for the ionic strength gives an i n t r i n s i c pK Q =3.14 
for the carboxylic groups  The i n i t i a l degree of dissociation i s 
around 0.5 just as wit
the range of polymer concentratio

Above 40°C the behavior i s quite normal and controlled by the 
main h e l i x - c o i l transition of the polysaccharide. This i s not the 
case when the temperature i s lower ; thus when the o p t i c a l rota
tion of the acidic form of Xanthan [ a ] H i s investigated, there i s 
a f i r s t small tr a n s i t i o n around 40°C and the value [CX]H i s i n 
agreement with a h e l i c a l structure irrespective of the presence or 
absence of external s a l t (Figure 3b) ( [a] under c o i l form i s 
around -50° decig.~lcm 2). 

Behavior below 40°C. The pK a values are lower for low a t and 
at the same time the i n i t i a l apparent degree of dissociation i s 
high (Figure 1). In Figure lb, the i n i t i a l degree of dissociation 
ag i s plotted as a function of the temperature. A transition i s 
confirmed around 30°C. 

In excess s a l t at 10°C, the pK a i s exceptionally low (pKa = 
2.8 and the corresponding i n t r i n s i c pK Q should be lower than 2.64 
and the i n i t i a l degree of dissociation ag i s very high i n absence 
of external acid added. 

From op t i c a l rotation, i t i s clear that the secondary struc
ture i s much more stable at temperatures below 40°C than above 
40°C ; the degree of dissociation necessary for melting at 10°C 
is 0.7 (Figure 2). 

From this set of experimental results, i t i s suggested that 
hydrogen bonds exist at low temperature. Intramolecular bonds 
could s t a b i l i z e the secondary ordered structure, which exists at 
low temperature even when the apparent degree of dissociation 
reaches to 0.7. Such hydrogen bonds are presumed to involve the 
carboxylic and hydroxyl groups i n the chain. This would increases 
the l a b i l i t y of the proton and correspond to a decrease of the 
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Figure 1. (a) Apparent pKa of the car
boxylic groups as a function of the total 
degree of dissociation (at) at different 
temperatures in water (Cp = 7.10* 
equiv/L); (b) initial degree of autodisso
ciation of the poly acid aH° as a function 

of the temperature. 

. . 70*c 
. 6 0 
. 50 
• 40 
. 30 
* 20 
. 1 0 

\ 

10 30 50 70 t \ 

Figure 2. (a) Specific optical rotation 
[a]300 as a function of the total degree of 
dissociation (at) at different temperatures 
in water (Cv = 7.104 equiv/L); (b) the 
degree of dissociation (at)M (corresponding 
to the conformational change) as a func
tion of the temperature. The data on Fig
ure 2b have been obtained from Figure 2a. 

K r , 3 0 0 . NaCl .1 N 
Wu * H 2 ° 

10 30 50 70 
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Figure 3. (a) Apparent pKa of the car
boxylic groups in excess of external salt 
(NaCl 0.1N) at 10°C and 70°C (Cv = 
7.104 equiv/L); (b) optical rotation 
[a]H

300 (acidic form) as a function of the 
temperature in water and in 0.1N NaCl. 

fC p = 7.10'4 equiv/L). 
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Structure of the solution and dependence on the molecular weight 
of Xanthan. 

The different molecular weights of Xanthan were obtained by 
p a r t i a l enzymic hydrolysis (5_) . I t i s shown i n Figure 4 that the 
melting temperature T M decreases with decreasing molecular weight 
although the slopes of the curves T M = f dog ut) which correlate 
with the heat of melting and with the charge parameter, are iden
t i c a l . This dependence i s probably due to a cooperative conforma
tio n a l t r a n s i t i o n as suggested by Holzwarth (6_) the degree of coo-
p e r a t i v i t y decreases with a decrease i n the molecular weight. 

As previously described, when the conformation i s ordered 
(as evidence by the optical rotation [a]) the molecule i s r i g i d 
and the solution becomes anisotropic ; this birefringence appears 
between crossed polarizers. In Table I, the c r i t i c a l concentra-
tions (in the absence of external salt) (C ) for the appearence 
of h e l i c a l conformation
fringence at 25°C are give
weights. 

TABLE I C r i t i c a l concentrations at 25°C of 
ordered structure formation as a 
function of the molecular weights. 

\ C* g/1 C** g/1 
(birefringence) 

(a) (b) 

1.4 10 5 20 ± 3 33 ± 3 

2 10 5 10 ± 2 22,5 ± 2 

7 10 5 7 ± 1 8 ± 2 

3.2 10 6 3 ± 0.5 3 ± 1 

(a) from the curve T M = (log C p) when T M = 25°C 
(b) from observation between crossed polarizers. 

The data i n Table I suggest that the ordered h e l i c a l confor
mation i s necessary for birefringence to develop (which appears 
for a C** > c*) • For the higher molecular weights C** ^ C* clue 
to the ionic strength necessary to induce the h e l i c a l conformation 
at 25°C. 

The values of C** are a linear function of (M^)"1 (Figure 5); 
the organization of the solution i s correlated with the length of 
the molecule i n agreement with the model of Flory {7) . 
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tional change for different molecular 
weight fractions of xanthan as a function 
of the total ionic strength (fit = $C P + 
Cs), where $ is the activity coefficient of 
sodium xanthan in the absence of external 

salt and is equal to 0.65 (8) 

Figure 5. Critical concentration for the 
appearance of birefringence as a function 
of the inverse of the molecular weights 
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Experimental 

The commercial sample of Xanthan has been p u r i f i e d and p r e c i 
pitated as the pure Na s a l t . Its characteristics were given i n a 
previous work (1_) . The acidic form i s obtained by percolation 
through an ion exchanger IR 120 H followed by progressive neutra
l i z a t i o n with NaOH. The carboxylic content i s 1.58 x 10"3 equiv/g 
(Na form) i n good agreement with the calculated value from the 
chemical structure proposed by Lindberg (9_) . The pH i s measured 
using a TACUSSEL Minisis 6000 after c a l i b r a t i o n with buffer solu
tions pH ~ 7 and 4 at each temperature. 

The anisotropy of the Xanthan solutions i s observed between 
crossed polarizers. The o p t i c a l rotation i s expressed as the spe
c i f i c rotation [ a ] 3 0 0 determined at a wavelength 300 nm i n a 10 cm 
quartz c e l l with a spectropol 1 from FICA. 
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Xanthan Gum with Improved Dispersibility 

P. A. SANDFORD, J. BAIRD, and I. W. COTTRELL 

Kelco Division of Merck & Co., Inc., 8225 Aero Drive, San Diego, CA 92123 

Xanthan gum (1) i
exopolysaccharide produce
campestris. Xanthan gum owes its commercial importance to its 
thickening, suspending and pseudoplastic properties in aqueous 
systems (2-9). Both industrial and food approved xanthan gum 
are available. 

Factors Affecting Gum Dispersibility 

Most high molecular weight hydrocolloids such as xanthan 
gum, guar gum, carboxymethylcellulose, etc., generally require 
a combination of vigorous and/or lengthy mixing times to pro
duce uniform dispersion and complete hydration. 

The problem of "fish-eye" formation is often encountered 
during dispersing of gums. When a gum particle begins to 
hydrate, often a gelatinous layer of partially hydrated gum 
forms on the outside of the particle and prevents water from 
penetrating to complete hydration and dissolution of the 
particle. Ideally, what is desired is a lump-free solution/ 
dispersion that forms rapidly without vigorous agitation. 
However, in the industrial application of gums, often many 
diff icult and varied hydration conditions are encountered 
(Figure 1). Often agitation is severely limiting thus making 
dispersion of gums dif f icult . Also, because of their many 
different uses, gums encounter a large variety of pH values, 
ionic environments, temperatures, etc. , and gums are often 
mixed with surfactants, fats, o i l s , proteins, and various 
carbohydrates. Further, regulatory restrictions are placed 
on the use of gums in foods. 

Methods of Improving the Dispersibility of Gums 

The most common physical means of dispersing gums are 
listed in Figure 2. Some benefit can be obtained by generating 
bubbles (10) in situ (e.g., CO2 evolution from reacting NaHCO3 

0097-6156/81/0150-0031$05.00/0 
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and c i t r i c acid), but often the high shear of a mixer or 
vigorous agitation encountered i n the use of a dry powder 
eductor (aspirator) i s more ef fective(JL). 

A technique (JL) often used i n dispersing gums into food 
preparations i s the separation of gum p a r t i c l e s by blending 
with the dry components of a formulation (e.g., sugar, starch). 
Another technique used to disperse gums i s to slurry powder i n 
either water miscible non-aqueous liquids such as vegetable 
o i l p r i o r to adding water. These non-aqueous solvents allow 
the gum par t i c l e s to remain separated and hydrate slowly without 
forming lumps. Encapsulation of gums (11) also accomplishes the 
same effect of keeping hydrating gum par t i c l e s separated. 

Agglomeration (12) of gum p a r t i c l e s can also result i n a 
dispersible gum preparation. Agglomeration ba s i c a l l y involves 
moistening gum p a r t i c l e s which then stick together while the 
moisture i s removed, and the agglomerated p a r t i c l e s hydrate 
rapidly without lumping
costly. Sometimes by prope
lumping of some gums during dispersion i n water can be minimized. 

In addition to the various physical means used to obtain 
lump-free gum solutions/dispersions, various chemical treatments 
of hydrocolloids have been applied successfully (Figure 3). 
The most effective chemical methods for effecting d i s p e r s i b i l i t y 
are the use of cross-linking agents. 

The most common chemical method used i n rendering gums 
dispersible i s their reaction with aldehydes and, i n particular, 
dialdehydes. Divalent metal ions can cross-link xanthan gum, 
pa r t i c u l a r l y under alkaline conditions. For example, xanthan 
gum precipitated with calcium ions at pH 10-12 i s insoluble at 
neutral pH (13, 14). Such a xanthan gum/calcium complex can 
be dispersed readily (since i t i s r e a l l y insoluble) and, by 
adding acid ( p a r t i c u l a r l y i f the acid complexes the calcium) 
such as c i t r a t e , the xanthan gum/calcium complex can be broken 
which allows the gum to hydrate and develop lump-free solutions. 
Knowledge of the behavior of the various s a l t forms of xanthan 
gum allows the design of other ways for dispersing the gum. 

Borate also forms complexes with xanthan gum under alkaline 
conditions and allows the design of a system for increasing 
the d i s p e r s i b i l i t y of xanthan gum i n alkaline waters. More 
details on thi s process are presented later. 

Other chemical derivatives of xanthan gum would be expected 
to have altered d i s p e r s i b i l i t y and hydration behavior. 

Glyoxal Treatment of Polyhydroxyls (14-19) 

Glyoxal, because of i t s unique chemistry, i s probably 
the most commonly used chemical agent for treatment of gums 
for improving d i s p e r s i b i l i t y i n non-food applications. The 
most important reactions of glyoxal are l i s t e d i n Figure 5• 
Near neutral pH values, one glyoxal molecule tends to react 
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Agitation 

PH 
Metal ions 
Salts 

» Temperature 
> Gum particle size 
• Other components in 

hydration fluid 

— Very low to vigorous 
- 2 to 12 

I — i Soft water, hard water, brines 
) - I Na+, K+, C a + + , M g + + , A l + + + , Cr+++ 

- 0to120°C 
— 20- to 325-mesh (Tyler standard screen) 

j Surfactants, oils/fats, proteins, 
I carbohydrates (sugar, starch, other gums) 

Figure 1. Factors affecting gum dispersibility 

Agitation 
• low shear—in situ bubble formation (CO2) 
• high-shear mixer 
• eductor/aspirator 

Separation/coating of gum particles 
• dry-mix dispersion (sugar, starch, clay) 
• liquid-mix dispersion 

-miscible non-aqueous liquids (glycols, alcohols) 
-non-miscible non-aqueous liquids (vegetable oil) 

• encapsulation 

Figure 2. Physical means of improving 
the dispersibility of gums 

Selection of particle size 
* mesh size 
• agglomeration 

CrossHnking/ ŝolubilization 
• Aldehydes 

— Formaldehyde 
— Glyoxal 
— Gluteraldehyde 

• Metal ions 
— Divalent (Ca++, Mg++) 
— Trivalent(AI+++) 
— Higher valences 

• Borates 

it Resolubilization Method 
Base-catalyzed hydrolysis 

pH adjustment 

Metal-complexing agents 

pH adjustment 

Figure 3. Chemical means of improving the dispersibility of gums 
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with the single C-6 primary hydroxyl of the polysaccharide 
to form hemiacetal-I (Figure 4). At lower pH values, glyoxal 
tends to form a chemical bridge between two C-6 primary 
hydroxyls, hemiacetal-II (Figure 4). Increasing the tempera
ture during glyoxal treatment at low pH values can result i n 
complete reaction of the glyoxal with four primary hydroxyls. 
However, t h i s acetal-III i s much more stable to alkaline 
hydrolysis r e l a t i v e to the hemiacetals I and II. 

It i s the r e l a t i v e ease of hydrolysis of hemiacetals 
I and II from a polysaccharide that i s so attractive i n effect
ing d i s p e r s i b i l i t y . Glyoxal-treated xanthan gum and other gums 
are very dispersible because of their r e l a t i v e i n s o l u b i l i t y but 
as the acetals are hydrolyzed, the gums begin to hydrate at a 
rate that allows each gum p a r t i c l e to remain separated to form 
lump-free solutions. 

By a l t e r i n g the glyoxal treatment  a spectrum of glyoxal-
treated gums re s u l t s , eac
d i s p e r s i b i l i t y properties

Figure 6 l i s t s representative methods disclosed i n the 
l i t e r a t u r e used to treat various hydrocolloids such as xanthan 
gum with glyoxal. Gums have been treated using glyoxal i n i t s 
l i q u i d (e.g., 40% i n water) form (14, 15, 16, 17, 19), s o l i d 
( c r y s t a l l i n e dihydrate, mp 15°C) form (18), and vapor (bp-jj^ 
51°C) form (15). The most commonly used glyoxal reagent i s a 40 
percent solution i n water. Also to be noted i n Figure 5 i s that 
glyoxal has been added not only to gum solutions but also to gum 
precipitates and dry gum powder. 

Factors Affecting D i s p e r s i b i l i t y and Hydration of Glyoxal-
Treated Xanthan Gum 

The data i n the next f i v e figures (Figures 6 through 11) 
highlight some of the most important factors affecting 
d i s p e r s i b i l i t y and hydration of glyoxal-treated xanthan gum. 
These are shear rate during mixing, pH of the hydration f l u i d , 
s a l t content and levels i n hydration f l u i d , mesh size, and 
temperature. 

The effect of high pH (approximately 10) and shear rate on 
hydration of glyoxal-treated xanthan gum i s shown i n the next 
two figures (Figures 6 and 7). In both figures, the same 
hydration f l u i d s and samples were used, the only difference 
being that the shear rate used for agitation i n Figure 7 was 
lower (200 rpm) than that used i n Figure 8 (800 rpm). Under 
both shear conditions, similar results were obtained. With no 
pH adjustment, v i s c o s i t y developed rapidly, and actually exceeded 
that normally expected i n the 10-30 minute time i n t e r v a l . The 
reason for this higher than-usual v i s c o s i t y i s not well under
stood. I f more rapid hydration i s desired, then NH4OH or NaOH 
can be added to the dispersion as noted i n Figure 7. 
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OH OH OH OH 
glyoxal, H+ | / glyoxal, H+ | | 

CH2OH ^ CH20 — CH CH ^ CH20 _ CH _ CH _ OCH2 

I (Hemiacetal) II (Hemiacetal) 

Forward Reaction Favored 
< pH 7.0 
< [^O] 
> T 

Reverse Reaction Favored 
> pH 7.0 
> [H20] 
> T 

CH20 OCH2 

* CH — CH * 
/ \ 

CH20 OCH2 

III (Acetal) 

Figure 4. Glyoxal
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Figure 5. Glyoxal treatment of gums for improved dispersibility 
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Figure 6. Hydration of glyoxal-treated xanthan gum (low shear) 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



36 SOLUTION PROPERTIES OF POLYSACCHARIDES 

10 20 30 40 
TIME (minutes) 

Figure 7. Hydration of glyoxal-treated xanthan gum (high shear) 

ZERO TIME HYDRATION DELAY TIME 

Figure 8. Hydration delay test 

Particle Size Hydration Delay Time 
(mesh*) (urn) (min.) Dispersibility 

60 250 20.1 Excellent 

100 150 20.8 Excellent 

150 106 16.2 Excellent 

200 75 19.5 Excellent 

325 45 20.5 Excellent 

* mesh size = Tyler standard screen 

Figure 9. Effect of particle size on the hydration of glyoxal-treated xanthan gum 
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Figure 10. Hydration of glyoxal-treated xanthan gum: effect of pH 
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Figure 11. Hydration of glyoxal-treated xanthan gum in NaCl solutions 
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Since, i n certain applications of glyoxal-treated xanthan 
gum, i t i s desirable to delay the development of viscosity 
(hydration delay), a simple test was developed to monitor this 
behavior (Figure 8). In the hydration delay test discussed, 
the gum i s added to the vortex (created by a magnetic s t i r r e r ) 
of the hydration f l u i d (usually synthetic tap water) and the 
time that i s required for the vortex to disappear because of 
v i s c o s i t y development i s c a l l e d the hydration delay time. 

The p a r t i c l e size of glyoxal-treated xanthan gum as seen 
i n Figure 9 has l i t t l e i f any effect on the hydration delay 
time. The effect of pH of the hydration f l u i d on the hydration 
delay time (or v i s c o s i t y development) i s shown i n Figure 10. 
The lower the pH, the greater the hydration delay time becomes. 
This results because hydrolysis of glyoxal from the gum i s slower 
at low pH values. Thus, lowering the pH of the hydration f l u i d 
can be used to obtain longer hydration delay times with glyoxal-
treated xanthan gum withou

Hydration of gums
d i f f i c u l t than in deionized water. The effect on glyoxal-treated 
xanthan gum of adding NaCl to the hydration f l u i d i s shown in 
Figure 11. Note that when the pH i s unadjusted, hydration i s 
delayed with increasing NaCl levels. If the pH of the s a l t 
solutions i s adjusted to 10 with NH4OH prior to adding the 
glyoxal-treated xanthan gum, hydration i s rapid and independent 
of the NaCl levels. Hydration delay times of these adjusted 
samples are less than f i v e minutes. 

Borate-Treated Xanthan Gum 

Although glyoxal-treated gums have excellent dispersi
b i l i t y i n acid or neutral systems, they are not dispersible 
in strongly alkaline systems. The problem (attributed to 
alkaline hydrolysis of glyoxal) of dispersing glyoxal-treated 
xanthan gum i n alkaline f l u i d s , can be overcome by using a 
borate-treated xanthan gum (Figure 12). Borate treatment of 
xanthan gum at pH values above 8.0 results i n a cross-linked 
xanthan gum that i s essentially insoluble at this pH range 
(Figure 12). The presumed mechanism i s by borate reacting 
with the v i c i n a l hydroxyls of mannose to form crosslinks. 
This phenomenon has been explored i n preparing dispersible 
guar gum derivatives (20_, 21). Although the interaction of 
borate with xanthan gum i s less pronounced at high pH values, 
i t i s s u f f i c i e n t to produce a dispersible product. Behaving 
almost opposite to that of glyoxal-treated xanthan gum, the 
alkaline borate/xanthan gum complex can be broken by the 
lowering of the pH. Borate-treated xanthan gum readily 
disperses above pH 7.0, and hydrates at pH values less than 
7.0. This can be accomplished by lowering the pH by addition 
of common acids such as HC1, H2SO4, and H3PO4. Borate-treated 
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Borate-crosslinked Xanthan gum 

Figure 12. Borate-treated xanthan gum 
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Figure 13. Hydration of borate-treated xanthan gum blended with fumaric acid 
(2%) and Na2COs (1%) 
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xanthan gum can be dispersed readily i n tap water at pH 
less than 8.0 (Figure 13) by blending borate-treated xanthan 
gum with a base (e.g., Na2(X>3, 1%) and a slowly soluble 
acid (e.g., fumaric acid, 2%). The added Na 2C0 3 causes 
the pH to be alkaline s u f f i c i e n t l y long to allow excellent 
d i s p e r s i b i l i t y . The added fumaric acid eventually dissolves 
causing the pH to drop to near neutrality; t h i s breaks the 
borate complex thereby allowing the xanthan gum to hydrate. 

Summary 

The d i s p e r s i b i l i t y of xanthan gum can be improved most 
rea d i l y by treatment with glyoxal or alkaline borate. 
With glyoxal-treated xanthan gum, i t has been shown that 
the mesh si z e , rate of shear of mixing, pH, and s a l t levels 
a l l affect the hydration and d i s p e r s i b i l i t y  Borate-treated 
xanthan gum has excellen
suited to alkaline solutions
blended with a base (e.g., Na 2C0 3) and a slowly soluble 
acid (e.g., fumaric acid) are dispersible i n neutral solutions. 
By proper selection of controllable factors, a dispersible 
xanthan gum with d i f f e r i n g hydration rates can be produced 
and t a i l o r e d to spe c i f i c i n d u s t r i a l needs. 
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5 
Cellulose Viscosity-Molecular-Weight 
Relationships by Gel Permeation Chromatography-
Low-Angle Laser Light Scattering 

J. J. CAEL, R. E. CANNON, and A. O. DIGGS 

International Paper Company, Corporate Research Center, P.O. Box 797, 
Tuxedo Park, NY 10987 

For years the determinatio
has served as an importan
as many f i n a l end use and physical properties of the polymer are 
closely related to i t s molecular weight and/or molecular weight 
d i s t r i b u t i o n (MWD). H i s t o r i c a l l y , such methods as membrane 
osmometry, l i g h t scattering, etc. have achieved considerable 
u t i l i t y i n determining polymer molecular weights (e.g. number 
and weight-average). At best, a knowledge of each of these 
averages for a given polymer yields information on the breadth 
of the dis t r i b u t i o n ; however, the actual d i s t r i b u t i o n i s unknown 
and can only be inferred. 

For MWD determinations, gel permeation chromatography (GPC) 
has gained wide acceptance as a preferred method. I t i s a l i q u i d 
chromatographic technique based upon the p r i n c i p l e of size 
exclusion whereby a macromolecule i s separated on the basis of 
molecular size or hydrodynamic volume i n dil u t e solution. This 
i s achieved by the action of various column packing materials 
having controlled, pore size distributions. The weight fraction 
or concentration of polymer eluted during the separation process 
i s measured by a concentration sensitive detector (e.g. UV, IR, 
or d i f f e r e n t i a l refractometer). In conventional GPG the raw 
data represent the elution volume d i s t r i b u t i o n of the polymer 
sample by weight, and as a result , a transformation to molecular 
weights i s required. T h i s , i s generally achieved by a calibration 
procedure which uses Mark-Houwink coefficients (K and «) derived 
from both the polymer under investigation and usually narrow 
di s t r i b u t i o n , polystyrene standards. The accuracy of MWD data 
and associated molecular weight averages obtained from such a 
cal i b r a t i o n method can be quite variable and i s ultimately de
pendent upon the correctness of K and a for the polymer/solvent 
pair. 

In the pulp and paper industry, GPC has been applied not 
only i n measuring cellulose molecular weights and MWDs, but also 
i n following i t s degradation as a consequence of various pulping, 
bleaching and viscose processes. In the i n i t i a l applications of 
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© 1981 American Chemical Society 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



44 SOLUTION PROPERTIES OF POLYSACCHARIDES 

GPC to study cellulose, cellulose t r i n i t r a t e derivative was 
employed (1, 2). While this derivative i s soluble i n a wide 
range of organic solvents commonly used i n GPC, the use of the 
t r i n i t r a t e has several disadvantages C_3). F i r s t , the n i t r a t i o n 
procedure can cause s i g n i f i c a n t chain scission, thereby causing 
the MWD of the t r i n i t r a t e to d i f f e r from that of the underiva-
ti z e d cellulose. In addition, the s t a b i l i t y of the t r i n i t r a t e 
i s limited, and there can also be considerable v a r i a b i l i t y i n 
the degree of substitution. The l a t t e r effect i s rather c r i t i c a l 
as both the GPC detector output and polymer hydrodynamic volume 
are a function of the degree of substitution. Recently, various 
workers have proposed that the cellulose tricarbanilate (CTC) 
derivative be employed i n GPC applications (3_, 4_, _5, 6) . This 
derivative i s stable and complete t r i s u b s t i t u t i o n i s obtained. 
More importantly, degradation during the derivatization i s be
lieved to be eliminated  The structural formula for CTC i s shown 
i n Figure 1. 

Ideally, the most
polymer by GPC i s to link a molecular weight detector to the 
outlet of the l a s t GPC column. To accomplish t h i s , we have 
configured a low angle laser l i g h t scattering (LALLS) photometer 
to the GPC apparatus. Two inherent design features f a c i l i t a t e 
i t s use i n absolute MWD determinations. The f i r s t i s the a b i l i t y 
to measure the intensity of scattered radiation at angles as low 
as 2-3 from the primary beam, thereby circumventing the angular 
extrapolation of data to zero angle such as required i n a Zimm 
pl o t (7). The second feature i s the 0.008 ml flow-through 
sample c e l l which minimizes both post-column solute mixing and 
homodyne beating effects. An additional consequence of this 
configuration i s the a b i l i t y to determine Mark-Houwink coef
f i c i e n t s on broad MWD linear homopolymers without recourse to 
f r a c t i o n a l p r e c i p i t a t i o n and i n t r i n s i c v i s c o s i t y procedures. 

Ins trumentation 

Figure 2 shows a schematic of the GPC/LALLS system. The 
GPC instrument i s a Waters Associates model ALC-201 high pressure 
l i q u i d chromatograph having ^our y-Styragel columns^ connected in 
series with porosities of 10 A, 10 A, 10 A, and 10 A. Connected 
to the l a s t GPC column i s a Chromatix KMX-6 low angle laser 
l i g h t scattering photometer u t i l i z i n g polarized radiation from a 
2.0 mW HeNe laser at 632.8 nm. Details of the LALLS photometer 
and i t s o p t i c a l system have been described elsewhere (8) . In 
order to measure the concentration of solute eluting from the 
GPC columns, the outlet of the LALLS 0.008 ml flow-through c e l l i s 
connected to a Varian VARI-CHROM variable wavelength UV detector 
operating at 254 nm. A l l connections u t i l i z e d 1/16" stainless-
steel tubing having an internal diameter of 0.008" with low 
dead-volume, Luer type f i t t i n g s i n order to minimize mixing 
effects. 
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For on-line data acquisition and analysis the analog signals 
from both LALLS and UV detectors are d i g i t i z e d by a Chromatix 
LDS-2 laboratory data system. The essential components of this 
system are a D i g i t a l Equipment LSI-11 microprocessor having 28K 
words of random access memory, a FORTRAN compiler, a Centronics 
dot matrix printer/plotter and a dual floppy disk for mass 
storage. In addition, we have interfaced to this configuration 
a Calcomp model 1012 four-pen d i g i t a l incremental plotter which 
provides added f l e x i b i l i t y i n the presentation of results. 

Materials and Methods 

A l l cellulose samples used i n this work were derived from 
bleached, hardwood kraft pulps having a hemicellulose content of 
2% or less. The basic procedure used for the preparation of CTC 
derivatives i s to react the cellulose with phenyl!socyanate i n 
pyridine C3* _4, 6) at 8
cellulose i s added to 54
slow addition of excess phenylisocyanate. After reacting for 
16-24 hours, the solution i s cooled to 70 C, and 40 ml of methanol 
i s added i n order to remove unreacted phenylisocyanate. The CTC 
i s isolated by p r e c i p i t i t i o n into and washing by methanol, 
followed by dissolution into acetone, pr e c i p i t a t i o n into water, 
and subsequent vacuum drying. The nitrogen content of a l l CTC 
preparations was determined by the semi-micro Kjeldahl method i n 
order to assess the degree of substitution. A l l samples had 
nitrogen contents i n the range 7.89-8.06% (theoretical content 
8.08%) which corresponds to degrees of substitution from 2.91 to 
2.99. 

For both GPC/LALLS and i n t r i n s i c v i s c o s i t y measurements, 
Burdick & Jackson d i s t i l l e d - i n - g l a s s , UV grade tetrahydrofuran 
(THF) was used. GPC/LALLS experiments were conducted at a 
constant, pulse-free solvent flow-rate of 1.0 ml/min. Solute 
concentrations were 0.1% (w/vol.) and the volume of injected 
solution ranged from 0.3 ml to 0.5 ml. I n t r i n s i c v i s c o s i t i e s 
for CTC i n THF were measured at 25°C i n a Cannon-Ubbelhode four-
bulb shear d i l u t i o n c a p i l l a r y viscometer (Size 50). Kinetic 
energy corrections were negligible and the data were corrected 
for shear effects by extrapolation of n /c to zero shear rate 
( i o ) . s p 

GPC/LALLS Methodology 

For a macromolecule i n dil u t e solution i n a one-component 
solvent, the relationship between the excess Rayleigh factor and 
the weight-average molecular weight, M , i s given by the fluctua
t i o n theory of l i g h t scattering (11) as 

Kc/R(0,c) = 1/M P(0) + 2A c/P(0) + 3A c 2/P(9) + (1) 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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where 

K= C2TT2n2/^N) Cdn/dc)2 (l+cos 20) C2) 

and c i s the solute concentration i n g/ml, R(0,c) i s the excess 
Rayleigh factor for unpolarized incident radiation at the 
scattering angle 0, n i s the refractive index of the solution, 
X q i s the wavelength i n vacuo, N i s Avogadro's number, while 
A 2 and A are the second and t h i r d v i r i a l c o e f f i c i a n t s . The 
term P(0) i s the form factor which i s a function of the size and 
shape of the macromolecule i n solution and represents the modu
la t i o n of the intensity of scattered radiation due to the f i n i t e 
size of the molecule and to i t s deviation from sphericity. The 
term dn/dc i s the s p e c i f i c refractive index increment and repre
sents the change i n solution refractive index as a function of 
solute concentration. If experiments are conducted i n the l i m i t 
of zero scattering angl
l y low concentrations wher
need be considered, then eq. (1) reduces to 

Kc/R(0,c) = 1/M + 2A„c (3) w 2 
For the determination of molecular weights and associated 

MWDs, both A^ and dn/dc are measured i n advance. Although the 
cellulose specimens used i n this analysis have characteristic 
broad MWDs W^/M^ = 1.8-4.0), a single determination of A from 
a representative CTC preparation was considered appropriate for 
a l l subsequent determinations of M and the MWD. This was 
achieved by using the LALLS photometer o f f - l i n e and by extrapo
l a t i n g scattering data from a d i l u t i o n series at © 4= 4*5-5̂  usjing 
eq. (3). The value of determined was 3.5 x 10 ml-mole/g 
Likewise, dn/dc was determined for the same CTC preparation i n 
THF at 632.8 nm on a Chromatix KMX-16 laser d i f f e r e n t i a l refrac-
tometer, and resulted i n a value of 0.163 ml/g. 

In Figure 3 are shown computer plots of the UV and LALLS 
detector response curves as a function of elution volume for a 
representative CTC. One obvious feature i s the r e l a t i v e d i f 
ference i n the response of the two detectors as the sample 
molecular weight decreases with increasing elution volume. This 
i s a consequence of the fact that the UV absorbance i s a linear 
function of the solute concentration while R(0,c) i s a function 
of both concentration and molecular weight. The molecular 
weight of solute eluting within a given volume element i s calcu
lated from a form of eq. (3) 

Kc./R(efc.) = 1/M + 2A 2c j L (4) 

The concentration of solute at the i t h point i s given by 

c. = mx./CV.Sx.) (5) 
I i l l 
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where m i s the t o t a l mass of solute injected, V. i s the volume of 
solution corresponding to the i volume element, and x. i s the 
amplitude of the UV signal at V.. 

Typically, 100 values of M. are calculated across the chro-
matogram which allow number, weight, and z-average molecular 
weights to be determined from the relations 

M = Ec./Z(c./M.) (6) n i l l 
M = Zc.M./Zc. (7) 
w 1 1 1 

2 M = Zc.M. /Ic.M. (8) z 1 1 1 1 
In addition, both d i f f e r e n t i a l and integral absolute molecular 
weight distributions can be generated as shown i n Figure 4a and 
b, respectively. It should be pointed out that i n the calcu
l a t i o n of M. by eq. (4)
lutio n of columns
elutes i s monodisperse i n molecular weight. In actuality, M. i s 
a weighted average due to both the f i n i t e resolution charac
t e r i s t i c s of the columns and to mixing effects which can occur i n 
each of the UV and LALLS detector c e l l s . While this does not 
effe c t the accuracy of M , the derived values for M and w i l l 
tend to be somewhat greater and less than their true values, 
respectively. 

Results and Discussion 

Accuracy and Reproducibility of GPC/LALLS. In Table I are shown 
molecular weight averages obtained from four successive analyses 
of the same CTC sample i n order to assess the re l a t i v e accuracy 
and consistency of the GPC/LALLS technique. As can be seen, the 
reproducibility of the technique i s quite good with the average 

TABLE I 

REPRODUCIBILITY OF GPC/LALLS 

Run # M M M n w z 
1 331,269 577,855 1,035,150 
2 318,615 579,268 1,016,520 
3 320,666 581,239 1,024,100 
4 319,534 583,255 1,015,190 

Average = 322,521±2% 580,404±0.5% 1,022,74011.2% 

error of measurement ranging from 2% for M to 0.5% for M . 
Similarly, i n Figure 5 i s shown the agreement between deter
mined by GPC/LALLS and the corresponding zero shear i n t r i n s i c 
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Figure 3. Experimental UV(A) and LALLS (B)detector response curves for CTC 
in THF 
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Figure 4. Differential (A) and integral (B) molecular-weight distributions derived 
from the data of Figure 3 
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v i s c o s i t y obtained from a series of CTC preparations covering 
a wide range of sample molecular weights and having variable 
MWDs. In Table II, the values of M obtained by both GPC/LALLS 
and i n t r i n s i c v i s c o s i t y methods are compared. As can be seen 
from Figure 5, the values of M determined by GPC/LALLS correlate 

TABLE II 

tple [n]a M ° tple [n]a 

w w 
1 881.0 2,170,000 2,025,000 
2 716.2 1,768,200 1,282,400 
3 652.3 1,466,300 1,147,500 
4 577.3 1,386,200 992,200 
5 537.4 1,166,700 910,900 
6 473.5 1,026,000 783,700 
7 340.
8 303.
9 202.9 302,100 285,700 

^zero shear v i s c o s i t y (ml/g) i n THF at 25 C 
from GPC/LALLS 

°from the re l a t i o n [n] = KM* with K = 0.0053 and « = 0.84 (.6) 

well with the measured i n t r i n s i c v i s c o s i t i e s ; however, i n a l l 
cases the M derived from GPC/LALLS i s systematically larger than 
those determined from the Mark-Houwink relationship. Although 
the use of a single valued A^ for the calculation of M. throughout 
the MWD can be expected to introduce some uncertainty i n the de
rived molecular weight averages, we do not expect the differences 
to be of the magnitude observed from the data of Table II. 
Rather, we believe the differences i n molecular weight ar i s i n g 
from these two techniques are a consequence of inherent errors 
i n K and « for CTC i n THF, since th e i r accuracy i s dependent 
i d e a l l y upon the a b i l i t y to establish a log [n] vs. log M r e l a 
tionship from monodisperse fractions of the polymer. Conven
t i o n a l f r a c t i o n a l p r e c i p i t a t i o n methods rarely ever achieve mono-
dispersity of the order attainable from anionic polymerization, 
and i t i s not uncommon for errors of 10% i n K and a to res u l t 
i n a 20% error i n the derived molecular weight. Likewise, while 
a i s not strongly dependent on such dispersion effects, the value 
of K i s considerably more sensitive due to the long extrapolation 
of data to vanishing molecular weight. 

Determination of K and « from GPC/LALLS. The major assumption 
inherent i n using GPC for the determination of polymer molecular 
weights and MWDs i s that i n solution the macromolecule i s chroma-
tographically fractionated according to i t s hydrodynamic volume. 
Unless monodisperse fractions of the polymer i n question are 
available, one generally calibrates the GPC system by chromato-
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graphing a series of anionically polymerized polystyrene (PS) 
standards which span several decades of molecular weight and 
which have nearly monodisperse distributions. Using this pro
cedure most commercial GPC columns allow a linear relationship 
between log M vs. elution volume (V) such that 

log M p s = a + b*V (9) 

where a and b represent the y-axis intercept and slope of the 
log M vs. V plo t . To convert the polystyrene cal i b r a t i o n plot 
into a cellulose t r i c a r b a n i l a t e plot, use i s made of the theory 
of Flory and Fox (11) i n which the hydrodynamic volume of a 
polymer i n d i l u t e solution i s related to i t s molecular weight 
and i n t r i n s i c v i s c o s i t y by a universal constant, 0: 

2 3/2 
hydrodynami  volum  [n]M  © (R ) (10) 

2 
and (R ) i s the mean square radius of gyration. From the assump
tion tnat under the same experimental conditions di f f e r e n t poly
mers having the same hydrodynamic volume w i l l be eluted from the 
columns within the same volume element, 

[ R L ]

P S " P S - [ T l l crc Mcrc 
and the subscripts refer to the part i c u l a r molecular species. 
Substitution of the Mark-Houwink re l a t i o n for [n] i n eq. Cll) 
yields 

1+oc l+oc 
K M_ P S = K_ M _ C T C (12) PS PS CTC CTC 

which upon logarithmic transformation results i n the r e l a t i o n 
log + C1+* ) log M^n - log K (13) log M _ PS PS PS * CTC CTC • — — 

^ c r c 
As a re s u l t of eqs. (9-13), each PS molecular weight standard 
can be converted through use of Mark-Houwink coefficients from 
PS and CTC into a corresponding CTC molecular weight. These CTC 
molecular weights form the basis of a new cal i b r a t i o n curve 

log = a ' + b (.14) ^ CTC 
where a " and b^ have the same meanings as i n eq. (9) but are 
primed so as to distinguish them from the PS coe f f i c i e n t s . In 
Figure 6 i s shown the ca l i b r a t i o n curve for CTC i n THF which 
results from eq. (13). The Mark-Houwink coef f i c i e n t s used for 
i t s generation are K = 0.00203, « = 0.678 for polystyrene (_4) 
and K = 0.0053, « = 0.84 for CTC (6). Also depicted i s the 
corresponding CTC molecular weight data obtained from a single, 
broad d i s t r i b u t i o n sample by GPC/LALLS. With the exception of 
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the low molecular weight region of the d i s t r i b u t i o n (i.e. 
<_ 70,000), for a given volume element, the GPC/LALLS tech

nique predicts larger molecular weights than calculated from 
eq. (13). The reversal of this trend at low molecular weights 
i s probably due to imperfect column resolution at this extreme 
of the MWD and/or to expansion of the CTC c o i l at low molecular 
weights due to the bulkiness of the substituents and concomitant 
r i g i d i t y of the cellulose backbone (13). The former case w i l l 
manifest i t s e l f i n lower M values due to additional low molecu
l a r weight material while l a t t e r would cause the solute to 
elute sooner than i t would i n an unexpanded state. 

By combining terms i n eq. (13) such that 

where 

and 

log M__ = mx + b CTC 

M =

x =

b = -log K 
PS 

cr / ( i + a ) c e r e ' 
i t i s possible from a plo t of log M vs. x to calculate K and 

for CTC i n THF from a single broad MWD sample which has been 
chromatically fractionated. This i s achieved by taking appropri
ate values of M from the linear region of the GPC/LALLS data 
of Figure 6 and associating them with the corresponding molecular 
weights of the polystyrene ca l i b r a t i o n standards (i.e . pairwise 
values of M^^ and M^„ are those which elute within the same CT C PS 
volume element). Values of K and a resulting from this procedure 
are shown i n Table III which also compares published values 

TABLE III 

COMPARISON OF MARK-HOUWINK COEFFICIENTS FOR CTC IN THF 

K « Method Reference 

0.0043 0.84 GPC/LALLS this work 
0.0053 0.84 v i s c o s i t y / l i g h t scattering (6) 
0.00201 0.92 v i s c o s i t y / l i g h t scattering (3) 
0.00251 0.89 v i s c o s i t y / l i g h t scattering C4) 

determined by other workers. 
We have repeated this procedure on a number of CTC prepara

tions and have found invariably excellent superimposition of 
GPC/LALLS molecular weight data i n the linear domain of the log 
MCTC V S " e l u t i o n volume plot of Figure 6, which we view as indica
t i v e of the accuracy of the derived K and a . Certainly, our 
success with this method i s due i n part to the use of narrow d i s 
t r i b u t i o n polystyrene standards i n which K, «, and associated 
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J I I I I L 

22 24 26 28 30 32 

Elution Volume (ml) 

Figure 6. Comparison of GPC calibration curves for CTC derived from intrinsic 
viscosity (WhM-) an<l GPC/LALLS (%-+-) methods 
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molecular weights can be accurately determined. Two l i m i t i n g 
features of our method for calculating K and <* deserve comment. 
The f i r s t i s that the log M vs. elution volume data for both the 
molecular weight standards and the polymer i n question must be 
lin e a r over a s u f f i c i e n t range of molecular weights. Fortu
nately, t h i s i s not a serious concern since most commercially 
available high performance GPC columns have been designed with 
th i s feature. A second l i m i t a t i o n of the method i s that i t can 
only be applied to linear homopolymers. In the case of amylose 
tric a r b a n i l a t e (ATC) which contains a small amount (̂ 5%) of 
branched amylopectin tri c a r b a n i l a t e , the log M^XQ V S. elution 
volume data (Figure 7) determined by GPC/LALLS i s devoid of any 
l i n e a r i t y . In fact, there i s s i g n i f i c a n t departure from the 
general trend of decreasing molecular weight with increasing 
elution volume which must be ascribed to the presence of the 
branched amylopectin. This i s simply a consequence of the fact 
that within a given elutio
branched species have th
be a d i s t r i b u t i o n of molecular weights a r i s i n g from the inherent 
greater density of chain segments for branched molecules r e l a t i v e 
to their linear analogs. 

CEP Viscosity - Molecular Weight Correlations. For convenient 
determination of cellulose molecular weight by viscometry, 
without recourse to chemical derivatization, a number of aqueous 
solvent systems have been advocated, e.g. cuprammonium hydroxide, 
cadmiumethylenediamine hydroxide (cadoxen), iron-sodium-tartrate 
(FeTNa) and cupriethylenediamine hydroxide (CED). In p a r t i c u l a r , 
the CED solvent system has gained considerable acceptance due to 
the wide range of celluloses that i t i s capable of dissolving. 
Unlike most polymers which permit the determination of both 
absolute molecular weight and i n t r i n s i c v i s c o s i t y from the same 
solvent, cellulose generally requires chemical derivatization to 
f a c i l i t a t e both molecular weight determinations and s o l u b i l i t y i n 
common organic solvents. The aqueous cellulose solvents mentioned 
often are not p r a c t i c a l for membrane osmometry or l i g h t scatter
ing studies due to both the multicomponent nature and high alka
l i n i t y of the solvent. Some success has been achieved with l i g h t 
scattering studies using cadoxen (14) and FeTNa (15); however, 
the effe c t of preferential adsorption of one of the solvent com
ponents and, i n the case of FeTNa, absorption of l i g h t by the 
solvent need be considered. 

As with GPC analyses, the cellulose derivative used for the 
ca l i b r a t i o n of CED v i s c o s i t i e s has been the t r i n i t r a t e (16, 17). 
In Figure 8 are shown CED i n t r i n s i c viscosity-molecular weight 
(expressed as weight-average degree of polymerization, DP ) 
relationships obtained from both nitrate and CTC derivatives. 
In the case of the nit r a t e , the data i s taken from Sithola, et a l . 
(17) while the CTC data i s that determined by GPC/LALLS with CED 
i n t r i n s i c v i s c o s i t i e s determined on the starting cellulose 
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ure 7. Molecular weight-elution volume relationship determined by GPC/ 
LLS for amylose tricarbanilate containing branched amylopectin tricarbanilate 
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Figure 8. Effect of nitrate and carbanilate derivatives on the calibration of CED 
viscosity: ( ) cellulose trinitrate; (•-•-,) cellulose tricarbanilate. 
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specimens. Although the correlation based on the nitrate deriva
t i v e yields a workable relationship, i t i s apparent that for 
a given CED vi s c o s i t y , the degree of polymerization derived from 
carbanilation i s substantially larger than that predicted from 
n i t r a t i o n . This i s probably a consequence of chain scission 
occurring during the n i t r a t i o n procedure, and more importantly, 
indicative of the s u i t a b i l i t y of the tricarba n i l a t e when asses
sing changes i n cellulose molecular weight or MWD aris i n g from 
various chemical treatments. 
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ABSTRACT 

For years the determination of cellulose molecular weights 
has served as an important process and quality control parameter 
in the pulp and paper industry since many final end use proper
ties of cellulose are closely related to its molecular weight 
and/or molecular weight distribution (MWD). A particularly 
convenient technique which has met with considerable success 
and which is often considered an industry standard is the cupri-
ethylenediamine or CED viscosity method. In order to place CED 
viscosity data on an absolute molecular weight basis, we have 
combined the techniques of gel permeation chromatography with low 
angle laser light scattering (GPC/LALLS) for MWD measurements 
on cellulose tricarbanilate (CTC) derivatives in THF. We have 
found CTC preparations to be ideally suited for such applications 
as the reaction yields a trisubstituted cellulose with little, 
if any, degradation. When applied to various CTC samples having 
a wide range of molecular weights, the GPC/LALLS technique pre
dicts Mark-Houwink coefficients virtually identical to published 
values determined for CTC in THF by conventional methods. More 
importantly, the procedure predicts a useful relationship between 
the CTC degree of polymerization and the viscosity of the unde-
rivatized cellulose in CED, and the results are compared with 
CED viscosity-molecular weight data originally derived from 
cellulose nitrates. 
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6 
Properties of Cellulose Acetate in Solution 
Aggregation of Cellulose Triacetate in Dilute Solution1 

G. C. BERRY and M. A. L E E C H 

Department of Chemistry, Carnegie-Mellon University, 4400 Fifth Avenue, 
Pittsburgh, P A 15213 

There are v e r y fe
of d i l u t e s o l u t i o n s o f c e l l u l o s e t r i a c e t a t e , C(3.00)A [The n o t a 
t i o n C(D.S.)A i n d i c a t e s the degree o f a c e t y l s u b s t i t u t i o n (D.S.) 
o f the c e l l u l o s e a c e t a t e . ] A study by P a t e l (1^) and coworkers 
r e p o r t s l i g h t s c a t t e r i n g on f r a c t i o n s o f C(2.96)A i n a mixed s o l 
vent o f methylene c h l o r i d e and methanol (50:50 v / v ) , u s i n g 
procedures s i m i l a r t o those employed by Tanner and B e r r y (2) i n 
t h e i r study on C(2.45)A i n the same mixed s o l v e n t . The appro
p r i a t e r e l a t i o n f o r the R a y l e i g h r a t i o R reads 

6 

!*• = ̂  (i + <s 2> L Sh 2/3 + 2A 2 c + ... (1) 
0 w 

w i t h 

K = K ' C c W c c ) 2
 T 

2 
where ( s i s the l i g h t - s c a t t e r i n g averaged mean-square r a d i u s 
of g y r a t i o n , h = (4jtn/\) s i n 0/2, K 1 i s an o p t i c a l c o n s t a n t , and 
(^n/^c) T i s the r e f r a c t i v e i n d e x increment o f the polymer 
measured at c o n s t a n t c h e m i c a l p o t e n t i a l s o f s o l v e n t components 
and temperature. For m i x t u r e s c o n t a i n i n g a s o l u t e i n a two-
component s o l v e n t , (oii/dc) -j* i s r e l a t e d t o the c o n v e n t i o n a l 
r e f r a c t i v e i n d e x increment^{ c n / c c ) c j P*T measured at co n s t a n t 
s o l v e n t c o m p o s i t i o n by ^ 

\ 'JJ^T \ ' c 3,p,T \ 3 /c 2,p,T 

1 This is the fourth work in a series by the authors. 
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where the s o l v e n t m i x t u r e has components 1 and 3 pr e s e n t i n 
volume f r a c t i o n cp^ and cp^ ( w i t h cpi+93 = ^ a n c * 

X = (dc«/dc 9) (3) 

(See, f o r example, the d i s c u s s i o n g i v e n by E i s e n b e r g ( 3 ) . When 
d e a l i n g w i t h a m i x t u r e c o n t a i n i n g a s o l v e n t and a n o n s o l v e n t f o r 
the s o l u t e , we w i l l l e t component 3 denote the l a t t e r . 

I n s t u d i e s of C(2.45)A i n a methylene c h l o r i d e / m e t h a n o l 
m i x t u r e (50:50 v / v ) , Tanner and B e r r y found \ e q u a l to -0.2 
( w i t h (^n/^C3> C 2 p T = °«0982 m l / g ) , e.g., t h a t methylene c h l o r 
i d e p r e f e r e n t i a l l y s o l v a t e d the polymer. Data of P a t e l and 
coworkers on C(2.96)A f o r the same s o l v e n t m i x t u r e gave \ = -0.3, 
a l s o i n d i c a t i n g p r e f e r e n t i a l s o l v a t i o n o f the polymer by met h y l 
ene c h l o r i d e . Data o f Shakhparonov e t a l  (4) f o r C(2.45)A 
i n methylene c h l o r i d e / m e t h a n o
methanol i n d i c a t e p o s i t i v
a n o l r a t h e r than methylene c h l o r i d e . T h e i r c o n c l u s i o n s a r e based 
on apparent v a l u e s of the m o l e c u l a r weight from l i g h t s c a t t e r i n g , 
and a r e s u b j e c t to e r r o r from the e f f e c t s of the a s s o c i a t i o n 
d i s c u s s e d by Tanner and B e r r y . 

S i n c e the v a l u e s o f ( s 2 ) / M f o r C(3.00)A a r e l a r g e , i t i s 
co n v e n i e n t t o d i s c u s s them i n terms o f the worm-like c h a i n model 
f o r which (5) 

<s 2> = ^ S ( L / p (4) 

where L i s the contour l e n g t h 

L = M/ML (5) 

w i t h the mass per u n i t c ontour l e n g t h , p of the p e r s i s t e n c e 
l e n g t h , and S ( L / p ) of the f u n c t i o n 

S (x) = l - 3 x " 1 + 6 x " 2 - h x " 3 [ l - e x p ( - x ) ] (6) 

For L / p g r e a t e r than about 10, S ( L / p ) i s e s s e n t i a l l y u n i t y . 
A p p r o x i m a t i n g M-̂  by m Q / l , where the l e n g t h o f a r e p e a t i n g u n i t i s 
taken to be 0.545 nm, we get ML = 490 nm"! f o r C(3.00)A. 

The l i g h t s c a t t e r i n g date on C(2.96)A o f P a t e l et_ a l . i n the 
50/50 s o l v e n t m i x t u r e on f r a c t i o n s over the m o l e c u l a r weight 
range 1 0 5 t o 1.7 x 10 5 g i v e 3 ( s 2 ) L S / L w e q u a l t o 65 nm. T h i s 
e s t i m a t e i s much g r e a t e r than the v a l u e p = 11 nm r e p o r t e d f o r 
C(2.45)A by Tanner and B e r r y . Thus, the data o f P a t e l et a l . on 
C(2.96)A, suggest a much l e s s c o i l e d c h a i n c o n f o r m a t i o n than i s 
i n d i c a t e d by r o t a t i o n a l i s o m e r i c s t a t e computations f o r c e l l u l o s -
i c c h a i n s . The v a l u e of = 6 ( s 2 ) / j ^ L computed w i t h the l a t t e r 
model i s r e l a t e d to p by the e q u a t i o n 
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or p =2.73 CQQ f o r C(3.00)A. A c c o r d i n g to Y a t h i n d r a and Rao ( 6 ) , 
e s t i m a t e s o f CQO v a r y i n the range 50 to 80, depending on the bond 
angle a t the b r i d g e oxygen atom. Consequently, p i s expected to 
be i n the range 13.1 t o 22 nm, i n re a s o n a b l e agreement w i t h the 
data o f Tanner and B e r r y on C(2.45)A, but much lower than the 
e s t i m a t e f o r C(3.00)A based on the d a t a o f P a t e l £t al. 

In some s y s t e m a t i c s t u d i e s on C(3.00)A, Moore and R u s s e l l (_7) 
and l a t e r , F l o r y , Spurr and C a r p e n t e r (8) i n v e s t i g a t e d the depend
ence o f [T|] on s o l v e n t . I t was found t h a t [T\] was markedly 
dependent on s o l v e n t , but d i d not c o r r e l a t e w i t h the second v i r i a l 
c o e f f i c i e n t A2 as i s u s u a l f o r f l e x i b l e - c h a i n polymers. Tanner 
and B e r r y showed t h a t the c h a i n expansion f a c t o r a i s c l o s e t o 
u n i t y f o r C(2.45)A on the b a s i s of the v e r y s m a l l v a l u e s o f 
A2M 2 / ( s 2 ) 3 / 2 0 b s e r v e d e x p e r i m e n t a l l y
C(2.45)A i s not n e c e s s a r i l  A
a l a r g e v a l u e o f <s 2)/M, which has the consequence t h a t i n t r a 
m o l e c u l a r excluded volume e f f e c t s may be s m a l l d e s p i t e l a r g e 
v a l u e s of A2- S i m i l a r e f f e c t s are d i s c u s s e d by He l m i n i a k and 
B e r r y (£) i n r e l a t i o n to s t u d i e s on a polymer w i t h l i m i t e d f l e x 
i b i l i t y , i . e . , v e r y few a v a i l a b l e r o t a t i o n a l s t a t e s , s e p a r a t e d by 
h i g h b a r r i e r s . As they emphasized, the mere o b s e r v a t i o n t h a t a 
i s near u n i t y d e s p i t e l a r g e v a l u e s o f A2 cannot be taken as 
evidence f o r i n f l e x i b i l i t y . Presumably, a w i l l a l s o be n e a r l y 
u n i t y f o r C(3.00)A i n which case, as w i t h C(2.45)A, the v a r i a t i o n 
o f [T]] o r p w i t h s o l v e n t r e f l e c t s s h o r t - r a n g e s k e l e t a l e f f e c t s 
r a t h e r than long-range excluded volume e f f e c t s . 

Worm-like c h a i n s t a t i s t i c s have been used by E i z n e r and P t i -
t s y n (1_0) f o r a bead model, and by Yamakawa and F u j i i (11) f o r a 
c y l i n d e r model to c a l c u l a t e [T|] as a f u n c t i o n o f p , L and the 
c h a i n diameter d. T h e i r r e s u l t s can be put i n the form ([T|] i n 
d l / g ) . 

M L [ T 1 ] = Tot k f ( L / d , p/d) (8) 

The f u n c t i o n f ( L / d , p / d ) i s d i s c u s s e d i n more d e t a i l by H e l m i n i a k 
and B e r r y , who p r o v i d e a g r a p h i c a l r e p r e s e n t a t i o n of f ( L / d , p / d ) . 
In the l i m i t as L / p goes t o z e r o , the worm-like c h a i n adopts a 
r o d - l i k e c o n f o r m a t i o n and f ( L / d , p / d ) can be approximated by 

l i m f ( L / d , p / d ) = 0.0257 (d/L)° - 2 (9) 
L/ p=0 

so t h a t 
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11m M_ ~ 4.86 x 10 2° d 0 # 2 L 1 # 8 (10) 
L/ p=0 L 

In the o p p o s i t e extreme (and f o r l a r g e L) Eqn. (8) takes on the 
form 

l i m M L [ T l ] = 2 3 / 2 , p 3 / 2 L 1 / 2 (11) 
p/L=0 L 

21 
w i t h $ a c o n s t a n t e q u a l t o 2.65 x 10 ( o f c o u r s e , i n Eqn. ( 1 1 ) , 
p i s independent o f L ) . 

The d a t a o f P a t e l _et a l . on [T|] v e r s u s M f o r s o l u t i o n s o f 
f r a c t i o n s of C(2.96)A i n c h l o r o f o r m g i v e [T|] L^*^. Consequent
l y , even though p i s l a r g e f o r C(3.00)A, the c h a i n c o n f o r m a t i o n 
cannot be c o n s i d e r e d t
m e t r i c d a t a . N e i t h e r ca
form Eqn. (11) f o r v e r y l a r g e L and s m a l l p/L. Even i f Eqn. (8) 
i s used w i t h i n t e r m e d i a t e L / p , the dependence of [T|] on M ob
s e r v e d by P a t e l e t a l . f o r c h l o r o f o r m s o l u t i o n s i s not c o n s i s t e n t 
w i t h the l a r g e v a l u e o f p c a l c u l a t e d f o r t h e i r d a t a on s o l u t i o n s 
i n the methylene c h l o r i d e / m e t h a n o l mixed s o l v e n t . For example, 
a p p l i c a t i o n o f Eqn. (8) g i v e s p e q u a l to 3.5 nm f o r the v i s c o -
m e t r i c data on c h l o r o f o r m s o l u t i o n s , compared w i t h 65 nm f o r the 
l i g h t s c a t t e r i n g d ata on the s o l u t i o n s i n the mixed s o l v e n t . 
P o s s i b l e reasons f o r the d i s c r e p a n c y w i l l be c o n s i d e r e d below. 
E x p e r i m e n t a l 

M a t e r i a l s . S o l v e n t s used i n d i l u t e s o l u t i o n experiments 
were f r e s h l y d i s t i l l e d p r i o r t o use, and the polymer was d r i e d 
under vacuum ( c a . 10" 5 mm Hg) f o r s e v e r a l days b e f o r e use i n the 
p r e p a r a t i o n o f s o l u t i o n s . These p r e c a u t i o n s were taken to reduce 
the p o s s i b l e i n f l u e n c e o f adsorbed water on the s o l u t i o n p r o p e r 
t i e s . The C(3.00)A polymer used here i s t h a t d e s c r i b e d by Tanner 
and B e r r y . 

S t u d i e s on D i l u t e S o l u t i o n s . The procedures and i n s t r u m e n t 
a t i o n f o r d i f f e r e n t i a l r e f r a c t o m e t r y l i g h t s c a t t e r i n g , v i s c o m e t -
r y and s o l u t i o n d i a l y s i s are those g i v e n by Tanner and B e r r y . 
The d i a l y s i s equipment, shown s c h e m a t i c a l l y i n F i g u r e 1, i s 
s i m i l a r to t h a t used by Tanner and B e r r y , w i t h o u t e x p l i c i t 
d e s c r i p t i o n . D i l u t e s o l u t i o n s were brought to osmotic e q u i l i b 
r i u m, u s i n g osmotic p r e s s u r e membranes, over a s e v e r a l hour 
p e r i o d by c o n t i n u o u s feed of f r e s h mixed s o l v e n t w i t h the d e s i r e d 
c o n c e n t r a t i o n to the s o l v e n t s i d e of the d i a l y s i s c e l l . About 20 
ml o f s o l u t i o n was r e t a i n e d on the s o l u t i o n s i d e , a g i t a t e d s l o w l y 
w i t h a magnetic s t i r r i n g bar. 

I n o r d e r t o a i d i d e n t i f i c a t i o n and assessment of p r e f e r e n 
t i a l l o s s o f one of the mixed s o l v e n t components d u r i n g the 
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d i f f e r e n t i a l r e f r a c t i v e index measurement, a r e l a t i v e l y n o n v o l a 
t i l e s o l v e n t ( o r mixed s o l v e n t ) of about the same r e f r a c t i v e 
index n was used as the r e f e r e n c e l i q u i d i n the r e f r a c t i v e index 
c e l l , r e p l a c i n g the mixed s o l v e n t used to prepare the s o l u t i o n . 
The r e f r a c t i v e index A n Q between the mixed s o l v e n t used f o r the 
s o l u t i o n and the r e f e r e n c e was determined p e r i o d i c a l l y d u r i n g 
experiments on the s o l u t i o n . 

S i n c e some of the s o l v e n t s used on t h i s s t u d y a r e mixed s o l 
v e n t s , w i t h b o t h components ha v i n g a h i g h vapor p r e s s u r e , i t was 
nece s s a r y to study the v i s c o s i t y of d i l u t e s o l u t i o n s w i t h s e a l e d 
v i s c o m e t e r s . Commercially a v a i l a b l e suspended - l e v e l Cannon 
v i s c o m e t e r s c o n s t r u c t e d t o permit s e a l i n g under vacuum were used. 
The s o l u t i o n was f i l t e r e d i n t o the v i s c o m e t e r and degassed by 
s u c c e s s i v e freeze-thaw c y c l e s , and the v i s c o m e t e r was s e a l e d 
under vacuum. In use, the v i s c o m e t e r was mounted on a h o l d e r i n 
a c o n s t a n t temperature b a t h to p e r m i t the r o t a t i o n o f the v i s c o 
meter t o the h o r i z o n t a
v e r t i c a l f o r d e t e r m i n a t i o

R e s u l t s and D i s c u s s i o n 

R e f r a c t i v e Index Increment. The r e f r a c t i v e i n d e x increment 
fcn/^C2 o f the polymer (component 2) i n the s o l u t i o n was measured 
w i t h b o t h s i n g l e and two-component s o l v e n t s . W i t h the l a t t e r , 
the increment was determined b o t h w i t h s o l u t i o n s a t c o n s t a n t 
s o l v e n t c o m p o s i t i o n and w i t h s o l u t i o n s d i a l y z e d t o osmotic 
e q u i l i b r i u m o f the low m o l e c u l a r weight s o l v e n t s to o b t a i n 
( O W C - C2)M » J r e s p e c t i v e l y . 

Values of (^n/Bc2)cQ f ° r s o l u t i o n s o f C(3.00)A i n s e v e r a l 
s o l v e n t s a r e g i v e n i n Table I and F i g u r e 2. A v a l u e f o r c-n/&C2 

Table I 
R e f r a c t i v e Index Increments (cW&C2 ) C p f o r 

C e l l u l o s e T r i a c e t a t e 

Component 1 Component 3 n 
S o l v e n t 

(ml/g) 

Methylene c h l o r i d e 
Methylene c h l o r i d e 
Methylene c h l o r i d e 
Methylene c h l o r i d e 
C h l o r o f o r m 

Methanol 
Methanol 
Methanol 

0 
0 
0 
0 

0.50 
0.25 
0.20 

1.368 
1.391 
1.398 
1.424 
1.446 
1.494 
1.539 

0.108 
0.112 
0.069 
0.054 
0.041 a 

0.009 
-0.028 

s - T e t r a c h l o r o e t h a n e 
m-Cresol 

V a l u e g i v e n By Sh a r p i e s and Sweenton (12) 
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Figure 1. Schematic of the equipment 
used to dialyze dilute solutions against a 
mixed solvent: solution chamber, Ct; sol
vent chamber, C2; dialysis membrane, M; 
supporting glass frits, F; ground glass sur
face, S; teflon-coated magnetic stirrer, T; 
solvent inlet, I; outlet, O, teflon
fresh solvent reservoir, R; and
waste, W. The chambers hold approxi

mately 20 mL each. 

0 . 2 0 -

0.15-

Sn 
8c 

0.10 

0.05 

0.0 

-0.05 

-o.io 
1.4 

Refractive Index 

Figure 2. The refractive index increment (dn/dC2)W3 for solutions of CTA in Tri
cresol (%); s-tetrachlorethane (%—); chloroform (w); methylene chloride (—and 
in mixtures of methylene chloride (1) and methanol (3) with cp3 = 0.20 (O); 0.25 

(Q);and 0.50 (-O). 
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f o r c h l o r o f o r m s o l u t i o n s due t o Sha r p i e s and Sweenton (12) i s 
i n c l u d e d i n F i g u r e 2 f o r comparison. The da t a i n F i g u r e 2 are 
compared w i t h the Dale-Gladstone r e l a t i o n 

/ = v 2 ( V n s ) (12) 
2 C 3 

where n g i s the r e f r a c t i v e i n d e x o f the (mixed) s o l v e n t , t o g i v e 
the v a l u e s V £ = 0.746 ml/g and n£ = 1.505. These may be compared 
w i t h the c o r r e s p o n d i n g c o n s t a n t s V £ = 0.763 ml/g and n2 = 1.495 
r e p o r t e d by Tanner and B e r r y f o r s o l u t i o n o f C(2.45)A. 

I n s p e c t i o n o f F i g u r e 2 r e v e a l s t h a t w i t h s i n g l e component 
s o l v e n t s f o r C(3.00)A, Bn/cc3 I s g e n e r a l l y s m a l l , e.g. l o W c ^ l < 
0.05. T h i s i s i n a c c o r d w i t h the l i m i t e d range o f s o l v e n t s f o r 
CTA and the g e n e r a l p r i n c i p l e t h a t " l i k e d i s s o l v e s l i k e . " For 
example, an approximate c o r r e l a t i o n o f t e n o b t a i n s between the 
s o l u b i l i t y parameter $
be i n g l a r g e s t f o r s o l v e n t
b i l i t y parameter 62 °f t n e polymer and | 0*1/cC21 b e i n g n e a r l y z e r o 
f o r s o l v e n t s w i t h 6 g « 62* E v i d e n t l y , w i t h CTA, the s o l v e n t -
polymer c o n t a c t s must be comparable t o the polymer-polymer 
c o n t a c t s f o r d i s s o l u t i o n t o o c c u r . 

D e s p i t e repeated a t t e m p t s , the d a t a f o r the mixed s o l v e n t s 
are not as p r e c i s e as sh o u l d be exp e c t e d . See, f o r example, the 
dat a f o r (£n/dC2)c3 shown i n F i g u r e 2. R e p r e s e n t a t i v e d a t a o f 
An v e r s u s Cn are g i v e n i n F i g u r e 3. Since comparable measure
ments on C(2.43)A were more r e a d i l y completed, we are a t a l o s s 
f o r a d e f i n i t i v e e x p l a n a t i o n f o r the d i f f i c u l t y e x p e r i e n c e d w i t h 
s o l u t i o n s o f C(3.00)A i n mixed s o l v e n t s . P o s s i b l e e x p l a n a t i o n s 
i n c l u d e the e f f e c t s o f s o l v e n t e v a p o r a t i o n , incomplete d i s s o l u 
t i o n o f the polymer o r ( p a r t i a l ) a b s o r p t i o n o f the polymer on 
v e s s e l w a l l s d u r i n g p r e p a r a t i o n and/or An measurement. I n the 
o n l y d i r e c t comparison w i t h p u b l i s h e d d a t a , we f i n d ( e n / ' c * ^ ^ = 

0.178 ml/g f o r C(2.96)A i n a 1:1 (by volume) m i x t u r e o f methylene 
c h l o r i d e and methanol, i n comparison w i t h 0.130 ml/g f o r C(2.96)A 
r e p o r t e d by P a t e l and coworkers. The d i s p a r i t y i s l a r g e r than 
should be ex p e c t e d . Values o f (cn/c*^) found here are e n t e r e d 
i n Table I I , t o g e t h e r w i t h ( c W & ^ a r t f ^ o m T a b l e 1 a n d c a l c u " 
l a t e d w i t h Eqn. ( 1 ) , u s i n g (£n/dc 3) = -0.0982 ml/g r e p o r t e d by 
Tanner and B e r r y . A c c o r d i n g t o Cas^issa ( 1 3 ) , f o r some systems 
f o r which \ e x h i b i t s no r e v e r s a l of s i g n w i t h cp3 the q u a n t i t y 
c p ^ / x i s n e a r l y a l i n e a r f u n c t i o n of 9 3 . P l o t s o f \ and cp-^/x 
v e r s u s 9 3 f o r the data on C(3.00)A i n m i x t u r e o f methylene 
c h l o r i d e and methanol are g i v e n i n F i g u r e 4a and 4b, r e s p e c t i v e l y . 
The l i n e a r r e l a t i o n a p p l i e s w i t h i n the e x p e r i m e n t a l e r r o r o f our 
data g i v i n g the c o r r e l a t i o n 

cp (i_cp ) 

—2——3- = A(1+B cp.) (13) 
A J 
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A n 

C 2 

Figure 3. Representative plots of An vs. C2 for CTA in solutions of CTA in the 
mixed-solvent methylene chloride (1) and methanol (3) with cp3 = 0.20. Data are 

for undialyzed (O) and dialyzed (•) solutions. 

I 1 i i i 1 1 
O.I 0.2 0.3 0.4 0.5 

Figure 4. (a) The parameter \ = (dC3/dC2)M vs. the volume fraction cp3 of metha
nol for solutions of CTA in mixtures of methylene chloride and methanol; (b) The 
function op/Opa/A vs. qp3 for the data in Figure 4a (O), and for polystyrene in benzene 
(1) and methanol (3) and in carbontetrachloride (1) and methanol (3), according to 

Cassassa. 
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T a b l e I I 
R e f r a c t i v e Index Increments o f C e l l u l o s e T r i a c e t a t e i n 

Mixed S o l v e n t 

Component 1 Component 3 9 ^ 
2 ^ C 2 ^ c 3 

x a 

Methylene C h l o r i d e 
Methylene C h l o r i d e 
Methylene C h l o r i d e 

Methanol 0,20 
Methanol 0.25 
Methanol 0.50 

0.099 
0.160 
0.178 

0.069 
0.112 
0.108 

-0.30 
-0.49 
-0.71 

a S e e Eqn. (1) and (2) f o r a d e f i n i t i o n o f X-

f o r X a s a f u n c t i o n o f
data f o r p o l y s t y r e n e i
c a r b o n t e t r a c h l o r i d e (1) and methanol (3) d i s c u s s e d by Casassa are 
i n c l u d e d i n F i g u r e 4b f o r comparison. 

I t was remarked by Casassa t h a t a crude model f o r p r e f e r e n 
t i a l s o l v a t i o n i n v o l v i n g " s p e c i f i c b i n d i n g s i t e s " on the polymer 
w i t h c o m p e t i t i v e b i n d i n g of the two s o l v e n t s to t h i s s i t e 
governed by an i s o t h e r m dependent on 93/cpi w i l l l e a d to Eqn. ( 1 3 ) . 
I n t h i s model, t h e r e a re presumed to be v b i n d i n g s i t e s per gram 
o f polymer, each capable o f b i n d i n g e i t h e r g^ grams o f component 
1 or g3 grams o f component 3 so t h a t the masses ^1 and 53 of the 
two components bound t o 1 gram o f polymer a t e q u i l i b r i u m are 
r e l a t e d by the mass b a l a n c e 

h h 
•r + -~ = v ( 1 4 ) 

g l g 3 

and by the i s o t h e r m 
? 1 / S 1 

= k 5 p 3 < f i ( 1 5 ) 

The model p r o v i d e s an i n t e r p r e t a t i o n o f the c o n s t a n t s A and B i n 
Eqn. ( 1 3 ) , w i t h 

A 1 = v k g 3 v - v g ^ (16a) 

and 

B = k - l (16b) 
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A c c o r d i n g to the r e s u l t s o b t a i n e d h e r e , f o r C(3.00)A i n m i x t u r e s 
of methylene c h l o r i d e (1) and methanol ( 3 ) , k = -0.1. A l t h o u g h 
n e g a t i v e v a l u e s o f k are p o s s i b l e i n g e n e r a l , they are not 
a c c e p t a b l e i n the s p e c i f i c b i n d i n g - s i t e model under c o n s i d e r a t i o n . 
To proceed, we take k to be a p p r o x i m a t e l y z e r o , which i s c e r t a i n 
l y p o s s i b l e w i t h i n our e x p e r i m e n t a l e r r o r . Then -A"*- = 1.67 « 
v g i v ^ , o r C(3.00)A b i n d s about 2.2 g methylene c h l o r i d e per gram 
of polymer, or 6.9 mol methylene c h l o r i d e per mol C(3.00)A r e p e a t 
i n g u n i t , and the amount of bound methanol i s v i r t u a l l y n i l . 

To summarize, the r e f r a c t i v e index data show t h a t the few 
s o l v e n t s f o r C(3.00)A a r e i n some sense s i m i l a r to the polymer 
(e.g. dn/dc2 i s s m a l l ) . Moreover, f o r the mixed s o l v e n t system 
s t u d i e d h e r e , i n t e r p r e t a t i o n of the p r e f e r e n t i a l s o l v a t i o n w i t h a 
s p e c i f i c b i n d i n g s i t e model i n d i c a t e s t h a t the n o n s o l v e n t 
(methanol) of the mixed s o l v e n t p a i r i s v i r t u a l l y excluded from 
the s o l v a t i o n domain of the polymer. These r e s u l t s suggest t h a t 
d i s s o l u t i o n o f C(3.00)
the polymer i n s p e c i f i
i n t e r a c t i o n s l o s t on d i s s o l u t i o n . 

L i g h t S c a t t e r i n g . L i g h t s c a t t e r i n g measurements have been 
completed on s o l u t i o n s of an ( u n f r a c t i o n a t e d ) C(3.00)A polymer i n 
f o u r single-component and t h r e e two-component s o l v e n t s . I n o r d e r 
t o m i n i m i z e e f f e c t s of i n t e r m o l e c u l a r a s s o c i a t i o n , s o l u t i o n s were 
t r e a t e d w i t h low l e v e l u l t r a s o n i c r a d i a t i o n u s i n g an u l t r a s o n i c 
c l e a n i n g b a t h (Bramson U l t r a s o n i c s Corp., Model LG40). S o l u t i o n s 
were c l a r i f i e d by c e n t r i f u g a t i o n i n the l i g h t s c a t t e r i n g c e l l . 
The l i g h t s c a t t e r i n g d ata were a n a l y z e d w i t h Eqn. (1) to o b t a i n 
M w, T 2 and < s 2 ) L S : 

n „ " ™ ( 1 7> C=0 R M V J 

9 w 

h=0 

d ( K c/R n) 
l l m M

w 2- = 2 r as) 
c=0 w ^c [2 U t t ; d ( K c / R J 1 / 2 
l i m M m _ H _ = ± < s ^ > l s ( 1 9 ) 

h=0 W
 0 h 

2 
W i t h t y p i c a l polymers, i t i s found t h a t p l o t s of Kc/R Q v e r s u s h 
have s l o p e s t h a t are independent of c o n c e n t r a t i o n , as r e q u i r e d by 
Eqn. ( 1 ) . D e v i a t i o n s from t h i s b e h a v i o r u s u a l l y denote e f f e c t s 
o f i n t e r m o l e c u l a r a s s o c i a t i o n . For example, Tanner and B e r r y 
r e p o r t e d t h a t ^ ( K C / R Q ) / ^ h i n c r e a s e d w i t h i n c r e a s i n g c f o r some 
s o l u t i o n s o f C(2.43)A. The l a t t e r a u t h o r s a l s o r e p o r t e d e x p e r i 
ments f o r which d ( K c / R Q ) / 0 h 2 was independent of c, but which 
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r e v e a l e d e f f e c t s o f a s s o c i a t i o n i n l a r g e v a l u e s o f M ^ . 
The l i g h t s c a t t e r i n g d a t a on s o l u t i o n s o f a C ( 3 . 0 0 ) A p o l y 

mer (CMU-DT75) s t u d i e d i n seven d i f f e r e n t s o l v e n t s are summar
i z e d i n Table I I I . Data on K C / R Q v e r s u s h 2 are shown i n F i g u r e s 
5-8 f o r f o u r systems, and dat a on K C / R Q v e r s u s c f o r two systems 
(the same mixed s o l v e n t s , w i t h 9 3 = 0.25 and 0.20) are shown i n 
F i g u r e 9. Value s o f dn/dC2> o r ( d n / c ^ ) ^ f o r the mixed s o l v e n t s , 
g i v e n i n Table I I , were used to compute M ^ . I t may be noted 
t h a t e n t r i e s f o r T2 A N C * ( S ^ ) L S d o n o t r e c l u i r e knowledge of 
dn/ 0C2. 

I n s p e c t i o n o f the e n t r i e s i n Table I I I shows t h a t the 
es t i m a t e f o r M W i s not independent o f s o l v e n t w i t h v a l u e s o f ^ 
i n the range 5.7 x 10^ to 2.2 x 10^ ( d e l e t i n g a v e r y l a r g e 
e s t i m a t e i n £-tetrachloroethane, f o r w h ich dn/dc2 i s v e r y s m a l l ) . 
In a d d i t i o n , v a l u e s of ( S 2 ) L S v a r i e d c o n s i d e r a b l y among the s o l 
v e n t s s t u d i e d , and f o r most o f the dat a the s l o p e ? \ (K C / R Q ) / d h 2 i s 
not independent o f c o n c e n t r a t i o n
M W and ( s 2 ) L S g i v e n i
angle were n e g l e c t e d i n cases f o r which K C / R Q v e r s u s s i n 2 9 / 2 was 
s h a r p l y curved. I t should a l s o be remarked t h a t phase s e p a r a t i o n 
o c c u r r e d w i t h the s o l u t i o n i n the mixed s o l v e n t w i t h cp3 = 0.50 
(methylene c h l o r i d e / m e t h a n o l ) when the s o l u t i o n was a l l o w e d to 
stand a t 25°C. 2 

The v a r i a b i l i t y o f d ( K c / R Q ) d h w i t h c o n c e n t r a t i o n seen 
e s p e c i a l l y i n F i g u r e s 6 and 8, and t o some e x t e n t , i n F i g u r e 7 
i n d i c a t e s t h a t the degree o f a g g r e g a t i o n f o r C ( 3 . 0 0 ) A i n those 
s o l v e n t systems i n c r e a s e s w i t h i n c r e a s i n g polymer c o n c e n t r a t i o n . 
S i m i l a r r e s u l t s were r e p o r t e d f o r s o l u t i o n s o f C ( 2 . 4 5 ) A by Tanner 
and B e r r y . The da t a o b t a i n e d here i n d i c a t e t h a t C ( 3 . 0 0 ) A i s 
aggregated to v a r y i n g degree i n most ( o r perhaps a l l . 1 ) of the 
s o l v e n t s s t u d i e d . 

The lowest M W i s o b t a i n e d i n the methylene c h l o r i d e / m e t h a n o l 
mixed s o l v e n t w i t h cp3 = 0.25 ( w i t h n e g l e c t of the data f o r 
s c a t t e r i n g angle l e s s than about 60 degrees as the l a t t e r a r e 
much a f f e c t e d by the presence o f the aggregated s p e c i e s ) . The 
second v i r i a l c o e f f i c i e n t i s s m a l l e s t i n the system w i t h the 
l e a s t a g g r e g a t i o n , s i m i l a r to b e h a v i o r r e p o r t e d by Tanner and 
Be r r y f o r C ( 2 . 4 5 ) A . S i n c e the r e f r a c t i v e index d a t a suggest t h a t 
C ( 3 . 0 0 ) A i s c o m p l e t e l y s o l v a t e d by methylene c h l o r i d e when 
d i s s o l v e d i n m i x t u r e s o f methylene c h l o r i d e and methanol, i t 
appears t h a t the mixed s o l v e n t of the a p p r o p r i a t e c o m p o s i t i o n 
(e.g. n e a r l y 9 3 = 0.25) a c t s to d i s s o l v e the methylene c h l o r i d e -
s o l v a t e d C ( 3 . 0 0 ) A . 1 2 

The v a l u e s o f 10 (s ) L S ^ M W e n t e r e d i n Table I I I v a r y from 
16 t o 59, w i t h the l a r g e s t v a l u e c o r r e s p o n d i n g t o the mixed 
s o l v e n t f o r which M W was s m a l l e s t . I t i s i n s t r u c t i v e t o compare 
( s 2 ) - | j g / M W w i t h the v a l u e expected f o r a worm-like c h a i n a c c o r d i n g 
to Eqns. ( 4 ) - ( 6 ) ( u s i n g M L = 490 nm"l). W i t h M W = 5.7 x 1CA 
Eqns. ( 4 ) - ( 6 ) g i v e 10 1 S ( S2)/M = 590 cm 2 w i t h p = 50 nm, o r 
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Figure 6. Plots of Kc/Re vs. h2 for solutions of CTA in a mixture of methylene 
chloride (1) and methanol (3) with cps = 0.25 for four concentrations: (O-) 0.297 

g/dL; (0)0.194 g/dL; (-O) 0.132 g/dL; and (Q) 0.091 g/dL. 
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Figure 7. Light-scattering data for a dilute solution of cellulose triacetate in a 
mixture of methylene chloride (1) and methanol (3) with qp3 == 0.20. K ' = K(dn/ 
dc)»~2. The symbols O , —O, O—, and O designate solutions with concentrations of 

3.80, 5.04, 6.67, and 8.39 g/L, respectively. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Figure 8. Light-scattering data for a dilute solution of cellulose triacetate in tetra-
chloroethane, K ' = K(dn/dc)'2. The symbols 0,0, O—, and O designate solutions 

with concentrations of 4.10, 6.22, 7.99, 8.93 g/L, respectively. 
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1 0 l 8 ( s ) / M = 380 cm 2 w i t h p =37.5 nm. The l a t t e r p r o b a b l y pro
v i d e s a re a s o n a b l e e s t i m a t e f o r C(3.00)A based on the dat a i n the 
mixed s o l v e n t w i t h 93 = 0.25, t a k i n g approximate account o f the 
p o l y d i s p e r s i t y of the sample used by ap p r o x i m a t i o n o f ( s 2 ) / M by 
( s 2 ) L 5 / 1 . 5 M w . This e s t i m a t e o f p i s somewhat l a r g e r than the 
v a l u e 11 nm r e p o r t e d f o r C(2.45)A by Tanner and B e r r y , but s m a l l e r 
than p found f o r C(2.96)A by P a t e l and coworkers i n s t u d i e s u s i n g 
the methylene c h l o r i d e / m e t h a n o l mixed s o l v e n t w i t h 93 = 0.5. 

The e x p e r i m e n t a l e s t i m a t e o f 37.5 nm f o r p may be compared 
w i t h the p r e d i c t i o n s o f the r o t a t i o n a l i s o m e r i c s t a t e model u s i n g 
the r e s u l t f o r C«, o f Y a t h i n d r a and Rao mentioned above, f o r which 
p l i e s i n the range 13 to 22 nm. The d i f f e r e n c e i s s m a l l enough 
to be a t t r i b u t e d t o e r r o r i n e x p e r i m e n t a l l i g h t s c a t t e r i n g , the 
e f f e c t s of r e s i d u a l i n t e r m o l e c u l a r a s s o c i a t i o n , the e f f e c t s of 
mo l e c u l a r weight d i s p e r s i t y , o r s o l v a t i o n e f f e c t s , which a r e 
n e g l e c t e d i n the t h e o r e t i c a  p. 

Summarizing the l i g h
s u b s t a n t i a l a s s o c i a t i o n o f C(3.00)A i n most ( i f not a l l ) o f the 
s o l v e n t s s t u d i e d . The a s s o c i a t i o n i s most pronounced i n j n - c r e s o l 
and _ s - t e t r a c h l o r e t h a n e , and l e a s t i n the mixed s o l v e n t methylene 
c h l o r i d e (1) and methanol ( 3 ) , w i t h 9 3 = 0.25. I n the l a t t e r , we 
f i n d a p e r s i s t e n c e l e n g t h o f about 37.5 nm, compared w i t h a 
conto u r l e n g t h L^, of 116 nm; the system i s n e a r l y a t h e t a s o l v e n t 
a t 17°C, as shown by the s m a l l v a l u e o f ^2* 

I n t r i n s i c V i s c o s i t y . V i s c o s i t i e s of d i l u t e s o l u t i o n s d e t e r 
mined w i t h c a p i l l a r y v i s c o m e t e r s were a n a l y z e d by the u s u a l 
r e l a t i o n s 

\ J ° = W + k , t T ] ] 2 c + ... (20) sp 

U n \el)/c = " ( 2 " k ' ) t ^ 2 c + ••• < 2 1 ) 

where T|sp = \ - e l ~ 1 a n d ^ r e l = V j l O ^ w i t h T\ a n d f]0 t h e v i s c o s i t i e s 
o f s o l u t i o n and s o l v e n t , r e s p e c t i v e l y . V a l u e s o f the i n t r i n s i c 
v i s c o s i t y [T|] and the Huggins c o n s t a n t k' determined w i t h f i v e 
d i f f e r e n t s o l v e n t s are g i v e n i n Table 4. 

The v a l u e s o f [T]] and k 1 are remarkably s i m i l a r t o each 
o t h e r i n view of the a s s o c i a t i o n found i n the l i g h t s c a t t e r i n g 
r e s u l t s . S i m i l a r i n s e n s i t i v i t y of [T]] to the e f f e c t s of a s s o c i a 
t i o n were r e p o r t e d by Tanner and Berry i n s t u d i e s on C(2.43)A. 
Presumably, t h i s r e s u l t s from the i n s e n s i t i v i t y o f the hydro-
dynamic volume to a s s o c i a t i o n a t the l e v e l p r esent i n c e l l u l o s e 
a c e t a t e s o l u t i o n s . In an approximate treatment of t h i s e f f e c t 
Tanner and B e r r y e s t i m a t e d the e f f e c t s o f a s s o c i a t i o n by a model 
w i t h random c r o s s l i n k i n g o f cha i n s o f primary m o l e c u l e s , c a l 
c u l a t i n g the number, weight and z-averages o f the degree of 
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T a b l e IV 
I n t r i n s i c V i s c o s i t y o f CTA i n S e v e r a l S o l v e n t s 

Component Component 3 <P3 
T 

(°c) 
k» [71] 

( d l / g ) 

Methylene C h l o r i d e Methanol 0.25 25.0 0.346 1.19 
Methylene C h l o r i d e Methanol 0.20 24.7 0.55 1.16 
Methylene C h l o r i d e -- 0 24.9 0.337 1.27 
Ch l o r o f o r m -- 0 25.0 0.348 1.02 
m - c r e s o l -- 0 25.0 0.367 1.19 

a s s o c i a t i o n v g i v e n , r e s p e c t i v e l y by 

v

v = Evw (23) w v 

v = Ev 2w N (24) z v w 

where w v i s the d i s t r i b u t i o n o f the weight f r a c t i o n o f v-mers 
formed by the c r o s s l i n k i n g ( a s s o c i a t i o n ) . F u r t h e r 

< s 2 > L S = A W g ^ / M , (25) 

where w M i s the weight f r a c t i o n o f c h a i n s w i t h p r i m a r y m o l e c u l a r 
weight and degree o f a s s o c i a t i o n v, g M i s the r a t i o o f the 
( s 2 ) f o r such c h a i n s t o ( s 2 ) f o r l i n e a r m o l e c u l e s w i t h the same 
m o l e c u l a r w e i g h t , and A i s a c o n s t a n t . The d i s t r i b u t i o n w ^ 
i n c l u d e s both d i s t r i b u t i o n i n v and i n the m o l e c u l a r weight o f the 
pri m a r y m o l e c u l e . W i t h these r e l a t i o n s , the r a t i o (s 2 ) L s/ Mw ^ o r 

the a s s o c i a t e d ( c r o s s l i n k e d ) and d i s s o c i a t e d ( p r i m a r y ) c h a i n s i s 
found t o be 

2 
ASSOC * w ' DIS ( S N*w ^ 

M 

( 26) 

S i m i l a r l y , f o r the i n t r i n s i c v i s c o s i t y , 
_, w* a m Z(vM) g,̂  w 

^ A S S O C - ™ D I S M a ' < 2 7> M v 

where a i s e q u a l t o c^n[ 7]] / c^nM* m i s about u n i t y , and M v i s the 
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v i s c o s i t y - a v e r a g e m o l e c u l a r weight of the p r i m a r y m o l e c u l e s . 
Tenner and B e r r y c o n s i d e r e d the s p e c i a l case of p r i m a r y 

m o l e c u l e s of u n i f o r m l e n g t h , f o r which w^v
 = w v ' a n d 

v v - l v - 1 

W v = V V" exp{-v Y} (28) 

where v n = 1"V ^ o r t h i s case, a s s o c i a t i o n a f f e c t s v w much more 
than e i t h e r ( s 2 ) L g M w o r [T|] (the l a t t e r was e s t i m a t e d w i t h a = 
0.8 and m = 0.85). A l t h o u g h Eqns. (22)-(27) can a l s o be s t u d i e d 
w i t h a p o l y d i s p e r s e p r i m a r y polymer ( c f . S p i r o , e t a l . ) (14) a 
comparison w i t h e x p e r i m e n t a l data on p o l y d i s p e r s e 
polymers c r o s s l i n k e d by h i g h energy i r r a d i a t i o n p r o v i d e s a more 
u s e f u l model. Data of S h u l t z , et a l . (15) on i r r a d i a t e d p o l y 
s t y r e n e and K i l b (16>) on i r r a d i a t e d p o l y d i m e t h y l s i l o x a n e a r e 
shown i n F i g u r e 10. I t can be seen t h a t s u b s t a n t i a l c r o s s l i n k i n g 
g i v e s r i s e to o n l y modes
o f a s s o c i a t i o n observe

I f i t i s accepted t h a t the v a l u e o f [T|] i s n e a r l y u n a f f e c t e d 
by the l e v e l of a s s o c i a t i o n p r e s e n t w i t h C(3.00)A, then Eqn. (8) 
may be used to e s t i m a t e p from data on [T|] and L u s i n g , f o r exam
p l e , the f u n c t i o n f(L/d , p/d) c a l c u l a t e d by Yamakawa and F u j i i 
( 1 1 ) , o r by E i z n e r and P t i t s y n ( 10). S i n c e we do not have [T|] as 
a f u n c t i o n o f L ( o r M), we a r e unable t o make a d e f i n i t i v e com
p a r i s o n between d a t a on C(3.00)A and Eqn. ( 8 ) . We can, however, 
use the e x p e r i m e n t a l v a l u e s of [T|] and 1^ to c a l c u l a t e p w i t h 
Eqn. ( 8 ) , u s i n g a range of p l a u s i b l e v a l u e s f o r d. For example, 
w i t h 1^ = 116 nm and d = 1.2 nm, we f i n d p = 6nm. With d = 0.5 
nm, the e s t i m a t e f o r p i n c r e a s e s to 8 nm. The e s t i m a t e o f p 
g i v e n by the l i g h t s c a t t e r i n g d a t a i s not reached even w i t h d as 
s m a l l as 0.1 nm. 

The d i s p a r i t y between e s t i m a t e s o f p based on the l i g h t 
s c a t t e r i n g and the v i s c o m e t r i c d a t a may i n d i c a t e t h a t the l i g h t 
s c a t t e r i n g d a t a a r e a f f e c t e d by r e s i d u a l a s s o c i a t i o n , even w i t h 
the methylene c h l o r i d e / m e t h a n o l mixed s o l v e n t w i t h CD3 = 0.25. For 
example, i f M w o f the C(3.00)A s t u d i e d i s l e s s than the e s t i m a t e 
5.7 x 1 0 4 g i v e n by l i g h t s c a t t e r i n g s t u d i e s on the former mixed 
s o l v e n t , r e v i s i o n would decrease p̂ g based on the l i g h t s c a t t e r 
i n g d a t a s l i g h t l y (owing to the compensatory e f f e c t s on (s^-)^/^ 
noted above) but would augment p̂  deduced from the v i s c o m e t r i c 
d a t a . For example, 50 p e r c e n t r e d u c t i o n i n M w would be expected 
t o have l i t t l e e f f e c t on PLS* hut p̂  would be i n c r e a s e d t o about 
17 nm. 1 

Summary 

The l i g h t s c a t t e r i n g d a t a on d i l u t e s o l u t i o n s o f C(3.00)A 
show e f f e c t s of i n t e r m o l e c u l a r a s s o c i a t i o n i n a l l the s i n g l e -
component s o l v e n t s s t u d i e d , and i n two o f three mixed s o l v e n t s 
examined. I t i s p o s s i b l e t h a t a s s o c i a t i o n i s minimal i n m i x t u r e s 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



6. BERRY AND L E E C H Cellulose Triacetate 79 

o f methylene c h l o r i d e (1) and methanol (3) w i t h cp = 0.25, but 
t h i s i s a t e n t a t i v e c o n c l u s i o n a t pres e n t . A n a l y s i s o f the data 
w i t h the l e t t e r mixed s o l v e n t g i v e a p e r s i s t e n c e l e n g t h cp o f 40 
nm f o r C(3.00)A. Data on the r e f r a c t i v e i n d e x increment o f 
C(3.00)A show t h a t a n / C 2 i s s m a l l f o r the a v a i l a b l e s i n g l e -
component s o l v e n t s f o r C(3.00)A, i n d i c a t i n g t h a t polymer-polymer 
i n t e r a c t i o n s l o s t on d i s s o l u t i o n must be r e p l a c e d by s i m i l a r 
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 s to e f f e c t s o l u b i l i t y . I n the mixed 
s o l v e n t methylene c h l o r i d e and methanol, C(3.00)A i s a p p a r e n t l y 
n e a r l y c o m p l e t e l y s o l v a t e d by methylene c h l o r i d e . V i s c o m e t r i c 
data on d i l u t e s o l u t i o n s a re r e l a t i v e l y i n s e n s i t i v e to a s s o c i a 
t i o n i n the range encountered here. A n a l y s i s o f the da t a g i v e s 
a somewhat s m a l l e r v a l u e of p than t h a t o b t a i n e d from the l i g h t 
s c a t t e r i n g data. 
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Abstract 

                   Properties of cellulose triacetate, CTA, in dilute solution 
have been investigated using light scattering, refractometry, 
and viscometry with moderately concentrated solutions. The 
weight average molecular weight Mw was determined with solutions 
in seven different solvent systems, including four mixed sol
vents (different ratios of methylene chloride and methanol). 
Values of Mw varied over a wide range, revealing the presence of 
severe intermolecular association of CTA in dilute solution. 
The most reliable Mw was obtained in a mixed solvent with 0.75 
methylene chloride: 0.25 methanol. The best estimate for the 
radius of gyration based on the light scattering data results in 
a persistence length p of 37 nm for CTA. The relative insens
itivity of [η] to interchain association observed with CTA is 
similar to the effects reported on [η] for linear chains under
going radiation induced crosslinking. The sort of randomly 
branched structure produced in the radiation crosslinked polymer 

                   may also be dominant with intermolecularly associated CTA. 
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7 
The Configurational Statistics of Pullulan and 
Some Related Glucans 

DAVID A. BRANT and BRUCE A. BURTON 

Department of Chemistry, University of California, Irvine, CA 92717 

The work reported her  ha  bee  carr ied t i  th  context f 
a program to develop r e l i a b l
polysaccharides in so lut io  (1, 2 )  quit y
for aqueous amylosic chains has been developed; d e t a i l s are 
reported at length elsewhere (3, £ , 5, 6 ) . Here procedures 
applied successful ly to amylose are extended to the c lo se ly 
r e l a t e d g lucan p u l l u l a n as p a r t o f an e f f o r t to t e s t the 
general i ty of the method. Information of potent ia l a p p l i c a b i l i t y 
to the dextran family of polysaccharides i s derived in the 
process. Ori.ng to the current absence of appropriate experimental 
measurements of the configuration dependent properties (7) o f 
p u l l u l a n , o n l y an unre f ined theory o f the c o n f i g u r a t i o n a l 
s t a t i s t i c s of pul lu lan can be developed at the present time U , 
2) . It i s nevertheless ins truct ive to investigate the s e n s i t i v i t y 
of the calculated results to various parameters of the theory, and 
to contrast the behavior predicted for pu l lu lan on the basis of an 
unrefined model with that of some other glucans. The resul ts o f 
these investigations are presented here pr imar i ly in the form of 
project ion drawings of representative polymer chain conformations 
(2 f 5) . 

Structure and Propert ies of P u l l u l a n 

P u l l u l a n i s an e x t r a c e l l u l a r a -D-g lucan produced by the 
organism Aureobas idium p u l l u l a n s {8) . Whereas the l i n e a r 
component of s tarch, amylose, i s a homo polymer o f a-1,4-1 inked 
D-glucose (Figure la) , pu l lu lan has the same structure with 
approximate ly every t h i r d a - l f4-1 i n k a g e rep laced by an 
a-1,6-linkage (Figure lb) (£, 10_, _U) . For present purposes 
pul lu lan has been taken to be a regular ly repeating polymer of 
maltotriose units l inked by a - l f6 - l i n k a g e s . The term dextran 
refers to a widely studied family of microbia l polysaccharides 
comprising homopolymeric a-1,6-D-glucan chains possessing var iable 
degrees o f c h a i n branching (8) . P u l l u l a n and dextran are 

0097-6156/81/0150-0081$05.00/ 0 
© 1981 American Chemical Society 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



82 SOLUTION PROPERTIES OF POLYSACCHARIDES 

amorphous polymers read i ly soluble in water whereas amylose i s 
p a r t i a l l y c r y s t a l l i n e and displays only l imited s o l u b i l i t y in t h i s 
medium. These differences are presumably related in part to the 
greater conformational freedom inherent in the a -1 ,6- l inkages . 
Because pul lu lan i s s imi lar in chemical structure to amylose and 
i s avai lable in large amounts in pure form for experimental 
s tudies , i t provides an ideal system in which to test the 
g e n e r a l i t y o f methods developed to t r e a t the conformat iona l 
s t a t i s t i c s of amylose. It represents, moreover, a l o g i c a l step in 
the d i r e c t i o n of a theoret ica l treatment of dextran. 

Structural Parameters 

As specif ied below, the s tructura l geometry of the glucose 
residues (Figure 1) was taken to be that of either the mean 
a-D-glucose residue described by Arnott and Scott (12) or the mean 
a-D-glucose residue i
valence angle at the oxyge
to be 1 1 1 . 5 ° for a -1 ,6- l inkages (14) and either 1 1 4 . 5 ° or 1 1 7 . 0 ° 
for a - l , 4 - l inkages .4) , as specif ied below. 

Methods of Ca lcu la t ion 

Conformational energies were estimated using methods described 
previously (_1, 3) • I n t n e present ca lcu la t ions , however, terms 
were also introduced as indicated below to account for inherent 
barr iers to bond rotat ion and for the ancmeric e f fect , following 
methods proposed by Abe and Mark (15) > Thus, threefold tors ional 

barr iers of 1.8 and 2.8 kcal m o l - 1 were included in seme cases for 
the C-0 and C-C bonds, respect ive ly; the energy maxima in these 
terms occurred for tors ion angles 0, 120, and 2 4 0 ° . (See 
reference 1 for conventions pertinent to tors ion angles and other 
geometric parameters.) A maximum ancmeric s t a b i l i z a t i o n energy of 

1.1 kcal mol" 1 was associated with the <j> rotat ion (Figure 1) , 
which resembles the C-0 bond rotat ion in poly(oxymethylene) (15) . 
Rotation ca (Figure lb) i s s imi lar to the C-C rotat ion in poly 
(oxyethylene) and, hence, rea l izes a maximum s t a b i l i z a t i o n energy 

of 1.0 kcal m o l - 1 (15) . No s ign i f i cant anomeric effect attends 
the rotat ion ^ . Where included, the ancmeric term operates in the 
tors ion angle range 120 to 360° and provides maximal s t a b i l i z a t i o n 
at about 180 and 3 0 0 ° . 

Polyner chain dimensions, reported here as the dimensionless 
charac ter i s t i c rat io C^ (1, 2, 4) , were calculated from the 

s tructura l geometry and conformational energy estimates using 
methods described e a r l i e r (16); approximations inherent in the 
ca lculat ions have been discussed in d e t a i l (1, 2, 4, _5, 16). The 
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charac ter i s t i c rat io is defined to be proportional to the mean 
square end-to-end distance of the polymer chain , unperturbed by 
the long range excluded volume effect (1, 2); i t s observed value 
i s close to 5 for aqueous amylosic chains (4). Project ion 
drawings of representative conformations of the several glucans 
treated were generated by an elaboration of Monte Carlo methods 
described e a r l i e r (5). Deta i l s of the ca lculat ions w i l l be 
presented la ter in the context of e f forts to f i t theoret ica l 
ca lculat ions of the charac ter i s t i c rat io to experimental r e s u l t s . 

Results and Discussion 

Amylose. A conformational energy contour map for a dimeric 
segment of an amylosic chain i s shown in Figure 2 (1-6). The Hybl 
e t a l . r e s idue geometry (13_) and p o t e n t i a l f u n c t i o n s without 
inherent tors ional or ancmeric terms (3) were used  The angle at 
the g lycos id ic oxygen wa

5, and 25 kcal mol" 1 r e la t ive to the global energy minimum; dashed 
contours imply negative absolute energies. Only one s i g n i f i c a n t 
low energy domain appears in the conformation space of the amylose 
dimer near the pos i t ion <|>f \|> = 0, 0 ° . This conformer i s depicted 
in Figure l a . Throughout most of the conformation space of the 
dimeric segment into lerable s t e r i c c o n f l i c t s occur as s i gn i f i ed by 
the large domain of high energy where contour l ines have been 
omitted. The energy surface in Figure 2 i s refined in the sense 
that the charac ter i s t i c rat io predicted from i t (1, 2, A, 5) 
agrees we l l wi th exper imenta l measurements o f and i t s 

temperature coef f ic ient for amylosic chains in aqueous media (17) . 
Figures 3 and 4 show project ions into mutually orthogonal (xy 

and yz ) planes of one conformation of a 100-residue amylosic 
chain . C i r c l e s represent the g lycos id ic oxygens. These oxygens 
are connected in the drawings by v i r t u a l bonds spanning the 
glucose residues, which, for c l a r i t y , are not shown. The ordinate 

and abscissa of the project ion drawings are measured in Sngstrom 
units and refer to axes of an a r b i t r a r y Cartesian coordinate 
system. Detai l s of the computation are presented elsewhere (5). 

The conformation depicted in Figures 3 and 4 was chosen to be 
representative of chains in a large Monte Carlo sample of such 
chains , a l l of which possess conformations consistent with the 
energy surface in Figure 2; i t s end-to-end extension i s close to 
the mean value for chains in the sample. It i s best to regard 
these project ion drawings, and those which follow, as snapshots o f 
a polymer chain , taken simultaneously from mutually orthogonal 
d i r e c t i o n s , which have served to capture the chain in one of the 
countless conformations ava i lab le to i t (2). In fact the shapes 
of a l l of the chains shown here are extremely l a b i l e , and the 
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Figure 1. Projection drawings of dimeric a-D-glucan chain segments linked 1,4 (a) 
and 1,6 (b): (O) oxygens or hydroxyls; (o) hydrogens; (%)carbons; and (®) hy-
droxymethyl groups. Conventions relating to torsion angles <f>, if/, and w and other 

structural features are given elsewhere (I). 

-100 

Figure 2. Conformational energy contour diagram for the dimeric segment in 
Figure la. Energy contours are drawn at 1, 5, and 25 kcal mol1 above the energy 
minimum; dashed contours correspond to negative absolute energies. References to 

details of the calculation are provided in the text. 
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Figure 3. Projection into the xy plane of an arbitrary coordinate system of one 
particular amylose chain conformation consistent with the energy surface of Figure 
2. Circles represent the glycosidic oxygens. These are connected by virtual bonds 

spanning the sugar residues; for clarity the residues are not shown. 

i i 1 

-150 -100 

Figure 4. Projection into the yz plane of the same amylose chain conformation 
shown in Figure 3 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



86 SOLUTION PROPERTIES OF POLYSACCHARIDES 

project ion drawings represent just a s ingle f leet ing conformation 
which w i l l have changed substant ia l ly an instant l a t e r (2, 5 ) . 

Examination of the amylosic chain conformation in Figures 3 
and 4 as well as numerous others in the Monte Carlo sample (5) 
d isc loses the s t a t i s t i c a l or random c o i l nature of the cha in . At 
the same time the pseudohelical character of the chain's backbone 
tra jec tory i s r ead i ly ascertained (2_, 5). This l a t t e r feature 
plays an important role in the behavior of the chain , as discussed 
elsewhere in th i s volume (6, 18, 19, 20, 21, 22). 

Among the several c h a r a c t e r i s t i c s of the amylosic chain , i t i s 
of par t i cu lar interest to characterize i t s s t i f fness as well as 
i t s extension. These questions have already been addressed at 
some length C5, 16) . Here we would simply l i k e to point out that , 
in addit ion to the c h a r a c t e r i s t i c r a t i o , the configurat ional 
entropy, and the persistence length, a l l commonly used as measures 
of s t i f fness and extension  i t may be useful to consider a kind of 
corre la t ion function define
vector along the f i n a
vector aligned with the i n i t i a l v i r t u a l bond. This function i s 
shown in Figure 5 for the conformational energy map of Figure 2; 
d e t a i l s of the ca l cu la t ion w i l l be presented in another p lace . 
The o s c i l l a t o r y character of the corre la t ion function i s a c lear 
r e f l e c t i o n of the pseudohelical nature of the chain t ra jec tory . 
We see in Figure 5 that corre la t ion of the d irec t ions of the 
i n i t i a l and f i n a l bonds of the chain pers i s t s even for chains (or 
chain segnents) with degrees of polymerization of 100 or more. 
The corre la t ion function has decayed to 1/e after 20 residues. 
This measure of the corre la t ion length, expressed in numbers of 
glucose residues, may in some cases be more meaningful than the 
persistence length, which i s a corre la t ion length expressed in 
distance units (5). C e r t a i n l y i t i s improper, as i s sometimes 
done, to try to express the corre la t ion length in residue units by 
taking the rat io of the persistence length to the (v i r tua l bond) 
length of a s ingle residue. If th i s i s done for the amylosic 
chains of Figures 2-5, which possess a persistence length of about 

288 and a v i r t u a l bond length of 4.258, the corre la t ion length in 
residue units i s gross ly underestimated. (The term "persistence 
length" in th i s paper refers to the magnitude of the mean 
end-to-end vector.) 

Other skeleta l geometries and potent ia l functions can be 
j u s t i f i e d for amylose in addit ion to those chosen to generate 
Figures 2-5. I f , for example, the Arnott and Scott residue 
geometry (12) i s used in conjunction with potent ial functions 
which include terms for inherent tors ional barr iers and the 
ancmeric e f fect , the contour diagram of Figure 6 i s obtained. Here 
the g lycos id ic bridge angle was taken to be 117.0 °. This energy 
surface y ie lds a c h a r a c t e r i s t i c ra t io almost f ive times the 
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Figure 5. The ordinate displays the mean projection of a unit vector along the 
final virtual bond of an amylosic chain consistent with Figure 2 onto a vector 
aligned with the initial virtual bond. The abscissa is chain length, measured in 
glucose units. The horizontal line through the figure is the inverse of the base of 

natural logarithms. 

Figure 6. An energy surface as in Figure 2, but based on alternative assumptions 
about skeletal geometry and conformational energy functions as described in the text 
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experimental value , and, therefore, presumably represents a less 
r e a l i s t i c chain model. A t y p i c a l chain conformation consistent 
with th i s surface is drawn in Figure 7, where the tendency toward 
pseudohelical t ra jec tor ies seen in Figures 3 and 4 pers i s t s . Now, 
however, the chain i s c l e a r l y more extended with greater mean 
p i tch and fewer residues per turn in the pseudohel i c a l segments. 
The associated corre la t ion function shown in Figure 8 o s c i l l a t e s 
less dramatical ly because of the larger pseudohelical p i t c h , i . e . , 
each v i r t u a l bond i s , on the average, more nearly col inear with 
i t s predecessor. The persistence length calculated for t h i s chain 

model i s 66 X, but the corre la t ion length measured in glucose 
residues (defined by the decay of the corre la t ion function) i s 
apparently smaller than in the case of the preceding, more 
r e a l i s t i c , chain model, which has a persistence length less than 
h a l f as l a r g e . 

Dextran. We w i l
context to denote th
representative dimeric segment of th i s chain i s shown in Figure 
l b . To display the conformational energy hypersurface we present 
sections in Φ ,ψ space taken at constant values of ω = 6 0 ° , - 6 0 ° , 
and 180 i n F i g u r e s 9, 10, and 11, r e s p e c t i v e l y . The 
three-dimensional contour diagram may be v i sua l i zed as a stack of 
these two-dimensional sect ions. A l l of the low energy regions 
superimpose in th is stack to produce a f igure with a low energy 
"tunnel" p a r a l l e l to the ω axis in the v i c i n i t y of Φ ,ψ = 40, -40 , 
as anticipated from simple s t e r i c considerat ions. This low energy 
region i s depicted quite readi ly by a section in Φ ,ω space taken 
at Ψ = -60 as shown i n F i g u r e 12. As expected , the 
<*-l,6-linkages experience considerable freedom of rotat ion about 
the C(5)-C(6) bond. The energy surface shown in Figures 9-12 i s 
based on Arnott and Scott residue geometry, a g lycos id ic bridge 
angle of 111.5 , and potent ia l functions without tors ional and 
ancmeric terms. Contours in Figure 12 are drawn at absolute 

energies of - 2 , - 0 .5 , 8, and 25 kcal mol" 1 ; as before, the dashed 
contours correspond to negative absolute energies. The present 
energy s u r f a c e for the <x- l , 6 - l inkage resembles c l o s e l y t h a t 
previously published by Tvaroska, Pe'rez, and Marchessault (14) . 

F i g u r e s 13 and 14 d e p i c t m u t u a l l y or thogonal p r o j e c t i o n 
drawings of a par t i cu lar dextran chain conformation consistent 
with the preceeding energy surface . The chain i s quite disordered 
and undergoes abrupt changes in d i r e c t i o n . It d isplays no obvious 
propensity for pseudohel i c a l propagation and i s , moreover, quite 
compact re la t ive to the amylosic chain with = 1.8 and a 

persistance length of just 6 2. 
If we add tors ional and anomeric terms to the potent ia l 

function for dextran, then the freedom of rotat ion about ω 
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Figure 8. A correlation function as in Figure 5 for amylosic chains consistent with 
Figure 6 
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-100 a 100 
PHI 

Figure 9. A section in φ, φ space taken at ω = 60° through the contour diagram 
of the conformational energy hyper surf ace for the dimeric segment in Figure lb. 
Energy contours are drawn at 1, 5, and 25 kcal mol'1 above the energy minimum; 
dashed contours correspond to negative absolute energies. References to details of 

the calculation are provided in the text. 

PHI 

Figure 10. A diagram as in Figure 9 taken at ω = -60° 
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J_L_L 1 I I I \ I I I ι ι i_L ι ι ι ι I 
-100 0 

P H I 
100 

Figure 12. A section in φ,ω space taken at φ = —60° through the contour dia
gram of the energy hypersurface described in Figure 9. Energy contours are drawn 
at absolute energies of —2, —0.5, 8, and 25 kcal mol1; dashed contours refer to 

negative absolute energies. 
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Figure 14. Projection into the xz plane of the same linear dextran chain confor
mation shown in Figure 13 
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decreases and three d i s t i n c t minima a p p e a r · These are separated 

by barr iers exceeding 2 kcal mol" 1 along the ω axis as shown i n 
Figure 15, where the energy contours correspond to those in Figure 
12. This energy surface leads to more extended dextran chains 

with = 5 and a persistence length of 13 8. As can be seen in 

Figure 16, chain conformations consistent with th i s energy surface 
are somewhat less tortuous than those associated with the surface 
of Figures 9-12, and there i s some hint in the project ion drawings 
of a tendency toward pseudohelical propagation. This l a t t e r 
suggestion could be investigated by examining the character of the 
associated corre la t ion funct ion, but we have not carr ied out the 
necessary c a l c u l a t i o n . 

It i s evident that inc lus ion of tors ional and anomeric terms 
in the p o t e n t i a l f u n c t i o n s has a pronounced e f f e c t on the 
calculated chain dimension
chain conformations. I
current ly have no basis for knowing which, i f e i t h e r , of the 
models discussed here i s r e a l i s t i c . It may be possible to gain 
some insights that w i l l help narrow the range of acceptable chain 
models for dextran by comparing theoret ica l and experimental 
values of the configuration-dependent properties of p u l l u l a n , 
which i n c o r p o r a t e s a - l , 6 - l i n k a g e s . A l t e r n a t i v e l y , one would 
prefer to do the same for dextran i t s e l f , but th i s approach i s 
complicated by the existence of chain branching in most, i f not 
a l l , na tura l ly occurring dextran samples. 

P u l l u l a n . When we construct a pul lu lan chain model by 
r e p l a c i n g every t h i r d α - 1 , 4 - l i n k a g e i n amylose by an 
a - l , 6 - l i n k a g e , we f ind a polymer c o i l with compact dimensions and 
a tortuous t ra jec tory . The pul lu lan conformation shown in Figures 
17 and 18 was generated using the energy surface of Figure 2 for 
the α-1,4-l inkages (C œ = 5 for the homopolyner) and the surface of 

Figures 9-12 for the a - l , 6 - l i n k a g e s (C = 1.8 for the homopolymer) . 

Mean c o i l dimensions predicted for pul lu lan by th i s model are 

small with C œ = 2.4 and a persistence length of 13 8. The effect 

of introducing into the amylose skeleton periodic α -1 ,6- l inkages 
possessing considerable conformational freedom i s to d isrupt the 
p s e u d o h e l i c a l tendency of the α - 1 , 4 - D - g l u c a n homopolymer and 
reduce the chain extension s i g n i f i c a n t l y . The project ion drawings 
nevertheless d isc lose occasional loops in the pul lu lan chain which 
are remin i scent of the p s e u d o h e l i c a l t r a j e c t o r y o f amylos ic 
chains: occas ional ly the two α-1,6- l inkages in each hexameric 
segment adopt conformations that combine with those of the four 
a - l , 4 - l inkages in the segment to generate short sequences of 
amylose-like pseudohelical t ra jec tory . 
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Figure 16. Projection of a linear dextran chain conformation consistent with the 
energy surface in Figure 15 
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Figure 18. Projection into the yz plane of the same pullulan chain conformation 
shown in Figure 17 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



96 SOLUTION PROPERTIES OF POLYSACCHARIDES 

It i s of interest to note that when d i f f erent polysaccharide 
chains are compared, the corre la t ion of charac ter i s t i c rat io and 
persistence length, normally observed for various models of a 
part i cu lar type of chain , i s no longer preserved. Thus the 
amylosic chain based on the energy surface of Figure 2 has a 

charac ter i s t i c rat io of 5 and a persistence length of 28 A. The 
respective quanti t ies for the dextran chain based on Figure 15 are 

5 and 13 For the pu l lu lan chain jus t described, which also has 

a persistence length of 13 A, the charac ter i s t i c rat io i s reduced 
to 2.4. 

A second pul lu lan model has been constructed using again the 
energy s u r f a c e of F i g u r e 2 for the α - 1 , 4 - 1 i n k a g e s but now 
i n c o r p o r a t i n g the energy s u r f a c e o f F i g u r e 15 f o r the 
a - l , 6 - l i n k a g e . A t y p i c a l pu l lu lan chain conformation based on 
th i s model i s shown i
chains i s described b

length of 2.3 and 12 A, respect ive ly . Thus, even though the 
dextran homopolymer based on the energy surface of Figure 15 i s 
much more extended (Cw = 5) than the one based on the surface of 

Figures 9-12 (Cw = 1.8) , the pu l lu lan model incorporating th i s 

second (Figure 15) type of a - l , 6 - l inkage i s s l i g h t l y more compact 
than the pul lu lan chain based on the i n i t i a l model (Figures 9-12) . 
These resul ts suggest that the chain dimensions predicted for 
pul lu lan chains w i l l be rather insens i t ive to the d e t a i l s of the 
model employed for the α - 1 , 6 - l i n k a g e s . I f t h i s impress ion 
pers i s t s after invest igat ion of addit ional chain models, then 
comparison of theoret ica l and experimental studies of pu l lu lan 
chain dimensions may not provide a very sensi t ive probe of the 
energy surface for the a - l , 6 - l i n k a g e . Investigation of temperature 
effects could, however, lead to addit ional information U , 4). 

Conclusions 

Comparison o f p r o j e c t i o n drawings and c a l c u l a t e d cha in 
dimensions for amylose, l inear "dextran", and pul lu lan chains 
shows that the α - 1 , 6 - l i n k a g e i s a source o f c o n s i d e r a b l e 
conformation freedom in D-glucan chains which incorporate th i s 
l inkage . Experimental studies of the c o i l dimensions of pu l lu lan 
and other p o l y s a c c h a r i d e s c o n t a i n i n g α - 1 , 6 - l i n k a g e s w i l l be 
required to ref ine the parameters of the theoret ica l model for 
th i s l inkage. 
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Figure 19. Projection of a pullulan chain conformation based on a chain model 
different from that used to generate Figures 17 and 18. See text for details. 
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Abstract 

Theoretical chain models for the D-glucans amylose, linear 
"dextran", and pullulan have been constructed on the basis of 
realistic molecular geometries for the skeletal segments and 
estimates of the conformational energy as a function of the 
backbone torsion angles. Random coil chain dimensions have been 
calculated and are reported as the characteristic ratio of the 
mean square unperturbed end-to-end distance and as the persistence 
length. A correlation function designed as one measure of chain 
stiffness and extension is introduced. Projection drawings of 
representative conformations of amylose, dextran and pullulan 
chains are presented. Comparison of these drawings and the chain 
dimensions calculated for each chain discloses that the 
α - 1 , 6 - l i n k a g e is a source of substantial conformational freedom in 
D-glucan chains which incorporate this linkage. Experimental 
studies of the coil
polysaccharides containing
refine the theoretical model for this linkage. 
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Levan is a polyme
by β-2, 6 bonds (1) . Thoug
levans of interest here are those obtained from the extracellular 
substance of cariogenic bacteria. The levans of bacterial or i 
gin are branched through β-2, 1 bonds, Figure 1. Levan, includ
ing dextrans (4) and mutans (5) , have been implicated in dental 
caries and periodontal diseases by virtue of their acidogenic 
(6 ,7) , adhesive (8), and antigenic (9) properties in the oral 
cavity. The β-2, 6 and β-2, 1 linkages in Streptococcus saliva
rius levan was recently confirmed from chemical ionization mass 
spectroscopy (10). 

The molecular weights of the levans produced from various 
bacterial cultures vary from about 12-100 x 106 daltons, e.g., 
S. salivarius, 30-32 x 106; Bacillus subtilis, 25 x 106; Aero-
bacter levanicum from cell cultures, 17 x 106; Aerobacter levan-
icum from isolated enzymes, 40-67 x 106; Bacillus vugatus 50-100 
χ 106 ( see reference 11 for key references). Though the molecu
lar weights of these levans can be as high as 100 x 106, Long, 
Stivala and Ehrlich (12) reported that the molecular weight of 
levan produced by S. salivarius depends on the pH of the growth 
media, with value as low as 106 obtained at pH = 5.7. 

The breakdown of levan occurs through levan hydrolase, which 
is present in the mixed salivary sediment or plaque suspension 
and results f irst in the release of fructose which may be ulti
mately metabolized to organic acid (13). DaCosta and Gibbons 
(14) found that the hydrolase is an inducible enzyme since it is 
formed in broth containing levan, insulin or sucrose, but not in 
broth containing glucose or fructose. The streptocccus of 
plaque are believed to be responsible for the hydrolysis of levan 
(15) and since the bacteria can rapidly hydrolyze levan, it acts 
as storage polymer of carbohydrate which can be continually 
metabolized to organic acid (16). 

1 Current address: Shell Development Corporation, Houston, TX. 
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I t has been suggested by Leach and co-workers ( 1 7 ) t h a t 
levan might be as important as the more i n e r t d e x t r a n i n the 
c a r i e s process s i n c e levan i s q u i t e l i a b l e t o be a t t a c k e d by the 
o r a l b a c t e r i a and on h y d r o l y s i s and subsequent c a t a b o l i s m pro
v i d e s a prolonged a c i d h a b i t a t f o r the t o o t h . Thus, levan may 
serve as s u b s t r a t e f o r prolonged a c i d p r o d u c t i o n even i n the 
absence of exogenous sucrose o r o t h e r s i m p l e d i e t a r y s u g a r s , as 
f o r example, when the host i s a s l e e p or not e a t i n g . T h e r e f o r e , 
one may assume t h a t t h i s polymer p l a y s an important r o l e i n long 
term d e m i n e r a l i z a t i o n o f the t e e t h and i n long term e c o l o g i c a l 
r e g u l a t i o n v i a plaque pH d e p r e s s i o n . S t i v a l a and co-workers 
( 1 8 , 19) examined the k i n e t i c s o f the a c i d h y d r o l y s e s o f S. s a l i 
varius levan under v a r i o u s c o n d i t i o n s of pH and temperature. 
Bahary and S t i v a l a ( 2 0 ) s t u d i e d s t r u c t u r a l changes d u r i n g the 
a c i d h y d r o l y s i s o f t h i s levan by o b s e r v i n g changes i n m o l e c u l a r 
weight and v i s c o s i t y c o n t i n u o u s l y i n the l i g h t s c a t t e r i n g c e l l 
and v i s c o m e t e r , r e s p e c t i v e l y

The s o l u t i o n p r o p e r t i e
c l u d i n g f r a c t i o n a t e d m o i e t i e s , were r e p o r t e d i n e a r l i e r papers by 
S t i v a l a and co-workers (JJ_, 20_, 2J_, 2 2 , 2 3 ) . A number of physico-
chemical parameters of n a t i v e B. s u b t i l i s l e v a n , i n c l u d i n g the 
products from m i l d a c i d h y d r o l y s e s of m o l e c u l a r weights ranging 
from 100 χ 106 to a low of s e v e r a l thousands, were r e p o r t e d by 
Dedonder and S i l c e w i c z (2k). T h i s paper w i l l review our e a r l i e r 
work on the s o l u t i o n p r o p e r t i e s of S. s a l i v a r i u s levan and extend 
our recent work ( 2 5 ) on the s o l u t i o n p r o p e r t i e s of f r a c t i o n a t e d 
m o i e t i e s of the a c i d h y d r o l y z e d l e v a n . 

M a t e r i a l s and Methods 

M a t e r i a l s . ( a ) . Levan P r e p a r a t i o n : Levan was prepared and 
p u r i f i e d from c u l t u r e s o f S. s a l i v a r i u s s t r a i n ATCC 1 3 4 1 9 a c c o r d 
ing t o procedures d e s c r i b e d elsewhere ( 1 2 , 2 6 ) . ( b ) . A c i d 
H y d r o l y s e s : N a t i v e levan was h y d r o l y z e d a t pH % 2 a t 35°C a c c o r d 
ing t o procedures d e s c r i b e d i n e a r l i e r papers ( 1 8 , 2 5 ) . 
( c ) . F r a c t i o n a t i o n : , The water s o l u b l e n a t i v e levan was f r a c t i 
onated by f r a c t i o n a l e l u t i o n u s i n g v a r y i n g r a t i o s o f w a t e r / t e t r a -
hydrofuran ( 1 1 ) . The h y d r o l y z e d sample was f r a c t i o n a t e d by 
f r a c t i o n a l p r e c i p i t a t i o n a t about 4°C u s i n g ethanol as n o n - s o l 
vent ( 2 5 , 2 7 ) . 

Methods. ( a ) . M o l e c u l a r Weights: Weight-average m o l e c u l a r 
w e i g h t s , R w, ( g r e a t e r than about 5 x 1 0 4 ) were o b t a i n e d i n water 
and i n v a r i o u s s o l v e n t s , e.g. s a l i n e s o l u t i o n s , urea s o l u t i o n s , 
d i m e t h y l s u l f o x i d e , from Zimm p l o t s u s i n g l i g h t s c a t t e r i n g data 
( 2 1 , 2 2 ) . Sedimentation e q u i l i b r i u m was used t o o b t a i n M w f o r 
samples of R w < 5 x ( 2 5 , 2 7 ) . 

Number-average m o l e c u l a r w e i g h t s , M n, were o b t a i n e d from 
c o l o r i m e t r i c data from end-group a n a l y s i s ( r e d u c i n g sugar) ac
c o r d i n g to procedure d e s c r i b e d e a r l i e r ( 1 9 ) . 
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( b ) . Dimensional Parameters: The z-average root-mean square 
r a d i i o f g y r a t i o n , (R2) , were c a l c u l a t e d from the Zimm p l o t s 
of l i g h t s c a t t e r i n g , and sedimention c o e f f i c i e n t s , S°, were 
ob t a i n e d from s e d i m e n t a t i o n v e l o c i t y data as d e s c r i b e d in e a r l i e r 
papers (21, 22). ( c ) . I n t r i n s i c v i s c o s i t y , [η],and p a r t i a l 
s p e c i f i c volume, v: The [η] and ν were determined from v i s c o s i t y 
and d e n s i t y measurements a c c o r d i n g to procedures d e s c r i b e d e a r l i e r 
(11, 21). 
Di scuss ion 

I. S o l u t i o n Parameters of Unhydrolyzed Levan. The f r a c t i o 
nal e l u t i o n of the n a t i v e levan r e p o r t e d by E h r l i c h and co-workers 
(11) produced a t o t a l of 20 f r a c t i o n s w i t h the 20th f r a c t i o n 
recovered at 54/46 hLQ/THF. T u r b i d i m e t r i c t i t r a t i o n showed t h a t 
more than o n e - h a l f or the levan i s e x t r a c t e d i n the narrow range 
of 50/50 to 53/47 H 20/THF
by S t i v a l a and co-worker
summarized i n Table I below. These i n v e s t i g a t o r s o b t a i n e d 
v a l u e s o f 0.17 and 0.62 f o r the exponents o f the l i n e a r double 
l o g a r i t h m i c p l o t s o f [η] vs. M w and S° vs. M w, r e s p e c t i v e l y . 
Exponent v a l u e s of 0.5 to 0 . 9 i n the former p l o t are e x h i b i t e d 
by random c o i l s whereas v a l u e s below 0.5 and 2.0 i n d i c a t e branch
ed s t r u c t u r e s and rods, r e s p e c t i v e l y . Exponent v a l u e s of 0.57, 
0.62, 0.71 f o r branched s t r u c t u r e s , 0.20, 0.29, 0.33 f o r rods, 
and 0.41, 0.43 and 0.47 f o r l i n e a r shapes have been r e p o r t e d 
from s l o p e s of the l a t t e r p l o t ( 2 1 ) , whereas 0.67 i s expected 
t o r spheres. A v a l u e of 0.43 was o b t a i n e d (21) from the s l o p e 
of the l o g - l o g p l o t o f (R2) vs. M w. For l i n e a r polymers v a l u e s 
of 0.5-0.6 have been r e p o r t e d and f o r spheres the (R2) v a r i e s 
w i t h M1/3. 9 z 

Table I. S o l u t i o n Parameters of S. s a l i v a r i u s Levan i n H«0 a t 
25°C (22). 

M X S O Χ 1 0 1 3 (R?) w 9 ζ 
F r a c t i o n [η] (dl/g) 10~ 6 (sec) v(ml/g) (A) 

F12 0.144 18 .5 200 0.66 333 
F14 0.148 20.0 194 0 . 6 3 340 
F 1 5 0.149 17.4 1 9 5 0.62 349 
F 1 7 0 . 1 5 1 19.0 182 0.64 403 
F 1 8 0 . 1 5 3 2 9 . 7 232 0 . 6 3 493 
F 1 9 0 . 1 5 6 32 .5 2 9 9 0 . 6 1 410 
F20 0.183 57.1 387 0 . 6 3 803 

ΒI0P0LYMERS, Table I I 
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The v a l u e s of [η] shown in Table 1 are extremely low f o r 
such extremely h i g h m o l e c u l a r weight macromolecules. F u r t h e r , 
i t i s noted t h a t these high m o l e c u l a r weight f r a c t i o n s have 
co r r e s p o n d i n g low r a d i i of g y r a t i o n . Based on these o b s e r v a t i o n s 
and on the v a l u e s of the exponents o f the l o g - l o g p l o t s of [η]-, 
SO-,and ( R 2 ) % - M. n a t i v e S. s a l i v a r i u s levan i s best d e s c r i b e d 
as a h i g h l y branched, compact s t r u c t u r e of n e a r - s p h e r i c a l sym
metry ( 1 1 , 2 1 ) . T h i s i s i n agreement w i t h the e l e c t r o n m i c r o 
graph s t u d i e s of Newbj-un and co-workers ( 2 8 ) . 

The [η] and ( R ^ ) ^ Q f t n e n a t i v e levan and i t s f r a c t i o n s 
were found ( 2 2 ) to 8 e Z s i g n i f i c a n t l y h i g h e r i n dimethyl s u l f o x i d e 
than i n water, r e f l e c t i n g the i h i g h e r hydrodynamic volume o f levan 
i n the former. The [η], ( R ^ ) ^ 9 and M w were a l s o o b t a i n e d i n 
o t h e r s o l v e n t s ( 2 3 ) , e.g., oA - 0 . 4 Ν NaCl , 4 - 8 M urea, e t h a n o l -
H2O 1 1 / 9 by volume. The M w were c o n s t a n t , w i t h i n e x p e r i m e n t a l 
e r r o r , i n d i c a t i n g t h a t the levan i n water i s not aggregated by 
hydrogen bonds. Value
water than i n aqueous s o l u t i o n
e t h a n o l / w a t e r m i x t u r e . In the former, urea may break i n t r a 
m o l e c u l a r hydrogen bonds, e.g., between branches, a l l o w i n g the 
molecule to expand whereas i n the l a t t e r , the e t h a n o l , being a 
p r e c i p i t a n t , renders the e t h a n o l / w a t e r m i x t u r e a poor s o l v e n t 
c a u s i n g the molecule to c o n t r a c t . 

I I . S o l u t i o n Parameters of Hydrolyzed Levan. The h y d r o l y s i s 
of n a t i v e levan e f f e c t e d a r e d u c t i o n i n Mw from 43 x 10& to 
5 . 5 x 1 0 ^ d a l t o n s . The f r a c t i o n a t i o n o f the p a r t i a l l y h y d r o l y z e d 
levan y i e l d e d 32 f r a c t i o n s v a r y i n g i n R w from 8_x 106 down to_ 1 0 
( 2 5 , 2 7 ) . Double l o g a r i t h m i c p l o t s o f [η] vs. M w and S° vs. M w 

each y i e l d e d two l i n e a r segments i n t e r s e c t i n g at M w % 1 0 ^ . The 
exponents of the former were 0.05 and 0 . 6 7 f o r M w i n the range 
of 8 χ ΙΟ** to 2 χ 1 θ 5 and 9 χ 1 0 ^ to 1 0 1 * , r e s p e c t i v e l y , whereas 
those o f the l a t t e r were 0 . 6 7 and 0 . 4 3 , r e s p e c t i v e l y . Examina
t i o n o f the v a l u e s of these exponents suggested t h a t the levan 
h y d r o l y s a t e s o f R w > 10^ are best c h a r a c t e r i z e d by spheres and 
those o f M w < 1 θ 5 e x h i b i t random c o i l b e h a v ior ( 2 5 , 2 7 ) . C a l 
c u l a t i o n s , based on e q u i v a l e n t spheres and random c o i l s , of 
v a r i o u s dimensional parameters from [η], S°, and f r i c t i o n a l c o e f 
f i c i e n t data confirmed t h i s o b s e r v a t i o n ( 2 5 ) . 

Table II c o n t a i n s v a l u e s of M n f o r the levan h y d r o l y s a t e s 
o b t a i n e d from end-groups a n a l y s e s , and sedimendation e q u i l i b r i u m . 
Values by the two methods a r e , w i t h i n e x p e r i m e n t a l e r r o r , i n 
good agreement. 

F i g u r e 2 shows the p l o t o f l o g [η] vs. l o g M (values o f 
[η] from r e f e r e n c e _25) o f the levan h y d r o l y s a t e s f o r [η] measured 
in water at 25°C. It i s noted from t h i s f i g u r e , t h a t t h e r e are 
two l i n e a r segments. The 1 i n e a r segments can be expressed by the 
Mark-Houwink e q u a t i o n , [η] = Κ where the exponent α i s o b t a i n 
ed from the s l o p e . The exponents c a l c u l a t e d from F i g u r e 2 a r e 
0 . 5 0 f o r levan h y d r o l y s a t e s of M n < 4 χ 10^ and 0 . 1 1 f o r v a l u e s 
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Table I I . Number-Average M o l e c u l a r Weights o f Levan H y d r o l y s a t e s 

Sample Ν 3 

η Sample M 3 

η 
M B 

N a t i v e 
F1 

F 5 

F 7 

F 1 0 

F 1 3 

F 1 5 

2 . 0 6 x 1 0 5 

2 . 2 7 

1 . 4 5 k 

6 . 6 3 x 1 0 

6 . 2 1 

3 . 5 1 

i t .6 2 

F 1 7 

F 1 9 

F21 

E 7 

E 6 

E 5 

Ek 

3 . 3 6 x 1 ο 1 * 

3 . 3 3 

2 . 8 0 

2 . 0 6 

1 . Ί 6 

9 . 4 7 x 1 0 ^ 

3 . 6 8 

1 . 8 6 x 1 0 * * 

1 . 5 6 , 

9 . 9 8 x 1 0 3 

1 . 9 3 

Determined from end-group a n a l y s i s 
^Determined from s e d i m e n t a t i o n e q u i l i b r i u m 

4 

o f M > 4 χ 10 . The nature o f F i g u r e 2 r e f l e c t the o b s e r v a t i o n s 
made from s i m i l a r p l o t s u s i n g M v a l u e s ( 2 5 ) . However, as ment
ioned e a r l i e r _ t h e v a l u e s o f α i n t h i s case was 0 . 0 5 f o r M w > 1 0 ^ 
and 0 ^ 6 7 f o r ^ M ^ < 1 0 ^ . The d i f f e r e n c e i n v a l u e s o f α o b t a i n e d 
from M w and M n o f the levan h y d r o l y s a t e s r e f l e c t the p o l y d i s p e r s -
i t y o f the samples i n the weight range examined. The two d i f e r -
ent s l o p e s observed i n . F i g u r e 2 i n d i c a t e s t h a t the s t r u c t u r e o f 
levan h y d r o l y s a t e s o f M < 4 χ 1 0 ^ and M > 4 X 1 0 ^ are d i f f e r e n t . 

The d i s p e r s i t i e s , M /Mn, o f n a t i v e levan and h y d r o l y s a t e s are 
summarized i n T a b l e I I I |R W v a l u e s are from r e f e r e n c e 2 5 ) . The 
h y d r o l y s i s o f the n a t i v e levan e f f e c t e d an a p p r e c i a b l e drop i n 
d i s p e r s i t y from 2 0 7 to v a l u e s below 3 6 depending on the m o l e c u l a r 
weight o f the h y d r o l y s a t e . As a group, h y d r o l y s a t e f r a c t i o n s o f 
M > 4 χ 1 0 ^ e x h i b i t d i s p e r s i t i e s i n the range o f 3 6 - 5 . 4 whereas 
tnose o f M n < k χ 10** have lower d i s p e r s i t i e s i n the narrower 
range o f 2 . 7 - 1 . 3 . F i g u r e 3 shows 

Table I I I . D i s p e r s i t y , M /M o f N a t i v e Levan and I t s Hydrolysates 

Sample w η Sample M /M w η 

N a t i v e Levan 
F1 

F 5 

F 7 

F 1 0 

F 1 3 

F 1 5 

2 0 7 

36 

2k 
31 

13 

10 

5.k 

F 1 7 

F 1 9 

E 7 

E 6 

E 5 

Ek 

6 . 5 

2 . 7 

1 . 3 

1 . 5 

1 .9 
2 . 7 

the l o g - l o g p l o t o f M v s . M . I t i s noted t h a t the two l i n e a r 
curves o f d i f f e r e n t s?opes r e f l e c t the two s t r u c t u r a l l y d i f f e r e n t 
levan h y d r o l y s a t e s . 
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Exponent values of 0 . 0 5 and 0 . 6 7 of the Mark-Houwink rela
tion for hydrolysates of Mw > 1 0 p and M < 1 θ 5 . respectively, 
suggest that the former behave as spheres and the latter as ran
dom coils. The diameter, d, of hard sphere suspended in a liquid 
medium, may be calculated from [η] using the Einstein equation, 
[η] = 2.5/p where ρ is the density of the sphere; i.e., ρ = m/v = 
m/(l/6) π d3 where m is mass and ν is the volume. Since m = M/N 
where M is molecular weight and Ν is Avogadro's number, the exp
ression for d in terms of the measured M and [η] is 

d = [M[n]/(2.5)(l/6)irN] 1 / 3 ( 1 ) 

_2 
The mean square end-to-end distance, r , for random coil may be 
calculated from [η] and M using the Flory-Fox equation 

[η] = Φ (r ) /M ( 2 ) 
ο ι 2 

where Φ = 2 . 5 x 10 . Using equations ( 1 ) and ( 2 ) the R for 
sphere and random coil may be calculated from the relationships 
R2= ( 3 / 2 0 ) d 2 and R2 = r 2 / 6 , respectively. Thus, Stivala and co-
w 8 r k e r s ( 2 5 ) , calculated the values of R̂  for the hydrolysates 
and from their corresponding values of M ,̂ obtained the following 
relationships from log-log plots, 

(R2)* = 0 . 8 2 Μ ° · 3 6 for M > 1 0 5 ( 3 ) 

" Τ J - - ° · 5 7 - ς (R ) 2 = 0.13 M for Μ < 10ρ (4) g w w 

The exponent value of 0.36 is in good agreement with 0.33 for 
spheres, and the exponent value of 0.57 is in good agreement with 
0.5-0.6 for random coils. Regarding native S. s a l i v a r i u s levan, 
Stivala and co-workers C M , 2J_) reported that in water it behaves 
as a highly branched compact structure of spherical symmetry. 

The hydrolytic degradation of levan is catalyzed by the 
enzyme levan hydrolase which is found in the mixed salivary sedi
ment or plaque suspension. DaCosta and Gibbons (14) reported 
that the enzyme preferentially cleaves the terminal fructose units 
suggesting that the hydrolysis is non-random. Stivala, Lauren 
and co-workers (18, 20) examined the_acid hydrolysis of S. saliv
arius levan by observing changes in Mw and [η] continuously as a 
function of time, temperature, pH, and levan concentration. Two 
simultaneous first-order reactions were observed, an initial rapid 
reaction attributed to 3-2,1 branch point cleavage and a slower 
reaction attributed to the 3-2,6 non-branch points in the main-
chain and branches. Specific rate constants for the two processes 
were obtained from Guggenheim plots. These studies suggested 
that the hydrolysis of levan proceeds by a non-random process. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



8. STIVALA E T A L . S. salivarius Levan 109 

T h i s o b s e r v a t i o n was supported from changes i n M observed d u r i n g 
h y d r o l y s e s (19) w i t h subsequent a n a l y s i s o f the 9ata on a s t a t i s 
t i c a l model of a t r i f u n c t i o n a l l y branched polymer. I t was ob
served t h a t the d i s p e r s i t y as a f u n c t i o n o f h y d r o l y s i s time, f o r 
give n temperature and pH, e x h i b i t s a maximum. No maximum was 
observed f o r dextra n h y d r o l y s e s , which i s re p o r t e d t o f o l l o w a 
random path. 

I t i s c l e a r t h a t h y d r o l y t i c a t t a c k of S. s a l i v a r i u s levan 
produces two s t r u c t u r a l l y d i f f e r e n t d e g r a d a t i o n p r o d u c t s , one 
th a t conforms to behavior i n s o l u t i o n c h a r a c t e r i s t i c o f spheres 
and the o t h e r c h a r a c t e r i s t i c o f random c o i l s . I t should be 
mentioned t h a t s o l u t i o n p r o p e r t i e s are g r e a t l y a f f e c t e d by the 
presence o f even a few long branches but i n s e n s i t i v e t o many 
s h o r t branches. In t h i s c o n n e c t i o n i t was shown from 1 3 ς NMR 
spectroscopy t h a t the s p e c t r a o f the high v s . low mol e c u l a r weight 
levan h y d r o l y s a t e s do not d i f f e  (27) s u g g e s t i n g perhaps the 
p r e s e n c e o f s h o r t branche

It i s noteworthy to mention, i n support of the o b s e r v a t i o n 
i n F i g u r e 2 on S. s a l i v a r i u s l e v a n , the work of Dedonder and 
S l i z e w i c z (2k). These i n v e s t i g a t o r s examined the f r a c t i o n s o f 
the p a r t i a l l y a c i d h y d r o l y z e d 5. s u b t i l i s l e v a n . They r e p o r t e d 
t h a t a s i g n i f i c a n t change i n the s t r u c t u r e o f t h i s levan occurs 
f o l l o w i n g h y d r o l y s i s . 
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9 
PS-60: A New Gel-Forming Polysaccharide 

R. M O O R H O U S E , G . T . C O L E G R O V E , P. A . S A N D F O R D , 
J. K. B A I R D , and K. S. K A N G 

Kelco, Division of Merck & Co., Inc., 8225 Aero Drive, San Diego, CA 92123 

PS-60 is an anionic heteropolysaccharid
viscous solutions and can under certain conditions, 
form thermoreversible gels with characteristics simi
lar to those formed by both carrageenan and agar. The 
polysaccharide is produced by a bacterium that was 
originally isolated from a plant; the taxonomy (1) of 
the organism identifies it as a new species, Pseudo-
manos el odea. 

Fermentation Conditions 

A typical fermentation medium(2) for PS-60 consists of 
a simple salts medium with glucose as C-source and both 
organic and inorganic sources of nitrogen (Figure 1). 
PS-60 is an anionic polysaccharide that gels after a 
heat treatment followed by cooling. The gelation pro
perties are determined by the dominant counterion. Con
sequently, the counterion and the subsequent gel pro
perties can be controlled by regulating the pH of the 
fermentation with Na+ or K + phosphates and NaOH or KOH. 

PS-60 is produced at a conversion efficiency of approxi
mately 50% resulting in a very high viscosity fermenta
tion beer (4000-8000 cP). It can be recovered from so
lution by precipitation with alcohol (e.g., two volumes 
of isopropanol) to produce a fibrous percipitate. 
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Chemical Composition 

PS-60 is an acetylated polysaccharide containing 3- 4.5% 
0-acetyl groups which are readily removed by heating at 
ca. pH 10. The resultant deacetylated product has in
creased potential gel strength after heating. A deace-
tylation step is usually incorporated into any recovery 
process. Native PS-60 also contains a considerable 
amount of insoluble debris which can be removed by 
centrifugation or filtration. A typical purification 
scheme is shown in Figure 2. There are three basic 
forms of PS-60 which aiffer with respect to composition 
and properties and have different potential applications. 

The compositions of the different forms of PS-60 are shown 
in Figure 3. Approximately 50% of native PS-60 is a car
bohydrate fraction comprised of neutral sugars and a 
uronic acid. The neutra
paper chromatography and quantitated as the aldononitrile 
acetate derivatives after acid hydrolysis^) : rhamnose 
and glucose were shown to be present in a molar ratio of 
3:2. The uronic acid content was determined by decarboxy
lation'!-/ and the carbazole procedure -̂) and identified 
as principally glucuronic acid by paper electrophoresis 
in an acidic buffer systemvfi-). One other minor uronic 
acid containing spot was detected but it is presumed 
that this was a uronic acid containing oligosaccharide, 
representing incomplete hydrolysis. As stated previous
ly, the polysaccharide also contains 3- 4.5% alkali 
labile 0-acetyl groups as determined by the procedure 
of Hestrind). 

With the exception of 0-acetyl groups, the deacetylated 
polysaccharide has a similar composition. The removal 
of a large amount of insoluble debris is reflected in the 
composition of the purified polysaccharide fraction. The 
insoluble debris, which contains the bacterial cells, has 
not been completely characterized. The debris contains a 
large proportion of protein, but no carbohydrates. 
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Glucose 3.0% 
K2HP04 0.05% 
MgS04 7H20 0.01% 
N H 4 N O 3 0.09% 

Promosoy 0.05% 
Sait mixture* 1 ml/I medium 
pH control with KOH 

Salt mixture s o l u t i o n 

ppm in M e d i u m 
0.05 Β 3 + 

0.5 M n 2 + 

1.5 F e 2 + 

0.01 C u 2 + 

0.02 Z n 2 + 

αοι M o 2 + Figure 1. PS-60: typical fermentation 
i'eo medium (for potassium form) 

NATIVE R-OH Ppt. 
Fermentation Liquor 

DEACETYLATED R-OH Ppt. 

Centrifugation 

PURIFIED 
R-OH Ppt. 

Filtrate 

Deacetylation 
& 

Neutralization 

Filtration 

Residue 

Figure 2. PS-60: isolation and purification scheme 

Deacetylated 
Native Deacetylated and Purified 

Uronic Acid (%) 11 13 22 
Acetyl (%) 3.0 0 0 

Neutral Sugars (% molar ratio) 
Glucose (40) (40) (40) 
Rhamnose (60) (60) (60) 

Protein 10 17 2 
Ash 7.0 8.0 9.5 

Figure 3. Chemical composition of PS-60 
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While the complete primary structure of the PS-60 poly
saccharide has not been determined the glvcosidic link
ages have been determined by methylat ion(§) of the puri
fied polysaccharide followed by hydrolysis and quantita
tion Qfxthe 0-methyl sugars as the alditol acetate deriva
tives^). The derivatives were separated and identified 
by gas liquid chromatography mass spectrometry using a 
Hewlett-Packard Model 5992 GC/MS fitted with 1.5 ft. glass 
columns containing 3% 0V-225 at 170°C. The derivatives of 
2, 3 di-o-methylrhamnose and 2, 3, 6-tri-o-methylglucose 
were identified by comparing the GC/MS spectra and relative 
retention times with those of known 0-methyl sugar standards 
and with published data'19). 

PS-60 is thus most likely a linear polymer formed from glu
curonic acid, glucose and rhamnose. Glucose and rhamnose 
residues are linked 1,4
([ot-589] = -45°) indicates that the majority of the glycose 
units are β - l i n k e d . 

Native PS-60 

The native form of PS-60 is readily soluble in water and 
is characterized by high viscosity at low concentration. 
Typical viscosities are 40-80 cP at 0.1% concentration 
and 1000-2000 cP at 0.5% when measured on a Brookfield 
LVF viscometer, 60 rpm, at 25° (Figure 4). The gum also 
has a high rheological yield point; a 1% gum solution 
has a working yield value of 60 dynes/ cnr, defined by 
the shear stress at a shear rate of 0.01 sec. as meas
ured using a Wells-Brookfield cone and plate viscometer 
in the spring relaxation mode'll'. 

The effect of pH on solution viscosity of native PS-60 
is.depicted in Figure 5. Changes of pH in the range of 
3-11 do not substantially change the viscosity of 0.5% 
solutions of native PS-60. 

The effect of temperature on the solution viscosity of 
native PS-60 is both characteristic and unusual. As 
shown (Figure 6) the viscosity of a 0.5% native PS-60 
solution is stable in the range of 20-70°C and abruptly 
undergoes a reversible decrease when the temperature is 
increased above 70°C. 
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Figure 4. Native PS-60: effect of gum 

concentration on solution viscosity 

10,000 

QT 1,000 V-

ο ϋ 

Figure 5. Native PS-60: effect of pH on 
solution viscosity 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



116 SOLUTION PROPERTIES OF POLYSACCHARIDES 

Although utility is anticipated for native PS-60 as a 
high viscosity biogum, perhaps the most significant pro
perty is the formation of gels after a sequence of heat
ing and cooling. Both the native and deacetylated forms 
of PS-60 form thermoreversible gels after heating and 
cooling but the respective gels are significantly dif
ferent in gel texture. Following heating in the pre
sence of various cations, native PS-60 forms elastic 
or soft gels upon cooling, whereas the deacetylated 
PS-60 produced firm, non-elastic or brittle gels. 
(Figure 7). 

Figure 8 summarizes the properties of the gels produced 
by heating 1% gum solutions to 90°C for 10 minutes in 
the presence of cations, followed by cooling. The na
tive PS-60 forms weak elastic gels which have the same 
melting and setting temperatures with no hysteresis. 

Deacetylated PS-60 

Deacetylated PS-60 forms firm brittle gels similar to 
agar and carrageenan gels which also undergo thermore
versible gel-sol transition. However, these gels show 
considerable differences in setting and melting temper
atures and in this respect PS-60 appears to be more 
similar to agar then to Kappa carrageenan, primarily 
because of the large hysteresis between setting and 
melting temperatures (Figure 8). 

The strength of gels produced from deacetylated PS-60 
solutions is a function of the gum concentration, the 
salt concentration and also the cations present. Fi
gure 9 outlines the gel strength as a function of de
acetylated PS-60 concentration and salt concentration 
as analyzed by a computerized response surface method
ology ν 1 2 ) . Gels were prepared by heating deacetylated 
PS-60 in salt solutions at 90°C for 10 minutes and after 
cooling for 2 hours, gel strengths were measured using 
an Instron Model 1122 in conjunction with the large dia
meter Marine Colloids gel tester plunger. (Instron 
Corporation, 2500 Washington St., Canton, Mass. 02021). 
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10,000 

1,000 

10 

0.5% SOLUTION 
OF PS-60 

I I I I 
20 40 60 80 Figure 6. Native PS-60: effect of tem-
TEMPERATURE(°C) perature on solution viscosity 

Figure 7. Comparison of native and deacetylated PS-60 gels. Native PS-60 forms 
an elastic or soft gel whereas deacetylated PS-60 forms a firm, nonelastic gel 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



118 SOLUTION PROPERTIES OF POLYSACCHARIDES 

Type 
Native PS-60 
Deacetylated 
PS-60 

K+ Gel 
C a 2 + Gel 

Kappa Carrageenan 
Agar* 

Gel Nature 

Very Elastic 

Brittle 
Brittle 
Brittle 
Brittle 

Melts 

65-70°C 

90°C 
90°C 

40-95°C 
60-97°C 

Sets 

65-70°C 

31- 46°C 
45-50°C 
25-75°C 
32- 39°C 

Hysteresis 

None 

45-60°C 
45-50°C 
15-20°C 

60°C 

Minimum 
Gelling Cone. 

* Bacteriological grade specs: gellin
(Whistler's Industrial Gums) 

0.05% 
0.3% 
0.04% 

Figure 8. Comparison of the gel properties of PS-60 and other gums 

Figure 9. The effect of salt and gum 
concentration on the gel strength of de

acetylated PS-60 

|1600 g/cm2 
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A minimum of 0.5% potassium chloride is required for a 
strength of approximately 500 g/cm2 at 1% gum concentra
tion and under these conditions deacetylated PS-60 gels 
have 1.5 X gel strength of Kappa - carrageenan (GELCARIN 
HWG). 

The gel strength as a function of cation type and con
centration is shown in Figure 10. The gum is highly 
sensitive to the type of cation; a much lower concen
tration of the divalent cations magnesium and calcium 
is required to obtain maximum gel strength than for 
the monovalent cations sodium and potassium (e.g., 
0.05% ΜΟΐ2·6Η2θ results in a similar gel strength to 
0.5% KC1 for a 1% gum gel). Other gelling cations 
include barium, strontium, rubidium and cesium. Prac
tically any soluble salt can be used for gelation ex
cept borates which reac
destroy gelling properties

As a result of the high potential gel strength at low 
gum concentrations, it is anticipated that deacetylated 
PS-60 will find utility in many industrial applications 
where carrageenan is presently being used. 

Clarified Deacetylated PS-60 

PS-60 fermentation beer which has been deacetylated, 
can be readily clarified by sedimentation, centrifuga-
tion or filtration and this is facilitated at elevated 
temperatures due to the large decrease in apparent vis
cosity at temperatures greater than 70°C. The gelling 
properties of the clarified, deacetylated product are 
similar to those of the unclarified product. Again 
firm and brittle thermoreversible gels are formed of 
excellent clarity with transmittance values approaching 
100% at 0.5-1% gum concentrations. As with the unclari
fied product, the gel strength and setting temperature 
can be modified by the choice and concentration of mono
valent and divalent cations. 

The similarities of these properties with those of agar 
are obvious and Figure 11 summarizes the salient func
tional properties of both clarified PS-60 and agar gels. 
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• Thermoreversible 
• Heat stability 
• Enzyme resistance 
• No toxicity 
• No chemical reactivity 

Figure 11. Similar properties of clari- · Optical clarity 
fied deacetylated PS-60 and Agar gels · Gel structure 
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PS-60 and agar form thermoreversible gels with similar 
melting and setting temperatures. The most convenient 
method of preparing gels is by heating solutions to 90°-
95°C or, in the case of media preparation, by autoclav-
ing. PS-60 has excellent heat stability equivalent or 
superior to that of agar and gels can survive six cycles 
of autoclaving, (15 psi for 15 minutes) and cooling with 
a 50% reduction in gel strength. 

PS-60 gels have been shown to be resistant to commer
cially available protease, carbohydrase and lipase en
zymes. The gels have no toxicity and are chemically 
inert with respect to inhibition of growth of various 
organisms or with respect to colonial morphology. La
boratory prepared samples of PS-60 have optical clar
ity superior to that of agar in a variety of media. 
Furthermore, PS-60 may,
tageous in the growth o
The potential of PS-60 as an agar replacer has been 
more completely covered in a recent paper.(11) 

The most significant differences between PS-60 and 
agar are that PS-60 gels set almost instantly and the 
setting temperature is variable. Depending upon the 
media, setting temperatures of 40-50°C are encountered 
at normal use levels. As described previously, diva
lent cations are more efficient in obtaining high 
strength gels. In applications where PS-60 gels are 
used as an agar replacer, magnesium is generally used 
as the gelling cation due to its better melting charac
teristics. The gel strength is determined by both the 
the concentration of PS-60 and the salt concentration. 
Most PS-60 media (which contain extra salts) can be pre
pared (by autoclaving) using approximately 0.5% PS-60 
as the gelling agent, plus approximately 0.1% MgCl2 
to give equivalent gel strengths to that of agar at 
1.5%. 

Figure 12 outlines the effect of salt concentration, 
in this case magnesium, on gel strength and gel point 
of a a typical purified deacetylated PS-60 sample. So
lutions were prepared at 95°C in deionized water con
taining various various concentrations of magnesium 
chloride using 0.5% gum. The viscosity of the samples 
was monitored upon cooling; an apparent increase was 
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Figure 12. The gel strength and setting point of clarified deacetylated PS-60 
(0.5% gum) and agar (1.5% gum) as a function of salt concentration (MgCl2 
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considered the gel point. The gel strengths were de
termined after a minimum of 4 hours at ambient tempera
ture. At constant gum concentration (0.5%) the gel 
strength maximized at 0.2% added MgCl2»6H20 with a gel 
point of approximately 43°C. Further, addition of salt 
results in decreased gel strength as seen for added cal
cium while the gel point rises slightly to 46°C. If the 
gum concentration is increased at a constant magnesium 
concentration (0.075% MgCl2.6H20) both gel strength and 
gel point increase (Figure 13). These results indicate 
that both the gel strength and gel setting point are 
strongly influenced by gum concentration and the salt 
concentration. PS-60 has equivalent or superior func
tionality to agar even at a lower use level. 

In summary, a new strain of Pseudomonas has been iso
lated which produces an extracellular heteropolysac-
charide PS-60, in an aerobi
has high viscosity, a high yield value and after heating 
following cooling forms weak, elastic gels. After de-
acetylation by alkaline treatment, PS-60 forms firm, 
brittle gels similar to those of Kappa carrageenan. 

The deacetylated PS-60 fermentation beer is also read
ily clarified to give a product which forms optically 
clear gels with thermoreversibility, heat stability, 
and enzyme resistance properties characteristic of 
agar. The gel strength, melting point and setting 
point of these gels can be controlled by the concen
tration and type of cation employed. Further inves
tigation is required on both the structure and con
formation of this polysaccharide in solution in order 
to determine the origin of these gelation phenomena. 
Such studies will lead to a better understanding of 
the mechanism of gel formation and increase our know
ledge of the potential industrial applications of 
this novel polysaccharide. 
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Conformation, Dynamics, and Gelation Mechanism 
of Gel-State (l-->3)-β-D-Glucans Revealed by C-13 
NMR 
H A Z I M E SAITÔ 

Biophysics Division, National Cancer Center Research Institute, 
Tsukiji 5-chome, Chuo-ku, Tokyo, Japan 104 

(l-->3)-β-D-glucans
media, have a unique propert
soft gels (1-9), depending on their primary structures, linear or 
branched D-glucans. Undoubtedly, this property mainly arises 
from conformational and aggregation behavior of the polysaccharide 
chains. The energetically preferred conformation of (l-->3)-β-D
-glucans, determined by calculation of the energy contour diagrams, 
has been proposed to be wide and extended helix or more likely a 
double- or triple-stranded helix (10-13). The recent X-ray 
diffraction studies showed that conformation of curdlan, a linear 
(1-->3)-β-D-glucan, is 7/1 single helix or 6/1 triple-helix depend
ing on the extent of thermal treatment and hydration (14-16). In 
addition, (l-->3)-β-D-glucans, from Armillaria mella and yeast (17, 
18) and from Lentinus edodes (19), were revealed to take 6/1 
triple helix, very similar to (1-->3)-β-D-xylan (20). Consequently, 
the object of this article is concerned with whether such a helix 
conformation is retained in solution and gel states or not. 

We emphasize here that 1 3C NMR spectroscopy is very useful 
for determining the conformation of polymer chains in the gel 
state, although very l i t t l e work has been done along with this 
line (5-9,21,22). In particular, 1 3C chemical shifts of C-l and 
C-3 carbons were found to be very sensitive to predict the portion 
of single helix conformation, with reference to those obtained in 
the solid state by cross-polarization magic-angle spinning (CPMAS) 
1 3C NMR spectroscopy (23). 

1 3 C NMR CHARACTERISTICS OF GELS: CROSS-LINKED POLYMERS (24) 

Before proceeding with the details of polysaccharide gels, i t 
is worthwhile to examine the 1 3C NMR characteristics of gel 
samples of chemically cross-linked synthetic polymers in which the 
extent of the cross-links can be varied more easily. 

In bulk materials including gels, al l of the carbons in poly
mers do not always contribute to high resolution 1 3C resonances, 
since a sizable amount of loss of the peak-areas is found to occur 
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due to the presence of immobilized segments such as cross-links or 
crystalline portions (25-28). As an illustrative example, 1 3C 
NMR spectra of chemically cross-linked gels of poly(N-vinylpyrrol-
idone)(PVP) are shown in Figure 1. Compared with the peak-
intensities of PVP (without cross-linking) solution, it is esti
mated that only about 55 and 35% of the polymer chain contribute 
to the observed 1 3C spectra of the gels, containing 0.1 and 1 mole 
% cross-linking, respectively. It is noteworthy that the 1 3 C 
signals of the gels are broadened together with increasing pro
portion of the cross-linking. The cause of the line-broadening 
is obviously interpreted in terms of the restriction of chain 
mobility due to the presence of cross-links and entanglement of 
polymer chains especially in the vicinity of cross-links, since 
the line-broadening is remarkable in samples of higher cross-link
ing (see Figure ID). In spite of these obvious changes of line-
widths, however, no chemical shift displacement was induced by 
changing the samples from gels to aqueous solution, because the 
conformation of the polyme
gels of cross-linked blend-type copolymer consisting of hydro-
philic N-vinylpyrrolidone (NVP) and hydrophobic methyl methacryl-
ate (MMA), swollen by water, no 1 3C signals can be observed for 
the portion of hydrophobic MMA (Figure 2). Therefore, it is 
clear that the hydrophobic MMA portion is unable to be swollen and 
served as an additional cross-links. However, the 1 3C NMR of the 
MMA portion is made visible by addition of chloroform to this 
system (Figure 2C) or by swelling with dimethyl sulfoxide. 
Therefore, acquisition of motional freedom by swelling with a good 
diluent is essential for the observation of high resolution 1 3 C 
NMR spectra in gel samples. 

GEL OF A LINEAR ( 1 -»3)-g-D-GLUCAN (CURDLAN) 

Curdlan is an exocellular (l->3)-6-D-glucan (DPn=540) contain
ing no other linkages, isolated from Alcaligenes faecal is var. 
myxogenes by Harada et al. (1,2-4). 

A. Gelation Behavior Curdlan powder was not soluble in water at 
neutral pH but formed a firm resilient gel when the aqueous suspen
sion was heated at a temperature above 50°C (29). As shown in 
Figure 3, 1 3C NMR spectra of the aqueous suspension (80 mg/ml) 
were recorded at various temperatures. The assignment of peaks 
was done in view of the data taken at higher alkaline condition 
and from water-soluble D-glucan (30). A noticeable feature of 
the 1 3 C NMR spectra is that the peak-intensities and the 1 3C 
chemical shifts vary with temperature. The substantial loss of 
the peak-areas is obviously due to the presence of the cross-links 
in the gel state or insufficient swelling at lower temperature. 
To visualize this, the relative peak-intensities were plotted 
against temperature, with reference to those obtained in the 
presence of 0.3M NaOH at which full peak-areas are observed (as 
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Figure 1. 25.05-MHz C-13 NMR spectra of cross-linked gels and aqueous solu
tion ofPVP at 30°C(24) 
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Figure 2. 15.03-MHz C-13 NMR spectra of PVP gel and blend-type copolymer 
of MM A andNVP (24) 
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will be discussed later)(Figure 4A). Interestingly, the abrupt 
change of the peak-intensities occurred at a temperature between 
46° and 50°C, corresponding to the onset of gelation. Further 
heating of the sample resulted in the diminution of the peak-
intensities, contrary to the cases of other thermally gelable poly
saccharides such as i-carageenan gel (31)· T h e reduction of the 
peak-intensities is in parallel with the reduction of the trans-
mittance of light which might be caused by aggregation of the 
polymer chain. It appears that the gelation behavior as viewed 
from the change of the peak-intensities (Figure 4A) is more dras
tic than that of the viscosity and transmittance previously 
reported (29,32). This discrepancy may arise from the difference 
in quantity of the D-glucan in the aqueous suspension. 

Obviously, the C-3 (and C-l) 1 3 C chemical shift is displaced 
upfield abruptly at the temperature corresponding to gelation, and 
further displaced gradually with rising temperature. As will be 
discussed in the next section
C-3 are very sensitive t
(1-3)-linked D-glucose chain, from helix to random coil, as viewed 
from the upfield displacement of the 1 3C signals (6,7). There
fore, it is likely that swelling of curdlan molecules at 50°C is 
initiated by slight conformational change, possibly by a thermal 
fluctuation around the preferred dihedral angle. 

B. Conformation Figure 5 demonstrates the comparison of the 1 3C 
NMR signals of the resilient gel with those of low molecular 
weight fraction soluble in water (6j. At ambient temperature 
(28°C), the peak-areas of the 1 3C NMR signals in the gel state 
account for only 20-30% and 60% for C-l -C-5 and C-6, respectively, 
with reference to those at 0.22M NaOH solution. These values are 
approximately half the intensities observed at 50°C and very close 
to those at 77°C (see Figure 4A). The remaining 1 3C signals, 
invisible in the conventional high resolution spectrometer, should 
be ascribed to the portion of the cross-links (or junction-zones) 
of the gel network and the residues close to the cross-links. 

The 1 3 C chemical shifts of C-l and C-3 carbons of the resil i 
ent gel are clearly shifted downfield by 2.8 and 3.2 ppm, respec
tively, compared with those of a lower molecular weight fraction 
(DPn=13). Such substantial downfield displacements are limited 
to the carbons in the glucosidic linkages of (1-3)-3-D-glucans. 
This observation is very similar to the downfield displacements of 
C-l and C-4 carbons (in the glucosidic linkages) of cyclodextrins 
(1.6-2.0 and 2.9 ppm, respectively) compared with those of the 
linear (1->4)-a-D-glucans such as amylose (30). In the formers,it 
appears that no overall internal rotation around the C-l-0 and 
C-4-0 linkages is allowed because of its cyclic structure. In a 
similar manner, the C-l and C-3 signals, which exhibit the confor
mation-dependent downfield displacements observed in the gel state, 
can be ascribed to certain ordered conformations in which only a 
slight oscillation around the favored dihedral angle around the 
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C-6 

PPM(TMS) 

Figure 3. 25.03 MHz C-l3 NMR spectra of curdlan in aqueous suspension or gel 
(80 mg/mL) recorded at various temperatures. Number of transients: 19200 (A), 

9469 (B), 11260 (C), and 24134 (D). 

Figure 4. (A) A plot of the relative peak 
intensities of C-6 and C-3 signals, with 
reference to those obtained in the pres
ence of 0.3M NaOH, against tempera
ture; (B) a plot of the C-3 C-l 3 chemical 

shift against temperature. 
20 40 60 80 100 

Temperature (eC) 
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C-l-0 and C-3-0 linkages is allowed (6). We attempted here to 
compare the 1 3C chemical shifts of the gel with those of solid 
state curdlan, the conformation of which is mainly single helix at 
ambient temperature and triple-helix at higher temperature above 
120°, as studied by X-ray diffraction (14JJL)- The newly emerg
ing technique, cross-polarization magic angle spinning (CPMAS) 1 3 C 
NMR method (23) enables one to eliminate an enormous amount of 
line-broadenTng due to static dipolar field from neighboring proton 
nuclei and also chemical shift anisotropy in the solid state. 
Figure 6 shows the CPMAS 1 3 C NMR spectrum of curdlan powder, taken 
by courtesy of Professor Gary Maciel and Dr. Victor Bartuska of 
Colorado State University. Interestingly, the most mobile C-6 
carbon gives rise to the least intense signal in the solid state 
because of insufficient CP transfer between proton and carbon. It 
was again found that the 1 3C chemical shifts of C-l and C-3 are 
displaced downfield appreciably in the solid state compared with 
the peak-positions of liquid state D-glucan, as shown in Table I. 

Table I. Comparison of 1 3C chemical shifts of curdlan gbserved in 
aqueous solution, elastic gel and solid state 

Aqueous solution 
(DPn=13, pH=7) Elastic gel Solid state 

b 
C-l 
C-2 
C-3 
C-4 
C-5 
C-6 

103.7 
74.5 
85.3 
69.3 
76.8 
61.9 

106.5 (2.8)D 

74.2 (-0.3) 
88.7 (3.2) 
70.2 (0.9) 
76.8 (0) 
61.8 (-0.1) 

105.1 (1.4f 
74.8 (0.3) 
90.1 (4.6) 
70.6 (1.3) 
76.6 (-0.2) 
62.1 (0.2) 

a ppm from TMS. Displacements of 1 3 C chemical shifts with 
reference to those obtained in aqueous solution (DPn=13). 

Therefore, the 1 3 C signals observed in the gel state are unequivo
cally ascribed to the portion of single helix, although there 
appears a slight difference of the chemical shifts between the gel 
and solid state around 1 ppm. 

C. Conformational Transition Figure 7 shows that the 1 3C NMR 
spectra of curdlan in the presence of dilute alkali up to 0.19M 
are essentially the same as those of the elastic gel (6). There
fore, molecular organization of the curdlan sample in dilute alka
line state is essentially the same as that of the elastic gel. 
When NaOH is increased to 0.22M, the linewidths of the 1 3C NMR 
signals are abruptly narrowed, resulting in the conformational 
transition to the random coil. The transition behavior is con
sistent with that of optical rotatary dispersion, viscosity and 
flow birefringence (33). (In particular, a viscosity minimum was 
achieved at 0.2M NaOH, in contrast to that of am,y1ose[33,33a]). 
It is expected that full peak-areas are revealed at 0.22M NaOH, 
because no cross-links can exist in curdlan of random-coil confor
mation. 
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Figure 6. 15.03-MHz CPMAS C-13 NMR spectrum of solid-state curdlan, re
corded by a modified JEOL FX-60Q spectrometer. Contact time—1 ms, 1000 

transients, and acquisition time—64 ms. 
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Biochemistry 

Figure 7. 25.03-MHz C-13 NMR spectra of curdlan of an aqueous suspension 
and in the presence of NaOH: (A) aqueous suspension; (B) in 0.06M NaOH; (C) in 

0.19M NaOH; and (D) in 0.22M NaOH (6). 
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V DPn 102 
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Macromolecules 

Figure 8. 25.03-MHz C-13 NMR spectra of (1 -> 3)-β-Ό^Ι^αη5 with DPn 
14-540 in 0.06M NaOH. Accumulation times: 20000 for DPn = 14-82, 27198 
for DPn = 102, 45900 for DPn = 131, 10941 for DPn = 380, and 77000 for 

DPn = 540 (1). 
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Figure 8. Continued 
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Contrary to the cases of agarose or rcarageenan gels (31,34), 
heating the curdlan sample did not induce a conformational tran
sition at the temperature of gelation, although some distortion of 
the conformation was noted as viewed from the upfield shifts of 
1 3C peaks. In fact, a thermally induced helix-coil transition may 
occur at the temperature 140-160°C, as Kuge et al. showed that the 
gel sharply melts in this temperature range (35). 

D. Molecular-Weight Dependence of Conformation (7) Obviously, 
(U3)-6-D-glucans of low molecular weight such as" laminaran and 
some low molecular-weight fractions of the acid hydrolyzate of 
curdlan adopt a disordered conformation in solution (37). Thus, 
it is important to know at what chain-length does (l+3)-B-D-glucan 
undergo conformational transition from random-coil to helical form, 
in neutral aqueous media, in order to understand the solution 
properties of this polysaccharide. For this purpose, the glucans 
with various chain-length
curdlan by the procedur
measured under dilute alkaline conditions, because the D-glucans 
(DPn>20) are insoluble in water at neutral pH. This approach may 
be justified, because it is already known that the conformation of 
(l->3)-3-D-glucan is not altered in this alkaline condition, as 
described above. 

Figure 8 shows 1 3 C NMR spectra of (l->3)-B-D-glucans with 
various DPn's in the presence of 0.06M NaOH. It is found that 
the C-l and C-3 signals of the glucans with DPn249 are appreciably 
displaced downfield with respect to those of DPn=14. On the ba
sis of the argument described above, it is concluded that the 
glucans with DPn*49 adopt the helix conformation, while those with 
DPn<20 take a disordered conformation. As shown in a plot of the 
relative peak-intensities (with respect to those of the glucans 
with DPn 14) against DPn (Figure 9), the peak-intensities decrease 
with DPn. Such an apparent loss of the peak-areas is caused by 
the presence of a portion to which water can not penetrate to 
allow swelling (cross-links). It follows from Figure 9 that the 
longer the chain-length of the primary molecules the extent of 
forming such cross-links is higher. Interestingly, the relative 
peak-areas are found to level off at DPn 300, which is correspond
ing with the fractions capable of forming gels. It should be 
emphasized that the formation of the cross-links are accompanied 
simultaneously with the conformational change to the helix form. 

E. Molecular Dynamics of Gel Network and Gelation Mechanism To 
characterize the molecular dynamics of a polymer-chain in the gel 
state, relaxation parameters such as the spin-lattice relaxation 
times, nuclear Overhauser enhancements and linewidths were com
pared among the gel state, solution state of the random-coil form 
for higher alkaline conditions and lower molecular weight fractions 
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Table II. Spin-lattice relaxation times (T.'s), linewidths and 
nuclear Overhauser enhancements (NOE's) of curdlan in 
gel state and random-coiled form and of lower molecular 
fractions (7) 

DPn=540 Lower molecular weight glucan 
Elastic gel In 0.22M NaOH DPn=49 DPn=131 

η Line- NOE T. Line- NOE 1-, Line- NOE T. Line- NOE 
width 'width ' widtb ' width 

C-l 86a 172° 1.0 76a 14D 1 .5 87e 41D 1 .8 57a 47° 1.6 
C-2 84 1.4 78 15 1.4 102 23 1.9 69 51 1 .4 
C-3 76 156 1.2 84 14 1.4 105 49 1.8 64 53 1.8 
C-4 80 15 1.5 118 22 1.2 93 53 1.5 
C-5 84 1.4 83 14 1.3 129 24 2.0 77 44 1.5 
C-6 62 50 1.4 54 17 1.9 87 19 2.0 56 25 2.1 
a — : b—;—r, 

in msec. in Hz. 
incapable of forming gels (Table II). Irrespective of the great
er change of the linewidths between the gel state (about 150 Hz) 
and sol state (14 Hz), the change of the Ti's, and NOE's was found 
to be very l ittle. Generally, the T2 values tend to be affected 
by the slow motion of long correlation times, while the Ti values 
are mainly determined by the fast motion. Therefore, the Ti values 
are not strongly affected by the presence or absence of the cross
links. 

The segmental motion of the backbone may be highly heteroge
neous because of a possible distribution of segments in different 
physical environment. Thus, the segmental motions can be de
scribed by a distribution of the correlation times. Intrinsically, 
such molecular motions of helices should be anisotropic tumbling 
motions. Nevertheless, the use of isotropic tumbling as described 
by the l o g - χ 2 distribution of the correlation times (38) may be 
justified for the following reasons. First, there appears no 
specific difference of the relaxation parameters in the carbons of 
C-l and C-3 in spite of the different orientation of the CH vectors 
with regard to the helical axis. Second, the isotropic tumbling 
model was successfully employed to reproduce the relaxation param
eters of the helical forms of simple polypeptides (39,40). 

We used the formula proposed by Schaefer (38) as follows: 
F ( p ) (s) = ( p s ) p - V p s / Γ(ρ) (1) 

with s = log. [1 + (b-1) τ /τ ] (2) 
( n ) 

where F^p;(s) is the probability density function of the correla
tion time τ and Γ(ρ) is the gamma function. In eq.(l), ρ is used 
to describe the width of the distribution of the correlation times. 
As ρ becomes larger, the distribution becomes narrower. The 
logarithmic time scale b is usually taken as 1000. Since the 
long tail of the l o g - χ 2 function has a feature to overemphasize 
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the contribution of the longer correlation times (41), we used 
here the truncated form which truncates the long tail of the 
correlation time at 1000 ns. The average correlation time of gel 
state curdlan is thus obtained as 40 ns (p=8), while the correla
tion time of the random-coil state is 4.3-22 ns. Such a change 
of the correlation times from the gel state to sol state seems to 
be surprisingly small. 

As pointed out in Section D, the' cross-1inks are formed even 
for lower molecular oligomers incapable of forming gel. The 
average correlation times, calculated for those oligomers, are 
plotted against the DPn (p=8), as shown in Figure 10, and found to 
change in proportion to the DPn. As described above, there ap
pears no drastic change in the correlation times between the gel 
with infinite network and the oligomers with finite network, in 
contrast to the change of the peak-intensities. This result may 
be quite reasonable since the molecular motions of the chain-
segment other than the cross-link
density of the cross-links
of the classical theory of gelation (42), mainly due to the entan
glement of the chains in the presence of the cross-links. 

In view of the gelation behavior of curdlan described in 
Section A, it appears that gelation may proceed with formation of 
two kinds of cross-links. In the first step (50°C), the polymer 
networks are swollen because of thermal oscillation of the helical 
chain by which water molecules can penetrate into the interstices 
held by the multiple-stranded helices (cross-links). The amount 
of such regions is not dominant for the sample without heat-treat
ment at higher temperature, as viewed from the X-ray diffraction 
study (15,16), but may be enough for gelation. Further heating 
of the gel sample was accompanied with the development of turbid
ity together with shrinkage of the gel. This finding implies 
that water molecules which had penetrated into the interstices are 
expelled again as a result of aggregation of the helical chains. 
Consequently, gel-strength was increased with temperature from 60° 
to 1Q0°C (2). Harada et al. reported that microfibrils of 300-
400 A wide and 1000-1500 Â long are seen by electron microscope 
for the sample heated at a temperature 120°C for 4h(43,44). These 
microfibrils are clearly caused by the aggregation of the helical 
region. These regions serve as additional cross-links for the 
gel. 

GELS OF BRANCHED (1->3)-e-D-GLUCANS (5,8,9) 

A. Characterization of Branched Glucans Many branched (l->3)-B-D-
glucans were isolated from cell wall of fungi and formed rather 
soft gels in aqueous media. Figure 11 shows 1 3 C NMR spectra of 
lentinan (45,46) from Lentinus edodes, A3 (5.,47) from Pleurotus 
ostreatus, and schizophyllan (48) from Schizophyllum commune, 
taken in DMS0 solution. Those are known to have branches for 
every 3-5 glucopyranosyl residues at 0-6. The side-chains are 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



10. SAITÔ Gel-State (1 -> 3)-ß-D-Glucans 139 

of C-l, C-3, and C-6 with respect to those 
of DPn = 14 by taking into account the 
differences in NOE values vs. DPn of 
(1 3)-β-D-glucαns (in the presence of 

0.06M NaOH) (1) 
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C5' 

(D) A 3 ( P L £ U R O T U S OSTRETUS) C5 Ic2 
C.1 / 3 - 0 - 3 ) , ο ί - ( Ι - Α ) Λ *Λ 

70 60 
PPM(TMS) 

Carbohydrate Research 

Figure 11. 25.03-MHz C-l 3 NMR spectra of various types of branched (1 -> 3)-
β-Ό-glucans in dimethyl sulfoxide (8) 
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3-D-(l->6)-linked glucose residues (lentinan), a-D-(l->4)-linked 
glucose (A3) and D-glucose residue (schizophyllan). Regardless 
of differences in the types of the side-chains attached to the 
3-D-(l->3)-linked backbone, the 1 3C NMR spectra shown in Figure 11 
are very similar to each other, suggesting that the peaks are 
ascribable to the B-D-(l->3)-linked main-chains, which are common 
to all of the branched (l->3)-6-D-glucans containing branches at 0-
61. 1 3C signals arising from the side-chains are obviously 
buried under the intense peaks of the major 3-D-(l->3)-linked glu
cose residues. The extent of the branching can be easily evalu
ated by comparison of the peak-intensity of C-6' with that of C-6 
at the unbranched portion. 

B. NaQH-Induced Conformational Transition Figure 12 shows that 
the 1 3 C NMR signals of the major β-D-(1->3)-1inked glucose residues 
are completely suppressed in lentinan gel in contrast to the case 
of Figure 11. The les
gel state are ascribed t
present as a minor component in the side-chains of lentinan (8%). 
The 1 3 C signals of the major g-D-(l->3)-l inkages, however, are 
revealed on stepwise addition of NaOH to the gel sample (Figure 
12B-12F). Interestingly, the peak-positions of the C-l and C-3 
carbons of the 3-D-(l->3)-linkages at lower alkalinity (0.03-0.13M 
NaOH) are essentially the same as those observed for the gel state 
curdlan. Under more alkaline conditions (>0.19M), on the other 
hand, all peaks except for C-5' and C-6', coincide with those of 
the random coiled curdlan. Therefore, it is clear that lentinan 
adopts a helix conformation in the less alkaline state and is a 
random-coil at higher alkalinity. Such a helix-coil transition 
of lentinan is completed at almost the same NaOH concentration as 
that of curdlan. At an intermediate stage of the helix-coil tran
sition (0.13M), an asymmetrical peak-profile appears for C-3, 
which could be resolved into two components, a broad peak (c) and 
a narrow peak (d). The former and the latter peaks are readily 
assigned to the helical and the random-coil forms, respectively, 
in view of the individual peaks. This observation indicates that 
there exists some portion of lentinan that is readily convertible 
into the random-coil form in the less alkaline condition. Similar 
results were also obtained for other branched (1->3)-S-D-glucans, 
schizophyllan and A3. 

Figure 13 illustrates that the relative peak-intensities of 
C-l and C-3 in the B-D-(l+3)-linkages of lentinan and schizophyllan 
(with respect to those obtained under more alkaline conditions) 
gradually increase with the concentration of NaOH. We found that 
the change of the relative peak intensities agrees very well, 
qualitatively, with that of the linewidth (Figure 14) and of the 
absorption maximum of Congo Red. Undoubtedly, these broad tran
sitions between 0.13 and 0.19M NaOH are characteristic of the 
branched (1->3)-B-D-glucans. As mentioned already, the linewidth 
of the 1 3 C NMR signals strongly depends upon the extent of the 
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Figure 12. 25.03-MHz C-l3 NMR spectra of lentinan in the gel state and the 
changes with concentration of NaOH (9) 
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Figure 13. A plot of the relative peak 
intensities of C-l and C-3 signals of β-Ό-
(1 —» 3)-linked Ό-glucosyl residue for len
tinan and schizophyllan with respect to 
those at 0.38M NaOH (lentinan) and 
0.19M NaOH (schizophyllan) vs. the 
concentration of NaOH. Lentinan: (/\) 
C-l; (O) C-3; and (&) reference. Schizo
phyllan: (A) C-l; (Φ) C-3; and (&) ref

erence (9) 

Figure 14. A plot of the C-l3 linewidths 
(C-3) of lentinan and Fraction IV vs. the 
concentration of NaOH: (O) lentinan; 
(@) narrow component of lentinan (Peak 

d); (Φ) Fraction IV (9) 

(β) 
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Figure 15. Schematic of the primary 
structure of branched (1 — 3)-fi-D-glu-

cans: (A) tree-like, (B) linear (9). 
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cross-links in the gel state. Accordingly, the gradual change of 
the linewidths might well be explained by the gradual change of 
the degree of cross-linking which is a function of conformational 
state. 

It is emphasized that the lower molecular weight fraction of 
lentinan (fraction IV: molecular weight 16200) exhibits a similar 
conformational transition to that of the original lentinan. It 
appears, however, that the linewidths of the single helical 
portion are much smaller than those of lentinan (approximately 
half the width of the latter)(see Figure 14, closed circles). 

C. Gel Network of Branched (l->3)-B-D-G1ucans There are some 
obvious differences between the physicochemical properties of the 
linear and branched (1?3)-6-D-glucans. In particular, branched 
D-glucans form soft gels without heating, whereas the linear 
D-g]ucan is capable of forming a firm resilient gel after heating 
at a temperature above 50°C. Furthermore, turbidity develops in 
the resilient gel of th
prepared at higher temperature or when the gels are prepared at a 
lower temperature (60°C) and kept for long time. In contrast, no 
elasticity was gained in the gels of the branched D-glucans. This 
distinction may be a reflection of a difference in the molecular 
organization of the gel networks. Nevertheless, it should be 
emphasized that, both for the linear and branched D-glucans, the 
conformation of the molecular chain is a single helix for the 
portion other than the cross-links, and the cross-links for the 
gelation are composed of the multiple-stranded helix. 

From chemical analysis, the primary structure of lentinan and 
schizophyllan was elucidated as that of (l+3)-e-D-glucans having 
two branches for every five D-glucosyl residues (lentinan) or one 
for every three or four residues (schizophyllan). From chemical 
analysis alone, however, it cannot be definitely determined whether 
types (A) (tree-like) or (B) (linear) depicted in Figure 15 repre
sent, at least, a plausible model of the primary structure. It 
is conceivable that a structure of type (A) would be more readily 
capable of forming physical cross-links by the multiple-stranded 
helices, because it is more highly branched than that of type (B) 
or a linear D-glucan. However, in type (A) many of the cross
links may be loosely formed in view of possible steric hindrance 
due to the presence of branching for the formation of the multiple-
stranded helices, although the number of the cross-links may be 
increased considerably. The present 1 3 C NMR results are consist
ent with this view. Namely, the complete suppression of the 1 3 C 
NMR signals observed in the neutral gel state is obviously due to 
the increased number of cross-links in the gels of the branched 
glucans. The loosely formed cross-links (very short double- or 
triple-stranded helices)may be readily attacked by NaOH, resulting 
in diminution of the cross-links to cause a broader conformational 
change at lower NaOH concentration (0.1-0.2M). Firmly held cross
links resembling those in the linear D-glucans may be broken 
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finally at 0.2M NaOH, the same concentration as for the linear D-
glucans. Further, the gels of highly branched (1->3)-3-D-glucans 
as type (A) may be unfavorable for the aggregation of the helical 
segments, as observed for the development of turbidity in curdlan 
gel. 

CONCLUDING REMARKS 

It is demonstrated that the presence of a single helical 
conformation, as revealed by 1 3C NMR spectroscopy, plays a domi
nant role for the unique properties of higher molecular-weight 
linear and branched (U3)-3-D-glucans. We are planning to ana
lyze the conformation and dynamics of cross-linked region by means 
of CPMAS NMR spectroscopy. 
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11 
Determination of Galactose-to-Galactose and 
Galactose-to-Mannose Structures in β-D-
Galactofurano-α-D-Mannopyranans by C-13 NMR 
Spectroscopy 
E. BARRETO-BERGTER and P. A. J. GORIN 

Prairie Regional Laboratory, National Research Council, 
Saskatoon, Saskatchewan, S7N 0W9 Canada 

β-D-Galactofuranosy
polysaccharides of fungi
readily detected using 1 3C-n.m.r. spectroscopy by virtue of 
their C-1 signals which occur at very low fields having δc 
values of 106.5-109.3 (1,2,3,4,5,6) (Table I). They are 
readily distinguishable from C-1 signals of α-D-galactofuranosyl 
units as in varianose [-δc101 (7)] and those of α-D-galactopyran-
osyl units occurring at δC100.3 with oligosaccharides (8) and 
at δc102.1 (or 102.6) with a galactomannan (9). β-D-
Galactopyranosyl units give C-1 signals at δC103.9 to 105.9 

(8,10,11)and values as high as δC107.0 have been observed for 
the C-1 signal of a β-D-galactopyranosyl unit linked (1-->6) to 
a β-D-galactopyranosyl residue substituted at C-3 and C-4 by a 
pyruvic acid acetal (12). However, the ring-carbon atoms of 
furanoses are deshielded compared with those of their pyranose 
analogs (13) and five membered rings can also be detected by 
means of their C-2, C-3 and C-4 signals, which are at δc 
82, 78 and 84, respectively. In this way minor β-D-
galactofuranose structures can be detected in polysaccharide 
preparations from Sporothrix schenckii (5) (Fig. 1) and 
Ceratocystis paradoxa (14) (Fig. 2). 

The variation of the δC values of C-1 of ß-D-galactofuranosyl 
units from one galactomannan to another (Table I) suggested 
that, in structures with a mannan core and galactofuranosyl 
side-chains, that such shifts depend on the position of 
substitution of the galactosyl unit on the adjacent α-D-
mannopyranosyl unit. Such a position of substitution could be 
determined by methylation analysis carried out on the 
galactomannan followed by a similar analysis on the mannan 
obtained by preferential removal of galactofuranosyl units with 
acid. However, such a method would be unreliable when the 
proportion of galactofuranosyl to mannopyranosyl units is 
small, as in galactomannans containing little galactose or 
having long side chains containing galactofuranose. (The 
galactomannans described herein are in these categories). 

0097-6156/81/0150-0149$05.00/0 
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Table I. Chemical Shifts of C - Γ Signals of Polysaccharides 
containing 3-D-Galactofuranosyl units. 

Chemical shift 
of C-T Signal 

6C, p.p.m. Chemical Structure 

109.3 Singl
of galactomannan of Sporothrix schenckii, 
attached (1—>2), (l—>3), or (1—>6) to 
α-D-mannopyranosyl units. 

109.4 Single unit 3-Q-galactofuranosyl side-chains 
of galactomannan of Trichophyton interdigitale 
attached (1-^2), (1—>3) andTor ( 1 — ^ f t o 
α-D-mannopyranosyl units. 

108.4 (major) Approximately 4 unit side chains of 3-D-
109.2 (1—>5)-linked JJ-galactofuranosyl units in 

galactomannan of Aspergillus niger attached 
(1—>2)- or (1—*6) to α-D-mannopyranosyl units. 

109.5 Galactomannan of Ceratocystis stenoceras 
107.6 containing single unit and 3 - D - ( l — » 6 ) - l i n k e d 
107.2 D-galactofuranosyl side-chains. 

106.6 3-D-Galactofuranosyl units of galactoman
nan of Trypanosoma cruzi. 

106.5 3-D-Galactofuranosyl units of polysaccha
ride of Crithidia fasciculata. 

109.4 3-Q-Galactofuranosyl non reducing end 
units of polysaccharide of spores of 
Aspergillus fumigatus. 
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Figure 1. C-l 3 NMR spectrum
thrix schenckii 

Figure 2. C-l3 NMR spectrum of galactofuranose-containing polysaccharide from 
Ceratocystis paradoxa 
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Another common method, that of preparation of a β - Q - g a l a c t o f u r -
anosyl mannose by partial hydrolysis or by partial acetolysis, 
is impractical since such a glycosidic linkage is relatively 
labile. 

The structure-dependent variation of chemical shifts of β-
Q-galactofuranosyl units in galactomannans was confirmed by 
preparation of methyl glycosides of 2-0-(C-V, 6C107.7), 3-0-

C - l 1 , 6C106.5) and β-Ο-β-D-galactofuranosyl-a-Q-mannopyranose 
C-T, Oc109.7) (3). Shift values of <5C108.6 (2) and 109.5 

(15) have been recorded for C-l signals of (3-Q-galactofuranosyl 
units linked (1—>5)- and (1—>), respectively, to adjacent β-
Q-galactofuranosyl residues. 

The methyl glycosides were prepared via condensation of 
3,5,6-tri-O-acetyl-a-Q-galactofuranose l,2-(methyl orthoacetate) 
with appropriate acceptors, in nitromethane containing mercuric 
bromide, following the procedure of Kochetkov and coworkers 
(16) . When methyl 4,6-0-benzylidene
used as acceptor β - g a l a c t o s y l a t i o n took place exclusively at 
OH-3, since the disaccharide obtained on removal of the CD-
benzyl idene and acetate groups gave a 13C-n.m.r. spectrum 
(Fig. 3) with 13 signals and a C-3 signal which was 
displaced downfield by +5.8 ppm (α-0-glycosylation effect), β-
(D-Glycosylation effects were observed for signals C-4 (-1.7 
p.p.m.) and C-2, which underwent a strong shift of -3.2 p.p.m. 
since the attached hydroxyl group is axial (1_7). a-0-
Glycosylation effects ( =a-shifts) refer to the change in shift 
of the 0-substituted carbon signals on the transformation OH—> 
0 Gly. β - G l y c o s y l a t i o n effects ( =Bshifts) are the change in 
shift of the resonances of the adjacent β-carbon atoms. 

The methyl glycoside of 2-0-3-D-galactofuranosy1-a-Q-
mannopyranose was isolated following use of methyl 3,4,6-tri-0-
benzyl-a-Q-mannopyranoside as acceptor (methyl 3-0-acetyl-4,6-
0 -̂benzylidene-a-Q-mannopyranoside did not react). 2-fJ-
Galactosylation occurred since the derived methyl glycoside 
gave a 13C-n.m.r. spectrum (Fig. 4) whose C-l resonance 
underwent a strong β - s h i f t of -2.5 p.p.m., by virtue of its 
appended axial OCH3 group. The ashift of C-2 was +4.8 
p.p.m. 

6 - 0 - β - Q - G a l a c t o f u r a n o s y l - ( m e t h y l α-Q-mannopyranoside) was 
isolated following use of methyl 2,3,4-tri-0-benzyl-a-Q-
mannopyranoside as acceptor Its structure was confirmed since 
there was no C-6 signal at δ ς 6 2 . 8 , having been displaced 
downfield by an α-shift of 5.9 ppm. (Fig. 5). 

The C-T shifts obtained from the three above Ο-β-Q-
galactofuranosyl (methyl α-Q-mannopyranosides) were used to 
characterize the galactose to mannose bridges in galactomannans 
with single-unit and longer side-chains, as follows: 
1· Sporothrix schenckii galactomannan 

β - Q - G a l a c t o f u r a n o s y l - ( 1 —>6)-α-Q-mannopyranosy1 linkages 
can be suggested for the galactomannan which gives a C-l signal 
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C H 2 O H 

C H 2 0 H 

METHYL-0-D-6ALACTOFURANOSIDE METHYL-a-D-MANNOPYRANOSIDE 
C-l C-2 C-3 C-4 C-5 C-6 C- l C-2 C-3 C-4 C-5 C-6 
109.8 82.5 78.4 84.6 72.6 64.5 102.5 71.8 72.6 68.6 74.3 62.8 

/3-D-GALF (1—*3)-METHYL-a-D-MANP 
106.5 82.9 78.6 84.
(-3.3)(+0.4)(+0.2)(+0.2)(-0.1)

Figure 3. Assignment of signals in C-l3 NMR spectrum of 3-0-β-Ό^αΙα^οί^α-
nosyl-( methyl-a-O-mannopyrano side ) 

C H 2 0 H 

I 
C H 2 O H 

METHYL-J9-D-GALACT0FURAN0S I DE METHYL-a-D-MANNOPYRANOS I DE 

C - l C-2 C-3 C-4 C-5 C-6 C - l C-2 C-3 C-4 C-5 C-6 
109.8 82.5 78.4 84.6 72.6 64.5 102.5 71.8 72.6 68.6 74.3 62.8 

/3-D-GALF (1—»*2)-METHYL-a-D-MANF 
107.6 82.6 78.3 84.8 72.5 64.5 100.0 76.6 71.5 68.9 74.3 62.6 
(-2.2)(+0.1)(-0.1)(+0.2)(-0.1)< 0 ) (-2.5)(+4.8)(-l.l)(+0.3) ( 0 )(-0.2) 

Figure 4. Assignment of signals in C-l3 NMR spectrum of 2-0-β-Ό^αΙααοί^α-
nosyl-(methyl-a-O-mannopyranoside) 
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at 6C109.3 (Fig. 1), which arises from single-unit side chains. 
Other signals attributable to 3-Q-galactofuranose, by virtue of 
their resemblance to signals of methyl 3-Q-galactofuranoside, 
are at 6C84.8 (C-4), 82.5 (C-2), 78.5 (C-3) and 64.5 (C-6). 

Other prominent signals correspond to α-D-mannopyranosyl 
units (18). These are C-l signals of non-reducing end-units 
linked TT—>2) to adjacent units (6C103.7), 6-0-substituted 
units of the main chain (6C101.1) and 2,6-di-0-substituted 
units (6c99.8) of the main chain. A C-2 signal is present at 
6C80.2, corresponding to 2,6-di-0-substituted α-D-mannopyranosyl 
units. 

Details of the methylation analysis of the polysaccharide 
are given in Table II. 
Table II Methylated Fragments obtained from Ŝ . schenckii 
Galactomannan " ~ 

% Composition 
2,3,4,6-Tetra-O-methylmannito
2,3,5,6-Tetra-O-methylgalactitol acetate 7 
3,4,6-Tri-O-methylmannitol acetate 4 
2,4,6-Tri-0-methylmannitoi acetate 2 
2,3,4-Tri-O-methylmannitol acetate 48 
3,4-Di-O-methylmannitol acetate 15 

Since the galactofuranosyl units are linked (1—^6) to 
mannopyranose it is not clear whether such a unit is mono-0-
substituted by galactofuranose (2,3,4-tri-0-methylmannito! 
acetate) or di-O-substituted by galactofuranose and mannopyranose 
(3,4-di-0-methyl fragment). 
2. Trichophyton interdigitale galactomannan 

By virtue of its 13C-n.m.r. spectrum (_3), which contains a 
C-l signal at 6C109.4 (Fig. 6h a (1—>6) galactose to mannose 
linkage is suggested. Other l̂ C signals corresponding to 
mannopyranosyl units are also similar to those of the S_. 
schenckii galactomannan. 

The partially methylated alditol acetates obtained 
previously (19) on methylation analysis were similar, although 
with different proportions (Table III) 

Table III. Methylated Fragments Obtained from T. 
interdigitale Galactomannan 

% Composition 
2,3,4,6-Tetra-O-methylmannitol acetate 15 
2,3,5,6-Tetra-0-methylgalactitoi acetate 12 
2,3,4-Tri-O-methylmannitol acetate 47 
2,4,6-Tri-O-methylmannitol acetate 2 
3,4-Tri-O-methylmannitol acetate 24 
3,5(2,4)-Di-0-methylmannitol acetate 1 
Galactomannans having a single C-l signal at <5cl09.4 seem 

to be quite common, another example being one from the spores 
of Aspergillus fumigatus. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



B A R R E T O - B E R G T E R A N D G O R I N β-Ό-Galactofurano-a-O Mannopyranans 1 5 5 

CH 2OH 

METHYL-/3-D-6ALACT0FURAN0SI DE METHYL-cr-D-MANNOPYRANOSIDE 
C - l C-2 C-3 C-4 C-5 C-6 C - l C-2 C-3 C-4 C-5 C-6 

109.8 82.5 78.4 84.6 72.6 64.5 102.5 71.8 72.6 68.6 74.3 62.8 

/3-D-GALF ( 1 — * 6)-METHYL-°<-D-MANP 
109.5 82.7 78.5 84.
(-0.3) (+0.2)(+0.1)(+0.2) (0) (0) (+0.1)(-0.2)(-0.3)(+0.2)(-1.0)(+5.9) 

Figure 5. Assignment of signals in C-13 NMR spectrum of ό-Ο-β-Ό-galactofura-
nosyl-( methyl-a-D-mannopyranoside ) 

Figure 6. C-13 NMR spectrum of galactomannan of Trichophyton interdigitale 
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3. Aspergillus niger galactomannan 
The galactomannan of A. niger contains (1—> 5)-linked 3-

D-galactofuranosyl side-chains of 3-4 units in length (C-l 
6C108.4), the innermost unit giving a minor C-l signal at 
6C109.2, which would represent a unit linked (1—>6) to the 
adjacent α-Q-mannopyranosyl unit in the mannan core (20; Fig. 7). 

Once again it is not clear whether the unit is 6-0-
substituted by galactofuranose or 2,6-di-0-substituted by 
galactofuranose and mannopyranose, according to the following 
methylation data (Table IV). 

Table IV Methylated Fragments Obtained From A. niger 
ualactomannan ~ 

2,3,4,6-Tetra-O-methylmannitol acetate 
2,3,5,6-Tetra-O-methylgalactito
2,3,6-Tri-0-methylgalactito
2,3,4-Tri-0-methylmannitoi acetate 
3,4,6-Tri-fJ-methylmannitol acetate 
3,4-Di-O-methylmannitol acetate 

4. Trypanosoma cruzi galactomannan 

The C-n.m.r. spectrum of the galactomannan (Fig. 8) 
is consistent with 3-Q-galactofuranosyl single unit side chains 
(3) since it contains signals corresponding to those of 
methyl 3-D-galactofuranoside at 6c84.8(C-4), 83.0(C-2), 78.5(C-3) 
and 64.6(C-6), with no a- or 3-0-substitution effects. The C-
1 signal at Ocl06.6 corresponds to a α-D-galactofuranosyl 
residue linked (l->3) to a α-D-mannopyranosyl unit. Other C-l 
signals correspond to non-reducing α-D-mannopyranosyl end-units 
linked (1—>2) to an α-D-mannopyranosyl unit (6C103.7) and 
consecutive (1 —>2)-linked α-D-mannopyranosyl unit (6C102.3). 
Signals at 6C79.9 and 80.1 correspond to C-2 of 2-0- and 2,6-
di-0-substituted α-D-mannopyranosyl units (18), respectively. 
The methylation data is very complex, 2,3,4,6-tetra-0-
methylmannitol acetate (25%), 2,3,5,6-tetra-0-methylgalactitol 
acetate (9%), and 3,4,6-tri-0-methylmannitol acetate (17%) 
being detected as major components. Also agreeing with the 13C 
data was the formation, following partial acetolysis, of a (l->2) 
-linked trisaccharide containing α-D-mannopyranosyl units. 
5. Ceratocystis stenoceras galactomannan 

The galactomannan gives 3 C-l signals at 6C109.5, 
107.6 and 107.2 (Fig. 9). Methylation analysis gave rise to 
2,3,5-tri-0-methylgalactitol acetate corresponding to 6-0-
substituted galactofuranosyl units. 6-0-3-D-Galactofuranosyl-
(methyl 3-D-galactofuranoside) gives a C-1T signal at 6C109.5, 
corresponding to the polysaccharide signal at Ocl09.5 arising 
from a 3-D-galactofuranosyl unit linked (1—>6) to a galactofur-

% Composition 
23 

5 
12 

9 
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Figure 7. C-13 NMR spectrum of galactomannan of Aspergillus niger 

Figure 8. C-13 NMR spectrum of galactomannan of Trypanosoma cruzi 

Figure 9. C-13 NMR spectrum of galactomannan of Ceratocystis stenoceras 
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anosyl residue. However, it is sti l l possible that a 
contribution to this signal is made by galactofuranosyl 
residues attached (1—>6) to mannopyranosyl units, since the C-l 
shift would be similar. 

The methylation data for the galactomannan are is 
presented in Table V. 

Table V Methylated Fragments obtained from C. stenoceras 
Galactomannan 

7o Composition 
2,3,4,6-Tetra-O-methylmannitol acetate 9 
2,3,5,6-Tetra-O-methylgalactitol acetate 23 
3,4,6-Tri-O-methylmannitol acetate 20 
2,3,6-Tri-O-methylglucitol acetate (from starch) 7 
2,3,5-Tri-0-methylgalactitoi acetate 16 
4,6-Di-O-methylmannitol acetate 2 
3,4-Di-O-methylmannito
According to the C-

the signal at 6C107.6 should arise from β-D-galactofuranosyl units 
linked (1—>2)- to α-D-mannopyranosyl residues. Whether the 
mannosyl residues are mono-0-substituted in this way, or whether 
they are also substituted in the 6-positions by other mannosyl 
residues is not clear, since both 3,4,6-tri-0- and 3,4-di-0-
methylmannitol derivatives were detected. The polysaccharide 
signal at 6C107.2 is intermediate between a (1—>2)- and a 
(1—>3) linkage. However the percentage (2%) of 4,6-di-0-
methylmannitol from the methylation experiment was too low, 
in comparison with the size of the C-l signal, to allow the 
possibility of (1—>3) substitution by a β-Q-galactofuranosyl 
unit. 
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Recently Group Β
have become a major proble
and mortality (1). Serological studies have suggested that a 
deficiency of type-specific antibody to the capsular polysaccha
rides in new-born infants may be an important factor in predis
posing them to the development of group Β streptococcal disease 
(2). Hence the importance of the development of a vaccine based 
on the capsular polysaccharides and also of an understanding of 
the structure-specificity relationships involved in the production 
of these protective antibodies. 

Lancefield characterised two polysaccharide antigens obtained 
from group Β Streptococcus; a group antigen (rhamnan) common to 
all strains, and the type-specific capsular polysaccharides that 
distinguished four major serotypes designated 1a, 1b, II and III 
(3,4,5). The type-specific polysaccharides were isolated by the 
hot hydrochloric acid extraction of the whole streptococcal 
organisms and all had identical constituents; galactose, glucose 
and 2-acetamido-2-deoxy-glucose. The acid extracted antigens are 
immunologically incomplete and form a lower molecular weight core 
to the complete native antigen which contains additional terminal 
acid-labile sialic acid residues. Thus when neutral or buffered 
(pH 7.0) extractions of the whole organisms are carried out the 
loss of sialic acid is minimized and more complete antigens can 
be isolated (2,6,7,8). Recently it has also been established 
for the type la and III organisms that pH control during the 
growth of the organisms is also a factor in the production and 
isolation of a complete native antigen (9). This paper is mainly 
concerned with the structure-specificity relationship of the 
native type III polysaccharide although some reference will also 
be made to the structure of the isomeric type la polysaccharide 
(10). This structural study provides further evidence that only 
the native antigen is effective in the production of protective 
antibodies against type III group Β streptococcal infections. It 
also defines the important role that sialic acid plays in the 
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formation of conformational-dependent determinants which are re
sponsible for the production of these protective antibodies. 

The incomplete type la (10) and III (9) group Β streptococcal 
antigens have ^-galactose, ID-glucose and 2-acetamido-2-deoxy-Q-
glucose constituents in a molar ratio of 2:1:1, whereas both 
native antigens contain additional sialic acid residues (9-10). 
The structure of the more complex type III native antigen was 
determined by first elucidating the structure of the incomplete 
core antigen obtained by the acid-extraction of the organisms. 
The structure of the type III incomplete antigen shown in Figure 1 
proved to be identical to that proposed for the capsular poly
saccharide of type 14 S. pneumoniae (1J) and the structure was 
elucidated using similar procedures to those employed in the 
structural determination of this latter antigen. By methylation 
analysis of the type III incomplete antigen the individual 
specifically methylated component sugars were identified and 
quantified (GC-MS analysis) and are listed in Table 1. These 
components were consisten
having the above structure (Figure 1) although sequence and link
age configuration data were sti l l required. The sequence was 
determined using two degradation procedures. The first involved 
a modified Smith degradation (9) in which the polyalcohol obtained 
was permethylated and the product was partially hydrolysed. This 
yielded a partially hydrolysed oligosaccharide which was further 
methylated using trideuteriomethyl iodide. Using this procedure 
labeled methyl groups were introduced at all the newly exposed 
hydroxyl groups. The resultant labeled oligosaccharide is shown 
in Figure 2 together with some of its major fragments when it 
was subjected to GC-MS analysis. The sequence of the individual 
methylated sugars in the oligosaccharide could be determined 
from the larger fragments obtained in this analysis. This se
quence represents the sequence of the original sugar components, 
A, Β and C of the repeating unit of the backbone of the incomplete 
type III antigen Figure 1; the erythritoi residue of the methyl
ated oligosaccharide originating from the oxidised backbone 
glucopyranose residue (A). Because the 2-acetamido-2-deoxy-Il-
glucose residue ^C) is a branch point in the incomplete type III 
antigen a further degradation was required to elucidate its point 
of attachment to the terminal Π-galactopyranose residue (D). 
This was achieved by tjie oxidation of the latter residues to 3-D-
gal actopyranosyl uronic acid groups and subjecting the modified " 
polysaccharide to a uronic acid degradation (9). This degradation 
involved the methylation of the modified polysaccharide, removal 
of the methylated galactopyranosyluronic acid residues, and 
remethylation of the polymeric material with trideuteriomethyl 
iodide. The identification by GC-MS analysis of 2-deoxy-3-0 -̂
methyl-4-0-trideuriomethyl-2-(l^-methyl-acetamido)-D-glucose in 
the hydrolysis products of the above polymer demonstrated unam
biguously that the terminal 3-D-galactopyranose residues (D) of 
the incomplete type III antigen" were linked to 0-4 of the backbone 
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CH,OH C H T O H 

Ο Η , Ο Η Τ NHAC OH OH 

 Figure 1. Repeating unit of the incom
plete Type III polysaccharide antigen of 

Canadian Journal of Biochemistry Group Β Streptococcus (9) 

D 3C0 

C H 2 O C H 3 

2 3 4 « — 2 6 6 150 
Canadian Journal of Biochemistry 

Figure 2. Methylated oligosaccharide degradation product obtained from the in
complete Type III streptococcal antigen (9) 
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Table I 

Methylation analysis of the native and incomplete 
core type-Ill streptococcal polysaccharides. 

Molar ratios 

Incomplete core Native 
Methylated glycose derivatives polysaccharide polysaccharide 

2 , 3 , 4 , 6 - T e t r a - O - m e t h y 1 - £ - g a l a c t o s e 1 -
2,4,6-Tri-0-methyl-D-galactose 1 1 

2,3,6-Tri-0-methyl-D-glucose 1 1 

2,3,4-Tri-0-methyl-D-galactose - 1 

3-Mono-O-methyl -N_-methyl -N_-acetyl -
-̂glucosamine 

+ + 

4,7,8,9-Tetra-O-methyl-N-methyl-N-
acetyl-^-neuraminic acid 

-

NOTE: +, slight and nonquantitative response; - , not detected. 
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2-acetamido-2-deoxy-glucopyranose residues (C). That all the 
sugar components were in the 3-Q-configuration was ascertained 
from the 1 3 C NMR spectrum of the incomplete type III antigen which 
exhibited only one narrow signal in the anomeric region of the 
spectrum due to the coincidence of the anomeric signals of all the 
individual sugar residues. From previous studies on model com
pounds on the low field chemical shift (104.2 ppm) of this signal 
was only consistent with the ß - D - c o n f i g u r a t i o n of all these 
residues (9). 

The structure of the repeating unit of the native type III 
antigen is shown in Figure 3. This structure was clearly estab
lished by differences in the individual methylated sugars yielded 
by the hydrolysis of its permethylated product as compared to 
those yielded on hydrolysis of the permethylated core antigen 
(Table 1). The detection of only 2,3,4-tri-0-methyl-galactose in 
the former as compared to only 2,3,4,6-tetra-0-methyl galactose 
in the latter established that sialic acid residues of the 
native antigen were linke
gal actopyranose residues of the core antigen. In addition the 
detection of only the fully methylated derivative of sialic acid 
established that all these sialic acid residues were terminally 
located. The α - f i - c o n f i g u r a t i o n of these residues was determined 
by the characteristic chemical shift (12) of the signal of their 
carboxylated carbons in the 1 3 C NMR spectrum of the native type 
III antigen (Figure 3). 

The native type la polysaccharide antigen from group Β 
Streptococcus was shown to be isomeric with the native type III 
antigen as both contained D-galactose, D-glucose, 2-acetamido-2-
deoxy-D-glucose and sialic acid in the molar ratio of 2:1:1:1 
respectively (10). On removal of these sialic acid residues 
both also yielded isomeric core structures (incomplete antigens). 
However the native type la antigen proved to have some structural 
differences when compared with the native type III antigen (9). 
The structure of the native type la antigen was determined using 
identical procedures to those previously described for the 
native type III antigen and its repeating unit is shown in 
Figure 4. Methylation analysis of the incomplete type la antigen 
and of the oligosaccharide obtained from the modified Smith 
degradation of this antigen indicated that the type la and III 
incomplete antigens retain two common structural features in the 
form of both having terminal 3-D,-galactopyranose residues and 
a 3-D-GlcNAcp-[1->3]-3-D-Galp_-[1->4]-3-D:-Glcp trisaccharide unit. 
However they differ in that the terminal 3-D-galactopyranose 
residues of the incomplete type la antigen are linked to 0-4 of 
the backbone 3-fi-galactopyranose unit instead of to the 2-
acetamido-2-deoxy-3-D-glucose residues as they are in the 
incomplete type III antigen. In addition the common backbone 
trisaccharide is linked via 0-4 of its 2-acetamido-2-deoxy-3-D-
glucose residue (10) in the incomplete type la antigen and via 
0-6 of the same residue in the incomplete type III antigen (9). 
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Figure 3. Repeating unit of the native Type HI streptococcal polysaccharide anti
gen and its fourier-transformed C-13 NMR spectrum (25.2 MHz) taken with an 
aquisition time of 0.3 s and a spectral width of 5 kHz. The number of induction 

decays was 150,000 (9) 
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The native type la polysaccharide also differs from that of the 
native type III antigen in that its terminal sialic acid residues 
are linked to 0-3 of the side-chain 3-D-galactopyranose residues 
of the type la core antigen and to 0-6 of the same residues in the 
type III core antigen. 

Before using the above structural information to help inter
pret the serological properties of the type III group Β strepto
coccal organisms it is of interest to note the high degree of 
structural homology between both the native type III and native 
type la antigens and some important human serum glycoproteins. 
The terminal a-fi-NeuACp-[2->6]-3-D-Galp unit of the former exists 
as end-group in human serrotransferrin (13) and the a-D-NeuAcp-
[2->3]-3-D-Galp exists as end-group in the human M and Ν blood 
groups substances (14). 

Antisera raised to group Β Streptococcus type III organisms 
in rabbits contain two distinguishable populations of antibodies 
(9). One population ha
type III antigen and is
sialic acid residues while the other has a specificity for the 
incomplete type III core antigen. There is evidence to suggest 
that this latter specificity is due to determinants terminating 
in ß - D - g a l a c t o p y r a n o s e (9) and also that this determinant could 
be functional in the production of protective antibodies (15). 
In serological studies in animals it was reported (15) that 
antisera to the structurally identical type 14 pneumococcal 
polysaccharide, the 3-D-galactopyranose residues of which have 
been shown to be immunodominant (16),was both opsonic and protec
tive against group Β Streptococcus organisms. However in struc
tural studies on the native type III antigen no terminal 3-D-
galatopyranose residues were detectable, all of them being masked 
by sialic acid residues. This latter observation would seem to 
be more compatible with the serological evidence for the 
essential participation of the native type III antigen in the 
development of human immunity to the type III group Β strepto
coccal disease. In these experiments it was demonstrated that 
in human sera it was the antibody directed to the native poly
saccharide antigen which correlated most highly with opsonic 
activity (2). One possible explanation for this apparent 
contradiction could be that in the experiments using the type 14 
antipneumococcal serum the required functionally active deter
minants terminating in 3-D-galactopyranose residues could have 
been generated on the type III organisms by the removal of sialic 
acid residues from the organism-associated native type III poly
saccharide. Certainly it has been demonstrated, that these 
residues are extremely labile and that even rigid pH-control 
(pH 7.0) of growth conditions of this organism is necessary in 
order to produce a natiye polysaccharide having no terminal 3-D-
galactopyranose residues (9). On the above evidence it would 
appear that the determinant terminating in sialic acid is impor
tant in the production of protective antibodies against type III 
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group Β streptococcal infections in humans and an attempt to struc
turally define this determinant was made. 

Serological studies indicate that despite the dominant peri
pheral location of the sialic acid residues of the native type 
III antigen they are not themselves immunodominant. This was 
established when the related native type la antigen, also con
taining terminal α-Q-linked sialic acid residues did not inhibit 
the homologous serological reaction of the native type III anti
gen (16). Therefore perhaps the high specificity of this deter
minant terminating in a sialic acid residue could be attributed 
to its large size. Because of the above evidence together with 
some highly characteristic structural features of the native type 
III antigen it was of interest to attempt to deduce the actual 
size of this determinant using the classical serological approach 
of determining by inhibition techniques (17) the relative contri
bution of different parts of the determinant to its overall 
serological specificity. One might anticipate that the 
disaccharide 6-0-α-D-Cu-acetylneuraminyl]-B-D-galatactopyranose
which constitutes the branches of the native type III antigen 
(Figure 3) should be a strong determinant as has been demonstrated 
in other branched structures (18). However on a serological 
basis one could probably predict that this disaccharide would be 
a very unfavourable determinant in human antibody production. 
This is because antibodies would be formed to a determinant 
ubiquitous among human serum glycoproteins having been positively 
identified as a terminal disaccharide in human serrotransferrin 
(T3). Therefore in order to achieve serological specificity 
from serrotransferrin it would be necessary to be larger than the 
trisaccharide α-Q-NeuAcjD-(2+6) - β-Q-Gal p_-(l->4)-β-Q-GlcNAcp which 
is also an integral part of the structure of human serrotransferrin 
(13). This deduction proved to be correct when in serological 
studies (16) serrotransferrin did not inhibit the homologous 
serological reaction of the native type III antigen. Therefore 
in classical terms one would expect this determinant to include 
residues from the backbone of native type III polysaccharide in 
order for it to achieve serological specificity from serrotrans
ferrin. Inclusive of the sialic acid residue this would now 
constitute a large determinant as Kabat has shown that the upper 
limit for a determinant consisting of linear glucopyranose 
residues is of the order of six residues (LZ). However if the 
determinant is large and extends into the backbone of the native 
type III antigen one might then anticipate that the incomplete 
type III antigen would st i l l retain a large part of its structure. 
In fact it has been previously determined that the incomplete type 
III antigen does not cross-react (9) with antibodies specific for 
the native type III antigen and more importantly does not inhibit 
(16) the homologous serological reaction of this latter antigen. 
Thus by using classical inhibition techniques it was not possible 
to define the determinant responsible for the specificity as the 
native type III antigen. 
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In order to explain the above negative results one can only 
postulate the conformational dependence of this determinant. On 
the basis of the serological evidence (9) it is obvious that sialic 
acid must play an important role in this dependence, and this can 
be rationalised if it associates with the backbone of the native 
type III antigen thus forming a more complex ring structure. At 
the same time this would enable the sialic acid residues to assume 
a lower profile within the structure of the native type III anti
gen. Breakage of this ring structure by removal of the sialic 
acid residues should then involve conformational changes, and 
evidence for such changes can be obtained by a comparison of 
the 1 3 C NMR spectra of the native (Figure 3) and incomplete type 
III antigens. Chemical shift changes involving linkage carbons 
can be indicative of changes in torsion angles between glycose 
residues (19), and one of the three signals in the linkage region 
of the spectrum of the native type III antigen at 78.3 ppm under
goes such a characteristic displacement to 79.1 ppm. It now 
remains to assign those
point in the structure of the native type III antigen this confor
mational change had occured. The lowest field signal at 83.4 ppm 
was assigned (9) to C-3 of the backbone 3-Q-galactopyranose 
residue (B) anT the signals at 79.6 and 78.3 ppm to C-4 of either 
the 2-acetamido-2-deoxy-3-£-glucopyranose (C) or the penultimate 
3-D-galactopyranose residue (D) (9). Recently by removal of the 
terminal 3-Q-galactopyranose residue (D) from the incomplete type 
III antigen it became possible to assign the signal of the native 
type III antigen which underwent the previously mentioned 
displacement to C-4 of the 2-acetamido-2-deoxy-3-Q-glucopyranose 
residue (C) (Tj6). Thus the sialic acid of the native antigen 
controls the torsion angles of the glycosidic bond between the 
penultimate 3-Q-galactopyranose (D) and the backbone 2-acetamido-
2-deoxy-3-Q-glucopyranose (C) residues. This evidence indicates 
a conformational change involving the branches of the native type 
III antigen, rather than more extensive conformational changes in 
the backbone of the native antigen on removal of the sialic acid 
residues, and is consistent with the formation of a ring structure 
involving sialic acid (E) and residues D and C as shown in Figure 
5. 

Space fil l ing models (CPK) suggest that such a structure is 
possible and also suggest that the interaction of the sialic acid 
residue (E) with the 2-acetamido-2-deoxy-3-D-glucopyranose (C) 
residue could occur by hydrogen bonding between the carboxylate 
group of the former and the hydroxyl group at C-3 of the latter 
(Figure 5). This hydrogen bonding would probably be augmented 
by additional hydrogen bonding between the carboxylate group of 
the sialic acid (E) residue and its own hydroxyl group at C-8. 
Chemical shift data (1 3C) indicate that this type of internal 
hydrogen bonding occurs in sialic acid molecules which have the 
a-Q-configuration (12). However the formation of this cyclic 
structure cannot be solely responsible for the specificity of the 
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Figure 4. Repeating unit of the native 
Type la polysaccharide antigen of Group 

Β Streptococcus (10

Figure 5. Proposed conformation of the repeating unit of the type III polysaccha
ride antigen of Group Β Streptococcus 
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native type III antigen because in all probability serrotrans
ferrin could also form an identical ring structure and yet does 
not inhibit the homologous serological reaction of the native type 
III antigen. Thus although the ring structure is probably 
necessary for the serological specificity of the native type III 
antigen it does not play a dominant role in this specificity. 
Obviously this specificity must involve additional backbone 
sugar residues although previous serological studies would 
suggest only a limited participation by these residues. Space
filling (CPK) models would suggest that the orientation of resi
dues A, C and D (Figure 5) would be conformationally dependent on 
the presence of the ring system and that therefore this might 
constitute the critical side of this determinant. On this 
evidence it is conceivable that the determinant need not be too 
large to achieve specificity and in fact that sialic acid need 
not be involved directly in the determinant but simply function 
as an external factor in the conformational control of the 
determinant. 

It is interesting to speculate on the role of this 
conformational control by sialic acid residues in other molecules 
having terminal sialic acid residues. Certainly the isomeric 
native type la antigen (Figure 4) also has a specificity 
dependent on its terminal sialic residues (10) and evidence is 
available to suggest that this specificity could also be attrib
uted to a similar ring-type structure (16). In addition 
glycoprotein structures having terminal sialic acid residues 
are ubiquitous on all cell surfaces where they are probably 
involved in recognition processes which trigger different 
biological transformations (20). Perhaps similar conformational 
control by the sialic acid residues of these glycoproteins ex
plains the high specificity of these recognition processes and 
thus the avoidance of random recognition. 
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Light-Scattering Spectroscopy of Meningococcal 
Polysaccharides 
A. DINAPOLI and B. CHU 

State University of New York at Stony Brook, Long Island, NY 11794 

TEH-YUNG LIU 
Division of Biochemistry and Biophysics, Bureau of Biologies, 
Food and Drug Administration, Bethesda, MD 20014 

Groups A and C meningococca  polysaccharide
products responsible for the prevention of corresponding forms 
of meningitis in man. In this paper, we want f irst to review 
our earlier light-scattering work on the characterization of 
group C polysaccharides in KC1 and sodium acetate buffers of 
varying ionic strengths with and without the addition of 
excess EDTA (2). By using the cumulants method of data analysis, 
we observed a large value of the normalized second moment of the 
linewidth distribution, evidence of a high degree of polydis-
persity (3). The polydispersity effect was further analyzed by 
means of an approximate histogram method which revealed a bimodal 
linewidth distribution for both groups B (4) and C polysaccha
rides. This conclusion was supported by agreements in the mean 
linewidth and the second moment of the linewidth distribution 
using two independent methods of data analysis. We shall present 
the temperature and the pH dependence of groups Β and C poly
saccharides as well as the effects of ion exchange on the group 
Β polysaccharide using the more refined histogram technique, and 
secondly, present our polydispersity analysis in terms of d i s t r i 
butions of molecular weight. 

The bacteria Neisseria meningitides produces several chemi
cally distinct polysaccharides, three of which have been 
isolated and are designated Groups A, Β and C meningococcal 
polysaccharides. Groups A and C polysaccharides are currently 
being used as vaccines for prevention of meningitis due to these 
organisms, whereas group Β is non-immunogenic. It is believed 
that conformation and/or size may be related to immunogenicity, 
but the details are not clear. In this art ic le , we hope to 
relate our light scattering data which have been accumulated 
over the past six years or so (1, 2, 3, 4) to our present studies 
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i n o r d e r t o f o r m u l a t e a more u n i f i e d u n d e r s t a n d i n g on t h e s o l u 
t i o n p r o p e r t i e s o f such c l i n i c a l l y i m p o r t a n t p o l y s a c c h a r i d e s . 

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

I s o l a t i o n and F r a c t i o n a t i o n (_5, 6 ) , C e l l s o f Groups A, 
B, and C N e i s s e r i a m e n i n g i t i d e s were grown i n a c u l t u r e medium 
(about 60 1.) f o r a day. Group A had been i s o l a t e d v i a a complex 
s e r i e s o f d i a l y s i s , e x t r a c t i o n s and treatment w i t h p a n c r e a t i c 
d e o x y r i b o n u c l e a s e . A l l t h e samples used f o r p h y s i o - c h e m i c a l and 
l i g h t s c a t t e r i n g s t u d i e s r e f e r r e d t o i n t h i s a r t i c l e were p r e c i p 
i t a t e d from t h e c u l t u r e medium u s i n g c e t a v l o n ( h e x a d e c y l t r i -
methylammonium bromide). Y i e l d s were on t h e o r d e r o f 1 g. 

P r e p a r a t i v e g e l f i l t r a t i o n was performed on an Agarose kB 
column (5 x 80 cm) a t k°C. A f t e r t h e f i r s t f i l t r a t i o n one l o t 
o f Group C was f u r t h e r f r a c t i o n a t e d u s i n g t h e same column and two 
p o o l s were formed. Th
weight p o o l s were d e s i g n a t e
t i v e l y . A summary o f t h e d i f f e r e n t samples used throughout t h i s 
work i s g i v e n i n Table I . 

Chemical A n a l y s i s , Group A p o l y s a c c h a r i d e i s a homo
polymer o f D-Nt-acetyl-mannosamine phosphate which i s p a r t i a l l y 
O - a c e t y l a t e d . Groups Β and C a r e b o t h homopolymers o f s i a l i c 
a c i d , but group C i s 0- a c e t y l a t e d , whereas group Β i s n o t . ^ 
The l i n k a g e s f o r t h e t h r e e p o l y s a c c h a r i d e s , as deduced from C 
NMR s t u d i e s , as w e l l as t h e number o f monomeric u n i t s composing 
each c h a i n , as measured by r e d u c i n g group a n a l y s i s w i t h NaBH^, 
are shown i n F i g . 1. 

Sample P r e p a r a t i o n , We employed a v a r i e t y o f b u f f e r s 
and e x p e r i m e n t a l c o n d i t i o n s i n our p r e p a r a t i o n s . The t e c h n i q u e s 
d e s c r i b e d here are g e n e r a l ones w i t h t h e d e t a i l s n o t e d where 
a p p r o p r i a t e . A l l g l a s s w a r e s were b o i l e d i n soap s o l u t i o n and 
t h e n r i n s e d e x h a u s t i v e l y w i t h d e i o n i z e d , d i s t i l l e d water. S m a l l 
f l a s k s f o r t h e s t o c k s o l u t i o n and t h e l i g h t s c a t t e r i n g c e l l s were 
r i n s e d i n an acetone vapor s t i l l t o remove du s t . T r a n s f e r s o f 
s o l u t i o n s were made thro u g h s p e c i a l l y d e s i g n e d t e f l o n septurns 
( R e l i a n c e Glassworks) t o f u r t h e r a v o i d c o n t a m i n a t i o n by dust 
p a r t i c l e s i n t h e a i r . B u f f e r s were pr e p a r e d u s i n g f i l t e r e d (VM 
M i l l i p o r e f i l t e r s w i t h a nominal pore diameter o f 0.05 u ) , d e i o n 
i z e d , doubly d i s t i l l e d water. Dry p o l y s a c c h a r i d e s were s t o r e d 
below 0°C i n d e s s i c a t o r s between use. A s t o c k s o l u t i o n was p r e 
p a r e d at a c o n c e n t r a t i o n o f about 6 mg/ml and a l l o w e d t o e q u i l i 
b r a t e f o r 2k t o U8 hours a t room temperatures. The s t o c k s o l u 
t i o n was then f i l t e r e d ( M i l l i p o r e GS f i l t e r , pore diameter 
0.22 μ) d i r e c t l y i n t o t h e c e l l and d i l u t e d t o known c o n c e n t r a 
t i o n s by weighing. The d i l u t e d s o l u t i o n was a l l o w e d t o e q u i l i 
b r a t e over a p e r i o d o f another 2k hours b e f o r e l i g h t s c a t t e r i n g 
measurements. Each s o l u t i o n was c e n t r i f u g e d a t 8,000 G f o r a t 
l e a s t one hour immediately p r i o r t o measurements. 
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T a b l e I 

Sample D e s i g n a t i o n and C h a r a c t e r i s t i c s 

F r a c t i o n a t i o n Agarose UB R e f r a c t i o n a t e d U n f r a c t i o n a t e d 

M.W./Residue 290 290 289 

Linkage α 2^9 α 2^9 α 2r.8 

M.W./Chain ^3,500 1+3,500 22,000 

M.W.(M l . s . ) 
w 

6.U6 χ 10 5 T.65 x 10 5 1.83 x 10 5 

< A 1 / 2 (X) 
g ζ 

klk 263 

„. /ml * mole N A 2 ( 2 ) 
g 

0.99 χ 10" 1 1 

(pH = 7.0) 
2.82 χ 1 0 ^ 
(pH = 5,5) 

2.66 χ 10 
(pH = 5.6) 

B u f f e r : O.k M KC1 + 0.05 M NaAc. 

t : 28° - 30°C 
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GROUP A 

98 
N-ACETYL- D - MAN Ν OS AMINE 

GROUP Β 

(SIALIC ACID) 

GROUP C 

OH 

N-ACETYL-(0-ACETYL)-NEURAMINICACID 

Figure 1. Chemical composition of Groups A, B, and C meningococcal polysac
charides (6) 
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A number o f samples were d i a l y z e d . We used d i a l y s i s t u b i n g 
(A. H. Thomas Hi+T) w i t h a 3500 m o l e c u l a r weight c u t - o f f . The 
d i a l y z a t e t o sample r a t i o was about 5 0 0 : 1 , and the d i a l y z a t e was 
changed on a d a i l y b a s i s . I n one ca s e , t he s o l u t i o n was f i r s t 
d i a l y z e d a g a i n s t 0,02 M EDTA f o r 3 days and th e n d e i o n i z e d water 
f o r f i v e days. The d i a l y z e d s o l u t i o n was used t o study t h e pH 
dependence o f the d i f f u s i o n c o e f f i c i e n t o f t h e p o l y s a c c h a r i d e 
s o l u t i o n . Adjustments o f pH were made u s i n g NaOH and HC1. 

I n o r d e r t o study the e f f e c t s o f metal i o n c o n t a m i n a t i o n , we 
passed 20 mg o f group Β p o l y s a c c h a r i d e d i s s o l v e d i n water through 
a 0.9 x 1 5 cm column packed w i t h Dowex 50W-X2 ( 1 0 0 - 2 0 0 mesh) 
which had been washed w i t h 6N HC1 and r i n s e d u n t i l f r e e o f 
c h l o r i d e i o n s . P o l y s a c c h a r i d e c o n c e n t r a t i o n s were f o l l o w e d a t 
λ 0 = 210 nm, po o l e d and l y o p h i l i z e d . The sample was then d i s 
s o l v e d i n O.UM T r i s (Trizma base, Sigma Chemical Co., No. T-
1503) which has been t i t r a t e d w i t h t o a pH o f 6.jk. 

We a l s o checked t h
1 χ 90 cm column packe
KC1 and 2 mM sodium c a c o d y l a t e w i t h a pH o f 6 f o l l o w i n g a d j u s t 
ments u s i n g a c e t i c a c i d . 

L i g h t S c a t t e r i n g S t u d i e s . I n t e n s i t y and l i n e w i d t h 
measurements were performed u s i n g p r i m a r i l y t h e instrument sche
m a t i c a l l y shown i n F i g . 2. The l i g h t source was a S p e c t r a -
P h y s i c s Model 165 argon i o n l a s e r o p e r a t i n g a t U88.O nm w i t h a 
power output t y p i c a l l y between 100 and 500 mW. The beam was 
d i r e c t e d t o the c y l i n d r i c a l l i g h t s c a t t e r i n g c e l l ( i . d . 8 mm) 
which was immersed i n an ind e x matching o i l thermostat c o n t r o l l e d 
t o w i t h i n 0.01°C, The d e t e c t i o n system, c o n s i s t i n g o f a s l i t , a 
p i n h o l e and an ITT FW130 p h o t o m u l t i p l i e r tube, was mounted on a 
r o t a t i n g arm which c o u l d be p o s i t i o n e d t o a p r e c i s i o n o f 2 
minutes o f a r c . The e n t i r e spectrometer c o u l d be c o n t r o l l e d by 
a Hewlett-Packard 983OA c a l c u l a t o r . A s i m i l a r s et up u t i l i z i n g 
Ortec ECL c o u n t i n g e l e c t r o n i c s was a l s o used. The spectrometer 
was a l i g n e d and c a l i b r a t e d u s i n g pure benzene and v a r i o u s b i n a r y 
f l u i d m i x t u r e s which e x h i b i t e d l a r g e amplitudes o f l o c a l concen
t r a t i o n f l u c t u a t i o n s but s m a l l c o r r e l a t i o n l e n g t h s when compared 
w i t h the wavelength o f i n c i d e n t l i g h t . 

We have checked t h a t the measured c o r r e l a t i o n f u n c t i o n at 
each s c a t t e r i n g angle g i v e s a ^ l i n e w i d t h which s c a l e s w i t h t o 
w i t h i n 2%, where Κ = UTT · s i n -̂/λ w i t h λ b e i n g t h e l i g h t wave
l e n g t h i n the s c a t t e r i n g medium and Θ, t h e s c a t t e r i n g a n g l e . The 
Y? check, which was performed u s i n g b o t h an aqueous suspension 
o f Dow 910 S l a t e x spheres and NBS - T05A p o l y s t y r e n e i n 
cyclohexane, i n s u r e d t h a t the spectrometer was p r o p e r l y c a l i b r a 
t e d f o r both i n t e n s i t y and l i n e w i d t h measurements. I n p a r t i c 
u l a r , we knew the amount o f s t r a y l i g h t which might g i v e r i s e t o 
a homodyne c o n t r i b u t i o n and th e r e b y d i s t o r t the s e l f - b e a t i n g 
c o r r e l a t i o n f u n c t i o n . 
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The a n g u l a r d i s t r i b u t i o n o f s c a t t e r e d l i g h t was measured 
between 30° and 150°. Only t h o s e a n g l e s which were found d u r i n g 
t h e alignment procedure t o be a c c u r a t e t o w i t h i n 1 (max. 2) p e r 
cent were used. Two o r t h r e e runs were made w i t h each sample 
and t h e r e s u l t s a t each a n g l e t y p i c a l l y agreed t o w i t h i n a few 
t e n t h s o f a p e r c e n t . The R a y l e i g h r a t i o ( R v v ) was t h e n determ
i n e d u s i n g Eq. ( l ) : 

R* 

Where Iex i s t h e measured, s c a t t e r e d i n t e n s i t y o f t h e sample 
minus the measured s c a t t e r e d i n t e n s i t y o f t h e b u f f e r , b o t h 
averaged over s e v e r a l r u n s , I D K i s t h e dark counts p e r second 
(~25 f o r o u r p h o t o m u l t i p l i e r t u b e ) , I Q i s p r o p o r t i o n a l t o t h e 
l a s e r i n c i d e n t i n t e n s i t
an e x p e r i m e n t a l l y determine
measured and t h e a b s o l u t e v a l u e s o f t h e s c a t t e r e d i n t e n s i t y . 
The v a l u e o f φ i s determined each day u s i n g R f o r pure benzene 
as measured by E h l et a l . (7 ) . 

The i n t e n s i t y c o r r e l a t i o n f u n c t i o n was measured u s i n g a 96-
channel Malvern s i n g l e - c l i p p e d d i g i t a l c o r r e l a t o r which had been 
m o d i f i e d such t h a t t he l a s t f o u r channels were s h i f t e d 320 d e l a y 
t i m e s t o a l l o w an a c c u r a t e d e t e r m i n a t i o n o f t h e b a s e l i n e . The 
measured and computed b a s e l i n e s t y p i c a l l y agree t o w i t h i n 1%. 
D i f f e r e n c e s between t h e s e v a l u e s i n d i c a t e d t h e presence o f dust 
c o n t a m i n a t i o n . C o r r e l a t i o n f u n c t i o n s w i t h g r e a t e r d e v i a t i o n s i n 
b a s e l i n e were a n a l y z e d o n l y i n a q u a l i t a t i v e way s i n c e t h e y were 
c o n s i d e r e d t o be u n r e l i a b l e . 

A n a l y s i s and R e s u l t s 

I n t e n s i t y o f S c a t t e r e d L i g h t . From measurements o f 
s c a t t e r e d l i g h t i n t e n s i t y as a f u n c t i o n o f c o n c e n t r a t i o n and 
s c a t t e r i n g a n g l e , we can determine t h e weight averaged m o l e c u l a r 
w e i g h t , ( = ZN iM i

2/ZN ; iMi where N-i i s the number o f s c a t t e r e r s 
w i t h m o l e c u l a r weight M i j ; t h e z-averaged square o f the r a d i u s o f 
g y r a t i o n , < r g

2£ ( = ENj_ M i 2 r g
2

i / E N i M 2 i ) and t h e second v i r i a l 
c o e f f i c i e n t , A2. These parameters are r e l a t e d a c c o r d i n g t o t h e 
c l a s s i c a l Rayleigh-Gans-Debye t h e o r y , e x p r e s s e d i n Eqs. (2) and 
(3) i n l i m i t i n g forms: 

l i m HC_ 
0-Κ) R + 2 A 2C (2) 
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2 2 
l i m HC 1 Γ τ J. 16 "ο 2 . 2 , θ η 

ο 

H = 4 2 n Q
2 (8n/3C) 2/N AX4 w i t h C,n , Ν , and (3n/3C) b e i n g , 

r e s p e c t i v e l y , t h e c o n c e n t r a t i o n ( w t / v o l ) , t h e r e f r a c t i v e 
i n d e x o f t h e s o l v e n t , Avagadro Ts number, and t h e r e f r a c t i v e i n d e x 
increment. The l a t t e r q u a n t i t y has been measured f o r b o t h 
Group B ( l ) (h) and C - l (3) p o l y s a c c h a r i d e s i n b u f f e r s c o n t a i n i n g 
0.1+ M KC1 and 0.05 M NaAc a t 30°C a.nd U88.0 nm. The r e s u l t s f o r 
our p r e s e n t study [C[II) p o l y s a c c h a r i d e ) ] a l o n g w i t h t h o s e from 
the l i t e r a t u r e (3 , 4) are l i s t e d i n Table I . F i g u r e 3 shows a 
t y p i c a l Zimm p l o t , which i n c o r p o r a t e s θ and C e x t r a p o l a t i o n s on 
a s i n g l e g r i d . The weight average m o l e c u l a r weight o f C-1 p o l y 
s a c c h a r i d e determined b  (3)
lower. We can o f f e r n
However, t h e m o l e c u l a r weight by l i g h t s c a t t e r i n g does r e p r e s e n t 
an a b s o l u t e d e t e r m i n a t i o n . We can o b t a i n t he c o n c e n t r a t i o n de
pendent r a d i u s o f g y r a t i o n by p l o t t i n g HC/R vs s i n 2 (-ç) 
throug h Eq. (k): W 

3X 2 

< r 2 ( c ) > = I n i t i a l S l o p e ( χ + > { k ) 

g ζ I n t e r c e p t 2 w 1 g 7 T
2

n
 2 

ο 

The r e s u l t s a r e shown i n F i g . k. 
We must remember t h a t t h e weight averaged m o l e c u l a r weight 

and, t o a g r e a t e r e x t e n t , t h e z-averaged r a d i u s o f g y r a t i o n a r e 
s t r o n g l y i n f l u e n c e d by the l a r g e r s c a t t e r e r s , i . e . , by t h e h i g h e r 
m o l e c u l a r weight f r a c t i o n o f t h e polymer. T h e r e f o r e , l i g h t 
s c a t t e r i n g i s enormously b i a s e d towards l a r g e r p a r t i c l e s and o n l y 
l i m i t e d i n f o r m a t i o n i s a v a i l a b l e on t h e s m a l l e r p a r t i c l e s f o r 
bo t h s t a t i c and dynamical p r o p e r t i e s . 

Time C o r r e l a t i o n F u n c t i o n . The measured, s e l f - b e a t i n g 
i n t e n s i t y c o r r e l a t i o n f u n c t i o n can be expres s e d as 

G ( 2 ) ( τ ) = A( 1 + β I g ( l ) ( x ) I2) (5) 

where A i s t h e b a s e l i n e , 3 i s a f u n c t i o n o f the spectrometer and 
has a v a l u e o f about 0.5 i n our cas e , and g ( 1 ) ( x ) i s t h e f i r s t 
o r d e r , e l e c t r i c f i e l d c o r r e l a t i o n f u n c t i o n . 

For a monodisperse sample o f s t r u c t u r e l e s s p a r t i c l e s , 
g (τ) = exp(-T τ ) , where Γ i s t h e c h a r a c t e r i s t i c l i n e w i d t h and 
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Figure 2. Schematic of instrument used for both light-scattering intensity and 
photon-correlation measurements 
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Figure 3. Zimm plot of C-polysaccharide (Sample C(II))at30°C 
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Figure 4. Plots of <r(,2(C)> (O) and the apparent values, <r(J

2(C)> Z*/(l + 
2A2CM), (A) vs. concentration at 30° for Samples C(II): (a, present work), B(I) 

(b, Ref. A), C-l (c, Ref. 3) polysaccharide. 
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τ(= J A T ) i s t h e d e l a y time w i t h J b e i n g t h e c h a n n e l number and 
Δτ, t h e d e l a y increment, on t h e o r d e r o f 2 t o ho microseconds 
f o r most o f our samples. A c c o r d i n g t o E q ^ ( 5 ) » t h e l o g a r i t h m o f 
t h e n e t , measured c o r r e l a t i o n f u n c t i o n , G (τ) -A, v e r s u s t h e ? 

d e l a y time y i e l d s a s t r a i g h t l i n e w i t h a s l o p e o f -2Γ. Γ = Ό¥Γ 
where D i s t h e 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 . However, our 
s o l u t i o n s are p o l y d i s p e r s e . Then, 

g
( l ) ( x ) - G(r)e" r Tar (6) 

where G(r) i s t h e n o r m a l i z e d d i s t r i b u t i o n o f l i n e w i d t h s . 
_ r The u s u a l t e c h n i q u e f o r h a n d l i n g Eq. (6) i s t o expand about 
Γ(= T G ( r ) d r ) . I n p r a c t i c e , t h e r e s u l t i n g e x p r e s s i o n (7) 

(τ) = βχρ(-Γτ

i s v a l i d o n l y f o r s h o r t d e l a y t i m e s and f a i r l y narrow d i s t r i b u 
t i o n s w i t h 

(Γ-Γ) 1 G ( r ) d f (8) 

The w i d t h o f t h e d i s t r i b u t i o n can be c h a r a c t e r i z e d by t h e n o r 
m a l i z e d v a r i a n c e , o r p o l y d i s p e r s i t y i n d e x , which is^^/T^. F o r 
Dow "monodisperse" l a t e x s p h e r e s , t h e v a l u e o f μ^/Γ i s l e s s 
t h a n 0.05. F o r a commercial p o l y a c r y l a m i d e sample w i t h m o l e c u l a r 
w e i g h t s r a n g i n g from h χ 10^ t o k χ 10° , μ^/Γ 2 can be between 
0.25 and 0.35- The p o l y d i s p e r s i t y i n d e x f o r " f r a c t i o n a t e d " 
meningococcal p o l y s a c c h a r i d e s o l u t i o n s i s g e n e r a l l y i n excess o f 
0.6. Such a h i g h v a l u e o f μ^/Τ 2 i s s u g g e s t i v e o f a m u l t i - m o d a l 
l i n e w i d t h d i s t r i b u t i o n and demands more s o p h i s t i c a t e d and c a r e 
f u l d a t a a n a l y s i s i n o r d e r t o o b t a i n m e a n i n g f u l r e s u l t s . The 
cumulants method (_8), w h ich was used i n our e a r l i e r p a p e r s , (l9 

2, 3) becomes more d i f f i c u l t t o u t i l i z e , e s p e c i a l l y when Eq. (7) 
i s t r u n c a t e d a f t e r the q u a d r a t i c term. The t e c h n i q u e remains 
u s e f u l i f we h o l d the s c a t t e r i n g a n g l e and t h e d e l a y time 
increment c o n s t a n t and s t u d y o n l y changes i n d u c e d by p e r t u r b i n g 
t h e system. However, we probe G( r ) d i f f e r e n t l y when ve v a r y t h e 
d e l a y time range o f _ o u r experiments. T h e r e f o r e , d i f f e r e n t 
apparent v a l u e s o f Γ and μ^ may appear f o r t h e same sample. 

In our f o u r t h paper (k) a new approach was i n t r o d u c e d which 
approximates G ( r ) by a h i s t o g r a m . The i n t e g r a t i o n can t h e n be 
done f o r each s t e p , and we o b t a i n 
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Ν G( Γ ) 

I β(1)(τ) ι =.ff^{exp[-(ri+ f )τ1 -Η -<ri - τ)τΪ} (9) 

where Ν i s t h e number o f ste p s i n a h i s t o g r a m , each s t e p i i s ΔΓ 
s e c " 1 wide w i t h a h e i g h t o f G(Γ^). The f i t i s a c c o m p l i s h e d 
u s i n g a n o n - l i n e a r l e a s t squares t e c h n i q u e d e s c r i b e d i n d e t a i l 
elsewhere (9)· F i g u r e s 5 and 6 show, r e s p e c t i v e l y , t y p i c a l h i s 
tograms o f Groups Β and C p o l y s a c c h a r i d e s i n 0 Λ M KC1 and 0.05 
M NaAc b u f f e r a t ρΗ=5·5 and 30°C and a p l o t o f th e d e v i a t i o n o f 
t h e c o r r e l a t i o n f u n c t i o n computed from t h e f i t t e d h i s t o g r a m and 
t h e measured c o r r e l a t i o n f u n c t i o n . D e v i a t i o n p l o t s showing 
e r r o r s which are e i t h e r non-random o r g r e a t e r t h a n one t o two 
percent are g e n e r a l l y c o n s i d e r e d u n r e l i a b l e i n view o f t h e p r e 
c i s i o n o f our measurements  The advantages o f the h i s t o g r a m 
t e c h n i q u e can be enumerate

1) No a p r i o r i for
assumed, 

2) The e n t i r e c o r r e l a t i o n f u n c t i o n p r o f i l e i s t a k e n i n t o 
account i n our d a t a a n a l y s i s . 

3) We can deduce t h e l i n e w i d t h (and t h e r e f o r e t h e d i f f u 
s i o n c o e f f i c i e n t ) as w e l l as the am p l i t u d e o f each 
ste p i n t h e h i s t o g r a m . 

h) The r e s o l u t i o n o f th e a p p r o x i m a t i o n , i . e . , t h e number o f 
s t e p s , can be a d j u s t e d dependent upon t h e r e s o l u t i o n and 
p r e c i s i o n o f t h e c o r r e l a t i o n f u n c t i o n . 

5) The moments o f th e d i s t r i b u t i o n can be computed once 
G(r) has been approximated, 

Values o f Γ and μ 2 / " ^ by t h i s p o w e r f u l , new approach are i n 
agreement w i t h those o b t a i n e d by the more e s t a b l i s h e d cumulants 
t e c h n i q u e , as l i s t e d i n Table I I and o f f e r a w e a l t h o f new i n f o r 
mation. I n p a r t i c u l a r , we show t h e e f f e c t s o f temperature on t h e 
d i s t r i b u t i o n i n F i g . 7. The v a r i a t i o n o f th e low s a l t sample 
produced by th e pH changes i s shown i n F i g . 8. The c o n c e n t r a 
t i o n dependence o f d i f f u s i o n c o e f f i c i e n t s f o r C ( l l ) p o l y s a c c h a 
r i d e i n h i g h s a l t b u f f e r i s t a b u l a t e d i n Table I I I . F i g u r e 9 
shows t h e a n g u l a r dependence o f T'high Γ ] _ ο ν , and Γ f o r group C ( l l ) 
p o l y s a c c a r i d e . F i n a l l y , F i g u r e 10 shows the r e s u l t s o b t a i n e d 
a f t e r group Β p o l y s a c c a r i d e has passed t h r o u g h an ion-exchange 
column. 

I n t e r p r e t a t i o n o f Data. I n t h i s a r t i c l e we s t r i v e t o 
u n i f y t h e accumulated d a t a (_1, 2_9 39 k) w i t h t h e p r e s e n t study. 
However, i n comparing r e s u l t s among d i f f e r e n t sample p r e p a r a t i o n s 
many f a c t o r s , such as t h e time o f h a r v e s t i n g t h e p o l y s a c c h a r i d e , 
p u r i f i c a t i o n t e c h n i q u e s , and p r e p a r a t i v e f r a c t i o n a t i o n , w i l l 
r e s u l t i n samples o f s l i g h t l y d i f f e r e n t c h a r a c t e r i s t i c s . I n one 
p r e p a r a t i o n , we c o u l d not even d i s s o l v e t h e group C p o l y s a c c h a 
r i d e i n b u f f e r s o l u t i o n b e f o r e f u r t h e r t r e a t m e n t . Thus, we are 
not s u r p r i s e d t o f i n d t h e m o l e c u l a r weight d i f f e r e n c e between 
C - l and C ( l l ) p o l y s a c c h a r i d e s as l i s t e d i n Table I , 
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Figure 5. Histograms for C(II) ( ) 
and B(I) ( ) polysaccharides in 0.4M 
KCl, 0.05M NaAc buffer at pH = 5.5 
Vbw = L74 X 10'7 cm2/s. Dean == 

1.40 χ 10-7cm2/s. 
2 3 

Dx I07 

4 
(cmVsec) 

Figure 6. A deviation plot for the Group 
C histogram in Figure 5. Dev = 100[cal
culated g(1)(r) — experimental g(1)(r)]/ 
experimental g(1)(r), g(1)(r) is plotted also. 

50 
CHANNEL NUMBER 
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Table Π 

Comparison o f Cumulants and Hist o g r a m Techniques 
* 

C ( I I ) P o l y s a c c a r i d e i n KCl-NaAc E u f f e r 
pH => 5.5 ; t « 30°C 

Concen
t r a t i o n 
(mg/ml) 

Θ 
(des) 

Cumulants 
fis'1) vjT2 

χ 10"3 

Histogram 0 

r ( s - l ) μ,/Γ 2 

x 10-3 2 

5.617 90 7.98 0.80 8.IT 0.87 

3.U28 90 - 7.53 0.80 

2.91 60 

2.91 90 8.17 o,6o 8.18 0.68 

2.91 120 12. h 0.63 12.6 0.67 

1.956 90 6.63 0.65 6.97 (0.77) 

1.252 90 8Λ8 0.32 8.82 0.39 

* . 
O.k M KC1 + 0. ,05 M NaAc. 

Table I I I 

C o n c e n t r a t i o n Dependence o f C ( l l ) 
P o l y s a c c h a r i d e i n KCl-NaAc B u f f e r 

θ = 90° ; t = 30°C 

Concen
t r a t i o n 
(mg/g) 

D 
x 10^cm 2/sec 

D _ slow 
x 10Tcm 2/sec 

D f a s t 
x lO^cm 2/sec 

A s / A f 

1.252 1.5 O.h 2,8 -
1.956 1.2 0.7 3.0 -
2.591 l.h 0.6 3.0 2.0 

3Λ28 1.3 0.7 (2.5) 

5.617 l . U 0.5 3.1 1.8 
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Figure 7. Histograms of diffusion co
efficients of Sample C(II) in KCl buffer at 
different temperatures. Diffusion
cients corrected to the viscosity
at 30° C OlCj30 = Ό και,τ Χ VKCI/T χ 

303/yw>3o-

Figure 8. Histograms of diffusion coefficients of Sample C(II) at t = 30°C in 
water solutions adjusted to the indicated pH with HCl or NaOH. The natural pH 

is 4.1 at a concentration of about 1 mg/mL. 
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(α) 

, 1 1 1 , . . Π-γγΓ 
I 2 3 4 5 6 

D w > 3 0 χ ι ο 7 ( c m 2 / s e c ) 

Figure 10. Histograms for B(I) polysac
charide under different conditions: (a) in 
0.4M tris buffer, pH_= 6.7, t = 22.7°C 
after ion exchange, D3o w = 1.42 X 10'7 

cm2/s;Jb) in 0.4M KCl, pH = 5.6, t = 
35°C, Osow = 1-74 χ 10~7 cm2/s^ (c) in 
0.4M KCl, pH = 5.6, t = 28°C D30>w = 
1.67 X 10~7 cm2/s. Diffusion coefficients 
corrected to the viscosity of water at 30°C. 
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The most s t r i k i n g and i n t r i g u i n g r e s u l t o f our a n a l y s i s o f 
th e i n t e n s i t y c o r r e l a t i o n f u n c t i o n i s t h e b i m o d a l i t y o f t h e l i n e -
w i d t h d i s t r i b u t i o n f u n c t i o n . W h i l e we have observed t h a t a broad 
m o l e c u l a r weight d i s t r i b u t i o n o f p o l y a c r y l a m i d e can g i v e r i s e t o 
an apparent bimodal h i s t o g r a m (ΐΛ ), t h e r a t i o o f t h e a r e a o f t h e 
slow peak t o t h e a r e a o f t h e f a s t peak i s g e n e r a l l y i n excess o f 
50:1 i n d i c a t i n g t h e presence o f a l o n g t a i l i n t h e low m o l e c u l a r 
weight p o r t i o n o f t h e d i s t r i b u t i o n f u n c t i o n . However, t h e p o l y 
s a c c h a r i d e s o l u t i o n s c o n s i s t e n t l y y i e l d e d comparable a r e a r a t i o s 
i n t h e bimodal l i n e w i d t h d i s t r i b u t i o n as shown i n Table I I I . We 
are f i r m l y c o n v i n c e d t h a t t h e presence o f a f a s t peak i s n e i t h e r 
an a r t i f a c t o f t h e h i s t o g r a m t e c h n i q u e nor i s i t a r e s u l t o f 
improper s o l u t i o n p r e p a r a t i o n . 

The e x i s t e n c e o f a bimodal l i n e w i d t h d i s t r i b u t i o n may be 
a t t r i b u t e d t o s e v e r a l f a c t o r s . When a polymer i s l a r g e , i n t e r 
f e r e n c e between segments o f t h e same c h a i n w i l l g i v e r i s e t o an 
i n t r a m o l e c u l a r s c a t t e r i n
have r u l e d out t h i s p o s s i b i l i t
v a l u e o f 1.2 and i s o f t e n much l e s s t h a n S o n e i n our experiments. 
Thus, our experiments cannot observe t h e c o n t r i b u t i o n s due t o 
i n t e r n a l motions and t h e y amount t o , a t most, one t o two p e r c e n t 
o f t h e t o t a l s c a t t e r e d i n t e n s i t y . ( 1 0 ) We have a l s o made o t h e r 
s t u d i e s whereby a second f a s t e r peak can be a t t r i b u t e d t o a 
pseudo-gel motion i n s e m i d i l u t e s o l u t i o n s ( l l ) . T h i s e x p l a n a t i o n 
i s unreasonable because t h e c o n c e n t r a t i o n s o f our s o l u t i o n s a r e 
v e r y s m a l l . We s h o u l d not have reached t h e s e m i d i l u t e regime. 

A r i g i d r o d model has been proposed f o r t h e meningococcal 
p o l y s a c c h a r i d e s (6) as w e l l as t h e b a c t e r i a l p o l y s a c c h a r i d e 
produces by Xanthomonas c a m p e s t r i s (12) (Xanthan gum). Such a 
model assumes t h e form o f t h e c o r r e l a t i o n f u n c t i o n t o be (10) 

g ( l ) ( 0 % S q ( K L ) exp( -DK 2!) + S ^ K L ) exp[-(DK 2 +6θ)τ](ΐθ) 

where L i s t h e l e n g t h o f t h e t h i n r o d , Θ i s t h e r o t 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 , S (KL) and S^(KL) a r e c o m p l i c a t e d f u n c t i o n s o f 
K L . /At low v a l u e s o f K L (up t o about 2 ) , t h e major c o n t r i b u t i o n 
t o g (τ) i s from t h e f i r s t t e r m i n Eq. (10). As the angle and/ 
or t h e l e n g t h o f t h e r o d i n c r e a s e s , S]_ i n c r e a s e s and t h e c o r r e l a - ^ 
t i o n f u n c t i o n decays w i t h two c h a r a c t e r i s t i c t i m e s f o r a mono-
d i s p e r s e sample. The a n a l y s i s i s g e n e r a l l y c o m p l i c a t e d by t h e 
f a c t t h a t we must assume a p r o l a t e e l l i p s o i d a l form t o determine 
the l e n g t h and t h e a x i a l r a t i o from Θ, an a p p r o x i m a t i o n which i s 
v a l i d o n l y f o r v e r y l o n g , t h i n , r o d l i k e m o l e c u l e s . Furthermore, 
c o r r e c t i o n s may e x i s t f o r c o u p l i n g between r o t a t i o n a l and t r a n s -
l a t i o n a l d i f f u s i o n , f l e x u r e o f t h e r o d (13) and p o l y d i s p e r s i t y . 
We have t a k e n two approaches i n comparing our r e s u l t s t o t h e 
r i g i d r o d model. F i r s t , we have used t h e l i t e r a t u r e v a l u e f o r 
the a x i a l r a t i o (6), 50 t o 60, and our measured v a l u e o f t h e 
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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 , from th e f i r s t peak o f t h e 
h i s t o g r a m as i n d i c a t e d by Eq, ( 1 0 ) , t o compute t h e dimensions o f 
the e l l i p s o i d o f r e v o l u t i o n from P e r r i n * s e q u a t i o n ; 

6πηα ( l - b ^ / a 2 ) 1 ^ 2 

l n [ ( 1 + (1 - b 2 / a 2 ) l / 2 ) / ( b / a ) ] 
where a and b are t h e semi-major and semi-minor axes, r e s p e c t i v e 
l y , η i s t he s o l v e n t v i s c o s i t y , kg i s B o l t z m a n n f s c o n s t a n t and Τ 
i s t h e temperature. The r e s u l t s i n d i c a t e a mol e c u l e about 500 nm 
l o n g and 10 nm i n diameter w i t h a volume o f 10 Χ | cm-3. The h i s 
togram f o r such a molecule a t θ = 6θ° , u s i n g Eq, (10) , s h o u l d 
have peaks a t 2600 s e c " 1 and 3200 sec"-*- w i t h t h e h i g h e r f r e q u e n 
cy peak h a v i n g an a r e a o f about 60% as e s t i m a t e d from Fig, ( 8 . 7 - 1 ) 
o f r e f e r e n c e 10. I n f a c t , a t θ = 6θ° our r e s u l t s t y p i c a l l y 
show a slow peak a t 2000 sec*" 1 and a f a s t e r peak a t 10,000 s e c " 1

the h i g h e r frequency componen
Furthermore, t h e p a r t i a
s a c c h a r i d e ( b o t h C - l and C - 2 ) , 0.718 ml/gm (6) , has been used t o 
compute t h e m o l e c u l a r volume 

a 
The r e s u l t s f o r sample C - l are 3.88 χ 10" 1^cm 3 and 6.lU χ ΙΟ" 1^ 
cm3 u s i n g t h e m o l e c u l a r weight measured by s e d i m e n t a t i o n and 
l i g h t s c a t t e r i n g , r e s p e c t i v e l y . The r e s u l t s i n b o t h cases a r e 
more tha n an o r d e r o f magnitude s m a l l e r t h a n what we have 
deduced u s i n g t h i s model. 

Our second approach was t o s u b t r a c t Γ (s l o w component) from 
Γ ( f a s t component). The remainder, d i v i d e d by s i x , s h o u l d g i v e Θ 
independent o f angle and c o n c e n t r a t i o n . The remainder we com
pute v a r i e s w i t h a n g l e , p r e c i s e l y as Y? i n f a c t , and i s concen
t r a t i o n dependent. Furthermore, an a n i s o t r o p i c , r o d l i k e mole
c u l e o f the dimensions n e c e s s a r y t o produce a bimodal l i n e w i d t h 
d i s t r i b u t i o n f u n c t i o n s h o u l d g i v e r i s e t o a d e p o l a r i z e d c o r r e l a 
t i o n f u n c t i o n f o r e i t h e r group Β o r group C p o l y s a c c h a r i d e . I n 
l i g h t o f the above a n a l y s i s , we are f o r c e d t o abandon the r i g i d 
r o d h y p o t h e s i s and seek another model which e x p l a i n s t h e b e h a v i o r 
o f the p o l y s a c c h a r i d e s observed w i t h t h e h i s t o g r a m t e c h n i q u e . 

We b e l i e v e the most f e a s i b l e e x p l a n a t i o n o f t h e bimodal 
b e h a v i o r i n l i n e w i d t h t o be two d i s t i n c t m o l e c u l a r weight 
f r a c t i o n s . The i n a b i l i t y t o sep a r a t e t h e two may be due t o an 
e q u i l i b r i u m between them, o r unknown i n a d e q u a c i e s i n t h e g e l 
f i l t r a t i o n t e c h n i q u e s used. The B - p o l y s a c c h a r i d e sample which 
we passed t h r o u g h an a n a l y t i c a l column ( l cm χ 90 cm packed w i t h 
sepharose U B ) was d i l u t e d t o t h e e x t e n t t h a t t h e p r e c i s e d a t a 
r e q u i r e d f o r a h i s t o g r a m a n a l y s i s was d i f f i c u l t t o o b t a i n . 
Second o r d e r cumulants f i t s one, two, t h r e e and f o u r days a f t e r 
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f i l t r a t i o n showed s i g n i f i c a n t s c a t t e r i n v a l u e s o f Γ and > 
but t h e Γ v a l u e showed an i n c r e a s i n g t r e n d . On t h e f i f t h day we 
succeeded i n o b t a i n i n g c o r r e l a t i o n f u n c t i o n d a t a o f s u f f i c i e n t 
q u a l i t y t o p e r f o r m a h i s t o g r a m f i t . The r e s u l t s were t y p i c a l o f 
those samples which had not been s u b j e c t e d t o a n a l y t i c a l f r a c 
t i o n a t i o n . The f a c t t h a t u n f i l t e r e d , M i l l i p o r e f i l t e r e d , and g e l 
f i l t e r e d s o l u t i o n s a l l g i v e b imodal d i s t r i b u t i o n s i n l i n e w i d t h 
shows t h a t our c l a r i f i c a t i o n t e c h n i q u e s have not a l t e r e d t h e 
c h a r a c t e r i s t i c s o f the p o l y s a c c h a r i d e s . 

We have t r i e d t o p e r t u r b the e q u i l i b r i u m between t h e two 
f r a c t i o n s by v a r y i n g t h e temperature from 16 C t o h2 C. Any 
d i s s o l u t i o n o r f u r t h e r a g g r e g a t i o n o f the l a r g e r s i z e d f r a c t i o n 
would r e s u l t i n changes o f t h e peak a r e a r a t i o s . D i f f e r e n t i a l 
c o n f o r m a t i o n a l changes o f e i t h e r f r a c t i o n would be seen as 
changes i n t h e d i f f u s i o n c o e f f i c i e n t s . As seen i n F i g s , 7 and 
11, and Table IV no s i g n i f i c a n t changes i n the group C sample 
were observed. The grou
exchange column and d i s s o l v e
comparison i n F i g . 11 i s not d i r e c t . N o n e t h e l e s s , no t r e n d i s 
observed which would support a temperature dependent e q u i l i b r i u m . 

We have used h i g h s a l t b u f f e r s throughout t h e b u l k o f our 
work i n o r d e r t o a v o i d e l e c t r o s t a t i c i n t e r a c t i o n s . The v a l u e o f 
0 , U M K C l was chosen i n l i g h t o f the r e s u l t s o f Paper I I (2) which 
showed l i n e w i d t h v a r i a t i o n s when t h e s a l t c ontent o f the b u f f e r 
was changed from 0 t o 1M. Above O . U M no changes were observed. 
We have a l s o removed c a t i o n s from a group Β sample by i o n 
exchange i n o r d e r t o see i f t h e y have any e f f e c t on c o n f i g u r a t i o n 
o r a g g r e g a t i o n . A g a i n , no c l e a r t r e n d i s v i s i b l e as shown i n 
F i g , 10. 

F i n a l l y , we have measured the c o r r e l a t i o n f u n c t i o n o f a 
group Β sample which had been e x t e n s i v e l y d i a l y z e d f o r many days. 
As seen i n F i g . 8 and Table V, no s i g n i f i c a n t changes a r e ob
se r v e d as t h e pH changes from 2 t o 10, The i n t e r p r e t a t i o n o f 
t h i s d a t a i s c o m p l i c a t e d by t h e f a c t t h a t we used pure water 
r a t h e r than a h i g h s a l t b u f f e r . T h e r e f o r e , changing the pH, 
( w i t h HC1 o r NaOH) changed t h e s a l t c o n c e n t r a t i o n by a s m a l l 
a b s o l u t e amount, but a l a r g e r e l a t i v e amount. One would e x p e c t , 
however, t o see a change i n t h e d i f f u s i o n c o e f f i c i e n t as t h e 
p o l y s a c c h a r i d e becomes i n c r e a s i n g l y i o n i z e d a t h i g h e r pH v a l u e s 
and r e p u l s i o n s between the s i a l i c a c i d monomers i n c r e a s e . 

We do obs e r v e , however, a s u b s t a n t i a l d i f f e r e n c e i n t h e r e l 
a t i v e areas o f t h e two h i s t o g r a m peaks, U n d i a l y z e d group Β p o l y 
s a c c h a r i d e (sample B ( l ) ) has been measured i n pure water (k) a t a 
c o n c e n t r a t i o n o f 2.975 mg/g a t s c a t t e r i n g a n g l e s o f 60 and 90 
I n b o t h cases t h e r a t i o o f the areas ( A g l W / A f a s t ) l s about 5, 
which i s t y p i c a l f o r most u n d i a l y z e d sampîes w e n a v e measured. 
The v a l u e s we observe f o r t h e e x h a u s t i v e l y d i a l y z e d sample 
(Table V) i n d i c a t e t h a t a low m o l e c u l a r weight component has 
l e a k e d out o f t h e d i a l y s i s sac. T h i s i n t e r p r e t a t i o n suggests 
t h a t t h e s m a l l e r m o l e c u l e s a r e l e s s t h a t 3500 gm/mole, t h e 
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Table IV 

Temperature dependence of C ( l l ) polysaccharide 
5.6 mg/g i n O.UM KCl buffer 

T(°C) 

Total, 
30° W W 

x 10'cm^/sec 

υ _ 
30° w( f t) 

x 10'cm2/sec 

fast f 

30°,w^ a) 
χ 10'cm2/sec 

^ ( s l o w ) 
^ ( f a s t ) 

16.0° l.U 0,58 3.5 1.9 

22.7° 1.6 0.U5 3.1 1.3 

29.99° 1.7 0.6U 3.6 1.9 

37-5° 1.7 

h2.6° 2Λ 0.7^ U.3 1.2 

(a) corrected to the v i s c o s i t y of water at 30 C. The results 
are qualitative and should not be taken on a quantitative 
basis. 

T A B L E V 

ο 
pH dependence of B(I) polysaccharide at 30 C 

D 
t o t a l 

χ 10^cm2/sec 

D 
slow 

χ lO^cm /sec 

D f a s t 
χ 10^cm^/sec 

2.6 0.39 0,26 2,3 

U.l O.kh 0.3^ (3.7) 

5.9 0.18 0,16 1 Λ 

10.0 0.27 0.25 l.U 

A r e a ( s l o v ) ( 

Ik 

3h 

hk 

ho 

(a) D i a l y s i s has reduced the amount of the smaller size 
fraction s i g n i f i c a n t l y . 
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c u t o f f f o r our d i a l y s i s t u b i n g and o n l y a f r a c t i o n o f t h e molec
u l a r weight o f a complete c h a i n as deduced by r e d u c i n g group 
a n a l y s i s . I n l i g h t o f our second paper ( 2 ), which showed changes 
i n Γ induced by an excess o f EDTA, we cannot, w i t h c e r t a i n t y , 
r e l a t e t h e d e p l e t i o n o f t h e low m o l e c u l a r weight f r a c t i o n t o 
d i a l y s i s a l o n e . F u r t h e r i n v e s t i g a t i o n s a r e under-way t o s e p a r a t e 
the e f f e c t s o f d i a l y s i s a l o n e and t h e presence o f EDTA. We have 
a l s o observed such a d i a l y s i s procedure w i t h group Β r e s u l t s i n a 
s i g n i f i c a n t weight l o s s o f m a t e r i a l , w h i l e d i a l y s i s o f group C 
a g a i n s t water o r b u f f e r does not. The weight l o s s a l s o suggests 
a leakage o f a v e r y low m o l e c u l a r weight component. 

T r a n s f o r m a t i o n t o M o l e c u l a r Weight. I f the l i n e w i d t h 
d i s t r i b u t i o n r e p r e s e n t s o n l y t r a n s l a t i o n a l d i f f u s i o n a l motions o f 
a bimodal m o l e c u l a r weight d i s t r i b u t i o n , we may be a b l e t o t r a n s 
form t h e measured l i n e w i d t h d i s t r i b u t i o n t o a m o l e c u l a r weight 
d i s t r i b u t i o n . The procedur
B r i e f l y , we make use o
the d i f f u s i o n c o e f f i c i e n t a t i n f i n i t e d i l u t i o n (D ), t h e molec
u l a r weight (Μ), an exponent which depends on t h e hydrodynamics 
o f t h e p a r t i c l e (B) and a p r o p o r t i o n a l i t y c o n s t a n t ( k ^ ) : 

D o = k T M ~ B ' ( 1 3 ) 

Furthermore, we use the r e l a t i o n s h i p 

G(I\ )ΔΓ = f*(M ) ΔΜ^ M^ P(0,M i) 

where f (M.) i s t h e unn o r m a l i z e d m o l e c u l a r weight d i s t r i b u t i o n , 
Ρ(θ,Μ^) i s H h e p a r t i c l e s c a t t e r i n g f a c t o r a t s c a t t e r i n g angle θ 
f o r p a r t i c l e s o f m o l e c u l a r weight M. and ΔΜ. i s t h e w i d t h o f t h e 
i t h s t e p . E q u a t i o n ( 1 3 ) t r a n s f e r s ihe l i n e w i d t h a x i s t o molec
u l a r weight i n a n o n - l i n e a r f a s h i o n , t h e r e f o r e a l t h o u g h ΔΓ, 
r e p r e s e n t i n g t h e w i d t h o f each h i s t o g r a m step, i s c o n s t a n t , ΔΜ. i s 
not. The v a l u e o f M± i n Eq. ( l U ) i s computed from t h e v a l u e o f 
T i at the c e n t e r o f t h e s t e p i n h i s t o g r a m space. The v a l u e o f Β 
i s known f o r c e r t a i n s p e c i a l cases such as rods ( B = l ) , c o i l s 
(B=l/2) and spheres ( B = l / 3 ) . The c h o i c e o f a hydrodynamic model 
w i l l a l s o g i v e e x p r e s s i o n s f o r Ρ(θ,Μ^_) (15.)· 

The v a l u e s o f D Q f o r each step i n t h e h i s t o g r a m are determined 
through Eq. ( 1 5 ) . 

D o , i = V(l + k
D

C ) = Vk2'(1 + k D C ) ( 1 5 ) 
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where k^ i s o b t a i n e d by measuring the d i f f u s i o n c o e f f i c i e n t as a 
f u n c t i o n o f c o n c e n t r a t i o n C. We choose k by s u c c e s s i v e i t e r a 
t i o n s u n t i l Μ , computed from f ( M ) , matches the measured v a l u e . 

For t h e p o l y s a c c h a r i d e s , we cannot assume t h a t t h e two 
mo l e c u l a r weight f r a c t i o n s have t h e same shape. T h e r e f o r e , 
e q u a t i o n s (13) and (1*0 must be a p p l i e d t o each peak independ
e n t l y u s i n g k T 1 ) , B ( L ) , Ρ ί θ , Μ ^ 1 ^ , k p d ) and U 2 ) , Β ν 2"), and 
Ρ ( θ , Μ ^ ( 2 ) , k D ( f o r the h i g h m o l e c u l a r weight f l o w frequency) 
peak and t h e low m o l e c u l a r weight ( h i g h frequency) peak, r e s p e c 
t i v e l y . The measured v a l u e s o f k ^ 1 ) and k j ^ 2 ' a r e , r e s p e c t i v e l y 
16 g/g and 8 l g/g.. Furthermore, s i n c e t h e c o n f o r m a t i o n o f e i t h e r 
peak i s unknown, B' 1' and B^ 2' are a l s o unknown. We assume t h a t 
each f r a c t i o n c o n s i s t s o f e i t h e r random c o i l s o r h a r d s p h e r e s , 
f o r which Β and Ρ(θ,Μ) are w e l l known. The t r a n s f o r m a t i o n i s 
then made u s i n g the f o u r combinations o f random c o i l s and hard 
spheres f o r the two f r a c t i o n s and t h e r e s u l t s a r e checked 
a g a i n s t the measured v a l u e s
scheme o u t l i n e d i n F i g

We s t a r t w i t h t h e measured c o r r e l a t i o n f u n c t i o n and compute 
the moments o f the d i s t r i b u t i o n u s i n g t h e cumulants t e c h n i q u e 
arid t h e approximate G(T) u s i n g t h e h i s t o g r a m method. <V>Z

 = 

(Γ/Κ 2) from b o t h a n a l y s i s must agree, as i n d i c a t e d i n Table I I , 
Then, f(M) i s computed, as d e s c r i b e d , and t h e v a l u e s o f M z, IVL. 
and are determined. I f t h e t r a n s f o r m a t i o n i s made u s i n g G ( r ) 
deduced by the h i s t o g r a m t e c h n i q u e d i r e c t l y , we f i n d : M^ : M z 

on t h e o r d e r o f 1 : 2 : 200, which we c o n s i d e r r e a s o n a b l e . T h i s 
i s caused by t h e i n h e r e n t tendency o f t h e h i s t o g r a m f i t t o extend 
t o v e r y low frequency v a l u e s , r e s u l t i n g i n a v e r y h i g h m o l e c u l a r 
weight step i n t h e m o l e c u l a r weight h i s t o g r a m . We have a r b i t r a r 
i l y s e t a lower l i m i t i n Γ-space and r e f i t t h e c o r r e l a t i o n 
f u n c t i o n . Furthermore, by s i m p l y i g n o r i n g t h e l o w e s t f r e q u e n c y 
s t e p o f the o r i g i n a l h i s t o g r a m , we f i n d t h e r e s u l t i n g v a l u e o f 
<D>Z t o remain e s s e n t i a l l y unchanged t o w i t h i n about 5%. I t i s 
t h i s m o d i f i e d h i s t o g r a m i n Γ-space which we use as t h e s t a r t i n g 
p o i n t f o r our t r a n s f o r m a t i o n . The l i g h t s c a t t e r i n g z-averaged 
d i f f u s i o n c o e f f i c i e n t , and z-averaged square o f t h e hydrodynamic 
r a d i u s are the n computed from f(M) u s i n g Eqs. (l6 ) and ( I T ) , 
r e s p e c t i v e l y . 

_ ΣΡ(Θ,Μ.) N.M.2
 Ώ ( l 6 } 

z,L.S. ΣΡ(θ,Μ. ) N.M.2 
1 1 1 

2 > _ ΣΡ(Θ,Μ.) N . M . 2 y 2

A ^ ) 

r h z,L.S. ΣΡ(θ,Μ.) N.M.2 

I l l 
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Figure 11. T>WiS0 for the fast peak (a) 
and slow peak (b) for Sample C(II) (O) 
in 0.4M KCl buffer and Sample B(I) (A) 

in 0.4M tris buffer 
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Figure 12. Flow chart indicating the scheme for deducing measurable properties 
from the linewidth distribution and molecular-weight distribution and comparing 
them to the observed, static, and dynamical results: (O) measured values and (A) 
model-dependent, deduced quantities. Parentheses refer to equation numbers and 
brackets indicate important parameters required for each step. Single arrows indi
cate direct calculations, double arrows are comparisons, and triple arrows show 
values that are forced to agree. Gyration radii not capitalized are concentration 

dependent, the argument, (C), being omitted for clarity. 
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Ni i s t h e number o f molecules w i t h m o l e c u l a r weight 
Mi (= f(M) x AMi), D 0 i i = k T M i - B ana r n , i = k Β T / ( 6 τ ί Τ)Oo 9 , i) w i t h 
kg, T, and η b e i n g Boltmann's c o n s t a n t , t h e temperature ( K) and 
the s o l v e n t v i s c o s i t y , r e s p e c t i v e l y . The p a r t i c l e s c a t t e r i n g 
f a c t o r s , Ρ(θ,Μi), must be ta k e n i n t o account a t f i n i t e a n g l e s i n 
or d e r t o a l l o w a comparison o f the computed v a l u e s w i t h measured 
v a l u e s , which are i n t r i n s i c a l l y w eighted by Ρ(θ,Μi). The 
r e s u l t s o f t h e t r a n s f o r m a t i o n u s i n g v a r i o u s hydrodynamic models 
( B ( I ) ' S and P(θ yM i) ( i ) ' s ) a r e r e p o r t e d i n Table VI f o r a v a r i e t y 
o f s c a t t e r i n g a n g l e s and c o n c e n t r a t i o n s . We observe t h a t t h e 
computed v a l u e s o f <D>Z o, a r e independent o f t h e model chosen. 
Model dependent parameters a r e i n d i c a t e d i n t h e f l o w c h a r t by 
t r i a n g l e s , but we have emphasized t h o s e v a l u e s which are 
f u n c t i o n a l l y model dependent, y e t i n f a c t model i n s e n s i t i v e by 
e n c l o s i n g t h e t r i a n g l e i n a square, <D>Z,o v a l u e s , when m u l t i 
p l i e d by ( l + kDC) g i v e t h e measured <D> Z'values p r e c i s e l y . 

A f u r t h e r means o
macromolecule i s t o compar
p r o p e r t y , w i t h t h e hydrodynamic r a d i u s , a dynamical p r o p e r t y . 
The r a t i o o f t h e two, α = r n / r g , i s known t o be 1,29 f o r compact 
spheres and 0,665 f o r random c o i l s . A g a i n , we must deduce a-j 
and ot2 i n d e p e n d e n t l y , which can be done i n two d i f f e r e n t ways. 
F i r s t , we compute <rg 2 (c)> z from f(M) u s i n g Eq. (18): 

p £P(0,M.)N.M.2(r, . / a . ) 2 

The i n d e x j i n d i c a t e s e i t h e r t h e f i r s t o r second peak, w h i l e i 
runs over t h e peak i n q u e s t i o n . The v a l u e s which c o r r e s p o n d t o 
<r 2 ( C ) > Z are shown i n F i g . h. I n a z-average w e i g h t i n g p r o c e s s , 
o n l y a-1, f o r t h e h i g h m o l e c u l a r weight f r a c t i o n , i n f l u e n c e s t h e 
r a d i u s o f g y r a t i o n f o r t h e e n t i r e system. 

The second t e c h n i q u e f o r d e t e r m i n i n g α was p a r t i a l l y 
o u t l i n e d i n paper IV. We use t h e r a t i o o f t h e areas under t h e 
two h i s t o g r a m peaks, (A1/Ag) i n Γ-space, which are p r o p o r t i o n a l 
t o t h e s c a t t e r e d i n t e n s i t y from each f r a c t i o n , t o deduce t h e 
s c a t t e r e d i n t e n s i t y o f the l a r g e f r a c t i o n i n d e p e n d e n t l y as a 
f u n c t i o n o f s c a t t e r i n g a n g l e . <rg 2(C)>* Z i s t h e n computed t h r o u g h 
Eq. (19): 

3λ 2 

<r 2 ( C ) > * = i n i t i a l s l o p e χ (19) 

g ζ i n t e r c e p t 162n 2 

We have o b t a i n e d t h e s l o p e b o t h by u s i n g (A1/A2) and the t o t a l 
i n t e n s i t y , ΙT(θ), a t 3 ang l e s i n a s t r a i g h t f o r w a r d way (method A), 
and by assuming a form f o r t h e low m o l e c u l a r weight f r a c t i o n t o 
deduce <rg 2 (c)> z 2 (method B ) , where t h e s u b s c r i p t 2 denotes t h e 
s m a l l e r s i z e f r a c t i o n . From <rg 2(C)> Z 92> w e compute C / l 2 ) and 
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1<ρ(θ) - Ι2(θ) a t a l l measured angl e s i n o r d e r t o o b t a i n t h e 
d e s i r e d I-j_(e). S i n c e < ^ g

2 ( C ) > l / | i s s m a l l (<10θΧ), t h e s l o p e i s 
f l a t and independent o f the model chosen. Both means o f o b t a i n i n g 
<r ( C ) >

z
 a r e i n agreement and t h e r e s u l t s are t a b u l a t e d i n Table 

VIT. I n o r d e r t o make a c o r r e c t comparison o f <r 2 ( C ) > Z ^ t o 
<r^ ( C ) > z , l (note t h a t t h i s i s not k B T / 6 ™ < D > z 5 χ , which i s 
weighted d i f f e r e n t l y ) we must c o r r e c t <r 2(C)> z*-j_ by 1 +2CA 2 , 
Th i s was not done i n Paper I V c a u s i n g a Sisagreement between t h o s e 
r e s u l t s , and t h e r e s u l t s r e p o r t e d here. We have assumed &2 ^° 
be e q u a l t o A 2 as o b t a i n e d from t h e Zimm p l o t d i r e c t l y , but we can 
o n l y e s t i m a t e M^ 1^ t o be g r e a t e r t h a n t h e measured f o r t h e 
s o l u t i o n (see Table V I T ) . 

C o n c l u s i o n s 

Our a n a l y s i s r e l i e s h e a v i l y on t h e h i s t o g r a m t e c h n i q u e f o r 
d e t e r m i n i n g t h e l i n e w i d t
b imodal under a l l c o n d i t i o n s
s a c c h a r i d e s o l u t i o n s u s i n g t h e same d r y p o l y s a c c h a r i d e have been 
p r e p a r e d d u r i n g t h e course o f our s t u d i e s by means o f the h i s t o 
gram method. I n a d d i t i o n , we have used two l i g h t s c a t t e r i n g 
s pectrometers whose r e l i a b i l i t y had been checked i n d e p e n d e n t l y a 
number o f times by d i f f e r e n t o p e r a t o r s . T h e r e f o r e , we c o u l d r u l e 
out s t r a y l i g h t c o n t r i b u t i o n s and dust c o n t a m i n a t i o n . I f t h e s e 
e f f e c t s were s i g n i f i c a n t , we would have o b t a i n e d d i f f e r e n t h i s t o 
gram p r o f i l e s . The f a c t t h a t we have o b t a i n e d s i m i l a r r e s u l t s 
throughout our s t u d i e s s u p p o r t s our c o n f i d e n c e i n t h e h i s t o g r a m 
approach. However, we must concede t h a t i t i s e n t i r e l y a d i f 
f e r e n t m atter when we t r y t o r e l a t e t h e l i n e w i d t h d i s t r i b u t i o n 
t o t h e p h y s i c a l p r o p e r t i e s o f t h e s o l u t i o n . W h i l e such a bimodal 
l i n e w i d t h d i s t r i b u t i o n f u n c t i o n suggests t h e dynamics due t o r o d 
l i k e m o l e c u l e s , i n k e e p i n g w i t h c u r r e n t l y a c c e p t e d models on 
s i m i l a r p o l y s a c c h a r i d e s , t h e d e t a i l s o f t h e h i s t o g r a m , e.g. t h e 
way t h e peaks change w i t h v a r y i n g s c a t t e r i n g a n gle and s o l u t i o n 
environment, f o r c e us t o conclude t h a t a r o d - l i k e m o l e c u l a r 
h y p o t h e s i s i s not t e n a b l e . R a t h e r , we suggest t h e presence o f 
two m o l e c u l a r weight f r a c t i o n s w i t h d i f f e r e n t c o n f o r m a t i o n s . 
G e l permeation chromatography has f a i l e d t o s e p a r a t e t h e two 
f r a c t i o n s . We have a l s o shown t h a t t h e r a t i o s o f t h e two f r a c 
tions* a r e v i r t u a l l y u n a f f e c t e d by changes i n temperature and pH. 
D i a l y s i s a g a i n s t an EDTA s o l u t i o n does d e p l e t e t h e s m a l l e r f r a c 
t i o n p r e f e r e n t i a l l y , but t h e d e t a i l s o f t h i s p r o c e s s have not 
y e t been e x p l o r e d f u l l y . 

We have attempted t o t r a n s f o r m t h e l i n e w i d t h d i s t r i b u t i o n t o 
a m o l e c u l a r weight d i s t r i b u t i o n and, i n t h e p r o c e s s , determine t h e 
shape o f t h e l a r g e r f r a c t i o n . W h i l e a c t u a l v a l u e s o f f o r each 
f r a c t i o n are i n a c c e s s i b l e , r e s u l t s i n d i c a t e t h e s m a l l e r f r a c t i o n 
t o be on t h e o r d e r o f 1.5 χ 10^ g/mole and t h e l a r g e r one about 
1 χ 10 g/mole o r g r e a t e r . These v a l u e s c o r r e s p o n d t o aggregates 
o f k and 15 o r more o f t h e p o l y s a c c h a r i d e c h a i n s . The shape o f 
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the s m a l l e r f r a c t i o n i s undetermined, as i s expected from t h e 
na t u r e o f the l i g h t s c a t t e r i n g experiment. I f ye assume b o t h 
f r a c t i o n s t o be o f the same.conformation, i e . Β ( D = B(2). we must 
f u r t h e r assume kip' 1) = k T ' 2 ) . The consequences a re t h a t NL̂  : : 
M z i s on t h e o r d e r o f 1 : 2 : 100, even u s i n g t h e m o d i f i e d G(r) 
h i s t o g r a m . We c o n s i d e r t h i s r a t i o t o be unreasonable and conclude 
t h a t t h e two f r a c t i o n s have d i f f e r e n t shapes. The v a l u e s o f α 
range from 0.70 t o 0 .95, as can be seen from Tables VI and V I I . 
We may r u l e out t h e hard sphere c o n f o r m a t i o n and conclude t h a t t h e 
l a r g e r f r a c t i o n c o n s i s t o f molecules more l i k e s t i f f c o i l s . 

I t s h o u l d be noted t h a t our a n a l y s i s does not p r e c l u d e t h e 
p o s s i b i l i t y t h a t t h e r e a r e i m p u r i t i e s i n our samples. F u r t h e r 
more, the presence o f even a t r a c e amount o f an unknown i m p u r i t y 
i n our sample may be the cause o f the p o s t u l a t e d a g g r e g a t i o n 
p r o c e s s . F i n a l l y , the h i s t o g r a m procedure r e q u i r e s t h a t segments 
w i t h v e r y s m a l l amplitudes be s e t e q u a l t o ze r o . T h e r e f o r e , t h e 
r e g i o n between the two
ve r y s m a l l , but not n e c e s s a r i l
d i s t r i b u t i o n . The observed bimodal d i s t r i b u t i o n , i n f a c t , c o u l d 
be a v e r y broad unimodal d i s t r i b u t i o n w i t h peaks a t the extremes 
and a c e n t r a l v a l l e y , o r a more c o m p l i c a t e d m u l t i m o d a l d i s t r i b u 
t i o n which our h i s t o g r a m a p p r o x i m a t i o n cannot accomodate. 
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14 
Structural Characterization of Proteoglycan 
Subunit from Nasal Septum by Laser Light 
Scattering 
H. REIHANIAN, A. M. JAMIESON, and J. BLACKWELL 
Department of Macromolecular Science, Case Western Reserve University, 
Cleveland, OH 44106 

L. H. TANG and L. ROSENBERG 
Connective Tissue Research Laboratories, Montefiore Hospital, The Bronx, NY 10467 

Proteoglycan subuni
species which is foun
cally, they consist of a linear protein backbone to which are 
grafted linear glycosaminoglycan side-chains. Physically, they 
are believed to exist in their native form as complexes1 linked 
to hyaluronic acid as shown in Fig. 1. The complex or proteogly
can aggregate (PGA) is stabilized by a highly insoluble protein 
called link protein. PGS is isolated in purified form by ultra-
centrifugation in CsCl density gradients f irst under associative 
conditions as aggregate, PGA, and subsequently as PGS under dis
sociative conditions. Purified fractions are labelled A1-D1, A1-
D1-D1 etc. 

Recently, we have carried out a series of studies of the hy-
drodynamic properties of solutions of proteoglycan species iso
lated from bovine nasal septum2-4. We reported a limiting sedi
mentation coefficient, S° = 23.4S, diffusion coefficient D°t = 
3.32 x 10-8 cm2/sec and intrinsic viscosity [η] = 861.4 ml/g, for 
an A1-D1-D1 proteoglycan subunit fraction (PGS). These results 
lead to the conclusion 2 , 4 that the weight-average molecular 
weight MW = 3.97 x 10 6. 

Several interesting effects were observed in the light scat
tering properties of PGS at finite concentration2-4. In aqueous 
NaCl, the concentration-dependence of D t is strongly negative. 
This result, coupled to reports of a large negative second osmo
tic virial coefficient5,6 suggests a self-association mechanism 
for PGS which is rather surprising in view of its high charge 
density. It was suggested 2 - 4 that the locus for self-association 
may l i e at the hook region where polysaccharide chains are absent 
(Fig. 1). It was further reported 2 - 4 that, unlike the intermole-
cular aggregation of PGS with HA in the absence of link protein, 
the self-association of PGS is intensified with increase of temp
erature. 

In the absence of added salt, anomalous light scattering 
properties of PGS solutions were observed. The apparent D t , 
calculated from the f irst moment of the photon correlation func-

0097-615 6/81/0150-0201$05.00/ 0 
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t i o n s e x h i b i t e d a s t r o n g dependence on s c a t t e r i n g a n g l e . I t was 
suggested t h a t these p r o p e r t i e s c o u l d be the r e s u l t of a tendency 
f o r i n t e r m o l e c u l a r o r d e r i n g o f the expanded macroions under the 
congested c o n d i t i o n s which o c c u r a t v e r y low i o n i c s t r e n g t h 2 - 4 . 

F i n a l l y , i t was demonstrated t h a t D t of a d i l u t e s o l u t i o n of 
PGS a t p h y s i o l o g i c a l i o n i c s t r e n g t h e x h i b i t e d a s i g m o i d a l de
c r e a s e upon t i t r a t i o n w i t h HA i n d i c a t i n g the f o r m a t i o n of PGA. 
I n the t r a n s i t i o n r e g i o n , h i g h l y n o n - e x p o n e n t i a l c o r r e l a t i o n f u n c 
t i o n s were observed but i t was not p o s s i b l e to r e s o l v e these d a t a 
i n t o i n d i v i d u a l components 2" 4. 

I n t h i s paper, we p r e s e n t a d d i t i o n a l evidence c o n c e r n i n g 
these e a r l i e r o b s e r v a t i o n s . F i r s t , we d e s c r i b e a l i g h t s c a t 
t e r i n g study o f the s o l u t i o n p r o p e r t i e s of a PGS sample ( A l D l 
f r a c t i o n ) t r e a t e d w i t h cyanogen bromide (CNBr) to s e l e c t i v e l y , 
and i r r e v e r s i b l y , d e s t r o y the n a t i v e s t r u c t u r e of the hook 
r e g i o n . These show the absence of any s e l f - a s s o c i a t i o n b e h a v i o r . 
Then, a t o t a l i n t e n s i t
o f PGS i n s a l t - f r e e s o l u t i o n
these r e s u l t s w i t h the e a r l i e r d i f f u s i o n d a t a under such c o n d i 
t i o n s s u p p o r t s the c o n c l u s i o n t h a t i n t e r m o l e c u l a r o r d e r i n g i s 
p r e s e n t under these c o n d i t i o n s . F i n a l l y , we p r e s e n t r e s u l t s of 
a dynamic l i g h t s c a t t e r i n g study of the t i t r a t i o n of PGS w i t h HA 
i n w hich an attempt to s e p a r a t e PGA and r e s i d u a l PGS monomer was 
made. 

Methods and M a t e r i a l s 

M a t e r i a l s 

H i g h l y p u r i f i e d p r o t e o g l y c a n f r a c t i o n s A l - D l - D l and A l - D l 
i s o l a t e d from b o v i n e n a s a l c a r t i l a g e was used i n t h i s experiment. 
The samples had been determined to be f r e e of c o n t a m i n a t i o n by 
h y a l u r o n i c a c i d o r l i n k p r o t e i n . D e t a i l s of i s o l a t i o n and p u r i 
f i c a t i o n of these f r a c t i o n s a r e d e s c r i b e d i n the l i t e r a t u r e 7 ' 8 . 
H y a l u r o n i c a c i d sample from R o o s t e r ' s Comb was g e n e r o u s l y sup
p l i e d by Dr. Swann, Harvard M e d i c a l S c h o o l . An A l - D l s u b u n i t 
f r a c t i o n which had been t r e a t e d w i t h CNBr was s u p p l i e d by Dr. E. 
N. J a y n e s 9 . The CNBr c l e a v a g e i n these samples had been p e r 
formed as d e s c r i b e d by E. G r o s s 1 0 . I t i s a n t i c i p a t e d t h a t m i l d 
treatment of PGS w i t h CNBr w i l l d e s t r o y p r i n c i p a l l y the g l o b u l a r 
hook r e g i o n l e a v i n g the remainder o f the c o r e e s s e n t i a l l y i n t a c t . 
S o l u t i o n s prepared u s i n g these samples were a l l b u f f e r e d w i t h 
0.01M 2-(N-morpholino)ethane s u l f o n i c a c i d (MES) t o pH 7.0. A l l 
s o l u t i o n s were prepared f o r l i g h t s c a t t e r i n g by M i l l i p o r e f i l t e r -
a t i o n and adjudged s u i t a b l e f o r l i g h t s c a t t e r i n g when the i n t e n 
s i t y of l i g h t s c a t t e r i n g was c o n s t a n t t o w i t h i n 1%. 

Q u a s i e l a s t i c L a s e r L i g h t S c a t t e r i n g 

The l i g h t s c a t t e r i n g s t u d i e s were c a r r i e d out u s i n g two op-
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t i c a l m i x i n g s p e c t r o m e t e r s . The f i r s t has been w e l l d e s c r i b e d 
e l s e w h e r e 1 1 ' 1 2 and was used t o study the spectrum of s c a t t e r e d 
l i g h t i n the a n g u l a r range 30° < θ < 75°. The second s p e c t r o 
meter i s designed s p e c i f i c i a l l y f o r photon c o r r e l a t i o n a n a l y s i s 
and a g a i n has been d e s c r i b e d e l s e w h e r e 3 . A n a l y s i s of the c o r r e 
l a t i o n f u n c t i o n s o b t a i n e d by t h i s i n s t rument was performed by the 
method of moments 1 3 u s i n g the w e i g h t i n g procedure of Brown e t 
a l . 1 4 i n which a p o l y n o m i a l f u n c t i o n i s f i t t e d t o the p o i n t s i n 
the p l o t o f l n c ( x ) a g a i n s t time: 

l n | c ( x ) | - Β = -Γτ + — ^ | ( Γ τ ) 2 (1) 
2! Γ 2 

T h i s generates the f i r s t moment T, o f the c o r r e l a t i o n f u n c t i o n 
C ( T ) from which the z-averaged 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 Dt,z compute

t ) Z

where Κ the s c a t t e r i n g v e c t o r 

Κ = 47r/Xsin0/2 (3) 

where λ i s the wavelength o f l i g h t i n the medium and θ i s the 
s c a t t e r i n g a n g l e . The second moment i s a l s o computed which i s a 
measure o f d e v i a t i o n s from s i n g l e e x p o n e n t i a l b e h a v i o r 1 3 . 

To i n v e s t i g a t e the p o s s i b i l i t y of i n t e r m o l e c u l a r o r d e r i n g a t 
low i o n i c s t r e n g t h s o l u t i o n , we determined the apparent s t r u c 
t u r e f a c t o r from the r e l a t i o n 

<I(K)> = NM 2BP(K)S(K) (4) 

where P(K) i s the p a r t i c l e s c a t t e r i n g f u n c t i o n , Ν i s the number 
of p a r t i c l e s per u n i t volume, M i s the p a r t i c l e weight and Β i s 
o p t i c a l c o n s t a n t . The apparent s t r u c t u r e f a c t o r S ( K ) , c h a r a c 
t e r i z e s the a n g u l a r v a r i a t i o n of 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 as a r e s u l t of i n t e r m o l e c u l a r i n t e r f e r e n c e . For macroion 
s o l u t i o n s w i t h long-range i n t e r m o l e c u l a r o r d e r i n g , S(K) i s r e 
l a t e d t o the r e l a x a t i o n times TfT1- f o r c o n c e n t r a t i o n f l u c t u a 
t i o n s b y 1 5 ' 1 6 

r D = D ' O O ^ C K ) - 1 (5) 

where D'(K) i s the " s e l f p a r t i c l e " 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 . 

S c a t t e r e d i n t e n s i t i e s were determined from mean s c a t t e r i n g 
count r a t e s u s i n g an Ortec #9315 Photon Counter. Measurements 
of the p o l a r i z e d and d e p o l a r i z e d s c a t t e r i n g components o f pure 
benzene were used t o c a l i b r a t e the photometer. 
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R e s u l t s 

a) S e l f - A s s o c i a t i o n o f PGS 

I n F i g . 2, we d i s p l a y r e s u l t s of a photon c o r r e l a t i o n study 
of s o l u t i o n s of A l - D l PGS i n 0.15M NaCl a t pH 7.4 a t tempera
t u r e s Τ = 25°C and 37°C. At these c o n c e n t r a t i o n s , the c o r r e l a 
t i o n f u n c t i o n s a r e c l o s e t o s i n g l e e x p o n e n t i a l decays {^l^2 ^ 
0.01) and the d a t a a r e w e l l c h a r a c t e r i z e d by a s i n g l e parameter, 
the mean time c o n s t a n t T. As d e s c r i b e d i n e a r l i e r work 2"" 4, D t 

decreases as c o n c e n t r a t i o n i n c r e a s e s , r e f l e c t i n g an i n c r e a s e i n 
p a r t i c l e s i z e because of s e l f - a s s o c i a t i o n . For comparison, i n 
F i g s . 3 and 4, we show the concentration-dependence of 
D t(= Γ/Κ 2) and the reduced s c a t t e r i n g i n t e n s i t y o f the CNBr-
t r e a t e d s u b u n i t . From the l a t t e r we compute ^ = 3.0 + 0.3 χ 
10 6 g mole" 1 which compares f a v o r a b l y w i t h ^ = 3.2 ± 0.3 χ 1 0 6 

g/mole f o r n a t i v e PGS A l - D
low ( F i g . 5) and = 3.9
f r a c t i o n r e p o r t e d e a r l i e r ' . We t h e r e f o r e deduce t h a t the CNBr-
treatment has degraded the s u b u n i t p r i m a r i l y i n the 'hook 1 r e 
g i o n a t the c h a i n end r a t h e r than i n the core r e g i o n . I t i s 
noted from F i g s . 3 and 4 t h a t the concentration-dependence of D t 

and the second v i r i a l c o e f f i c i e n t a r e each p o s i t i v e , d i s p l a y i n g 
o n l y a modest excluded volume e f f e c t . T h i s r e s u l t c o n t r a s t s 
w i t h the l a r g e n e g a t i v e c o n c e n t r a t i o n dependence observed f o r 
the i n t a c t s u b u n i t . F i n a l l y , i t i s p e r t i n e n t to note t h a t , as 
shown i n F i g . 2, the concentration-dependence of D t f o r PGS-
A1D1D1 i n 0.15M NaCl i s more n e g a t i v e a t Τ = 37°C than i t i s a t 
25°C. 

b) PGS i n the Absence of Added S a l t 

F i g u r e 5 i s a Zimm p l o t of the t o t a l i n t e n s i t y of l i g h t 
s c a t t e r e d by n a t i v e PGS A l - D l i n water i n the absence of added 
s a l t . E x t r a p o l a t i o n o f these d a t a i n tjie l i m i t o c -> 0, θ -> 0 
l e a d s t o 1^ = 3.2 χ 1 0 6 g/mole and <Rg>^ = 1450A. The prime 
m o t i v a t i o n f o r t h i s study was to attempt to observe i n t e r m o l e 
c u l a r i n t e r f e r e n c e e f f e c t s as embodied i n the parameter S(K) i n 
eq. ( 4 ) . From F i g . 5, the Zimm p l o t o s t e n s i b l y appears q u i t e 
normal, p e r m i t t i n g i n t e r p o l a t i o n of ̂  and <R| >z« We draw a t 
t e n t i o n , however, to the c u r v a t u r e e v i d e n t a t low c o n c e n t r a 
t i o n s . We have e s t i m a t e d the s t a t i c s t r u c t u r e f a c t o r S ( K ) , us
i n g eq. ( 4 ) , based on the assumption t h a t the e x t r a p o l a t e d v a l 
ues a t c = 0 of the Zimm p l o t a r e a v a l i d r e p r e s e n t a t i o n f o r 
P ( K ) , i . e . (c/R e)c-K) = l/kMP(K). The r e s u l t s a r e shown i n F i g . 
8. A l s o i n c l u d e d a r e a s e t of S(K) v a l u e s computed from our 
e a r l i e r s m a l l - a n g l e heterodyne study of D t ( c ) f o r PGS i n s a l t -
f r e e w a t e r 2 " 4 . These S(K) v a l u e s were c a l c u l a t e d u s i n g eq. ( 5 ) . 

I t i s p o s s i b l e t h a t e r r o r s may e x i s t i n the e x t r a p o l a t i o n 
to c = 0 i n t h i s s t r o n g l y - i n t e r a c t i n g system. However, we note 
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Figure 1. Currently accepted model for connective tissue proteoglycan aggregate 
(D 
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Figure 2. Concentration dependence of the translational diffusion coefficient of 
PGS A1-D1-D1 in 0.15M NaCl/0.01M MES, pH 7.0 at 25°C (Φ) and at 37°C 

(A) 
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Figure 3. Concentration dependence of translational diffusion coefficient D t z of 
PGS Al-Dl fraction treated with CNBr in 0.15M NaCl, pH 7.0 at a 40° scattering 

angle. 
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Figure 4. Concentration dependence of C/Re of PGS A1-D1 fraction treated with 
CNBr in 0.6M GdnCl. Optical constant k = 6.82 χ 108 mL2 g2 cm4, particle 

scattering function Ρ(θ) = 0.0675. 
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s i n Θ/2 + looc 

Figure 5. Zimm plot for PGS Al-Dl in 
water at the following concentrations: 
0.32, 0.46, 0.71, 1.1, and 2.2 mg/mL. 
Optical constant k = 6.17 X 108 mL2 

g'2 cm'4. 

Κ χ ΙΟ"5 Cm"1 

Figure 6. Angular dependence of appar
ent structure factor S(K) for PGS Al-Dl 
in water: (·) C = 0.32 mg/mL; (X7) C 
= 0.46 mg/mL; (f) C = 0.71 mg/mL; 
(O) C = 1.1 mg/mL; and (X) C = 2.2 
mg/mL; values at small scattering 
vector calculated using Equation 5. Iden
tical representation for S(K) is obtained 
by assuming P(K) for PGS to be that of 
a star polymer with poly disperse rays (see 

Equation 6). 
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t h a t , w i t h i n e x p e r i m e n t a l e r r o r , an i d e n t i c a l r e p r e s e n t a t i o n f o r 
S(K) to t h a t shown i n F i g . 8 i s o b t a i n e d by assuming P(K) f o r 
PGS to be t h a t of a s t a r polymer w i t h p o l y d i s p e r s e r a y s 1 7 

POO 1 + ^ 2 / 3 f
 ( 6 ) 

P ( K ) " (1 + y
2 ( f + l ) / 6 f ) 2 ( 6 ) 

where μ 2 = K 2<R 2>, <R2> = 1450A, and f i s the number of r a y s . 
From e l e c t r o n microscope o b s e r v a t i o n s i t i s e v i d e n t 7 ' 9 t h a t t h i s 
i s indeed a reasonable s t r u c t u r a l model f o r the extended s u b u n i t . 
The parameter f r e p r e s e n t s the number of glycosaminoglycan s i d e 
c h a i n s and i s of the order 100. 

c) I n t e r a c t i o n w i t h Hyaluronate 

The v a r i a t i o n of the photon c o r r e l a t i o n spectrum of a 0.25 
mg/ml s o l u t i o n of PGS wa
of a .05 mg/ml s o l u t i o
d a ta was performed u s i n g an i t e r a t i v e l e a s t - s q u a r e s f i t to a s e r 
i e s of e q u a l l y - s p a c e d e x p o n e n t i a l s . Amplitudes, A i , and time 
c o n s t a n t s of each e x p o n e n t i a l are independently varied.. We found 
t h a t a s i n g l e e x p o n e n t i a l f i t s u f f i c e d i n i t i a l l y (μ^/Γ 2 < 0.1) 
but a sudden t r a n s i t i o n to a n o n - e x p o n e n t i a l decay occurs a t 
h i g h e r (HA) c o n c e n t r a t i o n s (μ2/Γ 2 > 0. I n t h i s r e g i o n , the c o r 
r e l a t i o n f u n c t i o n i s f i t w i t h i n e x p e r i m e n t a l e r r o r s by the sum 
of t h r e e e x p o n e n t i a l s , one of which has the same time constant 
as t h a t due to d i f f u s i o n of s u b u n i t . These r e s u l t s are shown i n 
F i g . 7. Species 1 r e p r e s e n t s unaggregated PGS, s p e c i e s 2 and 3 
r e p r e s e n t aggregate. We have a l s o estimated v a l u e s f o r the num
bers n i of each s p e c i e s and a s s o c i a t e d m o l e c u l a r weights M i . 
These were computed based on approximation 

A. = n.M? exp(-k 2R| 5./3) (7) 

and u s i n g the known v a l u e s f o r the m o l e c u l a r weight s u b u n i t M^ = 
3 χ 10 6 assuming M3 = 2.5 χ 10 8 which corresponds to a s a t u r a t e d 
aggregate (one PGS per 60 d i s a c c h a r i d e r e s i d u e s ) . A f u r t h e r use
f u l r e l a t i o n i s (^ + n^) = n ^ , the t o t a l number of h y a l u r o n a t e 
molecules i n s o l u t i o n . I t i s not intended to imply t h a t two d i s 
c r e t e s p e c i e s of aggregate are formed. The sum of two exponen
t i a l s r e p r e s e n t s the best f i t to the d i s t r i b u t i o n of aggregate 
s i z e s t h a t can be achieved w i t h i n the p r e c i s i o n of our d a t a . I n 
F i g . 8, we p l o t the v a r i a t i o n of number- and weight-average 
v a l u e s f o r PGA as the t i t r a t i o n proceeds. 

F i n a l l y , i t i s observed t h a t i n c r e a s e of temperature r a p i 
d l y d i s r u p t s the aggregates formed by t i t r a t i o n of PGS w i t h HA. 
At Τ = 45°C, aggregate i s c o m p l e t e l y d i s s o c i a t e d . T h i s i s i n 
d i r e c t c o n t r a s t to the temperature v a r i a t i o n of the s e l f - a s s o 
c i a t i o n process of PGS d e s c r i b e d above ( F i g . 2 ) . 
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Figure 7. Variation of γ on titrating 10 mL of a solution of PGS Al-Dl, C = 
0.25 mg/mL, with an aqueous solution of hyaluronic acid, C = 0.25 mg/mL, with 
an aqueous solution of hyaluronic acid, C = 0.05 mg/mL at 22 °C. Species 1 rep

resents unaggregated PGS, Species 2 and 3 represent aggregate PGA. 

Figure 8. Variation of Mn and M w for PGA as titration of PGS with hyaluronic 
acid proceeds 
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D i s c u s s i o n 

a) S e l f - A s s o c i a t i o n o f PGS 

I n p r e v i o u s s t u d i e s of PGS i n aqueous NaCl a t pH = 7.4, 
n e g a t i v e c o n c e n t r a t i o n dependence of Dt ( F i g . 2) as w e l l as nega
t i v e osmotic v i r i a l c o e f f i c i e n t s were o b s e r v e d 2 " 4 . I n v i e w of 
the h i g h l y - c h a r g e d c h a r a c t e r of the PGS macroion, these d a t a 
i n d i c a t e s h o r t - r a n g e a t t r a c t i v e i n t e r a c t i o n s occur between mole
c u l e s . I t was f u r t h e r d i s c o v e r e d t h a t t h i s s e l f - a s s o c i a t i o n be
h a v i o r i s d i s r u p t e d by the p r o t e i n denaturant g u a n i d i n e hydro
c h l o r i d e 2 - 4 . I n t h i s work we have shown ( F i g s . 3 and 4) t h a t 
the a g g r e g a t i o n e f f e c t i s not p r e s e n t i n s o l u t i o n s of the CNBr-
t r e a t e d fragment. These r e s u l t s support the c o n c l u s i o n t h a t the 
i n t e r m o l e c u l a r i n t e r a c t i o n o c c u r s a t the hook r e g i o n . We a l s o 
f i n d ( F i g . 2) t h a t the n e g a t i v e s l o p e of D t i n c r e a s e s as the 
temperature i s r a i s e d .
the a t t a c t i v e f o r c e s a
t h a t a hydrophobic i n t e r a c t i o n i s i n v o l v e d . F i n a l l y , we r e c a l l 
t h a t the concentration-dependent s e d i m e n t a t i o n c o e f f i c i e n t s of 
PGS i n aqueous NaCl show l i t t l e evidence of s e l f - a s s o c i a t i o n 2 " 4 . 
We have suggested t h a t the PGS a g g r e g a t i o n proces s can be r e v e r 
sed by i n c r e a s e o f h y d r o s t a t i c p r e s s u r e . Evidence f o r such an 
e f f e c t i n o t h e r p o l y s a c c h a r i d e systems i s w e l l - e s t a b l i s h e d i n 
the l i t e r a t u r e and a g a i n suggests the involvement of hydrophobic 
i n t e r a c t i o n s 1 8 9 1 9 . 

b) PGS i n the Absence o f Added S a l t 

The l i g h t s c a t t e r i n g experiments d e s c r i b e d i n a p r e v i o u s 
p u b l i c a t i o n 2 " 4 t o g e t h e r w i t h the i n t e n s i t y d a t a summarized i n 
F i g . 5 have produced s e v e r a l a p p a r e n t l y c o n t r a d i c t o r y r e s u l t s . 
F i r s t , the apparent D t depends on s c a t t e r i n g a n gle and i n f a c t 
appears t o e x h i b i t a minimum 2 a t c = 0.50 mg/ml near Κ = 1 0 5 

cm-l. F u r t h e r , the c o n c e n t r a t i o n dependence of Dt i s v e r y p r o 
nounced and n e g a t i v e i n wide-angle experiments, but weak and 
p o s i t i v e i n s m a l l - a n g l e experiments. T h i r d , the Zimm p l o t i n 
the wide angle regime appears 'normal' w i t h a l a r g e p o s i t i v e 
second v i r i a l c o e f f i c i e n t . 

The o n l y r e a s o n a b l y p l a u s i b l e i n t e r p r e t a t i o n which r e c o n 
c i l e s t h i s evidence i n a s e l f - c o n s i s t e n t f a s h i o n appears t o be 
t h a t summarized i n F i g . 6. T h i s model argues t h a t c h a i n expan
s i o n a t low i o n i c s t r e n g t h and the a t t e n d a n t i n c r e a s e i n conges
t i o n i n the s o l u t i o n l e a d to c o o p e r a t i v e i n t e r m o l e c u l a r i n t e r a c 
t i o n s , v i z . an ' o r d e r i n g ' tendency between near n e i g h b o r s . As 
d e s c r i b e d above, i t appears based on the known s t r u c t u r a l f e a 
t u r e s of PGS t h a t a r e a s o n a b l y a c c u r a t e d e t e r m i n a t i o n of the 
p a r t i c l e s c a t t e r i n g f u n c t i o n P(K) can be o b t a i n e d by e x t r a p o l a 
t i o n a t each angle t o c = 0. T h i s p e r m i t s a d e t e r m i n a t i o n of 
S(K) v i a eq. ( 4 ) . These S(K) d a t a permit a r a t i o n a l i z a t i o n of 
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the d i f f e r e n c e between s m a l l - and wide-angle b e h a v i o r of the ap
parent d i f f u s i o n c o e f f i c i e n t v i a eq. (5) as shown i n F i g . 6. 

I t i s noteworthy t h a t an apparent peak i s observed i n S(K) 
f o r c = 0.32 mg/ml at Κ ~ 1.75 χ 10 5 cm" 1. T h i s would c o r r e 
spond to a maximum i n t]je r a d i a l d i s t r i b u t i o n f u n c t i o n a t r m a x 

~ 2π/Κ π 1 3 χ = 3500A ± 500A f o r random c l o s e - p a c k i n g of dense 
spheres. For comparison, when c = 0.32 mg/ml, the mean i n t e r -
p a r t i c l e s p a c i n g f o r close-packed spheres i s l ~ ( 1 . 5 M / c N A ) 3 = 
3000A, w i t h an esti m a t e d u n c e r t a i n t y of ~ 10%. I t i s noted, 
however, t h a t the peak i n S(K) appears a t a p o s i t i o n which i s 
s i g n i f i c a n t l y d i f f e r e n t ( l a r g e r ) from the p o s i t i o n where a m i n i 
mum i s observed i n T D, Κ ~ 1 0 5 cm"l (see F i g . 10 of r e f . 2 ) . 
T h i s suggests to us the p o s s i b i l i t y t h a t the 'upturn' i n T D a t 
wide angles i s due to an enhanced c o n t r i b u t i o n of i n t e r n a l c h a i n 
dynamics to the k i n e t i c f a c t o r D'(K) i n eq. (5) r a t h e r than to 
the e f f e c t of S ( K ) . The hazards of t h i s decomposition of i n t e n 
s i t y d a t a i n such a comple
ever, we o f f e r the abov
l a t i n g the a p p a r e n t l y c o n t r a r y e x p e r i m e n t a l l i g h t s c a t t e r i n g r e 
s u l t s d e r i v e d from t h i s system. 

c) I n t e r a c t i o n of PGS w i t h Hyaluronate 

T i t r a t i o n of PGS w i t h h y a l u r o n a t e c l e a r l y l e a d s to forma
t i o n of an i n t e r m o l e c u l a r aggregate, as shown i n F i g . 7. How
ever, the aggregates formed are l a b i l e , e a s i l y decomposed by 
h e a t i n g and r a t h e r p o l y d i s p e r s e . T h i s i s i n c o n t r a s t to the 
p r o p e r t i e s of the n a t i v e aggregate ( A l ) f r a c t i o n which i n c l u d e s 
l i n k p r o t e i n . The c o r r e l a t i o n f u n c t i o n s o b t a i n e d from s o l u t i o n s 
of n a t i v e _ a g g r e g a t e A l a r e v e r y c l o s e to s i n g l e e x p o n e n t i a l de
cays (μ2/Γ 2 < .1) which means t h i s speciejs i s much more homo
geneous than the l i n k - f r e e aggregate (/Γ2 > ·3 f o r c o r r e l a t i o n 
f u n c t i o n o b t a i n e d from l i n k - f r e e a g g r egate). A l s o the aggre
gate A l , appears to be s t a b l e t h e r m a l l y t o temperatures of the 
order 65°C i n c o n t r a s t t o the l i n k - f r e e aggregate which i s de
composed a t 45°C. These r e s u l t s l e a d t o the c o n c l u s i o n t h a t the 
l i n k p r o t e i n s t a b i l i z e s the bond between PGS and h y a l u r o n a t e and 
i s i n v o l v e d i n making homogeneous aggregates. 
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Précis 

S o l u t i o n s t u d i e s of p r o t e o g l y c a n s u b u n i t are d e s c r i b e d . I n 
d i l u t e aqueous NaCl, s e l f - a s s o c i a t i o n b e h a v i o r of sub u n i t i s ob
served which occurs a t the g l o b u l a r p r o t e i n 'hook' r e g i o n . Thus 
the a s s o c i a t i o n i s banished by d e n a t u r a t i o n w i t h g u a n i d i n e hydro-
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c h l o r i d e o r by removal of the 'hook' w i t h cyanogen bromide. I n 
s a l t - f r e e s o l u t i o n s of s u b u n i t anomalous l i g h t s c a t t e r i n g r e s u l t s 
are observed. W h i l e the concentration-dependence of the d i f f u 
s i o n c o e f f i c i e n t i s l a r g e and n e g a t i v e , the i n t e n s i t y d a t a i n d i 
c a t e a l a r g e , p o s i t i v e second v i r i a l c o e f f i c i e n t . A s e l f - c o n s i s -
t e n t i n t e r p r e t a t i o n of the r e s u l t s i s achieved by assuming t h a t 
a t low i o n i c s t r e n g t h i n t e r m o l e c u l a r i n t e r a c t i o n l e a d s t o t r a n s 
i e n t ' o r d e r i n g 1 . T i t r a t i o n of s u b u n i t w i t h h y a l u r o n a t e forms an 
i n t e r m o l e c u l a r aggregate which i s r a t h e r p o l y d i s p e r s e and e a s i l y 
d i s r u p t e d on h e a t i n g when compared to the n a t i v e aggregate. The 
l a t t e r c o n t a i n s l i n k p r o t e i n , i s r a t h e r homogeneous, and r e s i s t s 
thermal d e c o m p o s i t i o n . T h i s supports the n o t i o n t h a t l i n k p r o 
t e i n s t a b i l i z e s the bond between s u b u n i t and h y a l u r o n a t e . 
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Rheological Studies on Proteoglycan 

GO MATSUMURA 

School of Pharmaceutical Science, Showa University, Hatanodai 1-5-8, 
Shinagawa, Tokyo 142, Japan 

The physical and
certainly important fo
Proteoglycan in connection with collagen and other constituents 
of this tissue may affect its physical properties. Cartilage 
proteoglycan is a complex species. To a protein core, many 
chondroitin sulfate and keratan sulfate chains are attached. 
The molecular weight of a proteoglycan monomer prepared from 
bovine nasal septa has been reported as two to three million 
daltons (1), for example. This monomer is bound to a hyaluronic 
acid backbone reversibly and noncovalently. The gigantic proteo
glycan thus formed is stabilized by link proteins. 

In the present study, we attempted to elucidate the rheolog
ical behavior of proteoglycan in viscous solution, with special 
regard to the differences between free monomer and aggregate. 

Materials 

Proteoglycan monomer. From whale nasal cartilage proteo
glycan was extracted with 0.5M LaCl 3 in the presence of protease 
inhibitors (38mM α-aminohexanoic acid, 5mM benzamidine HCl and 
10mM EDTA-2Na). From bovine nasal cartilage proteoglycan was 
recovered in Fraction Ρ (Scheme 1) in monomeric form binding with 
link protein(s) (2). However, most proteoglycan in Fraction Ρ 
was characterized as aggregated in the present preparation by 
ultracentrifugation (Figure 1, top) and gel f i l trat ion profiles. 
So the preparation was reprecipitated in the presence of 2M urea 
in addition to LaCl3. In this precipitate, proteoglycan was 
recovered mostly as monomer (Figure 1, middle). By polyacryl
amide gel electrophoresis in the presence of sodium dodecyl-
sulfate, the existence of link proteins was suggested. The 
presence of some contaminating proteins was also suggested by 
this electrophoresis and by the high protein content of the 
preparation. 

An example of the chemical and p h y s i c a l a n a l y s i s of t h i s 
p r e p a r a t i o n f o l l o w s : g l u c u r o n i c a c i d 29%, hexose 7.1%, 

0097-6156/81/0150-0213$06.25/0 
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Scheme 1 
P r e p a r a t i o n of P r o t e o g l y c a n Monomer from Whale N a s a l C a r t i l a g e 

C a r t i l a g e as s m a l l cubes (50g) 
0.5M L a C l 3 (1L) 
Overnight a t 4°C 

E x t r a c t 

P r e c i p i t a t e Supernatant 
j EDTA s o l u t i o n (300ml) ( F r a c t i o n S) 
I Overnight 

S o l u t i o n 
Sodium a c e t a t e (15g) 
S t i r f o r 6 hours 
E t h y l a l c o h o l (900ml) 

P r e c i p i t a t e 
Water (200ml) 
D i a l y s i s a g a i n s t 0.01M EDTA 

and then water 
L y o p h y l i z e d 

F r a c t i o n _P 

0.5M L a C l 3 - 2 M u r e a (240mg i n 24ml) 
S t i r f o r 1 hour at 4°C 
D i l u t e w i t h water (9 volumes) 
E t h y l a l c o h o l and sodium a c e t a t e 

P r e c i p i t a t e 
EDTA s o l u t i o n (20ml) 
D i a l y s i s a g a i n s t water 
L y o p h y l i z e d 

P r o t e o g l y c a n Monomer p r e p a r a t i o n (125mg) 
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p r o t e i n 18.6%, d i s a c c h a r i d e c o n s t i t u e n t of c h o n d r o i t i n s u l f a t e 
6 - s u l f a t e / 4 - s u l f a t e = 1/3, i n t r i n s i c v i s c o s i t y 2.9dl/g, s e d i 
mentation constant 14.7s (main) and I l l s ( minor). P h y s i c a l 
measurements were c a r r i e d out w i t h s o l u t i o n s i n 0.1M T r i s - H C l 
b u f f e r , pH 7, c o n t a i n i n g 0.05M NaCl. 

By the a d d i t i o n of h y a l u r o n i c a c i d , the v i s c o s i t y of the 
p r o t e o g l y c a n s o l u t i o n was i n c r e a s e d . H y a l u r o n i c a c i d i n an 
amount equal t o one t w e n t i e t h of the weight of p r o t e o g l y c a n 
seemed to be enough to reach the maximum v a l u e ( F i g u r e 2 ) . By 
u l t r a c e n t r i f u g a t i o n ( F i g u r e 1, bottom) and g e l f i l t r a t i o n most 
p r o t e o g l y c a n appeared to e x i s t as aggregate under these c o n d i 
t i o n s . 

H y a l u r o n i c a c i d . From a water e x t r a c t of human u m b i l i c a l 
cords h y a l u r o n i c a c i d was p u r i f i e d by the metnod o r i g i n a l l y 
r e p o r t e d f o r bovine s y n o v i a l f l u i d ( 3 ) . The p r e p a r a t i o n was 
p r a c t i c a l l y f r e e of p r o t e i
The m o l e c u l a r weight wa
by e q u i l i b r i u m c e n t r i f u g a t i o n . Thus the aggregate used i n the 
present study was not the n a t i v e aggregate of the c a r t i l a g e 
t i s s u e , but an a r t i f i c i a l one. 

Methods 

V i s c o s i t y of d i l u t e s o l u t i o n s . A c a p i l l a r y v i s c o m e t e r 
(Cannon-Manning semimicro, No. 100) was used f o r d e t e r m i n a t i o n of 
the i n t r i n s i c v i s c o s i t y and f o r study of enzymatic d e g r a d a t i o n . 
Measurements were c a r r i e d a t 37°C. For the l a t t e r study s p e c i f i c 
f l u i d i t i e s , the r e c i p r o c a l of s p e c i f i c v i s c o s i t y , were p l o t t e d 
a g a i n s t r e a c t i o n time. With random d e g r a d a t i o n of a c h a i n 
polymer a s t r a i g h t l i n e i s o b t a i n e d by t h i s p l o t t i n g , and the 
sl o p e of the l i n e i s p r o p o r t i o n a l t o the r e a c t i o n r a t e c o n s t a n t 
( 4 ) . 

V i s c o s i t y w i t h s t a t i o n a l f l o w . A co n e - p l a t e type r o t a t i n g 
rheometer (Shimadzu, RM-1, equipped w i t h a r e d u c t i o n gear, RDG-1) 
was employed. The r a t e of shear a v a i l a b l e ranged from 7.48x10" 3 

to 74.8/sec. The apparent v i s c o s i t y a t a g i v e n r a t e of shear was 
c a l c u l a t e d from the r a t e o f shear and the observed shear s t r e s s . 
Samples were d i s s o l v e d i n the b u f f e r s o l u t i o n mentioned b e f o r e 
at 2 or 4% c o n c e n t r a t i o n and measured a t room temperature 
(22+l°C). 

Dynamic v i s c o e l a s t i c i t y . From the o s c i l l a t o r y r o t a t i o n of 
the p l a t e dynamic v i s c o e l a s t i c i t y was es t i m a t e d w i t h the same 
equipment. The maximum shear was 0.250, and the an g u l a r f r e q u e n 
c i e s employed ranged from 5.82x10" 3 to 5.82x10" 1 r a d / s e c . The 
r o t a t i o n angle of the p l a t e and the t w i s t of the cone were 
recorded w i t h an X-Y p l o t t e r . From the h y s t e r e s i s loop o b t a i n e d 
the s t o r a g e modulus or dynamic e l a s t i c i t y (G 1) and the l o s s 
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Figure 1. Sedimentation profile of pro
teoglycan: (top) Fraction Ρ (see Scheme 
1), 0.2%, 51,200 rpm, 6 min; (middle) 
Proteoglycan monomer, 0.3%, 60,000 
rpm, 6 min; (bottom; aggregate,
proteoglycan monomer in the presence
0.015%) hyaluronic acid, 51,200 rpm, 6 

min. 

o.i 

0 0.001 0.002 0.003 
Concentration of Hyaluronic Acid (%) 

Figure 2. Effect of hyaluronic acid on the viscosity of proteoglycan monomer. 
Concentration of monomer: (upper curve) 0.1 %; (lower curve,) 0.05%o. 
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modulus (G") were c a l c u l a t e d . The l o s s modulus can be con v e r t e d 
to the dynamic v i s c o s i t y by d i v i d i n g by the a n g u l a r frequency. 

R e s u l t s 

V i s c o s i t y w i t h s t a t i o n a l f l o w . As i s u s u a l f o r s o l u t i o n s of 
h i g h p o l y m e r i c compounds, the apparent v i s c o s i t y of p r o t e o g l y c a n 
s o l u t i o n s depended s t r o n g l y on the r a t e of shear; the h i g h e r 
v i s c o s i t y was observed a t the lower r a t e of shear ( F i g u r e 3 ) . 
The c o n c e n t r a t i o n of p r o t e o g l y c a n was 2% i n each s o l u t i o n . To 
prepare the aggregate s o l u t i o n h y a l u r o n i c a c i d was added to the 
f i n a l c o n c e n t r a t i o n of 0.1%. The aggregate showed h i g h e r v i s c o s 
i t y than monomer a t any r a t e of shear. But the d i f f e r e n c e was 
more remarkable a t h i g h shear r a t e s . For comparison the r e s u l t 
w i t h h y a l u r o n i c a c i d o f the same c o n c e n t r a t i o n (2%) i s a l s o g i v e n 
i n t h i s f i g u r e w i t h s o l i d t r i a n g l e s  T h i s s o l u t i o n behaved l i k e 
a Newtonian l i q u i d a t
oth e r hand, p r o t e o g l y c a
law r e g i o n throughout the range examined ( 5 ) . 

Dynamic v i s c o e l a s t i c i t y . With same s o l u t i o n s used f o r the 
measurements of F i g u r e 3 dynamic v i s c o e l a s t i c i t y was examined. 
I t i s c l e a r t h a t both moduli of p r o t e o g l y c a n i n c r e a s e d s i g n i f i 
c a n t l y upon f o r m a t i o n o f aggregate w i t h h y a l u r o n i c a c i d ( F i g u r e 
4 ) . T h i s e f f e c t was more pronounced a t h i g h e r f r e q u e n c i e s and 
f o r the s t o r a g e modulus. Thus the l o s s t a n gent, which i s the 
r a t i o of the l o s s modulus to the s t o r a g e modulus, was decreased 
by the presence of h y a l u r o n i c a c i d ( F i g u r e 5 ) . Though the l o s s 
tangent of p r o t e o g l y c a n monomer was decreased by i n c r e a s i n g the 
a n g u l a r f r e q u e n c y , t h a t of aggregate remained c o n s t a n t . As i s 
w e l l known, h y a l u r o n i c a c i d cannot be r e p l a c e d by any other 
l i n e a r a c i d p o l y s a c c h a r i d e f o r aggregate f o r m a t i o n . In the 
r h e o l o g i c a l examinations mentioned above o n l y h y a l u r o n i c a c i d 
c o u l d a f f e c t the b e h a v i o r of p r o t e o g l y c a n monomer s o l u t i o n . 

The v i s c o e l a s t i c i t y of h y a l u r o n i c a c i d s o l u t i o n was much 
more i n f l u e n c e d than p r o t e o g l y c a n , e i t h e r monomer or aggregate, 
by the a n g u l a r frequency of the p l a t e . Thus the o r d i n a t e of 
F i g u r e 6, which r e p r e s e n t s both m o d u l i , i s expressed l o g a r i t h 
m i c a l l y . I n c o n t r a s t t o p r o t e o g l y c a n aggregate the l o s s modulus 
was b i g g e r than the s t o r a g e modulus e s p e c i a l l y a t lower f r e q u e n 
c i e s . 

E f f e c t o f Streptomyces h y a l u r o n i d a s e . The e f f e c t s of some 
d e p o l y m e r i z i n g enzymes on the v i s c o e l a s t i c p r o p e r t i e s of p r o t e o 
g l y c a n were examined. The f i r s t example was t h a t of Streptomyces 
h y a l u r o n i d a s e ( h y a l u r o n a t e l y a s e , EC 4.2.2.1.), which i s shown 
as s t r i c t l y s p e c i f i c t o h y a l u r o n i c a c i d ( 6 ) . Thus t h i s enzyme 
can degrade o n l y the h y a l u r o n i c a c i d backbone of aggregate and 
sho u l d not a t t a c k the p r o t e o g l y c a n monomer. To 0.1% s o l u t i o n of 
aggregate 0.05TRU of Streptomyces h y a l u r o n i d a s e was added. As 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



218 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

Figure 3. Rheogram of proteoglycan and hyaluronic acid: (Φ) monomer, 2%; 
(O) aggregate (2% monomer in the presence of 0.1% hyaluronic acid); (A) hya

luronic acid, 2 %. 

H 1 1 

- 2 -1 ο 
L o g ( A n g u 1 a r F r e q u e n c y ) 

Figure 4. Dynamic viscoelasticity of proteoglycan: (Ο,Φ) monomer; (A, A)' 
aggregate (see Figure 3 for concentration); (Φ, A) storage modulus; (O, A) loss 

modulus. 
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+ 2 

L o g ( A n g u l a r F r e q u n c y ) 

Figure 5. Loss tangent of proteoglycan: (%) monomer; (O) aggregate (see Figure 
3 for concentration). 

L o g ( A n g u l a r F r e q u e n c y ) 

Figure 6. Dynamic viscoelasticity of hyaluronic acid: (%) storage modulus; (O) 
loss modulus (see Figure 3 for concentration). 
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shown i n F i g u r e 7, the s p e c i f i c f l u i d i t y of the aggregate 
i n c r e a s e d g r a d u a l l y by t h i s enzymatic treatment. T h i s i n c r e a s e 
i n s p e c i f i c f l u i d i t y seemed t o l e v e l o f f a f t e r some i n c u b a t i o n 
p e r i o d , s u g g e s t i n g t h a t macromolecular p r o t e o g l y c a n monomer 
remained even a f t e r prolonged d i g e s t i o n . Without the presence 
of h y a l u r o n i c a c i d , however, the s p e c i f i c f l u i d i t y of p r o t e o 
g l y c a n monomer s o l u t i o n a l s o i n c r e a s e d a f t e r treatment w i t h t h i s 
enzyme. The p l a t e a u v a l u e was s i m i l a r t o t h a t o b t a i n e d i n the 
presence of h y a l u r o n i c a c i d . As shown i n F i g u r e 1 (bottom), 
t h i s p r e p a r a t i o n c o n t a i n e d some p r o t e o g l y c a n i n the aggregated 
form, but the amount of the aggregate was too s m a l l t o e x p l a i n 
the decrease i n v i s c o s i t y produced by t h i s enzymatic d i g e s t i o n . 

To 4% s o l u t i o n of p r o t e o g l y c a n , e i t h e r i n the presence of 
or i n the absence of h y a l u r o n i c a c i d , 1TRU of the enzyme was 
added. The v i s c o e l a s t i c i t y of these r e a c t i o n m i x t u r e s were 
measured w i t h appropreate i n t e r v a l s ( F i g u r e 8 ) . With the aggre
gate s o l u t i o n the decreas
decrease o f s t o r a g e modulu
p e r i o d , but the decrease o f l o s s modulus c o n t i n u e d f u r t h e r . 
Again t h i s enzyme a f f e c t e d the v i s c o e l a s t i c p r o p e r t i e s of the 
monomer s o l u t i o n . The e f f e c t on the l o s s modulus was l i t t l e , 
i f any. However, the s t o r a g e modulus i n c r e a s e d s i g n i f i c a n t l y . 

S i n c e the s e d i m e n t a t i o n c o n s t a n t of the monomer p r e p a r a t i o n 
was not a f f e c t e d by t h i s enzymatic t r e a t m e n t , the d e p o l y m e r i -
z a t i o n of p r o t e o g l y c a n was not l i k e l y . The i n c r e a s e of s t o r a g e 
modulus i s d i f f i s u l t to e x p l a i n i n terms of d e g r a d a t i o n . One 
might s p e c u l a t e t h a t some p r o t e o g l y c a n monomer e x i s t e d as a 
complex w i t h s m a l l h y a l u r o n i c a c i d o l i g o m e r . The removal of 
t h i s oligomer might cause some c o n f o r m a t i o n a l change i n the 
p r o t e o g l y c a n molecule t o i n c r e a s e the s p e c i f i c f l u i d i t y of d i l u t e 
s o l u t i o n and the s t o r a g e modulus of c o n c e n t r a t e d s o l u t i o n . The 
p o s s i b i l i t y t h a t t h i s enzyme p r e p a r a t i o n was contaminated w i t h 
p r o t e o l y t i c enzymes was n o t e l i m i n a t e d . As w i l l be s t a t e d l a t e r , 
b o th m oduli of the p r o t e o g l y c a n monomer i n c r e a s e d w i t h p r o t e o 
l y t i c d i g e s t i o n . 

E f f e c t of c h o n d r o i t i n a s e ABC. T h i s enzyme ( c h o n d r o i t i n ABC 
l y a s e , EC 4.2.2.4.) a l s o depolymerizes the h y a l u r o n i c a c i d back
bone of aggregate. In a d d i t i o n , i t can degrade c h o n d r o i t i n 
s u l f a t e c h a i n s of monomer, but not i t s k e r a t a n s u l f a t e c h a i n s . 
To 0.1% s o l u t i o n of p r o t e o g l y c a n Q.005U of the enzyme was added. 
As shown i n F i g u r e 9, the s p e c i f i c f l u i d i t y of the s o l u t i o n , 
e i t h e r i n the presence o f o r i n the absence of h y a l u r o n i c a c i d , 
i n c r e a s e d i n two s t a g e s . The f i r s t l i n e a r i n c r e a s e may i n d i c a t e 
the break down of h y a l u r o n i c a c i d backbone. Then upward i n c r e a s e 
which f o l l o w s may be due t o the s h o r t e n i n g or removal of chond
r o i t i n s u l f a t e c h a i n s of monomeric p r o t e o g l y c a n . 

The e f f e c t on v i s c o e a l s t i c p r o p e r t i e s of c o n c e n t r a t e d s o l u 
t i o n (4% p r o t e o g l y c a n and 1U c h o n d r o i t i n a s e ABC) was more or l e s s 
s i m i l a r t o t h a t w i t h Streptomyces h y a l u r o n i d a s e treatment ( F i g u r e 
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Figure 7. Effect of Streptomyces hyaluronidase on the specific fluidity of dilute 
solution of proteoglycan. Concentrations: proteoglycan, 0.1%; enzyme, 0.05 TRU; 

(Φ) monomer; (O) aggregate. 
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Figure 8. Effect of Streptomyces hyaluronidase on the dynamic viscoelasticity of 
proteoglycan. Concentrations: proteoglycan, 4%?; enzyme, 1 TRU. Angular fre
quency: 0.349 rad/s; (0,%) monomer; (A, A) aggregate; (Φ, A) storage modu

lus; (O, A) loss modulus. 
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Figure 9. Effect of chondroitinase ABC on the specific fluidity of dilute solution of 
proteoglycan. Concentrations: proteoglycan, 0.1%; enzyme, 0.005 U; (Φ) mono

mer; (O) aggregate. 
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Figure 10. Effect of chondroitinase ABC on the dynamic viscoelasticity of proteo
glycan. Concentrations: proteoglycan, 4%; enzyme, 1 U. Angular frequency: 
0.349 rad/s; (Ο, Φ) monomer; (A, A) aggregate; (Φ, storage modulus; (O, A) 

loss modulus. 
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Figure 11. Effect of trypsin on the dynamic viscoelasticity of proteoglycan. Con
centrations: proteoglycan, 4%; enzyme, 1 U. Angular frequency: 0.349 rad/s; 
(Φ, Φ) monomer; (A, A) aggregate; (Φ, A) storage modulus; (O, A) loss modu

lus. 
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Figure 12. Dynamic viscoelasticity of proteoglycan monomer treated with trypsin 
for 2 h: (Φ) storage modulus; (O) loss modulus (see Figure 11 for concentrations). 
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Figure 13. Hysteresis loop of proteoglycan monomer: ( ) after 5 min; ( ) 
after 1 h (see Figure 11 for concentrations and angular frequency). 
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10). A f t e r e x h a u s t i v e d i g e s t i o n , however, v i s c o e l a s t i c i t y was 
almost c o m p l e t e l y a b o l i s h e d . 

E f f e c t o f t r y p s i n . T h i s enzyme (EC 3.4.21.4) can degrade 
the p r o t e i n core of p r o t e o g l y c a n . But i n the aggregated form 
the h y a l u r o n i c a c i d l i n k a g e r e g i o n of core p r o t e i n and l i n k 
p r o t e i n s are s a i d not t o be a t t a c k e d by t h i s p r o t e o l y t i c enzyme 
( 7 ) . With a r e a c t i o n m i x t u r e of 4% p r o t e o g l y c a n and 1U of t r y p s i n 
the e f f e c t of t h i s enzymatic treatment on v i s c o e l a s t i c p r o p e r t i e s 
was examined ( F i g u r e 11). With aggregate a r a p i d decrease of 
both moduli was observed a t e a r l y s t ages of t h i s t r e a t m e n t ; then 
s m a l l i n c r e a s e s f o l l o w e d . With monomer steep i n c r e a s e s of both 
moduli were observed; then g r a d u a l decreases f o l l o w e d . The 
h i g h e s t v a l u e s were even h i g h e r than those of u n t r e a t e d aggregate. 

A two hour d i g e s t of monomer was s u b j e c t e d t o measurement 
of the v i s c o e l a s t i c i t y a t v a r i o u s a n g u l a r f r e q u e n c i e s ( F i g u r e 12). 
In c o n t r a s t t o u n t r e a t e
was b i g g e r than the s t o r a g
a f f e c t e d by the a n g u l a r frequency. 

The h y s t e r e s i s loop o f p r o t e o g l y c a n , e i t h e r as monomer or 
as aggregate, was a t y p i c a l e l l i p s e s u g g e s t i n g normal v i s c o e l a s t i c 
b e h a v i o r . As g i v e n i n F i g u r e 13 w i t h a broken l i n e , the r e a c t i o n 
m i x t u r e o f p r o t e o g l y c a n monomer and t r y p s i n showed an e l l i p t i c 
l o o p a t f i v e minutes a f t e r a d d i t i o n of the enzyme. A f t e r one 
hour i n c u b a t i o n , the h y s t e r e s i s loop was d i s t o r t e d t o a somewhat 
t e t r a g o n a l shape. The d i r e c t i o n of the loop i s c l o c k w i s e . Some 
p l a s t i c i t y might be induced i n p r o t e o g l y c a n monomer by t h i s 
t r y p t i c d i g e s t i o n . 

These anomalous r h e o l o g i c a l p r o p e r t i e s were found w i t h 
monomer but not w i t h aggregate. S i n c e the h y a l u r o n i c a c i d l i n k a g e 
r e g i o n o f p r o t e o g l y c a n was p r o t e c t e d from t r y p t i c d i g e a s t i o n by 
the f o r m a t i o n of aggregate, t h i s anomaly may be the r e s u l t of a 
c o n f o r m a t i o n a l change caused by p r o c e s s i n g of core p r o t e i n i n 
t h i s r e g i o n . 

C o n c l u s i o n 

The apparent v i s c o s i t y w i t h s t a t i o n a l f l o w and dynamic v i s c o 
e l a s t i c i t y of p r o t e o g l y c a n were i n c r e a s e d by f o r m a t i o n of aggre
gate. Enzymatic treatment w i t h h y a l u r o n i d a s e or t r y p s i n on 
p r o t e o g l y c a n monomer c o u l d i n c r e a s e the v i s c o e l a s t i c i t y . The 
former enzyme i n c r e a s e d the s t o r a g e moduls more remarkably, 
whereas the l a t t e r a f f e c t e d the l o s s modulus more s i g n i f i c a n t l y . 
These e f f e c t s might be understood as c o n f o r m a t i o n a l changes i n 
the monomer mo l e c u l e . F u r t h e r s t u d i e s are under the p r o g r e s s . 
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16 
Solution Properties of Hyaluronic Acid 

T. W. BARRETT 

Department of Physiology and Biophysics, University of Tennessee Center for the 
Health Sciences, 894 Union Avenue, Memphis, TN 38163 

Hyaluronic acid is a glycosaminoglycan polysaccharide com
posed of D-glucuronic acid (G), which possesses a carboxylate 
anion, and N-acetyl-glucosamine (Ν), which possesses an amide 
group, with linkages β(1 --> 3) for G-N and β(1 --> 4) for N-G. In 
previous papers, I reported the abrupt pH-dependent conforma
tional transition present in potassium hyaluronate solutions 
buffered in phosphate at constant ionic strength 0.1, I = 0.1 
mol · l-1, observed using axial and radial birefringence, linear 
dichroism, and viscometry (1, 2, 3). Most of the transition for 
this particular buffer occurs in the pH range 7.0-7.5, i . e . , 
across the physiological range, and consequently the transition 
has important consequences for many physiological systems (1) . 

Other investigators (4, 5) have recently reported a major 
conformational transition, but used other solvents; therefore, 
as this paper attempts to explain, the reported transition oc
curred in a pH range other than 7.0-7.5. In all  instances, how
ever, the transition occurs at a pH equal to the apparent equi
librium constant, pH = pK a , of the hyaluronate in solution. As 
the transition is not solely a function of pH, nor ionic 
strength, but involves selective interaction of the amide group 
with monovalent versus divalent cations at pH > pKo (6), where 
pK is the equilibrium constant of the carboxylate ion, i t seems 
that any analysis of the transition should proceed along thermo
dynamic lines, rather than stoichiometric, which neglects the 
interaction of solvent and polymer peculiar to polyelectrolytes 
in solution. These interactions include not only the interac
tion of polyelectrolyte and ions, but the interaction of the 
polyelectrolyte-ion complex and ions in the atmosphere of the 
complex (7). They would also include counterion condensation on 
the polyelectrolyte (8). 

A thermodynamic a n a l y s i s of s o l v e n t d e n a t u r a t i o n i s a p p l i e d 
h ere t o the abrupt c o n f o r m a t i o n a l t r a n s i t i o n o c c u r i n g i n h y a l 
u r o n a t e s o l u t i o n s b u f f e r e d i n phosphate when the pH i s changed 
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a c r o s s the p h y s i o l o g i c a l range 7.0-7.5 w i t h i o n i c s t r e n g t h kept 
c o n s t a n t a t 0.1. The t r a n s i t i o n i s d e s c r i b e d i n terms of a 
thermodynamic b i n d i n g parameter, Γ 3 2 , which i s the e q u i v a l e n t of 
the s t o i c h i o m e t r i c b i n d i n g parameter i n s i t e - b i n d i n g t h e o r y , but 
which i n c l u d e s a l l modes of i n t e r a c t i o n of the mol e c u l e w i t h the 
s o l v e n t i n c l u d i n g s t o i c h i o m e t r i c b i n d i n g . T h i s d i f f e r e n c e en
a b l e s the treatment of long-range i n t e r a c t i o n and c o u n t e r i o n 
c o n d e n s a t i o n e f f e c t s on the apparent pK, pK , of h y a l u r o n a t e so
l u t i o n s . a 

The a b i l i t y of phosphate b u f f e r s to s h i f t the pK a of h y a l u 
r o n a t e s o l u t i o n s f a r from the pK of the c a r b o x y l a t e i o n , pK , i s 
due to the demonstrated tendency of amide groups and phosphate 
i o n s to b i n d p r e f e r e n t i a l l y . As the abrupt c o n f o r m a t i o n a l 
t r a n s i t i o n i s accompanied by an e q u a l l y abrupt change i n the 
second v i r i a l c o e f f i c i e n t , i t i s suggested t h a t the t r a n s i t i o n 
i s due to a change of c o n t r o l from s i t e - b i n d i n g to i o n i c - a t m o 
s p h e r e - b i n d i n g . The p
i s f a r h i g h e r f o r the phosphate-amid
the c a r b o x y l a t e - s a l t subsystem,
the s h i f t of the pK a f a r from the pK i n phosphate b u f f e r . I n 
s o l u t i o n s i n which the e l e c t r o l y t e s a r e l e s s a b l e t o p e n e t r a t e 
the h y d r a t i o n s h e l l of the amide group, the pK a

 i s l e s s removed 
from the pK , and consequ e n t l y the change of c o n t r o l o c curs a t a 
lower pH. 0 

Whereas i n the case of p r o t e i n d e n a t u r a t i o n the mechanism 
concerns a b a l a n c e between a s a l t i n g - o u t of newly exposed non-
p o l a r groups and the s a l t i n g - i n of s i m u l t a n e o u s l y exposed p o l a r 
groups, i n the case of h y a l u r o n a t e s o l u t i o n s , on the o t h e r hand, 
the mechanism concerns the r e l a t i v e degree of s a l t e f f e c t s on 
the amide group and the a n i o n i c c a r b o x y l group, both e f f e c t s 
p r o d u c i n g s t a b i l i z a t i o n / d e s t a b i l i z a t i o n i n the same d i r e c t i o n , 
b u t w i t h the phosphate-amide b i n d i n g p r e v e n t i n g d e s t a b i l i z a t i o n 
u n t i l a h i g h e r pH, when s a l t i n g - i n i s o c c u r r i n g . 

The i m p l i c a t i o n s of t h i s p o i n t of view a r e e x p l o r e d f o r an 
un d e r s t a n d i n g of 1) the e l a s t i c (energy s t o r i n g ) p r o p e r t y of hy
a l u r o n a t e s o l u t i o n s and 2) the two k i n d s of energy d i s s i p a t i n g 
p r o p e r t i e s ( i n t r i n s i c and i n t e r n a l v i s c o s i t y ) of such s o l u t i o n s . 

The o b s e r v a b l e p r o p e r t i e s of a p o l y e l e c t r o l y t e depend upon 
the d i s t r i b u t i o n of s m a l l i o n s i n i t s neighborhood. T h i s d i s 
t r i b u t i o n i s a f f e c t e d by two types of " b i n d i n g " (20, 2 0 . The 
f i r s t i n v o l v e s the b i n d i n g of c o u n t e r i o n s to s p e c i f i c s i t e s of 
the macroion, i . e . , " s i t e - b i n d i n g " ( 2 0 ) . The second i n v o l v e s 
the b i n d i n g of c o u n t e r i o n s anywhere i n the v i c i n i t y of the ma
c r o i o n , i . e . , " i o n i c - a t m o s p h e r e - b i n d i n g " . The s i t e - b i n d i n g of 
phosphates t o nonpolar amides i s unique. 

R e c e n t l y , Manning has proposed t h a t the s i t e - b i n d i n g / i o n i c -
atmosphere-binding d i s t i n c t i o n between bound c o u n t e r i o n s be 
c l a s s i f i e d as a d i s t i n c t i o n between s i t e - b i n d i n g and " t e r r i t o r i 
a l b i n d i n g " ( 9 ) . S i t e - b i n d i n g r e f e r s to the d i r e c t c o n t a c t be
tween one or more charged groups on a p o l y i o n w i t h o u t the i n t e r -
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vention of water molecules (10, 11). T e r r i t o r i a l binding i s de
fined as binding other than site-binding, and may include inter
actions with the Coulomb f i e l d of the charged groups of the ma-
croion. The d i s t i n c t i o n between two types of binding may be ex
perimentally demonstrated (10-15). As, at the time of writing, 
there appear to be at least three names in use to refer to bind
ing other than site-binding, we shall use "ionic-atmosphere-
binding" as a disposable label for this binding other than s i t e -
binding, lest we choose an obsolescent name, and refer the read
er to Manning's discussion of the matter (9). Moreover, the 
term "ionic-atmosphere-binding" w i l l be used here as descriptive 
of the interactions of the counterion with specific locations on 
the polyion, as well as diffuse Debye-Hiickel atmospheric screen
ing. It i s therefore descriptively broader than the term "ter
r i t o r i a l binding", which does not include atmospheric screening 
of the Debye-Hiickel type within i t s scope, and i s , moreover, re
lated to the concept o
a l . (16, 17, 18, 19). 

Theoretical 

It i s known that the presence of phosphate ions slows a de-
naturation reaction. Simpson and Kauzman (22) demonstrated i n a 
study of the effects of various electrolytes on the rate of de-
naturation of ovalbumin i n urea that phosphate (HP024 and H2P0i4) 
slowed the denaturation reaction. Thus, the removal of the pK 
far from the pK of the carboxylate anions in the hyaluronate 
studies examineod here 2, 3) may also be ascribed to the use 
of phosphate buffer. The following analysis proceeds, however, 
along thermodynamic lines, not kinetic. 

The effect of phosphate on the amide group of hyaluronic 
acid i s , however, expected to be different from the effect of 
the potassium cation on the carboxylate anion. This could be 
demonstrated by the obtainment of salting-out coefficients, Κ s, 
for the two s i t e s , which i s defined by the Setschenow equa-
tion (23-29): 

log a = log S /S = K c , (1) 
o —s s 

where a i s the a c t i v i t y coefficient, S i s the s o l u b i l i t y i n wa
ter (grams/liter), S i s the s o l u b i l i t y i n a given solvent at the 
same temperature, and c i s the molar concentration of added 
sa l t . 

For example, Robinson and Jencks (26) obtained a = 0.5 
for ATGEE (acetyltetraglycylethyl ester), a polypeptide chain 
model, but a value of 3.0 was obtained for carboxyhemoglobin 
(30), and 6.48 for fibrinogen (31). 

As ATGEE possesses amide dipoles i t does not, however, pro
vide the most appropriate model for the amide group of the N-
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a c e t y l g l u c o s a m i n e of h y a l u r o n i c a c i d . The monoamides N-methyl 
propionamide (NMP) and N-methyl acetamide (NMA), on the o t h e r 
hand, have been s t u d i e d by S c h r i e r and S c h r i e r ( 2 7 ) . These i n 
v e s t i g a t o r s noted t h a t the s a l t i n g - o u t c o e f f i c i e n t f o r the amide 
group, k^, i s q u i t e independent of s a l t type except f o r charge. 
k A f o r u n i - d i v a l e n t s a l t s i s a l s o 1.5-1.8 times the average v a l 
ue f o r u n i - u n i v a l e n t s a l t s . 

I f K g i s d i v i d e d i n t o the group s a l t i n g - o u t c o e f f i c i e n t s 
due t o the amide group, k , and the c a r b o x y l a t e group, k^, then 
the r e l a t i v e q u a n t i t i e s of amide and c a r b o x y l a t e groups c o n t r o l 
the s i g n and magnitude of Κ . As demonstrated by S c h r i e r and 
S c h r i e r (27) and o t h e r s (32, 33), may be t h e o r e t i c a l l y e v a l u 
a t e d by u t i l i z i n g an e l e c t r o s t a t i c model f o r s a l t e f f e c t s , and 
the assumption of the a d d i t i v i t y of group s a l t i n g - o u t e f f e c t s 
l a r g e l y v a l i d a t e d . I
of s a l t i n g - o u t of amid  group  c a r b o x y l a t  group
termines a t what pH and i o n i c s t r e n g t h h y a l u r o n i c a c i d w i l l be 
s t a b i l i z e d / d e s t a b i l i z e d . The process of s t a b i l i z a t i o n / d e s t a b i -
l i z a t i o n i s c o m p l i c a t e d by the use of phosphate b u f f e r due to 
the p r e f e r e n t i a l b i n d i n g of phosphate to the amide group p r e v i 
o u s l y mentioned. As t h i s p r e f e r e n t i a l b i n d i n g i s absent i n the 
case of the d e s t a b i l i z e d c a r b o x y l a t e group, the c o n c l u s i o n i s 
t h a t t h i s group i s s a l t e d - i n a t a lower pH than the amide group. 
With phosphate b u f f e r a t c o n s t a n t i o n i c s t r e n g t h 0.1, t h i s b a l 
ance i n the h y a l u r o n a t e s o l u t i o n i s such t h a t a pH change from 
7.0 t o 7.5 s a l t s - i n , o r denatures, the h y a l u r o n a t e and p e r m i t s 
water uptake. The r e q u i s i t e r a t i o of k to k^ i s o b t a i n e d f o r 
s a l t i n g - i n i n the pH 7.0-7.5 range: i ) by the b u f f e r i n g r a t i o 
of K^HPO^ and ΙΟ^ΡΟ^; i i ) by the p r e f e r e n t i a l b i n d i n g of phos
phates to the amide group, and potassium to the c a r b o x y l a t e 
group; and i i i ) by the p r e v e n t i o n of a d e n a t u r a t i o n r e a c t i o n of 
h y a l u r o n i c a c i d by phosphate u n t i l a h i g h e r pH - a p r e v e n t i o n 
a l r e a d y observed k i n e t i c a l l y i n p r o t e i n s ( 2 2 ). 

Whereas i n p r e v i o u s a n a l y s e s of p r o t e i n d e n a t u r a t i o n (28) a 
mechanism was proposed c o n c e r n i n g a b a l a n c e between a s a l t i n g -
out of newly exposed nonpolar groups and the s a l t i n g - i n of s i 
m u l t a n e o u s l y exposed p o l a r groups, which determines whether a 
p a r t i c u l a r s a l t w i l l be a s t a b i l i z e r o r a d e s t a b i l i z e r of a 
f o l d e d macromolecular s t r u c t u r e , h e r e , on the o t h e r hand, a 
mechanism i s proposed c o n c e r n i n g the r e l a t i v e degree of s a l t e f 
f e c t s on the amide group and the a n i o n i c c a r b o x y l group, both 
p r o d u c i n g s t a b i l i z a t i o n / d e s t a b i l i z a t i o n i n the same d i r e c t i o n , 
but w i t h the phosphate-amide s i t e - b i n d i n g p r o d u c i n g a p r e v e n t i o n 
i n d e s t a b i l i z a t i o n u n t i l a h i g h e r pH when s a l t i n g - i n i s o c c u r 
r i n g . I t i s t h i s p r e v e n t i o n t h a t s h i f t s the pK a of the mo l e c u l e 
away from the pK^ of the c a r b o x y l a t e a n i o n , and thus causes the 
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situation preceding the sudden transition i n op t i c a l and rheo
l o g i c a l measures when the pH i s changed from 7.0 to 7.5, while 
ionic strength remains constant at 0.1 (1_, _2, 3 ) . 

It i s recognized (26, 27) that electrostatic theories of 
salting out of the kind developed by Debye and Kirkwood (23) do 
not account for the large differences between the effects of 
different s a l t s , such as i s evident i n the preference of phos
phate for amide group binding. Whether this preference and r e l 
ative prevention of the denaturation reaction implicates an i n 
teraction with a changing structure of l i q u i d water has yet to 
be determined (26, 28). 

The interpretation offered here depends on the f e a s i b i l i t y 
of phosphate-amide group binding. In the discussion section be
low, evidence i s presented concerning both this f e a s i b i l i t y and 
also concerning the unique nature of this form of s i t e binding. 

The analysis to follow provides a thermodynamic p a r a l l e l to 
the polyelectrolyte theorie
Oosawa (36). These theories
case of ionic-atmosphere-binding, also recognize the effects of 
site-binding. For example, i t i s suggested that site-binding i s 
to be expected for a polyelectrolyte with monovalent charged 
groups i f the chain i s s u f f i c i e n t l y f l e x i b l e [Ref. 34_, p. 186]. 
Hyaluronic acid i s such a f l e x i b l e polymer, and additional rea
sons why s i t e binding occurs i n the case of the amide group are 
stated i n the discussion section. 

Numerical 

The thermodynamic measure of binding, T^2y ^ s defined ( 7 ) : 

-m„39^ 3μ 9 3m m ->0 
Γ = -̂==— = - ( — - ) = (—-) (2) 
A32 1 + m 3 3 3 3

 9 ^ 3
 m 2 ^ ^ 3 

where i s the molality; R T 3 ^ i s the excess free energy; μ^ i s 
the chemical potential for component i ; 3 . . - (33./3m.) ^ ̂5 
and where the subscripts are standard for a three-component sys
tem ( 3 7 ) . The superscript "d" w i l l be used below to designate 
the d i f f e r e n t i a l measure of two solutions at different pH. 

The d323 s f o r f i v e pH transitions: 6.0 -> 6.5, 6.5 -> 7.0, 
7.0 + 7.5, 7.5 -> 8.0, and 8.0 8.5 for potassium hyaluronate 
buffered i n phosphate solution at ionic strength 0.1, were c a l 
culated from the changes i n free energy corresponding to changes 
i n the molecular end-to-end chain length of the Rouse-Zimm-Pe-
t e r l i n description (38, 39, 40) with internal v i s c o s i t y (1_, 2_, 
3) given i n Table IV of Ref. 2_. We stress that these are d i f -

d^ ρΗ. π ρΗ < Τ Ί _ pH # T 1 ference measures, e.g., Γ32 = 1Γ32 " jj32> where 1Γ32 1 S 
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Γ32 f o r a s o l u t i o n a t pH_̂  and μ = 0.1 and ^ j j ^ i s Γ32 f o r a 
s o l u t i o n a t pH^ and μ = 0.1, where _ i φ j _ and i n the experiments 
c o n s i d e r e d ±_ and j _ take on the v a l u e s 6.0, 6.5, 7.0, 7.5, 8.0, 
and 8.5, w i t h c o n s t a n t i o n i c s t r e n g t h 0.1 throughout. The ^T^2S 

f o r t hese f i v e pH t r a n s i t i o n s were c a l c u l a t e d (Table I) and 
p l o t t e d i n F i g . 1. 

TABLE I 

B i n d i n g parameters* f o r potassium h y a l u r o n a t e s o l u t i o n s i n phos
phate b u f f e r s c a l c u l a t e d by Equs. ( 2 ) , ( 3 ) , ( 4 ) , and (5) from 
d a t a i n Ref. 2. 

d D d Ν 
pH Γ32 Γ3

6.0 -> 6.5 -1.03 ^0 6.5 -1.03 -4.78 
6.5 -> 7.0 -2.16 ^0 7.0 -2.16 -5.91 
7.0 -> 7.5 +18.49 α,Ο 7.5 +18.49 +14.74 
7.5 -> 8.0 +15.12 'λ,Ο 8.0 +15.12 +11.37 
8.0 -> 8.5 +16.84 ^0 8.5 +16.84 +13.09 

* i n RT u n i t s . 
The d i f f e r e n c e measure, Δ Γ 3 2 , f o r the s o l u t i o n s a t pH 6.0, 

6.5, 7.0, 7.5, 8.0, and 8.5 may be o b t a i n e d by (7) : 

Δ Γ 3 2 = d r 3 2 D - V - ^ β ' ^ , Τ , Ρ ' ( 3 ) 

where ^ 3 2 ^ and ^ 3 2 ^ are the denatured and n a t i v e d i f f e r e n c e 
s t a t e measures of b i n d i n g , and a. i s the a c t i v i t y f o r component 

— d Ν 
1. I n the case of the s o l u t i o n s c o n s i d e r e d h e r e , Γ32 i s 
s l i g h t l y p o s i t i v e (Table I , F i g . 1 ) . As i t i s a measure of a 

Ν 
d i f f e r e n c e , and as i t i s r e a s o n a b l e to assume t h a t Γ 3 2 f o r pH 

d Ν 
6.0 i s n e g a t i v e ( 4 1 ) , the s l i g h t l y p o s i t i v e v a l u e s f o r Γ32 i n 
d i c a t e a d i f f e r e n c e from a n e g a t i v e b a s e l i n e . ^ ^ 

I n the case of the s o l u t i o n s c o n s i d e r e d h e r e , Γ32 i s 
c l e a r l y p o s i t i v e . As 323 i s equal to b 2 3 (7) , the second v i r i a l 
c o e f f i c i e n t f o r a n o n i d e a l s o l u t i o n , Equ. (2) suggests t h a t t h i s 
c o e f f i c i e n t i s n e g a t i v e f o r a l l s i x s o l u t i o n s w i t h an abrupt i n 
c r e a s e i n v a l u e f o r the t h r e e s o l u t i o n s of pH 7.5, 8.0, and 8.5. 
H y a l u r o n i c a c i d i s expected to have s i g n i f i c a n t v i r i a l c o e f f i 
c i e n t s h i g h e r than the second. Shaw and Schy (42) o b t a i n e d a 
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v i r i a l c o e f f i c i e n t value of 5.08 χ 10"~3 (ml/gm) for low molecu
l a r weight hyaluronic acid buffered i n saline at pH 7.2. Com
parable values based on calculations for the third v i r i a l coef
f i c i e n t using the presently considered data (1_, 2^ 3) for high 
molecular weight human umbilical cord hyaluronic acid i n this pH 
range are 8.50 χ 10 3 and 8.92 χ 10~ 3 (ml/gm) for solutions at 
pH 7.0 and 7.5, respectively ( 4 1 ) . 

Positive measurements of second v i r i a l c oefficients are 
considered due to attraction of solvent across a membrane to a 
second compartment containing the macromolecules considered (43, 
44). The second v i r i a l c o e f f i c i e n t i s also a function of the 
cohesion between molecules, whereas, according to the theories 
of Van der Waals and Berthelot, the third v i r i a l c o e f f i c i e n t i s 
not. As hyaluronic acid tends to associate at low pH, the theo
r e t i c a l assumption of force a d d i t i v i t y i s denied. 

In the case of hyaluronate solutions, a c i d i f i c a t i o n reduces 
the mutual repulsion o
through the protonatio
acid moiety ( 5 ) . The neutral amide groups of the N-acetylglu-
cosamine moiety are also protonated during a c i d i f i c a t i o n , but to 
posi t i v e l y charged groups ( 5 6 ) . This protonation of the amide 
groups i s of importance i n removing the apparent equilibrium 
constant of the hyaluronate solution (which i s 7.2 for hyaluro
nate i n phosphate) far from the equilibrium constant for the 
carboxyl group alone, i . e . , from the pK , which i s 3.23. As 
a c i d i f i c a t i o n leads to a highly compact°form, a reduction of i n 
termolecular repulsion i s implied and, hence, a s l i g h t l y nega
tive second v i r i a l c o e f f i c i e n t . Measurements of nonideality are 
thus l i k e l y to r e f l e c t the sum tot a l of negative second v i r i a l 
c o e f f i c i e n t and positive third v i r i a l c o e f f i c i e n t . 

Negative second v i r i a l c oefficients for hyaluronate solu
tions at low concentration have been measured by l i g h t scatter-

d Ν 
ing ( 4 5 ) , and are reflected i n the Γ32 values at or near zero 
and the negative ^ 3 2 ° values at low pH (Table I ) . The expan
sion of hyaluronic acid i n alkaline solution i s reflected i n the 
positive ^ 3 2 ° values of Table I, i . e . , i n positive third v i r i a l 
c o e f f i c i e n t s . 

The free energy of unfolding of the polymer i s ( 7 ) : 

and the change i n standard chemical potential or free energy on 
adding reagents i s ( 7 ) : 

Δ μ ο = Δ Γ 3 2 ( 1 + e 3 3 m 3 ) ; (A) 

A u g = Δμ ο + RTAt>2, (m 2 ·> 0) , (5) 

where Ab 2 i s defined: 
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Ab_ = InK - InK , (m 2 -> 0) . (6) ζ — ο — a 
As the pK of the h y a l u r o n a t e c a r b o x y l group i s 3.23 and 

t h a t of h y a l u r o n a t e i n phosphate-buffered s o l u t i o n i s 7.2, Ab 2 

i s -3.97 i n RT u n i t s . Δμ s and Δμ f o r f i v e s o l u t i o n pHs are 
g i v e n i n T a b l e I . ° s 

T h e o r e t i c a l b i n d i n g parameters f o r h y a l u r o n a t e s o l u t i o n s 
based on Re f s . _1, 2, 4·, and j6 a r e sketched i n F i g u r e 2. Confor
m a t i o n a l changes a r e demonstrated f o r pK s a t a, b, c, and d. 

Ν Ν Ν a 

The l i n e Γ 3 2 = ( Γ 3 2 ( ^ + Γ 3 2 Α ) i n d i c a t e s the s i t e - b i n d i n g f o r 
both the c a r b o x y l a t e group and the amide group, and the l i n e 
Γ 3 2 ° = (Γ 3 2°(^ + Γ 3 2°Α) i n d i c a t e s the i o n i c - a t m o s p h e r e - b i n d i n g 
f o r b o t h the c a r b o x y l a t e and the amide group. The co n f o r m a t i o n 
a l change l i n e s a, b, c, and d a l s o i n d i c a t e a s w i t c h from s i t e -
b i n d i n g t o i o n i c - a t m o s p h e r e - b i n d i n g i n a j o i n t a c t i o n f o r both 
the c a r b o x y l a t e and amid
s w i t c h e s a t lower pH, an
As the c o n f o r m a t i o n a l t r a n s i t i o n i s a j o i n t a c t i o n , t h e r e f o r e , 
the c o n f o r m a t i o n a l change l i n e a c t u a l l y seen f o r h y a l u r o n a t e i n 
phosphate b u f f e r i s a t a pK a which i s a compromise between the 
low and h i g h pH s w i t c h e s . T h i s compromise induced by the amide-
phosphate i n t e r a c t i o n , which s w i t c h e s from s i t e - b i n d i n g to i o n 
i c - a t m o s p h e r e - b i n d i n g a t a s o l u t i o n pH h i g h e r than i n the case 
of the c a r b o x y l a t e - c o u n t e r i o n i n t e r a c t i o n , accounts f o r the r e -

N 
moval of the pK f a r from the pK Q. For example, i f Γ 3 2 A > Ν Ν 3 - N D D Γ 3 2 C and ( Γ 3 2 C + Γ 3 2 A) > ( Γ 3 2 C + Γ 3 2 A ) , then the b i n d i n g 
parameter f o r the m o l e c u l e i n s o l u t i o n w i l l be r e p r e s e n t e d on 
the Γ 3 2

Ν l i n e , even i f T 3 2
NC^ < Γ 3 2°(^. Only when ( T 3 2

N f J + Γ 3 2
Ν A) 

< (Γ32°0 + Γ32°Α) w i l l t h e r e o c c u r a s w i t c h t o the r 3 2
D l i n e , 

and t h i s w i l l be a t a pK removed from the pK determined o n l y a ο w i t h r e s p e c t t o the c a r b o x y l a t e group. 
The remainder of t h i s paper e x p l o r e s the d e t a i l e d i m p l i c a 

t i o n s of t h i s p o i n t of view f o r h y a l u r o n a t e s o l u t i o n s which ex
h i b i t the p r o p e r t i e s of both 1) e l a s t i c i t y o r energy s t o r a g e be
h a v i o r and 2) two k i n d s of energy d i s s i p a t i o n b e h a v i o r - i n t r i n 
s i c and i n t e r n a l v i s c o s i t y . 

D i s c u s s i o n 

I t i s r e l e v a n t to t h i s d i s c u s s i o n t h a t membrane e q u i l i b r i u m 
measurements have shown t h a t under c e r t a i n c o n d i t i o n s the l i t h i 
um i o n i s bound more s t r o n g l y t o l o n g - c h a i n phosphates than the 
sodium i o n ( 4 6 ) , as t h i s r e v e r s a l of the normal b i n d i n g o r d e r 
i m p l i e s p e n e t r a t i o n of the phosphate groups through the h y d r a 
t i o n s h e l l of the a l k a l i m e t a l i o n s , and thus s i t e b i n d i n g . 
T h i s b i n d i n g o r d e r was a l s o observed by e l e c t r o p h o r e s i s ( 4 7 ) , 
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conductivity (48), and dilatometric (49) experiments. In the 
hyaluronate solution experiments under discussion here the phos
phate ions exist i n solution, and the amide group of N-acetyl-
glucosamine performs the function of the a l k a l i ions; i . e . , the 
ionic composition of molecule and solution are reversed. None
theless, the result i s the same consequence of s i t e binding. 

We note that DNA i n a l k a l i metal ion solution, due to the 
phosphate groups along i t s backbone, also offers the situation 
converse to hyaluronic acid i n phosphate buffer regarding the 
s i t i n g of neutralized ion and phosphate ion, i . e . , whether on 
the macromolecule or i n the solution. Both situations, however, 
offer the opportunity of an abrupt transition, which i s due to 
site-binding regardless of which of the binding groups exists on 
the macromolecule. Because, i n the case of nucleic acids, the 
phosphates reside on the macromolecule, the apparent association 
constant of, e.g., poly(A)-poly(U)-oligolysine, i s a function of 
a l k a l i metal ion concentratio

It i s relevant t
of polyelectrolytes only i n terms of ionic-atmosphere-binding 
have f a i l e d i n the case of a l k a l i metal ions. For example, Ko-
t i n and Nagasawa (52) examined only those cases i n which the de
gree of ionization did not allow s i t e binding of a l k a l i metal 
ions; and Alexandrowicz and Katchalsky (53) were only able to 
account for membrane equilibrium and osmotic pressure results 
obtained for polyacrylates and polyphosphates by assuming a much 
higher charge per unit length than was used for potentiometric 
t i t r a t i o n s . It i s interesting, therefore, that a l k a l i metal 
ions also site-bind to polyacrylate, although not as much as to 
polyphosphate (49). 

It does not appear that the solvation of the amide groups 
hinders phosphate binding. A similar case exists for the f l a 
vins (54, 55). In the case of c l o s t r i d i a l flavodoxin, the phos
phate group i s not bound to a basic arginine or lysine side 
chain but to a cluster of neutral polar groups - four hydroxyl 
groups from serine and threonine residues and four backbone NH 
groups. Thus, the penetration of the amide group's solvation 
s h e l l by the phosphate ion i s also l i k e l y i n the case of hyalu
ronate solutions. 

For the reasons outlined above, and i n the case of hyaluro
nate i n phosphate buffer, the two measures of binding, ^ 3 2 ^ and 
d Ν 
Γ32 , may be designated functions of the degree of solvation of 

the amide group ( i . e . , degree of ionic-atmosphere-binding) and 
of the degree of protonation ( i . e . , degree of site-binding), re
spectively, of the amide and carboxylate groups. The solvation 
properties of the e l e c t r i c a l l y neutral amide group are not only 
affected by the presence of phosphate divalent anions, as d i s 
cussed, but also by the presence of divalent cations, but to a 
lesser degree ( 6 ) . This influence on the a b i l i t y of the amide 
group to bind water results i n a change i n the pK , osmotic 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



16. B A R R E T T Solution Properties of Hyaluronic Acid 239 

p r e s s u r e , and i n the abrupt c o n f o r m a t i o n a l change. As the con
f o r m a t i o n a l change oc c u r s a t pH = ρΚ &, and as ( 7 ) : 

( 9 — K a ) = - Ab , (C + 0 ) , (7) 
a c 3 T,P 2 3 

where C 0 = (1,000 m 3)/V and V = (1,000/mJV, + Σ m.V., one 
J m m 1 1 ±~2 1 1 

may p r e d i c t a r e l a t i o n between the degree of abruptness of the 
c o n f o r m a t i o n a l change and the e x t e n t of the d i f f e r e n c e between 
pK and pK . T h i s t h e o r e t i c a l r e l a t i o n i s demonstrated i n F i g . 2 a ο 

Ac c o r d i n g t o Equ. ( 1 ) , the f r e e energy of u n f o l d i n g of hya
l u r o n i c a c i d i s r e l a t e d t o the f r e e energy of t r a n s f e r from one 
medium t o another. I n the i n s t a n c e s c o n s i d e r e d h e r e , i n which 
pK > pK , the f r e e energy of t r a n s f e r was between polymer and 
s o l u t i o n . Equ.s (1) an
pK = 3.23, i . e . , the p
cannot o c c u r . At s o l u t i o n pH 2.5, h y a l u r o n i c a c i d i s a v i s c o
e l a s t i c p u t t y ( 5 6 ) ; but when the s o l u t i o n pH i s r a i s e d , the d i s 
s o l v e d h y a l u r o n i c a c i d becomes l e s s e l a s t i c and more v i s c o u s 
(57). That i s to say, f o r a change i n pH so t h a t s o l u t i o n pH > 
pK, whether the pK i s pK o r pK , an i n c r e a s e i n v i s c o s i t y i s t o 
be expected - as has been demonstrated ( 1 ) . Furthermore, a c 
c o r d i n g t o the a n a l y s i s of F i g . 2, t h i s means t h a t i f the b i n d 
i n g of the polymer i s b e s t d e s c r i b e d by r32°(i.e., i t i s p r e 
dominantly i o n i c - a t m o s p h e r e - b i n d i n g ) , then v i s c o u s b e h a v i o r i s 

Ν 
t o be expected; i f i t i s b e s t d e s c r i b e d by Γ32 ( i . e . , i t i s 
p r e d o m i n a n t l y s i t e - b i n d i n g ) , then e l a s t i c b e h a v i o r i s t o be ex-

D Ν 
pect e d . When Γ32 = Γ32 , the polymer i s i n a " v i s c o e l a s t i c 
p u t t y " s t a t e ; i . e . , i t i s v i s c o u s as w e l l as e l a s t i c , of s m a l l 
volume, w i t h b o t h bound water and bound s a l t . 

We may i n d i c a t e these v a r i o u s s t a t e s as f o l l o w s . 
A. For the p r e d o m i n a n t l y e l a s t i c s t a t e o c c u r r i n g w i t h a 

s o l u t i o n b u f f e r e d a t a pH < pK and ^ 3 2 ° ! - | r I < 0, Γ32 Ν > 
D ° 0, Γ32 ^ 0, we d e f i n e the f o l l o w i n g measure of b i n d i n g : 

^ 2 Ν ^ 2 Ν 
Γ24 = = " Γ 3 2 = + ( 9 μ 3 } ' ( 8 ) 

where μ^ i s a s t r e s s ( p r e s s u r e ) induced c h e m i c a l p o t e n t i a l . 
B. For the h y a l u r o n a t e system i n the v i s c o e l a s t i c p u t t y 

s t a t e b u f f e r e d a t pH = pK Q, we have: 
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Figure 2. Theoretical binding parameters for hyaluronate solutions. See text jor 
explanations. 
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~ r24 " r 3 2 D " F 3 2 D - Γ 3 2 Ν = °· i.e. ' Γ24 = " V ' D (9) 
C. For those i n s t a n c e s when pK < pH < pK and Ι Γ 3 2 I -

Ni ο a 
J r 3 2 N > 0, the s o l u t i o n i s more e l a s t i c than v i s c o u s ; i . e . , G" < 
G 1, where G" i s the d i s s i p a t i v e shear modulus, and G 1 i s the 
s t o r a g e shear modulus f o r h y a l u r o n a t e s o l u t i o n s s u b j e c t e d to os
c i l l a t o r y shear (57). 

D. For those i n s t a n c e s when s o l u t i o n pH > pKa and 
132° ~ 1 3 2 1 > 0> t n e system i s more v i s c o u s than e l a s t i c ; 
i . e . , G" > G 1. At s o l u t i o n pH ~ pK , t h e r e i s an abrupt i n 
c r e a s e i n i n t r i n s i c v i s c o s i t y and a l s o i n t e r n a l v i s c o s i t y ( 1 , 
58, 59, 60); i . e . , t h e r e i s a c o r r e l a t i o n of changes i n e l a s t i c 
i t y and i n t e r n a l v i s c o s i t y w i t h changes i n the b i n d i n g t h e o r y 
measures o f Γ 3 2 and Γ 3 2 

I n e f f e c t , the amount and s i g n of the d i f f e r e n c e between 
measures of i o n i c - a t m o s p h e r e - b i n d i n

D Ν 
Δ Γ 3 2 = Γ 3 2 - Γ 3 2 , d e s c r i b e s the degree of e l a s t i c i t y , i n t r i n 
s i c v i s c o s i t y , and i n t e r n a l v i s c o s i t y as f o l l o w s : 

i ) P r e d o m i n a n t l y e l a s t i c , o r energy s t o r i n g , b e h a v i o r im
p l i e s Δ Γ 3 2 i s n e g a t i v e , | r 3 2

N | > l r 3 2 ° | , Γ 3 2 ° ~ 0, and thus s i t e -
b i n d i n g predominates. 

i i ) P r e d o m i n a n t l y v i s c o u s , or energy d i s s i p a t i n g , behav
i o r , i . e . , as i n d i c a t e d by an i n t r i n s i c v i s c o s i t y measure, im
p l i e s Δ Γ 3 2 i s p o s i t i v e , | r 3 2

N | < | r 3 2
D | , Γ 3 2

Ν * 0, Γ 3 2 ° > 0, and 
io n i c - a t m o s p h e r e - b i n d i n g predominates. 

i i i ) The presence of i n t e r n a l o r b u l k v i s c o s i t y , d e t e r 
mined by an ord e r parameter and r e l a x a t i o n s of e x c i t e d l o n g -
range macromodes, i n the presence of an i n t r i n s i c v i s c o s i t y , 
which r e p r e s e n t s r e l a x a t i o n s of e x c i t e d micromodes, i m p l i e s , 
a g a i n , t h a t | r 3 2

N | > |r32°j, but r e q u i s i t e r e l a x a t i o n times a p p l y ; 
e.g., i f τ,, and τ a r e the r e l a x a t i o n times f o r macro- and mi-M m 
cromodes, r e s p e c t i v e l y , then τ > τM, and i n t e r n a l v i s c o s i t y i s 
a p p r e c i a b l e . On the o t h e r hand, i n the l e s s e n t r o p i e s t a t e , 
> τ (62, 63, 64 ) , and i n t e r n a l v i s c o s i t y i s n e g l i g i b l e . Thus, 
the ab sence of i n t e r n a l v i s c o s i t y a t s o l u t i o n pHs 6.0, 6.5, and 
7.0 and i t s presence a t 7.5, 8.0, and 8.5 i s due to the a d i a b a t -
i c e l i m i n a t i o n of i n t e r n a l v i s c o s i t y a t the lower pHs, by which 
s l o w l y v a r y i n g degrees of freedom a r e exhausted ( 6 5 ) . Whereas 
i n t r i n s i c v i s c o s i t y i s e s s e n t i a l l y low frequency v i s c o s i t y based 
on Markovian p r o c e s s e s , i n t e r n a l v i s c o s i t y i s e s s e n t i a l l y h i g h 
frequency v i s c o s i t y based on non-Markovian p r o c e s s e s w i t h memory 
(65, 66). I n t e r n a l v i s c o s i t y i s c o r r e l a t e d w i t h the magnitude 
of jr 3 2°| or i o n i c - a t m o s p h e r e - b i n d i n g i n the presence of an i n 
t r i n s i c v i s c o s i t y a p p r o x i m a t i n g the same time o r d e r o r g r e a t e r ; 
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i n t r i n s i c v i s c o s i t y i s also correlated with the magnitude of 
IΓ32̂ 1 or ionic-atmosphere-binding, but i s unrelated to the time 
order of the internal v i s c o s i t y . 

The states described by i ) , i i ) , and i i i ) may exist to 
varying degrees simultaneously. Hyaluronic acid, unlike DNA, 
exhibits internal v i s c o s i t y (1_) , and thus a l l three types of be
havior. There i s an abrupt increase i n both i n t r i n s i c and i n 
ternal v i s c o s i t y across the pH range 7.0-7.5 i n phosphate buffer 
(L> _2, 3 ) , and these changes are indicative of the conformation
a l transition. 

The abruptness of the change from site-binding to ionic-at
mosphere-binding, at the change of solution pH from 7.0 to 7.5, 
may be described as follows. In the case of a l i m i t i n g model of 
an e l e c t r i c a l double layer, i n which there i s no penetration of 
the inner layer by mobile ions, the relation of the measure of 
binding to polyelectrolyt

Γ 3 2 = I + V 2n*, (10) 

where i s the molar volume of the polymer, n* i s the number of 
free ions determined by a membrane electrode, and thus v^n* -*-s 
the excluded volume. The reduced linear charge density, ξ, i n 
troduced by Manning (8) and Oosawa (26) i s defined: 

, 2 Ζ 

where q i s the protonic charge, ε i s the bulk d i e l e c t r i c con
stant of solvent, L i s the length of the molecule, k i s the 
Boltzmann factor, Τ i s the absolute temperature, and Ζ i s the 
number of elementary charges within the molecule's c y l i n d r i c a l 
surface. 

If ξ becomes greater than unity ( i . e . , i f Ζ /L > 7.14 A i n 
water at 25 C ) , then a switch occurs from site-binding to i o n i c -
atmosphere-binding. This means that both the carboxylate anion 
and the amide group ionic-atmosphere-bind when this occurs, and 
the amide groups' hydrophilicity determines an abrupt conforma
ti o n a l change. Thus, i n the experiments considered, as solution 
pH i s increased, ξ increases, ionic-atmosphere-binding occurs, 
and s u f f i c i e n t counterions "condense" on the polyion to lower the 
net value of ξ to unity i n a feedback type of control. Letting 

Ν 
-ξ/2 ^ Γ32 (for solution pH 6.0, 6.5, and 7.0 i n the experi
ments considered) and V η* ^ + Γ 3 2 ° , then Equ. (10) is related to 
Equ. ( 3 ) . At solution pHs 6.0, 6.5, and 7.0, the value of ξ i s 
less than unity; at solution pHs, 7.5, 8.0, and 8.5, the value 
of ξ exceeds, then i s returned to unity by feedback control, 
i . e . , counterion condensation. In terms of Equ. (3) and the 
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c a r b o x y l a t e and amide groups, we have ΔΓ32 = ( Γ 3 2 Ç}+ Γ32 A) -
Ν Ν 

( Γ 3 2 + Γ32 A ) , where the s u b s c r i p t s C and A r e f e r to the c a r 
b o x y l a t e a n i o n and the amide group, r e s p e c t i v e l y . ΔΓ32 i s thus 
the independent v a r i a b l e f o r the observed c o n f o r m a t i o n a l t r a n s i 
t i o n . However, as t h i s i s a l i m i t i n g model, the d e s c r i p t i o n i s 
o n l y of the c o n f o r m a t i o n a l t r a n s i t i o n stage. 

C o n s i d e r i n g now a model i n which the f i x e d charges are i n 
an i n n e r l a y e r and m o b i l e charges may en t e r t h i s l a y e r , s i t e -
b i n d i n g o r incomple t e d i s s o c i a t i o n i s assumed to occur whenever 
an i o n i s so c l o s e to the macroion t h a t d e s o l v a t i o n takes p l a c e . 
The degree of d i s s o c i a t i o n i s 1/Q (20) , where 

aQ = 2 ξ = ( - x g ) x = E ; (12) 

φ = εψ/kT, ψ = a b s o l u t e v a l u e of the Poisson-Boltzmann e l e c t r o 
s t a t i c p o t e n t i a l , χ = κ
l i n d r i c a l rod m o l e c u l a
b i n d i n g i s 1 - a, a b e i n g the degree of i o n i z a t i o n or the f r a c 
t i o n of i o n i c groups of the macroion which a r e not n e u t r a l i z e d 
by s i t e - b i n d i n g c o u n t e r i o n s ; i . e . , 1 - α i s the degree of neu
t r a l i z a t i o n w i t h i n the i n n e r l a y e r of an e l e c t r i c a l double l a y e r 
model. At zero i o n i c s t r e n g t h ( i . e . Ε = 0, where Ε = κ a and κ 

2 V o o 
= (8πΝAς n3/1,000 e k T ) 2 , n3 i s the c o n c e n t r a t i o n of the e l e c t r o 
l y t e f a r from the macroion, and a i s the assumed c y l i n d r i c a l rod 
m o l e c u l a r model), the measure of b i n d i n g i s d e f i n e d (20, 21): 

a 2Q 
l i m 2Γ = a - —7Q , 0 < aQ < 2, f o r s i t e b i n d i n g (13A) 
E=0 
l i m 2Γ = γτ , aQ > 2, f o r i o n i c atmosphere b i n d i n g . (13B) 
E=0 

I n aqueous s o l u t i o n a t 25°C, the c r i t i c a l c o n d i t i o n aQ = 2 
corresponds to an average a x i a l d i s t a n c e of ~7 A between the 
n e a r e s t i o n i z e d ( i . e . , non-site-bound) p o l y e l e c t r o l y t e groups. 
When t h i s d i s t a n c e i s s m a l l e r than ~7 Α, 2Γ does not depend on α 
(21). Thus, the c r i t i c a l v a l u e of ξ = 1 i s when aQ = 2. 

Equ. (10) i s now (67): 

Γ = α/2βε + V 2n*, (14) 

where 3 i s a c o r r e c t i o n f a c t o r f o r the s u r f a c e p o t e n t i a l ; and we 
Ν 

r e d e f i n e Γ 3 2 = -α/23ε. J u s t as i n the i m p e n e t r a b l e model, 
above, Δ Γ 3 2 = ( r 3 2 D C . - Γ 3 2°Α) - ( Γ 3 2

Ν C - Γ 3 2 Ν A ) ; and, as b e f o r e , 
ΔΓ32 i s the independent v a r i a b l e of the observed c o n f o r m a t i o n a l 
t r a n s i t i o n s . 
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We have suggested ( F i g . 1) t h a t d u r i n g the c o n f o r m a t i o n a l 
change to the more d i s o r d e r e d c o n f i g u r a t i o n t h e r e i s a s w i t c h i n 
c o n t r o l (of the d e t e r m i n a t i o n of c o n f i g u r a t i o n entropy) from 
s i t e - b i n d i n g to i o n i c - a t m o s p h e r e - b i n d i n g . Evidence has been 
d i s c u s s e d c o n c e r n i n g the s i t e b i n d i n g of phosphates and a l k a l i 
m e t a l i o n s , and we pr e s e n t e d evidence to suggest t h a t t h i s type 
of b i n d i n g c o u l d occur on the amide groups of h y a l u r o n i c a c i d . 
The s w i t c h , t h e r e f o r e , from a d e s c r i p t i o n i n terms of Equ. (13A) 
to one i n terms of (13B), when ξ > 1 f o r i n i t i a l l y the c a r b o x y l 
a t e group, and f i n a l l y the amide group, means t h a t i o n i c - a t m o 
s p h e r e - b i n d i n g becomes the major determinant of h y a l u r o n i c a c i d 
c o n f o r m a t i o n a t h i g h pH; i . e . , i n phosphate b u f f e r a t i o n i c 
s t r e n g t h 0.1, a change i n s o l u t i o n pH 7.0 to 7.5 r e s u l t s i n an 
abrupt i n c r e a s e i n h y a l u r o n a t e entropy. I t seems r e a s o n a b l e , 

Ν 
t h e r e f o r e , to i d e n t i f y Γ, as d e f i n e d by Equ. (13A), w i t h ( Γ 3 2 
+ Γ 3 2

Ν A) and Γ, as d e f i n e
X-ray d i f f r a c t i o n

t i o n s a v a i l a b l e i n h y a l u r o n i c a c i d i n s o l u t i o n i n d i c a t e t h a t he
l i c e s packed t o g e t h e r i n v a r i o u s arrangements a r e p o s s i b l e . I t 
i s t h e r e f o r e a p p r o p r i a t e to r e l a t e the p r e s e n t a n a l y s i s to the 
th e o r y of the h e l i x - t o - c o i l t r a n s i t i o n . I n the model developed 
by Zimm and R i c e (79) f o r h e l i x - t o - c o i l t r a n s i t i o n s i n charged 
macromolecules, the f r a c t i o n , Θ, of i n t a c t hydrogen bonds i n the 
h e l i x i s g i v e n by: 

e = l t e = ^ (15) 
ζ 8£ns 9£ns 

where Ξ i s a semi-grand p a r t i t i o n f u n c t i o n f o r a polymer of many 
i d e n t i c a l s u b u n i t s , each of which may i o n i z e , and each of which 
may a l s o hydrogen bond t o the a p p r o p r i a t e o t h e r segment of the 
same c h a i n t o form an α-helix; ζ i s the number of charge s i t e s 
on the polymer; and s i s the e q u i l i b r i u m c o n s t a n t f o r the a d d i 
t i o n to a s e c t i o n of h e l i x of the a p p r o p r i a t e segment from the 
a d j a c e n t s e c t i o n of randomly c o i l i n g c h a i n . T h e r e f o r e , i n the 
event t h a t the c o n f o r m a t i o n a l s t r u c t u r e of h y a l u r o n i c a c i d i s 
dependent on the assumptions of the Zimm-Rice model, we have the 
f o l l o w i n g r e l a t i o n w i t h the p r e s e n t model: 

λ ΙΔΓ32ΐ 
| A r32|max (16) 

In fact, the Zimm-Rice model describes q u a l i t a t i v e l y similar 
changes i n the t i t r a t i o n curves for polyglutamic acid (Ref. 79, 
p. 402, Fig. 3) as those changes plotted i n Fig. 2: an increase 
i n ionic strength s h i f t s the pK^ to the l e f t and increases the 
slope of the wave. We also have a re l a t i o n between solution pH 
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and pK i n ( 8 0 ) : 

0^434 * n a 3 = P H - p K a = ^ ^ > < 1 7> 

where α i s the degree of i o n i z a t i o n and d e f i n e d : 
1 3£ηΞ (18) 

α Ζ 3£na 3 

I n the case of a c y l i n d r i c a l p o l y i o n w i t h the boundary con
d i t i o n a t the s u r f a c e of the c y l i n d e r determined s e l f - c o n s i s -
t e n t l y , so t h a t the o n l y i n p u t r e q u i r e d i s the d e n s i t y of i o n i z -
a b l e groups on the c y l i n d e r s u r f a c e and t h e i r d i s s o c i a t i o n c h a r 
a c t e r i s t i c s , Equ. (17) i s more a p t l y g i v e n by (81 ) : 

0.434 e φ 

PH = pZ + l o g 1 ( ) £

where Ζ i s the e q u i l i b r i u m c o n s t a n t f o r the d i s s o c i a t i o n r e a c 
t i o n 

AH t A" + H +, 

-e i s the e l e c t r o n i c charge, and φ i s the u n i f o r m s u r f a c e po
t e n t i a l . s 

Due t o the s e l f - c o n s i s t e n t boundary c o n d i t i o n , the pH a t 
the s u r f a c e of the p o l y i o n , pH , i s the pH the a c i d group 
"s e e s " , not the r e s e r v o i r pH. SThus, pH i s always l e s s than the 
pZ of the i o n i z a b l e groups and i s w r i t t e n as (8 1 ) : 

pH g = pH - l o g 1 0 ( l + φ*), (20) 

where φ* = -εφ /kT. The movement of the curves of F i g . 2 t o the s s 
r i g h t thus i n d i c a t e s an i n c r e a s i n g φ*. 

Ac c o r d i n g t o t h i s t h e o r y , the Debye s c r e e n i n g l e n g t h 1/κ: 

I = (1,000 c k T ) ^ r h i n cm, (21) 
κ 8πβ ζΝ 

ο 
where I = ̂  Em.z?, and Ν i s Avogadro's number, i s a measure o f 

3 3 3 ° 
the p e n e t r a t i o n depth i n t o the s o l u t i o n of the e l e c t r i c f i e l d 
produced by the s u r f a c e charge d i s t r i b u t i o n . A l a r g e v a l u e f o r 
the Debye s c r e e n i n g l e n g t h corresponds t o a " t h i c k " d o u b l e - l a y 
e r , and a s m a l l v a l u e corresponds t o a " t h i n " d o u b l e - l a y e r . The 
p o t e n t i a l a t the s u r f a c e of the c y l i n d e r i s due to the s u r f a c e 
charge d i s t r i b u t i o n and the i o n i c atmosphere s u r r o u n d i n g the 
c y l i n d e r , which i s d i f f u s e . T h i s d i f f u s e n e s s of the i o n i c atmo
sphere does not p e r m i t a ba l a n c e w i t h the s u r f a c e charge, so the 
s u r f a c e p o t e n t i a l remains n e g a t i v e ( 8 1 ) . There a r e t h e o r e t i c a l 
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reasons f o r b e l i e v i n g t h a t charge s t r u c t u r e s p l a y v e r y l i t t l e 
r o l e i n p o l y e l e c t r o l y t e m o l e c u l a r i n t e r a c t i o n s a t d i s t a n c e s 
g r e a t e r than the Debye l e n g t h of the s o l u t i o n i n which the mole
c u l e s a r e immersed (8 2 ) . At g r e a t e r d i s t a n c e s , a t t r a c t i v e 
f o r c e s of e l e c t r o d y n a m i c o r i g i n a re i m p o r t a n t ; and, a t d i s t a n c e s 
near the Debye l e n g t h , a b a l a n c e e x i s t s of r e p u l s i v e e l e c t r o 
s t a t i c f o r c e s and a t t r a c t i v e f o r c e s ( 8 3 ) . 

The problem of h y a l u r o n i c a c i d c o n f o r m a t i o n a l t r a n s i t i o n s 
a l s o i n v o l v e s c o n s i d e r a t i o n of these t r a n s i t i o n s as examples of 
changes i n amounts of hydrogen bonding, or of changes i n amounts 
of bound water. 

The study by S c h e i n e r and Kern ( 8 4 ) , u s i n g quantum mechani
c a l methods, of the e f f e c t s of hydrogen-bonded water on p e p t i d e 
bonds i s r e l e v a n t i n t h i s r e g a r d . The p e p t i d e u n i t was modeled 
by trans-N-methylacetamide (NMA). I t was found t h a t many of the 
e f f e c t s of a f u l l h y d r a t i o n s h e l l can be s i m u l a t e d by the i n t e r 
a c t i o n of two water m o l e c u l e s
i s found t o have much th
p r e v i o u s s t u d i e s of amide group i n t e r a c t i o n s and h y d r a t i o n of 
amides d e a l t m o s t l y w i t h amide u n i t s i n t h e i r f u l l y p l a n a r con
f o r m a t i o n , S c h e i n e r and Kern s t u d i e d c o nformations o t h e r than 
t h i s p r e f e r r e d c o n f o r m a t i o n , as r e l a t i v e l y l i t t l e energy i s r e 
q u i r e d f o r s i g n i f i c a n t d e v i a t i o n s from p l a n a r i t y to o c c u r . They 
found t h a t , a p a r t from water b i n d i n g t o oxygen and the NH group, 
the p o s s i b i l i t y e x i s t s of water hydrogen bonding to the π system 
of an amide, and c o n s i d e r e d the p o s s i b l e e f f e c t s of those spe
c i e s , such as phosphate, which i n t e r a c t s w i t h the amide through 
the i n t e r m e d i a r y of a second moiety, e.g., a second h y d r a t i o n 
s h e l l . 

F u r t h e r evidence f o r an a l k a l i - i n d u c e d c o n f o r m a t i o n change 
( d i s o r d e r - o r d e r , t h i s time) comes from 1H n u c l e a r magnetic r e s o 
nance s t u d i e s (85, 86). The a d d i t i o n of a l k a l i was seen to 
cause the h y a l u r o n a t e spectrum to sharpen, i n d i c a t i n g t h a t seg
mental motion i s enhanced by d i s r u p t i o n of presumed i n t e r - r e s i 
due bonding upon the i o n i z a t i o n of h y d r o x y l groups. The a u t h ors 
of these s t u d i e s i n d i c a t e t h a t changes i n the c o n f i g u r a t i o n of 
the acetamidodeoxyhexose r e s i d u e a r e c r i t i c a l i n i n f l u e n c i n g the 
o v e r a l l c o n f o r m a t i o n of h y a l u r o n i c a c i d , a r e s u l t i n agreement 
w i t h the t h e s i s of the p r e s e n t view. On the o t h e r hand, Mathews 
and Decker (87) r e p o r t t h a t i n c r e a s i n g the pH of a n e u t r a l s a l t 
s o l u t i o n of sodium h y a l u r o n a t e (0.4 M N a Cl, pH ^ 5.5) to pH 12.5 
(2.5 M NaOH) produces a r a p i d drop i n v i s c o s i t y . T h i s r e s u l t i s 
u n d e r s t a n d a b l e from the p r e s e n t v i ew not as a p H - i n c r e a s e - i n -
duced o r d e r - d i s o r d e r t r a n s i t i o n , but as a s a l t - i n d u c e d d i s o r d e r -
o r d e r t r a n s i t i o n , as i o n i c s t r e n g t h was u n c o n t r o l l e d . 

The p o s s i b i l i t y of s a l t s a c t i n g through a second h y d r a t i o n 
s h e l l on amide groups i s r e l e v a n t to the change i n osmosis by 
s a l t a c t i o n . As Bjerrum (88) and Onsager (89) have p o i n t e d o u t , 
e l e c t r o s t a t i c i n t e r a c t i o n a t c l o s e range may be so s t r o n g t h a t 
p a i r s of i o n s and, of more r e l e v a n c e to t h i s d i s c u s s i o n , anions 
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around a c a t i o n w i l l s t a y t o g e t h e r f o r a l o n g time and a c t l i k e 
a s i n g l e m o l e c u l e . The r e s u l t of t h i s c l o s e range i n t e r a c t i o n 
w i l l be e l e c t r o s t a t i c s c r e e n i n g , and hence a change i n l o n g 
range i n t e r a c t i o n . T h i s o b s e r v a t i o n i s r e l e v a n t i n the f o l l o w 
i n g r e g a r d . A l t h o u g h the pH-dependent c o n f o r m a t i o n a l t r a n s i t i o n 
of h y a l u r o n i c a c i d i n phosphate has been observed by o p t i c a l and 
r h e o l o g i c a l methods (_1, _2, 3 ) , i t i s not o b s e r v a b l e u s i n g l a s e r 
Raman s p e c t r o s c o p y ( 9 0 ) , which i s a probe of o n l y p r i m a r y and 
secondary s t r u c t u r e . T h i s f i n d i n g , t o g e t h e r w i t h the o b s e r v a 
t i o n of a s m a l l l i m i t i n g b i r e f r i n g e n c e but a l a r g e l i m i t i n g ex
t i n c t i o n a n g l e w i t h minimum change i n monomer a n i s o t r o p y ( 1 ) , 
s t r o n g l y suggests t h a t the pH-dependent c o n f o r m a t i o n a l t r a n s i 
t i o n of h y a l u r o n i c a c i d i s due to a change i n long-range i n t e r 
a c t i o n . T h i s a s p e c t of the c o n f o r m a t i o n a l t r a n s i t i o n i s t r e a t e d 
i n Ref. 

F i n a l l y , we address the p h y s i o l o g i c a l consequences of t h i s 
c o n f o r m a t i o n a l t r a n s i t i o n
phosphate b u f f e r ( 9 2 )
b u f f e r system i s p r e s e n t i n h i g h e r c o n c e n t r a t i o n i n the eye, the 
phosphate b u f f e r e x i s t s even i n i n t r a o c u l a r f l u i d ( 9 3 ) . We may 
thus have one answer to the q u e s t i o n : "What m o l e c u l a r mechan
isms i n c e l l s a r e so e x t r a o r d i n a r i l y s e n s i t i v e t h a t a change i n 
H + c o n c e n t r a t i o n of as l i t t l e as 3 χ 10 8 M ( a p p r o x i m a t e l y the 
d i f f e r e n c e between b l o o d a t pH 7 . 4 and b l o o d a t pH 7 . 0 ) can be 
l e t h a l ? " [Ref. 92^, p. 5 1 ] , i n the p a r t i c u l a r b u f f e r i n g a c t i o n of 
phosphates on h y a l u r o n a t e s . 

S y n o p s i s 

P o t a s s i u m c a t i o n s , a t low s o l u t i o n pH, s i t e - b i n d t o the 
c a r b o x y l a t e a n i o n s , and a t a h i g h s o l u t i o n pH i o n i c - a t m o s p h e r e -
b i n d ; and, s i m i l a r l y , the phosphate anions s e l e c t i v e l y s i t e - b i n d 
t o the amide group a t low s o l u t i o n pH, but a t a h i g h s o l u t i o n pH 
- h i g h e r than i n the case of the p o t a s s i u m - c a r b o x y l a t e complex -
a l s o i o n i c - a t m o s p h e r e - b i n d . The abrupt t r a n s i t i o n o c c u r s a t a pH 
at which t h e r e i s a s w i t c h from c o n t r o l of con f o r m a t i o n by the 
amide group s i t e - b i n d i n g ( i n the presence of the c a r b o x y l a t e 
group a l r e a d y s w i t c h e d t o i o n i c - a t m o s p h e r e - b i n d i n g ) to both an 
amide and c a r b o x y l a t e i o n i c - a t m o s p h e r e - b i n d i n g . I n a l l i n 
s t a n c e s , the t r a n s i t i o n r e f e r r e d t o w i l l be from low entropy t o 
h i g h . 
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Heparin is a sulfate
biological activities
inhibition of blood clotting. The biochemical basis for this 
activity is emerging from recent work in a number of laboratories. 
Heparin binds to the protein antithrombin, which induces a 
conformational change in the antithrombin (1,2,3) and activates 
it towards thrombin, Factor Xa, and possibly other clotting 
factors as well. However, this is not the only mechanism by which 
heparin can interfere with clotting, since a heparin fraction has 
been identified which does not activate antithrombin, but still 
exerts an appreciable anticoagulant effect by interfering with 
binding of Factor X with phospholipid (4). The heparin-anti-
thrombin interaction exhibits "biochemical" specificity, and only 
about 1/3 or less of the chains in most commercial heparin pre
parations contain the "antithrombin-binding sites" which enable 
binding to antithrombin (5,6). Only a small portion of the 
heparin chain, about 4-6 disaccharides, is responsible for the 
binding to antithrombin, and heparin chains which lack these 
"antithrombin-binding regions" are unable to bind to anti
-thrombin. However, these sequences themselves do not produce 
anticoagulant activity (7); thus the remainder of the chain is 
also required in some way. While the remainder of the chain pro
vides a site for the binding of thrombin or factor Xa, its 
structure and physical properties may also affect the anti
-coagulant activity. 

In spite of this increased understanding of the biochemical 
basis of heparin's action, the physical basis is not well under
stood. That the high sulfation plays a role was first suggested 
by Jorpes and Bergstrom (8) in 1937. Although correlations have 
been made between anticoagulant activity and the visco-elastic 
properties of various heparins (9) or the linear charge para
meters of different heparin preparations (10) only general 
relationships have emerged. Moreover, separating effects on 
anticoagulant activity due to these physical factors from effects 
produced by modifying the "biochemical" factors as discussed 
above, is difficult. 
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R e c e n t l y we r e p o r t e d t h a t p a r t i t i o n i n two-phase s o l u t i o n s 
of butanol/aqueous NaCl c o n t a i n i n g excess quat e r n a r y ammonium 
s a l t c o u l d be used to i s o l a t e a s e r i e s of h e p a r i n f r a c t i o n s from 
a commercial h e p a r i n p r e p a r a t i o n . These f r a c t i o n s v a r i e d m a i n l y 
i n t h e i r degree of s u l f a t i o n and showed minimal v a r i a t i o n i n 
m o l e c u l a r weight (11). T h i s now opens up the p o s s i b i l i t i e s 
of r e l a t i n g both p h y s i c a l and b i o l o g i c a l p r o p e r t i e s to d e f i n e d 
s t r u c t u r a l or c o m p o s i t i o n a l v a r i a b l e s through s y s t e m a t i c s t u d i e s 
of a homologous s e r i e s of f r a c t i o n a t e d h e p a r i n s . I n t h i s r e p o r t 
we review the p r i n c i p l e s and a p p l i c a t i o n s of t h i s technique f o r 
i s o l a t i n g h e p a r i n s w i t h d i f f e r e n t l i n e a r charge d e n s i t i e s from 
the same h e p a r i n p r e p a r a t i o n . 

As an example of the p o t e n t i a l u s e f u l n e s s of such f r a c t i o n s , 
we a l s o r e p o r t t h e i r use as a probe of the p h y s i c a l b a s i s of 
the photochemical f a d i n g of a c r i d i n e orange bound to h e p a r i n . 
F l u o r e s c e n c e f a d i n g under continuous i r r a d i a t i o n i s a second-
ord e r photochemical r e a c t i o
orange i o n s i n which p h o t o o x i d a t i o
of f l u o r e s c e n c e , w i t h the r o l e of h e p a r i n b e i n g c a t a l y t i c 
(12) . A q u i t e unexpected f i n d i n g was t h a t a n t i c o a g u l a n t a c t i v i t y 
and f l u o r e s c e n c e f a d i n g both showed q u a l i t a t i v e l y the same 
p e c u l i a r dependence upon a n i o n i c d e n s i t y . T h i s suggested 
t h a t the same p h y s i c a l f o r c e s were a c t i n g i n both cases. I n 
the case of f l u o r e s c e n c e f a d i n g , the d i f f e r e n c e s i n f a d i n g 
c o n s t a n t s arose from d i f f e r e n c e s i n dynamic c o n f o r m a t i o n a l 
p r o p e r t i e s which accompanied d i f f e r e n c e s i n l i n e a r charge 
d e n s i t y . T h i s l e d us to s p e c u l a t e t h a t a n i o n i c d e n s i t y i s most 
l i k e l y a s t r u c t u r a l v a r i a b l e governing a n t i c o a g u l a n t a c t i v i t y 
through the dynamic c o n f o r m a t i o n a l p r o p e r t i e s of the h e p a r i n 
(13) . 

M a t e r i a l s and Methods 

The hog mucosal h e p a r i n sample s u b j e c t e d to f r a c t i o n a t i o n 
was p r o v i d e d by C o h e l f r e d L a b o r a t o r i e s , Chicago, I L . I t was 
ob t a i n e d p r i o r t o the b l e a c h i n g and r e f r a c t i o n a t i o n stages and 
s t i l l c o n t a i n e d some nonheparin g l y c o s a m i n o g l y c a n s . I t i s not 
s o l d c o m m e r c i a l l y , but was chosen because i t has not been 
f r a c t i o n a t e d . The a n t i c o a g u l a n t a c t i v i t y i s 143 USP units/mg. 
Three h e p a r i n p r e p a r a t i o n s , f r a c t i o n a t e d by a f f i n i t y chroma
tography on antithrombin-Sepharose i n t o h i g h - a f f i n i t y (HA), 
l o w - a f f i n i t y ( L A ) , and v e r y l o w - a f f i n i t y (NA) f r a c t i o n s ( 6 ) , 
were p r o v i d e d by Dr. U l f L i n d a h l . The a n t i c o a g u l a n t a c t i v i t y 
of the HA f r a c t i o n was 222 units/mg i n the APTT t e s t a g a i n s t a 
secondary s t a n d a r d h e p a r i n of 163 USP units/mg. 

Heparin f r a c t i o n s were c h e m i c a l l y c h a r a c t e r i z e d as d e s c r i b e d 
(11) by measurements of uronate (UA), suifaminohexose (SAH) and 
s u l f a t e (SO^). A n t i c o a g u l a n t a c t i v i t i e s were determined on 
aqueous s o l u t i o n s of h e p a r i n f r a c t i o n s c o n t a i n i n g a known 
amount of uronate u s i n g the USP assay i n r e c a l c i f i e d sheep 
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plasma. The r e s u l t s are expressed i n terms of the a n t i c o a g u l a n t 
a c t i v i t y (USP u n i t s ) per micromole of h e p a r i n u r o n a t e . These 
somewhat unusual u n i t s are employed s i n c e the f r a c t i o n s were 
not a c t u a l l y weighed, b e i n g too s m a l l . These u n i t s can be at 
l e a s t a p p r o x i m a t e l y converted t o the more f a m i l i a r u n i t s of 
units/mg by m u l t i p l y i n g by the uronate content of u l t r a - d r y 
h e p a r i n (1.85 μηοΐ/mg), or o r d i n a r y h y d rated h e p a r i n (1.62 
μηοΐ/mg). 

I s o l a t i o n and C h a r a c t e r i z a t i o n of H e p a r i n F r a c t i o n s . P r e 
p a r a t i v e s c a l e f r a c t i o n a t i o n was c a r r i e d out by s e q u e n t i a l ex
t r a c t i o n of e i g h t tubes, each c o n t a i n i n g 10 mg of h e p a r i n i n 
20 mL of 1-butanol (upper phase) and 20 mL of 0.01 M NaCl (lower 
phase). The b i p h a s i c s o l u t i o n c o n t a i n e d 30 g HPC/ of b u t a n o l 
phase. A f t e r removing the lower, aqueous phase, the upper 
b u t a n o l phases of each tube were s u c c e s s i v e l y e x t r a c t e d w i t h 
4 mL of aqueous b u t a n o l - s a t u r a t e
2 g/L HPC as l i s t e d i n
the NaCl c o n c e n t r a t i o n at which the f r a c t i o n was e x t r a c t e d . 
E q u i v a l e n t f r a c t i o n s from d i f f e r e n t tubes were combined, and, 
a f t e r making each tube at l e a s t 0.5 M i n NaCl, the h e p a r i n was 
p r e c i p i t a t e d w i t h t h r e e volumes of acetone. A more d e t a i l e d 
d e s c r i p t i o n of the procedure was p u b l i s h e d p r e v i o u s l y (11). 
A n a l y t i c a l - s c a l e f r a c t i o n a t i o n of the t h r e e a f f i n i t y - f r a c t i o n a t e d 
h e p a r i n s was c a r r i e d out s i m i l a r l y , except t h a t o n l y 1 |mol 
(as uronate) of each was f r a c t i o n a t e d . M o l e c u l a r weight d i s 
t r i b u t i o n s of the f r a c t i o n s were determined on 6% agarose as 
d e s c r i b e d (11). 

S t r u c t u r a l s e n s i t i v i t y of p a r t i t i o n f r a c t i o n a t i o n . The 
phenomenon of p a r t i t i o n i s u n i q u e l y d i f f e r e n t from t h a t u s u a l l y 
encountered i n t h a t the glycosaminoglycan-HP complex appears t o 
be s o l u b l e i n e i t h e r the upper o r the lower phase, but not i n 
both s i m u l t a n e o u s l y (14,15,16). With homogenous p r e p a r a t i o n s , 
the change i n s o l u b i l i t y from one phase to the o t h e r occurs over 
an 0.005 M change i n NaCl c o n c e n t r a t i o n s (14,15,16). The 
change I n s o l u b i l i t y i s c h a r a c t e r i z e d i n terms of the parameter 
C50, which i s d e f i n e d as the c o n c e n t r a t i o n of i n o r g a n i c s a l t 
(NaCl i n t h i s case) a t which h a l f the uronate i s i n each 
phase (17). ( I t s h o u l d be noted t h a t the c o m p o s i t i o n of the 
g l y c o s a m i n o g l y c a n i n each phase under such c o n d i t i o n s i s 
d i f f e r e n t . ) The s t r u c t u r a l s e n s i t i v i t y of the parameter C50 
to polymer s u l f a t i o n and m o l e c u l a r weight was determined 
w i t h two homologous s e r i e s of c h o n d r o i t i n s u l f a t e f r a c t i o n s 
p repared by a combination of g e l - f i l t r a t i o n and ion-exchange 
chromatography of p a r t i a l h y a l u r o n i d a s e d i g e s t s . One s e r i e s 
v a r i e d i n m o l e c u l a r w e i g h t , but not i n s u l f a t i o n , w h i l e the 
o t h e r v a r i e d i n s u l f a t i o n , but not i n m o l e c u l a r weight (15). 

F l u o r e s c e n c e Fading. The f l u o r e s c e n c e f a d i n g c o n s t a n t , 
r " , was measured f o r each of the h e p a r i n f r a c t i o n s i n 8 ]M 
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a c r i d i n e orange w i t h a molar r a t i o of h e p a r i n uronate to 
a c r i d i n e orange of 2.2. These c o n d i t i o n s ensure t h a t the 
p h otochemical f a d i n g , and not the f o r m a t i o n of a c r i d i n e 
o range-heparin complex, i s r a t e d e t e r m i n i n g (18). The 
f a d i n g k i n e t i c s of 660 nm f l u o r e s c e n c e of bound a c r i d i n e 
orange e x c i t e d at 546 nm, were measured on an i n s t r u m e n t 
c o n s t r u c t e d i n our l a b o r a t o r i e s as p r e v i o u s l y d e s c r i b e d 
(13). T h i s i n s t r u m e n t p r o v i d e s the f l u o r e s c e n c e i n t e n s i t y 
(1^) d i r e c t l y as i t s i n v e r s e as a f u n c t i o n of time on an X-Y 
r e c o r d e r . The i n t e n s i t y of the e x c i t i n g l i g h t was s e p a r a t e l y 
measured w i t h a t h e r m o p i l e . The p l o t of 1/1^ vs time i s 
l i n e a r and i t s s l o p e ( r ) and i n t e r c e p t (A) are used to 
c a l c u l a t e r " from e q u a t i o n 1: 

r " = r/(AE ) (1) ο 
l£ s h o u l d be noted t h a
m / J and, hence, i t s measuremen
an a r b i t r a r y s t a n d a r d . I t i s d i r e c t l y r e l a t e d to the m o l e c u l a r 
r a t e c o n s t a n t f o r the r e a c t i o n l e a d i n g to f a d i n g (18) and 
i s independent of e x c i t i n g l i g h t i n t e n s i t y . 

I n o r d e r t o o b t a i n i n f o r m a t i o n c o n c e r n i n g the m o l e c u l a r 
b a s i s f o r the observed d i f f e r e n c e s i n f a d i n g c o n s t a n t s , the 
temperature-dependence of f a d i n g was determined f o r the f o u r 
f r a c t i o n s showing the l a r g e s t d i f f e r e n c e s (0.140, 0.145, 
0.150 and 0.155 M f r a c t i o n s ) . S i n c e r " i s p r o p o r t i o n a l to a 
m o l e c u l a r r a t e c o n s t a n t , the temperature dependence of r M 

can be i n t e r p r e t e d i n terms of t r a n s i t i o n - s t a t e t h e o r y : 

r " = C(kT/h)exp(AS^/R)exp(-AH^/RT) (2) 

wh|re R,k,T, and h have t h e i r u s u a l meaning and ΔΗ^ and 
AS' a r e the r e s p e c t i v e e n t h a l p y and entropy of a c t i v a t i o n 
f o r the f a d i n g r e a c t i o n . S i n c e the n u m e r i c a l v a l u e of the 
c o n s t a n t c i n e q u a t i o n 2 i s not known, a b s o l u t e p r e e x p o n e n t i a l 
f a c t o r s cannot be determined from the A r r h e n i u s p l o t s . 
However, t a k i n g r a t i o s of r " w i t h r e s p e c t to an a r b i t r a r i l y 
chosen " r e f e r e n c e sample" (the 0.150 M f r a c t i o n i n t h i s 
case) a u t o m a t i c a l l y r e s u l t s i n e l i m i n a t i o n of the unknown 
con s t a n t and makes i t p o s s i b l e to express the entropy terms 
f o r each f r a c t i o n as d i f f e r e n c e s i n a c t i v a t i o n e n t r o p i e s : 

AAsf Ξ Δst - AS7" c (3) ι ι r e f 
These can then be i n t e r p r e t e d i n an a b s o l u t e sense. 

R e s u l t s 

S t r u c t u r a l S e n s i t i v i t y of P a r t i t i o n . The dependence of 
C50 upon polymer s u l f a t i o n and m o l e c u l a r weight are d i s p l a y e d 
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i n F i g . 1. In o r d e r to d i s p l a y both curves on the same ^ 
p l o t , the independent v a r i a b l e s of m o l e c u l a r weight and Ζ a r e 
shown on the top and bottom a b s c i s s a e r e s p e c t i v e l y , w i t h the 
dependent v a r i a b l e C50 g i v e n on the o r d i n a t e . The parameter Ζ 
i s the sum of a n i o n i c groups ( s u l f a t e + c a r b o x y l a t e ) per 
uronate r e s i d u e , and i f a l l a r e i o n i z e d , i s e q u i v a l e n t t o the 
l i n e a r charge d e n s i t y . The r e l a t i o n of C50 to s u l f a t i o n was 
p l o t t e d as C50 vs Ζ i n an attempt to account f o r e l e c t r o s t a t i c 
f a c t o r s (15) and, indeed, C50 i s l i n e a r l y r e l a t e d t o Ζ . I n 
c o n t r a s t , C50 i s independent of m o l e c u l a r weight f o r polymers 
i n excess of 12,000 d a l t o n s . T h e r e f o r e we conclude t h a t 
s e p a r a t i o n s u s i n g s e q u e n t i a l e x t r a c t i o n p a r t i t i o n procedures 
would s e p a r a t e heterogeneous m i x t u r e s a c c o r d i n g to a n i o n i c 
d e n s i t y , and i n d e p e n d e n t l y of m o l e c u l a r w e i g h t , p r o v i d e d the 
polymer was l a r g e r than the c r i t i c a l lower l i m i t of 10-12,000 
dalt-ons. 

P r o p e r t i e s of Hep a r i
d i s t r i b u t i o n of uronate among the v a r i o u s f r a c t i o n s t o g e t h e r 
w i t h s e v e r a l molar r a t i o s of the i n d i v i d u a l f r a c t i o n s . The 
uronate i s b r o a d l y d i s t r i b u t e d among the 13 d i f f e r e n t f r a c t i o n s , 
which i n d i c a t e s a h i g h degree of c o m p o s i t i o n a l v a r i a b i l i t y i n 
the o r i g i n a l sample, a l t h o u g h the m a j o r i t y of the m a t e r i a l , 
67%, i s c o n c e n t r a t e d i n the 0.140 - 0.165 M NaCl f r a c t i o n s . 
The molar r a t i o s demonstrated t h a t the major c h e m i c a l d i f f e r e n c e 
i n the h e p a r i n f r a c t i o n s i s i n t h e i r degree of s u l f a t i o n , o r 
a n i o n i c d e n s i t y . T h i s i s demonstrated by the steady i n c r e a s e 
i n the SO^/UA r a t i o . W ith the e x c e p t i o n of the 0.130 M f r a c t i o n , 
which c o n t a i n s some dermatan s u l f a t e , the SAH/UA r a t i o , which 
measures the e x t e n t of N - s u l f a t i o n , i n c r e a s e s from the 0.130 
through the 0.150 M f r a c t i o n s , but t h i s r a t i o i s constant f o r 
the f r a c t i o n s e x t r a c t e d a t h i g h e r s a l t c o n c e n t r a t i o n s . 

F u r t h e r a n a l y s i s r e p o r t e d elsewhere (11) has shown t h a t 
the 0.100 -0.120 M f r a c t i o n s c o n t a i n p r e d o m i n a t e l y dermatan 
s u l f a t e ; the 0.130 M f r a c t i o n c o n s i s t s of a m i x t u r e of dermatan 
s u l f a t e and l o w - s u l f a t e d h e p a r i n ; the 0.140 M f r a c t i o n c o n t a i n s 
o n l y a s m a l l amount of dermatan s u l f a t e , and the h i g h e r f r a c t i o n s 
a l l c o n s i s t e x c l u s i v e l y of h e p a r i n s of v a r y i n g c o m p o s i t i o n s . 

The m o l e c u l a r weight d i s t r i b u t i o n s of the i n d i v i d u a l 
f r a c t i o n s were determined by g e l - f i l t r a t i o n and a r e d e s c r i b e d 
i n more d e t a i l elsewhere (11). The average m o l e c u l a r weights 
and m o l e c u l a r weight d i s t r i b u t i o n s of the 0.155 M f r a c t i o n s 
and above were i d e n t i c a l w i t h each o t h e r and w i t h the d i s t r i b u t i o n 
a f f o r d e d by a p u r i f i e d commercial h e p a r i n sample. However, 
the m o l e c u l a r weight of the 0.140 M f r a c t i o n was about 2,000 
d a l t o n s lower than the m o l e c u l a r weights measured f o r the 
h i g h e r f r a c t i o n s . Thus, m o l e c u l a r weight and a n i o n i c d e n s i t y 
of h e p a r i n s a r e not co m p l e t e l y independent, w i t h s m a l l e r 
c h a i n s h a v i n g a lower a n i o n i c d e n s i t y . 
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C o r r e l a t i o n of A n i o n i c D e n s i t y w i t h A n t i c o a g u l a n t A c t i v i t y . 
Table I l i s t s the a n t i c o a g u l a n t a c t i v i t i e s of each of the 
f r a c t i o n s . W ith the e x c e p t i o n of the f i n a l f r a c t i o n , the 
a n t i c o a g u l a n t a c t i v i t i e s s t e a d i l y i n c r e a s e w i t h i n c r e a s i n g 
s u l f a t i o n , a l t h o u g h the r e l a t i o n s h i p i s n o n l i n e a r . F i g . 2 
d i s p l a y s both the a n t i c o a g u l a n t a c t i v i t i e s of these f r a c t i o n s 
and the c o n c e n t r a t i o n of NaCl a t which they were e x t r a c t e d as 
f u n c t i o n s of Ζ . The e x t r a c t i n g NaCl c o n c e n t r a t i o n , wtpch 
s h o u l d be e q u i v a l e n t to C50, i s a l i n e a r f u n c t i o n of Ζ over 
the e n t i r e range of f r a c t i o n s , and thus h e p a r i n behaves 
i d e n t i c a l l y w i t h the c h o n d r o i t i n s u l f a t e f r a c t i o n s i n F i g 1 i n 
t h i s r e s p e c t . However, a q u i t e d i f f e r e n t b e h a v i o r i s observed 
w i t h r e g a r d to the a n t i c o a g u l a n t a c t i v i t i e s . A l t h o u g h an 
i n i t i a l l i n e a r p o r t i g n i s observed, the s l o p e changes about 
f o u r - f o l d a t about Ζ = 6 . 

One p o s s i b l e a l t e r n a t e e x p l a n a t i o n f o r F i g 2 i s t h a t 
f r a c t i o n a t i o n by a n i o n i
a c c o r d i n g to a n t i t h r o m b i
to o c c u r , marked d i f f e r e n c e s i n a n t i c o a g u l a n t a c t i v i t y among 
the f r a c t i o n s would r e s u l t . I n an e f f o r t to determine whether 
such i s the case, the a n i o n i c d e n s i t y d i s t r i b u t i o n s of HA-, 
LA-, and NA-heparins were determined. A l t h o u g h some d i f f e r e n c e s 
i n these d i s t r i b u t i o n s were e v i d e n t ( 1 1 ) , i t i s a l s o e v i d e n t 
t h a t HA-heparins e x i s t w i t h i n a s i m i l a r range of s u l f a t i o n as 
do the LA and NA h e p a r i n s . C l e a r l y , HA-heparin i s not a l l 
h i g h - s u l f a t e d h e p a r i n and LA-or NA-heparins are not a l l low-
s u l f a t e d h e p a r i n s . These r e s u l t s show t h a t f r a c t i o n a t i o n 
a c c o r d i n g to a n t i t h r o m b i n a f f i n i t y p r o b a b l y d i d not occur to 
any e x t e n s i v e degree and, hence, the r e s u l t s i n F i g 2 do 
indeed demonstrate t h a t a n t i c o a g u l a n t a c t i v i t y v a r i e s w i t h the 
l i n e a r charge d e n s i t y or f a c t o r s r e l a t e d to i t . 

F l u o r e s c e n c e Fading. The a n i o n i c - d e n s i t y f r a c t i o n a t e d 
h e p a r i n f r a c t i o n s seemed to pr e s e n t an i d e a l means of i n v e s t i g a t i n g 
the r o l e of polymer charge i n the phenomenon of f l u o r e s c e n c e 
f a d i n g . When the f a d i n g c o n s t a n t s ( r " ) of the f r a c t i o n s were 
determined, a q u i t e unexpected r e s u l t emerged. As shown i n 
F i g 3, r " and a n t i c o a g u l a n t a c t i v i t y both show q u a l i t a t i v e l y 
s i m i l a r dependence upon Ζ . Indeed, as shown i n F i g 4, the 
two show a c l o s e c o r r e l a t i o n w i t h each o t h e r . T h i s s t r i k i n g 
s i m i l a r i t y suggested t h e r e may be a s i m i l a r i t y i n the p h y s i c a l 
mechanisms by which both are governed by a n i o n i c d e n s i t y . 
Thus, a knowledge of the p h y s i c a l b a s i s f o r f l u o r e s c e n c e 
f a d i n g may y i e l d i n f o r m a t i o n concerning the r o l e of p h y s i c a l 
f o r c e s i n gove r n i n g a n t i c o a g u l a n t a c t i v i t y . 

I n o r d e r t o g a i n f u r t h e r i n f o r m a t i o n of the mechanisms by 
which r " v a r i e s among h e p a r i n s of d i f f e r e n t a n i o n i c d e n s i t y , 
the temperature dependence of r " was i n v e s t i g a t e d . When I n r " 
was p l o t t e d as a f u n c t i o n of 1/T, the s e v e r a l f r a c t i o n s a f f o r d e d 
a f a m i l y of p a r a l l e l s t r a i g h t l i n e s . T h e i r v e r t i c a l displacement 
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Figure 1. Structural sensitivity of parti
tion fractionation to polymer structural 
variables of molecular weight f|—upper 
axis) and anionic density (Φ—lower axis) 
vs. Z2. Values shown are C50 for two 
homologous series of fractionated chon

droitin sulfate fractions. 

.052 

.048-

8.044 

.040-

Figure 2. Relationships between antico
agulant activity in the USP assay (|— 
right ordinate), NaCl concentration (mo
lar) at which the fraction was extracted 
(%—left ordinate) and Z 2 , where Ζ is the 
number of chemically measured anionic 

groups per uronate moiety 
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i n c r e a s e d w i t h i n c r e a s i n g s u l f a t i o n of the f r a c t i o n . The 
average s l o p e corresponds to an apparent a c t i v a t i o n energy of 
12 ± 1 k c a l / m o l , or ΔΗ' = 11 k c a l / m o l . I t i s t h e r e f o r e e v i d e n t 
t h a t the d i f f e r e n c e s i n r " among the h e p a r i n f r a c t i o n s are due 
on l y to p r e e x p o n e n t i a l ( i . e . e n t r o p i e ) f a c t o r s . S i n c e a n t i ^ 
c oagulant a c t i v i t y and the f l u o r e s c e n c e f a d i n g c o n s t a n t both 
depend i n t h j same way upon Ζ , and are at l e a s t e m p i r i c a l l y 
r e l a t e d , AAS' sh o u l d be r e l a t e d to the l o g a r i t h m of the a n t i c o a g u 
l a n t a c t i v i t y . T h i s r e l a t i o n s h i p i s shown i n F i g 5, which 
shows a c l e a r e m p i r i c a l c o r r e l a t i o n between the magnitude of 
the a n t i c o a g u l a n t a c t i v i t y and the a b i l i t y of the h e p a r i n to 
b r i n g r e a c t i v e dye molecules i n t o a c o n f i g u r a t i o n f a v o r a b l e 
f o r r e a c t i o n . 

D i s c u s s i o n 

A n i o n i c d e n s i t y f r a c t i o n a t i o
new i n s i g h t s and approache
r e s e a r c h . At a p u r e l y p r a c t i c a l l e v e l i t p r e s e n t s some a l t e r n a t e 
approaches t o i s o l a t i o n , c h a r a c t e r i z a t i o n , and s t a n d a r d i z a t i o n 
of h e p a r i n s . The technique a f f o r d s h i g h l y p u r i f i e d h e p a r i n s 
from which s e v e r a l contaminants are removed at lower s a l t 
c o n c e n t r a t i o n s . The technique a l s o a f f o r d s the p o s s i b i l i t y of 
i s o l a t i n g f r a c t i o n s which a r e much l e s s v a r i a b l e i n o v e r a l l 
c o m p o s i t i o n than are the u s u a l p r e p a r a t i o n s , and such f r a c t i o n s 
may prove v e r y u s e f u l i n p r o v i d i n g more r a t i o n a l s t a n d a r d s . 
In a d d i t i o n a convenient way of d e s c r i b i n g the 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 of h e p a r i n s i s p r o v i d e d . F i n a l l y , and perhaps 
most i m p o r t a n t l y , by p r e s e n t i n g a means f o r i s o l a t i n g f r a c t i o n s 
which v a r y s y s t e m a t i c a l l y i n s t r u c t u r a l parameters, i n s i g h t 
i n t o mechanisms of a c t i o n and the m o l e c u l a r o r i g i n s of a c t i v i t y 
may be gai n e d . 

The mechanism of p a r t i t i o n i n these two-phase systems i s 
i t s e l f an i n t e r e s t i n g problem i n the c o n f o r m a t i o n a l p r o p e r t i e s 
of charged p o l y i o n s . As was shown e a r l i e r (14,15,16), the v e r y 
sharp change i n the s o l u b i l i t y can be t r e a t e d as the r e s u l t of 
a c o o p e r a t i v e change between two s t a t e s . One s t a t e i s s o l u b l e 
o n l y i n the b u t a n o l phase w h i l e the o t h e r i s s o l u b l e o n l y i n 
the aqueous phase. The entropy change f o r the t r a n s i t i o n 
between these two s t a t e s i s h i g h l y dependent upon the concen
t r a t i o n of s a l t and i s r e l a t e d to the e l e c t r o s t a t i c f i e l d 
s u r r o u n d i n g the p o l y i o n . T h i s dependence upon s a l t c o n c e n t r a t i o n 
i s r e s p o n s i b l e f o r the change i n s o l u b i l i t y s i n c e ΔΗ and TAS 
are s i m i l a r i n magnitude so t h a t even s m a l l changes i n the 
entropy change can r e s u l t i n a change i n the s i g n of the f r e e 
energy (16). We have p o s t u l a t e d t h a t t h i s i s due to a con
f o r m a t i o n a l change i n the glycosaminoglycan-HP complex, a l t h o u g h 
no changes i n shape parameters were demonstrated. The phe
nomenon i s q u i t e c l e a r l y d i f f e r e n t from the b e h a v i o r observed 
w i t h the same substances i n the absence of the b u t a n o l phase. 
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Figure 3. Relationship between fluores
cence fading constant (τ") (Φ—left ordi
nate) and Z2. The anticoagulant activity 
(U—right ordinate) shown in Figure 2 
are repeated in order to show the simi

larity in shape. 

Figure 4. Relationship between antico
agulant activity and r" for heparin frac

tions 

Figure 5. Relationship between relative 
activation entropies of fluorescence fad
ing, ASjî (in eu) and the logarithm of the 
anticoagulant activity. Activation entro
pies are relative to the value observed 

with the 0.15OM fraction. 
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Under such c o n d i t i o n s the g l y c o s a m i n o g l y c a n i s p r e c i p i t a t e d ; 
however the m o l e c u l a r weight dependence i s v e r y d i f f e r e n t from 
t h a t shown i n F i g 1. For p r e c i p i t a t i o n , the " c r i t i c a l e l e c t r o l y t e 
c o n c e n t r a t i o n " i s a continuous f u n c t i o n of the m o l e c u l a r 
weight (19), and s e p a r a t i o n s are a c c o r d i n g to t o t a l m o l e c u l a r 
charge (20), which i s the product of l i n e a r charge d e n s i t y and 
the number of s u b u n i t s . I n c o n t r a s t , the s e p a r a t i o n s w i t h 
p a r t i t i o n are a c c o r d i n g to the l i n e a r charge d e n s i t y . T h i s i s 
demonstrated w i t h the f r a c t i o n a t e d c h o n d r o i t i n s u l f a t e samples 
i n F i g . 1. F u r t h e r c o n f i r m a t i o n i s ^ s e e n i n F i g 2, s i n c e the 
e x t r a c t i n g s a l t c o n c e n t r a t i o n and Ζ are l i n e a r l y r e l a t e d f o r 
the h e p a r i n f r a c t i o n s . 

These f r a c t i o n s have p r o v i d e d some new i n s i g h t s i n t o the 
s t r u c t u r a l o r i g i n s of the a n t i c o a g u l a n t e f f e c t of h e p a r i n . 
The a n t i c o a g u l a n t a c t i v i t i e s of the h e p a r i n f r a c t i o n s c l e a r l y 
i n c r e a s e w i t h the s a l t c o n c e n t r a t i o n at which they are e x t r a c t e d
As shown i n F i g . 2, we
r e l a t e d to the l i n e a r charg
cannot co m p l e t e l y r u l e out some c o n t r i b u t i o n to a n t i c o a g u l a n t 
a c t i v i t y d i f f e r e n c e s from " b i o c h e m i c a l " mechanisms r e l a t e d to 
d i f f e r e n c e s i n the frequency of occurrence of a n t i t h r o m b i n -
a c t i v e chains among d i f f e r e n t f r a c t i o n s , the s i m i l a r i t i e s i n 
the d i s t r i b u t i o n s of a f f i n i t y - f r a c t i o n a t e d h e p a r i n s argues 
a g a i n s t such a mechanism as b e i n g m a i n l y r e s p o n s i b l e f o r the 
d i f f e r e n c e s i n a n t i c o a g u l a n t a c t i v i t y among the f r a c t i o n s . 
The most s i g n i f i c a n t p o i n t i s t h a t HA-heparin i s not a l l 
h i g h l y s u l f a t e d w i t h LA- and NA-heparins b e i n g low s u l f a t e d . 
T h e r e f o r e , f r a c t i o n a t i o n by a n i o n i c d e n s i t y i s u n l i k e l y to 
produce much v a r i a t i o n i n the f r a c t i o n of a c t i v e c h a i n s . T h i s 
i s i n sharp c o n t r a s t to the b e h a v i o r of f r a c t i o n s i s o l a t e d by 
ion-exchange chromatography which show marked v a r i a t i o n i n 
t h i s parameter (21). 

Although a n i o n i c d e n s i t y appears to be a necessary con
d i t i o n f o r a n t i c o a g u l a n c y , i t i s not s u f f i c i e n t , s i n c e c h a i n s 
which l a c k an a n t i t h r o m b i n - b i n d i n g o l i g o s a c c h a r i d e sequence 
show l i t t l e o r no a n t i c o a g u l a n t a c t i v i t y . J u s t as c l e a r l y , 
a n t i t h r o m b i n b i n d i n g i t s e l f i s not a s u f f i c i e n t c o n d i t i o n , 
s i n c e these sequences show no a n t i c o a g u l a n t a c t i v i t y themselves. 
We s p e c u l a t e t h a t the a n i o n i c d e n s i t y of the remainder of the 
c h a i n i s r e l a t e d to the amount of a n t i c o a g u l a n t a c t i v i t y 
induced. Thus, a t l e a s t two a p p r o x i m a t e l y independent v a r i a b l e s 
appear to govern the a c t i v i t y of h e p a r i n . The a b i l i t y to b i n d 
to a n t i t h r o m b i n appears to a c t as a "master o n - o f f s w i t c h " , 
whereas the a n i o n i c d e n s i t y r e l a t e d - f a c t o r appears to act as a 
" r h e o s t a t " . 

The work w i t h f l u o r e s c e n c e f a d i n g p e r m i t s some s p e c u l a t i o n 
about a mechanism by which a n i o n i c d e n s i t y governs a n t i c o a g u l a n t 
a c t i v i t y . T h i s work suggests t h a t the mechanism may i n v o l v e 
the dynamic c o n f o r m a t i o n a l p r o p e r t i e s of the h e p a r i n , and not 
the s t a t i c c o n f o r m a t i o n a l p r o p e r t i e s . 
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The photochemical f a d i n g of a c r i d i n e orange-heparin 
f l u o r e s c e n c e i n v o l v e s a second-order p h o t o o x i d a t i o n whereby 
two molecules of a c r i d i n e orange bound to adj a c e n t s i t e s r e a c t 
i n the r a t e - d e t e r m i n i n g s t e p (12,18). The r o l e of the h e p a r i n 
or o t h e r g l y c o s a m i n o g l y c a n appears to be to b r i n g the a c r i d i n e 
orange molecules t o g e t h e r f o r the p h o t o o x i d a t i o n r e a c t i o n 
w i t h o u t i t s e l f undergoing d e t e c t a b l e c h e m i c a l a l t e r a t i o n . I n 
t h i s r e s p e c t i t a c t s as a c a t a l y s t . The s i m i l a r i t y of the 
a c t i v a t i o n e n e r g i e s f o r a l l the h e p a r i n f r a c t i o n s and f o r 
dermatan s u l f a t e (13) shows t h a t the che m i c a l mechanism of 
f a d i n g i s the same f o r d i f f e r e n t g l y c o s a m i n o g l y c a n s , but t h a t 
the l a r g e d i f f e r e n c e s i n the r a t e of f a d i n g f o r a c r i d i n e 
orange complexes w i t h d i f f e r e n t g l y c o s a m i n o g l y c a n s a r i s e from 
e n t r o p i e f a c t o r s . 

The a c t i v a t i o n entropy i s a measure of the dynamic con
f o r m a t i o n a l p r o p e r t i e s of the polymer; i t r e f l e c t s the con
f o r m a t i o n a l change t h a
a t r a n s i t i o n s t a t e betwee
main d i f f e r e n c e among the h e p a r i n s i s t h e i r a b i l i t y t o b r i n g 
r e a c t i v e dye molecules i n t o f a v o r a b l e c o n f o r m a t i o n s , i t i s 
c e r t a i n l y r e a s o n a b l e t h a t t h i s i s l i n k e d t o the a b i l i t y to 
b r i n g r e a c t i v e p r o t e i n m olecules (e.g. thrombin and a n t i t h r o m b i n ) 
i n t o c o n f i g u r a t i o n s f a v o r a b l e t o t h e i r r e a c t i o n w i t h each 
o t h e r . Thus, i t i s t h i s dynamic c o n f o r m a t i o n a l p r o p e r t y which 
i s i m p o r t a n t , and i t may be t h a t i t i s not d i r e c t l y r e l a t e d to 
the s t a t i c p r o p e r t i e s . I t i s i n t e r e s t i n g t h g t the e x t r a c t i n g 
s a l t c o n c e n t r a t i o n i s a l i n e a r f u n c t i o n of Ζ w h i l e a n t i 
c o a g u l a n t a c t i v i t y i s not. W h i l e i t i s c e r t a i n l y p o s s i b l e 
t h a t t h i s d i f f e r e n c e a r i s e s from some s y s t e m a t i c e r r o r i n the 
c l o t t i n g assay, i t i s a l s o p o s s i b l e t h a t i t r e f l e c t s a b a s i c 
d i f f e r e n c e between s t a t i c and dynamic c o n f o r m a t i o n a l p r o p e r t i e s . 
The t r a n s i t i o n between phases may be governed d i r e c t l y by the 
e l e c t r o s t a t i c f i e l d s u r r o u n d i n g the p o l y i o n , which w i l l be 
r e f l e c t e d i n a l i n e a r p l o t . However, the dynamic c o n f o r m a t i o n a l 
p r o p e r t i e s need not be d i r e c t l y r e l a t e d , a l t h o u g h they bear a 
g e n e r a l r e l a t i o n t o l i n e a r charge d e n s i t y . 

I t must be emphasized t h a t the r e l a t i o n s h i p s between 
a n t i c o a g u l a n t a c t i v i t i e s and r " ( F i g 4) and a c t i v a t i o n entropy 
( F i g 5) are s t r i c t l y e m p i r i c a l . N e v e r t h e l e s s , the e x i s t e n c e 
of an u n d e r l y i n g p h y s i c a l b a s i s i s c o n s i s t e n t w i t h models of 
h e p a r i n a c t i o n . As summarized by Laurent and coworkers (1) 
h e p a r i n promotes the i n t e r a c t i o n between thrombin and a n t i 
thrombin which are bound to the same h e p a r i n c h a i n . I n t h i s 
r e s p e c t the h e p a r i n can be c o n s i d e r e d as a c a t a l y s t , and, as 
d i s c u s s e d above, i t s r o l e i n t h i s p rocess and f l u o r e s c e n c e 
f a d i n g may w e l l be q u i t e analogous. A number of aut h o r s have 
shown t h a t h e p a r i n induces c o n f o r m a t i o n a l changes i n a n t i 
thrombin o r , p o s s i b l y , i n the s e r i n e p r o t e a s e s of the coagulant 
cascade, and t h a t t h i s l e a d s to an i n c r e a s e i n the r a t e of 
i n a c t i v a t i o n of the s e r i n e p r o t e a s e by a n t i t h r o m b i n . Our 
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s t u d i e s suggest t h a t the a b i l i t y of h e p a r i n to induce such 
changes may be l i n k e d to i t s own a b i l i t y to assume a s p e c i a l 
c o n f i g u r a t i o n . I n t e r e s t i n g l y , h e p a r i n has been r e p o r t e d to 
i n c r e a s e the a c t i v a t i o n entropy of the i n a c t i v a t i o n of thrombin 
by a n t i t h r o m b i n (_2) , a f i n d i n g which i s i n c l o s e a c c o r d w i t h 
t h i s h y p o t h e s i s . 

Thus we propose t h a t the l i n e a r charge d e n s i t y i t s e l f 
does not govern the a n t i c o a g u l a n t a c t i v i t y of h e p a r i n . Although 
the l i n e a r charge d e n s i t y does bear some r e l a t i o n s h i p to the 
dynamic c o n f o r m a t i o n a l p r o p e r t i e s of the h e p a r i n , i t i s these 
l a t t e r which govern the amount of a n t i c o a g u l a n t a c t i v i t y 
induced by a n t i t h r o m b i n - a c t i v e h e p a r i n c h a i n s . F u t u r e work on 
the p h y s i c a l b a s i s f o r the a c t i o n of h e p a r i n might c o n c e n t r a t e 
on p r o p e r t i e s r e l a t e d to the dynamic c o n f o r m a t i o n a l p r o p e r t i e s 
of the h e p a r i n , but must c o n t r o l or account f o r " b i o c h e m i c a l " 
e f f e c t s on a n t i c o a g u l a n t a c t i v i t y
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18 
Configurational Entropy of Tethered Polymers 
and the Swelling Properties of Connective Tissue 

PETER S. GEISSLER 
Donner Laboratory, Bio-Med Division, Lawrence Berkeley Laboratory, 
Berkeley, CA 94710 

Experiments on
shown that the swelling
decreases markedly as the connective tissue becomes 
hydrated. The relationship between the swelling 
pressure, P, and the hydration, H, has been shown 
(Fatt and Goldstick, 1965) to be: 

for a wide range of hydrations and several species 
of mammals. The hydration is defined as the grams 
of water per gram dry weight of the tissue. The 
swelling pressure is the mechanical pressure under 
which the connective tissue is in volumetric equi
librium. This relationship between pressure and 
tissue hydration is manifest in numerous physiolo
gical situations. For example, the discs that sep
arate and cushion the vertebrae become compressed 
(dehydrated) under the weight of the body in the 
standing position; most humans are a full 1/2 inch 
taller upon rising in the morning than they are af
ter standing for several hours. Another example: 
the mammalian cornea is optically transparent be
cause the light scattering protein fibers of this 
connective tissue are held in a lattice type arrange
ment by attractive forces that markedly decrease as 
the tissue becomes hydrated. At low hydrations, the 
restoring forces maintaining the periodic lattice 
structure are large; whereas swollen corneas have 
smaller restoring forces to maintain the periodic 
lattice of protein fibers. Thus, swollen corneas 
exhibit greater fluctuations about the periodic ar
ray than do normally hydrated corneas. These fluc
tuations of the spatial distribution within the pro
tein fibers result in increased light scattering. 
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Thus, i m p o r t a n t o p t i c a l p r o p e r t i e s of the c o r n e a 
may be deduced from the r e l a t i o n s h i p between s w e l l i n g 
p r e s s u r e and t i s s u e h y d r a t i o n . An e l e c t r o m i c r o g r a p h 
o f o s m i u m t e t r o x i d e s t a i n e d r a b b i t c o r n e a i s shown i n 
F i g u r e 1. A t normal h y d r a t i o n the p r o t e i n f i b e r s a r e 
i n a p e r i o d i c a r r a y . F i g u r e 2 shows a s w o l l e n c o r n e a ; 
s u b s t a n t i a l f l u c t u a t i o n s o c c u r i n n e i g h b o r - n e i g h b o r 
d i s t a n c e s between the p r o t e i n f i b e r s , and the a r r a y 
i s no l o n g e r o f the c r y s t a l i n e l a t t i c e t y p e . 

C o n n e c t i v e t i s s u e c o n s i s t s of l a r g e c o l l a g e n 
f i b e r s h e l d t o g e t h e r by f l e x i b l e p o l y s a c c h a r i d e c h a i n 
m o l e c u l e s . F i g u r e 3 shows the l a r g e c o l l a g e n f i b e r s 
b e i n g h e l d i n a l a t t i c e a r r a y by the p o l y s a c c h a r i d e 
c h a i n m o l e c u l e s . The ends o f each p o l y s a c c h a r i d e 
m o l e c u l e a r e t e t h e r e d t o the p r o t e i n f i b e r s  The 
e x a c t d e t a i l s o f bondin
known, f o r i n s t a n c e
l i n k o n l y n e a r e s t n e i g h b o r s i n the p r o t e i n f i b e r 
l a t t i c e , as has been assumed i n the c o n s t r u c t i o n o f 
F i g u r e 3. As the c o n n e c t i v e t i s s u e s w e l l s , the c o l 
l a g e n f i b e r s move f a r t h e r a p a r t , t h e r e b y i n c r e a s i n g 
the d i s t a n c e , L, between the t e t h e r e d ends of the 
p o l y s a c c h a r i d e c h a i n s . The t e t h e r i n g c o n d i t i o n i s 
s i m p l y a f i x e d e n d - p o i n t c o n d i t i o n . The h y d r a t i o n , 
H, measured e x p e r i m e n t a l l y i s l i n e a r l y r e l a t e d t o 
the mean d i s t a n c e between n e i g h b o r i n g c o l l a g e n f i 
b e r s , and thus t o the t e t h e r e d l e n g t h , L, o f the 
p o l y s a c c h a r i d e c h a i n s . A s i m p l e c a l c u l a t i o n o f the 
c o n f i g u r a t i o n a l e n t r o p y o f t h e s e polymers as a f u n c 
t i o n o f end-to-end d i s t a n c e , L, q u a l i t a t i v e l y a c 
c o u n t s f o r the o b s e r v e d d e c r e a s e i n o s m o t i c a c t i v i t y 
a s s o c i a t e d w i t h s w e l l i n g . The c a l c u l a t i o n o f the 
c o n f i g u r a t i o n a l e n t r o p y based upon a s i m p l e model i s 
g i v e n below i n e q u a t i o n 31. The p r i n c i p a l aim of 
the c a l c u l a t i o n i s the development of an e q u a t i o n 
t h a t w i l l e n a b l e one t o p r e d i c t the s w e l l i n g , me
c h a n i c a l , and o p t i c a l p r o p e r t i e s of c o n n e c t i v e t i s 
sues as the p o l y s a c c h a r i d e s a r e a f f e c t e d by tempera
t u r e , i o n i z i n g r a d i a t i o n , pH, and e s t e r s u l f a t e c on
c e n t r a t i o n , as compared t o the normal s t a t e . 

As noted above, the h y d r a t i o n , H, i s l i n e a r l y 
r e l a t e d t o the end-to-end l e n g t h , L, of the p o l y s a c 
c h a r i d e c h a i n s . We must then r e l a t e the s w e l l i n g 
p r e s s u r e , P, t o the c h e m i c a l p o t e n t i a l o f t h e s e 
c h a i n m o l e c u l e s . For t h i s , l e t us c o n s i d e r an osmot
i c e x p e r i ment i n which an e x c i s e d p i e c e of c o n n e c t i v e 
t i s s u e i s bathed i n water. M e c h a n i c a l e q u i l i b r i u m i s 
m a i n t a i n e d by the a p p l i c a t i o n of a p r e s s u r e , P, on 
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Figure 1. Cross-section of normally hydrated rabbit cornea 

Figure 2. Cross-section of swollen rabbit cornea 
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Figure 3. Model of protein fibers (dots) and polysaccharide chain molecules 
(lines) for rabbit cornea 
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the sample. The water can f r e e l y pass i n t o the t i s 
sue from the i n f i n i t e r e s e r v o i r of b a t h i n g s o l u t i o n . 
The o s m o t i c a l l y a c t i v e s o l u t e m o l e c u l e s i n the t i s s u e 
a r e the p o l y s a c c h a r i d e c h a i n m o l e c u l e s which a r e t e 
t h e r e d t o the p r o t e i n f i b e r s and hence not p e r m i t t e d 
t o d i f f u s e i n t o the b a t h i n g s o l u t i o n , t h e r e b y g i v i n g 
r i s e t o a s w e l l i n g p r e s s u r e . We denote the c h e m i c a l 
p o t e n t i a l o f the s o l v e n t byyMw and the c h e m i c a l p o t e n 
t i a l o f the o s m o t i c a l l y a c t i v e s o l u t e s byMi · The 
c o n d i t i o n of o s m o t i c e q u i l i b r i u m may be e x p r e s s e d as 

U$5ue batkvtqso\~ 

T h i s may a l s o be w r i t t e n 

g i v i n g 

4M* ' -V* dP. (?) 
The Gibbs-Duhem e q u a t i o n a t c o n s t a n t tempera

t u r e givres 

which ω η be r e w r i t t e n & 

j^vij dp,? *> -n* dju„ (5) 
i n whiéh the summation goes over a l l the components 
e x c e p t the s o l v e n t . I n t r o d u c i n g Eq.(5) i n t o Eq. (3) 
we o b t a i n 

Y_nj djA- = n„ vw d P. (6) 
C o n n e c t i v e t i s s u e i s s u f f i c i e n t l y d i l u t e t o 

make the volume c o n t r i b u t i o n o f the s o l v e n t , n
w

v
w ' 

t o the t o t a l volume o f the s o l u t i o n V ov e r w h e l m i n g l y 
l a r g e r than t h a t o f the o t h e r components, p r o t e i n 
f i b e r s and p o l y s a c c h a r i d e c h a i n s . Thus, t o a good 
a p p r o x i m a t i o n , 

and Eq.(6) can be w r i t t e n 

The number o f moles o f component . per u n i t volume i s 
the molar c o n c e n t r a t i o n C. = n . / v i The e q u i l i b r i u m 
p r e s s u r e of a s o l u t i o n m a i n t a i n i n g o s m o t i c e q u i l i b r i 
um w i t h the s o l v e n t i s the os m o t i c p r e s s u r e ,ΊΤ, so 
t h a t , under p r e s e n t c o n d i t i o n s , the v a r i a t i o n i n Ρ i s 
i d e n t i c a l w i t h the change i n o s m o t i c p r e s s u r e : 

dP - drr 
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Hence, Eq.(8) can a l s o be w r i t t e n 

dlT ̂  ζ cj d^Uj (9> 
E q u a t i o n (9) i i the b a s i s f o r i n v e s t i g a t i n g how the 
s w e l l i n g p r e s s u r e w i l l v a r y w i t h h y d r a t i o n , pH, de
g r e e of i o n i z a t i o n due t o r a d i a t i o n , t e m p e r a t u r e , e t c . 
I t i s n e c e s s a r y o n l y t o adopt a s i m p l e model o f the 
t e t h e r e d p o l y s a c c h a r i d e c h a i n s and e v a l u a t e the con
f i g u r a t i o n a l e n t r o p y . 

A v e r y s i m p l e model has been chosen t o r e p r e s e n t 
the t e t h e r e d p o l y s a c c h a r i d e c h a i n s t h a t form the con
n e c t i n g l i n k s o f the c o l l a g e n f i b e r s i n c o n n e c t i v e 
t i s s u e . The model i s t h a t o f the L i q u i d L a t t i c e The
o r y (Huggins, F l o r y ) . The d e n s i t y of p o l y s a c c h a r i d e 
c h a i n s i s h i g h enough t  j u s t i f  th  f i l e d
p r o x i m a t i o n s ; a t norma
c o n t a i n s 77 p e r c e n t , y weigh
p e r c e n t c o l l a g e n ( P o l a t n i c e t a l . , 1957) and 4.5 p e r 
c e n t p o l y s a c c h a r i d e (Anseth and L a u r e n t , 1961). 

The segments of a c h a i n polymer m o l e c u l e a r e 
l o c a t e d i n a l i q u i d l a t t i c e o f c o o r d i n a t i o n number 
However, the c h a i n i s not f r e e t o assume any c o n f i g u 
r a t i o n ; the f i r s t and l a s t segments a r e t e t h e r e d t o 
the l a r g e p r o t e i n f i b e r s o f c o n n e c t i v e t i s s u e . T h i s 
end-to-end l e n g t h w i l l v a r y l i n e a r l y w i t h t i s s u e hy
d r a t i o n . 

The t o t a l number of c o n f i g u r a t i o n s o f an u n t e -
t h e r e d polymer i n the l i q u i d l a t t i c e t h e o r y i s 

or Ν Ν 

Sir ( O " " ' ) C l ~ f a ) ) 0 0 

whereCT i s the c o o r d i n a t i o n number of the l a t t i c e , Ν 
i s the t o t a l number of c h a i n segments, and f ( L ) r e p 
r e s e n t s the e x p e c t a n c y t h a t a g i v e n c e l l a d j a c e n t t o 
a p r e v i o u s l y v a c a n t one i s o c c u p i e d . 

I n s o f a r as the l i q u i d l a t t i c e t h e o r y may be 
viewed as a random walk p r o c e s s , where n^ s t e p s can 
be taken i n each o f i = l , 2 , . . . 0 T d i r e c t i o n s , each w i t h 
a p r o b a b i l i t y W., we see t h a t the t o t a l number of d i f 
f e r e n t c o n f i g u r a t i o n s V7 u n t e t h e r e d i s 

-vr/t H , / J J ! ! . H 4 . . . . , K , . νΛνΛ·...ΗΜί..··νΛ 02> 
where W . A i s chosen so t h a t b a c k - t r a c k i n g i s compen
s a t e d . Thus we r e q u i r e t h a t : 
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Thus, 

^ ( t f - i ) N ( l - f i U ) " 05) 

SO 
. (O--0 a-f(Li) 

"z 2 (T J 

Now we wish t o c a l c u l a t e the t o t a l number o f 
c o n f i g u r a t i o n s a c c e s s i b l e t o a t e t h e r e d polymer c h a i n 
i n the l i q u i d l a t t i c e ; s u b j e c t t o the c o n d i t i o n t h a t 
the c h a i n i s o f d e f i n i t
we a g a i n compute th

E SI I η, nz κι κ* 

where {K^J i s s u b j e c t t o the c o n d i t i o n t h a t ^ T t ^ = Ν 
and the t e t h e r i n g c o n d i t i o n : i = l 

t^-L or fs^n^L + N 
where Q i , = P r o j e c t i o n o f ι s t e p t y p e i n 

the d i r e c t i o n o f the e n d p o i n t 

c i s ) 

and where yχ = 

I f the o n l y r e s t r i c t i o n on the n. were Τ,Πί = Ν, t h i s 
t a s k would be s o l v e d i m m e d i a t e l y by the p o l y n o m i a l 
f o r m u l a , and the sum would be 

The second c o n d i t i o n , &^ ^ ^ % . κ ι 
2j Ji W'z, ^ ? 

c o n s t i t u t e s the r e a l d i f f i c u l t y o f the problem which 
c o n s i s t s o f s e l e c t i n g o n l y the terms c o m p l y i n g w i t h 
t h i s c o n d i t i o n as w e l l . 

To cope w i t h t h i s a d d i t i o n a l c o n s t r a i n t , we use 
the f o l l o w i n g a r t i f i c e . We compute the f o l l o w i n g sum 
w i t h o u t the second r e s t r i c t i o n : 
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N o m i n a l l y , we l e t the end-to-end d i s t a n c e , Z, take on 
any v a l u e . Our f ( Z ) p l a y s the p a r t o f the "sum-over
s t a t e s " . 
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For a c u b i c l i q u i d l a t t i c e w i t h £H^6 

3̂ ' 

β*) 
(33) 

Thus, the c h e m i c a l p o t e n t i a l can be e x p r e s s e d i n 
terms o f the number o f segments o f the polymer, N, 
and the end-to-end d i s t a n c e o f the t e t h e r e d polymer 
c h a i n s . 

I t may be seen from e q u a t i o n (31) t h a t as the 
t i s s u e becomes h y d r a t e d  and the end-to-end d i s t a n c e 
of the polymer c h a i
p r o a c h the c o n t o u r l e n g t h
t r o p y , and hence p a r t i a l molar f r e e energy, i s t r e 
mendously reduced. S i n c e any change i n the p a r i t a l 
molar f r e e energy ( c h e m i c a l p o t e n t i a l ) g e t s e x p r e s s e d 
as a change i n the s w e l l i n g p r e s s u r e a c c o r d i n g t o 
E q . ( 9 ) , we can then a n t i c i p a t e the q u a l i t a t i v e shape 
of the s w e l l i n g p r e s s u r e v s . h y d r a t i o n c u r v e ; i t can 
be approximated by E q u a t i o n ( 1 ) . 

Having s a t i s f i e d o u r s e l v e s t h a t t h i s model o f 
c o n n e c t i v e t i s s u e p r e d i c t s t h a t the s w e l l i n g p r e s s u r e 
does ind e e d d e c r e a s e markedly w i t h h y d r a t i o n ( i . e . as 
~ — ^ 1) , i t i s u s e f u l t o note t h a t the p a r t i a l mo
l a r f r e e energy g i v e n i n E q u a t i g n (1) i s an i n c r e a s 
i n g f u n c t i o n o f Ν f o r c o n s t a n t ^ . The model here i s 
a f r e e l y j o i n t e d c h a i n o f Ν segments w i t h a f i x e d 
end-to-end d i s t a n c e o f L segments. In the a p p l i c a 
t i o n o f the model t o r e a l m o l e c u l e s , the assignment 
of Ν i s somewhat a r t i f i c i a l . One must d e c i d e how 
many s a c c h a r i d e u n i t s c o n s t i t u t e one segment. Having 
d e c i d e d t h a t , the t o t a l number o f segments, N, i s 
s i m p l y the co n t o u r l e n g t h d i v i d e d by the c o n t o u r 
l e n g t h per segment. Presumably the assignemnt i s r e 
l a t e d t o the c o r r e l a t i o n l e n g t h or p e r s i s t e n c e l e n g t h 
of the m o l e c u l e . I n c r e a s e d temperature i n c r e a s e s the 
" p l a y " i n band a n g l e s and p e r m i t s i n c r e a s e d r o t a t i o n 
between s a c c h a r i d e u n i t s ; the m o l e c u l e becomes more 
f l e x i b l e . Having adopted some c r i t e r i a f o r the c h o i c e 
of Ν, one can c a l c u l a t e how Ν depends upon t e m p e r a t u r e . 
Thus, E q u a t i o n (31) p r o v i d e s an avenue f o r p r e d i c t i n g 
the m e c h a n i c a l and s w e l l i n g p r o p e r t i e s as a f u n c t i o n 
of t e m perature and f o r p r e d i c t i n g the o p t i c a l r e s p o n s e 
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o f t h e c o r n e a t o i n f r a - r e d r a d i a t i o n . S i m i l a r l y , 
E q u a t i o n (31) p r o v i d e s a means o f c a l c u l a t i n g t h e e f 
f e c t o f i o n i z i n g r a d i a t i o n w h i c h a l t e r s bond a n g l e s 
between a d j a c e n t s a c c h a r i d e u n i t s . F u r t h e r , one can 
use E q u a t i o n (31) t o p r e d i c t how th e degr e e o f s u l f a c -
t i o n o f a c i d m u c o p o l y s a c c h a r i d e s f o u n d i n f i s h c o r n e a 
r e d u c e s s w e l l i n g o f c o n n e c t i v e t i s s u e by h i n d e r i n g 
r o t a t i o n s and d e c r e a s i n g N. 

I t may a l s o be n o t e d t h a t t e a r i n g o f c o n n e c t i v e 
t i s s u e c a u s e s t h e p o l y s a c c h a r i d e c h a i n s t o break or t o 
be p u l l e d from t h e c o l l a g e n f i b e r s . T h i s r e s u l t s i n 
i n c r e a s e d c o n f i g u r a t i o n a l e n t r o p y and i n c r e a s e d o s 
m o t i c a c t i v i t y . Thus, t h e i n j u r e d c o n n e c t i v e t i s s u e 
s w e l l s . 
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Carboxyl and Amide Transitions in the Circular 
Dichroism of Glycosaminoglycans 

BIRESWAR CHAKRABARTI 

Department of Ophthalmology, Harvard Medical School and Eye Research 
Institute of Retina Foundation, 20 Staniford St., Boston, MA 02114 

Glycosaminoglycan
coined word from glycosamin
These polysaccharides are of animal origin. With the possible exception of 
hyaluronic acid, they are present in tissues as segments of larger 
macromolecules, the proteoglycans, which consist of carbohydrate chains 
(the glycosaminoglycans) covalently linked to protein. The structure, 
occurrence, physicochemical properties, and physiological function of 
glycosaminoglycans have been described in some recent articles (1,2,3). 
The conformation of hexose polysaccharides in solution including the 
earlier chiroptical studies of glycosaminoglycans was reviewed by Stone (4) 
and very recently by Chakrabarti and Park (5) who described in detail the 
structure and interaction properties of these macromolecules. 

Glycosaminoglycans are linear polyelectrolytes with a repeating 
disaccharide unit consisting of a N-acetylglycosamine, and, with the 
exception of keratan sulfate, a uronic acid. They differ in parent 
monosaccharides, molecular weight, degree of sulfation, and homogeneity 
of these characteristics, and in types of backbone linkages. GAG 
structures are shown in Figure 1. 

Because of the inherent properties of optical activity of sugar 
molecules, glycosaminoglycans exhibit a rather complex circular dichroism 
due to the presence of various chromophores in the sugar backbone and as 
substituents. Thus, interpretation of the optical activity of these 
compounds requires an understanding of the optical properties of each of 
its chromophores. In GAG, the chromophores are acetal, hemiacetal, 
hydroxyl, carboxyl, and acetamido groups. The optical characteristics in 
the observable range of a commercial spectropolarimeter (> 185 nm) are 
due mostly to carboxyl and acetamido groups but other chromophores may 
also contribute. Since most CD measurements of glycosaminoglycans have 
been made with commercial instruments, we will be concerned here 
primarily with the carboxyl and amide chromophores of these polymers. 

Circular Dichroism of Uronic Acid Residues 
Except in keratan sulfate, which has a galactose instead of uronic 

acid, all GAG have a carboxyl group-containing sugar monomer — 
glucuronic acid and/or its C-5 epimer, iduronic acid. GAG, in general, 
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exhibit a circular dichroism (CD) band near 210 nm and most of them show 
a second CD band around 190 nm (Fjgure 2). Jhese CD bands have 
generally been assigned (6) to the η—π and π —π amide bands, respec
tively. Unfortunately, the transitions due to carboxyl received less 
attention although uronic acids have been shown to exhibit considerable 
optical activity (7,8,9). Almost in the same region of η—π amide 
transition, uronic acid displays CD bands that have been assigned to the n— 
π carboxyl transition. Glucuronic acid CD consists of a low-energy (234 
nm) negative band and a higher-energy (207 nm) positive band. Listowski et 
al (7) first reported this long-wavelength band and, from solvent-dependent 
CD studies, assigned it to the η— π transition of unsolvated molecules and 
the normal higher-energy band near 207 nm to the same transition in 
molecules hydrogen-bonded to water. This interpretation was later 
rejected, and the most widely accepted explanation of the two bands is that 
they arise from the η—π transition of different rotational isomers of 
carboxyl groups (8,9,10). The property appears to be characteristic for 
uronic acids with the C-
contrast, galacturonic o
shows a single CD band around 210 nm attributable to the η—π carboxyl 
transition (7,8). CD titration of sodium glucuronate shows an isodichroic 
point at 225 nm, which indicates £ ie presence of only two species (9). 
Studies of the CD bands due to π—π carboxyl transition of the monomeric 
sugars and of their polymer, which are located below 190 nm, were limited 
experimentally; the range of the commercial spectropola rime ter does not 
extend below 190 nm and in many cases includes artifacts. With the rapid 
development in instrumentation over the last few years, it is now possible 
to measure CD in the vacuum ultraviolet region (11). We have successfully 
utilized the technique and, for glucuronic acid and glucuronate, a CD band 
is observed at 182 nm, the rotational strengths of which are negative in 
solution of both species and in films of the acid; in films of the anion its 
rotational strength is positive (9). The location of the band is close to what 
is expected for a π—π carboxyl transition although some contribution 
from a ring transition cannot be ruled out. The change in the sign of the 
CD band in the film relative to the solution was explained by intermole
cular as well as carboxyl-cation interaction. 

Circular Dichroism of Acetamido Sugar Residues 

In GAG the amide occurs as an acetamido group; the monomers are 
either N-acetylglucosamine or N-acetylgalactosamine. The exception is 
heparin, where many amino sugars are N-sulfated rather than ace ty la ted. 
Beychok and Kabat Q2) first identified amide optical activity in sugars and 
noted the blue shift of the η—π Jband relative to peptides (210 nm versus 
220 nm in peptides) and the π—π transition coinciding with that observed 
in peptides (190 nm). Their work along with that of Listowski (13) and 
Stone (6) established that acetamido CD is dependent on sugar configura
tion at C-2, C-4, and C - l . Kabat et al (14) have shown that the optical 
activity may be used to differentiate various intersaccharide linkages and 
substituent position. The anomeric configuration at C - l has been shown to 
have a strong influence on the optical activity in the 220 nm region. They 
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have made a case for the importance of anomeric configuration in deter
mining the CD of amido sugars at 210 nm. However, CD data of Coduti et 
al (15) do not tend to support this proposal; rather they show that CD in the 
π—π* region varies with anomeric configuration, substituent position, and 
linkage position. Bush and coworkers (15,16) have recently studied the CD 
of some mono-, di-, and tri saccharides of N-acetyl sugars in water and 
hexaf luoçp-isopropanol (HFIP). They found a strong dependence on CD of 
the π—π amide band in aqueous solution and η—π* and π—π in HFIP on 
both configuration and solvent. The vacuum ultraviolet CD of N-
acftylglucosamine exhibits a positive CD band at 188pm assigned to the ττ-
- π amide transition in addition to a negative η — π band at 210 nm (9). 
Both of these bands have been observed to be insensitive to protonation of 
amide chromophores. 

*The assignments of the first transition to a η— π and the second to a 
π—π transition açe well established for the acetamido sugars. The 
appearance of η— π amide in the lower wavelength region (  210 nm) for 
these sugars as compare
believed to be due to extensiv

Optical Activity of Glycosaminoglycans 

Stone (6) made the first attempt to show that the CD of acetamido 
groups could be useful in probing GAG structure, conformation, and 
interaction. Although her pioneering work on the optical studies of 
glycosaminoglycans discovered certain important features of these polysac
charides, in the analyses of data she had tacitly neglected the contribution 
of carboxyl chromophore to the Cotton effect. It is true that in most cases 
amide chromophores play a major role in the spectral features of GAG, yet 
the CD of the carboxylate have been shown (8) to be useful in probing the 
structure of some acidic polysaccharides with no amide chromophores. In 
order to understand the conformational properties of glycosaminoglycans 
more fully, and place their theoretical interpretation on a firmer basis, we 
have undertaken a systematic study of the CD of these compounds. The 
optical activity of such polymers must be analyzed in terms of the 
transitions of both amide and carboxyl chromophores. However, our 
analysis has ignored any explicit contribution to the CD by the hemiacetal 
or acetal group. The validity of this assumption is obvious from Nelson and 
Johnson's (17) vacuum ultraviolet CD studies which showed that these 
groups make a very small contribution to the CD at wavelengths longer 
than 190 nm. 

We may summarize our results on the CD of GAG in terms of the sign 
and relative intensities of the two bands (Table I). The rotational strengths 
of glycosamine monomers are relatively much higher than those of 
glucuronic acid (but not iduronic acid) (18). Thus, if we are to ignore the 
contribution of glucuronic acid in the CD of this uronic acid-containing 
polymer, the interpretation of the data should be straightforward. As 
regard to sign, the CD of all GAG at 210 nm is negative; on the other 
hand, the CD band at 190 nm is apparently dependent on anomeric 
configurations and in ter saccharide linkages. As Stone (6) pointed out, 1,3-
linked amino sugars display a negative CD and 1,4-linked, a positive one at 
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Table I 

SIGN AND RELATIVE INTENSITIES OF CD 
OF GLYCOSAMINOGLYCANS (GAG) 

GAG 210 nm band 190 nm band 

hyaluronic acid S (-) vW (-) 
W (+) in acid 

3 1,3-D-glucosamine 
gl,4-D-glucuronic acid 

chondroitin sulfate S (-) vW (-) 

31.3- D-galactosamine 
81.4- D-glucuronicacid 

dermatan sulfate W (-) S(-) 

81.3- D-galactosamine 
α 1,4-L-iduronic acid 

heparin W (-) S (+) 

α 1,4-D-glucosamine 
α 1,4-L-iduronic acid (major) 

D-glucuronic acid (minor) 

heparan sufate m S (-) S (+) 

α 1,4-D-glucosamine 
al^-D-glucuronic acid (major) 

L-iduronic acid (minor) 

keratan sulfate S (-) S (+) 

31.4- D-glucosamine 
3 1,3-D-galactose 

S - strong; mS = medium strong; W = weak; vW = very weak 
(+) and (-) indicate the sign of the CD band 
* 
These negative bands are not commonly observed. 
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the π-π amide transition region. However, in both hyaluronic acid and 
chondroitin sulfate the second negative CD band is often not observed. We 
will discuss more about this later. In the earlier studies, the relative 
intensities of the CD band at 210 nm were not a subject of discussion in 
terms of additivity of monomer contribution to polymer. For the 190 nm 
band it has been noted (6) that 1,3 linkages have small negative CD at 190 
nm whereas those with 1,4 linkages have large positive CD at that 
wavelength. The effect is similar when the amido sugar is substituted at 
the 3 position (a small negative CD) or at the 4 position (a large positive 
CD) 05). 

In order to evaluate the contribution of both carboxyl and amide 
transitions to the CD of GAG, we have included in our studies not only the 
acid and salt forms of the polymers but also some chemically substituted 
heparins and chondroitin sulfates (Table II). The ellipticity value at 210 nm 
of hyaluronate is considerably higher than for the rest of the series. 
Interesting differences ca  b  observed betwee  hepari  (HP) d kerata
sulfate (KS), and betwee
(CHS). Although HP is α 1,  oppose  β 1,  linkag , 
the lower value of DS cannot be explained on the same ground because CHS 
and DS are both 8 1,3-linked amino sugars. We believe that the iduronic 
acid makes the difference. N-desulfated heparin may have very few 
acetamido groups; hence, the contribution to the 210 nm CD band is 
mostly due to iduronic acid only. The lower ellipticity values of HP, HPS, 
and DS near 210 nm compared to cither GAG and even to their monomeric 
constituents, suggest that the η— π amide transitions are weakly optically 
active or virtually inactive. This is supported by the fact that even 
complete N-acetylation of heparin does not increase the rotational strength 
at 210 nm; rather it decreases it. Thus it has been proposed (18) that a 
disaccharide unit containing N-acetylamino sugar linked with iduronic acid 
would display a weak η—π amide CD band, or none. HPS shows a larger 
dichroism than N-acetylated heparin because of the former's relatively 
higher content of both glucuronic acid and N-acetylglucosamine. It may 
even be possible that the η—ττ amide band is positive when the adjacent 
sugar is iduronic acid. Unfortunately, we do not have any values for the 
ellipticity of L-iduronic acid. The value for methyl-iduronoside reported 
here (Table II) is of the D-isomer, not the L-isomer. Mirror-image spectra 
of the D-isomer (with a negative value) were assumed to be spectra of L-
isomer. If this magnitude is reasonably true, then the lower negative 
values of HP and DS may al§p be due to a cancellation effect of the 
positive ellipticity of the η — π amide transition. This is supported by the 
fact that the calculated values for amide contribution are positive for 
those GAG the uronic acid component of which is mostly iduronic acid. 

pH-Dependent CD of Glycosaminoglycans. Acidification of gly-
cosaminoglycan solution results in significant changes in CD properties 
(18). Two general patterns are observed; CH, CHS, and HA (hyaluronic 
acid), which are glucuronic acid-containing polymers, show decreased 
negativity ellipticity near 210 nm and enhanced negative ellipticity near 
230 nm with increasing acidity of the solution. For predominantly iduronic 
acid-containing polysaccharides, heparin and dermatan sulfate, the ellipti-
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city values at both 210 and 230 nm become more negative with decreasing 
pH. The difference in acid-induced dichroic behavior of polymers with 
epimeric variations is evident. Heparan sulfate, which contains both uronic 
acids, shows the combined effects of both glucuronic and iduronic acids. 

If the change in CD features at a particular wavelength that occurs 
with change in pH is due solely to one chromophore, and no major 
conformational transition is associated with the change, then the relative 
variation of ellipticity is expected to follow an empirical equations 

pH = pK a - η log (α/1-α) (D 

where α denotes the degree of dissociation and can be related to ellipticity 

e S f c i c o U n ! 6 " 6 P H < W W p K a - · pH«pKa>- " * 

and depends on the ioni
pKa can thus be determine  equatio

With this rule of thumb, it has been possible for us to examine 
whether the pH variation can cause any change in conformation of the 
molecule (18). Results, indeed, provide significant information. The 
changes in "ellipticity at 230 nm for HA, CH, and CHS follow equation 1, 
but the changes at 210 nm do not — the reverse is true for HP, N-
desulfated HP, and N-acetylated HP. The fact that the 230 nm ellipticity 
values of the first group of polymers follow equation 1 indicates that the 
change in CD properties in this wavelength region is due entirely to the 
acid-base properties of the carboxyl group. The dichroic behavior at 210 
nm with pH does not obey the equation, which suggests some conforma
tional change of this group of polymers with change in hydrogen ion 
concentration. Except for DS, compounds of the second group contain both 
iduronic and glucuronic acids (Table II). Thus the ellipticity variations with 
pH at both 210 and 230 nm can be used for DS to determine the pK value. 
Even though heparin contains a small amount of glucuronic acid, the change 
in dichroism at 210 nm follows equation 1, because the variation with pH at 
this wavelength for an iduronic acid-containing polymer is so large that the 
effect of glucuronic acid is negligible. Because of the presence of 
appreciable amounts of both glucuronic and iduronic acids, the method is 
not applicable to heparan sulfate. 

The spectral behavior of heparin in the π - π transition region 
associated with change in pH might originate from conformational change 
but the CD features at 210 nm provide no evidence for conformational 
change as has been suggested (19). Instead, our results (18) demonstrate 
that variations of CD spectra of heparin arise mainly from the acid-base 
behavior of the uronic acid moieties. 

X-ray studies (20) favor the 1-C conformation of iduronic acid in 
heparin as opposed to the C - l in dermatan sulfate, but NMR studies (21) in 
solution do not suggest such a difference (Figure 3). The conformation of 
the L-iduronic acid in dermatan sulfate has been suggested (22) as C - l , 
based on analysis of optical rotatory dispersion curves, The striking 
dissimilarities in the dichroic properties of heparin and dermatan sulfate in 
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Figure 3. 1-C and C-l conformation of iduronic acid 
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their acid and salt forms (18) and in the CD spectra of copper complexes 
(23) have been attributed to their difference in intersaccharide linkages or 
to the conformation of the iduronic acid moiety. 

Dichroic Behavior of Carboxyl and Amide Chromophores in Polysac
charide. It is evident that the conf igurational differences of the uronic 
acid moiety are well reflected in the dichroic behavior of the polymer, and 
the carboxyl chromophore thus plays a significant role in the chiroptical 
properties of the molecules. Certain facts regarding carboxyl chromo
phores are apparent from this study: a) monomeric CD properties are well 
reflected in the Cotton effect of the polymer; b) similarities in ΔΘ values 
(Table II) between monomers and polymers containing similar uronic acids 
indicate the additivity of monomer contributions to polymer CD; c) 
iduronic acid shows considerably larger CD than glucuronic acid, which may 
have some origin in the observed difference in the NMR behavior (24) of 
methyl α-D-idopyranosiduronic acid from uronic acid with normal C - l 
conformation. This has bee
between the C - l and 1-C
structure. 

Dichroic behavior of the amide chromophores, on the other hand, 
shows a remarkable difference between the ̂ monomers and the polymers. 
Examples are: a) sign and intensity of π -π transition changes (Table I) 
with anomeric configuration and intersaccharide linkage; b) in most cases 
there is nonadditivity of the ellipticity values of both the CD bands from 
monomer to polymer; c)̂  a drastic change in the relative rotational 
strengths of π-π and η- π occurs on conformational change of hyaluronic 
acid (discussed later). If we accept that the magnitude, sign, and position 
of the CD bands of carboxyl chromophore do not change from monomer to 
polymer, then we can calculate the amide contribution to the CD of GAG 
(Table II). Even change in pH causes a marked change in ΔΘ values (due to 
amide only) of the 210 nm band. Significant changes of the 190 nm CD 
band have been observed in HA (25), and in HP and DS (_18). The phenomena 
might indicate a conformational change of the polymers with change in 
their hydrogen ion concentration. Nonadditivity of the amide transition 
from monomer to polymer is observed in most of these polysaccharides, but 
in hyaluronic acid it is significantly higher than in the rest. 

CD of Oligosaccharides of Hyaluronic Acid 

Among GAG, conformation of HA in solution (6,9,25-33) and in solid 
state (34,35,36,37) has been studied most. We have recently prepared 
oligosaccharides of HA, starting from di- to dodecasaccharide according to 
reported methods (38,39). We have also succeeded in making some 
tri saccharides by glucuronidase digestion of tetrasaccharides (39). 

Figure 4 shows the CD of the equimolar mixture of N-acetylglu
cosamine and glucuronic acid and of disaccharide of̂  HA. The sharp 
contrast between the two can be observed in the ττ _ π arnide transition 
region (190 nm) while the rotational strengths of the η-π region of both 
remain the same; the band at 190 nm, which does not exist in the mixture, 
is significantly intense for the disaccharide. At lower pH, however, the 
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Figure 5. CD of oligosaccharides of hyaluronic acid: 2-12 indicates the number 
of saccharides; Ρ is the polymer, hyaluronic acid; pH 6.8. 
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component mixture shows a positive ellipticity below 200 nm because of 
weaker negative dichroism of the glucuronic acid than glucuronate at that 
region (9). Clearly, the intersaccharide linkage makes a large difference in 
the dichroic properties of carbohydrates. Obviously, an equimolar mixture 
of the monomeric constituents cannot be a representative model for the 
CD of hyaluronic acid or any other GAG. The question is whether even the 
disaccharide can serve the purpose. One has to remember that HA is an 
alternate 3-1,3-and β-1,4-1 inked polymer. Testicular hyaluronidase, used in 
our preparation, cleaves off the β 1,4 uronic acid linkage but retains the 
β1,3 amino linkage sugar intact. Hence, the disaccharide is β 1,3 linked, 
the dichroic behavior of which may be significantly different from that of 
the 1,4 linked. By the same argument, tri saccharide, which has one 1,3 and 
other 1,4 linkages, should be different from disaccharide. However, the CD 
features of di- and tri saccharides are very similar (Figure 5), suggesting the 
need for an alternative explanation. 

Although the parent molecule has both β1,3 and β1,4 linkages, it is 
possible that the end group
equilibrium anomeric mixtures
may influence the CD properties and the effect could be predominant in 
smaller oligosaccharides such as di- and tri saccharides. However, we have 
not observed any difference in dichroism between a freshly prepared 
solution and a solution kept a sufficiently longer time for any mutarotation 
to occur. It has been also suggested (see Bush and Ralapati, this volume) 
that the CD magnitude around 190 nm, particularly of the lower members 
of the oligosaccharides, may significantly change due to mutual coupling 
between the π - π amide transition and the η-σ band of the acetal 
chromophore. For reducing sugars, it is the hemiacetal, and for their 
corresponding glycosides, the acetal chromophore transition that are 
involved in this coupling. The mecljanism, thus, reasonably explains the 
large rotational strength of the ff- IT amide band of di- or tri saccharides. 
The amide n-ff CD band is insensitive to anomeric configuration or to such 
interaction (15). The η-ττ transition of both di- and tri saccharides are 
almost equal in magnitude with a mixture of N-acetylglucosamine and 
glucuronic acid, whereas from tetramer to polymer the 210 nm band 
increases with simultaneous decrease in the ii- TT amide transition. The 
fact that even in octasaccharide there is a considerable rotational strength 
of the 190 nm CD band makes it evident that the mechanism by which ττ- π 
amide is highly optically active in disaccharide is also operating in the 
higher oligosaccharides. The conformation of the end residues of the 
oligosaccharides is expected to be different from that of the internal 
residues and so also their contribution to the CD values. In that concept, 
the ellipticity of the disaccharide CD band is due entirely to the end 
residues, and increase (210 nm) or decrease (190 nm) in the CD magnitude 
of the higher oligomers can be explained by the weighted average 
contribution of internal repeating disaccharides and end residues. The 
abrupt change in the CD values from di- to tetrasaccharides and gradual 
change from tetramer to octamer validate this argument. # 

There seems to be a drastic change in the values of both η-π and π-
π amide transitions when the number of sugar units is ten or higher. It is 

evident from the plot of both the 210 nm band ellipticity and the ratio of 
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190210* which show a drastic change in the values from lower 
oligosaccharide to decamer (Figure 6). Similarities in the shape of the 
curves indicate that the error in the concentration measurements (upper 
curve of Figure 6) is negligible. The values for di-and tri saccharide, as 
expected, are significantly different from the general trend of changes of 
the optical parameters in higher oligomers, and they are off from the 
curves. The results seem to indicate that some conformational variations 
exist among three sets of oligomers; the first set is the di- and 
tri saccharides, the second is tetra- to octasaccharides, and the third 
includes decasaccharides and higher polymers. The dissimilarity of the CD 
features in the π - π region of di- and tri saccharides from that of the 
component monomers suggests that there is some interaction between two 
chromophores of these saccharides and the interaction is likely to occur 
through the pyranose rings. The effect is still there in the next set of 
oligomers, but with increasing number of sugar units, a second factor, 
probably hydrogen bonding, tends to change the backbone conformation in 
such a way that the forme
the decreasing π-π amid
x-ray diffractograms of hyaluronate that the C-4 hydroxyl group of N-
acetylglucosamine is involved in hydrogen bonding with ring oxygen of 
glucuronic acid. Such hydrogen bonding cannot be overruled even in 
solution state as the behavior of hyaluronate in solution is known (30) to be 
significantly different from chondroitin or chondroitin sulfate which differ 
from the former in C-4 hydroxyl configuration. In deca- and higher 
oligomers (including the polymer), there is some sort of cooperative 
conformational transition which is manifested in CD features. The 
predominant factor that leads to this conformation is likely to be 
associated with the hydrogen bonding mentioned above. Any orientation 
change of amide chromophore against the dissymmetric environment of the 
rest of the molecule will cause large changes in CD magnitude as observed 
in the amide transitions, particularly the nonadditivity of the n-π amide 
band from lower oligomers to decamer and polymer. Several possibilities 
for the nonadditivity of the CD band at 210 nm of hyaluronate have been 
considered (9) before: the change in the configuration of sugar ring and/or 
its hydroxyl groups in the presence of neighboring sugar rings, contributions 
of polarizability and static field to the optical activity of the η- ττ 
transition, or the alteration of the acetamido group. The study, however, 
has not ruled out the possibility of an ordered structure that could be 
responsible for the nonadditivity. of the CD intensity at 210 nm. The largç 
rotational strengths of the η-π amide transition in solution and the π - π 
transition in film of hyaluronate in comparison to those of chondroitin 4-
sulfate have also been attributed (40) to some "conformational constraints" 
in hyaluronate. 

It has been demonstrated (5,41) that amide transition, at least in 
hyaluronic acid, is very sensitive to conformational change. The CD 
spectra of hyaluronate in film, hyaluronic acid in aqueous-organic solvent, 
and Cu + hyaluronate differ from those of acid and neutral forms of 
hyaluronates. In all three spectra the appearance of a string negative band 
in the π - π amide transition and apparent loss of η-π CD minima are 
evident, and the changes have been attributed to a conformational 
transition of the molecule to a 4-fold helix. 
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10 12 

η, s a c c h a r i d e 

Figure 6. Plot of ratio θ190/θί10 and ellipticities at 210 nm vs. number of saccha
rides; pH 6.8. 
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Conformational feature of hyaluronate at neutral pH is still a matter 
of conjecture. Structural change of the molecule with pH > 7 has been 
suggested (32,33,42,43) from various phvsicochenrycal measurements. The 
changes in the CD spectra, of both η-π and π-π amide transitions, from 
lower oligosaccharides to polymer, are suggestive of some conformational 
order in the hyaluronate at neutral pH. Earlier hydrodynamic measure
ments (44) of hyaluronate in neutral solution have characterized the 
molecule as a 'random coil with some stiffness'. The description requires 
considerable modification in view of the new insights gained from recent 
hydrodynamic (45) and optical studies presented here. At neutral pH, 
hyaluronate is in extended conformation due to the repulsive interactions 
between the negative charges along the chain. The change in CD features 
from oligosaccharides to polymers can be accounted for by a suggestion 
that in neutral solution the molecule is in an extended helical form 
probably similar to a 2-fold helix (34). Such an assumption obviously 
requires support from further investigations but the interesting changes in 
the CD spectra of amid
assumption of a rando
physiological range of pH. 

ABSTRACT: Circular dichroism of glycosaminoglycans has been analyzed 
in terms of both carboxyl and amide transitions. Although the contribution 
of the carboxyl chromophore to polymer CD is significant and the epimeric 
variation of the uronic acid is well reflected in the dichroic behavior of the 
polysaccharides, there seems to be an additivity of the carboxyl spectral 
features frornmonomer to polymers. In contrast, the magnitude and sign 
of both π- π* and n-π* amide CD bands are sensitive to anomeric 
configuration, glycosidic linkage, and also the conformation of the 
polymers. The rotational strengths of the amide transitions in glyco
saminoglycans may also vary with the epimeric variations of the adjacent 
uronic acids. The oligosaccharides of hyaluronic acid, for which data are 
presented here, show a remarkable difference in their chiroptical behavior 
between the lower and higher members of the series. A drastic change in 
the CD amplitude from lower oligomers to decamer suggests that 
hyaluronate at neutral pH probably exists as an extended helix rather than 
a random coil. 
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Vacuum UV Circular Dichroism Spectroscopy of 
Acetamido Sugars 

C. A L L E N BUSH and SURESH RALAPATI 

Department of Chemistry, Illinois Institute of Technology, Chicago, IL 60616 

The carbohydrate chain
have non repeating structure
mately fifteen sugar residues. Since the chains are branched 
and feature sugars with such chemical functionality as amides 
and carboxylic acids, they are known as complex carbohydrates. 
Although the biological function of these complex oligosaccha
rides is not well understood, it is the subject of considerable 
study in connection with such biochemical phenomena as lectin 
stimulated mitogenesis, hormone binding to cell surfaces and 
inter-cellular communication generally. 

The conformational properties and the physico chemical in
teractions of the complex oligosaccharides have not been exten
sively investigated. As a modest beginning for such studies we 
will pose certain questions regarding the influence of a sugar 
on its neighbors in a complex oligosaccharide chain. We will 
attempt to show how one can initiate studies of the conformation 
of the glycosidic linkage between sugars and between the sugar 
and the protein as well as the interactions among sugar residues 
and between the carbohydrate and the peptide chain of a protein. 
The biophysical techniques we have used are mainly spectroscopic, 
primarily circular dichroism (CD) and to a lesser extent NMR. 
Other methods which may be brought to bear on this problem in
clude conformational energy calculations and x-ray crystallo
graphy. Small molecule crystallography has already provided 
some useful insights but protein crystallography has not yet 
made the major contributions which we would expect, apparently 
as a result of some fundamental problems in preparing x-ray 
quality crystals of glycoproteins. 

I. CD of Amide Chromophores in Carbohydrates 

Peptide CD studies have revealed the importance of the 
amide η-π* transition in amide spectra. This transition which 
contributes an important CD band at 222 nm in the polypeptide 
α helix spectrum also appears in the CD spectra of N-acetyl 
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amino sugars near 210 nm (Figure 1). This band, although it oc
curs near the short wavelength limit of the range of convention
al commercial CD instrumentation, has been studied by several 
research groups (1_, 2_, 3_, 4). Also apparent in the spectra of 
Figure 1 is a band at shorter wavelength (185-192 nm). This 
band is associated with the strong amide π-π* transition which 
has its uv absorption maximum at 189 nm. Although some useful 
data on these shorter wavelength bands has been obtained from 
conventional commercial instruments, in our laboratory we have 
used a vacuum uv instrument which is optimized for use with 
samples in solution in the wavelength range 160-300 nm. The in
strument features a short focal length monochromator with the 
cell compartment at atmospheric pressure following a design 
first introduced by Brahms et al. (5j. The optical layout of 
the instrument in our lab is illustrated in Figure 2 (15). This 
machine is operated under computer control for repetitive scan
ning, signal averaging,
spectra (7). 

The data of Figure 1 illustrate the similarity of the long
er wavelength η-π* bands for different anomeric glycosides of 
2-acetamido-2-deoxy-glucose and - galactose (GlcNAc and GalNAc). 
Variations over a factor of two in magnitude without a change 
in sign of wavelength of the minimum are observed for this band 
in a wide wariety of oligosaccharides containing these acetamido 
sugars in aqueous solution. At shorter wavelength, the $ glyco
sides generally show a positive band near 192 nm while the α 
glycosides have a stronger band at 185 nm. These bands certain
ly arise from the amide chromophore as is shown by their ab
sence in CD spectra of neutral sugar glycosides which lack the 
2-acetamido functionality (8). The fact that the wavelength of 
the maximum of the CD band departs from the maximum of the ab-
sorbance (189 nm) suggests that there is mutual coupling be
tween the amide π-π* transition and some other strong transi
tion, perhaps an η-σ* band of the acetal chromophore. 

The CD spectra of reducing sugars differ substantially from 
those of the corresponding glycosides. The data of Figure 3, 
taken with the instrument in our laboratory, are in substantial 
agreement with those of Bush (9) taken with the instrumentation 
in the laboratory of Dr. J. Brahms (5_). The data reported by 
Buffington et a l . , (1_0) for GlcNAc differ in the 180-190 nm re
gion perhaps as a result of a difference in anomeric composition. 
Our data represent an equilibrium anomeric mixture of approxi
mately equal amounts of α and 3 pyranose. In addition to varia
bility in the exact anomeric composition, a second feature con
tributes to differences between the CD spectra of reducing 
sugars and those of their corresponding glycosides. In the 
former case the amide is perturbed by the hemi-acetal chromo
phore while in thelatter case it is the acetal chromophore 
which influences the π-π* rotational strength, perhaps by a 
coupling mechanism. 
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Figure 1. CD spectra of methyl pyranosides of 2-acetamido-2-deoxy hexoses (9) 

Analytical Chemistry 

Figure 2. Schematic of the vacuum UV 
CD apparatus: (A) 200-W deuterium 
lamp; (B) CaF2 collimating lens; (C) Mc-
Pherson 218 monochromator vacuum 
chamber; (D, E) focusing mirrors; (F) 
plane grating; (G) MgF2 rochon polar
izer; (H) modulator; (I) CaF2 lens; (J) 
sample chamber at atmospheric pressure; 
(K) mask for extraordinary beam, (L) 

photomultiplier (6). 
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II. Circular Dichroism Spectra of Oligosaccharides Containing 
Acetamido Sugars 

The effect on the CD spectrum of linking two GlcNAc resi
dues by a 3 1-4 linkage is essentially that of forming a Β gly
coside as may be seen from comparison of the spectrum of chito-
biose (Figure 4) with that of 3-methyl-GlcNAc (Figure 1). This 
fact is also clear from a spectrum of chitotriose (£). It is 
also true for 3 1-6 linked acetamido sugars as may be seen in 
the spectrum of GlcNAc(3 l-6)GlcNAc (9). 

In contrast, sugars linked at the C-3 position, directly 
adjacent to the amide chromophore, show a strong negative band 
at 180 nm which is not seen in spectra of simple glycosides. 
Figure 5 shows the spectrum of Gal(3 l-3)GalNAc which has nega
tive CD in the 190 nm region, a feature which is characteristic 
of three and four linked oligosaccharides having reducing termi
nal acetamido sugars. Lacto-N-tetraos
GlcNAc residue which is also substituted at the C-3 position. 
Therefore its spectrum shows a positive band at 190 nm charac
teristic of a 3 linked acetamido sugar in addition to the nega
tive band at 180 nm which is characteristic of C-3 substitution. 
Although data presently available for oligosaccharides contain
ing acetamido sugars are sufficient to make a few generalizations, 
it will be necessary to examine a wider variety of linkages in 
order to recognize details of explicit interactions between 
residues. 

III. Vicinal Diacyl Amino Sugars and Glycopeptides 

In many glycoproteins the connection between the carbohy
drate and peptide occurs through a glycosyl amide linked to an 
asparagine side chain in the protein. The linked sugar, in
variably a 3 GlcNAc residue, is therefore a vicinal diacyl amino 
sugar. Such sugars have two amide chromophores in sufficiently 
close proximity to interact by exciton coupling in a manner 
analagous to that in polypeptides. The CD spectrum which arises 
from this interaction is characterized by a pair of strong posi
tive and negative bands crossing the axis near the wavelength 
of the ahsorbance maximum for the coupled bands. The CD spec
trum of 4-N-(2-acetamido-2-deoxy-3-D-glucopyranosyl)-asparagine 
(GlcNAc-Asn) of Figure 6 shows just such a pair of strong CD 
bands, crossing the axis near the maximum of the amide π-π* 
absorbance. That these bands, which are much larger than those 
of the other acetamido sugars discussed above, arise from the 
interaction of the vicinal di-equatorial amides is shown by the 
CD spectrum of 2-acetamido-2-deoxy-l-N-Acetyl-3-D-glucopyranosyl 
amine (3 l , 2 DAG). Its similarity to that of GlcNAc-Asn implies 
that the large bands arise from amide interaction, not from the 
amine and carboxyl functions of the amino acid. Since the CD 
due to this exciton coupling is quite sensitive to the geometric 
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Figure 3. CD spectra of Ν-acetyl glucosamine ( ) and of ^-acetyl galactosa-
mine ( ) 

Figure 4. CD spectrum of GlcNAc (β-
l,4)GlcNAc (chitobiose) 
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Figure 5. CD spectra of Gal (β-1,3) 
GalNAc ( ; and of Gal(fi-l,3)GlC' 
Ν A c(fi-l ,3)Gal^-l ,4 )-Glc (Lacto-N-tet-

raose) ( ). 
200 220 240 

170 180 190 2 0 0 210 2 2 0 2 3 0 

WAVELENGTH , nm 

Biochemistry 

Figure 6. CD spectra of 4-N-(2-deoxy-2-acetamido glycosyl) asparagine ( ) 
and of 2-acetamido-2-deoxy-l-^-acetyl-fi-O-glucopyranosyl amine ( ) (11) 
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relationship of the two amides, we have been able by means of 
theoretical models to relate the CD spectrum to the geometric 
relationship of the amides. A model has been proposed for the 
conformation of GlcNAc-Asn based on these calculations (VjJ. 

IV. Conformation of the Amide in Acetamido Sugars 

In acetamido sugars the amide is in the planar trans con
formation as it is in most peptide bonds. This conformation, 
which is generally lower in energy than the planar ci s amide, 
has been found in all x-ray crystallographic studies of 2-
acetamido-2-deoxy sugars (1_2, 1_3, For a planar trans amide 
there remains the question of rotation about the bond between 
the amide nitrogen and the pyranose ring carbon atom. There 
are two conformations allowed by steric contact between the 
amide and the adjacent groups. In one conformation the amide 
proton and the pyranose
in the second these proton
calculations show these two conformations to be similar in 
energy with the cis conformation lying approximately 1 k cal. 
below the trans conformer (15). 

Experimental methods capable of identifying these two con
formations points firmly in favor of the trans conformer. In 
the proton nmr spectra of acetamido sugars, the amide proton 
resonance is located well down field and is easily assigned. 
The dihedral angle about the C-N bond is related to the amide 
proton coupling constant by a Karplus relation which has been 
extensively investigated because of its importance in peptide 
conformational studies (1_6). These studies show that coupling 
constants as large as 8 Hz are found only for conformations with 
very nearly trans related protons. The amide proton coupling 
constants of acetamido sugars have been investigated in a wide 
variety of solvents. In all cases studied the coupling con
stants were high (8 to 9 Hz) implying a trans relationship be
tween the protons for both the amide at C-2 as well as at the 
anomeric center for glucopyranosyl amides (17.). X-ray crystal
lography also points to the trans conformation in the solid 
state for GlcNAc (12_), for chitobiose (T4) and for both the 
amides of GlcNAc-Asn (T3). Moreover the trans conformer has 
been assumed in successful CD calculations for 2-acetamido-2-
deoxy sugars (18) as well as for vicinal diacyl amino sugars 
(11). ~~ 

Since there is as yet no clear cut evidence for the exis
tence of 2-acetamido sugars in which the amide proton is in a 
cis conformation with respect to the pyranose proton one must 
consider the possibility of some error in the conformational 
energy calculations. Such an error could arise from the neglect 
of the effects of solvation. This seems unlikely since the pro
ton coupling constants are found to be similar in solvents of 
widely differing polarities (17). There remains the interesting 
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possibility that the cis conformer occurs under conditions 
which have not yet been experimentally investigated. The exis
tence of these two conformational isomers could be of consi
derable biological significance. 

V. Theoretical Interpretation of the CD Spectra of Acetamido 
Sugars 

Theoretical interpretations of the CD of acetamido sugars 
draw heavily on the extensive studies of the CD spectra of poly
peptides whose chromophoric properties are essentially identical 
to those of acetamido sugars. As in the case of polypeptides, 
it has been shown that the amide η-π* band is made optically 
active by the asymmetric electrostatic field of the groups 
surrounding the amide. Specifically it is the electric dipole 
moment of the hydroxyl function at C-3 which most influences 
the CD spectrum in the 21
sugars (18). Since the
its glycosides does not have a strong influence on the electro
static field gradient, the CD in the 210 nm region is not very 
sensitive to anomeric configuration in oligosaccharides. 

On the other hand, the perturbation of the C-3 hydroxyl 
group is found to be quite sensitive to the hydrogen bonding 
properties of the solvent. In contrast to water which is both 
a hydrogen bond donor and acceptor hexafluoro-2-propanol (HFIP) 
acts only as a hydrogen bond donor. Dickinson et al. (19) have 
shown that the CD spectra of GlcNAc and Gal ΝAc in HFIP have 
positively signed CD bands at 210 nm in contrast to the nega
tive bands seen in aqueous solutions (Figure 3). Both the ab-
sorbance and CD curve shapes are similar for samples in these 
two solvents implying that HFIP does not exert a profound ef
fect on the chromophoric properties of the amide. Clear experi
mental support for the involvment for the C-3 hydroxyl in this 
effect has been given (19). 

The amide π-π* transition in glycosides of GlcNAc and 
GalNAc gains its rotational strength not from electrostatic 
perturbation but rather from coupling with strong transitions 
of nearby chromophores, perhaps the η-σ* transitions of the 
acetal chromophore. Therefore it is reasonable to expect that 
the position and magnitude of the π-π* bands should depend on 
anomeric configuration as is observed experimentally (Figure 1). 
These effects have not yet been successfully treated theoreti
cally since the exact electronic nature of the bands with which 
the π-π* transition is coupled is unknown. The improved under
standing of the chromophoric properties of the acetal group 
which is emerging from CD studies on neutral sugar glycosides 
may make such a treatment possible. (See contribution to this 
volume by E.S. Stevens.) 

For vicinal diacyl amino sugars, it is the two amide chromo
phores which interact. Therefore in this case coupling theories 
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developed for polypeptides are directly applicable. Complete 
calculations involving a consistent treatment of both the η-π* 
and π-π* amide transitions have qiven an adequate explanation of 
the large CD bands of GlcNAc-Asn (11_). 

Abstract 

The t i t le compounds have been studied over the wavelength 
range 170-220 nm using a new ultraviolet CD instrument whose 
design features a sealed 200 watt deuterium lamp, a wide aper
ture vacuum monochromator and a small sample compartment purged 
with N2 at atmospheric pressure. The asymmetric electrostatic 
field causing the n-π* band at 210 nm to be optically active 
arises mainly from the hydroxyl group at C-3 in the case of the 
2-acetamido-2-deoxy hexoses. As a result of free rotation of 
the C-3 hydroxyl group  the CD band at 210 nm is quite sensitive 
to solvent, the sign o
in fluorinated alcohol g opposit  aqueou
solutions of amido sugars not substituted or hydrogen bonded at 
the C-3 oxygen. In vicinal diacyl amino sugars, strong exciton 
CD bands are seen at 178 and 200 nm due to coupling of the two 
amide π -π* transitions. Calculations following theories pre
viously used in polypeptide CD correlate the observed CD bands 
with the amide orientation. In a conformational model of the 
glycopeptide linkage compound, 2-acetamido-2-deoxy-l-L-aspart-
amido-β-D-glucopyranosylamine, the amides at C-1 and C-2 are 
both oriented such that the amide protons are trans to their 
respective ring protons. This conformation has been confirmed 
by nmr measurements of the amide proton coupling constants. 
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Vacuum UV Circular Dichroism of D-Glucans 

ARTHUR J. STIPANOVIC and E. S. STEVENS 

Department of Chemistry, State University of New York at Binghamton, 
Binghamton, NY 13901 

We have measured th  ultraviolet circula  dichrois
(VUCD) of a series of
and (l-->6) linkages. Ou  genera  (1) 
Gel formers, such as amylose and pustulan, show a negative band 
in the region 180-190 nm. In pustulan the band appears only 
after gelation begins; in amylose the band is seen in solution as 
well and is attributed to the local pseudohelical order in aque
ous amylose solutions. Pullulan solutions display the band at 
much reduced intensity, and the band does not appear under any 
conditions for dextran. The 180-190 nm band we therefore take as 
diagnostic of particular local inf lexibi l i ty in a polysaccharide 
chain. (2) Aqueous solutions and films of all D-glucans exhibit 
a CD band in the region 164-177 nm. For (1-->3)- and (l-->4)-glucans 
the sign of the band is correlated with anomeric configuration 
(positive for α - l i n k a g e s , negative for β-linkages) but not for 
(l-->6)-glucans (the band is positive for both dextran and pustulan). 
(3) Except for cellulose, a band appears in all glucan film 
spectra in the region of 145-150 nm and its sign is always oppo
site to that of the 164-177 nm band. We describe the unique 
behavior of cellulose in terms of its special solid state 
structural features. 

With the advent of vacuum ultraviolet circular dichroism 
(VUCD) spectroscopy i t has become possible to examine the acetal 
and hydroxyl chromophores of underivatized polysaccharides (1,2). 
We have demonstrated for several polysaccharides that their VUCD 
behavior is strongly influenced by such factors as solvation, 
molecular conformation and degree of intermolecular association 
(3-10). In the present study we have investigated a series of 
glucan polysaccharides (Table 1). We describe the results in 
terms of comparisons between polymer and monomer (11,12,13) 
chiroptical properties, variations among solution, gel and film 
properties; and as a function of C(l) configuration and linkage 
type. 

0097-6156/81/0150-0303$05.00/0 
© 1981 American Chemical Society 
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P r e v i o u s VUCD s t u d i e s have been r e p o r t e d f o r amylose(14) 
and, by us, f o r p u s t u l a n ( 9 ) , and d e x t r a n (10). P r i o r to those 
works, o p t i c a l s t u d i e s of g l u c a n c o n f o r m a t i o n i n s o l u t i o n i n 
c l u d e d o p t i c a l r o t a t i o n and o p t i c a l r o t a t o r y d i s p e r s i o n measure
ments to ap p r o x i m a t e l y 200 nm (15-20), CD s t u d i e s of c h e m i c a l l y 
m o d i f i e d glucans (21,22,23,24,25), and p e r t u r b a t i o n methods 
a p p l i e d to g l u c a n - l i g a n d complexes (26-33). 

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

Table I d e s c r i b e s the D-glucans we examined, i n c l u d i n g t h e i r 
s o u r c e , m o l e c u l a r weight, and s o l u b i l i t y i n H2O. The samples 
were used w i t h o u t f u r t h e r p u r i f i c a t i o n , w i t h the e x c e p t i o n of 
p u s t u l a n ( 9 ) , which was purchased as an unbleached and p a r t i a l l y 
a c e t y l a t e d e x t r a c t of the l i c h e n P. p a p u l l o s a . D e a c e t y l a t i o n 
( s a p o n i f i c a t i o n ) of n a t i v e p u s t u l a n was accomplished by d i s 
s o l v i n g the m a t e r i a l i
s o l u t i o n to stand a t 50-60°
w i t h HC1, the brown c o l o r e d s o l u t i o n was bleached w i t h NaClO^ 
y i e l d i n g a f a i n t l y y e l l o w s o l u t i o n . The bleached p u s t u l a n was 
p r e c i p i t a t e d w i t h 95% e t h a n o l and c o l l e c t e d by vacuum f i l t r a t i o n . 
A f t e r s e v e r a l washings w i t h a l c o h o l , t he p r e c i p i t a t e was r e d i s -
s o l v e d i n hot water, a l l o w e d to c o o l , and d i a l y z e d u s i n g an 
Amicon u l t r a f i l t r a t i o n membrane apparatus. S o l u t i o n s were then 
f r e e z e d r i e d . 

Samples d e s c r i b e d as " i n s o l u b l e " i n Table I were a c e t y l a t e d 
by e i t h e r o f two procedures (34,35) to d e r i v a t i v e s s o l u b l e i n 
t r i f l u o r o e t h a n o l . I t was then p o s s i b l e t o o b t a i n f i l m s o f the 
u n d e r i v a t i z e d p o l y s a c c h a r i d e by t r e a t i n g a c e t a t e f i l m s w i t h 1% 
(w/v) aqueous o r a l c o h o l i c NaOH. 

Amylose, which i s m a r g i n a l l y s o l u b l e i n b o i l i n g H2O, was 
co m p l e t e l y d i s s o l v e d by a u t o c l a v i n g 10 mg/ml s o l u t i o n s a t 120°-
160°C f o r 15-30 min. These s o l u t i o n s became f a i n t l y o p a l e s c e n t 
a f t e r 1 hour, i n d i c a t i n g t h a t the p o l y s a c c h a r i d e had begun to 
r e t r o g r a d e . 

S p e c t r a of aqueous s o l u t i o n s and g e l s were recorded a t room 
temperature i n f u s e d - s i l i c a vacuum UV c e l l s 25μ-200μ i n p a t h -
l e n g t h . For s o l u t i o n s of amylose complete s p e c t r a were o b t a i n e d 
w i t h i n 20 min of a u t o c l a v i n g to e l i m i n a t e the e f f e c t of r e t r o -
g r a d a t i o n . Gels of c u r d l a n were prepared d i r e c t l y i n a VUCD c e l l 
by h e a t i n g a 20 mg/ml aqueous suspens i o n to 95°C 

F i l m s were prepared by a l l o w i n g a volume of p o l y s a c c h a r i d e 
s o l u t i o n (0.05-0.10 ml, 5-20 mg/ml) to evaporate on a CaF2 d i s c 
(19 mm diameter) i n a d e s s i c a t i n g oven a t 70-80°C F i l m s o f 
c u r d l a n were c a s t from 10 mg/ml aqueous s o l u t i o n s c o n t a i n i n g 1% 
NaOH, f o l l o w e d by e x t e n s i v e r i n s i n g w i t h H2O to remove the base. 

The VUCD inst r u m e n t and t y p i c a l o p e r a t i n g c o n d i t i o n s a r e 
d i s c u s s e d elsewhere. Molar e l l i p t i c i t i e s ([θ]) were c a l c u l a t e d 
based on a monomer r e s i d u e m o l e c u l a r weight of 162. 
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Results 

VUCD data for the series are summarized i n Tables II, III 
and IV. Figure 1 contains amylose solution, gel and film VUCD 
spectra; i n the region of overlap our solution spectrum i s i n 
agreement with that of Lewis and Johnson (14). Spectra of 
amylopectin and glycogen are shown i n Figure 2, and Figure 3 
shows spectra of pseudonigeran, nigeran and curdlan. 

Discussion 

180-190 nm Region. Generally the f i r s t band we observe i n 
glucans i s below 180 nm, but there are cases where, s i g n i f i c a n t l y , 
a low energy extremum appears i n the region near 182 nm. There
fore, the CD exhibited i n the region 180-190 nm i s best discussed 
separately from the higher energy CD  The relevant data are 
summarized i n Table II

Evidence for a d i s t i n c
previously been observed i n monosaccharides by Nelson and John
son (11,JJ2,13). They found that the CD of a- and 3-D-glucose 
begins about 10 nm to the red of the corresponding xylose anomers 
(i . e . , near 190 nm) even though the CD maxima are approximately 
the same for both pairs (~167 nm) (12). Nelson and Johnson 
suggest the presence of a second low-intensity positive band i n 
glucose sugars, seen only as a t a i l at the red end of their 
spectra (Fig. 2 of Reference 12). Methyl a-D-glucopyranoside 
shows the same low-intensity t a i l and an actual extremum exists 
i n the spectrum of methyl 3-D-glucopyranoside (Fig. 3 of 
Reference 13). 

We have seen a low energy CD band i n our own detailed VUCD 
study of pustulan [ (l->6)-3-D-glucan] which has been published 
separately (9). In that work we found that freshly prepared 
aqueous solutions of pustulan show a positive band near 177 nm. 
As solutions gel, however, a negative band develops at 190 nm 
which blue s h i f t s with continued aging. Furthermore, spectra of 
cr y s t a l l i n e films of pustulan resemble blue shifted spectra of 
aged gels; and Na + and C a + + accelerate gelation, presumably by 
decreasing the a c t i v i t y of the solvent (9). We concluded that 
the increase in intensity of the negative band with time and i t s 
blue s h i f t r e f l e c t the development of ordered conformations and 
their aggregation to form the gel. 

Figure 1 shows similar c h i r o p t i c a l behavior i n amylose. 
Figure 1A i s the spectrum of a freshly autoclaved solution and 
shows a well developed negative band near 182 nm. A gel (Figure 
IB) shows an enhanced 182 nm band. Film spectra depend somewhat 
on whether the f i l m i s prepared from a freshly autoclaved solu
tion (Figure ID) or an aged solution (Figure 1C). Amylose d i f f e r s 
from pustulan i n that the 182 nm band i s observed i n solution as 
well as the gel. This result i s i n accord with a pseudohelical 
conformation of amylose i n solution, which upon gelation i s 
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Tab l e I I . D-Glucan CD i n the 180-190 nm Region. 

λ [θ] 

(1+4) - a - S o l u t i o n 182 -0.90 

Ge l 184 -0.90 

F i l m 184 -0.30, -0.40 

A m y l o p e c t i n S o l u t i o n 182 -0.90 

F i l m 182 -0.20 

Glycogen S o l u t i o n 182 -0.45 

F i l m - -

( l + 6 ) - 3 - S o l u t i o n - -

G e l 184 -1.2 

F i l m 180 -0.27 

P u l l u l a n S o l u t i o n 187 -0.20 
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Table I I I . D-Glucan CD i n the 164-177 nm Region. 

Λ [ Θ ] 
3 2 , - 1 nm 10 deg cm dmol 

(1+3)-a F i l m 173 +2.7 (1+3)-a 
,b 

( l + 3 ) - S G e l <175 -1.4 
F i l m 172 -1.4 

( l + 4 ) - a 
G e l <175 P o s i t i v e 
F i l m 168 +1.2 

A m y l o p e c t i n S o l u t i o n <175 P o s i t i v e 
F i l m 166 +1.1 

Glycogen S o l u t i o n <175 P o s i t i v e 
F i l m 166 +2.8 

( 1 + 4 ) - Β * F i l m 1 5 7 a -13.0 
(1+6)-a S o l u t i o n I 1 7 7 +2.6 

F i l m 167 +1.6 
(l+6)-3 S o l u t i o n <177 +i.ob 

G e l <175 P o s i t i v e 
F i l m 164 +0.3 

N i g e r a n F i l m 164 +1.6 
P u l l u l a n S o l u t i o n <180 P o s i t i v e 

F i l m 166 +3.3 

a C e l l u l o s e i s a s p e c i a l case. See t e x t f o r d i s c u s s i o n . 

b [θ] a t 180 nm. 
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Table IV. D-Glucan CD i n the 145-150 nm Region. 

λ [θ] 
3 2 nm 10 deg cm dmol 

(1+3)-a 

(1+3)-3 145 P o s i t i v e 

( l + 4 ) - a 150 N e g a t i v e 

A m y l o p e c t i n <150 N e g a t i v e 

(l+4)-3 150 N e g a t i v e 

(1+6)-a 150 N e g a t i v e 

Figure 1. VUCD spectra of amylose: 
(A) solution (10 mg/mL) autoclaved at 
120°C, 30 min; (B) gel (20 mg/mL), 
aged ~ 2 d; (C) film cast from aged solu
tion (10 mg/mL); (D) film cast from So

lution A. 

τ ι 1 r 

I j D , J 
160 180 200 220 

λ ,ηιη 
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Figure 2. VUCD spectra of amylopec-
tin and glycogen: (A) amylopectin solu
tion (20 mg/mL); (B) glycogen solution 
(20 mg/mL); (C) amylopectin film (0.04 
mL, 20 mg/mL); (D) glycogen film (0.02 

mL, 20 mg/mL). 
140 160 180 200 220 

λ , n m 

Figure 3. VUCD film spectra of (A) 
pseudonigeran [(1 -» 3)-a-O-glucan], (B) 
nigeran [(1 -> 3)-a-(l -» 4)-α-Ό-glucan], 

and (C) curdlan [(1 -> 3)-β-Ό^Ι^αη] 
150 170 190 

\ , nm 
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m o d i f i e d , but o n l y s l i g h t l y , through the a s s o c i a t i o n of h e l i c a l 
m olecules and f o r m a t i o n of j u n c t i o n zones (36). T h i s model i s 
c o n s i s t e n t w i t h (1) Goebel e t a l . T s (37) t h e o r e t i c a l c a l c u l a t i o n s 
by which one percent of c o n f o r m a t i o n (φ,ψ) space i s r e s p o n s i b l e 
f o r 90% of the p a r t i t i o n f u n c t i o n , (2) S e n i o r and Hamori's 
i o d i n e b i n d i n g k i n e t i c s study (31), and (3) Lewis and Johnson's 
f i n d i n g (14) t h a t the CD of amylose i n aqueous s o l u t i o n and t h a t 
of amylose i n aqueous/butanol s o l u t i o n a r e s i m i l a r . 

A m y l o p e c t i n s o l u t i o n s ( F i g u r e 2A, Table I I ) show the same 
i n t e n s i t y a t 182 nm as do amylose s o l u t i o n s i n d i c a t i n g t h a t the 
a p p r o x i m a t e l y 5% (1+6)-α-linkages present as branch p o i n t s 
(Table I) do not s i g n i f i c a n t l y p e r t u r b the l o c a l o r d e r to which 
CD i s s e n s i t i v e . The decrease i n the 180 nm band i n glycogen 
( F i g u r e 2B, Table I I ) r e f l e c t s a r e l a t i v e r a n d o m i z a t i o n of 
m o l e c u l a r conformation r e s u l t i n g from the presence of a p p r o x i 
mately 15% (1+6)-α-linkages. F i l m s of a m y l o p e c t i n ( F i g u r e 2C) 
show a l a r g e decrease i
( F i g u r e 2D) no n e g a t i v

We a l s o observe a n e g a t i v e band a t 190 nm i n the s o l u t i o n 
spectrum of p u l l u l a n (Table I I ) , but a t much reduced i n t e n s i t y 
r e l a t i v e to amylose. We take t h i s band to o r i g i n a t e i n the same 
l o c a l c o n f o r m a t i o n r e s p o n s i b l e f o r the low energy d i c h r o i s m i n 
amylose. The i n t e n s i t y , however, i s m o d i f i e d by the presence of 
1+6 l i n k a g e s between r e p e a t i n g sequences of m a l t o t r i o s e . 

Our c o n c l u s i o n , t h e r e f o r e , i s t h a t the n e g a t i v e CD band we 
see i n the 180-190 nm r e g i o n of some D-glucans r e f l e c t s a h i g h 
degree of l o c a l o r d e r i n the p o l y s a c c h a r i d e c h a i n ; i . e . , an i n 
f l e x i b i l i t y a r i s i n g from s u b s t a n t i a l l y r e s t r i c t e d r o t a t i o n 
about the angles φ and ψ. That band i s absent i n cases where 
i n c r e a s e d f l e x i b i l i t y causes c a n c e l l a t i o n of o p p o s i t e l y s i g n e d 
CD c o n t r i b u t i o n s through c o n f o r m a t i o n a l a v e r a g i n g . 

We q u a l i f y t h a t c o n c l u s i o n f o r cases where t h e r e i s s u b s t a n 
t i a l n e g a t i v e d i c h r o i s m near 170 nm [(1+4) - 3-D-glucan ( c e l l u l o s e ) 
and (l+3 ) - 3-D-glucan ( c u r d l a n ) ] , s i n c e a s m a l l e r n e g a t i v e band 
near 180 nm would p r o b a b l y not be s e p a r a t e l y o b s e r v a b l e . 

164-177 nm Region. I n the r e g i o n 164-177 nm (Table I I I ) a l l 
α-D-glucans show p o s i t i v e d i c h r o i s m as does methyl a-D-gluco-
pyranoside (13), s u g g e s t i n g t h a t the c h i r o p t i c a l p r o p e r t i e s of 
the t r a n s i t i o n r e s p o n s i b l e f o r t h a t d i c h r o i s m are r e l a t i v e l y 
independent of m o l e c u l a r conformation and l i n k a g e type f o r a-D-
g l u c a n s . 

Nelson and Johnson (11,12,13) have suggested t h a t t h e r e i s a 
c o r r e l a t i o n i n the s i g n of the 164-177 nm band and the anomeric 
c o n f i g u r a t i o n of methyl p y r a n o s i d e s . T y p i c a l of the evidence f o r 
t h a t s u g g e s t i o n i s t h a t methyl a- and 3-D-xylopyranosides show 
p o s i t i v e and n e g a t i v e bands, r e s p e c t i v e l y near 174 nm; o t h e r p a i r s 
of monosaccharides show a s i m i l a r c o r r e l a t i o n (11,12,13). S i g n i f 
i c a n t l y f o r the p r e s e n t work, however, they observed an e x c e p t i o n 
to t h i s c o r r e l a t i o n i n the case of g l u c o p y r a n o s i d e s ; methyl 
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α-D-glucopyranoside has a p o s i t i v e band near 174 nm but the $-
anomer shows v i r t u a l l y no d i c h r o i s m . Furthermore, i n the r e g i o n 
near 167 nm, a- and 3-D-glucose themselves both e x h i b i t p o s i t i v e 
extrema, w i t h the 3-anomer b e i n g s l i g h t l y l e s s i n t e n s e ; and the 
same can be s a i d f o r the x y l o s e sugars (12). T h e r e f o r e , even a t 
the monosaccharide l e v e l , the c o r r e l a t i o n between s i g n of the 
164-177 nm CD band and anomeric c o n f i g u r a t i o n i s not s t r i c t . 

Our p r e s e n t work shows t h a t t h e r e i s a l s o no s t r i c t c o r r e l a 
t i o n i n D-glucans between the s i g n of the CD i n the 164-177 
r e g i o n and anomeric c o n f i g u r a t i o n . There i s a c o r r e l a t i o n f o r 
1+3 and 1+4 D-glucans (Table I I I ) , r e m i n i s c e n t of the x y l o -
pyranoside b e h a v i o r . For 1+6 D-glucans ( d e x t r a n and p u s t u l a n ) 
t h e r e i s o n l y a decrease i n ( p o s i t i v e ) CD i n the 164-177 nm 
r e g i o n on going from the a- to 3-1inked c h a i n , but no change i n 
s i g n (Table I I I ) ; t h i s b e h a v i o r i s s i m i l a r to the b e h a v i o r of the 
methyl g l u c o p y r a n o s i d e s . Thus, i n D-glucans the dependence of CD 
on C ( l ) c o n f i g u r a t i o n
hydroxymethyl group a
c o n c l u s i o n i s c o n s i s t e n t w i t h the p r e v i o u s l y r e p o r t e d r e s u l t (11, 
12,13) t h a t the C(6) hydroxymethyl group a l s o p l a y s a s i g n i f i c a n t 
r o l e i n d e t e r m i n i n g the s i g n of the 164-177 nm CD of monomeric 
glucopyranoses. 

F i g u r e 3 i l l u s t r a t e s the s e m i q u a n t i t a t i v e r e l a t i o n we 
observe f o r the p o s i t i v e band i n t h i s r e g i o n f o r α-D-glucans. 
The ( 1 + 3 ) - l i n k e d c h a i n (pseudonigeran, F i g u r e 3A) shows the 
l a r g e s t d i c h r o i s m . The a l t e r n a t i n g (1+3), ( l + 4 ) - l i n k e d c h a i n 
shows reduced i n t e n s i t y ( n i g e r a n , F i g u r e 3B), and i n f a c t i s 
i n t e r m e d i a t e i n i n t e n s i t y between the ( l - K 3 ) - l i n k e d pseudonigeran 
and the (l->4)-linked c h a i n (amylose, F i g u r e 1C and ID) . F i g u r e 
3 a l s o i l l u s t r a t e s the s i g n change on going from the (1+3)-a-
g l u c a n [pseudonigeran, F i g u r e 3A] to the (l->3 ) -3-glucan [ c u r d l a n , 
F i g u r e 3C]. 

145-160 nm Region. We have p r e v i o u s l y p o i n t e d out the 
g e n e r a l o c c u r r e n c e of two CD bands i n the r e g i o n s 165-180 nm and 
145-160 nm, as i n i-car r a g e e n a n ( 3 ) , agarose (_5) and g a l a c t o -
mannans ( 7 ) . We f i n d the same here as i n d i c a t e d i n Tables I I I 
and IV. (The h i g h energy band can o n l y be observed i n f i l m s . ) 
For a g i v e n p o l y s a c c h a r i d e these two bands are always o f o p p o s i t e 
s i g n , but che m i c a l s t r u c t u r e and c o n f i g u r a t i o n appear to 
determine whether the p o s i t i v e band i s the low energy o r h i g h 
energy band of the p a i r . 

C e l l u l o s e . C e l l u l o s e appears to be a s p e c i a l case. Only 
one CD band, r a t h e r than two, appears i n the h i g h energy r e g i o n ; 
and the i n t e n s i t y o f the band i s an o r d e r of magnitude g r e a t e r 
than i n a l l o t h e r D-glucans. There i s c l e a r l y a source of v e r y 
l a r g e d i c h r o i s m i n c e l l u l o s e which p l a y s l i t t l e o r no r o l e i n 
ot h e r g l u c a n s . The X-ray study and c o n f o r m a t i o n a l energy c a l c u 
l a t i o n s by one of us (A.J.S.) (38) p r o v i d e s an e x p l a n a t i o n f o r 
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the unique c r t i r o p t i c a l p r o p e r t i e s . I n the p r e d i c t e d s o l i d s t a t e 
s t r u c t u r e of c e l l u l o s e I I (38,39) every h y d r o x y l group i n the 
c e l l u l o s e c h a i n p a r t i c i p a t e s i n a hydrogen bond, and the C(6) 
hydroxymethyl group i s i n the tg r o t a t i o n a l p o s i t i o n . These two 
s t r u c t u r a l f e a t u r e s a r e absent i n the s o l i d s t a t e s t r u c t u r e s o f 
the o t h e r glucans we s t u d i e d . We suggest t h a t one o r bot h of 
these f e a t u r e s l e a d t o the enhanced d i c h r o i s m i n c e l l u l o s e . 

Assignments. Our approach to the assignments of s a c c h a r i d e 
CD bands i s based on the t h e o r e t i c a l work of T e x t e r and Stevens 
(40,41). From t h a t work i t i s c l e a r t h a t t h e r e i s a low energy 

Q * / 3 S - H I t r a n s i t i o n o r i g i n a t i n g from the non-bonding o r b i t a l o f 
every oxygen atom, i n c l u d i n g the r i n g oxygen, l i n k a g e oxygen and 
h y d r o x y l oxygens. The observed d i c h r o i s m i n the low energy 
r e g i o n i s the r e s u l t of summed c o n t r i b u t i o n s from each of those 
t r a n s i t i o n s , each c o n t r i b u t i o n r e f l e c t i n g the r e l e v a n t conforma
t i o n a l average. I n p a r t i c u l a
v e r y s m a l l d i c h r o i s m . Whe
o t h e r c o n t r i b u t i o n may dominate. Assignment of the low e s t 
energy CD band i n s a c c h a r i d e s to the r i n g oxygen (11,12,13) i s 
compa t i b l e w i t h t h i s view. 

The second (164-177 nm) and t h i r d (145-160 nm) CD bands we 
a s s o c i a t e w i t h a p a i r of t r a n s i t i o n s which a l s o o r i g i n a t e on 
each of the oxygen atoms. The observed d i c h r o i s m i s a g a i n the 
sum of c o n t r i b u t i o n s from each oxygen atom, some p a r t i c u l a r con
t r i b u t i o n p o s s i b l y b e i n g dominant i n s p e c i f i c c a s e s. T h i s view 
i s c o m p a t i b l e w i t h the c o r r e l a t i o n of s i g n w i t h anomeric c o n f i g u 
r a t i o n b e i n g o n l y p a r t i a l . 

I n the case of c e l l u l o s e , t h i s v i e w n a t u r a l l y l e a d s to the 
h y p o t h e s i s t h a t h y d r o x y l - l o c a l i z e d t r a n s i t i o n s to the h i g h 
energy CD band dominate the observed d i c h r o i s m , even though 
( s m a l l e r ) c o n t r i b u t i o n s a r e pr e s e n t from the l i n k a g e and r i n g 
oxygen atoms, perhaps to the same e x t e n t they a r e p r e s e n t i n 
ot h e r g l u c a n s . 
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I n t e r a c t i o n s o f aqueou
c h a r i d e s p l a y an e s s e n t i a
w a l l p o l y s a c c h a r i d e s , where i s o l a t i o n and f r a c t i o n a t i o n procedures 
are commonly based on d i f f e r e n t degrees of s o l u b i l i t y i n p a r t i c u 
l a r e l e c t r o l y t e s . T h i s i s e s p e c i a l l y t r u e o f the b e t a - l , 4 - l i n k e d 
pentosans and hexosans which a r e the p r i m a r y backbone s t r u c t u r e s 
of most o f the c e l l w a l l p o l y s a c c h a r i d e s ; not i n f r e q u e n t l y s o l u 
b i l i t y i s the b a s i s o f i d e n t i f i c a t i o n as w e l l . The b e t a - l , 4 - l i n k -
ed hexosans a r e a s p e c i a l subset w h i c h , because o f c o n s t r a i n t s on 
the freedom o f r o t a t i o n about the bonds o f the g l y c o s i d i c l i n k a g e , 
tend t o be l e s s s o l u b l e than the pentosans o r the hexosans w i t h 
l e s s c o n s t r a i n e d l i n k a g e s . 

One o f the d i f f i c u l t i e s i n i n v e s t i g a t i n g s o l u t i o n s o f p o l y 
s a c c h a r i d e s i n aqueous e l e c t r o l y t e s , i s t h a t most such e l e c t r o 
l y t e s a r e e i t h e r a c i d i c o r b a s i c i n n a t u r e , and t h e r e f o r e c a t a 
l y z e a v a r i e t y o f d e g r a d a t i o n r e a c t i o n s . An i n t e r e s t i n g e x c e p t i o n 
i n t h i s r e s p e c t a r e c o n c e n t r a t e d s o l u t i o n s o f the c a l c i u m h a l i d e s 
w h i c h , a l t h o u g h n e u t r a l , a r e capable o f s w e l l i n g c e l l u l o s e and 
s o l u b i l i z i n g i t i f i t i s o f s u f f i c i e n t l y low DP. The s t u d i e s 
r e p o r t e d here r e p r e s e n t an e f f o r t t o shed l i g h t on the mechanisms 
of t h e i r a c t i o n by exa m i n a t i o n o f a s e r i e s o f model systems. The 
f i r s t phase c o n s i s t e d o f a study o f i n t e r a c t i o n s o f the h a l i d e s 
of Group I I c a t i o n s w i t h e t h y l e n e g l y c o l as the most s i m p l e p o l y o l 
w i t h v i c i n a l h y d r o x y l groups. The second phase was concerned 
w i t h i n t e r a c t i o n s o f c a l c i u m c h l o r i d e , and i n s e l e c t e d i n s t a n c e s 
of magnesium c h l o r i d e , w i t h more complex p o l y o l s p o s s e s s i n g some 
s i m i l a r i t y t o the pyranose s t r u c t u r e s o c c u r r i n g i n most p o l y s a c 
c h a r i d e s . I n t e r a c t i o n s o f some o f the p o l y o l s w i t h b o r a t e a n i o n s 
were a l s o i n v e s t i g a t e d t o p r o v i d e some b a s i s f o r comparison. 

I n the f o l l o w i n g s e c t i o n r e l e v a n t s t u d i e s o f i n t e r a c t i o n s o f 
Group I I c a t i o n s w i t h s a c c h a r i d e s and p o l y o l s w i l l be reviewed 
t o g e t h e r w i t h the f i r s t o f our s t u d i e s , f o c u s e d on e t h y l e n e g l y 
c o l , w h i c h has been r e p o r t e d i n d e t a i l elsewhere ( 1 ) · The r e s u l t s 

1 C u r r e n t a d d r e s s : Champion I n t e r n a t i o n a l C o r p o r a t i o n , H a m i l t o n , 
OH 45020. 
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of the s t u d i e s on the more complex p o l y o l s w i l l then be p r e s e n t e d . 
F i n a l l y the i m p l i c a t i o n s o f these r e s u l t s w i t h r e s p e c t t o s o l u 
b i l i z a t i o n o f b e t a - l , 4 - l i n k e d p o l y s a c c h a r i d e s w i l l be d i s c u s s e d . 

PRIOR INVESTIGATIONS. The complexes o f car b o h y d r a t e s w i t h 
d i v a l e n t c a t i o n s have been i n v e s t i g a t e d b o t h i n s o l u t i o n and i n 
the s o l i d phase. The work o f Angyal £t a l . (2,3>) on s o l u t i o n 
complexes, u s i n g NMR s p e c t r a l measurements, i n d i c a t e d t h a t t h r e e 
a d j a c e n t h y d r o x y l groups i n a x i a l - e q u i t o r i a l - a x i a l c o n f i g u r a t i o n 
a r e p r e r e q u i s i t e f o r c o m p l e x a t i o n o f the ca r b o h y d r a t e . I n a study 
c o n f i n e d t o z i n c c h l o r i d e s o l u t i o n s , R i c h a r d s and W i l l i a m s (4) 
found the p r e r e q u i s i t e t o be a minimum o f t h r e e oxygen s i t e s , two 
of which a r e v i c i n a l h y d r o x y l groups, but w i t h o u t the c o n s t r a i n t 
of c o n f i g u r a t i o n found by A n g y a l e£ a l . The c r y s t a l l o g r a p h i c 
s t u d i e s o f c a l c i u m complexes w i t h a number o f sugars (5-7) r e v e a l 
c o m p l e x a t i o n i n v o l v i n g e i t h e r 2 o r 3 h y d r o x y l groups from each o f 
two d i f f e r e n t sugar m o l e c u l e s
s t r a i n t s on the s t r u c t u r
c o u r s e , s t a b i l i t y i n the s o l i d phase does not n e c e s s a r i l y i m p l y 
s t a b i l i t y i n s o l u t i o n . A s i m i l a r reduced l e v e l o f c o n s t r a i n t s 
f o r complex f o r m a t i o n i n s o l u t i o n i s suggested, however, by the 
work o f Thompson and h i s coworkers on s o l u t i o n s o f x y l a n (S_99) · 
They developed evidence f o r complex f o r m a t i o n between the x y l a n s 
and some Group I I c a t i o n s , and i n t h i s i n s t a n c e i t seems q u i t e 
u n l i k e l y t h a t more than 2 h y d r o x y l groups per r e s i d u e can be 
c o o r d i n a t e d t o the same m e t a l i o n s . 

Our i n v e s t i g a t i o n o f complex f o r m a t i o n i n s o l u t i o n s o f e t h y l s 
ene g l y c o l (1) was undertaken i n an e f f o r t t o c l a r i f y the p r e 
r e q u i s i t e s f o r complex f o r m a t i o n . The approach adopted was a 
Raman s p e c t r a l i n v e s t i g a t i o n o f the i n t e r a c t i o n s between the Group 
I I c a t i o n s and e t h y l e n e g l y c o l i n aqueous s o l u t i o n . F o r compari
son purposes the e f f e c t s o f some of the i o n s on the s p e c t r a o f a 
s e r i e s o f r e l a t e d m o l e c u l e s were e x p l o r e d . The s e r i e s i n c l u d e d 
methanol and e t h a n o l , the cyclohexane 1 , 2 - d i o l s , and e t h y l e n e 
diamine. Some complementary IR s p e c t r a l measurements on s o l u t i o n s 
i n e t h y l e n e g l y c o l were a l s o i n c l u d e d . 

I n t h i s phase o f the i n v e s t i g a t i o n the Raman s p e c t r a o f 
aqueous s o l u t i o n s o f e t h y l e n e g l y c o l i n the presence o f s e v e r a l 
Group I I c a t i o n s , i n c l u d i n g c a l c i u m , barium, cadmium, z i n c , mag
nesium, and s t r o n t i u m i o n s , were examined. I n s p e c t i o n o f the 
s p e c t r a showed t h a t the c a t i o n s c o u l d be c l a s s i f i e d i n t o two 
groups a c c o r d i n g t o the e x t e n t t o which they a l t e r e d the v i b r a 
t i o n a l spectrum o f e t h y l e n e g l y c o l . The presence o f magnesium, 
barium, o r cadmium i o n s , added as the c h l o r i d e s , produced o n l y 
minor changes i n the 1000 t o 1100 cm"1 r e g i o n , but almost no 
change i n o t h e r r e g i o n s o f the spectrum o f e t h y l e n e g l y c o l . An 
example o f t h i s group i s i l l u s t r a t e d i n F i g u r e 1 which shows o n l y 
minor changes i n the spectrum o f an aqueous s o l u t i o n o f e t h y l e n e 
g l y c o l when magnesium c h l o r i d e i s added. I n c o n t r a s t , the a d d i 
t i o n o f c a l c i u m , z i n c , o r s t r o n t i u m c h l o r i d e was found t o cause 
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e x t e n s i v e changes throughout the 800 t o 1300 cm""1 r e g i o n . The 
c h a r a c t e r i s t i c changes observed are i l l u s t r a t e d i n F i g u r e 2 where 
the a d d i t i o n o f d i f f e r e n t l e v e l s o f c a l c i u m c h l o r i d e a r e shown t o 
produce dr a m a t i c s h i f t s i n the s t r o n g s k e l e t a l band i n the 850 t o 
900 cm""1 r e g i o n . The r e l a t i v e l y s t r o n g band a t 866 cm*"1 i n t h e 
spectrum o f e t h y l e n e g l y c o l i s r e p l a c e d by the e q u a l l y s t r o n g band 
a t 887 cm" 1 i n the spectrum o f the e t h y l e n e g l y c o l t o g e t h e r w i t h 
the h i g h c o n c e n t r a t i o n o f c a l c i u m c h l o r i d e . I n a d d i t i o n i n the 
r e g i o n 1200 t o 1300 cm""1, as the c a l c i u m c h l o r i d e c o n c e n t r a t i o n 
i s i n c r e a s e d the band a t 1274 cm""1 i n the e t h y l e n e g l y c o l spectrum 
decreases i n r e l a t i v e i n t e n s i t y w h i l e a new band a t 1241 cm""1 i n 
c r e a s e s i n r e l a t i v e i n t e n s i t y . Band s h i f t s were a l s o n oted i n t h e 
1000 t o 1100 cm- 1 r e g i o n . 

The r e l a t i v e changes produced i n the v i b r a t i o n a l spectrum o f 
e t h y l e n e g l y c o l by the two groups o f c a t i o n s suggested two d i f 
f e r e n t types o f i n t e r a c t i o n s w i t h the e t h y l e n e g l y c o l . The r e l 
a t i v e l y minor changes produce
barium, o r cadmium i o n
d e n t a t e c o o r d i n a t i o n o f the m e t a l i o n s w i t h e t h y l e n e g l y c o l hy
d r o x y l groups. T h i s i n t e r p r e t a t i o n was supported by a d d i t i o n a l 
experiments w i t h methanol and e t h a n o l s o l u t i o n s c o n t a i n i n g v a r y i n g 
amounts o f c a l c i u m c h l o r i d e . I n the s e c a s e s , where monodentate 
c o o r d i n a t i o n i s the o n l y mode o f i n t e r a c t i o n p o s s i b l e , o n l y minor 
changes i n the r e g i o n 1000 t o 1100 cm""1 were observed. 

The more pronounced changes i n the e t h y l e n e g l y c o l spectrum 
produced by the presence o f c a l c i u m , z i n c , o r s t r o n t i u m i o n s were 
i n t e r p r e t e d as r e s u l t i n g from b i d e n t a t e c o o r d i n a t i o n o f the m e t a l 
i o n s accompanied by c o n v e r s i o n o f the e t h y l e n e g l y c o l m o l e c u l e s 
from the t r a n s c o n f o r m a t i o n t o the gauche c o n f o r m a t i o n i n o r d e r 
to form the complex. The v a l i d i t y o f t h i s i n t e r p r e t a t i o n was a l s o 
s u b j e c t e d t o f u r t h e r e x p e r i m e n t a l e x p l o r a t i o n . 

C i s - and t r a n s - c y c l o h e x a n e 1,2 d i o l s have the same c a p a c i t y 
to form b i d e n t a t e complexes as e t h y l e n e g l y c o l , but w i t h o u t t he 
p o s s i b i l i t y o f c o n f o r m a t i o n a l change. I t was p o s t u l a t e d t h a t any 
e l e c t r o n i c e f f e c t s r e s u l t i n g from complex f o r m a t i o n which c o u l d 
s i g n i f i c a n t l y p e r t u r b the v i b r a t i o n a l f r e q u e n c i e s would a l s o o c c u r 
i n the case o f the cyclohexane d i o l s . The Raman s o l u t i o n s p e c t r a 
of the cyclohexane d i o l s , w i t h and w i t h o u t added c a l c i u m c h l o r i d e , 
were r e c o r d e d . F o r c i s - c y c l o h e x a n e d i o l v i r t u a l l y no change i n 
the s o l u t i o n spectrum was observed a f t e r a d d i t i o n o f c a l c i u m c h l o r 
i d e . F o r t r a n s - c y c l o h e x a n e d i o l some changes i n r e l a t i v e band 
i n t e n s i t i e s i n the r e g i o n s 1400 t o 1325 and 1150 t o 1100 cm" 1 were 
observed a f t e r a d d i t i o n o f c a l c i u m c h l o r i d e . T h i s suggests an 
e l e c t r o n i c p e r t u r b a t i o n i s o c c u r r i n g and i t s e f f e c t observed i n 
the spectrum as a consequence o f changes i n the p o l a r i z a b i l i t y o f 
the carbon-oxygen bonds. S i n c e the changes observed w i t h the 
cyclohexane d i o l s were not u n l i k e those i n s o l u t i o n s of methanol 
and e t h a n o l i n the presence o f the c a l c i u m i o n s , i t was concluded 
t h a t t h e e l e c t r o n i c p e r t u r b a t i o n r e s u l t i n g from b i d e n t a t e c o o r d i ~ 
n a t i o n o f the c a l c i u m i o n s c o u l d not by i t s e l f account f o r the 
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major changes observed i n the e t h y l e n e g l y c o l spectrum i n the 
presence o f c a l c i u m i o n s . 

The s o l u t i o n spectrum and c a l c i u m i o n complex spectrum o f 
e t h y l e n e diamine were a l s o examined. As w i t h e t h y l e n e g l y c o l , i t 
was p o s t u l a t e d t h a t e t h y l e n e diamine has the c a p a b i l i t y o f b i d e n 
t a t e c o o r d i n a t i o n and c o n f o r m a t i o n a l change. Furthermore, e t h y l 
ene diamine i s known t o complex i n the gauche c o n f o r m a t i o n . The 
s i m i l a r i t i e s between the geometries o f e t h y l e n e g l y c o l and e t h y l 
ene diamine suggest t h a t i f the major changes i n the spectrum o f 
et h y l e n e g l y c o l upon b i d e n t a t e c o o r d i n a t i o n a r e indeed due t o 
c o n f o r m a t i o n a l changes, then s i m i l a r changes s h o u l d be d e t e c t a b l e 
i n the Raman spectrum o f e t h y l e n e diamine upon b i d e n t a t e c o o r d i 
n a t i o n o f me t a l i o n s . The a d d i t i o n o f c a l c i u m c h l o r i d e t o aqueous 
s o l u t i o n s o f e t h y l e n e diamine d i d indeed r e s u l t i n changes i n the 
Raman s p e c t r a which c l o s e l y p a r a l l e l the changes observed i n the 
s p e c t r a o f e t h y l e n e g l y c o l i n t h e presence o f c a l c i u m c h l o r i d e
These o b s e r v a t i o n s f u r t h e
changes i n the e t h y l e n e
f o r m a t i o n a l changes, from the t r a n s t o the gauche form, r e s u l t i n g 
from complex f o r m a t i o n w i t h c a l c i u m , z i n c , o r s t r o n t i u m i o n s . 

STUDIES ON THE MORE COMPLEX POLYOLS, I n 1961, M i l l s (10) 
r e p o r t e d e l e c t r o p h o r e t i c m o b i l i t i e s f o r s e v e r a l c a r b o h y d r a t e s , 
i n c l u d i n g c i s - i n o s i t o l and e p i - i n o s i t o l , when i n the presence o f 
such c a t i o n s as c a l c i u m , s t r o n t i u m , barium, and magnesium. Nomen
c l a t u r e o f the i n o s i t o l s i s shown i n F i g u r e 3, The m o b i l i t i e s 
were i n t e r p r e t e d as evidence o f complexing between the carbohy
d r a t e s and the c a t i o n s , A n g y a l and h i s coworkers (2,11) s t u d i e d 
the p r o t o n NMR s p e c t r a o f s e v e r a l i n o s i t o l s i n the presence o f 
c a t i o n s . They found t h a t the a d d i t i o n o f c a l c i u m c h l o r i d e t o a 
D 20 s o l u t i o n o f e p i - i n o s i t o l r e s u l t e d i n a d o w n f i e l d s h i f t o f the 
pr o t o n s i g n a l s . From the p r o t o n s h i f t s , the l a r g e s t s h i f t b e i n g 
observed f o r the hydrogen a t t a c h e d t o C I , i t was concluded t h a t 
the c a l c i u m i o n was c o o r d i n a t e d w i t h the t h r e e h y d r o x y l groups as 
shown i n F i g u r e 4. The methine hydrogen a t t a c h e d t o CI i s i n d i 
c a t e d i n the f i g u r e . I t was found t h a t c i s - i n o s i t o l and a l l o -
i n o s i t o l a l s o complexed s t r o n g l y , but m y o - i n o s i t o l e x h i b i t e d no 
pronounced p r o t o n s i g n a l s h i f t s , i n d i c a t i n g the absence o f s t r o n g 
complexing. The s t r o n g complexing c y c l i t o l s , e p i - i n o s i t o l , c i s -
i n o s i t o l , and a l i o - i n o s i t o l , a l l have i n common the a x i a l - e q u a 
t o r i a l - a x i a l sequence o f h y d r o x y l groups. I t was suggested t h a t 
the a x i a l - e q u a t o r i a l - a x i a l sequence i s f a v o r a b l e f o r complex f o r 
m a t i o n . M y o - i n o s i t o l and n e o - i n o s i t o l do not possess t h i s h y d r o x y l 
group sequence and do not complex s t r o n g l y . F u r t h e r i n v e s t i g a t i o n 
s u b s t a n t i a t e d the p o s t u l a t i o n t h a t an a x i a l - e q u a t o r i a l - a x i a l s e 
quence o f h y d r o x y l groups i s f a v o r a b l e f o r complex f o r m a t i o n . F o r 
example, s t u d i e s w i t h D - a l l o s e (12,13) showed the e q u i l i b r i u m be
tween the alpha-pyranose and a l p h a - f u r a n o s e , beta-pyranose and 
be t a - f u r a n o s e forms i n s o l u t i o n was a l t e r e d by the presence o f 
some c a t i o n s . Complexes were p r e f e r e n t i a l l y formed w i t h the a l p h a -
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pyranose and a l p h a - f u r a n o s e forms which c o n t a i n the a x i a l equa
t o r i a l a x i a l sequence. T h i s r e s u l t e d i n a s h i f t o f the e q u i l i b 
r ium t o these forms from the b e t a forms which do not c o n t a i n t h i s 
h y d r o x y l group sequence. 

The p r e s e n t i n v e s t i g a t i o n was undertaken w i t h the thought 
t h a t the Raman s p e c t r a o f s o l u t i o n s o f the i n o s i t o l s i n the aque
ous e l e c t r o l y t e s c o u l d shed f u r t h e r l i g h t on the mechanism o f 
i n t e r a c t i o n . The impetus b e h i n d t h i s i n v e s t i g a t i o n was the d e s i r e 
to f u r t h e r c l a r i f y the r e s u l t s o f the e a r l i e r work on the complexes 
w i t h e t h y l e n e g l y c o l and t o extend t h i s work t o model systems 
which more c l o s e l y approximated the pyranose s t r u c t u r e s . The i n 
t e n t was to complement r e p o r t s p r e v i o u s l y p r e s e n t e d i n the l i t e r 
a t u r e . The i n o s i t o l s were chosen because t h e i r complexes w i t h 
m e t a l i o n s have been c h a r a c t e r i z e d u s i n g o t h e r t e c h n i q u e s , whereas 
the e t h y l e n e g l y c o l complexes had not been as e x t e n s i v e l y c h a r a c 
t e r i z e d . To as s e s s the e f f e c t o f complex s t a b i l i t y on the l i g a n d 
v i b r a t i o n a l f r e q u e n c i e s
ranged i n s t r e n g t h fro
i n o s i t o l , c a l c i u m i o n complex] t o r e l a t i v e l y weak complexes [ e p i -
i n o s i t o l , magnesium i o n , and m y o - i n o s i t o l c a l c i u m i o n complexes]. 
To observe the e f f e c t o f complex f o r m a t i o n w i t h an at t e n d a n t 
change i n the geometry o f the l i g a n d m o l e c u l e , the c a l c i u m i o n 
complex o f another model compound, the 1 , 5 - a n h y d r o r i b i t o l , was 
i n v e s t i g a t e d . I t was h y p o t h e s i z e d t h a t the 1 , 5 - a n h y d r o r i b i t o l 
would change c o n f o r m a t i o n t o the a l t e r n a t e c h a i r form t o enhance 
f o r m a t i o n o f the c a l c i u m i o n complex because the a l t e r n a t e con
f o r m a t i o n has the a x i a l - e q u a t o r i a l - a x i a l sequence p r e f e r r e d f o r 
complex f o r m a t i o n . 

As noted e a r l i e r e p i - i n o s i t o l has been shown t o complex w i t h 
c a l c i u m i o n s i n the p r e f e r r e d c o n f o r m a t i o n as shown i n F i g u r e 4, 
Angya l and Hickman (11) r e p o r t e d a s t a b i l i t y c o n s t a n t o f Κ - 2,2 
+0,2 m o l e - 1 l i t e r f o r the e p i - i n o s i t o l c a l c i u m i o n complex, which 
i n comparison to the o t h e r i n o s i t o l complexes, i s r e l a t i v e l y 
s t r o n g . The e f f e c t o f c a l c i u m i o n complex f o r m a t i o n on the Raman 
s p e c t r a o f e p i - i n o s i t o l s o l u t i o n i s shown i n F i g u r e 5 where i t i s 
c l e a r t h a t the o n l y change r e s u l t i n g from complex f o r m a t i o n i s a 
change i n the r e l a t i v e i n t e n s i t i e s o f the two bands between 850 
and 950 cm" 1, The e p i - i n o s i t o l and c a l c i u m c h l o r i d e c o n c e n t r a t i o n s 
used a r e i n the same range as those used by An g y a l and Hickman. 

For comparison purposes the s p e c t r a o f the weaker complexes 
c o r r e s p o n d i n g t o e p i - i n o s i t o l and magnesium c h l o r i d e and t o myo
i n o s i t o l and c a l c i u m c h l o r i d e , were a l s o r e c o r d e d . No changes i n 
the s p e c t r a o f the i n o s i t o l s were observed upon a d d i t i o n o f the 
e l e c t r o l y t e s i n these systems. 

The t h r e e systems j u s t d i s c u s s e d span the range from a r e l a 
t i v e l y s t r o n g complex t o a v e r y weak complex. F o r the weak com
p l e x e s the i n o s i t o l v i b r a t i o n a l s p e c t r a remain e s s e n t i a l l y un
changed upon complex f o r m a t i o n . For the s t r o n g complex, the e p i -
i n o s i t o l c a l c i u m i o n complex, changes observed i n the i n o s i t o l 
spectrum were o f a minor n a t u r e i n v o l v i n g changes i n the r e l a t i v e 
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i n t e n s i t i e s o f two bands. The absence o f major changes i n the 
i n o s i t o l s p e c t r a , such as s i z e a b l e s h i f t s o f bands o r the appear
ance of new bands, suggests l i t t l e o r no change i n the s t r u c t u r a l 
geometries of the i n o s i t o l s upon complex f o r m a t i o n ; l a r g e changes 
i n i n o s i t o l geometries would be expected t o r e s u l t i n more p r o 
nounced changes i n the s p e c t r a than those observed. 

P e r t u r b a t i o n s o f the e l e c t r o n i c s t r u c t u r e o f the i n o s i t o l s 
almost c e r t a i n l y occur upon complex f o r m a t i o n . The degree o f the 
p e r t u r b a t i o n would be expected t o be dependent on the s t r e n g t h o f 
the complex. The r e l a t i v e band i n t e n s i t y changes observed i n the 
e p i - i n o s i t o l spectrum upon complex f o r m a t i o n a r e l i k e l y a mani
f e s t a t i o n o f an e l e c t r o n i c p e r t u r b a t i o n . I f complex f o r m a t i o n 
r e s u l t s i n a change i n e l e c t r o n d i s t r i b u t i o n , t h i s w i l l a f f e c t 
the p o l a r i z a b i l i t y o f the bonds i n the immediate neighborhood o f 
the c a t i o n , and, hence, the i n t e n s i t y o f the bands a s s o c i a t e d w i t h 
t h e i r v i b r a t i o n s . 

To f u r t h e r e x p l o r e
l i g a n d geometry, somewha
g l y c o l , the 1 , 5 - a n h y d r o r i b i t o l m o l e c u l e was chosen. I t s s t r u c 
t u r e i s shown i n F i g u r e 6 which d e p i c t s the e q u i l i b r i u m between 
the two a l t e r n a t e c h a i r forms and the p o s s i b i l i t y o f com p l e x a t i o n 
w i t h the c a l c i u m i o n i n the form w i t h the a x i a l - e q u a t o r i a l - a x i a l 
c o n f i g u r a t i o n o f the h y d r o x y l groups. P i t z n e r (14) c a l c u l a t e d 
t h a t a p p r o x i m a t e l y 26% o f the 1 , 5 - a n h y d r o r i b i t o l m o l e c u l e s would 
be i n the a l t e r n a t e c o n f o r m a t i o n a t e q u i l i b r i u m i n s o l u t i o n , i n 
the absence o f any e l e c t r o l y t e . I n analogy w i t h the o b s e r v a t i o n s 
of A n g y a l (12,13), i t was a n t i c i p a t e d t h a t a d d i t i o n o f c a l c i u m 
c h l o r i d e t o s o l u t i o n s o f the 1 , 5 - a n h y d r o r i b i t o l would s h i f t the 
e q u i l i b r i u m toward the a l t e r n a t e c o n f o r m a t i o n which i s more f a v o r 
a b l e t o complex f o r m a t i o n . F i g u r e 7 shows the v i b r a t i o n a l s p e c t r a 
of the c r y s t a l l i n e 1 , 5 - a n h y d r o r i b i t o l compared w i t h t h a t o f the 
aqueous s o l u t i o n and w i t h the spectrum of a s o l u t i o n c o n t a i n i n g 
c a l c i u m c h l o r i d e . I t i s c l e a r t h a t the new bands which appear i n 
the s o l u t i o n , and which P i t z n e r a t t r i b u t e d t o the a l t e r n a t e con-
former, a r e s i g n i f i c a n t l y i n t e n s i f i e d upon a d d i t i o n of c a l c i u m 
c h l o r i d e . 

The o b s e r v a t i o n s of the s p e c t r a o f the 1 , 5 - a n h y d r o r i b i t o l 
support the f i n d i n g o f Angy a l t h a t the f o r m a t i o n o f complexes w i t h 
c a l c i u m can indeed s h i f t the e q u i l i b r i a between d i f f e r e n t c o n f o r 
m ations, when one o f the conformations i s more f a v o r a b l e t o com
p l e x f o r m a t i o n . Furthermore i t i s c l e a r t h a t , when complex f o r 
mation i n v o l v e s a s i g n i f i c a n t change i n the geometry o f the l i 
gand, many new bands c h a r a c t e r i s t i c o f the a l t e r n a t e c o n f o r m a t i o n 
appear i n the spectrum. I t i s a l s o i n t e r e s t i n g t o note t h a t most 
of the bands which a r e i n t e n s i f i e d i n the presence o f c a l c i u m 
c h l o r i d e , a r e not s i g n i f i c a n t l y s h i f t e d r e l a t i v e t o t h e i r p o s i t i o n 
i n the aqueous s o l u t i o n o f 1 , 5 - a n h y d r o r i b i t o l . Thus the changes 
i n the spectrum a r e p r i m a r i l y due t o the change i n geometry and 
not t o the p e r t u r b a t i o n o f the l i g a n d m o l e cule by the c a t i o n com-
pl e x e d t o i t . I t seems c l e a r from the n a t u r e of the s p e c t r a l 
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(B) 1.25 mole% epi-inositol 
1.25 mole% CaCl 2 

97.50 mole% H20 

1--00 * ' 1200 ' 1 1C00 ' ' ' 800 ' ' ' 600 ' ' ' 4$Ô ' ' ' 200 
WAVENUMBEP. (CM') 

Figure 5. Raman spectra of the 1500-200 cm'1 region for three epi-inositol solu
tions 

1,5-Anhydroribitol 
1,5-Anhydroribitol-Calcium 

Ion Complex 

Figure 6. Representation of the 1,5-anhydroribitol chair inversion to form the 
1,5-anhydroribitol-calcium ion complex 
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changes t h a t the f o r m a t i o n o f the complex i s such t h a t the a l t e r 
nate c o n f o r m a t i o n i s s t a b i l i z e d w i t h r e s p e c t t o the lower energy 
co n f o r m a t i o n w i t h two e q u a t o r i a l and one a x i a l h y d r o x y l group. 
The r a t h e r i n s i g n i f i c a n t change i n the f r e q u e n c i e s o f the a l t e r 
n ate conformer bands which a r e i n t e n s i f i e d , suggest t h a t the p r e s 
ence o f the c a l c i u m i o n does not i n any way i n f l u e n c e the i n t e r n a l 
c o u p l i n g o f the v i b r a t i o n s i n the 1 , 5 - a n h y d r o r i b i t o l t o a s i g n i f i 
cant e x t e n t . 

I n an i n t e r e s t i n g e x t e n s i o n of the a p p l i c a t i o n o f the mecha
nism i n v o l v e d i n the r e a c t i o n o f the 1 , 5 - a n h y d r o r i b i t o l w i t h c a l 
cium c h l o r i d e , the e f f e c t o f aqueous c a l c i u m c h l o r i d e on the s o l u 
b i l i t y o f n e o - i n o s i t o l was i n v e s t i g a t e d . N e o - i n o s i t o l has two 
a x i a l h y d r o x y l groups on o p p o s i t e carbons i n the r i n g and f o u r 
e q u a t o r i a l h y d r o x y l groups between them, and thus has a c e n t e r o f 
i n v e r s i o n as an element o f i t s symmetry. I t i s the l e a s t s o l u b l e 
of the i n o s i t o l s , t o the e x t e n t t h a t i t i s not p o s s i b l e t o r e c o r d 
a Raman spectrum o f a s o l u t i o
reasoned t h a t i f the c a l c i u
c o n v e r s i o n o f the n e o - i n o s i t o l from the more s t a b l e form t o the 
a l t e r n a t e form where two ends o f the mol e c u l e would have a x i a l -
e q u a t o r i a l - a x i a l c o n f o r m a t i o n s , the s o l u b i l i t y of the i n o s i t o l 
might be enhanced. Such an experiment was c a r r i e d o u t , and i t was 
observed t h a t the c o n c e n t r a t i o n o f n e o - i n o s i t o l which e n t e r e d i n t o 
s o l u t i o n i n the aqueous c a l c i u m c h l o r i d e was indeed s u f f i c i e n t t o 
permi t a c q u i s i t i o n o f a Raman spectrum. The main bands i n the 
spectrum o f the s o l u t i o n d i d not c o i n c i d e w i t h those observed i n 
the spectrum o f the s o l i d , and thus the i n d i c a t i o n i s t h a t the 
n e o - i n o s i t o l i n s o l u t i o n i s pr e d o m i n a t e l y i n t h e a l t e r n a t e con
f o r m a t i o n and complexed t o c a l c i u m c a t i o n s . 

The complexes o f the b o r a t e a n i o n w i t h the i n o s i t o l s have 
been i n v e s t i g a t e d q u i t e e x t e n s i v e l y and i t has g e n e r a l l y been 
e s t a b l i s h e d t h a t the most e f f e c t i v e and s t a b l e complexes occur 
w i t h conformations o f the i n o s i t o l s t h a t possess t h r e e a x i a l hy
d r o x y l groups on a l t e r n a t e carbon atoms p e r m i t t i n g t r i d e n t a t e co
o r d i n a t i o n w i t h the a n i o n . I n the case o f c i s - i n o s i t o l and e p i -
i n o s i t o l p a r t i c u l a r l y s t r o n g complexes have been d e t e c t e d ( 1 5 ) . 
Though the Raman s p e c t r a o f such complexes have been i n v e s t i g a t e d 
(16) they w i l l not be pre s e n t e d here because they a r e not immedi
a t e l y r e l e v a n t t o the problem o f d i s s o l u t i o n o f p o l y s a c c h a r i d e s 
i n aqueous e l e c t r o l y t e systems. They a r e mentioned o n l y as a 
p o i n t o f r e f e r e n c e t o i n d i c a t e t h a t the s p e c t r a r e p r e s e n t s i g n i f i 
cant changes from what one might o b t a i n from a l i n e a r s uper-
i m p o s i t i o n o f the s p e c t r a o f the i n o s i t o l s and the b o r a t e a n i o n s . 
I t i s c l e a r t h a t t he complexes w i t h the b o r a t e a n i o n s r e p r e s e n t 
f o r m a t i o n o f e n t i r e l y new m o l e c u l a r s p e c i e s , the v i b r a t i o n a l spec
t r a o f which must be i n t e r p r e t e d i n terms o f the dynamics o f 
m u l t i r i n g compounds. The n a t u r e o f the s p e c i e s i n v o l v e d i s i l l u s 
t r a t e d i n F i g u r e 8. 
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M X ) ' ' ' V2O0 ' ' ' 1000 ' 1 ' 800 ' ' ' 600 ' ' ' 400 ' ' ' 2C0 
WAVENUMBER (CM') -

Figure 7. Raman spectra of crystalline 1,5-anhydroribitol and two aqueous solu
tions 

Figure 8. Representations of (A) cis-inositol borate and (B) the epi-inositol chair 
inversion to form the epi-inositol borate 
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CONCLUSIONS 

I t was noted i n our e a r l i e r r e p o r t t h a t the p a t t e r n o f v a r 
i a t i o n i n the i n t e r a c t i o n s between e t h y l e n e g l y c o l and the c a t 
i o n s i s not s i m p l y r a t i o n a l i z e d . Strong c o o r d i n a t i o n by z i n c i n 
the case o f e t h y l e n e g l y c o l i s not s u r p r i s i n g i n v i e w o f i t s 
p o s i t i o n i n the p e r i o d i c t a b l e , the s t a b i l i t y o f many of i t s 
complexes, and the r e s u l t s r e p o r t e d by R i c h a r d s (J5 ) . E q u a l l y 
s t r o n g c o o r d i n a t i o n by c a l c i u m i s not a n t i c i p a t e d a p r i o r i how
ever. R a t i o n a l i z a t i o n i n terms o f e l e c t r o - n e g a t i v i t y , o r charge: 
r a d i u s r a t i o would r e q u i r e , f o r c o n s i s t e n c y , t h a t e i t h e r cadmium 
or magnesium c o o r d i n a t e as s t r o n g l y as c a l c i u m . Angyal's o b s e r 
v a t i o n (3) t h a t a r a d i u s o f a p p r o x i m a t e l y 1 A i s the common c h a r 
a c t e r i s t i c o f the c o o r d i n a t i n g m e t a l i o n s does not f i t the p a t t e r n 
r e p o r t e d w i t h e t h y l e n e g l y c o l ; the z i n c i o n has a r a d i u s o f 0.74 A 
w h i l e the r a d i u s o f the cadmium i o n i s 0.97 A

More e m p i r i c a l l y ,
v i c i n a l h y d r o x y l group
i n g s by Bugg and Cook (17) t h a t b i d e n t a t e c o o r d i n a t i o n o f c a l c i u m 
by c a r b o h y d r a t e s i s accompanied by s i g n i f i c a n t d i s t o r t i o n s i n the 
0...0 d i s t a n c e s and the s k e l e t a l a n g l e s o f the v i c i n a l h y d r o x y l 
groups i n v o l v e d i n the c o o r d i n a t i o n . 

I n a t t e m p t i n g t o r e l a t e the p r e s e n t and p r e v i o u s o b s e r v a t i o n s 
t o the r o l e o f c a l c i u m c h l o r i d e s o l u t i o n s , o r the c a l c i u m c a t i o n s 
i n p a r t i c u l a r , one p a r t i c u l a r e f f e c t seems t o st a n d o u t . T h i s i s 
the c a p a c i t y o f the c a l c i u m i o n t o induce c o n f o r m a t i o n a l changes 
through m u l t i d e n t a t e c o o r d i n a t i o n . I n a d d i t i o n , the s t a b i l i t y o f 
the complex o f the c a l c i u m c a t i o n a t s i t e s f a v o r a b l e t o m u l t i d e n 
t a t e c o o r d i n a t i o n seems c l e a r l y e s t a b l i s h e d . A p l a u s i b l e mechan
ism f o r t he a c t i o n o f the c a l c i u m c a t i o n w i t h t h e b e t a - 1 , 4 - l i n k e d 
p o l y s a c c h a r i d e s may w e l l be a two stag e p r o c e s s . I n the f i r s t 
s t a ge the c a l c i u m c a t i o n i n t e r a c t w i t h the p o l y s a c c h a r i d e e n t i t y 
to produce c o n f o r m a t i o n a l adjustments f a v o r a b l e t o m u l t i d e n t a t e 
c o o r d i n a t i o n o f the c a l c i u m i o n . I n the second stage the remain
i n g gaps i n the c o o r d i n a t i o n sphere o f the c a l c i u m i o n a r e f i l l e d 
w i t h water m o l e c u l e s thus promoting the h y d r a t i o n and s o l u b i l i z a 
t i o n o f the b e t a - l , 4 - l i n k e d p o l y s a c c h a r i d e s , which o t h e r w i s e would 
be l e s s s o l u b l e i n water. 

The reasons f o r the e x c e p t i o n a l e f f e c t i v e n e s s o f the c a l c i u m 
i o n i n comparison t o the o t h e r Group I I c a t i o n s remains e n i g m a t i c , 
however. I t may w e l l be r e l a t e d t o i t s p a r t i c u l a r p o s i t i o n a t the 
b e g i n n i n g o f the 4 t h p e r i o d ; the r e l a t i v e l y s m a l l s e p a r a t i o n be
tween the e n e r g i e s o f the 3d and 4p o r b i t a l s i n c a l c i u m , and the 
p e n e t r a t i o n , i n i t s i n s t a n c e , o f the 3d o r b i t a l s c l o s e r t o the 
n u c l e a r charge (18) may expose c o o r d i n a t e d s p e c i e s t o a h i g h e r 
f i e l d . The e f f e c t c e r t a i n l y i s d e s e r v i n g o f f u r t h e r i n v e s t i g a t i o n , 
not o n l y i n r e l a t i o n t o the b e t a 1 , 4 - l i n k e d p o l y s a c c h a r i d e s , but 
w i t h r e s p e c t t o the impor t a n t r o l e o f c a l c i u m i n b i o l o g i c a l s y s 
tems i n g e n e r a l . 
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ABSTRACT 

Interactions which influence solution behavior of nonionic 
polysaccharides in aqueous electrolytes were explored in Raman 
spectral investigations of a sequence of model systems. The 
studies included interactions of Group II cations with ethylene 
glycol, the cyclohexane diols, 1,5-anhydroribitol, and a number 
of inositols, as well as interactions between inositols and the 
borate anion. Different levels of interaction were identified. 
The weakest associations had no noticeable effects on the Raman 
spectra of the polyols. The next level involved chelation with 
a favorable configuration of adjacent hydroxyl groups, and re
sulted in small changes in the spectra which indicated minor 
perturbation of the polarization parameters of the affected hy-
droxyls. A higher level of interaction occurred in systems where 
one conformer could interact more strongly with the cations, and 
the association resulte
bands assigned to the differen
actions were with the borate anions, where the spectra were no 
longer superpositions of the spectra of the alternate conformers 
and the anion, but indicated the formation of new molecular spe
cies with highly coupled vibrations. 
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Polyelectrolytic Behavior of Ionic Polysaccharides 

V. CRESCENZI, M. DENTINI, and R. RIZZO 

Istituto di Chimica-Fisica, Università di Roma, Roma, Italy 

An important aim of physico-chemical studies on natural and 
synthetic ionic-polysaccharides is to help elucidate the correla
tions between chemical structure-conformational characteristics 
of such polymers and their equilibrium properties in solution. 
In this context, attention is being given in our laboratory to 
the thermodynamics of macroion-counterion interactions and of po-
lyion-polyion interactions, including [soluble] complex formation 
between polysaccharide macroions and different polyampholites 
(e.g. proteins) in dilute aqueous solution. 

Our experimental approach is mainly based on the use of micro_ 
calorimetric, potentiometric, and chirooptical techniques. Poly
mers considered include: 1) sulfated polysaccharides (i-carragee-
nan, dextran sulfate); 
2) glycosaminoglycans (heparins); 3) microbial polysaccharides 
(Xanthan, PS-10). 

Species listed above (sodium salts) have been characterized 
in water and/or aqueous NaCl solution in terms of Na+ counterion 
activity coefficient, heat of dilution, and heat of Cu2+ ions 
binding. These experiments are part of a systematic investiga
tion on the relationship between "charge-density" along poly-
electrolyte chains and (metal) ion-binding, comparing experimen
tal evidence with existing theories (1,2,3). 

Nicrocalorimetric and spectroscopic data have then been 
collected on the interaction of human serum albumin with dextran 
sulfate and heparin, respectively, in dilute aqueous solution. 
The purpose is to afford possible, original evidence on the 
energetics of complex formation between glycosaminoglycans and 
different proteins of the biological fluids. 

Finally, the enthalpy of protonation as well as the circular 
dichroism of Xanthan have been studied in a rather wide range of 
pH values in water and in aqueous NaCl. This was done in order 
further characterize from a "structural" and thermodynamic stand
point the dissociation behavior of such a conformationally pecu-
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l i a r p o l y c a r b o x y l i c a c i d (_4, 5_) . For comparison purposes, the 
same experiments have been done u s i n g another m i c r o b i a l p o l y s a c 
c h a r i d e , PS-10 (6_, 7), whose c h a i n s are supposed to l a c k any con
f o r m a t i o n a l o r d e r . Work s i now i n pr o g r e s s t o i n v e s t i g a t e s o l u 
t i o n p r o p e r t i e s of the K l e b s i e l l a e K-63 p o l y s a c c h a r i d e (J3). 

We wish t o b r i e f l y summarize here a few of the r e s u l t s o b t a i 
ned so f a r i n our l a b o r a t o r y from work on the t h r e e main r e s e a r c h 
l i n e s e x e m p l i f i e d above. 

R e s u l t s and D i s c u s s i o n 

I) S u l f a t e d p o l y s a c c h a r i d e s and he p a r i n 

a) Heat of d i l u t i o n and of c o u n t e r i o n b i n d i n g ( N a + , C u 2 + ) . 
The a c t i v i t y c o e f f i c i e n t of Na + c o u n t e r i o n s ( }>Na+) f o r i - c a r r a -
geenan, dextr a n s u l f a t e  and he p a r i n i n water at 25°C  as e v a l u a
te d from our p o t e n t i o m e t r i

Although the c o n c e n t r a t i o
t e d , one observes t h a t /Na* i s low, and q u i t e i n s e n s i t i v e t o d i l u 
t i o n , the more so the h i g h e r the c h a r g e - d e n s i t y along the c h a i n s . 
These r e s u l t s are i n l i n e w i t h a number of s i m i l a r data c o l l e c t e d 
by v a r i o u s authors (_9, _1Q_) : the agreement i s however o n l y q u a l i t a -
tiven,when a comparison i s f e a s i b l e at a l l , g i v e n the l a c k of 
s i m i l a r i t y among d i f f e r e n t samples used i n d i f f e r e n t l a b o r a t o r i e s . 

A more important p r o p e r t y u s e f u l f o r the thermodynamic 
c h a r a c t e r i z a t i o n of aqueous p o l y e l e c t r o l y t e s o l u t i o n s i s the en
t h a l p y o f d i l u t i o n . Our m i c r o c a l o r i m e t r i c r e s u l t s (25°C) are r e 
ported i n F i g . 2 f o r dextran s u l f a t e , and i n F i g . 3 f o r segmented 
i-c a r r a g e e n a n and f o r h e p a r i n , r e s p e c t i v e l y . I t i s seen t h a t , f o r 
a g i v e n d i l u t i o n range: 1) the i n t e g r a l heat of d i l u t i o n (A H Q : 
c a l / p o l y e l . e q u i v . ) i s h i g h e r the lower the charge d e n s i t y a l o n g 
the c h a i n s ; 2) d i l u t i o n i n the presence o f NaCl Cat a f i x e d NaCl 
m o l a r i t y ) l e a d s to d i s t i n c t l y s m a l l e r heat e f f e c t s than i n water. 

To our knowledge no c a l o r i m e t r i c data of comparable accuracy 
on i o n i c p o l y s a c c h a r i d e s o l u t i o n s can be found i n the l i t e r a t u r e , 
w i t h the n o t a b l e e x c e p t i o n of the r e s u l t s r e c e n t l y r e p o r t e d by R. 
L. C l e l a n d [V\J on the en t h a l p y of mix i n g g l y c o s a m i n o g l y c a n s w i t h 
aqueous NaCl. 

A d d i t i o n a l evidence on the complex i n t e r p l a y of f a c t o r s which 
govern p o l y s a c c h a r i d e - c o u n t e r i o n i n t e r a c t i o n s i s c l e a r y a f f o r d e d 
by the c a l o r i m e t r i c data on the b i n d i n g o f C u 2 + i o n s r e p o r t e d i n 
F i g . 4. Here the " c h a r g e - d e n s i t y " of the ch a i n s i s not the o n l y 
dominant parameter as, q u i t e o b v i o u s l y , a l s o the nature and r e l a 
t i v e c o n f i g u r a t i o n of f i x e d - c h a r g e s (heparin) and the p r o p e n s i t y 
of the c h a i n s t o assume ordered conformations ( i - c a r r a g e e n a n ) 
c o n t r i b u t e i m p o r t a n t l y t o the observed o v e r a l l e n e r g e t i c e f f e c t s 
upon C u 2 + - b i n d i n g . In the case of i-c a r r a g e e n a n the p e c u l i a r 
shape of the Q B a g a i n s t [ C u 2 + ] /N p l o t (see F i g . 4; Q B = N E A T O F 

m i x i n g p o l y e l e c t r o l y t e and Cu(N03)2 s o l u t i o n s , c o r r e c t e d f o r d i l u 
t i o n e f f e c t s ; Ν = p o l y e l e c t r o l y t e c o n c e n t r a t i o n i n e q u i v . / I ) should 
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Figure 1. Activity coefficient of Na+ counterions (γΝα+) of ionic polysaccharides in 
water (25° C), Ν is the polyelectrolyte concentration in equivalents/liter: (A) iso-
carrageenan (ξ = 1.2); (+) heparin (£ = 1.3); (A) dextran sulfate. (M = 4 · 104; 

( — 2.8). 

-logN 

Figure 2. Enthalpy of dilution of dextran sulfate (M = 4 · 104) at 25°C: (+) in 
water; (Φ) in 1 · 103M NaCl; (A) in 3 · 10'3M NaCl; (O) in 5 · 10~3M NaCl; 

(A) in 1 · 102M NaCl. 
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i n f a c t be t r a c e d back to a d i s o r d e r o r d e r t r a n s i t i o n , as 
c l e a r l y supported by o p t i c a l a c t i v i t y measurements (J_2) . 

C r i t i c a l comparison o f our data ( F i g s 1-4) w i t h c u r r e n t theo
r i e s o f p o l y e l e c t r o l y t e s o l u t i o n s would e n t a i l a r a t h e r l e n g t h y 
p r e s e n t a t i o n and d i s c u s s i o n o f a numer of equa t i o n s and u n d e r l y 
in g assumptions. For sake o f b r e v i t y l e t us sim p l y p o i n t out here 
t h a t , c o n s i d e r i n g Manning's the o r y (13_, _1_4), we f i n d o n l y a q u a l i 
t a t i v e , rough agreement w i t h our e x p e r i m e n t a l r e s u l t s . In p a r t i 
c u l a r , the heat o f d i l u t i o n data i n aqueous NaCl ( F i g s 2 and 3) 
seem "anomalous" w i t h r e s p e c t t o t h e o r e t i c a l p r e d i c t i o n s ( Y\_). A 
d e t a i l e d d i s c u s s i o n on these p o i n t s w i t h the p r e s e n t a t i o n of data 
a l s o f o r d i f f e r e n t p o l y e l e c t r o l y t e s w i l l be g i v e n elsewhere (_1_5) . 

b) M i c r o c a l o r i m e t r i c and s p e c t r o s c o p i c data on i o n i c p o l y -
s a c c h a r i d e - p r o t e i n i n t e r a c t i o n s . The a s s o c i a t i o n between d i f f e 
r e n t charged polymers i s a w e l l known phenomenon w i t h important 
i m p l i c a t i o n s i n the cas
s t a n c e , the e x t e n s i v e a s s o c i a t i o
p r o t e i n s i s c u r r e n t l y thought t o be the b a s i s f o r the b i o l o g i c a l 
a c t i v i t y of t h i s glycosamminoglycan (1_6). The i n t e r a c t i o n between 
i o n i c p o l y s a c c h a r i d e s and a number of~~proteins l e a d i n g t o s o l u b l e 
complex f o r m a t i o n has been c h a r a c t e r i z e d i n v i t r o u s i n g d i f f e r e n t 
e x p e r i m e n t a l t e c h n i q u e s (17), but much remains t o be understood 
about e n e r g e t i c a s p e c t s as w e l l as s p e c i f i c mechanisms a t the 
mo l e c u l a r l e v e l . In t h i s f i e l d , our r e s e a r c h program i n c l u d e s 
s t u d i e s o f the complexation processes between i o n i c - p o l y s a c c h a r i -
des, i n p a r t i c u l a r m u c o p o l y s a c c h a r i d e s , and s e l e c t e d p r o t e i n s i n 
aqueous s o l u t i o n by means of m i c r o c a l o r i m e t r i c and s p e c t r o s c o p i c 
experiments. A few r e s u l t s o f the l a t t e r experiments c o n c e r n i n g 
the d i l u t e aqueous systems: d e x t r a n sulfate-human serum albumin 
(NaDS-HSA), and heparin-human serum albumin (Hep-HSA), r e s p e c t i 
v e l y , are r e p o r t e d i n F i g s . 5a, and 5_b. S p e c t r a l data were 
c o l l e c t e d f o r the above systems (at pH = 5.0; i o n i c s t r e n g t h 0.1 
N) u s i n g two d i f f e r e n t o p t i c a l probes, namely: f l u o r e s c e i n e and 
rhodamine-B. These dyes do not i n t e r a c t ( f l u o r e s c e i n e ) o r i n t e r 
a ct o n l y very weakly (rhod-B) w i t h the i o n i c - p o l y s a c c h a r i d e s 
c o n s i d e r e d . 

For the p a r t i c u l a r e x p e r i m e n t a l c o n d i t i o n s used, f l u o r e s c e i 
ne may be c o n s i d e r e d as e x t e n s i v e l y bound on a s i n g l e , primary 
b i n d i n g s i t e o f HSA (JJ3, 1_9) i n the absence of extraneous p o l y 
e l e c t r o l y t e s . 

A d d i t i o n of NaDS (lï = 4.10 4) p e r t u r b s the f l u o r e s c e i n e spec
trum i n the d i r e c t i o n of an e x t e n s i v e d isplacement o f dye mole
c u l e s from the p r o t e i n w i t h an apparent " e q u i v a l e n c e - p o i n t " c o r r e 
sponding t o a s t o i c h i o m e t r i c N / [ H S A ] r a t i o c l o s e t o 15, a c c o r d i n g 
t o a b s o r p t i o n and f l u o r e s c e n c e data (see F i g . 5a_) . At pH = 6.5, 
on the c o n t r a r y , any e f f e c t was b a r e l y d e t e c t a b l e . T h i s i s i n 
l i n e w i t h e x t e n s i v e complex f o r m a t i o n between NaDS and HSA d r i v e n 
e s s e n t i a l l y by e l e c t r o s t a t i c f o r c e s , which would engage many of 
the f i x e d p o s i t i v e charges o f HSA, pro b a b l y i n c l u d i n g most of 
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Figure 5b. ΔΑ data for the heparin-HSA system. Same experimental conditions 
as in Figure 5a: (+c) fluoresceine; (Φ) rhodamine-B. 
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those at the f l u o r e s c e i n e primary b i n d i n g - s i t e . Quite o p p o s i t e i s 
the b e h a v i o r of rhodamine-B. Data of F i g . 5a show i n f a c t t h a t 
t h i s dye i s only very weakly bound t o f r e e HSA molecules (under 
our e x p e r i m e n t a l c o n d i t i o n s ) but t h a t a d d i t i o n of NaDS would pro
mote i t s b i n d i n g . The " e q u i v a l e n c e - p o i n t " f o r NaDS of Π = 4.10 4 

i s i n t h i s case found at an N/ £HSA] r a t i o a p p r o x i m a t e l y 30. 
In view of the z w i t t e r i o n i c nature of rhodamine-B a p o s s i b l e 

e x p l a n a t i o n of t h i s e f f e c t may be t h a t i n t e r a c t i o n of NaDS w i t h 
HSA b r i n g s p a i r s of p o s i t i v e and n e g a t i v e f i x e d charges i n t o 
s u f f i c i e n t l y c l o s e p r o x i m i t y w i t h the onset of " b i n d i n d - s i t e s " f o r 
rhodamine. I t i s i n t e r e s t i n g t o p o i n t out t h a t the " e q u i v a l e n c e -
p o i n t " f o r NaDS w i t h Π = Θ.10 3 i s c e r t a i n l y lower than t h a t f o r 
the h i g h e r M sample, as shown i n F i g . 5a. 

Data c o l l e c t e d u s i n g h e p a r i n i n s t e a d o f NaDS but f o r o t h e r 
wise i d e n t i c a l c o n d i t i o n are g i v e n i n F i g . 5b. The t r e n d o f the 
a b s o r p t i o n data are q u i t e s i m i l a r t o those found w i t h NaDS: appa
r e n t " e q u i v a l e n c e - p o i n t s
v a l u e s around 20 ( f l u o r e s c e i n e
s t i n g f e a t u r e s deserve f u r t h e r i n v e s t i g a t i o n . Here we l i m i t our
s e l v e s t o deduce from the data of F i g s 5a and 5b t h a t f o r a 
N/ [HSA] r a t i o of about 30, w i t h [HSA] ca 10~ 5 M, the m a j o r i t y of 
HSA molecules sho u l d be bound by NaDS o r by he p a r i n c h a i n s . I n i 
t i a l l y , more than one p r o t e i n molecule would thus be bound per 
p o l y s a c c h a r i d e c h a i n . I t has t o be p o i n t e d out however t h a t the 
s p e c t r o s c o p i c " e q u i v a l e n t - p o i n t s " correspond t o N/JHSAJ v a l u e s 
minimal i n o r d e r t o n e a r l y c a n c e l ( f l u o r e s c e i n e ) o r to f u l l y deve
lop (rhodamine) s p e c t r a l p e r t u r b a t i o n s of probe chromophores, f o r 
our working c o n d i t i o n s . 

F u r t h e r a d d i t i o n of p o l y s a c c h a r i d e s may i n f a c t l e a d t o 
f u r t h e r " i n t e r a c t i o n s " w i t h HSA no l o n g e r d e t e c t a b l e by the dyes 
employed. T h i s , among o t h e r t h i n g s , i s born out by the c a l o r i 
m e t r i c experiments which i n d i c a t e t h a t at pH = 6 t h e r e i s l i t t l e 
p o l y saccharide-HSA i n t e r a c t i o n ( i n agreement w i t h s p e c t r a l observa 
t i o n ) w h i l e at pH = 5.0 the A H C ( i n K c a l per mole of HSA, c o r r e c 
ted f o r d i l u t i o n e f f e c t s ) v a l u e s p r o g r e s s i v e l y i n c r e a s e w i t h i n 
c r e a s i n g p o l y s a c c h a r i d e c o n c e n t r a t i o n and appear t o f i n a l l y reach 
a p l a t e a u ( F i g . 6 ) . E v i d e n t l y , e l e c t r o s t a t i c i n t e r a c t i o n s are 
mainly r e s p o n s i b l e f o r the observed e f f e c t s . 

In the case o f NaDS w i t h Π = 4.10 4 one can e s t i m a t e from the 
c a l o r i m e t r i c data an apparent " e q u i v a l e n c e - p o i n t " i n f a i r agree
ment w i t h the s p e c t r o s c o p i c r e s u l t s (N/ [JHSA] ca. 30). The i n 
f l u e n c e of p o l y s a c c h a r i d e average m o l e c u l a r weight i s a l s o e v i d e n t 
from data of F i g . 6, a lower Ν producing a l o w e r i n g and smearing 
out of the AHC v a l u e s . With NaDS M = 8.10 3 we f i n d i n f a c t , at 
high N/ [HSA] v a l u e s , a HC p r a c t i c a l l y c o i n c i d e n t w i t h t h a t f o r 
hep a r i n but n e a r l y h a l f o f t h a t f o r NaDS w i t h M = 4.10 3 (but a l 
ways w i t h DS = 2 ) . Moreover f o r theNaDS w i t h M = Θ.10 3 and f o r 
hep a r i n no e q u i v a l e n c e - p o i n t may be es t i m a t e d from F i g . 6. 

The p o l y d i s p e r s i t y o f our NaDS samples, of unknown m o l e c u l a r 
weight d i s t r i b u t i o n s , p r e c l u d e s 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 o f 
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these i n t e r e s t i n g o b s e r v a t i o n s . A p o s s i b l e q u a l i t a t i v e e x p l a n a 
t i o n may however be t h a t at very low N/ £HSA] v a l u e s the p r o t e i n 
b i n d i n g process takes p l a c e w i t h p r a c t i c a l l y i d e n t i c a l mechanisms, 
independent of NaDS m o l e c u l a r weight. T h i s i s i n agreement w i t h 
both s p e c t r o s c o p i c and c a l o r i m e t r i c e x p e r i m e n t a l evidence. For 
hi g h e r N/ [HSA] v a l u e s , i . e . near to 20 (see F i g . 5a_), d i f f e r e n c e s 
i n the " b i n d i n g - s i t e s " f o r HSA along s h o r t c h a i n s and l o n g e r p o l y 
s a c c h a r i d e chains become e v i d e n t . One may assume t h a t w i t h the 
lo n g e r c h a i n s more f i x e d charges may be engaged i n the b i n d i n g 
of each albumin g l o b u l a r molecule (at high N/ [jHSA] v a l u e s ) so 
t h a t more heat i s evolved ( F i g . 6) and more o p p o r t u n i t y i s g i v e n 
t o rhodamine t o p a r t i c i p a t e i n the complexation ( F i g . 5a_) . 

The same q u a l i t a t i v e r e a s o n i n g might apply as w e l l t o the 
Hep-HSA case (PI of hep a r i n ca. 104 ) which, t o a f i r s t approxima
t i o n , may resemble the HSA-NaDS ΙΊ = 8.10 3 case. I t has to be r e 
c a l l e d t h a t the c a l o r i m e t r i c experiments were performed u s i n g HSA 
s o l u t i o n s n e a r l y t e n time
s c o p i c experiments. F i n a l l y
l e c u l a r weight, i t must be s a i d t h a t u s i n g a sample w i t h Π = 5.10 5 

(DS = 2) p r o t e i n p r e c i p i t a t i o n o c c u r r e d . 
F i n d i n g s r e p o r t e d here deserve f u r t h e r study inasmuch as the 

systems c o n s i d e r e d and the o r i g i n a l e x p e r i m e n t a l approaches used 
may y i e l d v a l u a b l e " r e f e r e n c e " i n f o r m a t i o n f o r s i m i l a r i n v e s t i g a 
t i o n s on p o l y s a c c h a r i d e - p r o t e i n s systems i n which s p e c i f i c i n t e r 
a c t i o n s do p l a y an important r o l e (e.g. h e p a r i n - a n t i t h r o m b i n I I I ) . 

I I ) N a t u r a l c a r b o x y l a t e d p o l y s a c c h a r i d e s 

a) D i s s o c i a t i o n e q u i l i b r i a of Xanthan and PS-10. P r i o r t o a 
d i s c u s s i o n of data c o n c e r n i n g the p r o t o n a t i o n e q u i l i b r i a , i t may 
be o f i n t e r e s t t o r e p o r t b r i e f l y a few r e s u l t s on the en t h a l p y o f 
d i l u t i o n and on the en t h a l p y of C u 2 + i o n b i n d i n g f o r Xanthan and 
PS-10 i n d i l u t e aqueous s o l u t i o n . F i r s t of a l l i t must be p o i n t e d 
out that while f o r Xanthan the chemical s t r u c t u r e and c o n f o r m a t i o n a l 
f e a t u r e s have been a l r e a d y e l u c i d a t e d and/or t h r o u g h l y i n v e s t i g a 
t e d , _no s i m i l a r i n f o r m a t i o n i s a v a i l a b l e f o r PS-10. For the 
l a t t e r e x o c e l l u l a r p o l y s a c c h a r i d e , i n f a c t , i t appears t h a t , so 
f a r , chemical c o m p o s i t i o n (_6, 7) o n l y i s known (glue : g a l a c t : 
glucA: f u c o s e = 6:4:3:2, and an 0 - a c e t y l content of 4.5%). Never
t h e l e s s , we decided t o use PS-10 i n our s t u d i e s e s s e n t i a l l y as a 
re f e r e n c e p o l y s a c c h a r i d e compound devoid of c h a i n c o n f o r m a t i o n a l 
o r d e r at any pH o r i o n i c s t r e n g t h , as opposed t o the case of Xan
than . 

For these two n a t u r a l c a r b o x y l a t e d p o l y s a c c h a r i d e s which have 
e q u i v a l e n t weights: 633 (Xantahn) and 854 (PS-10), the heat o f 
d i l u t i o n data are g i v e n i n F i g . 7. I t once more appears t h a t ΔΗρ 
i s a l i n e a r f u n c t i o n of logN, at l e a s t i n the l i m i t e d range of Ν 
val u e s s t u d i e d , as exp e r i e n c e d w i t h the s u l f a t e d p o l y s a c c h a r i d e s 
( F i g s 2 and 3: low Ν v a l u e s ) . Here, however, c o r r e l a t i o n of t h i s 
f e a t u r e w i t h t h e o r i e s based on l i n e - c h a r g e models i s out of the 
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Figure 6. Calorimetric data on the interaction of HSA with dextran sulfate (*,+) 
and with heparin (A) in aqueous solution (25°C), pH = 5.04, acetate buffer (7 · 
10 2M), albumin concentration (constant) = 1.45 · 10 4 mol/L. (jf) dextran sul

fate, M = 4 · 104; (%) dextran sulfate, Ή = 8 · 103; (A) heparin. 

Figure 7. Enthalpy of dilution of xanthan and PS-10 (25°C): (A) PS-10 in water; 
(ic) xanthan in 5 · 102M NaCl; (A) PS-10 in 1 · 10'2M NaCl; (O) PS-10 in 5 · 

10-2M NaCl. 
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q u e s t i o n i n view of the complex, branched s t r u c t u r e of Xanthan. 
In o t h e r words, the l i n e a r i t y of c a l o r i m e t r i c p l o t s such as those 
of F i g . 7 (data i n water and i n aqueous NaCl, at 25 C) i s not, i n 
our o p i n i o n , a m a n i f e s t a t i o n of the " p o l y e l e c t r o l y t i c " nature of 
sp e c i e s c o n s i d e r e d . 

On the o t h e r hand data r e p o r t e d i n F i g . 8 i n d i c a t e t h a t the 
h i g h e r c h a r g e - d e n s i t y of Xanthan compared t o PS-10 shows up i n a 
hi g h e r heat of C u 2 + i o n b i n d i n g and i n a lower a c t i v i t y c o e f f i 
c i e n t of Na + c o u n t e r i o n s . From the i n i t i a l s l o p e of the Q B 

a g a i n s t [ C u 2 4 ] /N p l o t s of F i g . 8 one est i m a t e s f o r Xanthan i n 
water a d i f f e r e n t i a l e n t h a l p y of C u 2 + b i n d i n g of about 1 K c a l per 
mole of copper bound. In c o n c l u s i o n , as found w i t h the s u l f a t e d 
p o l y s a c c h a r i d e s ( F i g . 4) as w e l l as w i t h d i f f e r e n t s y n t h e t i c p o l y -
c a r b o x y l a t e s (2Π, c h e l a t i o n of C u 2 + i o n s by po l y a n i o n s i s a pro
cess s y s t e m a t i c a l l y d r i v e n by the entropy. 

P a s s i n g t o the p r o t o n a t i o n e q u i l i b r i u m experiments  our c a l o
r i m e t r i c r e s u l t s are r e p o r t e
case of Xanthan i n wate
anomalous. Leaving a s i d e p o s s i b l e a g g r e g a t i o n Τ—» d i s a g g r e g a t i o n 
phenomena which, i n our e x p e r i e n c e , may render troublesome a l l 
p h y s i u o - c h e m i c a l measurements on aqueous Xanthan but which sho u l d 
be minimized f o r our t h e r m a l l y t r e a t e d s o l u t i o n s (2£) (see a l s o 
E x p e r i m e n t a l P a r t ) , we propose t h a t the anomalous e n t h a l p y t r e n d 
may be a s c r i b e d t o a c o n f o r m a t i o n a l , i s o t h e r m a l change of Xanthan 
c h a i n s . T h i s h y p o t h e s i s appears t o g a i n support from the c i r c u l a r 
d i c h r o i s m data i l l u s t r a t e d i n F i g s 10 and 11 f o r PS-10 and Xanthan 
r e s p e c t i v e l y . 

For PS-10 the change of the CD spectrum w i t h pH e s s e n t i a l l y 
r e f l e c t s the u n d i s s o c i a t e d T"*" d i s s o c i a t e d e q u i l i b r i u m of carbo
x y l groups of glucA r e s i d u e s (21_, _22) . 

For Xanthan the dependence of the CD s p e c t r a on pH i s more 
co m p l i c a t e d because d i f f e r e n t chromophores (23) p a r t i c i p a t e i n 
the above s a i d e q u i l i b r i u m : one can, n e v e r t h e l e s s , d i s t i n g u i s h 
p e c u l i a r v s . pH f e a t u r e s i n correspondence w i t h pH v a l u e s 
f o r which anomalies are a l s o d e t e c t a b l e i n the c a l o r i m e t r i c p l o t s 
( F i g . 8 ] . 

In 0.1 NaCl (25°) a l l anomalies are c a n c e l l e d out, and the 
ordered conformation assumed by Xanthan i n t h i s m i l i e u (_4, 5_) 
would thus r e s i s t any pH p e r t u r b a t i o n . 

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

The segmented i- c a r r a g e e n a n sample was a Kind g i f t of Dr. S. 
Re i d , U n i l e v e r Research L a b o r a t o r y (England). The i n t a c t i - c a r r a _ 
geenan sample was a SIGNA-4 (USA) p r o d u c t , p u r i f i e d and c h a r a c t e 
r i z e d i n the CERNAV l a b o r a t o r y of the U n i v e r s i t y of Grenoble 
( F r a n c e ) . Dextran s u l f a t e of Π = 5.10 5, 4.10 4 and 8.10 3 were 
PHARMACIA (Sweden) samples, which have been p u r i f i e d by d i a l y s i s . 

E l e mental a n a l y s i s of the above p o l y s a c c h a r i d e s (Na s a l t s ) 
and p o t e n t i o m e t r i c t i t r a t i o n s c a r r i e d out a f t e r c o n v e r s i o n t o the 
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Figure 8. Calorimetric data on Cu2+ binding by xanthan and PS-10 in aqueous 
solutions (25°C): (A) xanthan in 1 · 10'2M NaCl; (+) PS-10 in water; (Φ) PS-10 
in 1 - 102M NaCl. In the insert yNa+ for (+) PS-10 (in water) and (A) xanthan 

(in water). 
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Figure 9. Enthalpy of protonation data for xanthan and PS-10 (25 °C). Polymer 
concentration = 5 · 10'3 equiv/L. (O) PS-10 in water; (A) PS-10 in 0.1M NaCl; 

(if) xanthan in 0.1M NaCl; (Φ, A) xanthan (degraded, undegraded) in water. 

200 210 220 230 240 
(nm) 

Figure 10. CD spectra of PS-10 in aque
ous solution at different pHs. Polymer 
concentration 3 . 103 monomol/L. The 
[®] in deg cm2/dmol (mole of repeating 
units, assuming 2562 as the average unit's 
weight): (a) acid form; (b) sodium salt. 
In the insert: pH dependence of molecu
lar ellipticity of PS-10 at 206 nm in water 

(O)andinO.lMNaCl (V). 
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f r e e a c i d s by i o n exchange have y i e l d e d the f o l l o w i n g e q u i v a l e n t -
weight data: 1) i-c a r r a g e e n a n segments, 270; 2) i n t a c t i - c a r r a g e e 
nan, 270; 3 ] d e x t r a n s u l f a t e , 219, t a k i n g of course i n t o account 
the d i f f e r e n t water c o n t e n t s of the samples. 

These v a l u e s correspond t o a degree of s u b s t i t u t i o n o f 2.0 
f o r d e x t r a n s u l f a t e (number o f s u l f a t e groups per g l u c o s e r e s i d u e ) 
and o f 1.7 f o r i - c a r r a g e e n a n segments (average number of s u l f a t e 
groups per two sugar r e s i d u e s i n the c h a i n ) . 

The h e p a r i n used was a p u r i f i e d sample from P r o f . B. Casu l a 
b o r a t o r y ( M i l a n ) , w i t h the f o l l o w i n g c h a r a c t e r i s t i c s : b i o l o g i c a l 
a c t i v i t y = 157 u.; e q u i v a l e n t weight = 168; r a t i o [ C O O H ] / t_S03]= 
= 1/2.3. For the so c a l l e d charge d e n s i t y parameter ^= e 2/DkTb 
where b i s the d i s t a n c e between n e i g h b o r i n g charges on the macro-
i o n s , e the e l e c t r o n i c charge, D the d i e l e c t r i c c o n s t a n t of the 
s o l v e n t , and k i s the Boltzmann's c o n s t a n t , one can t h e r e f o r e c a l 
c u l a t e the f o l l o w i n g v a l u e s  1.2 ( i - c a r r a g e e n a n )  1.3 ( h e p a r i n )
2.8 ( d e x t r a n s u l f a t e ) . 

Two Xanthan sample
lase-degraded, (lï = 2.10 5) sample from P r o f . Rinaudo l a b o r a t o r y 
( G r e n o b l e ) ; the o t h e r was a Kel c o product, p u r i f i e d a c c o r d i n g t o 
the l i t e r a t u r e ( 2 4 ). For both samples the e q u i v a l e n t weight (by 
NaGH t i t r a t i o n o f the a c i d forms) was 633. S o l u t i o n s o f Xanthan 
were heated at 80 f o r 10-15 hrs p r i o r t o measurements: such a 
treatment l e a v e s unchanged the e q u i v . weight but e f f i c i e n t l y redu
ces pplymer a g g r e g a t i o n . 

PS-10 was a Kel c o p r o d u c t . I t was s o n i c a t e d t o reduce the 
v i s c o s i t y , p u r i f i e d by c e n t r i f u g a t i o n and p r e c i p i t a t i o n from 
aqueous NaCl-EDTA s o l u t i o n w i t h i s o p r o p y l a l c o h o l . The polymer 
was r e d i s s o l v e d i n water and d i a l y z e d e x h a u s t i v e l y a g a i n s t r e d i 
s t i l l e d water at 5 C, l y o p h i l i z e d and r e d i s s o l v e d as r e q u i r e d . 
The e q u i v a l e n t weight (854) was determined by NaOH t i t r a t i o n of 
the a c i d form as w e l l as by flame (Na +) photometry. Human serum 
albumin was a Sigma product ( l o t No. A-9511). 

F l u o r e s c e i n e (sodium s a l t ) was purchased from C. Erba ( I t a l y ) 
and Rhodamine-B from Nerck (W. Germany): both were used w i t h o u t 
f u r t h e r o u r i f i c a t i o n . 

Copper n i t r a t e s o l u t i o n s were prepared u s i n g a pure Cu (NOg^-
3 H 2 0 (C. Erba) sample: the t i t r e of the s o l u t i o n s was c o n t r o l l e d 
by t i t r a t i o n o f HNO3 l i b e r a t e d upon passage through an ion-exchan
ge column. A l l s o l u t i o n s were prepared u s i n g d e i o n i z e d , t w i c e - d i 
s t i l l e d water. 

S p e c t r a l measurements were c a r r i e d out w i t h a Cary-219 spec
trophotometer; c i r c u l a r d i c h r o i s m measurements w i t h a Cary-61 
d i c h r o g r a p h . The temperature of the c e l l s was i n a l l cases con
t r o l l e d (+_ 0.1°C) by c i r c u l a t i n g water through an u l t r a t h e r m o s t a t 
(Haake). 

C a l o r i m e t r i c measurements were performed u s i n g a LKB 10070-
batch m i c r o c a l o r i m e t e r at 25°C f o l l o w i n g a procedure s i m i l a r t o 
th a t a l r e a d y d e s c r i b e d elsewhere ( 3 ). The r e s u l t s of the d i l u 
t i o n experiments are r e p o r t e d i n F i g s . 2, 3, and 7 as i n t e g r a l 
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heats of d i l u t i o n Δ Η Ρ ( c a l o r i e s per e q u i v a l e n t of p o l y e l e c t r o l y t e ) 
a g a i n s t logN p l o t s , where Ν i s the p o l y e l e c t r o l y t e c o n c e n t r a t i o n 
i n e q u i v / 1 . The r e s u l t s of the C u 2 + i o n b i n d i n g experiments are 
c o l l e c t e d i n F i g s 4 and 8 where the measured heats Qg ( c a l o r i e s 
per e q u i v a l e n t of p o l y e l e c t r o l y t e , a f t e r c o r r e c t i o n f o r heats of 
d i l u t i o n ) are p l o t t e d a g a i n s t the [ C U 2 + ] /N r a t i o . 

P o t e n t i o m e t r i c measurements f o r the e v a l u a t i o n of Na + a c t i v i 
t y c o e f f i c i e n t s were c a r r i e d out u s i n g a Orion 801 A n a l y s e r w i t h a 
Orion N a - e l e c t r o d e i n c o n j u n c t i o n w i t h a r e f e r e n c e calomel e l e c 
t r o d e and a water j a c k e t e d t i t r a t i o n c e l l . 
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24 
Interaction Between Metal Cations and Anionic 
Polysaccharides 

G . PASS and P. W. H A L E S 

Department of Chemistry, University of Salford, Salford, M5 4WT, U . K . 

A wide variety of technique  ha  bee d  investigat  th
interaction between inorgani
aqueous solution. The results are usually given in the form of a 
sequence of metal cations listed in order of increasing interaction 
with the polyelectrolyte. For the alkali metal cations the 
sequence of increasing interaction with carboxylated (1, 2) and 
phosphated polyelectrolytes (3) parallels the decrease in ionic 
radius. The sequence is reversed for the interaction with 
sulphated polyelectrolytes. (4, 5, 6) 

A theoretical model (7) has been developed to explain the 
behaviour of polyelectrolytes in aqueous solution in terms of a 
linear charge parameter, defined for monovalent charged groups and 
counterions as 

where e = the charge on the proton 
D = the bulk dielectric constant of water 
b = the average distance between charged groups 
k = the Boltzmann constant 
Τ = the thermodynamic temperature 

When ξ > 1 a proportion of the counterions wi l l condense on to the 
polyanion to give an effective value of ξ = 1, the remaining 
uncondensed counterions interact with the polyelectrolyte through 
Debye-Hückel forces. 

The development from this theory of mathematical expressions 
for certain physical properties of polyelectrolyte solutions has 
allowed more quantitative investigations to be undertaken. 
Measurements have usually been made on the sodium salt of the 
polyelectrolyte and good agreement is obtained between theory and 
experiment. (8, 9, 10) When different salts of the polyelectrolyte 
are used the results reflect the sequential behaviour already 
described. (11, 12, 13) 

0 0 9 7 - 6 1 5 6 / 8 1 / 0 1 5 0 - 0 3 4 9 $ 0 5 . 0 0 / 0 
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An e x p r e s s i o n has been d e r i v e d from the l i n e a r charge model 
f o r the e n t h a l p y o f d i l u t i o n of p o l y e l e c t r o l y t e s o l u t i o n s . (14) 
T h i s has been a p p l i e d t o the e n t h a l p y of d i l u t i o n o f samples of 
sodium c a r b o x y m e t h y I c e l l u l o s e and sodium p o l y a c r y l a t e . (15) 
B e t t e r agreement between t h e o r e t i c a l and e x p e r i m e n t a l v a l u e s was 
ob t a i n e d w i t h sodium c a r b o x y m e t h y I c e l l u l o s e . T h i s was a t t r i b u t e d 
to the NaCMC c h a i n more c l o s e l y approaching the r o d - l i k e geometry 
r e q u i r e d by the l i n e a r charge model of a p o l y e l e c t r o l y t e . 
S a t i s f a c t o r y agreement between t h e o r y and e x p e r i m e n t a l v a l u e s was 
a l s o r e p o r t e d f o r sodium p o l y v i n y l s u l p h o n a t e s . (14) The e f f e c t of 
c a t i o n s i z e on the e n t h a l p y of d i l u t i o n of p o l y s t y r e n e s u l p h o n a t e s 
has been r e p o r t e d a t low c o n c e n t r a t i o n s (16) and a l s o a t r e l a t i v e l y 
h i g h c o n c e n t r a t i o n s ( 1 7 ) . 

I n the p r e s e n t work we have i n v e s t i g a t e d the e f f e c t of the 
c a t i o n on the e n t h a l p y of d i l u t i o n of a l k a l i m e t a l s a l t s of 
c a r b o x y m e t h y l c e l l u l o s e , a l g i n a t e , and d e x t r a n s u l p h a t e . 

An e x p r e s s i o n has a l s
model f o r the e n t h a l p y chang
a s a l t s o l u t i o n c o n t a i n i n g the same c o u n t e r i o n . (18) We have now 
i n v e s t i g a t e d the e n t h a l p y of m i x i n g of a l k a l i m e t a l s a l t s of a l g i n a t e 
and d e x t r a n s u l p h a t e w i t h s o l u t i o n s of a l k a l i m e t a l c h l o r i d e s 
t o e s t a b l i s h whether the c a t i o n has any i n f l u e n c e on the e n t h a l p y 
change. 

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

Sodium c a r b o x y m e t h y l c e l l u l o s e (7L2P) was s u p p l i e d by the 
He r c u l e s Company, U.K. The s t r u c t u r e of the p o l y a n i o n c o n s i s t s of 
r e p e a t i n g u n i t s of £-1,4 l i n k e d anhydroglucose r e s i d u e s , s u b s t i t u t e d 
by sodium carboxymethy1 groups, w i t h a r e p e a t i n g l e n g t h o f 0.515 nm. 
The sample (19) had a degree of s u b s t i t u t i o n (DS) of 0.83. Sodium 
a l g i n a t e (Manucol LB) was s u p p l i e d by A l g i n a t e I n d u s t r i e s , U.K. 
The p o l y a n i o n c o n t a i n s anhydromannuronate and anhydroguluronate 
u n i t s , w i t h a r e p e a t i n g l e n g t h of 0.50 nm. The sample (20) had a 
DS = 0.92. Sodium d e x t r a n s u l p h a t e was s u p p l i e d by the Sigma 
Chemical Co., USA. The main s t r u c t u r a l f e a t u r e c o n s i s t s o f l i n e a r 
c h a i n s o f a-1,6 l i n k e d glucopyranose r e s i d u e s , c o n t a i n i n g the 
s u l p h a t e groups, w i t h a r e p e a t i n g l e n g t h of 0.51 nm. The sample 
had a DS = 2.13. A l l the samples were d i a l y s e d f o r 48 hours a g a i n s t 
d i s t i l l e d water b e f o r e use. D i a l y s i s t u b i n g , V i s k i n g s i z e 8, 
was o b t a i n e d from M e d i c e l l I n t e r n a t i o n a l L t d . The d i a l y s e d 
s o l u t i o n s were c o n c e n t r a t e d on a r o t a r y e v a p o r a t o r a t 40 C, and the 
co n c e n t r a t e d s o l u t i o n was e i t h e r f r e e z e d r i e d or used i m m e d i a t e l y 
t o p r e p a r e s o l u t i o n s of the r e q u i r e d c o n c e n t r a t i o n s . 

The d i a l y s e d s o l u t i o n s o f the sodium s a l t s were c o n v e r t e d t o 
the l i t h i u m or pot a s s i u m s a l t forms by p a s s i n g the s o l u t i o n s through 
an i o n exchange r e s i n , Z e r o l i t 325, s u p p l i e d by B.D.H., UK. The 
a c i d form of the r e s i n was co n v e r t e d t o the a p p r o p r i a t e c a t i o n 
form by p a s s i n g the a l k a l i m e t a l c h l o r i d e s o l u t i o n (1M) through 
the column, and the column washed u n t i l the washings were f r e e of 
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c h l o r i d e i o n . A s o l u t i o n of the sodium p o l y e l e c t r o l y t e , o f 
s u i t a b l y low v i s c o s i t y , was passed through the column and 
c o l l e c t e d w i t h t w i c e the volume of washings. The s o l u t i o n s were 
c o n c e n t r a t e d u s i n g the same procedure adopted f o r the sodium s a l t s , 
and the p u r i t y of the p r o d u c t s determined by flame photometry. The 
column was r e g e n e r a t e d by f i r s t c o n v e r t i n g t o the a c i d form. 

L i t h i u m c h l o r i d e , sodium c h l o r i d e and p o t a s s i u m c h l o r i d e were 
d r i e d a t 105°C f o r 48 hours b e f o r e use. A s t o c k s o l u t i o n of each 
c h l o r i d e was prepa r e d c o n t a i n i n g 16 χ 10"^ mol 1~*. A l i q u o t s o f 
these s o l u t i o n s were d i l u t e d as r e q u i r e d . 

C a l o r i m e t r i c measurements were made u s i n g a f l o w c a l o r i m e t e r 
(LKB P r o d u k t e r , Bromma, Sweden. Model 2107). The two s o l u t i o n s are 
pumped through the s p i r a l t u b i n g (1mm diam. χ 60 cm) of the f l o w 
m i x i n g c e l l a t a r a t e of 14 cm^ h ~ l , g i v i n g a r e s i d e n c e time of 
app r o x i m a t e l y 1 minute. The heat change o c c u r r i n g i n the c e l l 
f l o w s through two t h e r m o p i l e s t o o r from a l a r g e aluminium b l o c k . 
The v o l t a g e generated i
Instruments Model 150B m i c r o v o l
r e c o r d e r (LKB Model 2066) r e l a t i v e t o a base l i n e e s t a b l i s h e d w i t h 
a f l o w of d e i o n i s e d water r e p l a c i n g the p o l y e l e c t r o l y t e . Peak 
h e i g h t s are c a l i b r a t e d a g a i n s t a known i n p u t of heat a t c o n t r o l l e d 
c u r r e n t and h e a t e r r e s i s t a n c e . The c a l o r i m e t e r i s kept i n an 
i n s u l a t e d box which i n t u r n i s i n a t h e r m o s t a t t e d a i r b a t h w i t h a 
temperature s t a b i l i t y o f ± 0.02°C. The two s o l u t i o n s to be mixed 
are brought t o the same temperature by two heat exchange c o i l s 
b e f o r e e n t e r i n g the f l o w m i x i n g c e l l . U s i n g the c a l i b r a t e d h e a t e r , 
heat changes i n the m i x i n g c e l l down t o 50 uW c o u l d be determined 
t o ±2%. The performance of the c a l o r i m e t e r was checked by 
measuring the h e a t of d i l u t i o n of sodium c h l o r i d e w h i ch gave r e s u l t s 
±2% o f the l i t e r a t u r e v a l u e s . 

R e s u l t s and D i s c u s s i o n 

The e n t h a l p y changes o c c u r r i n g i n the i n t e r a c t i o n between 
p o l y e l e c t r o l y t e s and c o u n t e r i o n s may be c o n s i d e r e d i n terms of a t 
l e a s t t h r e e p o s s i b l e e f f e c t s . The f i r s t i n v o l v e s the e n t h a l p y 
changes o c c u r i n g on d i l u t i o n , the second i n v o l v e s e n t h a l p y changes 
a r i s i n g from i n t e r a c t i o n between the i o n atmosphere of the p o l y 
e l e c t r o l y t e and the c o u n t e r i o n , and the t h i r d concerns the 
e n t h a l p y changes i n v o l v i n g the condensed c o u n t e r i o n s . 

E n t h a l p y o f d i l u t i o n . The en t h a l p y of d i l u t i o n of aqueous 
s o l u t i o n s of s i n g l e s a l t s of c a r b o x y m e t h y l c e l l u l o s e (CMC) was 
determined over the c o n c e n t r a t i o n range 8 χ 10 - 0.5 χ 10"" 
e q u i v . I " 1 . The CMC s o l u t i o n was d i l u t e d w i t h an e q u a l volume of 
water and the sum of the heat changes was c a l c u l a t e d t o a l l o w 
d e t e r m i n a t i o n of the e n t h a l p y of d i l u t i o n from a g i v e n i n i t i a l 
c o n c e n t r a t i o n t o a f i n a l c o n c e n t r a t i o n o f 0.5 χ 10 eq u i v . 1"" . 

The e n t h a l p y of d i l u t i o n of a p o l y e l e c t r o l y t e may be 
c a l c u l a t e d from the e x p r e s s i o n (14) 
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A U _ -ΚΓξ η „ . Τ dD. ^ . 
Δ Η i f " ( 1 + D dT> l n i 1 

m -> m m 
Ρ Ρ Ρ 

the f i n a l p o l y e l e c t r o l y t e c o n c e n t r a t i o n 

the i n i t i a l p o l y e l e c t r o l y t e c o n c e n t r a t i o n 
1 when ξ<1 and n=-l when ξ>1 

The e x p r e s s i o n i s a l i m i t i n g law i n the Debye-Hlickel sense 
and i s s t r i c t l y v a l i d o n l y i n d i l u t e s o l u t i o n . F or a r e a c t i o n a t 
25 C the e n t h a l p y of d i l u t i o n 

f 
« m -

ΔΗ . = 1.067
m -> m m 
Ρ Ρ Ρ 

where (1 + ~ . i s taken as e q u a l t o -0.374. (2J.) 

The e n t h a l p y of d i l u t i o n i s t h e r e f o r e dependent on the e x t e n t 
of the charge on the p o l y e l e c t r o l y t e , which i s g i v e n i n terms of 
the l i n e a r charge parameter, ξ . For the sample of CMC the degree 
of s u b s t i t u t i o n (DS) was 0.83 and t a k i n g the l e n g t h (22) of a 
r e p e a t i n g u n i t i n the polymer as 0.515 nm t h i s g i v e s a v a l u e of 
ξ = 1.15. 

The e x p e r i m e n t a l r e s u l t s f o r the l i t h i u m , sodium, and 
pota s s i u m s a l t s o f CMC are g i v e n i n F i g u r e 1 w i t h the t h e o r e t i c a l 
l i n e o b t a i n e d f o r ξ = 1.15. The r e s u l t s f o r the sodium s a l t are 
i n s a t i s f a c t o r y agreement w i t h p r e v i o u s l y r e p o r t e d r e s u l t s . (15) 
The r e s u l t s i n F i g u r e 1 show t h a t the e n t h a l p y of d i l u t i o n 
becomes i n c r e a s i n g l y exothermic i n the sequence K<Na<Li, and i n the 
case of the l i t h i u m s a l t the d i l u t i o n i s more exothermic than the 
theo r y p r e d i c t s and g i v e e n t h a l p i e s approaching the t h e o r e t i c a l 
maximum ( ξ = 1). A l t h o u g h l i n e a r p l o t s are o b t a i n e d f o r the 
e n t h a l p i e s of d i l u t i o n of the l i t h i u m and sodium s a l t s , from which 
e f f e c t i v e v a l u e s of the l i n e a r charge parameter may be c a l c u l a t e d , 
(23, 24) t h i s i s not f e a s i b l e f o r the pot a s s i u m s a l t . 

The e n t h a l p i e s of d i l u t i o n of s i n g l e s a l t s of a l g i n a t e have 
a l s o been measured. The a l g i n a t e was found t o have a DS = 0.92 
and t a k i n g the l e n g t h (22) of a r e p e a t i n g u n i t as 0.50 nm g i v e s 
ξ = 1.30. The p l o t s of the e n t h a l p i e s of d i l u t i o n of the l i t h i u m , 
sodium and po t a s s i u m s a l t s are g i v e n i n F i g u r e 2. The e n t h a l p i e s 
of d i l u t i o n of the two c a r b o x y l a t e d p o l y a n i o n s show a dependence 
on the c o u n t e r i o n which i s p r e s e n t , and f a l l i n t o the sequence 
Li>Na>K, but there i s no apparent d i f f e r e n c e i n the b e h a v i o u r of 
a c a r b o x y l and a carboxymethyl s u b s t i t u e n t i n the p o l y a n i o n . (18) 

where m = 
Ρ 

η = 
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Figure 1. Enthalpy of dilution of salts of CMC: (a) KCMC; (b) NaCMC; (c) 
LiCMC;(t) theoretical line from Equation 2. 

I.O - l o g mj, 1.5 2.0 

Figure 2. Enthalpy of dilution of alginates: (a) Κ alginate; (b) Ν a alginate; (c) Li 
alginate; (t) theoretical line. 
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Ion atmosphere e f f e c t s . The e n t h a l p y change o c c u r r i n g when a 
p o l y e l e c t r o l y t e s o l u t i o n i s mixed w i t h a simp l e s a l t s o l u t i o n 
c o n t a i n i n g the same c o u n t e r i o n may be c a l c u l a t e d (18) from 

~ (m^ + 2am^) 3 
ΔΗ . = 1.067 χ 10 ξ Π l o g -2— : 5. mix ι m 

Ρ 

where i n a d d i t i o n t o the terms d e f i n e d i n e q u a t i o n s 1 and 2, 

= the f i n a l s a l t c o n c e n t r a t i o n 
s 

a = 1 when ζ < 1 and α = ξ when ξ > 1. 
m"̂  + 2am^ 

Υ = -B-^ 5-
1 

m 
Ρ 

S o l u t i o n s of a g i v e n s a l t form of a l g i n a t e were pr e p a r e d c o n t a i n 
i n g 10 e q u i v . 1 and mixed w i t h e q u a l volumes of the a l k a l i 
m e t a l c h l o r i d e s o l u t i o n . Thus samples o f sodium a l g i n a t e (10~^ 
eq u i v . 1" ) , were mixed w i t h a sequence of sodium c h l o r i d e 
s o l u t i o n s of d i f f e r e n t c o n c e n t r a t i o n s . The e n t h a l p y of m i x i n g as 
c a l c u l a t e d from the e q u a t i o n r e f e r s o n l y t o the c o n t r i b u t i o n from 
the p o l y e l e c t r o l y t e . The e x p e r i m e n t a l e n t h a l p y changes were 
c o r r e c t e d f o r the e n t h a l p y o f d i l u t i o n of the sodium c h l o r i d e 
s o l u t i o n , which was determined under i d e n t i c a l r e a c t i o n c o n d i t i o n s , 
e xcept t h a t the sodium a l g i n a t e s o l u t i o n was r e p l a c e d by d e i o n i s e d 
w ater. The c o r r e c t e d e n t h a l p i e s of m i x i n g l i t h i u m a l g i n a t e w i t h 
l i t h i u m c h l o r i d e and p o t a s s i u m a l g i n a t e w i t h p o t a s s i u m c h l o r i d e 
were determined i n the same way. 

The r e s u l t s i n F i g u r e 3 show t h a t the c o r r e c t e d e n t h a l p y o f 
m i x i n g becomes p r o g r e s s i v e l y more endothermic as the c o n c e n t r a t i o n 
of the added s a l t i s i n c r e a s e d , a l t h o u g h i n the case of the 
potas s i u m s a l t t h i s t r e n d i s r e v e r s e d a t the h i g h e s t 
s a l t c o n c e n t r a t i o n s . D i l u t i o n of the i o n atmosphere of the 
p o l y e l e c t r o l y t e produces a sequence K<Na<Li i n ord e r of i n c r e a s i n g 
exothermic e n t h a l p i e s o f s i l u t i o n . When the c o n c e n t r a t i o n of the 
i o n atmosphere i s i n c r e a s e d the o p p o s i t e sequence i s o b t a i n e d 
K<Na<Li i n o r d e r of i n c r e a s i n g endothermic e n t h a l p i e s o f m i x i n g . 
T h i s dependence of the e n t h a l p y changes on the n a t u r e of the c a t i o n 
leads t o s p e c u l a t i o n as t o p o s s i b l e c o n t r i b u t i o n s t o the o v e r a l l 
e n t h a l p y change. These might i n c l u d e changes i n the s t r u c t u r e of 
water which are dependent on the c o u n t e r i o n which i s p r e s e n t ( 2 5 ) , 
or changes i n h y d r a t i o n o f the c o u n t e r i o n , a p proaching b e h a v i o u r 
u s u a l l y p o s t u l a t e d f o r condensed c o u n t e r i o n s ( 2 7 ) . 

Condensed i o n e f f e c t s . The e n t h a l p y of m i x i n g of a p o l y 
e l e c t r o l y t e and a si m p l e s a l t c o n t a i n i n g d i f f e r e n t c o u n t e r i o n s was 
next i n v e s t i g a t e d . Sodium a l g i n a t e s o l u t i o n was mixed w i t h a 
sequence of l i t h i u m c h l o r i d e s o l u t i o n s of d i f f e r e n t c o n c e n t r a t i o n s , 
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and the e n t h a l p y of m i x i n g measured. These r e s u l t s were compared 
w i t h the e n t h a l p i e s of m i x i n g of l i t h i u m a l g i n a t e w i t h sodium 
c h l o r i d e and the r e s u l t s are g i v e n i n F i g u r e 4, w i t h the t h e o r e t i c a l 
l i n e f o r comparison. The m i x i n g of l i t h i u m c h l o r i d e w i t h sodium 
a l g i n a t e g i v e s a more endothermic r e a c t i o n than p r e d i c t e d , w h i l e 
the m i x i n g of sodium c h l o r i d e w i t h l i t h i u m a l g i n a t e g i v e s a more 
exothermic r e a c t i o n . S i m i l a r r e s u l t s are o b t a i n e d when the 
e n t h a l p i e s of m i x i n g are determined f o r o t h e r combinations of 
p o l y e l e c t r o l y t e and simple s a l t , which do not have a common 
c o u n t e r i o n , and which may be c o n s i d e r e d as opposing r e a c t i o n s i n 
a g e n e r a l e q u i l i b r i u m A P a + BC1 BP f l + AC1. These r e s u l t s are 
g i v e n i n F i g u r e s 5 and 6. 

The m i x i n g r e a c t i o n , w i t h u n l i k e c o u n t e r i o n s , may be 
co n s i d e r e d to not o n l y a l t e r the c o n c e n t r a t i o n of the c o u n t e r i o n s 
i n the i o n atmosphere of the p o l y e l e c t r o l y t e but a l s o to produce 
some exchange o f the condensed c o u n t e r i o n s  Fo  th  a l g i n a t
sample the f r a c t i o n o f
(1 ~ ξ""*), 0.23. The commo
make the e n t h a l p y changes more endothermic when the a l k a l i m e t al 
a l g i n a t e i s mixed w i t h an a l k a l i metal c h l o r i d e , c o n t a i n i n g a 
l i g h t e r c o u n t e r i o n . C o n v e r s e l y the e n t h a l p y o f m i x i n g becomes 
more exothermic when the a l k a l i metal a l g i n a t e i s mixed w i t h an 
a l k a l i metal c h l o r i d e c o n t a i n i n g a h e a v i e r c o u n t e r i o n . From t h i s 
we conclude t h a t the replacement of a condensed c a t i o n by a l i g h t e r 
c a t i o n i s an endothermic p r o c e s s , and exothermic when the r e a c t i o n 
i s r e v e r s e d . 

The e n t h a l p y changes r e s u l t i n g from exchange o f a condensed 
c o u n t e r i o n may be seen more c l e a r l y i f i t i s assumed t h a t i n the 
m i x i n g of s o l u t i o n s c o n t a i n i n g u n l i k e c a t i o n s the e f f e c t s observed 
w i t h s o l u t i o n s o f l i k e c a t i o n s w i l l s t i l l be o p e r a t i n g . Thus 
when sodium c h l o r i d e s o l u t i o n i s mixed w i t h sodium a l g i n a t e ( F i g . 
3b) the c o r r e c t e d e n t h a l p y of m i x i n g i s more exothermic than the 
t h e o r e t i c a l l i n e . We may assume t h a t t h i s i s the r e s u l t o f the 
the o r y g i v i n g an incomplete i n t e r p r e t a t i o n of the i o n i c i n t e r 
a c t i o n s . When l o g Y = 1.0 the de p a r t u r e from t h e o r y = -540 J 
mol"~l. When sodium c h l o r i d e s o l u t i o n i s mixed w i t h p o t a s s i u m 
a l g i n a t e ( F i g . 5a) the c o r r e c t e d e n t h a l p y o f m i x i n g i s more 
endothermic than the t h e o r e t i c a l l i n e . When l o g Y = 1.0 the 
de p a r t u r e from th e o r y = 60 J m o l ~ l . I f we assume t h a t the non-
p r e d i c t e d e f f e c t s o p e r a t i n g i n F i g u r e 3b are s t i l l o p e r a t i n g 
i n F i g u r e 5a then t h i s r e s u l t s i n an understatement of the 
endothermic n a t u r e of the r e a c t i o n between pot a s s i u m a l g i n a t e 
and sodium c h l o r i d e . The dep a r t u r e from the t h e o r e t i c a l l i n e a t 
lo g Y = 1.0 would then be (60 + 540) = 600 J m o l ~ l . T h i s v a l u e 
f o r the d e p a r t u r e from t h e o r y a t l o g Y = 1.0 i s p l o t t e d i n 
F i g u r e 7b. The oth e r p o i n t s i n F i g u r e 7b are o b t a i n e d i n 
s i m i l a r f a s h i o n . Comparison of the r e s u l t s p l o t t e d i n F i g u r e 7b 
w i t h the t h e o r e t i c a l l i n e may then be used t o determine the 
a d d i t i o n a l e n t h a l p y changes due to exchange o f the condensed 
p o t a s s i u m i o n s w i t h sodium i o n s from the s o l u t i o n . 
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Figure 4. Enthalpy of mixing of alginates with alkali metal chlorides (unlike 
cations): (a) LiCl-Na alginate; (b) NaCl-Li alginate; (t) theoretical line. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



24. P A S S A N D H A L E S Metal Cations and Anionic Polysaccharides 357 

- e o o l 

Figure 5. Enthalpy of mixing of alginates with alkali metal chlorides (unlike 
cations): (a) NaCl-K alginate; (b) KCl-Na alginate; (t) theoretical line. 

b 

Figure 6. Enthalpy of mixing of alginates with alkali metal chlorides (unlike 
cations): (a) LiCl-K alginate; (b) KCl-Li alginate; (t) theoretical line. 
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A s i m i l a r procedure may be a p p l i e d t o the r e s u l t s i n F i g u r e 
3e, where the d e p a r t u r e from t h e o r y a t l o g Y = 1.0 i s -820 J m o l " 1 , 
and the r e s u l t s i n F i g u r e 5b where the d e p a r t u r e from t h e o r y a t 
l o g Y = 1.0 i s -1440 J mol"" 1. T h i s g i v e s the v a l u e a t 
l o g Y = 1.0 of (-1440 + 820) = -620 J m o l " 1 f o r the d e p a r t u r e 
from the t h e o r e t i c a l l i n e p l o t t e d i n F i g u r e 7e. The ot h e r p o i n t s 
i n F i g u r e 7e are o b t a i n e d by u s i n g the same procedure. The da t a 
p l o t t e d i n F i g u r e s 3, 4 and 6 may then be t r e a t e d i n the same way 
to o b t a i n the o t h e r p l o t s i n F i g u r e 7. 

The r e s u l t s may be compared w i t h the observed sequences 
(1) f o r r e a c t i o n s i n v o l v i n g e q u i l i b r i u m between the a l k a l i m e t a l 
c a t i o n s and c a r b o x y l a t e d p o l y a n i o n s , which g i v e an orde r of 
a f f i n i t y Li>Na>K. The e q u i l i b r i u m sequence, which i s a measure of 
the f r e e energy change i n the r e a c t i o n , can o n l y be r e c o n c i l e d 
w i t h the e n t h a l p y d a t a i f the endothermic replacement of the 
condensed sodium i o n by a l i t h i u m i o n i s accompanied by an 
i n c r e a s e i n the t o t a l e n t r o p y
observed o r d e r of volum
(condensation) of a l k a l i m e t al c a t i o n s to p o l y c a r b o x y l a t e s , 
(26, 2 7 ) , where the volume change i s r e l a t e d to a change i n the 
e x t e n t of h y d r a t i o n of the c o u n t e r i o n . I f the exchange of a 
c a t i o n from s o l u t i o n w i t h a condensed c a t i o n i n v o l v e s a net l o s s 
of bound water mol e c u l e s (28) t h i s may produce a p o s i t i v e e n t h a l p y 
change and a l s o p r o v i d e the n e c e s s a r y i n c r e a s e i n e n t r o p y . The 
o b s e r v a t i o n t h a t a p o s i t i v e e n t h a l p y change accompanies the 
t r a n s f e r of a l i t h i u m c a t i o n from the s o l u t i o n t o the p o l y a n i o n 
has a l s o been observed w i t h p o l y m a l e i c a c i d ( 2 9 ) . I t i s a l s o 
r e l e v a n t t o note t h a t metal i o n complex f o r m a t i o n w i t h carboxy
l a t e d l i g a n d s has a p o s i t i v e e n t h a l p y of f o r m a t i o n and i s a l s o 
an entropy d r i v e n process ( 3 0 ) . 

I t f o l l o w s from these r e s u l t s t h a t the bond s t r e n g t h between 
the condensed c o u n t e r i o n and the c a r b o x y l a t e d p o l y a n i o n has no 
neces s a r y dependence on the n a t u r e of the c o u n t e r i o n . Any b i n d i n g 
sequence i s p o s s i b l e which a l l o w s t h a t t h e r e i s a g r e a t e r r e l e a s e 
of water molecules by the l i g h t e r c a t i o n when i t condenses. T h i s 
does appear to be an are a o f c o n f u s i o n where sequences of b i n d i n g 
a f f i n i t y are based upon some form of e q u i l i b r i u m measurement, and 
thus r e l a t e to the f r e e energy change i n the r e a c t i o n . However, 
i n c e r t a i n cases these o r d e r s of b i n d i n g a f f i n i t y have become 
synonymous w i t h bond s t r e n g t h s , t h a t i s e n t h a l p y changes, and 
th e r e seems l i t t l e j u s t i f i c a t i o n f o r such an i n t e r p r e t a t i o n . 

S u l f a t e d p o l y a n i o n s . I n the i n t e r a c t i o n of c o u n t e r i o n s w i t h 
s u l p h a t e d p o l y a n i o n s t h e r e i s l e s s d e h y d r a t i o n of the c o u n t e r i o n s 
(1) and the r e v e r s e sequence of volume changes (26) i s observed 
f o r the c o u n t e r i o n i n t e r a c t i o n . The e n t h a l p y changes f o r d i l u t i o n 
and m i x i n g o f a l k a l i metal s a l t s o f d e x t r a n s u l p h a t e were 
t h e r e f o r e measured and compared w i t h the r e s u l t s f o r the carboxy
l a t e d p o l y a n i o n s . 

The sample of d e x t r a n s u l p h a t e had a D.S of 2.13, and w i t h the 
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Figure 7. Enthalpy of mixing of alginates with alkali metal chlorides (unlike 
cations) corrected for ion atmosphere effects: (a) LiCl-K alginate; (b) NaCl-K 
alginate; (c) LiCl-Na alginate; (d) NaCl-Li alginate; (e) KCl-Na alginate; (f) 

KCl-Li alginate; (t) theoretical line. 

Figure 8. Enthalpy of dilution of dextran sulfates: (a) Κ dextran sulfate; (b) Ν a 
dextran sulfate; (c) Li dextran sulfate; (t) theoretical line Equation 2. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



360 SOLUTION PROPERTIES OF POLYSACCHARIDES 

length (31) of the repeating unit taken as 0.51 nm this gives 
ξ = 2.95. The enthalpies of dilution of the lithium, sodium, and 
potassium salts, with the theoretical line are given in Figure 8. 
The sequence is the same as observed for CMC and alginate. The 
lithium salt is most exothermic, exceeding the theoretical value, 
the sodium salt gives values less exothermic than the theoretical 
value, and the potassium salt gave no measureable enthalpy of 
dilution over this concentration range. A similar decreasing 
series of enthalpies of dilution for lithium, sodium, and 
potassium salts of polystyrene sulphonates has also been reported 
(16). This sequence is again reversed when the dextran sulphate 
salts are mixed with a solution of simple salt containing the 
same counterion (Figure 9). The enthalpies of dilution and 
mixing of the dextran sulfates show the same marked dependence on 
the counterion as the enthalpies of dilution of CMC and alginate, 
and the enthalpies of mixing of alginate. The fact that this 
additional effect appear
be further support for
interaction between the counterion and the solvent. 

The enthalpies of mixing of the alkali metal dextran sulphates 
with simple salts containing a different counterion show 
increasing endothermic values when the dextran sulphate is mixed 
with an alkali metal halide containing a lighter counterion. 
These results are given in Figures 10-12, which qualitatively 
demonstrate the same general features found with the alginates. 
Note that with the dextran sulphates a larger fraction (0.66) of 
the counterions will be condensed. The enthalpy effects due to 
exchange of condensed counterions may be seen more clearly if the 
same empirical approach used to produce Figure 7 is applied to 
the results in Figures 9-12. This will produce the series of 
plots given in Figure 13. This again shows a general similarity 
with the results obtained for the alginates (Figure 7) with the 
exception that the sodium chloride/potassium dextran sulphate 
mixing has become relatively more endothermic and the reverse 
reaction relatively more exothermic. 

The sequence of enthalpy changes where replacement of a 
condensed alkali metal counterion by a heavier alkali metal 
counterion is an exothermic process is now in the same sequence 
as the observed equilibrium data. (_1, 5) For the interaction of 
alkali metal cations with sulphated polyelectrolytes this is 
K>Na>Li. Thus in the case of the sulphated polyanions the enthalpy 
change and the equilibrium, free energy change, follow the same 
sequence. The sequence of enthalpy changes seems to imply that 
the bond strength between the condensed alkali metal cation and 
the dextran sulphate increases in the sequence Li<Na<K. 

Abstract 

The enthalpy changes occurring when solutions of anionic 
polysaccharides are diluted or mixed with solutions of simple 
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Figure 9. Enthalpy of mixing of dextran sulfates with alkali metal chlorides: (a) 
LiCl-Li dextran; (b) NaCl-Na dextran sulfate; (c) KCl-K dextran sulfate; (t) 

theoretical line Equation 3. 

Figure 10. Enthalpy of mixing of dextran sulfates with alkali metal chlorides 
(unlike cations): (a) LiCl-Na dextran sulfate; (b) NaCl-Li dextran sulfate; (t) 

theoretical line. 
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Figure 11. Enthalpy of mixing of dextran sulfates with alkali metal chlorides 
(unlike cations): (a) NaCl-K dextran sulfate; (b) KCl-Na dextran sulfate; (t) 

theoretical line. 

Figure 12. Enthalpy of mixing of dextran sulfates with alkali metal chlorides 
(unlike cations): (a) LiCl-K dextran sulfate; (b) KCl-Li dextran sulfate; (t) theo

retical line. 
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Figure 13. Enthalpy of mixing of dextran sulfates with alkali metal chlorides 
(unlike cations) corrected for ion atmospheric effects: (a) NaCl-K dextran sulfate; 
(b) LiCl-K dextran sulfate; (c) LiCl-Na dextran sulfate; (d) NaCl-Li dextran 

sulfate; (e) KCl-Li dextran sulfate; (f) KCl-Na dextran sulfate. 
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electrolyte have been determined. Different metal salts of a 
given polyanion were prepared and the observed enthalpy change on 
dilution was exothermic with a dependence on the nature of the 
metal cation. The enthalpy change occurring when a metal salt of 
a polyanion was mixed with a solution of simple electrolyte was 
found to become progressively more endothermic as the simple 
electrolyte concentration was increased. For a given salt of a 
polyanion the enthalpy change observed on mixing depended 
on the cation present in the simple electrolyte. The enthalpy 
changes occurring on dilution and mixing were compared with the 
predictions based on the line charge model of polyelectrolytes. 
It is suggested that one cause of the difference between theory 
and experiment is an additional enthalpy effect arising from 
interaction between the cation and the solvent. 

Literature Cited 

1. Bungenburg de Jong,
Elsevier, Amsterdam (1949). 

2. Gregor, H.P., Gold, D.H., Frederick, M., J. Poly. Sci. 
(1957), 23, 467. 

3. Strauss, U.P., Ross, P.D., J. Amer. Chem. Soc. (1959), 81, 
5295. 

4. Satake, J., Fukuda, Μ., J. Poly. Sci. Poly. Phys., (1972), 10, 
2343. 

5. Jooyahdeh, F., Moore, J.S., Phillips, G.O., Davies J.V., 
J.C.S. Perkin II (1974), 1468. 

6. Ashton, W.R., Pass, G., Phillips, G.O., Wedlock, D.J., 
J.C.S. Perkin II, (1977), 1229. 

7. Manning, G.S., J. Chem. Phys., (1969), 51, 934. 
8. Wingrove, D.E. and Ander, P., Macromolecules (1979), 12, 135. 
9. Tomasula, Μ., Swanson, Ν., Ander, P., 'Carbohydrate Sulfates', 

Ed. Schweiger, R.G., ACS Symposium Series 77, (1978). 
10. Wells, J.D., Biopolymers, (1973), 12, 223. 
11. Kwak, J.C.T., Murphy, G.F., Spiro, E.J., Biophys. Chem. (1978), 

7, 379. 
12. Podlas, T.J., Ander, P., Macromolecules (1970), 3, 154. 
13. Pass, G., Phillips, G.O., Wedlock, D.J., Macromolecules (1977), 

10, 197. 
14. Boyd, G.E., Wilson, D.P., J. Phys. Chem., (1976), 80, 805. 
15. Mita, Κ., Okubo, T., J.C.S. Faraday 1, (1974), 70, 1546. 
16. Skerjanc, J., Dolar, D., Leskovsek, D., Z. Phys. Chem. 

(Frankfurt am Main), (1970), 70, 31. 
17. Daoust, H., Hade, Α., Macromolecules (1976), 9, 608. 
18. Boyd, G.E., Wilson, D.P., Manning, G.S., J. Phys. Chem., 

(1976), 80, 808. 
19. Eyler, R.S., Klug, E.D., Diephuis, F., Analyt. Chem., (1947), 

19, 24. 
20. Steiner, A.B., McNeely, W.H., in 'Natural Plant Hydrocolloids', 

Advances in Chemistry Series 11 (1954). 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



24. P A S S A N D H A L E S Metal Cations and Anionic Polysaccharides 365 

21. Robinson, A.L., J. Amer. Chem. Soc., (1932), 54, 1311. 
22. Palmer, K.J., Hartzog, M.B., J. Amer. Chem. Soc., (1945), 67, 

1865. 
23. Katchalsky, Α., Alexandrowicz, Z., Kedem, O., 'Chemical 

Physics of Ionic Solutions'. Eds. Conway, B.F., Barradas, 
R.G., ch. 15 Wiley, New York (1966). 

24. Hales, P.W., Pass, G., J.C.S. Faraday 1 in press. 
25. Sheehan, J.K., Gardner, K.H., Atkins, E.D.T., J. Mol. Biol., 

(1977), 117, 113. 
26. Strauss, U.P., Lueng, Y.P., J. Amer. Chem. Soc (1965), 87, 1476. 
27. Zana, R., Tondre, C., Rinaudo, M., Milas, M., J. Chim. Phys. 

Phys. Chim. Biol. (1971), 68, 1258. 
28. Atkinson, G., Baumgartner, E., Fernandez-Prini, R., J. Amer. 

Chem. Soc. (1971), 93, 6436. 
29. Quadrifoglia, F., Crescenzi, V., Delben, F., Macromolecules, 

(1973), 6, 301. 
30. Christensen, J.J., Eatough,

Metal Ligand Heats',
31. Wells, J.D. Proc. R. Soc., London, Ser Β (1973), 183, 414. 

RECEIVED September 24, 1980. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



25 
Investigations on Aqueous Solution Properties of 
κ-Carrageenans 

M . R I N A U D O and C. R O C H A S 

Centre de Recherches sur les Macromolécules Végétales , Laboratoire propre du 
C.N.R.S. , associé à l'Université Scientifique et Médicale de Grenoble, 
53 X 38041 Grenoble Cedex, France 

We established recently (1) that similarly to Xanthan (2) the 
melting temperatures for the helix-coil and sol-gel transitions in 
kappa carrageenan (Figure 1) are directly controlled by the total 
ionic concentration C T . In Figure 2 the concentration dependence 
of the melting temperature TM is determined from optical rotation 
and conductivities. On the heating and on the cooling curves, TM 
is given as a function of CT with 

C T = γ cP + cS 

CP and CS are the equivalent concentration of polyelectrolyte and 
external salt respectively and γ is the mean activity coefficient 
of the counterions. From our previous work γ is calculated at half 
transition for equal proportions of coil and helical structures. 
From Figure 2, it is clear that the nature of counterions (K+ or 
Na+) has a strong influence on the stability of ordered conforma
tions and on the formation of gel in kappa carrageenan. For each 
counterion there exists a critical ionic concentration C* above 
which hysteresis of optical rotation appears and a gel is formed. 
Above C* the melting temperatures corresponding to heating and 
cooling cycles become different. These experimental results con
firm the data given by Rees and coworkers (3). 

1/ Helix-coil transition (CT < C*). In the first part of this 
work we investigate the influence of the macromolecular conforma
tion (given by specific optical rotation [α]300) on the activity 
coefficient of Na+ and K+ (obtained by potentiometry). 

The temperature and the concentration dependence of the acti
vity coefficient of the sodium form is very slight (Figure 3A). 
At infinite dilution γNa is 0.72 ; the specific optical rotation 
[α]300 is constant corresponding to the coil conformation. We 
observe the same dependence for the potassium form at 35°C. But 
at 15°C a transition is observed both in γ and [α]300 (Figure 3A 
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Figure 2. Variation of the melting temperature TOT with the logarithm of the free 
counterion concentration CT (CT = Cs + yCp): (O) cooling; (-\-) heating. 
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and 3B). Over a given polymer concentration the helix conforma
tion becomes established. The values ( Y N a

+ ~ Υκ +) normalized 
for the helix content are also plotted on the same figure as 
Η 300 (Figure 3B) . The agreement i s good and proves that i t i s 
the conformational transition which induces the change of γ ; 
moreover the experimental values are i n agreement with Manning's 
theory (_4) . I f the charge parameter i s λ,the a c t i v i t y c o e f f i c i e n t 
i s given by the following relations : 

λ . 1 In γ = - I - In A 
λ S 1 In γ = - y A 

Assuming that λ(coil) i s calculated from the chemical structure 
(5_) and that λ (double helix) i s calculated from X-ray data (6_) we 
get : 

λ (coil
calculated _ λ double helix = 1.65 -> γ π , Λ Ί . = 0.37 double helix 

The experimental values are γ c o i l =0.72 and γ ordered form ^0.35. 
These values agree with a dimerization of ordered form 

(double h e l i x ) . 
When C T < C* the temperature dependence of the conformation 

investigated by o p t i c a l r o t a t i o n i s p e r f e c t l y r e v e r s i b l e , without 
hysteresis. 

The h e l i x - c o i l t r a n s i t i o n of K + carrageenan can be also ob
served by conductivity measurements (Figure 4A). The h e l i x con
tent calculated from the r a t i o ρ of the conductivity of the poly
e l e c t r o l y t e to that of a simple reference e l e c t r o l y t e corresponds 
w e l l with the values of o p t i c a l r o t a t i o n (Figure 4B). 

In conclusion i t i s apparent- that a concentration and tempe
rature r e v e r s i b l e h e l i x - c o i l t r a n s i t i o n takes place i n solutions 
of kappa carrageenans as soon as the t o t a l i o n i c concentration Op 
becomes lower than a c r i t i c a l value C*. This c r i t i c a l value de
pends on the nature of the counterions. 

2/ Sol-gel t r a n s i t i o n (Or > C*). For Op larger than about 
7.10~3 eq/1 (K + form) the hysteresis sets i n as shown i n Figure 2. 
Figure 5A shows the hysteresis i n s a l t - f r e e polymer s o l u t i o n i n 
o p t i c a l r o t a t i o n (Cp = 1.79 10"2 eq/l ; C T = 0.96 10" 2 eq/1 at 
ha l f t r a n s i t i o n ) ; the curves can't be obtained i n t h e i r e n t i r e t y 
due to the birefringence. In contrast the e n t i r e curves of con
d u c t i v i t y are obtained (Figure 5B). These curves suggest a two 
step mechanism on heating and a continuous process on cooling with 
a melting temperature lower than for heating. The study of the 
r a t i o of the c o n d u c t i v i t i e s ρ between the polymer and a simple 
e l e c t r o l y t e used as a reference gives the same r e s u l t as the con
d u c t i v i t y , bu i t i s more precise. This i s due to the temperature 
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Figure 5 A. Temperature dependence of specific rotation [a]3oo of potassium 
κ-carrageenan in the absence of external salt Cp = 1.79 X 10 2 equiv/L. 
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Figure 5B. Temperature dependence of equivalent conductivity Λ (expressed in 
Ω"1 cm2 equiv'1) and ratio ρ of conductivities. C p = 1.79 X 10~2 equiv/L; KCl, 

10~2 equiv/L is used as the reference. 
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independence of ρ (in contrast to the conductivity, the r a t i o of 
two co n d u c t i v i t i e s taken i n the same range i s about independent of 
the temperature). In addition the study of ρ demonstrates that 
for low temperature the rate of gel formation i s small and that 
the conductivity remains lower for the heating than for the coo
l i n g cycle. 

When the v i s c o s i t y and the polymer concentration are lower 
( C p =0.17 10-2 e q / ! . c s = 0.9 10" 2 eq/1 ; C T = 10" 2 eq/1) the 
birefringence disappears and the gel formation i s reve r s i b l e with
i n the time of the experiment ; also the temperature dependence of 

Simil a r types of curves are given for a "fresh" gel and a gel 
aged 15 hours at 21°C on Figure 7. The r e l a t i v e p o s i t i o n and am
pl i t u d e of both steps are modified by the ageing. Our in t e r p r e t a 
t i o n of experimental curves (Figures 5, 6, 7) i s as follows : 

- When the ge l i s heated  f i r s t the i s o l a t e d h e l i c a l chains 
melt at a temperature T
h e l i c a l segments melt a
of i s o l a t e d chains decreases during the ageing. 

- When the ge l i s cooled, only one melting temperature i s 
obtained near T^/ with an i n i t i a l increase of [a] which i s abrup-
ter than when the s o l u t i o n i s heated. This temperature confirms 
the two-step mechanism of the heating curve, but when the s o l i s 
cooled, f i r s t the c o i l forms h e l i c a l segments and immediatly 
thereafter the h e l i c a l segments g e l . 

Conclusion 

In t h i s work, o p t i c a l r o t a t i o n i n d i l u t e solutions of kappa 
carrageenans i s used to i n t e r p r e t the a c t i v i t y c o e f f i c i e n t of po
tassium counterions and to demonstrate a conformational t r a n s i t i o n 
associated with an increase of the charge parameter corresponding 
to a dimerization. 

Above a c r i t i c a l i o n i c concentration a thermoreversible g el 
ex i s t s and a hysteresis of o p t i c a l r o t a t i o n and conductivity i s 
present. When the rate of heating i s low a two step mechanism 
for the gel melting i s demonstrated by both methods. The r e l a t i v e 
importance of these steps i s correlated to the ageing of the g e l 
and thought to be due to the melting of i s o l a t e d h e l i c a l chains 
and aggregates of chains res p e c t i v e l y . The melting temperature 
determined from the heating curve given i n Figure 2 are mean va
lues obtained for highest heating rate and are approximate. Accu
rate values of T M computed from heating curves depend on a v a r i e 
ty of experimental conditions including the heating rate, ageing 
of the gel and others. 

In our opinion the new concept (_3) of s o l - g e l t r a n s i t i o n given 
by Rees and coworkers i s not enough to i n t e r p r e t the s p e c i f i c 
r o l e of counterions i n the double h e l i x s t a b i l i z a t i o n and conse
quently i n the gel formation. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



R I N A U D O A N D R O C H A S κ-Carrageenans 377 

1 0 2 0 3 0 T ( ° C ) 

Figure 6. Temperature dependence of specific rotation [a]3oo and ratio ρ of con
ductivities for potassium κ-carrageenan in the presence of KCl. Cp = 0.179 X 10~2 

equiv/L, Cs = 0.910'2 equiv/L; KCl, 10'2 equiv/L is used as the reference. 

2 0 3 0 Τ (°C ) 

Figure 7. Temperature dependence of specific rotation [a]3oo of potassium κ-car
rageenan in the presence of KCl. C p = 0.179 X 102 equiv/L; Cs = 0.910~2 

equiv/L. (A) cooling curve; (B) heating curve (the heating is done directly after 
A);(C) heating curve after aging 15 h at 21° C after the melting. 
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Experimental 

Materials. Kappa carrageenan, a copolymer of Ο-β-D galacto-
pyranosyl-4-sulfate (1 -> 4)-0-3,6-anhydro-a-D-galactopyranosyl 
(1 + 3) as confirmed by NMR spectroscopy (7_)— (Figure 1) was sup
plied by Sigma and used after purification. The aqueous solutions 
(10 g/1) were precipitated by ethanol in excess of salt (1M NaCl) 
and washed seven times with an ethanol water mixture (80/20 V / V ) . 
The sodium and potassium forms were obtained by exact neutraliza
tion of the acidic form by NaOH or KOH after percolation through 
an ion exchanger IR 120 H+. The experimental value of the capa
city of the sodium form was 2.44 10~3 ± 0.02 eq/1 in good agree
ment with 2.45 10~3 calculated from the molecular structure (equi
valent weight 408). 

Techniques. The specific rotation [ct] 300 w a s determined at 
300 nm with a FICA Spectropo
thermostated cell. Activitie
mined with Tacussel ion-selective glass electrodes ; a saturated 
calomel electrode was used as the reference. All e.m.f. measure
ments were made with a Tacussel Minisis 6000 pH-meter. A poten
tial reading constant over a 20 min. period was regarded as a 
reliable e.m.f. Calibration curves were obtained using pure 
NaCl or KCl solutions before and after each set of measurements. 
The temperature control of all measurements was 0.01°C Conduc
tivity measurements were performed with platinized electrodes 
Tacussel CM 01 G and with a conductivity bridge Tacussel CD 78. 
A peculiarity of this bridge is its ability to measure the ratio 
between the conductivity of a sample and of a reference. 

The temperature dependences of the specific rotation [of] 300 
and of the conductivities were performed with a constant cooling 
or heating rate of 17°C/h. 
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26 
Thermodynamics of Protonation and of Copper(II) 
Binding in Aqueous Alginate Solutions 
Alginic Acid from Azotobacter vinelandii 

S. P A O L E T T I , A . C E S À R O , A . C I A N A , F . D E L B E N , and G . M A N Z I N I 

Institute of Chemistry, University of Trieste, Trieste, Italy 

V . C R E S C E N Z I 

Institute of Physical Chemistry  Universit f Rome  Rome  Ital

The equilibrium properties in dilute aqueous solution of 
weakly ionized polysaccharides, e.g. carboxylated natural poly= 
saccharides, have not been so thoroughly investigated in 
comparison with other natural and synthetic polyelectrolytes. For 
instance, a detailed thermodynamic characterization of acid 
ionization and of counterion binding in terms of combined 
experimental potentiometric, calorimetric and volumetric data has 
not been achieved so far for the above types of polysaccharides. 
Such a description, however, is of obvious relevance for a better 
understanding of structure-conformation dependent solution 
properties for this important class of biopolymers. 

We wish to report here the results of a study on protonation 
equilibria and on copper(II) binding in aqueous alginate solution, 
performed using alginic acid from Azotobacter vinelandii (alginate 
S-35), whose solution properties have not as yet been studied in 
detail. Our data concern the changes in free energy, enthalpy (and 
entropy), as well as the volume changes associated with the uptake 
of protons or of Cu2+ ions, respectively, by alginate S-35 macro= 
ions. 

Experimental 

Materials. Alginic acid (sample S-35) produced by Azotobacter 
vinelandii (1) was a kind gift of Dr.K.C.Symes, Tate and Lyle 

0097-6156/81/0150-0379$05.00/0 
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L i m i t e d , Reading, U.K. I t was p u r i f i e d by d i s s o l u t i o n i n 0.Q5 M 
EDTA (0.2% p o l y s a c c h a r i d e ) and c e n t r i f u g a t i o n f o r two hours a t 
20,000 g. The supernatant was d i a l y s e d a g a i n s t 0.05 M EDTA and 
then e x h a u s t i v e l y a g a i n s t pure water a t 5°C The i n t r i n s i c 
v i s c o s i t y of the p u r i f i e d sample i n 0.2 M NaCl a t 25°C was 2.60 
d l / g . F o r a l l measurements o n l y f r e s h l y prepared s o l u t i o n s were 
used. A l g i n i c a c i d c o n c e n t r a t i o n was determined by p o t e n t i o m e t r i c 
t i t r a t i o n w i t h s t a n d a r d base u s i n g a l i q u o t s of s t o c k a l g i n a t e 
s o l u t i o n s , a f t e r c o n v e r s i o n to f r e e a c i d by passage through an i o n 
exchange column ( H + - f o r m ) , The t i t r e o f the s o l u t i o n s was a l s o 
r o u t i n e l y determined by means of N a + i o n flame photometry. The 
r e s u l t s o f the two methods agreed w i t h i n e x p e r i m e n t a l e r r o r (ca. 
2% o v e r a l l ) . 

C o p p e r ( I I ) p e r c h l o r a t e was prepared by r e a c t i o n of the 
carbonate w i t h warm aqueous HCIO4. The r e s u l t a n t s o l u t i o n was 
f i l t e r e d and c o o l e d : the metal p e r c h l o r a t e p r e c i p i t a t e d was 
c o l l e c t e d and r e c r y s t a l l i z e
copper p e r c h l o r a t e s o l u t i o n

The e q u i l i b r i u m d i a l y s i s experiments were c a r r i e d out u s i n g 
c e l l u l o s e t u b i n g (Union C a r b i d e Co., Chicago, USA). Treatment o f 
membranes p r i o r to use has been p r e v i o u s l y r e p o r t e d ( 3 ) . A l l the 
reagents used were C.Erba RP prod u c t s of a n a l y t i c a l reagent grade * 
HC1 s o l u t i o n s employed b o t h i n c a l o r i m e t r y and i n d i l a t o m e t r y were 
o b t a i n e d by proper d i l u t i o n o f f r e s h l y prepared s t a n d a r d Normex 
0.1N HC1 s o l u t i o n s . The water employed had a s p e c i f i c c o n d u c t i v i t y 
of c a. 10~6 XI ""Ι-αιΓ 1. I t was o b t a i n e d by an a l l - g l a s s d e i o n i z a t o r -
b i d i s t i l l a t o r . 

Methods. D i l a t o m e t r i c measurements were performed u s i n g 
C a r l s b e r g d i l a t o m e t e r s ( 4 ) . Both the procedure and the treatment 
of d a t a have a l r e a d y been d e s c r i b e d 03). The η-heptane employed 
as d i l a t o m e t r i c l i q u i d was a C.Erba RP product : i t has been 
p u r i f i e d as r e p o r t e d elsewhere ( 5 ) * The thermostat bath i n which 
the d i l a t o m e t e r s were suspended has a l r e a d y been d e s c r i b e d ( 6 ) ; 
constancy of temperature was b e t t e r than +0.001°C. 

The p o t e n t i o m e t r i c measurements, under N2 f l u x , were performed 
as p r e v i o u s l y d e s c r i b e d ( 7 ) . S i m i l a r l y , the e x e c u t i o n of the 
experiments and the treatment o f the c a l o r i m e t r i c data were the 
same as a l r e a d y d e s c r i b e d i n d e t a i l elsewhere ( 7 ) . 

The e q u i l i b r i u m d i a l y s i s measurements were performed by 
i n t r o d u c i n g 2 ml of 1.2x10"^ M sodium a l g i n a t e ( i n 0*05 M NaCIO,) 
and 2 ml of C u i C l O ^ ^ a t v a r i o u s c o n c e n t r a t i o n s ( i n 0.05 Μ N a C l O ^ 
i n t o the two compartments of each d i a l y s i s v e s s e l . I n a l l cases 
d i a l y s i s e q u i l i b r i u m was reached i n about 2 days ( a t 25°C) and the 
c o n c e n t r a t i o n of c o p p e r ( I I ) i n both compartments was determined. 

Copper c o n c e n t r a t i o n s as low as 10"^ M were determined adding 
a c o n s t a n t excess o f EDTA sodium s a l t and measuring the absorbance 
a t 270 nm, u s i n g as r e f e r e n c e a s o l u t i o n of EDTA. at the same 
c o n c e n t r a t i o n . I n the absence o f o t h e r d i v a l e n t c a t i o n s the method 
proved r e p r o d u c i b l e w i t h i n +2% and the absorbance f o l l o w e d the 
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Figure 1. Apparent pKa dependence on a for alginic acid S-35 in aqueous solu
tion at 25°C, titrated with KO Η (Ο) and NaOH (Φ) respectively; polymer con

centration, 10'3 equiv/L. 
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Figure 2. Enthalpy change (kilocalories/'mole H") on proton dissociation of alginic 
acid S-35, partially neutralized with KOH (O) and NaOH (Φ) in water at 25°C; 

polymer concentration, 10~3 equiv/L. 
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Lambert-Beer law up to 5x10 HM. The r e s u l t i n g a b s o r p t i o n 
c o e f f i c i e n t was 3.5x10^ WT-'-cm-^ a t 270 nm (the wavelength o f 
maximum a b s o r p t i o n b e i n g 260 nm). 

R e s u l t s and D i s c u s s i o n 

I ) P r o t o n a t i o n e q u i l i b r i a . The p o t e n t i o m e t r i c t i t r a t i o n 
d a t a are r e p o r t e d i n F i g u r e 1 as a p l o t of P K

a ( = pH + l o g — ) 
a g a i n s t the degree of i o n i z a t i o n , (X . A l g i n a t e S-35 i n water i s a 
weak p o l y a c i d , c o m p a r a t i v e l y weaker than s t r u c t u r a l l y s i m i l a r 
p o l y s a c c h a r i d e s (8,9)· However, i t appears f e a s i b l e to e x t r a p o l a t e 
the e x p e r i m e n t a l curve o f F i g u r e 1 so t h a t the pK Q v a l u e common to 
those a l g i n a t e s from o t h e r sources i s a t t a i n e d f o r 0( =0 ( 9 ) . The 
c a l o r i m e t r i c d a t a g i v e n i n F i g u r e 2 show t h a t the e n t h a l p y o f 
d i s s o c i a t i o n , Δ Η ^ £ 8 8 , of a l g i n i c a c i d S-35 i s always n e g a t i v e 
(except f o r 0(£* 1) w i t
about -2.2 k c a l / m o l H
p o t e n t i o m e t r i c and c a l o r i m e t r i c d a t a one can r e a d i l y e s t i m a t e t h a t 
the entropy of i o n i z a t i o n , ^ S d i s s ( = i ^ H d l s s -2.3 R p K a ) , i s always 
n e g a t i v e w i t h a minimum v a l u e of about -?8 e.u. a t CX = 0.6, w h i l e 
i t i s about -22 e.u. f o r 0< approaching u n i t y . 

I n o t h e r words, the Δ Η ^ 8 8 and A S ^ £ 8 8 v a l u e s a t near h a l f 
n e u t r a l i z a t i o n happen to f a l l i n t h e i r r e s p e c t i v e normal ranges 
found f o r o t h e r p o l y c a r b o x y l a t e s (10) as w e l l as f o r monomeric 
c a r b o x y l a t e s ( 1 1 ) ; on the c o n t r a r y the u p t u r n of both Δ Η and A S 
at h i g h e r (X v a l u e s seems somewhat anomalous. Indeed the 
p o t e n t i o m e t r i c d a t a a l s o seem to d i s c l o s e a somewhat anomalous 
b e h a v i o r i n the same range of h i g h OC v a l u e s . These o b s e r v a t i o n s 
might be r e l a t e d to the i o n i z a t i o n of c o n f i g u r a t i o n a l l y d i f f e r e n t 
-C00H groups w h i c h , p r o g r e s s i v e l y , c o u l d b r i n g about some 
c o n f o r m a t i o n a l p e r t u r b a t i o n a l o n g the a l g i n a t e c h a i n s . 

More remains to be l e a r n e d w i t h the a i d of d i f f e r e n t 
t e chniques on the causes, presumably c o n f o r m a t i o n a l ones, 
c o n t r i b u t i n g t o the o v e r a l l , p e c u l i a r t r e n d of b o t h thermodynamic 
s t a t e f u n c t i o n s w i t h changing C< from 0 to u n i t y f o r our a l g i n a t e 
sample. 

On the o t h e r hand, the d i l a t o m e t r i c data r e p o r t e d i n F i g u r e 3 
do show t h a t the volume change on d i s s o c i a t i o n of a l g i n i c a c i d 
S-35 i s s i m p l y a l i n e a r f u n c t i o n of CX . T h i s b e h a v i o r , r a t h e r 
uncommon f o r a p o l y e l e c t r o l y t e , demonstrates t h a t d i s s o c i a t i o n of 
i o n i z a b l e groups a l o n g a l g i n a t e c h a i n s takes p l a c e w i t h o u t any 
i n t e r f e r e n c e among the h y d r a t i o n sheaths of such groups. From our 
d a t a one can i n f a c t c h a r a c t e r i z e a l g i n a t e S-35 w i t h j u s t one 
v a l u e f o r the d i f f e r e n t i a l volume of d i s s o c i a t i o n , i . e . : -11.5 
cnP per mole of c a r b o x y l groups ( s l o p e of the p l o t of F i g u r e 3 ) . 

I n c o n c l u s i o n , i f a pH-induced c o n f o r m a t i o n a l change i s a 
p o s s i b l e q u a l i t a t i v e e x p l a n a t i o n of the p o t e n t i o m e t r i c d a t a , such 
a change would have no b e a r i n g on the s o l v a t i o n o f a l g i n a t e S-35. 
I t has to be p o i n t e d o u t , moreover, t h a t the i o n i z a t i o n b e h a v i o r 
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0 0.2 0.4 0.6 0.8 0 £ 1.0 

Figure 3. Volume change
(O) (ordinate right) and Na
acid S-35 in water at 25°C;
case and 2.5 X 10~3 equiv/L in the latter one. The abscissae are to be read from 

the right to the left. 

(c a l/monomol) (ml/monomol) 

Figure 4. Enthalpy changes (%) (left scale) in calories per mole of the polymer 
repeating unit, and volume changes (O) (right scale) in milliliters per mole of the 
polymer repeating unit, on the addition of Cu(ClOk) to the sodium salt form (a = 
1.0) of alginic acid S-35 in 0.05M NaClOh at 25°C. [Cu2+]/[P] stands for the 

molar ratio of the total copper(II) to the polymer repeating unit. 
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0.1 0.2 0.3 0.4 [C u
2jb 

[p] 

Figure 5. Scatchard plot from equilibrium dialysis measurements for the binding 
of Cu2+ onto sodium alginate S-35 in 0.05M NaClOh at 25°C. Polymer concentra
tion, [P], was 1.2 χ 10~3 equiv/L. [Cu2+]b and [Cu2+]f stand for bound and free 

copper molar concentrations, respectively. 
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of t h i s p o l y c a r b o x y l a t e does not depend a t a l l on whether counter= 
i o n s are N a + o r K + i o n s (see F i g u r e s 1-3). 

2+ 
I I ) B i n d i n g of Cu i o n s . The r e s u l t s of the c a l o r i m e t r i c 

experiments on the i n t e r a c t i o n of C u 2 + (added C u ( 0 1 0 4 ) 2 ) w i t h 
aqueous sodium a l g i n a t e ( i n 0.05 M NaC104 s o l u t i o n ) are r e p o r t e d 
i n F i g u r e 4. 

The c a l o r i m e t r i c d a t a , expressed i n c a l o r i e s per stoichiome= 
t r i e e q u i v a l e n t of p o l y e l e c t r o l y t e , A H g , as a f u n c t i o n of the 
s t o i c h i o m e t r i c [ ]Cu 2 + 1/N r a t i o (moles of c o p p e r ( I I ) per e q u i v a l e n t 
of a l g i n a t e i n s o l u t i o n ) , show t h a t ΔΗ-β i s always p o s i t i v e and 
s t e a d i l y i n c r e a s e s w i t h i n c r e a s i n g added C u 2 + i o n c o n c e n t r a t i o n . 

The d i l a t o m e t r i c r e s u l t s shown i n F i g u r e 4 c o l l e c t e d under 
e x p e r i m e n t a l c o n d i t i o n s i d e n t i c a l to the c a l o r i m e t r i c ones, 
demonstrate t h a t t h e r i s a net volume i n c r e a s e upon b i n d i n g of 
Cu2+ i o n s by sodium a l g i n a t e  F i n a l l y  a few e q u i l i b r i u m d i a l y s i s 
d a t a are r e p o r t e d i n F i g u r

From the l a t t e r d a t
4.10^ (1/equiv) f o r the apparent e q u i l i b r i u m c o n s t a n t of C u 2 + 

b i n d i n g , on the h y p o t h e s i s t h a t i t s i m p l y i n v o l v e s one f i x e d 
a l g i n a t e charge per C u 2 + i o n bound and no interdependence between 
b i n d i n g s i t e s . Consequently, one a l s o e s t i m a t e s t h a t : Δ = -4.9 
( k c a l per mole of b i n d i n g r e a c t i o n ) , and t h a t i n the c a l o r i m e t r i c 
and d i l a t o m e t r i c experiments a t , say, £Cu 2 + J/N = 0.05 more than 
90% o f the C u 2 + i o n s p r e s e n t i n s o l u t i o n are l i n k e d t o a l g i n a t e 
c h a i n s . 

D e r i v i n g from the l i m i t i n g s l o p e s of the p l o t s of F i g u r e 4 _ 
the d i f f e r e n t i a l e n t h a l p y ( Δ Hg) and the d i f f e r e n t i a l volume ( Δ ν β ) 
o f _ b i n d i n g , r e s p e c t i v e l y , one then f i n d s : Δ Η β = 2 k c a l , _ a n d 
Δ ν ^ = 39 c n P , always per mole of copper bound. A l s o : A S g = 23 
e.u. (per mole of complex). 

2+ 
I n c o n c l u s i o n , i t c l e a r l y appears t h a t Cu i o n s are 

e x t e n s i v e l y bound by a l g i n a t e S-35 and t h a t the p r o c e s s i s 
e n t i r e l y e n t r o p y d r i v e n . The l i n k between the changes i n Δ V B and 
Δ S B may be r e a d i l y , a l t h o u g h q u a l i t a t i v e l y , e s t a b l i s h e d assuming, 
i n analogy w i t h s i m i l a r evidence f o r o t h e r p o l y c a r b o x y l a t e s 03), 
t h a t i n t e r a c t i o n between -C00" groups and C u 2 + i o n s loosens a 
r e l a t i v e l y l a r g e number of water m o l e c u l e s from the s o l v a t i o n 
s h e l l s of b o t h i o n i c s p e c i e s , thus p r o d u c i n g a net g a i n of _ 
mo l e c u l a r degrees of freedom i n the system. T h i s occurs a t LCu2+J/ 
Ν r a t i o s not h i g h e r than about 0.4, inasmuch as r e l a t i v e l y h i g h e r 
C u 2 + i o n c o n c e n t r a t i o n s l e a d t o g e l f o r m a t i o n and hence to systems 
i n t r a c t a b l e w i t h our e x p e r i m e n t a l approaches. I t w i l l be i n t e r e s t i n g 
to make a comparative a n a l y s i s of the thermodynamic s o l u t i o n 
p r o p e r t i e s of a l g i n a t e samples of d i f f e r e n t o r i g i n c o n t a i n i n g 
d i f f e r e n t p r o p o r t i o n s of mannuronic and g u l u r o n i c a c i d s as w e l l 
as o f the p a r e n t homopolymers. Work i s now under way a l o n g these 
l i n e s i n our l a b o r a t o r y . 
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Ion—Polyion Interactions in Chondroitin Sulfate 
Solutions 
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The Nernst-Einstein relationship (1), 

U° / D° = Ζse/kT (1) 

relates the electrical mobility U° and the self-diffu
sion coefficient D° of an ionic species in solution 
through the structural charge Ζs (e = elementary charge, 
kT = Boltzman factor). It allows the determination of 
the structural charge of individual species such as 
simple or complex ions, since the transport parameters, 
U°and D° can be obtained experimentally, for instance 
with radioactive tracers (2). This relationship is 
strictly valid only in the limit of infinite dilution, 
i.e., in the absence of interactions between the ionic 
species. In the presence of such interactions, for 
instance in semi-dilute solutions, one can however 
define the apparent charge, Ζap, by the following 
equation : 

Ζap = (U/D) (kT/e) (2) 

where U and D are the observed transport parameters. 
In many cases Ζap is a good approximation to the effec
tive charge (2). It is the aim of this presentation to 
show how the determination of U, D, and subsequently 
Zap, reflects the nature and the extent of ion-polyion 

0097-6156/81/0150-0387$05.00/0 
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i n t e r a c t i o n s i n a q u e o u s s o l u t i o n s w i t h o r w i t h o u t a d d e d 
s a l t s . 

T h e o r e t i c a l B a c k g r o u n d . 

I n t h e f r a m e o f e l e c t r o c h e m i s t r y , p o l y e l e c t r o l y t e s 
a r e d e f i n e d a s m a c r o m o l e c u l a r s t r u c t u r e s b e a r i n g a 
g r e a t number o f c h a r g e d s i t e s . We c o n s i d e r t h e c a s e 
w h e r e t h e s e s i t e s a r e s i m i l a r i n n a t u r e ( n e g a t i v e i n 
m o s t b i o l o g i c a l p o l y e l e c t r o l y t e s s u c h a s DNA, RNA o r 
s u l f a t e d p o l y s a c c h a r i d e s ) , s o t h a t t h e p o l y e l e c t r o l y t e , 
o r p o l y i o n , a c q u i r e s a h i g h c h a r g e d e n s i t y . C o u n t e r i o n s 
a r e p r e s e n t i n s o l u t i o n i n o r d e r t o m a i n t a i n e l e c t r o -
n e u t r a l i t y o r a s c o n s t i t u e n t s o f a n a d d e d s i m p l e s a l t 
w h i c h , i n t u r n , i n t r o d u c e s a c o - i o n . 

T h e t r a n s p o r t p a r a m e t e r s U a n d D o f t h e d i f f e r e n t 
i o n i c s p e c i e s i n t r i
b o t h o n t h e e q u i l i b r i u
e f f e c t s w h i c h a p p e a r i n r e l a t i o n w i t h t h e m o t i o n o f 
i o n s , i . e . , " r e l a x a t i o n " a n d " e l e c t r o p h o r e s i s " . 

I o n - p o l y i o n i n t e r a c t i o n s a n d e q u i l i b r i u m p r o p e r 
t i e s . T h e h i g h c h a r g e d e n s i t y o f t h e p o l y i o n g i v e s 
p o l y e l e c t r o l y t e s o l u t i o n s t h e i r u n i q u e p r o p e r t i e s : 

a) e l e c t r o s t a t i c r e p u l s i o n b e t w e e n c h a r g e d s i t e s 
g i v e s t h e p o l y i o n a n e x t e n d e d c o n f o r m a t i o n a t l o w o r 
s e m i - l o w i o n i c s t r e n g t h . T h e p o l y i o n c a n t h u s b e c o n 
s i d e r e d a s a l m o s t l i n e a r , a t l e a s t o v e r a d i s t a n c e o f 
s e v e r a l c h a r g e d s i t e s . 

b ) c o n s e q u e n t l y , t h e e x c e s s f r e e e n e r g y ( o f e l e c 
t r o s t a t i c o r i g i n ) c a n b e d e r i v e d - a n d s u b s e q u e n t l y a l l 
t h e e q u i l i b r i u m p r o p e r t i e s , f r o m a c y l i n d e r , o r r o d -
- l i k e , o r l i n e a r c h a i n m o d e l o f d i s t r i b u t i o n o f c h a r g e s , 
b y s o l v i n g a P o i s s o n - B o l t z m a n n e q u a t i o n w i t h c y l i n d r i 
c a l s y m m e t r y f o r t h e p o t e n t i a l . 

T h e c e n t r a l p a r a m e t e r o f m o d e r n p o l y e l e c t r o l y t e 
t h e o r i e s i s £ , t h e l i n e a r c h a r g e d e n s i t y p a r a m e t e r i n 
t h e m o d e l o f b a n n i n g (3_) : 

£ g = e 2 / e k T b (3) 

w h e r e e = d i e l e c t r i c c o n s t a n t a n d b = a x i a l d i s t a n c e 
b e t w e e n c h a r g e d s i t e s . 

When £ i s s u f f i c i e n t l y h i g h , c o n d e n s a t i o n o f 
c o u n t e r i o n s o n t h e p o l y i o n s h o u l d b e o b s e r v e d , a n d i s 
e f f e c t i v e l y o b s e r v e d , s o t h a t £ i s r e d u c e d t o [ z , 
z. b e i n g t h e v a l e n c e o f t h e c o u n t e r i o n (3.). The r e s i 
d u a l c h a r g e o f t h e p o l y i o n i s a f r a c t i o n o f t h e s t r u c 
t u r a l c h a r g e Ζ , 
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w i t h α = ( £ ζ.) 
s i 

-1 
(4) 

T h e a b o v e e x p r e s s i o n s a p p l y t o p o l y i o n s w i t h u n i v a l e n t 
c h a r g e d s i t e s . I n t h e a b s e n c e o f a d d e d s a l t α i s a l s o 
t h e f r a c t i o n f o f c o u n t e r i o n s w h i c h a r e n o t c o n d e n s e d 
o n t o t h e p o l y i o n . T h e o b s e r v e d t r a n s p o r t p a r a m e t e r s 
f o r t h e c o u n t e r i o n s s h o u l d t h e r e f o r e b e t h e f r a c t i o n -
- a v e r a g e d mean o f t h e t r a n s p o r t p a r a m e t e r s o f t h e 
u n c o n d e n s e d ( u ) a n d c o n d e n s e d ( c ) e n t i t i e s . 

D _ -p V ( u ) 
U - I · υ A ( ξ , r . ) + ( 1 - f ) ( c ) 

(5) 

I o n - p o l y i o n i n t e r a c t i o n s a n d t r a n s p o r t p r o p e r t i e s . 
R e l a x a t i o n e f f e c t . I n e q u a t i o n ( 5 ) A ( ξ , r . ) 

r e p r e s e n t s t h e c o r r e c t i o n f o r r e l a x a t i o n . T h e r e l a x a 
t i o n e f f e c t i s due
i o n i c a t m o s p h e r e a r o u n
w h i c h a p p e a r s f r o m c h a r g e s e p a r a t i o n s l a c k e n s t h e mo
t i o n o f t h e i o n · A ( ξ , r . ) h a s b e e n c a l c u l a t e d b y 
M a n n i n g f o r p o l y e l e c t r o l y t e s o l u t i o n s (k) · O n l y a t 
z e r o o r l o w a d d e d s a l t c o n c e n t r a t i o n c a n A ( ξ , r . ) b e 
s i g n i f i c a n t l y l o w e r t h a n 1. 

E l e c t r o p h o r e t i c e f f e c t . I t i s due t o t h e m u t u a l 
h y d r o d y n a m i c t r a n s m i s s i o n o f v e l o c i t y b e t w e e n m o v i n g 
i o n s · 

M a t e r i a l a n d M e t h o d . 

T h e p o l y i o n . C h o n d r o i t i n s u l f a t e was e l e c t e d f o r 
t h i s w o r k b e c a u s e o f i t s b i o l o g i c a l i n t e r e s t : i t i s 
t h e m a i n c o m p o n e n t o f c a r t i l a g e a n d p l a y s a r o l e i n 
b i o l o g i c a l c a l c i f i c a t i o n a n d r e t e n t i o n o f m u l t i v a l e n t 
c a t i o n s ( s e e p a p e r b y R o s e n b e r g , t h i s s y m p o s i u m ) 

C h o n d r o i t i n s u l f a t e ( C hSO,) i s a p o l y m e r o f g l u 
c u r o n i c a c i d a n d g l u c o s a m i n o s u l f a t e w i t h t w o i s o m e r i c 
p o s i t i o n s f o r t h e s u l f a t e g r o u p ( F i g . 1 ) . We h a v e 
m o s t l y w o r k e d w i t h t h e 4 - i s o m e r . 

I t i s a n a d e q u a t e m o d e l o f p o l y e l e c t r o l y t e w i t h 
r e l a t i v e l y h i g h c h a r g e d e n s i t y . I t i s a l m o s t l i n e a r 
i n s o l u t i o n a s s h o w n b y e l e c t r o n m i c r o s c o p y (5) o r 
b y p h y s i c o - c h e m i c a l d e t e r m i n a t i o n s ( 6 ) . 

T h e a v e r a g e d i s t a n c e b e t w e e n c h a r g e d s i t e s c a n 
be e s t i m a t e d t o b e n e a r 6 A, w h i c h makes £ a b o u t 1 . 2 . 

s 
A s a c o m p a r i s o n w i t h o t h e r b i o l o g i c a l a n i o n i c p o l y s a c 
c h a r i d e s , h y a l u r o n i c a c i d i s l e s s c h a r g e d ( b 2 0 A) 
w h i l e h e p a r i n i s m o r e ( b ~ 3 - 4 A ) . 

T h e m o l e c u l a r w e i g h t o f t h e p o l y i o n i s 2 9 - 3 0 , 0 0 0 
D a l t o n s l e a d i n g t o a s t r u c t u r a l c h a r g e o f a b o u t - 1 2 0 
a n d a c o n t o u r l e n g t h o f a b o u t 600 A . H o w e v e r , t h e 
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p o l y i o n i s n o t e x h a u s t i v e l y s u l f a t e d a n d Ζ i s a b o u t 
- 1 0 0 . S 

T h e s e l f - d i f f u s i o n c o e f f i c i e n t a n d e l e c t r i c a l 
m o b i l i t y o f t h e p o l y i o n ( i n e x c e s s s o d i u m sa1tj2arç -1 
r e s p e c t i v e l y 3 & +CVt F i c k s a n d ( 5 . 7 + 0 . 5 ) 1 0 " cm s " V " . 

T r a n s p o r t p a r a m e t e r m e a s u r e m e n t s . 
T r a n s p o r t p a r a m e t e r s o f s m a l l c o u n t e r i o n s w e r e 

m e a s u r e d b y r a d i o a c t i v e t r a c e r m e t h o d s , t h e l a b e l e d 
i o n i c s p e c i e s m o v i n g a m i d s t a c h e m i c a l l y h o m o g e n e o u s 
s o l u t i o n : 

- s e l f - d i f f u s i o n , b y t h e " o p e n a n d c a p i l l a r y " 
m e t h o d d e s c r i b e d p r e v i o u s l y ( 7 , 8 ) 

- e l e c t r i c a l m o b i l i t y , b y e l e c t r o p h o r e s i s o n c e l 
l u l o s e a c e t a t e s t r i p s (9.). 

T r a n s p o r t p a r a m e t e r s o f t h e m a c r o m o l e c u l a r i o n i c 
s p e c i e s w e r e m e a s u r e

- a p p a r e n t d i f f u s i o
f r o m t h e b r o a d e n i n g o f t h e R a y l e i g h d i f f u s i o n l i n e 
m e a s u r e d b y homodyne o r h e t e r o d y n e o p t i c a l b e a t i n g ( 1 0 ) . 
I f Γ i s t h e l i n e w i d t h o f t h e p o w e r s p e c t r u m o f 
R a y l e i g h d i f f u s i o n , a n d k t h e m o d u l u s o f t h e a s s o c i a t e d 
wave v e c t o r , k = ( 2 ττ η / λo ) s i n ( Θ / 2 ) , t h e n : 

Γ = D t k 2 . 

- t h e e l e c t r i c a l m o b i l i t y o f t h e m a c r o i o n i s p r o 
p o r t i o n a l t o t h e s h i f t o f t h e h e t e r o d y n e p o w e r s p e c 
t r u m i n t h e p r e s e n c e o f a n e x t e r n a l e l e c t r i c f i e l d ( 1 0 ) . 
T h e o p t i c a l m o u n t i n g s h a v e b e e n d e s c r i b e d p r e v i o u s l y 
R e s u l t s . 

We d e f i n e r . a s t h e r a t i o o f e q u i v a l e n t c o n c e n t r a 
t i o n z . n . o f t h e a d d e d c o u n t e r i o n i o f c h a r g e z . t o 
t h e e q u i v a l e n t c o n c e n t r a t i o n o f t h e p o l y i o n η 
( r . = Ζ.n./n ) . χ χ χ e 

T r a n s p o r t p a r a m e t e r s o f c o u n t e r i o n s . 
One c o u n t e r i o n s p e c i e s : F i g u r e + ( 2 ) s h o w s t h a t 

t h e s e l f - d i f f u s i o n c o e f f i c i e n t o f N a i n c h o n d r o i t i n 
s u l f a t e s a l t s o l u t i o n , D + , i s l o w e r e d f r o m i t s 
v a l u e i n a b s e n c e o f p o l y e l e c t r o l y t e ( D

a + - 1 3 3 F i c k s ) 
t o a l i t t l e l e s s t h a n 1 0 0 F i c k s i n t h e a b s e n c e o f 
a d d e d N a C l ( r . = 0 ) . S i n c e h a l f o f t h i s 3 0 p e r c e n t 
d e c r e a s e c a n Èe a c c o u n t e d f o r b y t h e r e l a x a t i o n e f f e c t , 
i t means t h a t a r o u n d 1 5 p e r c e n t o f t h e p o l y i o n c h a r g e 
i s n e u t r a l i z e d b y c o n d e n s e d N a + i o n s . T h i s i s i n a g r e e 
ment w i t h t h e p r e d i c t e d l o w e r i n g o f £ f r o m ξ 1 . 2 t o 
ξ f = 1 = [Zi] · No s i g n i f i c a n t s p e c i f i c e f f e c t , a s + 

r e g a r d s c o n d e n s a t i o n , was o b s e r v e d n e i t h e r b e t w e e n N a 
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Figure 2. Variation of T>Na+ when NaCl is added to: (1) ChSO^-Na (Φ); (2) 
ChSO^N(CHs)^ (O) (ne = 3.4 χ 10 3 equiv/L. 
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a n d N ( C H 3 ) 4 + ( F i g . 2 ) , n o r b e t w e e n N a + a n d C s + ( F i g . 3 ) . 

T h e v a r i a t i o n o f U N + , t h e e l e c t r i c a l m o b i l i t y o f 
Na i n c h o n d r o i t i n s u l f a t e s o l u t i o n s w h e r e N a C l i s 
a d d e d i s q u i t e s i m i l a r t o t h a t o f DNa ( F i g . 2 ) . T h e 
a p p a r e n t c h a r g e f o r N a + e q u a t i o n ( 2 ) i s a l w a y s c l o s e 
t o 1 ( T a b l e I ) . 

C o u n t e r i o n s w i t h d i f f e r e n t c h a r g e s . I f we a d d 
d i v a l e n t c a t i o n s , l i k e C a 2 + , S r 2 + o r C o 2 + t o ChSO4-Na 
s o l u t i o n s . £ e £ b e i n g i n i t i a l l y 1 a n d Z. = 2 , c o n d e n s a 
t i o n o f o c c u r s i n o r d e r t o l o w e r ξ · T h e o b s e r v e d 
t r a n s p o r t p a r a m e t e r s , a n d , s h o u l d b e a s l o w a s 
t h e t r a n s p o r t c o e f f i c i e n t s o f t h e p o l y i o n . T h i s i s 
a l m o s t t r u e f o r ( F i g . 4:) a n d i t c a n b e d e r i v e d t h a t 
u p t o a b o u t 5 0 p e r c e n t o f t h e p o l y i o n c h a r g e c a n be 
n e u t r a l i z e d w hen s u f f i c i e n t d i v a l e n t c a t i o n s a r e a d d e d . 
No s i g n i f i c a n t s p e c i f i
t h e t h r e e d i v a l e n t c o u n t e r i o n
( 1 2 ) ) . 

F i g u r e 5 s h o w s t h e v a r i a t i o n o f w h e n C o C l 2 
i s a d d e d t o ChSO4-Na. T h e c u r v e s f o r a n d U 
a r e q u i t e s i m i l a r . T h e y a l l show a n a n i o n i c b e h a v i o r 
a t l o w a d d e d s a l t c o n c e n t r a t i o n , s o t h a t a n a n i o n i c 
a p p a r e n t c h a r g e i s o b s e r v e d , w h i c h b e c o m e s p o s i t i v e 
a n d t e n d s t o w a r d + 2 i n e x c e s s a d d e d s a l t ( T a b l e I I ) . 

H o w e v e r t h e a p p a r e n t c h a r g e o f t h e c o u n t e r i o n s 
a t l o w a d d e d s a l t i s n o t a s n e g a t i v e a s e x p e c t e d , 
s i n c e i t s h o u l d b e c l o s e t o t h e c h a r g e o f t h e p o l y i o n 
( a b o u t - 1 0 0 ) . T h e r e f o r e some d e g r e e s o f f r e e d o m r e m a i n 
f o r t h e c a t i o n s w h i c h a r e a l l o w e d t o move r a p i d l y 
a l o n g t h e p o l y i o n . I n d e e d n.m.r. e x p e r i m e n t s h a v e 
s h o w n , a t l e a s t f o r c o b a l t , t h a t l e s s t h a n kO p e r c e n t 
o f t h e c o n d e n s e d i o n s a r e s i t e - b o u n d ( 1 3 ) · 

We h a v e a l s o s h o w n p r e v i o u s l y ( l j 2 ) b y m e a s u r i n g 
w h e n C a C l 2 i s a d d e d t o C h S 0 , - N a t h a t t h e s m a l l 

f r a c t i o n ( 1 5 p e r c e n t ) o f t h e s o d i u m i o n s i n i t i a l l y 
c o n d e n s e d a r e e x p e l l e d f r o m t h e c o n d e n s a t i o n l a y e r 
b y t h e n e w l y c o n d e n s i n g C a 2 + i o n s , w h i c h c a n b e e x p e c 
t e d f r o m M a n n i n g 1 s t h e o r y . 

On t h e c o n t r a r y , t h a t a n e x c e s s o f m o n o v a l e n t i o n s 
c a n c o m p e t e w i t h c o n d e n s e d d i v a l e n t o n e s i s o u t o f t h e 
r a n g e o f v a l i d i t y o f M a n n i n g ' s m o d e l . H o w e v e r , t h e 
m o d e l o f I w a s a (13.) w h i c h i n t r o d u c e s a n e n t r o p i e t e r m 
c o n t r i b u t i n g t o t h e f r e e e n e r g y o f p o l y e l e c t r o l y t e 
s y s t e m s c a n e x p l a i n t h a t a n e x c e s s N a C l d i s p l a c e s 
c o n d e n s e d d i v a l e n t c o u n t e r i o n s . I n t h e e x p e r i m e n t 
d e s c r i b e d i n F i g . 6 , N a C l was a d d e d t o a s o l u t i o n o f 
c h o n d r o i t i n s u l f a t e c o n t a i n i n g S r 2 + c o u n t e r i o n s , a 
f r a c t i o n o f w h i c h a r e c o n d e n s e d . T h e v a r i a t i o n o f Dg 
sh o w s t h a t S r 2 + a r e " d e c o n d e n s e d " b y a n e x c e s s N a C l , 
i n g o o d a g r e e m e n t w i t h I w a s a 1 s m o d e l . 
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T A B L E 

A p p a r e n t c h a r g e o f N a i n ChSO,-Na s o l u t i o n s w i t h 
a d d e d N a C l ^ 

rNa+ DNa+ 
( I 0 " 7 c m 2 s " 1 ) 

U N a " / U C l - Z N a + 

0 1 0 0 0 . 5 0 0 , 9 0 

0 . 2 5 10k 0 . 5 5 0 . 9 2 

0 . 5 1 1 0 0 . 5 8 0 . 9 7 

1 1 1 5 

r X T+=n / n : U A T -f/UCl — : o b s e r v e d e l e c t r i c a l m o b i l i t y Na s e NëT C l 
o f Nâf" r e l a t i v e t o t h a t o f C l i n ChSO4-Na s o l u t i o n s ; 
ΖNaμ= a p p a r e n t c h a r g e o f Na+ 
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Figure 4. D o/ C A * , Sr2+, Co2* counterions on adding CaCl2, SrCl2, or CoCl2 (τΜ

2* 
= 2n8/ne). Upper lines refer to the variation of D of Sr2* (+) and Co2* (Φ) in the 

absence of polyelectrolyte. 

+ 0.6h 

Figure 5. Variation of OCo (relative to the electrical mobility of CI') when CoCl2 

is added to ChSO^-Na 
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TABLE I I 
2 + 

Apparent charges Ζ o f the d i v a l e n t c o u n t e r i o n s Ca , 
Sr2+ and C o 2 + i n Cn2SO2Na s o l u t i o n s (ne= 5 . 4 1 0 ~ 3 e q/l) 
as a f u n c t i o n o f t h e i r c o n c e n t r a t i o n (r.= 2 n /n ). 
Ζ 2+ i s the ap p a r e n t charge o f the c a t i o n s i n tËe 
absence o f p o l y e l e c t r o l y t e s , a t i o n i c s t r e n g t h s c o r 
r e s p o n d i n g t o r i . 

A p parent charge Ζ 

r . C a 2 + S r 2 + C o 2 + ZMo-f η 
xlO M 

0 - 7 . 1 - 3 . 5 - 12 2 , 0 0 0 

0 . 1 8 - 4 . 5 - 2 .

0 . 2 5 - 6 

0 . 3 6 - 1 - 1 . 2 - 4 . 5 1 . 9 0 10 

0 . 5 5 + 0 . 5 2 + 0 . 5 0 + 0 . 9 1 . 8 8 15 

0 . 7 2 + 1.40 + 1 . 4 5 + 1 . 1 1 . 8 6 1 9 . 5 

0 . 8 8 + 1.40 + 1 . 6 0 + 1 . 5 0 1 . 8 5 24 

1 . 4 0 + 1 .6ο + 1 . 5 6 + 1 . 8 0 1 . 8 1 5 8 

1.84 + 1 . 6 3 + 1 . 5 4 + 1 . 9 5 1 . 7 8 5 0 

2 . 2 5 + 1.64 + 1 . 5 5 + 1 . 9 5 1 . 7 5 6 0 

2 . 5 8 + 1 . 6 7 + 1 . 5 5 + 1 . 9 6 1 . 7 2 7 0 

2 . 9 4 + 1 . 7 0 + 1 . 5 4 + 1 . 9 9 1 . 7 0 8 0 

3 . 6 8 + 1 . 7 5 + 1 . 4 9 _ _ 1 0 0 
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/ 
3 + 

T r i v a l e n t c o u n t e r i o n s s u c h a s L a , a d d e d t o 
ChSO4-Na, do c o n d e n s e s i n c e £ e ~ i s i n i t i a l l y e q u a l 
t o 1 a n d s h o u l d b e l o w e r e d t o t h e c r i t i c a l v a l u e o f 
1/3 i n t h e p r e s e n c e o f t r i v a l e n t c a t i o n s . R e s u l t s 
p u b l i s h e d p r e v i o u s l y ( 1 2 ) c l e a r l y s h o w e d t h a t u p t o 
a b o u t 7 0 p e r c e n t o f t h e p o l y i o n c h a r g e c o u l d b e n e u 
t r a l i z e d b y i o n s . L a 3 + i g n s n o t only c o m p e t e d 
w i t h N a + i o n s b u t a l s o w i t h C a o r S r i o n s a n d t h e 
a g r e e m e n t w i t h M a n n i n g ' s m o d e l was f a i r l y g o o d . I t 
i s a g e n e r a l o b s e r v a t i o n t h a t t h e h i g h e r t h e c o u n 
t e r i o n c h a r g e , t h e b e t t e r M a n n i n g ' s m o d e l f i t s t h e 
d a t a c o n c e r n i n g c o n d e n s a t i o n . I n d e e d more a n i o n i c 
v a l u e s t h a n f o r d i v a l e n t c o u n t e r i o n s w e r e o b t a i n e d 
(20 f o r t h e e l e c t r i c a l m o b i l i t i e s o f L a i o n s i n t h e 
p r e s e n c e o f ChSO4-Na (Zap = - 1 3 f o r L a a t l o w 2 + 

a d d e d L a C l 3 c o n c e n t r a t i o n  f °
i n d i c a t i n g a more r i g i

T r i v a l e n t c o u n t e r i o n s a d d e d t o ChSO^-Ca s o l u t i o n s 
w e r e a l s o s h o w n t o c o n d e n s e ( l 2 ) s o t h a t ξ ef, w h i c h i s 
i n i t i a l l y e q u a l t o 1/2 ( Z C a = 2 ) , i s l o w e r e d t o £ f = l / 3 
i n t h e p r e s e n c e o f t r i v a l e n t c o u n t e r i o n s . On a d d i l i o n 
o f L a C l 3 , t h e Ca2+ i o n s w h i c h a r e i n i t i a l l y c o n d e n s e d 
( a b o u t 4θ p e r c e n t o f t h e s t o i c h i o m e t r i c c o n c e n t r a t i o n ) 
a r e e x p e l l e d f r o m t h e c o n d e n s a t i o n l a y e r a s was s h o w n 
b y a n i n c r e a s e o f D ( 1 2 ) · 

L a 
T r a n s p o r t p a r a m e t e r s o f t h e p o l y i o n 
T r a n s p o r t p a r a m e t e r s o f t h e p o l y i o n i t s e l f w i l l 

b e a f f e c t e d b y t w o t y p e s o f i o n - p o l y i o n i n t e r a c t i o n s : 
C o n d e n s a t i o n , w h i c h r e d u c e s s i g n i f i c a n t l y t h e 

e f f e c t i v e c h a r g e o f t h e p o l y i o n a n d h e n c e , i t s e l e c 
t r i c a l m o b i l i t y . C o n d e n s a t i o n s h o u l d be l e s s s e n s i 
t i v e t o t h e s e l f - d i f f u s i o n c o e f f i c i e n t u n l e s s g r e a t 
c o n f o r m a t i o n a l v a r i a t i o n r e s u l t s f r o m c h a r g e m o d i f i c a 
t i o n . 

E l e c t r o k i n e t i c e f f e c t s , i . e . i n t e r a c t i o n s b e t w e e n 
t h e p o l y i o n a n d i t s i o n i c a t m o s p h e r e , s i n c e c o u n t e r i o n s 
c a n n o t move i n d e p e n d e n t l y f r o m t h e p o l y i o n , i n o r d e r 
t o m a i n t a i n e l e c t r o n e u t r a l i t y . T h e s e e f f e c t s a r e 
h i g h l y d e p e n d e n t o n t h e i o n i c s t r e n g t h o f t h e s o l u t i o n s 
a n d a f f e c t b o t h s e l f - d i f f u s i o n a n d e l e c t r i c a l m o b i l i t y 
a s m e a s u r e d b y d y n a m i c l i g h t s c a t t e r i n g s i n c e t h e y 
g i v e r i s e t o l o n g - r a n g e s p a t i a l c o r r e l a t i o n s b e t w e e n 
i o n s . T h e s e e f f e c t s a r e e x p e c t e d t o b e l a r g e r i n d i l u t e 
s o l u t i o n s b e c a u s e o f t h e l a r g e r e l a t i v e f l u c t u a t i o n s 
there· 

T h e v a r i a t i o n o f t h e 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 m e a s u r e d a t 2 0 ° C b y h o m o d y n e d e t e c t i o n a t a n g l e s 
f r o m 5 ° t o k0° o f ChSO,-Na w h e n t h e i o n i c s t r e n g t h i s 
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i n c r e a s e d by a d d i t i o n o f N a C l i s r e p o r t e d i n T a b l e I I I . 
F i g u r e 7 r e p r e s e n t s the e x p e r i m e n t a l v a r i a t i o n (lower 
v a l u e s , ) t o g e t h e r w i t h o t h e r v a l u e s d e r i v e d from 
t h r e e models, assuming an e f f e c t i v e charge o f the 
p o l y i o n Ζ = - 8 8 . (ChSO.-Na : l O g / l ) . 

+ : the model o f Stephen ( l A ) where the f l u c 
t u a t i o n s of the macroions a r e the o n l y ones t o be t a k e n 
i n t o a c c o u n t g i v e s : 

Z e f 
D, = D p ( 1 + ef ) ( 6 ) 

X * 1 + 2 r 

where Dp i s the s e l f - d i f f u s i o n c o e f f i c i e n t o f the p o l y 
i o n and r = η / η i s the r a t i o o f the e q u i v a l e n t con-

s e 
c e n t r a t i o n o f the added s a l t t o t h a t o f the p o l y i o n . 

Δ : the model o f T u r q ( 1 1  15)  where the f l u c
t u a t i o n s o f the t h r e
c o n s i d e r e d . T h i s mode
s i o n f o r D ( 1 1 ) : ( Z e f + 1 + 2 r ) D p D l D 2 

( Z e f + 1 + r ) D p D l + ( Z e f + r ) D p D 2 + ( Z e f + 2 r 

(7 ) 
and a r e the s e l f - d i f f u s i o n c o e f f i c i e n t s o f the 

c o u n t e r i o n and the c o i o n r e s p e c t i v e l y . 
- φ : a model o f s c r e e n e d c h a r g e , t h a t we p r o 

pose o r i g i n a l l y h e r e ( 1 5 . ) · The two p r e c e d i n g models 
ba s e d on the Debye-Onsager t r e a t m e n t o f i o n t r a n s p o r t , 
c o n s i d e r the e n t i r e c harge o f the p o l y i o n t o be con
c e n t r a t e d i n a p o i n t c h a r g e . T h i s i s t o t a l l y m i s l e a 
d i n g s i n c e the l e n g t h o f the p o l y i o n c h a i n can be one 
hundred times t h a t o f the D e b y e - s c r e e n i n g l e n g t h (K-1) 
a t such i o n i c s t r e n g t h s . We pr o p o s e t h a t the e f f e c t i v e 
charge o f the p o l y i o n Zef be r e p l a c e d i n e q u a t i o n ( 7 ) 
by a s c r e e n e d c h a r g e , ΖD, o f the form : 

1 -Kb 
Z n = 1 + e ( 8 ) 

-Kb 
1 - e 

b b e i n g the d i s t a n c e between c h a r g e d s i t e s and Κ the 
Debye s c r e e n i n g p a r a m e t e r . Each u n i t charge on the 
p o l y i o n c h a i n , a t a d i s t a n c e nb from a c e n t r a l c h a r g e , 
c o g t g i b u t e s t o i h i s c e n t r a l charge by a s c r e e n i n g f a c t o r 
e so t h a t the sum o f c o n t r i b u t i o n s g i v e s e q u a t i o n 
( 8 ) . I n o r d e r t o m a i n t a i n the t o t a l c o n c e n t r a t i o n , n 
must be r e p l a c e d by n f = neZ /ZD i n e q u a t i o n ( 7 ) · 

The agreement o f t h i s mocïel w i t h the e x p e r i m e n t a l 
v a l u e s i s much b e t t e r t h a n by the o t h e r models. 
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Figure 7. Variation of D f of ChSOk-Na with added NaCl concentration 
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The v a r i a t i o n o f the e l e c t r i c a l m o b i l i t y o f ChSO^ 
-Na measured by dynamic l i g h t s c a t t e r i n g ( h e t e r o d y n e 
d e t e c t i o n a t an a n g l e o f 5 ° ) , i s r e p o r t e d i n F i g u r e 8 . 
The m o b i l i t y d e c r e a s e s w i t h the f i r s t a d d i t i o n o f N a C l , 
t h e n keeps a c o n s t a n t v a l u e from 2 10~"-> t o 1 0 ~ ώ Μ added 
N a C l . The i n i t i a l v a l u e i s c o m p a t i b l e w i t h an e f f e c 
t i v e charge of the p o l y i o n Ζ r - - 4 2 ( c o r r e s p o n d i n g 
to a s t r u c t u r a l charge Ζ = -$Ό. The i n i t i a l d e c r e a s e 
can be d e s c r i b e d by the t l o r i n - H e n r y model ( l 6 ) f o r 
the e l e c t r i c a l m o b i l i t y o f c y l i n d r i c a l m a c r o i o n s 
a c c o r d i n g t o : 

2 Ζ . Λ Ko (Ka) 
U = λ ( + m SLJLJL) ( 9 ) 

ττη 1 F Ka K l (Ka) a 

where a i s the r a d i u s o f the c y l i n d e r 
1 i t s l e n g t h ο 
r the h y d r a t i o
Ko e t K l the z e r o t h and f i r s t o r d e r s o l u t i o n s 

o f the m o d i f i e d B e s s e l f u n c t i o n ( 1 7 ) 
F : Henry's f a c t o r 

b e i n g the i o n i c s t r e n g t h . 
1 0 0 0 c k t 

ο 
The b e s t f i t i s o b t a i n e d f o r v a l u e s o f 1 : 3 0 0 o A 

a : 2 5 A 
Z e f : " 5 ° 

The l e v e l i n g o f the e x p e r i m e n t a l v a l u e s a t h i g h e r 
i o n i c s t r e n g t h c an be a s c r i b e d t o a c o n f o r m a t i o n a l 
change o f the macromolecule, the p o l y i o n b e i n g l e s s 
and l e s s r i g i d and g e t t i n g a more and more s p h e r i c a l 
c o n f o r m a t i o n when the i o n i c s t r e n g t h i n c r e a s e s . 
C o n c l u s i o n 

From the e x p e r i m e n t a l r e s u l t s t h a t we have j u s t 
p r e s e n t e d , which were o b t a i n e d by v a r i o u s indépendant 
t e c h n i q u e s , i t i s o b v i o u s t h a t e l e c t r o s t a t i c i n t e r 
a c t i o n s have a predominant i n f l u e n c e on i o n - p o l y i o n 
i n t e r a c t i o n s i n aqueous s o l u t i o n s . T h i s i n f l u e n c e i s 
e x e r t e d a t t h r e e d i f f e r e n t l e v e l s : 

l ) Coulombic f o r c e s g i v e r i s e , i n i o n i c systems 
i n v o l v i n g s p e c i e s w i t h h i g h charge d e n s i t i e s , t o s h o r t 
range i n t e r a c t i o n s s uch as c o n d e n s a t i o n i n the sense 
of Manning and t o l o n g range i n t e r a c t i o n s i n the sense 
o f Debye-Huckel. T h i s l e a d s t o a s e p a r a t i o n o f the 
c o u n t e r i o n s i n t o two ty p e s : 

- f r e e c o u n t e r i o n s i n t e r a c t i n g o n l y weakly w i t h 
the p o l y i o n t h r o u g h l o n g range Debye-Huckel i n t e r a c t i o n s . 
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TABLE I I I 

V a r i a t i o n o f D^(ChSO^-Na) w i t h t h e i o n i c s t r e n g t h : 

[ N a C l ] : 1 θ " 2 5 . 1 0 ~ 2 1 0 " 1 0 . 2 5 0 . 5 0 . 7 5 1 

D : lk.5 9 . 4 8 . 9 5 . 0 4 . 0 3 . 5 3 * 4 
( F i c k s ) 

> 

"ε υ 

- 5 | 

X 

D 
. . χ Λ 

0 . 5 

10 x C N a C H C e q / l . D 

Figure 8. Variation of the electrical mobility of ChSOu-Na (1.5 g/L) with added 
NaCl concentration: (A) experimental values; (\) values derived from Equation 9. 
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- condensed counterions, entrapped in the close 
atmosphere of the polyion, some of them being s i te-
bound (as seen by n .m.r . ) , the other moving freely 
along the polyion. 

These short range interactions are mostly evi 
denced by the variation laws of transport coefficients 
of the counterions while the long range interactions 
affect the e l ec tr i ca l mobility of the polyion, as 
measured by dynamic l ight scattering. 

2) The electroneutrality states that negative 
and positive charges cannot be macroscopically sepa
rated ; this leads to great variations between macro
scopic transport parameters and individual ion trans
port parameters. Such effects appears s ignif icantly 
at low ionic strength. The case of the translational 
diffusion coefficient of ChSO,-Na as measured by dyna
mic l ight scatterin
variation and the nee

3) Ionic strength is responsible for conforma
tional effects, the screening of coulombic repulsion 
between charged sites on the polyion leading to less 
extended conformation. 

A l l these effects have to be considered when 
interpreting equilibrium properties or irreversible 
phenomena of polyelectrolyte solutions. 

Abstract 

The charge effects on ion-polyion interactions 
in chondroitin-sulfate solutions were studied by both 
tracer and dynamic l ight scattering techniques. The 
experimentally available quantities are therefore 
the transport coefficients of both counterions and 
polyions. The tracer techniques have provided the 
se l f -dif fusion coefficients (D) and e lec tr ica l mobi
lities (U) of counterions. The dynamic l ight scattering 
techniques with or without an applied e lectr ic f i e l d 
lead to the se l f -dif fusion coefficient (D) and to the 
e l ec tr i ca l mobility (U) of the polyion itself. An 
extensive use of the Nernst-Einstein re lat ion expres
sed as Ζ = (U/D).(e/kT) provides the apparent charges 
of the different ionic entities in solutions of mix
tures of chondroitin sulfate with different added 
sal ts . The effects of counterion condensation are 
separated from those due to electroneutrality condi
tions and long range Coulomb interactions, especially 
for the polyion. 
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28 
The Charge Fraction of Ionic Polysaccharides 

PAUL ANDER 

Department of Chemistry, Seton Hall University, South Orange, N J 07079 

Equations ar
e lec tro ly te solutions
frac t ion of ionic polysaccharides using experimental counterion 
and coion d i f fus ion coe f f i c i ents . Results are reported for the 
sodium sal ts of heparin, dextran su l fa te , alginate and the c a l 
cium sa l t of heparin. 

The properties of b i o l o g i c a l polye lectrolytes i n 
solut ion depend on the charge fract ion of the po lye l ec tro ly te , 
i.e., the fract ion of stoichiometric charge on the po lye lec tro
ly te uncompensated by bound counterions. The Manning theory of 
polye lectro lyte solutions emphasizes that counterion condensation 
onto the polye lectro lyte occurs for polye lectrolytes with ξ > ξc, 
where ξ =e 2 /ekTb, b i s the average a x i a l distance between charges 
on the po lye lec tro lyte and e 2 / ekT is the Bjerrum length, with 1-4 
ξc = | z1 |-1, z1 being the charge on the counterion (subscript 1) 
More recent ly , Manning has extended his theory to include those 
counterions that are "territorially bound" or trapped i n the do
main of the po lye l ec tro ly te , but are somewhat free to move along 
the polyion.5 Counterions that are neither condensed site-bound 
nor t e r r i t o r i a l l y - b o u n d are i n the ion atmosphere, along with the 
coions, if simple sa l t i s added. The idea of counterion conden
sation has recently received substantiation from theore t i ca l in
vestigations of the Poisson-Boltzmann equation for po lye lec tro
ly te so lut ions . 6 , 7 

Since ionic polysaccharides are s t i f f e r than most synthetic 
po lye lec tro ly tes , they were thought to be appropriate experiment
a l models to test theories based on c y l i n d r i c a l symmetry. System
at ic determinations of counterion and coion d i f fus ion coefficients 
and a c t i v i t y coef f ic ients have been made i n the presence of ionic 
polysaccharides; these measurements pertain to the in teract ion of 
small ions in the ionic atmosphere with the po lye lec tro ly te . Here, 
resul ts are presented for estimating the frac t ion of ions disso
c iated from the ionic polysaccharide i n simple sa l ts so lut ions , 

0097-6156/81/0150-0405$05.00/0 
© 1981 American Chemical Society 
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i n c l u d i n g t h e sodium s a l t s o f h e p a r i n , d e x t r a n s u l f a t e and a l g i n 
and t h e c a l c i u m s a l t o f h e p a r i n . The r e s u l t s f o r h e p a r i n and 
de x t r a n s u l f a t e are compared w i t h t h o s e f o r sodium p o l y s t y r e n e -
s u l f o n a t e , whose charge d e n s i t i e s are comparable. 

E x p e r i m e n t a l : The d e t e r m i n a t i o n o f s m a l l i o n t r a c e r d i f f u s i o n 
c o e f f i c i e n t s and the i o n i c p o l y s a c c h a r i d e s employed have been 
d i s c u s s e d e l s e w h e r e . - ' - 5 ί? 

R e s u l t s and D i s c u s s i o n : Manning*s f o r m u l a t i o n t r e a t s a l l uncon-
densed c o u n t e r i o n s and a l l c o i o n s i n t h e Debye-Huckel approxima
t i o n . I n o r d e r t o be c o r r e l a t e d t o Manning's t h e o r y , t h e e x p e r i 
mental d a t a ought t o be e x t r a p o l a t e d t o zero c o n c e n t r a t i o n o f a l l 
i o n i c s p e c i e s because t h e t h e o r y y i e l d s l i m i t i n g l a ws. I f one 
denotes Zp as the v a l e n c e o f a charge s i t e on the p o l y i o n , (z^)p 
as t h e v a l e n c e o f t h e c o u n t e r i o n o r i g i n a l l y p r e s e n t w i t h t h e 
p o l y i o n p r i o r t o the a d d i t i o
v a l e n c e s o f t h e c o u n t e r i o n
r e s p e c t i v e l y , then i n t h e common c o u n t e r i o n c a s e , where t h e added 
c o u n t e r i o n and c o u n t e r i o n o r i g i n a l l y p r e s e n t are t h e same, t h e 
Manning t h e o r y yieldsI»2>i 

D /D° = f . [ l - ζΑ(ξ ,ξ_1Χ)/.3] (1) 
1 1 1 1 c 

where f . i s a con d e n s a t i o n t e r m which i s u n i t y f o r c o i o n s and f o r 
c o u n t e r i o n s i t i s 

ι 
w i t h 

f . = (ξ ξ λχ + ΐ)/(χ + 1) f o r ξ > ξ (2) 

Α(ξ,Χ) = Σ Σ [π(ξζ + η 2 ) + |ζ_ | + ( | ζ. | + ) Χ _ 1 ] " 2 

m rn=~ Ρ 1 Ρ 1 s 2 s 
m +n =0 ( 3 ) 

w i t h Χ = η /η , t h e r a t i o o f the n o r m a l i t y o f p o l y e l e c t r o l y t e t o 
the m o l a r i t y s i m p l e s a l t . 

I t w i l l now be shown how c o u n t e r i o n and c o i o n d i f f u s i o n r e 
s u l t s can be used t o e s t i m a t e t h e degree o f d i s s o c i a t i o n o f a 
p o l y e l e c t r o l y t e i f t h e e x p e r i m e n t a l d i f f u s i o n c o e f f i c i e n t s approx
imate t h o s e p r e d i c t e d from t h e Manning t h e o r y . The Manning theory 
g i v e s 

( D N a + / D S a + ) = " Α ( ΐ , Λ ) / 3 ] M 

(D C 1-/D° C 1_) = 1 - Α(ΐ,ξ _ 1Χ)/3 (5) 

and 
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(D 2/D° 02-) = 1 - kAUXh)/3 (6) 
k h 

where f*™ + i s t h e f r a c t i o n o f sodium i o n s i n t h e s o l u t i o n which 
are condensed. The f r a c t i o n o f sodium i o n s which are condensed 
i s f ^ a + = 1 - f

N a +
 a n d r e a r r a n g i n g eqs h9 5 and 6 , 

W - λ - ( D c l _ / D 8 i _ ) ™ 

and 

f! . , ̂ Ha+'O (8) Na+ = 1-
3 + ( D

where i t i s understood t h a t b o t h d i f f u s i o n r a t i o s a p p e a r i n g are 
t o be determined a t t h e same X v a l u e . As r n e q u i v a l e n t s o f Na+ 
of t h e t o t a l ( n ^ + n g ) e q u i v a l e n t s o f Na+ presumed bound, one has 

f N a + = r n p / ( n p + n s > = r X / ( X + D ( 9 ) 

C o u n t e r i o n condensation onto p o l y e l e c t r o l y t e s has been opera
t i o n a l l y d e f i n e d as a s s o c i a t i o n such t h a t t h e t o t a l f r a c t i o n o f 
p o l y i o n s i t e s compensated f o r w i t h c o u n t e r i o n remains i n v a r i a n t 
over a wide range o f X v a l u e s . I f t h e i n t e r a c t i o n o f Na+ w i t h 
p o l y e l e c t r o l y t e s i s p r o g e r l y d e s c r i b e d as " c o u n t e r i o n condensa
t i o n " , t h e n a p l o t o f f ^ a + ( X + l ) v s . X s h o u l d be l i n e a r w i t h 
s l o p e r . Note t h a t t h i s would i n d i c a t e t h a t t h e f r a c t i o n o f s o d i 
um i o n s d i s s o c i a t e d from t h e p o l y e l e c t r o l y t e i s con s t a n t and i n 
dependent o f t h e c o n c e n t r a t i o n s o f p o l y e l e c t r o l y t e and o f si m p l e 
s a l t . I t i s c l e a r t h a t r_ i s t h e f r a c t i o n o f t h e condensed o r 
bound Na+ i o n s which are o r i g i n a l l y on the p o l y e l e c t r o l y t e and 
( l - r ) i s t h e charge f r a c t i o n o f the p o l y e l e c t r o l y t e . 

The sodium i o n d i f f u s i o n r a t i o s D
N a + / D

N +
 i n aqueous Na^SO^ 

s o l u t i o n s are compared t o t h e r e s u l t s p r e d i from t h e Manning 
t h e o r y . S i n c e t h e m o l e c u l a r weight o f h e p a r i n i s r a t h e r low + ^ 
(about 12,000), i t s d i f f u s i o n c o n s t a n t was approximated from Ca 
i o n d i f f u s i o n r e s u l t s ^ , where t h e h e p a r i n d i f f u s i o n c o e f f i c i e n t 
i s t h a t o f D +2 f o r X>5 because t h e added t r a c e r c a l c i u m i o n i s 
condensed onto t h e h e p a r i n by exchanging w i t h condensed sodium 
i o n . Note i n F i g u r e 1 t h a t b e t t e r a c c o r d w i t h t h e o r y i s o b t a i n e d 
when t h e s o l i d Manning l i n e i s r e c t i f i e d f o r t h e h e p a r i n d i f f u s i o n 
F i g u r e 2 shows t h a t the Manning t h e o r y ( s o l i d l i n e ) p r e d i c t s t h e 
c h l o r i d e i o n d i f f u s i o n c o e f f i c i e n t s over t h e whole c o n c e n t r a t i o n 
range o f h e p a r i n and o f sodium chloride.§ I t has been shown— 
t h a t t h e c o u n t e r i o n d i f f u s i o n c o e f f i c i e n t i s independent o f t h e 
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Figure 1. Sodium ion diffusion ratio in 
aqueous sodium heparin solutions con
taining sodium sulfate. The theoretical 
solid line is rectified to account for the 
diffusion of heparin to give the broken 

line (S). 

1.0 

4 8 12 16 20 
X 

Figure 2. Chloride ion diffusion ratio in 
aqueous sodium heparin solutions con
taining sodium chloride. The solid line 
is predicted from the Manning theory (&). 
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Table I. A Comparison of the Experimental Charge Fraction with Those 
Predicted from the Manning Theory for Several Ionic Polysaccharides 

Charge Fraction 

Slope d - r ) 

Sodium Heparin 3.0 0.43 ± 0.01 0.43 0.33 
Sodium Dextran Sulfate 2.9 0.65 d b 0.02 0.35 0.34 
Sodium Polystyrenesulfonate 2.6 0.66 ± 0.01 0.34 0.38 
Sodium Alginate 1.4 0.36 ± 0.02 0.64 0.70 
Sodium D N A 1 0 4.2 0.61 ± 0.05 0.39 0.24 
Calcium Heparin 3.0 0.41 ± 0.03 0.18 0.17 
Calcium D N A 1 0 4.2 0.43 ± 0.04 0.14 0.12 
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n a t u r e o f the c o i o n . U s i n g t h e data f o r DN a +/DN + and 
D SQ -2/D -2 f o r sodium h e p a r i n , fN + was c a l c u l a t e d from eq 8 
andUa plotUwas made u s i n g eq 9, whicfi i s shown i n F i g u r e 3. The 
l i n e i n F i g u r e 3 was drawn v i s u a l l y t hrough t h e o r i g i n and t h e 
s l o p e r_ g i v e n i n Table 1, was computed from t h e p o i n t s o n l y . The 
ex p e r i m e n t a l charge f r a c t i o n ( l - r ) f o r sodium h e p a r i n o f 0.U3 i s 
i n good agreement w i t h t h e t h e o r e t i c a l charge f r a c t i o n ( z - N ) ' 1 o f 
0.33 c o n s i d e r i n g t h e c o r r e c t i o n s employed f o r t h e p o l y e l e c t r o l y t e 
d i f f u s i o n . 

From the d a t a f o r sodium d e x t r a n s u l f a t e i n 0.0005N Na2SO4 
i n r e f e r e n c e 8 and u s i n g eqs 8 and 9, f c ( l + X) was p l o t t e d 
a g a i n s t X· The r e s u l t i n g l i n e a r i t y gave a s l o p e o f 0.65 ± 0.02, 
which i s t h e f r a c t i o n o f s i t e s on sodium d e x t r a n s u l f a t e h a v i n g 
bound sodium i o n s . The charge f r a c t i o n on 0.35 i s i n e x c e l l e n t 
agreement w i t h t h e t h e o r e t i c a l v a l u e o f 0.3*+, as i s l i s t e d i n 
Table 1. Note t h a t t h e l i n e a r i t y shown i n F i g u r e s 1 and 2 i n d i 
c a t e t h a t t h e charge f r a c t i o
v a l u e and independent o
was o f i n t e r e s t t o compare t h e s e r e s u l t s w i t h t h o s e o b t a i n e d f o r 
a s y n t h e t i c p o l y e l e c t r o l y t e o f comparable charge d e n s i t y . The 
r e p o r t e d d i f f u s i o n r e s u l t s U f o r sodium p o l y s t y r e n e s u l f o n a t e o f 
ξ = 2.6l i n 0.001N NaCl and eqs 7 and 9 gave the l i n e a r p l o t o f 
f°(l + X) vs . X shown i n F i g u r e 3. The s l o p e o f 0.66 ± 0.01 r e 
s u l t s i n a charge f r a c t i o n o f 0.3*+, which compares e x c e l l e n t l y 
w i t h t h e t h e o r e t i c a l v a l u e o f 0.38. Then t h e charge f r a c t i o n o f 
p o l y e l e c t r o l y t e s as c a l c u l a t e d from t r a c e r d i f f u s i o n r e s u l t s and 
the Manning t h e o r y appear t o be c o n s t a n t , independent o f i o n i c 
s t r e n g t h and depend o n l y on the l i n e a r charge d e n s i t y parameter ξ. 
A s i m i l a r treatment was t r i e d u s i n g t h e d a t a f o r sodium a l g i n a t e , 
an i o n i c p o l y s a c c h a r i d e o f lower charge d e n s i t y (ξ = 1.U3) and 
whose i o n i c m o i t i e s are c a r b o x y l groups compared t o a mi x t u r e o f 
s u l f a t e and c a r b o x y l groups on h e p a r i n and s u l f a t e groups on dex
t r a n s u l f a t e . U s i n g t h e d i f f u s i o n d a t a i n r e f e r e n c e 9 f o r sodium 
a l g i n a t e i n 0.0005N NaCl f o r X<5 and eqs 7 and 9, a p l o t o f 
f°(l + X) v s . X gave l i n e a r i t y w i t h a s l o p e o f 0.36 ± 0.02. The 
e x c e l l e n t agreement between t h e c a l c u l a t e d charge f r a c t i o n 0.6U 
and t h e t h e o r e t i c a l one o f 0.70 g i v e s more credence t o t h i s meth
od f o r d e t e r m i n i n g t h e charge f r a c t i o n o f p o l y e l e c t r o l y t e s . 

As Ca +2 i o n i s added t o a p o l y e l e c t r o l y t e i n t h e Na+ form, 
C a + 2 i o n exchanges f o r t h e condensed Na+ and t h e d i f f u s i o n co
e f f i c i e n t and t h e d i f f u s i o n c o e f f i c i e n t o f Ca + 2,DC +2, i s t h a t o f 

Ca 
the p o l y e l e c t r o l y t e . T h i s exchange t a k e s p l a c e u n t i l a l l t h e 
condensed Na+ i o n s are r e p l a c e d by th e added C a + 2 i o n s . Because 
C a + 2 i o n i s now t h e c o u n t e r i o n , ζ (= |z I""1) changes from u n i t y t o 
1/2 a t X 2 c = 1*ξ/(2ζ-l) and more C a + 2 can condense t o reduce t h e 
charge d e n s i t y parameter t o i t s e f f e c t i v e v a l u e o f 1/2, which 
occurs a t Χ η = 2ξ/(ξ-1). As more C a + 2 i o n i s added, X c +2(=X) 
i s decreased and t h e condensation term i n t h e D Q a

+ 2 / D Q a 2 ex p r e s 
s i o n i s dominant over t h e Debye-Huckel term g i v i n g 1 0 an important 
f e a t u r e o f th e t h e o r e t i c a l l i n e s which i s e x p e r i m e n t a l l y v e r i f i e d , 
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Figure 5. ic(l + X) vs. X for sodium 
polystyrenesulfonate 

Figure 6. DCa+*/D°ca+» vs. X for sodium 
heparin, where X is the ratio of equiva
lents of polyelectrolytes to CaCl2 molarity, 

i.e. X = Xco+î = np/n8 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



412 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

t h e l i n e a r i t y at low X 2+. At low XC 2+ o n l y t h e cond e n s a t i o n 
term c o n t r i b u t e s s i g n i f i c a n t l y and one has 

D C a 2 + / D ° C a 2 + = [ ( X C a 2 + ) l c " X C a 2 + ] / ( X C a 2 + ) l c ( l 0 ) 

Of t h e η p o l y i o n " s i t e s " a v a i l a b l e , l e t r be compensated w i t h 
c a l c i u m , t h e n 

f C a 2 + " r n p / n C a 2 + - r X C a 2 + / 2 

but from eq 11 one has 

f C a 2 + = X C a 2 + / ( X C a 2 + ) l c 
Upon comparing eqs 12, 11 and 10, one notes t h a t a low X ç a

2 + , 

t h e a b s o l u t e v a l u e o f t h e s l o p e o f t h e p l o t D 2 + / D ° 2 + v s
XCa 2+ i s e q u a l t o one
c a l c i u m . The l i n e a r i t
independent o f XCa2 + a t low ΧC,22+, i n t h e l i m i t o f i n f i n i t e d i l u 
t i o n . One o b t a i n s a s l o p e o f -O.4l ± 0.03, which g i v e s r = 0 . 8 2 . 
The e x p e r i m e n t a l charge f r a c t i o n o f 0 .18 compares f a v o r a b l y w i t h 
t h e t h e o r e t i c a l v a l u e o f 0.17. Not o n l y does c a l c i u m h e p a r i n a t 
low XCa +2 v a l u e s f o l l o w t h e c o u n t e r i o n c o n d e n s a t i o n concept de
f i n e d by Manning, but so does CaDNAlu, l i s t e d i n Table 1, o b t a i n 
ed u s i n g t h e same method. From t h e l a s e r l i g h t s c a t t e r i n g mea
surements Magdelanat e t a l . 12,13 found e x c e l l e n t agreement between 
t h e charge f r a c t i o n s f o r t h e Na , Ca +2 and L a + 3 s a l t s o f chondroi
t i n s u l f a t e (ξ = 1.15) and those p r e d i c t e d from t h e charge f r a c 
t i o n r u l e o f Manning. 

C o u n t e r i o n b i n d i n g t o p o l y e l e c t r o l y t e s appear t o be ade
q u a t e l y accounted f o r i n t h e o p e r a t i o n a l l y d e f i n e d c o n d e n s a t i o n 
t e r m i n t h e Manning t h e o r y . However, t h e r e are some e x p e r i m e n t a l 
r e s u l t s t h a t i n d i c a t e t h a t c o u n t e r i o n b i n d i n g may be pr e s e n t f o r 
p o l y e l e c t r o l y t e s where ξ<ξ , 14,15 which i s c o n t r a r y t o t h e Man
n i n g i n t e r p r e t a t i o n . 
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29 
Solution Properties of Dextran and Its Ionic 
Derivatives 

KUNIHIKO GEKKO 

Department of Food Science and Technology, Faculty of Agriculture, 
Nagoya University, Nagoya 464, Japan 

Dextran, an anhydroglucos
α-1,6-glucosidic linkages
expander and as a useful material for partition of biological mat
erials in aqueous polymer two-phase systems and Sephadex gel chro
matography. Ionic dextran derivatives, too, are known to have 
some important medical applications, e.g., dextran sulfate is a 
good anti-coagulant for blood. Their solution properties and int
eractions with proteins have been a matter of concern to many 
investigators, since such studies should present basic information 
for understanding the mechanism of these medical functions and for 
developing new applications for these products. 

The present paper is devoted to a discussion of some physico-
chemical solution properties of dextran and its ionic derivatives 
and focusses on the following two subjects: (1) the molecular 
weight dependence of dextran-water interactions in the transition 
region from oligomer to polymer and (2) the effects of the nature 
and degree of substitution of ionic or hydrophobic groups in ionic 
dextran derivatives on their interaction with water and metal ions. 
Dextran with 96% α-1,6-linkage (Meito Sangyo Co., Ltd. Nagoya), 
produced by Leuconostoc mesenteroides N-4, was used in these expe
riments. This material was hydrolyzed by acid and then fractio
nated by a fractional precipitation or solubilization method (1). 
Dextran with molecular weight of 4-5 x 104 was modified by intro
ducing some ionic groups to different extents. The structure of 
the dextran derivatives used is illustrated in Figure 1. 

I. Solution Properties of Oligodextran 

What is the minimum degree of polymerization necessary for 
dextran to exhibit properties characteristic of a typical polymer? 
This question should be resolved by examining the molecular weight 
dependence of its solution properties, although this may be 
subject to the limitation that native dextran is not a linear 
polymer but a branched one. The optical rotation data in Figure 
2 demonstrate the transition from oligomer to polymer around the 

0097-6156/81/0150-0415$06.00/0 
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R D e r i v a t i v e s 

H D e x t r a n 

so3- D e x t r a n s u l f a t e (DS) 

C H 2 C O O " 

CH 2 CH 2 CH

P03- D e x t r a n P h o s p h a t e (DP) 

| C H 2 C O O " C a r b o x y m e t h y l - (CMBD) 

^ C H 2 0 
b e n z y l d e x t r a n 

Figure 1. Structure of ionic dextran derivatives. The abbreviated sample names 
in the parenthesis will be used in the following discussion. 

Figure 2. Molecular-weight dependence of the optical rotation of dextran. Data 
shown by (Φ) are taken from Turvey and Whelan (2). 
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m o l e c u l a r weight o f a few thousand a l t h o u g h a c r i t i c a l m o l e c u l a r 
weight cannot be d e f i n i t e l y i d e n t i f i e d . For amylose t h e c r i t i c a l 
p o i n t i n [a ] D i s known t o e x i s t a t degree o f p o l y m e r i z a t i o n , n=7 
(3 ) . W i t h these i d e a s i n mind, some d e x t r a n s o l u t i o n p r o p e r t i e s 
have been examined i n the t r a n s i t i o n r e g i o n from o l i g o m e r t o 
polymer. 

(A) V i s c o s i t y . The i n t r i n s i c v i s c o s i t y of low m o l e c u l a r 
weight d e x t r a n s w i t h 410 < < 32,100 was measured i n s i x 
s o l v e n t s (water, formamide, dimethylformamide/water m i x t u r e s , 
methanol/water m i x t u r e s ) ( 4 ) . The v i s c o s i t y d a t a f o r the f r a c 
t i o n s w i t h ^ > 2,000 i n any s o l v e n t can be expressed by the Kuhn-
Mark-Houwink e q u a t i o n as shown i n F i g u r e 3a, 

[η] - K M n
a (1) 

where [η] i s the i n t r i n s i
m o l e c u l a r weight o f th
c o n s t a n t s independent of the m o l e c u l a r weight of the polymer, but 
dependent on temperature and the n a t u r e o f the s o l v e n t . F u r t h e r , 
the f o l l o w i n g Stockmayer-Fixman e q u a t i o n h o l d s f o r these h i g h 
m o l e c u l a r weight f r a c t i o n s ( F i g u r e 3b) 

[ n ] / M N

1 / 2 = K 0 + 0.51Φ D M / 7 2 (2) 

Κ θ - [ n ] e / M n 1 / 2 - Φ [<Lo 2> / M n ] 3 / 2 (3) 

where φ i s a u n i v e r s a l c o n s t a n t , D i s the l o n g range i n t e r a c t i o n 
parameter, KQ i s the c h a r a c t e r i s t i c c o n s t a n t i n a t h e t a s o l v e n t , 
and < L 0

2 > i s the mean square end-to-end d i s t a n c e of the unper
t u r b e d polymer c h a i n . Parameters, K, a. and KQ o b t a i n e d from 
Equations (1-3) a r e l i s t e d i n T a b l e I . S e n t i e t a l . (1) r e p o r t e d 
the e q u a t i o n [η] = 1.09 x10" 3M n°· 5 0 f o r h y d r o l y z e d d e x t r a n w i t h 
1.5 x l O 4 < MJJ < 1 x l O 5 i n water a t 25°C. B i a n c h i and P e t e r l i n (5) 
a l s o r e p o r t e d t h a t the a-value was n e a r l y 0.5 f o r many low mole
c u l a r weight polymers. However, Granath (6) suggested t h a t the 
a-value s h o u l d i n c r e a s e f o r lower m o l e c u l a r w e i g h t s because i t 
had been found t h a t b r a n c h i n g i n d e x t r a n d i m i n i s h e s r a p i d l y when 
the m o l e c u l a r weight decreases t o 10^. Our r e s u l t (a=0.60) may be 
r a t h e r comparable w i t h a.=0.675 proposed by Wales e t a l . (7) f o r 
the h y p o t h e t i c a l l i n e a r d e x t r a n w i t h l . l x l O 4 < M < 3.7><105. Such 
h i g h m o l e c u l a r weight d e x t r a n would be c o n s i d e r e d t o have a u n i 
form c o n f o r m a t i o n , t h a t i s , a random c o i l c o n f o r m a t i o n c h a r a c t e r 
i s t i c o f a t y p i c a l polymer. E q u a t i o n s 1 and 2 a l s o h o l d f o r 
^ > 2,000 i n o t h e r s o l v e n t systems. The a d d i t i o n of methanol and 
dimethylformamide i n t o aqueous medium b r i n g s about an i n c r e a s e i n 
Κ and a decrease i n a. and D . C l e a r l y , b o t h o r g a n i c s o l v e n t s a c t 
to reduce the expansion of the d e x t r a n molecule and i t s h y d r a t i o n , 
l e a d i n g t o phase s e p a r a t i o n . The v a l u e o f [<L D > /M^ ' was 
c a l c u l a t e d t o be 0.710A by u s i n g Kfl =0.91x10" 3 and φ = 2 . 5 x l 0 2 1 . 
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B H
E = - ( A H 1

E / V 1 c 2 ) (7) 

where π i s the osmotic p r e s s u r e , c the c o n c e n t r a t i o n o f s o l u t e , 
η the degree of p o l y m e r i z a t i o n expressed as n=v°M/V1, v° the 
p a r t i a l s p e c i f i c volume of s o l u t e , V- the p a r t i a l molar volume of 
s o l v e n t , Β the second v i r i a l c o e f f i c i e n t (=RTA2> where A2 i s the 
second v i r i a l c o e f f i c i e n t i n m o l * m l / g 2 ) , Bg*id the i d e a l entropy 
c o e f f i c i e n t , B g E the excess entropy c o e f f i c i e n t , B H

E the excess 
e n t h a l p y c o e f f i c i e n t , A S E t h e entropy of d i l u t i o n , and ΔΗE the 
e n t h a l p y of d i l u t i o n . I t s h o u l d be noted t h a t f o r h i g h p o l y m e r i c 
m a t e r i a l s the v a l u e of Β corresponds to the u s u a l excess v i r i a l 
c o e f f i c i e n t , B E (=Bg E + B H

E ) , but f o r o l i g o m e r i c m a t e r i a l s i t 
i n v o l v e s the e f f e c t of the i d e a l e n tropy c o e f f i c i e n t , B S i d , 
b e s i d e s the excess v i r i a l c o e f f i c i e n t . T h e r e f o r e , the q u a n t i t y 
t o be examined i s not Β but B E (=RTA 2

E) i n o r d e r t o compare the 
thermodynamic p r o p e r t i e
The parameter A 2

E i s r e l a t e
parameter, χ, by 

where ρ i s d e n s i t y o f s o l u t e . 
The v a l u e s of A 2, A 2

E and χ of o l i g o d e x t r a n i n water e s t i m a 
t e d by vapor p r e s s u r e osmometry a r e l i s t e d i n T a b l e I I ( 1 6 ) . As 
Mn dec r e a s e s , A 2 and A 2

E i n c r e a s e up to a maximum a t around 
Μn=2,000, then decrease s h a r p l y to n e g a t i v e v a l u e s . A s i m i l a r 
tendency has been r e p o r t e d a l s o f o r p o l y s t y r e n e (14) and pol y ( m e t 
h y l m e t h a c r y l a t e ) (13) i n v a r i o u s s o l v e n t s . The d i f f e r e n c e 
between A 2 and A 2

E becomes l a r g e r w i t h d e c r e a s i n g s i n c e the 
Bg term becomes more s i g n i f i c a n t . The i n t e r a c t i o n parameter, 
χ , f o r > 2,000 assumes an almost c o n s t a n t v a l u e of 0.46, which 
i s c l o s e t o t h a t common f o r polymer-good s o l v e n t systems. On the 
o t h e r hand, the χ-value i n c r e a s e s w i t h a decrease i n Mn f o r 
Mn < 2,000, but i t never exceeds i t s c r i t i c a l v a l u e , X c, expressed 
as (1 + l/ v / n ) 2 / 2 . Thus, i t i s e v i d e n t t h a t the dextran-water i n 
t e r a c t i o n becomes s t r o n g e r w i t h d e c r e a s i n g Mn f o r o l i g o d e x t r a n . 

The m o l e c u l a r weight dependence o f B H
E and B g E , determined 

from t h e temperature e f f e c t on B E, r e v e a l s t h a t b o t h ΔΗ-1E and As1E 
change from p o s i t i v e t o n e g a t i v e around M n=2,000 ( F i g u r e 4 ) . A 
s i m i l a r m o l e c u l a r weight dependence of both parameters has been 
observed f o r p o l y e t h y l e n e g l y c o l aqueous s o l u t i o n s by Lakhanpal e t 
a l . (17) and Kagemoto et a l . ( 1 8 ) . I t has b een proposed e x p e r i 
m e n t a l l y and t h e o r e t i c a l l y t h a t i n an ath e r m a l system t h e r e i s a 
maximum i n the Bg E-M n curves a t the c o n f o r m a t i o n a l t r a n s i t i o n 
p o i n t from the s p h e r i c a l m o l e c u l e t o the r o d l i k e one (11, 12). 
T h e r e f o r e , i t seems t h a t the observed m o l e c u l a r weight dependence 
of thermodynamic parameters f o r d e x t r a n s u p p o r t s the c o i l - r o d l i k e 
c o n f o r m a t i o n a l change p o s t u l a t e d t o e x p l a i n the v i s c o s i t y d a t a . 
A l a r g e n e g a t i v e entropy and e n t h a l p y o f d i l u t i o n suggests forma-

X = 1/2 - P 2 V X A 2 
Ε (8) 
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T h i s v a l u e i s v e r y c l o s e t o 0.740A which has been o b t a i n e d f o r 
h i g h m o l e c u l a r weight d e x t r a n (7). By u s i n g t h i s v a l u e , the f l e x 
i b i l i t y parameter, σ (= [<L 0

2>/<L f
2> I 1 ' 2 ) , can be e s t i m a t e d t o be 

1.7-1.8, which i s l e s s than t h a t of amylose (2.24) and c e l l u l o s e 
(about 4.4). As shown above, the v i s c o s i t y t h e o r i e s f o r t y p i c a l 
polymer s o l u t i o n s appear t o be a p p l i c a b l e down to Mn of about 
2,000 f o r d e x t r a n , independent of s o l v e n t and temperature. 

The upward d e v i a t i o n of v i s c o s i t y d a t a from E q u a t i o n s 1 and 2 
f o r Mn < 2,000 c l e a r l y i n d i c a t e s t h a t the e f f e c t i v e hydrodynamic 
volume of o l i g o d e x t r a n i n c r e a s e s w i t h d e c r e a s i n g S i m i l a r l y , a 
c r i t i c a l degree o f p o l y m e r i z a t i o n i n v i s c o s i t y has been observed 
at n=100 f o r amylose (8, 9). The l o g [ r ) ] - l o g M p l o t s f o r c e l l u l o s e 
are known t o b e g i n a s l i g h t l y downward c u r v a t u r e around n=150 and 
then change t o an upward c u r v a t u r e around n=10 (10). The c r i t i c a l 
degree of p o l y m e r i z a t i o n seems t o be r e l a t e d t o the f l e x i b i l i t y o f 
p o l y s a c c h a r i d e c h a i n s . A l t h o u g h the t h e o r e t i c a l e q u a t i o n s f o r the 
s e m i - f l e x i b l e c h a i n or
t r a n s i t i o n r e g i o n from o l i g o m e
w i t h our v i s c o s i t y d a t a has not ye t been e s t a b l i s h e d . However, 
such a r e l a t i v e i n c r e a s e i n hydrodynamic volume f o r o l i g o m e r s may 
be assumed t o a r i s e from two f a c t o r s . The main o r i g i n would be a 
c o n f o r m a t i o n a l t r a n s i t i o n o f the d e x t r a n molecule from the random 
c o i l ( s p h e r i c a l ) form f o r polymer t o a r o d l i k e ( e l l i p s o i d a l ) form 
f o r o l i g o m e r . The second o r i g i n may be a r e s u l t a n t i n c r e a s e i n 
h y d r a t i o n o r dextran-water i n t e r a c t i o n . 

(B) Thermodynamic Parameters. The v a r i a t i o n w i t h c h a i n 
l e n g t h o f the dextran-water i n t e r a c t i o n s h o u l d m a n i f e s t i t s e l f i n 
the thermodynamic parameters o f the s o l u t i o n s . However, thermo
dynamic s t u d i e s i n the oligomer-polymer t r a n s i t i o n r e g i o n have 
been l i m i t e d by the t e c h n i c a l d i f f i c u l t y t h a t methods such as 
osmotic p r e s s u r e and l i g h t s c a t t e r i n g a r e o f t e n not a p p l i c a b l e t o 
the o l i g o m e r s . A u s e f u l t e c h n i q u e i s a c r y o s c o p i c method, which 
has been a p p l i e d t o study the m o l e c u l a r weight dependence of the 
second v i r i a l c o e f f i c i e n t f o r s o l u t i o n s o f s y n t h e t i c o l i g o m e r s 
(11, 12). Another r e c e n t l y developed and convenient method i s 
vapor p r e s s u r e osmometry. The e f f e c t i v e n e s s of the l a t t e r method 
has been e m p i r i c a l l y confirmed i n thermodynamic s t u d i e s of a 
s e r i e s o f o l i g o m e r s , a l t h o u g h the second v i r i a l c o e f f i c i e n t 
o b t a i n e d by t h i s method i s an apparent one under p s e u d o - e q u i l i b r 
ium c o n d i t i o n s (13, 14, 15). 

A c c o r d i n g t o the a n a l y s i s o f Soto b a y a s h i and U e b e r r e i t e r (11), 
the osmotic p r e s s u r e of a d i l u t e s o l u t i o n of o l i g o m e r s i s expre
ssed as f o l l o w s , 

π = (RT/M)c + B e 2 = (RT/M)c + ( B c
i d + B C

E + B u
E ) c 2 (4) 

S SH 

B g
i d = ( R T v - 2 n V 1 a - 1/n) (5) 

B S
E = ( T A S 1

E / V 1 c 2 ) (6) 
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Figure 3. Molecular-weight dependence of intrinsic viscosity of dextran in water 
(O) and methanol-water mixture with_a methanol mole fraction of 0.228 (Φ) at 

25 °C (4, 21 ): (a) log [η] — log Mn plots; (b) Stockmayer-Fixman plots. 

Μη x 10^ 

Journal of Science of the Hiroshima University 

Figure 4. Molecular-weight dependence of excess thermodynamic functions of 
dextran aqueous solutions at 37°C: (Φ) excess virial coefficient, BE; (O) excess 

enthalpy coefficient, B H
E; (Ci) excess entropy coefficient, B S

E (16). 
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Table I 
The Parameters i n E q u a t i o n s 1 and 2 C a l c u l a t e d f o r Dextran 

w i t h 2,000 < % < 32,100 

S o l v e n t * κ χ 1 0 4 a KQ χ 1 0 3 

25°C 50°C 25°C 50°C 25°C 50°C 

Water 4.93 3.93 0.60 0.61 0.91 0.78 
Methanol/Water 

X =0.100 9.11 6.42 0.51 0.55 0.96 0.86 
X =0.228 11.8 8.09 0.42 0.52 1.04 0.95 

DMF/Water 
X =0.068 8.25 0.53 0.96 
X =0.189 16.1 

Formamide 16.5 0.49 ca. 1.5 

X r e p r e s e n t s a mole f r a c t i o n of o r g a n i c s o l v e n t i n the mixed 
s o l v e n t s . DMF i s an a b b r e v i a t i o n f o r dimethylformamide (4)· 

Table I I 
Second V i r i a l C o e f f i c i e n t s a and I n t e r a c t i o n Parameter of 

Dextran Aqueous S o l u t i o n s 

M η 
A 2 x 1 0 4 A E x A 2 1 0 4 X 

M η 37°C 60°C 37°C 60°C 37°C 60°C 

618 -40.5 -53.9 -50.1 -63.7 0.742 0.806 
1,220 -5.36 -18.8 -10.3 -23.7 0.550 0.616 
1,460 2.17 -6.19 -1.96 -10.4 0.509 0.549 
2,040 10.9 12.0 7.83 9.01 0.464 0.458 
4,930 7.66 9.36 6.40 8.14 0.469 0.462 

8,980 6.42 8.60 5.71 7.89 0.473 0.464 

A u n i t of A 2 
Ε 2 and A^ i s mol'ml/g . J . S c i . H i r o s h i m a U n i v . ( 1 6 ) . 
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t i o n of a h i g h l y ordered s t r u c t u r e i n o l i g o d e x t r a n aqueous s o l u 
t i o n s o r a s t r o n g e r i n t e r m o l e c u l a r hydrogen bond between o l i g o 
d e x t r a n and water as compared w i t h the h i g h m o l e c u l a r weight 
d e x t r a n . 

(C) C o m p r e s s i b i l i t y and H y d r a t i o n . We w i l l now c o n s i d e r 
whether the i n c r e a s e d o l i g o d e x t r a n - w a t e r i n t e r a c t i o n i s r e f l e c t e d 
i n i t s degree of h y d r a t i o n . Among many methods f o r e s t i m a t i o n o f 
the degree o f h y d r a t i o n , a convenient t e c h n i q u e i s a c o m p r e s s i b i 
l i t y method based on sound v e l o c i t y measurements (19, 20, 21, 22). 
The p r i n c i p l e of t h i s method i s as f o l l o w s . 

The p a r t i a l s p e c i f i c a d i a b a t i c c o m p r e s s i b i l i t y of s o l u t e , B £ , 
i s d e f i n e d by 

= - ( l / v 0 ) O v 0 / 3 P ) = (6o/v°) l i m (β/β0 - V 0 ) / c (9) 
1 C-X) 

(β/βο - Vo)/c = β^β,

Vo « (d - c ) / d 0 (11) 

v° = l i m (1 - V 0 ) / c (12) 
C-MD 

where β, β 0, 3^ and β 2 a r e the a d i a b a t i c c o m p r e s s i b i l i t i e s o f 
s o l u t i o n , s o l v e n t , s o l u t e and bound w a t e r , r e s p e c t i v e l y ; d, d 0 

and d^ a r e the d e n s i t i e s o f s o l u t i o n , s o l v e n t and s o l u t e , r e s p e c 
t i v e l y ; c i s the c o n c e n t r a t i o n o f s o l u t e i n grams per m i l l i l i t e r 
of s o l u t i o n ; v° i s the p a r t i a l s p e c i f i c volume of s o l u t e ; v 0 i s 
the apparent s p e c i f i c volume f r a c t i o n of bound water; v 2 i s the 
s p e c i f i c volume f r a c t i o n of bound water. The a d i a b a t i c compress
i b i l i t y o f s o l u t i o n can be determined from a c c u r a t e measurement o f 
sound v e l o c i t y , U, and d e n s i t y , d, by u s i n g the f o l l o w i n g e q u a t i o n 

U 2 = 1/dB (13) 

Thus, the amount of bound wat e r , v 0 / c , can be e s t i m a t e d from β° 
a t i n f i n i t e d i l u t i o n w i t h the f o l l o w i n g assumptions: (1) the 
s o l u t e i s i n c o m p r e s s i b l e (β=0), (2) the c o m p r e s s i b i l i t y of bound 
water i s the same as t h a t o f i c e (β2=18χ10~12 cm 2/dyne) s i n c e the 
h y d r a t i o n o f n e u t r a l p o l y s a c c h a r i d e would be m a i n l y due t o hydro
gen bonds between water and OH groups o f the polymer, and (3) 
ν 0=ν 2· 

The p a r t i a l s p e c i f i c a d i a b a t i c c o m p r e s s i b i l i t y and the bound 
water v a l u e o f d e x t r a n e s t i m a t e d by t h i s method a r e p l o t t e d 
a g a i n s t i n F i g u r e 5 (21). A c r i t i c a l p o i n t i s e v i d e n t l y o b s e r 
ved a t the same m o l e c u l a r weight as observed i n the v i s c o s i t y and 
thermodynamic s t u d i e s . A n e g a t i v e v a l u e of B i ̂ s a t t r i b u t e d t o 
the s t r o n g s o l v a t i o n around the s o l u t e m o l e c u l e . The amount of 
bound water per mole of OH groups was c a l c u l a t e d by assuming t h a t 
the h y d r a t i o n o c c u r s o n l y a t the OH groups o f d e x t r a n . A h y d r o x y l 
group i n h i g h m o l e c u l a r weight d e x t r a n thus seems t o be hy d r a t e d 
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to o n l y about h a l f the ex t e n t of monomer or dimer. The enhanced 
h y d r a t i o n o f o l i g o d e x t r a n may be regarded as a r e s u l t o f an i n c r e 
ased p r o b a b i l i t y of i n t e r m o l e c u l a r hydrogen bonding between dext
r a n and water. On the c o n t r a r y , the i n t r a m o l e c u l a r hydrogen bond
i n g i n o l i g o d e x t r a n would be l e s s than t h a t of h i g h m o l e c u l a r 
weight d e x t r a n . Whereas long-range i n t r a m o l e c u l a r hydrogen bond 
may be formed i n the f l e x i b l e p o l y s a c c h a r i d e c h a i n s c o n s i s t i n g of 
many segments, t h i s i s not expected i n o l i g o m e r i c m a t e r i a l s . 
R e c e n t l y , S t i p a n o v i c (23) has shown t h a t s t e r e o c h e m i c a l l y a c c e p t 
a b l e models f o r de x t r a n c o n t a i n an i n t r a m o l e c u l a r O5-O2, hydrogen 
bond, but a t pr e s e n t t h e r e i s no d i r e c t evidence f o r the m o l e c u l a r 
weight dependence of such hydrogen bonds i n aqueous o l i g o d e x t r a n . 
However, i t i s noteworthy t h a t f o r a - l , 4 - l i n k e d p o l y g l u c o s e i n 
d i m e t h y l s u l p h o x i d e the tendency of Ο2-Ο31 hydrogen bond f o r m a t i o n 
i n c r e a s e s i n the s e r i e s , maltose < m a l t o d e x t r i n < amylose < c y c l o -
d e x t r i n (24). 

As d i s c u s s e d above
show c o n s i s t e n t change
e x p l a n a t i o n f o r these r e s u l t s i s an assumed c o n f o r m a t i o n a l or con-
f i g u r a t i o n a l change of d e x t r a n molecules from c o i l e d (polymer) to 
r o d l i k e ( o l i g o m e r ) form. T h i s e x p l a n a t i o n , however, must be 
regarded as t e n t a t i v e because we l a c k i n f o r m a t i o n on the m o l e c u l a r 
weight dependence of the end group e f f e c t , on the m o l e c u l a r weight 
d i s t r i b u t i o n , and on the degree of b r a n c h i n g i n the d e x t r a n 
samples used. Whatever o r i g i n may be a s s i g n e d to these observa
t i o n s , i t i s l i k e l y t h a t some p r o p e r t i e s of these dextrans and 
t h e i r d e r i v a t i v e s , e.g., s o l u t e - s o l u t e i n t e r a c t i o n i n s o l i d s t a t e 
(25) and t h e i r i n t e r a c t i o n w i t h p r o t e i n (26), a r e d i f f e r e n t below 
and above the c r i t i c a l degree of p o l y m e r i z a t i o n . 

I I . S o l u t i o n P r o p e r t i e s o f I o n i c Dextran D e r i v a t i v e s 

(A) H y d r a t i o n . As mentioned i n the p r e v i o u s s e c t i o n , an 
e s t i m a t i o n o f the amount of h y d r a t i o n i s not too d i f f i c u l t f o r 
n e u t r a l p o l y s a c c h a r i d e s , s i n c e t h e i r h y d r a t i o n o c c u r s m a i n l y 
through hydrogen bonds between water and the OH groups of the 
polymer. I n g e n e r a l , however, f o r i o n i c d e r i v a t i v e s one must 
take i n t o c o n s i d e r a t i o n t h r e e h y d r a t i o n modes, the e l e c t r o s t r i c 
t i o n around i o n i c groups, the hydrophobic h y d r a t i o n around non-
p o l a r groups, and the hydrogen-bonded h y d r a t i o n around p o l a r 
groups. U s u a l l y , i t i s not simple to e s t i m a t e s e p a r a t e l y the 
amounts of these t h r e e h y d r a t i o n s . S u z u k i and U e d a i r a (27) dete
rmined the lower and upper l i m i t i n g h y d r a t i o n numbers of potassium 
h y a l u r o n a t e to be 9-22 and 18.4 mole per base mole, r e s p e c t i v e l y , 
70-80% of which was a s c r i b e d to h y a l u r o n a t e i o n . 

I n o r d e r to e l u c i d a t e the i n f l u e n c e of s u b s t i t u e n t i o n i c 
groups on the h y d r a t i o n , the p a r t i a l m o l a l volume and compressi
b i l i t y data of i o n i c d e x t r a n d e r i v a t i v e s have been a n a l y z e d i n 
terms of t h r e e k i n d s of h y d r a t i o n (22, 28). The p a r t i a l m o l a l 
volume of i o n i c d e x t r a n d e r i v a t i v e s , V°, may be w r i t t e n as the sum 
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of the p a r t i a l m o l a l volume of p o l y i o n , V , and t h a t o f c o u n t e r i o n , 
V 

V° = V + V (14) 
P g 

V = V. + H + P + E (15) ρ m t , p ρ ρ ρ 
V = V. + Ε (16) g m t , g g 

where Ep and E a r e the volume changes due to e l e c t r o s t r i c t i o n by 
the p o l y i o n and the c o u n t e r i o n , r e s p e c t i v e l y , Ρp i s the volume 
change from hydrogen-bonded h y d r a t i o n around p o l a r groups of the 
polymer, H p i s the volume change from hydrophobic h y d r a t i o n around 
no n p o l a r groups o f the polymer, V-j_ n t jp i s the i n t r i n s i c volume o f 
p o l y i o n i n c l u d i n g the v o i d , and V i n t β i s the i n t r i n s i c c o u n t e r i o n 
volume. The t o t a l volume change due*to h y d r a t i o n o f the p o l y i o n
AV t ( =Hp + Pp + E p ) , ca
s i n c e v i n t > p > V i n t g a n d E

The more n e g a t i v e £ne v a l u e of AV t i s , the l a r g e r the amount of 
h y d r a t i o n i s . As seen i n F i g u r e 6, the t o t a l h y d r a t i o n of i o n i c 
d e x t r a n d e r i v a t i v e s i n c r e a s e s almost l i n e a r l y w i t h i n c r e a s i n g 
degree of s u b s t i t u t i o n o f the i o n i c group and i n the o r d e r of 
CMD < DS < SPD < DP a t the i d e n t i c a l degree of s u b s t i t u t i o n . T h i s 
l i n e a r i t y suggests t h a t t h e r e i s no o v e r l a p of h y d r a t i o n s h e l l s 
around the i o n i c groups o f the p o l y i o n . By c o n s i d e r i n g the d i f f e 
rence i n AV t between each i o n i c d e r i v a t i v e and d e x t r a n , the volume 
change due t o e l e c t r o s t r i c t i o n by C00~ and S03- groups was e s t i 
mated to be -18.7 and -30.3 ml, r e s p e c t i v e l y . These v a l u e s c o r r e 
spond t o about 7 and 11 mole of water per mole of COO" and S03-, 
r e s p e c t i v e l y , s i n c e the e l e c t r o s t r i c t i o n a l volume change of water 
i s known t o be -2.7 ml/mole (29). The d i f f e r e n c e i n AV t, -7.5 ml, 
between DS and SPD can be a s c r i b e d to the hydrophobic h y d r a t i o n 
o f the a d d i t i o n a l p r o p y l e n e group, CH2CH2CH2, of SPD i f E p and P p 

of SPD are assumed to be e q u i v a l e n t t o those of DS. A s i m i l a r 
r e s u l t has been o b t a i n e d from the p r e s s u r e dependence of the dime-
r i z a t i o n c o n s t a n t of f o r m i c , a c e t i c , p r o p i o n i c , and n - b u t y r i c 
a c i d s i n water ( 3 0 ) ; the e s t i m a t e d volume change due t o hydropho
b i c i n t e r a c t i o n i s 1 ml, 5 ml, and 8 ml per mole of CH3, CH3CH 2, 
and CH3CH2CH2, r e s p e c t i v e l y . These v a l u e s a r e v e r y s m a l l compared 
w i t h the volume change due t o d i s s o l u t i o n o f propane gas i n water, 
-20 ml. A t p r e s e n t , the v a l u e s o f -1 to -2 ml per mole of 
methylene group may be a c c e p t a b l e as a r e a s o n a b l e volume change 
due t o hydrophobic h y d r a t i o n , i n s t e a d o f -20 ml which has been 
assumed f o r a l o n g time ( 3 1 ) . 

I f e m i l l i l i t e r s of f r e e water a re bound e l e c t r o s t r i c t i o n a l l y 
t o the i o n i c groups whereupon they occupy a volume of £ f m i l l i l i 
t e r s , the volume change due t o the électrostriction, E p , i s ex
pre s s e d as Ep= e T - β. I n the same way, H p= h' - h and P p= p 1 - p, 
where h and ρ r e p r e s e n t the volume of f r e e water which a r e changed 
t o volumes h' and p ? , r e s p e c t i v e l y , by the hydrophobic h y d r a t i o n 
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Figure 6. Relation between the total volume change by hydration and the degree 
of substitution for dextran derivatives at 25°C (22, 28j: Ο CMD; (Φ) DS; (O) 

SPD; and (A) DP. 
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and hydrogen-bonded h y d r a t i o n . S i n c e Vg and V i n t are regarded 
as i n c o m p r e s s i b l e volumes, the f o l l o w i n g e q u a t i o n ' i s d e r i v e d from 
E q u a t i o n s 9 and 15 (22 ) , 

-V°ß1 = 3V°/3P = 8V /3P 1 Ρ 
= £w(h + ρ + e ) - (h'&h + ρ ' β ρ + e'$e) (17) 

where βh , ßp , βe, and βw r e p r e s e n t the a d i a b a t i c c o m p r e s s i b i l i 
t i e s o f the Water of hydrophobic h y d r a t i o n , hydrogen-bonded hyd
r a t i o n , e l e c t r o s t r i c t e d h y d r a t i o n , and the f r e e water, r e s p e c t i v e 
l y . The term -V°B1 corresponds t o the p a r t i a l m o l a l compression, 
i . e . , the d i f f e r e n t i a l c o e f f i c i e n t of the p a r t i a l m o l a l volume 
w i t h _ p r e s s u r e a t i n f i n i t e d i l u t i o n . The observed p o s i t i v e v a l u e s 
of -V°g° f o r d e x t r a n d e r i v a t i v e s ( F i g u r e 7) suggest t h a t the 
volume change due to h y d r a t i o n i s s m a l l e r under h i g h e r p r e s s u r e
N e i t h e r the s t r u c t u r e no
t i n g i n h y d r a t i o n of eac
v a l u e o f -ν°β° i n c r e a s e s i n the o r d e r o f DS < SPD < CMD < DP a t 
the i d e n t i c a l degree of s u b s t i t u t i o n , and t h i s i s d i f f e r e n t from 
the o r d e r _ f o r the t o t a l h y d r a t i o n , Δν . By a n a l y z i n g the d i f f e r 
ence i n -ν°β° between DS and SPD a r e l a t i o n , shown i n F i g u r e 8, 
was d e r i v e d between the mole number and the a d i a b a t i c c o m p r e s s i 
b i l i t y o f the water of hydrophobic h y d r a t i o n around the p r o p y l e n e 
group of SPD. I f the volume change per mole of water p a r t i c i p a 
t i n g i n hydrophobic h y d r a t i o n i s assumed to be -1 ml, the compre
s s i b i l i t y o f hydrophobic h y d r a t i o n , β, , i s e v a l u a t e d t o be about 
40X10" 1 2 cm 2/dyne. Thus, we may propose β β < β < βh < βw as the 
order o f a d i a b a t i c c o m p r e s s i b i l i t y o f water p a r t i c i p a t i n g i n each 
k i n d of h y d r a t i o n . F u r t h e r i n v e s t i g a t i o n s s h o u l d be aimed a t 
f i n d i n g out how these types o f h y d r a t i o n a f f e c t the m e d i c a l o r 
b i o l o g i c a l f u n c t i o n s of the s e v e r a l d e r i v a t i v e s . I t i s i n t e r e s t 
i n g t h a t the m i x t u r e o f d i e t h y l a m i n o e t h y l d e x t r a n and b o v i n e serum 
albumin forms a c o a c e r v a t e o r s o l u b l e complex which i s much 
enhanced by e l e v a t i n g the temperature (32). T h i s e f f e c t must 
t h e r e f o r e depend p r e d o m i n a n t l y on the hydrophobic i n t e r a c t i o n . 

(B) S e l e c t i v e C o u n t e r i o n B i n d i n g . P h y s i c o c h e m i c a l s t u d i e s 
on the b i n d i n g o f m e t a l i o n s such as Na , KT, C a 2 + and M g 2 + t o 
i o n i c p o l y s a c c h a r i d e s s h o u l d g i v e b a s i c i n f o r m a t i o n f o r u n d e r s t a n 
d i n g the r o l e s of such polymers i n i o n a c c u m u l a t i o n and s e l e c t i v e 
i o n b i n d i n g i n b i o l o g i c a l systems. I t i s o f s p e c i a l i n t e r e s t t o 
know how s e l e c t i v e i o n b i n d i n g to p o l y s a c c h a r i d e s i s a f f e c t e d by 
such f a c t o r s as d i f f e r e n t i o n i c groups, charge d e n s i t y , c o n s t i t u 
ent sugar s t r u c t u r e , c o n f i g u r a t i o n of the g l u c o s i d i c l i n k a g e , and 
the r e s u l t i n g c o n f o r m a t i o n and f l e x i b i l i t y of the p o l y s a c c h a r i d e 
c h a i n . The degree of c a t i o n b i n d i n g t o p o l y i o n s has been e s t i m a 
t e d by a v a r i e t y of t e c h n i q u e s , e.g., c o n d u c t i v i t y , membrane e q u i 
l i b r i u m measurements, d i l a t o m e t r y , e t c . Recent development of 
i o n - s e l e c t i v e e l e c t r o d e s has made i t p o s s i b l e t o measure q u a n t i t a -
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Figure 8. Relation between the mole number and adiabatic compressibility of the 
water of hydrophobic hydration around the propylene group of SPD at 25°C (22) 
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t i v e l y the c o u n t e r i o n a c t i v i t y . Here, t h i s p o t e n t i o m e t r i c method 
has been u t i l i z e d t o examine the a f f i n i t y of some c a t i o n s t o i o n i c 
d e x t r a n d e r i v a t i v e s w i t h d i f f e r e n t i o n i c groups and charge d e n s i 
t i e s (28, 33, 34, 35). 

As seen i n Table I I I , i n the case of CMD Yjj a+ was co m p l e t e l y 
i d e n t i c a l w i t h γ κ + a t any degree o f c a r b o x y l s u b s t i t u t i o n , i n d i c a 
t i n g t h a t CMD shows no s e l e c t i v i t y i n a f f i n i t y f o r these two i o n s . 
However, a s e l e c t i v e i n t e r a c t i o n w i t h these c a t i o n s i s e v i d e n t f o r 
the o t h e r t h r e e d e r i v a t i v e s . There i s a p o s s i b i l i t y of s p e c i f i c 
s i t e b i n d i n g of K + i o n w i t h DS s i n c e Y K+ i s extremely s m a l l , o n l y 
0.16 a t degree o f s u b s t i t u t i o n of 2.54, i n comparison w i t h Y^ a+ 
which i s 0.23. T h i s s p e c i f i c i t y has been q u a l i t a t i v e l y observed 
through the measurement of the c r i t i c a l c a t i o n c o n c e n t r a t i o n 
r e q u i r e d f o r the p r e c i p i t a t i o n of 1% de x t r a n s u l f a t e (36). T h i s 
i s supported a l s o by the o b s e r v a t i o n t h a t the a d d i t i v i t y r u l e o f 
c o u n t e r i o n a c t i v i t y i n added s a l t systems h o l d w i t h i n 1.5% f o r the 
sodium d e x t r a n s u l f a t e - N a C
f o r the potassium d e x t r a
sound v e l o c i t y observed i n the l a t t e r system demonstrates t h a t the 
i n t e r a c t i o n between K + and DS i s so s t r o n g t h a t a p a r t o f the 
water of h y d r a t i o n i s r e l e a s e d from the i o n s . In c o n t r a s t t o DS, 
the a f f i n i t y of N a + f o r DP and SPD i s s t r o n g e r than t h a t of K +. 
Th i s suggests t h a t p o l y s u l f a t e i o n s and polyphosphate i o n s may 
have an o p p o s i t e e f f e c t on the i o n a c c u m u l a t i o n of N a + and K + i o n s 
i n b i o l o g i c a l systems. For a l l d e r i v a t i v e s , an i n c r e a s e i n the 
degree of s u b s t i t u t i o n e x t e n s i v e l y decreased the c o u n t e r i o n a c t i 
v i t y and a l s o enhanced the i o n - s e l e c t i v i t y f o r the two c a t i o n s . 
T h i s t r e n d i s e s p e c i a l l y s i g n i f i c a n t f o r DS. A membrane system 
c o n t a i n i n g c o n s i d e r a b l e condensed s u l f a t e group might t h e r e f o r e be 
h i g h l y s e l e c t i v e f o r the t r a n s p o r t of K + over Na . 2+ 

The f r e e f r a c t i o n of d i v a l e n t c o u n t e r i o n s , Ca and Mg , 
which was e s t i m a t e d p o t e n t i o m e t r i c a l l y by t i t r a t i n g the t e t r a m e t h -
ylammonium s a l t of d e x t r a n d e r i v a t i v e s w i t h C a C l 2 o r M g C l 2 , i s 
p l o t t e d i n F i g u r e 9 as a f u n c t i o n of the e q u i v a l e n t c o n c e n t r a t i o n 
r a t i o , C s/C , of added d i v a l e n t c a t i o n ( C g ) t o p o l y i o n (C ) (35). 
The a f f i n i t y of C a 2 + and M g 2 + i o n s f o r d e x t r a n d e r i v a t i v e s i n c r e 
ases i n the o r d e r of DS < CMD < DP and most added c a t i o n s a r e 
bound to p o l y i o n a t s m a l l C g/C . A l l d e r i v a t i v e s show a h i g h e r 
a f f i n i t y f o r Ca than f o r M g 2 + i o n . An i n c r e a s e i n degree o f 
s u b s t i t u t i o n causes s t i l l h i g h e r a f f i n i t y f o r b o t h c a t i o n s . The 
s t r o n g a f f i n i t y of both c a t i o n s f o r DP may be due to the d i v a l e n t -
a n i o n c h a r a c t e r o f the phosphate group. As w i t h o t h e r c a r b o x y l 
polymers, CMD shows an e s p e c i a l l y h i g h s e l e c t i v i t y f o r the two 
d i v a l e n t c a t i o n s . T h i s may be a s c r i b e d t o the h i g h e r c h e l a t i n g 
a b i l i t y of C a 2 + i o n w i t h c a r b o x y l groups and i n p a r t , t o the d i f f 
erence i n hy d r a t e d i o n - r a d i i o f these c a t i o n s . 

As p r e s e n t e d above, the degree o f s u b s t i t u t i o n of i o n i c 
groups o r charge d e n s i t y i s an impor t a n t f a c t o r f o r i o n - b i n d i n g 
a b i l i t y of these d e r i v a t i v e s . An e l e c t r o s t a t i c f r e e energy per 
i o n i c group, a t the degree of i o n i z a t i o n , a, may be e s t i m a t e d 
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Figure 9. Plots of the free fraction (%) of divalent cations, Mg2+ (Φ, | , A ) and 
Ca2+ (O, Δ λ as a function of equivalent concentration ratio, C8/Cp, of added 
cation (C8) to polyion (Cp) for dextran derivatives: (a) CMD; (b) DS; and (c) DP. 
The numbers attached to the abbreviated sample names show the degree of sub
stitution of ionic groups. The mark I above the curves shows the appearance of 

turbidity (35). 
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from the p o t e n t i o m e t r i c t i t r a t i o n c u r v e s , 

Gel(a) = 2.3kT/oipH + l o g [ ( l - a ) / a ] - pK 0} da (18) 

P K a = pH + l o g [ ( l - a)la] (19) 

where pK 0 i s the n e g a t i v e l o g a r i t h m of the i n t r i n s i c d i s s o c i a t i o n 
c o n s t a n t of an i o n i c group, k the Boltzman c o n s t a n t , and Τ the 
a b s o l u t e temperature. As shown i n F i g u r e 10, the p K a of CMD i s a 
monotonie i n c r e a s i n g f u n c t i o n of α , i n d i c a t i n g t h a t t h e r e i s no 
c o n f o r m a t i o n a l change c o r r e s p o n d i n g t o c o i l - h e l i x o r g l o b u l a r - c o i l 
t r a n s i t i o n (34). The v a l u e o f pK c was 3.30 and 3.25 f o r aqueous 
media c o n t a i n i n g no s a l t and 0.02M N a C l , r e s p e c t i v e l y , independent 
of the degree o f s u b s t i t u t i o n . I t i s e v i d e n t t h a t a monotonous 
i n c r e a s e i n G^ w i t h degree of s u b s t i t u t i o n ( F i g u r e 11) causes a 
comparable decrease i n c o u n t e r i o n a c t i v i t y as observed i n Table 
I I I . 

and pK Q are a f f e c t e
by hydrophobic groups s u r r o u n d i n g the c a r b o x y l group on the 
polymer. However, l i t t l e has been known about whether the hydro
p h o b i c environment around the i o n i c group causes the s e l e c t i v i t y 
i n c o u n t e r i o n b i n d i n g o r n o t . The i o n - b i n d i n g d a t a f o r CMBD may 
o f f e r a c l u e t o the answer t o t h i s q u e s t i o n . When the b e n z y l 
group i s i n t r o d u c e d i n t o CMD, f i x i n g the degree o f s u b s t i t u t i o n of 
c a r b o x y l group a t 0.35, the p K a i n c r e a s e d g r a d u a l l y w i t h the 
b e n z y l group c o n t e n t as shown i n F i g u r e 12. The s u b s t i t u e n t 
b e n z y l groups presumably change the s t r u c t u r e o f water i n the v i c 
i n i t y o f a c a r b o x y l group so t h a t the r e s u l t i n g l o c a l decrease i n 
d i e l e c t r i c c o n s t a n t of water depresses the d i s s o c i a t i o n o f the 
c a r b o x y l group. The a c t i v i t y o f N a + and K + i o n s c e r t a i n l y d e c r e 
ased i n the s o l u t i o n of CMBD as compared w i t h CMD (Table I V ) . 
However, i t s h o u l d be noted t h a t γ + i s s m a l l e r than Y K+ i n the 
s o l u t i o n o f CMBD, a l t h o u g h b o t h a c t i v i t y c o e f f i c i e n t s were comple
t e l y i d e n t i c a l i n the CMD s o l u t i o n . T h i s r e s u l t i n d i c a t e s t h a t a 
c a r b o x y l group can m a n i f e s t i t s p o t e n t i a l s e l e c t i v i t y f o r the two 
c a t i o n s when i t i s surrounded by an hydrophobic environment. The 
d i f f e r e n c e i n the two a c t i v i t y c o e f f i c i e n t s observed f o r CMBD may 
be s u c c e s s f u l l y i n t e r p r e t e d i n terms of the d i f f e r e n c e i n h y d r a 
t i o n energy o f the c a t i o n s . The d i s s o c i a t i o n f r e e energy o f Κ 
i o n would not be e x t e n s i v e l y a f f e c t e d by the hydrophobic medium 
s i n c e t h i s i o n has r e l a t i v e l y few water m o l e c u l e s o f h y d r a t i o n , so 
th a t i t s h y d r a t i o n energy i s not i n f l u e n c e d so much by the medium. 
However, the h y d r a t i o n s t r u c t u r e o f the i o n s h a v i n g a p p r e c i a b l e 
water o f h y d r a t i o n , such as N a + i o n , must be s i g n i f i c a n t l y d i s r u 
p ted i n the hydrophobic environment so as to decrease i t s h y d r a 
t i o n energy. T h i s r e s u l t s i n the i n s t a b i l i t y o f the d i s s o c i a t e d 
i o n . A more d r a s t i c s e l e c t i v i t y would be generated when the 
c a r b o x y l group i s b u r i e d i n a much more hydrophobic environment. 

Much work on s e l e c t i v e c o u n t e r i o n b i n d i n g has been concerned 
w i t h p o l y i o n s h a v i n g d i f f e r e n t i o n i c groups, such as COO", S0^~ 
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Figure 11. Plots of GJa = 1) as a function of the degree of substitution of the 
carboxyl group for CMD in H20 (O) and in 0.02M NaCl (Φ) at 25°C. Polymer 

concentration is 0.0100 equiv/L (34). 
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Table I I I 
C o u n t e r i o n A c t i v i t y C o e f f i c i e n t s of I o n i c Dextran 

D e r i v a t i v e s i n Water a t 25°C 

Dextran D e r i v a t i v e Degree of 
S u b s t i t u t i o n Y N a + V 

Carboxymethyldextran 0.35 0.672 0.672 
1.10 0.389 0.393 
2.50 0.266 0.264 

Dextran S u l f a t e 0.61 0.481 0.477 
1.46 0.316 0.284 
2.54 0.228 0.164 

S u l f o p r o p y l d e x t r a n 0.92 0.466 0.481 

Dextran Phosphate 0.38 0.255 0.282 
0.60 0.224 0.249 

Listed are the a c t i v i t y coefficients i n the polymer concentra
tion range of 0.02-0.04 equiv/1 i n which they were independent 
of the polymer concentration (28, 33). 

Table IV 
Co u n t e r i o n A c t i v i t y C o e f f i c i e n t s of I o n i c Dextran 

D e r i v a t i v e s i n Water a t 25°C 

Polymer Concn. CMD CMBD 
(equiv/1) YNa V Y N a + V 

0.0250 0.672 0.672 0.654 0.664 
0.0100 0.681 0.682 0.658 0.680 
0.0025 0.720 0.720 0.660 0.680 

Carboxymethyldextran; degree of s u b s t i t u t i o n o f c a r b o x y l 
group i s 0.35. 
Carbo x y m e t h y l b e n z y l d e x t r a n ; degree of s u b s t i t u t i o n of c a r b o x y l 
and b e n z y l groups i s 0.35 and 0.64, r e s p e c t i v e l y (34). 
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and POg Z~, but the mechanism remains u n c l e a r . R e c e n t l y , the 
crown compounds, such as d i c y c l o h e x y l - 1 5 - c r o w n - 5 and v a l i n o m y c i n , 
have been found t o be v e r y e f f e c t i v e i n s e l e c t i o n of Na~*~ and K +, 
due m a i n l y t o the l i m i t i n g g eometric f a c t o r s between the i o n i c 
r a d i u s o f the guest i o n s and the a n n u l a r space o f the crown com
pounds. As a t h i r d o r i g i n , we may expect i o n s e l e c t i v i t y based on 
the h y d r o p h o b i c i t y . A f u r t h e r study may be concerned w i t h such 
hydrophobic e f f e c t s , s i n c e the b i o l o g i c a l f u n c t i o n s of b i o p o l y m e r s 
a r e o f t e n c a r r i e d on i n an hydrophobic environment. 

(C) C i r c u l a r D i c h r o i s m o f Carboxymethyldextran. While 
r e c e n t vacuum u l t r a v i o l e t c i r c u l a r d i c h r o i s m developments have 
made i t p o s s i b l e t o measure the s p e c t r a o f the backbone pyranose 
c h a i n (37, 38), many c i r c u l a r d i c h r o i s m (CD) a n a l y s e s of the p o l y 
s a c c h a r i d e s have been c a r r i e d out over the p a s t t e n y e a r s by 
s t u d y i n g chromophores such as the c a r b o x y l and amide groups 
i n v o l v e d . However, a g e n e r a
l y t i c e f f e c t on the η-π
remained obscure, s i n c e the t r a n s i t i o n i s p e r t u r b e d by some 
f a c t o r s i n a c o m p l i c a t e d manner. 

Here, we have examined how the charge d e n s i t y , polymer conce
n t r a t i o n , degree of n e u t r a l i z a t i o n , and added s a l t s a f f e c t t h e CD 
s p e c t r a of CMD i n o r d e r t o e l u c i d a t e the m i c r o s c o p i c p o l y e l e c t r o -
l y t i c p r o p e r t i e s of t h i s polymer (39). The n e g a t i v e CD band of 
CMD around 213 nm, which i s a s c r i b e d to the c a r b o x y l η-ττ t r a n s i 
t i o n , i s s h i f t e d t o h i g h e r wavelength accompanying an i n c r e a s e i n 
i t s i n t e n s i t y w i t h i n c r e a s i n g degree of c a r b o x y l s u b s t i t u t i o n , 
w h i l e the c r o s s o v e r p o i n t near 206 nm was not a f f e c t e d ( F i g u r e 13). 
The dependence of the CD band on degree of s u b s t i t u t i o n must 
a r i s e from the e l e c t r o s t a t i c p e r t u r b a t i o n of the c a r b o x y l η-π 
t r a n s i t i o n , s i n c e the e l l i p t i c i t y extremum of t h i s n e g a t i v e band 
appears t o i n c r e a s e i n p r o p o r t i o n t o the e l e c t r o s t a t i c f r e e energy 
f o r i o n i z a t i o n , G η9 of the c a r b o x y l group, and the e f f e c t o f 
degree o f s u b s t i t u t i o n was not observed f o r d e x t r a n a c e t a t e (40). 
A n o t a b l e p o i n t i s t h a t a p o s i t i v e band appears i n a d d i t i o n to the 
n e g a t i v e band a t s m a l l degrees of s u b s t i t u t i o n . T h i s p o s i t i v e 
band i s more e v i d e n t on d e c r e a s i n g n e u t r a l i z a t i o n o r a t low pH 
( F i g u r e 14). I t i s w e l l known t h a t the magnitude and s i g n o f the 
CD s p e c t r a a s s o c i a t e d w i t h a p a r t i c u l a r e l e c t r o n i c t r a n s i t i o n a r e 
c r i t i c a l l y dependent on m o l e c u l a r geometry, o r , more s p e c i f i c a l l y , 
on the d i s p o s i t i o n o f o t h e r groups about the symmetry p l a n e s o f 
the chromophore. The most w i d e l y adopted e x p l a n a t i o n of the two 
bands w i t h d i f f e r e n t s i g n s i s t h a t they a r i s e from the η-π t r a n 
s i t i o n of d i f f e r e n t r o t a t i o n a l isomers of the c a r b o x y l chromophore 
(37, 41, 42). I t i s p r o b a b l e t h a t another s t a b l e r o t a t i o n a l 
isomer may be caused by the i n c r e a s e d hydrogen bond of the c a r b o 
x y l group w i t h o t h e r p o l a r groups and the decrease i n i n t r a -
and/or i n t e r m o l e c u l a r e l e c t r o s t a t i c energy of CMD. The f i n d i n g s 
t h a t the polymer c o n c e n t r a t i o n dependence of e l l i p t i c i t y i n pure 
water d i s a p p e a r s on adding s a l t are evidence t h a t the i n t e r m o l e -
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0 0 .5 1.0 

Biopolymers 

Figure 12. Potentiometric titration curves of CMBD with various degrees of 
substitution of benzyl group in 0.02M NaCl at 25°C. The degree of substitution 
of the carboxyl group is fixed at 0.35. Polymer concentration is 0.0100 equiv/L 

(34). 

I ι ι ι ι I 
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Figure 13. CD spectra of CMD with various degrees of substitution of the car
boxyl group: 0.35 (Curve 1); 0.68 (Curve 2); 0.99 (Curve 3); 1.40 Curve 4); and 

1.85 (Curve 5). Polymer concentration is 0.100 equiv/L (39). 
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Figure 14. CD spectra of CMD with various degrees of neutralization: 0 (Curve 
1); 0.25 (Curve 2); 0.50 (Curve 3); 0.75 (Curve 4), and 1.0 (Curve 5). The degree 
of substitution of the carboxyl group is 0.99. Polymer concentration is 0.100 

equiv/L. (39). 
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Figure 15. CD intensity of sodium CMD at 213 nm as a function of added salt 
concentration (Cs): (%) LiCl; (O) KCl; (O) NaCl; (A) CaCl2; (A) MgCl2; and 
• BaCl2. The degree of substitution of the carboxyl group is 1.40. Polymer con

centration is 0.100 equiv/L (39). 
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c u l a r and non-nearest (long-range) i n t r a m o l e c u l a r e l e c t r o s t a t i c 
i n t e r a c t i o n s ^ c o n t r i b u t e s u b s t a n t i a l l y t o the p e r t u r b a t i o n of the 
c a r b o x y l η-π t r a n s i t i o n . 

The n e g a t i v e band a t 213-215 nm i n c r e a s e d i n the ord e r o f 
c o u n t e r i o n s , L i < Κ < Na , a l t h o u g h no s e l e c t i v i t y among Na and 
K + i o n s was found by the measurement of t h e i r a c t i v i t i e s as m e n t i 
oned above. T h i s o r d e r i s a l s o d i f f e r e n t from t h a t of the c r y s t a -
l l o g r a p h i c r a d i i of these c a t i o n s . The e f f e c t s o f added monoval
ent s a l t , L i C l , K C l and N a C l , on the CD n e g a t i v e band o f CMD 
( F i g u r e 15) may be i n t e r p r e t e d as a r e s u l t o f p a r t i a l exchange of 
the c o u n t e r i o n from Na"1" to K + or L i + . The i n f l u e n c e s o f d i v a l e n t 
c a t i o n s a l t s . C a C l 2 , M g C l 2 and B a C l 2 , a r e more dr a m a t i c ; the 
e f f e c t of Ba i s c o m p l e t e l y o p p o s i t e t o t h a t of C a 2 + and Mg 2 +. 
The n - o r b i t a l s o f the c a r b o x y l i o n may undergo c o m p l i c a t e d p e r t u r 
b a t i o n due to the p r o x i m i t y o f s p e c i f i c a l l y bound d i v a l e n t c a t i o n s 
o r c h e l a t e complex accompanying the d i s c h a r g e and d e h y d r a t i o n of 
the i o n . 

As mentioned above
CMD r e f l e c t r a t h e r s e n s i t i v e l y i t s p o l y e l e c t r o l y t i c p r o p e r t i e s , 
c e r t a i n l y more so than those o f o t h e r i o n i c p o l y s a c c h a r i d e s 
examined i n the p a s t . T h i s i s p r o b a b l y because the asymmetric 
carbon atom of the pyranose r i n g f i x e s t he symmetry p l a n e of t h e 
c a r b o x y l group o n l y weakly on account of the e x i s t i n g e t h e r ^ 
l i n k a g e -OCH 2~ between them. The f i n d i n g s t h a t the c a r b o x y l η-π 
t r a n s i t i o n i s p e r t u r b e d dominantly by i n t r a - and i n t e r m o l e c u l a r 
e l e c t r o s t a t i c i n t e r a c t i o n s suggest t h a t i n g e n e r a l the CD magni
tude o f c a r b o x y l i c p o l y s a c c h a r i d e s w i l l be l a r g e r compared to t h a t 
of i t s c o n s t i t u e n t o l i g o m e r o r monomer because o f the condensed 
e l e c t r o s t a t i c f i e l d of p o l y i o n i t s e l f ( t h e s o - c a l l e d polymer 
e f f e c t ) . At pr e s e n t the e f f e c t s of d i f f e r e n t c o u n t e r i o n s and 
added s a l t s , some of them deduced from the i o n - b i n d i n g d a t a , can
not be e a s i l y e x p l a i n e d by ap p e a l t o g e n e r a l i z a t i o n s about p o l y 
e l e c t r o l y t e b e h a v i o r . I t must await f u r t h e r i n v e s t i g a t i o n t o 
de c i d e whether o r not the CD a n a l y s i s w i l l be a p p l i c a b l e as a 
probe o f the m i c r o s t r u c t u r e and the macroscopic s o l u t i o n p r o p e r 
t i e s o f c a r b o x y l i c p o l y s a c c h a r i d e s . 

Acknowledgment 

The author wishes to thank C e n t r a l Research I n s t i t u t e of 
Mei t o Sangyo Co., L t d . Nagoya f o r s u p p l y i n g the d e x t r a n and i t s 
d e r i v a t i v e s . He a l s o thanks the l a t e P r o f e s s o r Hajime Noguchi f o r 
h i s c o l l a b o r a t i o n i n t h i s work. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



29. GEKKO Dextran 437 

Literature Cited 

1. Senti, F. R., Hellman, Ν. Ν., Ludwig, Ν. Η., Babcock, G. Ε., 
Tobin, R., Glass, C. A. and Lamberts, B. L., J. Polymer Sci. 
(1955) 17, 527-546. 

2. Turvey, J . R. and Whelan, W. J., Biochem. J. (1957) 67, 
49-52. 

3. Suggett, Α., "Water" (Frank, F. , ed.), Vol. 4, p.548, Plenum 
Press, New York, (1975). 

4. Gekko, K., Makromol. Chem. (1971) 148, 229-238. 
5. Bianchi, U. and Peterlin, Α., J. Polymer Sci. A2 (1968) 6, 

1759-1772. 
6. Granath, Κ. Α., J . Colloid Sci. (1958) 13, 308-328. 
7. Wales, Μ., Marshall, P. A. and Weissberg, S. G., J. Polymer 

Sci. (1953) 10, 229-240. 
8. Burchard, W., Makromol  Chem (1963) 64  110-125
9. Pfannemüller, Β.,

Chem. (1969) 121
10. Vink, H., Makromol. Chem. (1966) 94, 15-19. 
11. Sotobayashi, H. and Ueberreiter, Κ., J. Polymer Sci. A (1964) 

2, 1257-1274. 
12. Sotobayashi, Η., Makromol. Chem. (1965) 81, 57-67; ibid. 

(1969) 123, 157-183. 
13. Springer, J., Ueberreiter, K. and Möller, Ε., Ber. Bunsenges. 

Physik. Chem. (1965) 69, 494-499. 
14. Nomura, H. and Miyahara, Υ., Nippon Kagaku Zasshi (1968) 89, 

142-144. 
15. Wachter, A. H. and Simon, W., Anal. Chem. (1969) 41, 90-94. 
16. Gekko, Κ., J. Sci. Hiroshima Univ. (1971) A35, 111-121. 
17. Lakhanpal, M. L., Chhina, K. S. and Sharma, S. C., Indian J. 

Chem. (1968) 6, 505-509. 
18. Kagemoto, Α., Murakami, S. and Fujishiro, R., Makromol. Chem. 

(1967) 105, 154-163. 
19. Shiio, H., J. Am. Chem. Soc. (1958) 80, 70-73. 
20. Nomura, Η., Yamaguchi, S. and Miyahara, Υ., J. Appl. Polymer 

Sci. (1964) 8, 2731-2734. 
21. Gekko, K. and Noguchi, H., Biopolymers (1971) 10, 1513-1524. 
22. Gekko, K. and Noguchi, Η., Macromolecules (1974) 7, 224-229. 
23. Stipanovic, A. J., Ph. D. Dissertation, SUNY College of Envi

ronmental Science and Forestry, Syracuse, Ν. Υ., (1978). 
24. Casu, Β., Reggiani, M., Gallo, G. G. and Vigerani, Α., 

Tetrahedron (1966) 22, 3061-3083. 
25. Gekko, Κ., Agric. Biol. Chem. (1978) 42, 1287-1288. 
26. Gekko, K. and Noguchi, Η., J . Agric. Food Chem. (1978) 26, 

1409-1414. 
27. Suzuki, Y. and Uedaira, Η., Bull. Chem. Soc. Jap. (1970) 43, 

1892-1894. 
28. Gekko, K. and Noguchi, Η., Repts. Prog. Polym. Phys. Japan 

(1978) 21, 683-684. 
29. Conway, Β. Ε., Desnoyers, J. E. and Smith, A. C., Phil. Trans. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



438 SOLUTION PROPERTIES OF POLYSACCHARIDES 

Roy. Soc. London, Ser. A (1964) 256, 389-437. 
30. Suzuki, K., Taniguchi, Y. and Watanabe, T., J . Phys. Chem. 

(1973) 77, 1918-1922. 
31. Noguchi, H., Prog. Polymer Sci. Japan (1975) 8, 191-232. 
32. Gekko, K. Harada, H. and Noguchi, Η., Agric. Biol. Chem. 

(1978) 42, 1385-1388. 
33. Noguchi, Η., Gekko, K. and Makino, S., Macromolecules (1973) 

6, 438-442. 
34. Gekko, K. and Noguchi, Η., Biopolymers (1975) 14, 2555-2565. 
35. Gekko, K. and Noguchi, Η., Carbohydr. Res. (1979) 69, 

323-326. 
36. Kimizuka, Η., Yamaguchi, A. and Mori, T., Bull. Chem. Soc. 

Jap. (1967) 40, 1281-1282. 
37. Buffington, L. Α., Pysh, E. S., Chakrabarti, B. and Balazs, 

Ε. Α., J. Am. Chem. Soc. (1977) 99, 1730-1734. 
38. Liang, J. Ν., Stevens, E. S., Morris, E. R. and Rees, D. Α., 

Biopolymers (1979)
39. Gekko, K., Biopolymer
40. Mukherjee, S., Sarko, A. and Marchessault, R. H., Biopolymers 

(1972) 11, 303-314. 
41. Morris, E. R. , Rees, D. Α., Sanderson, G. R. and Thom, D., 

J. Chem. Soc. Perkin Trans. (1975) 2, 1418-1425. 
42. Barth, G., Voelter, W., Mosher, H. S., Bunnenberg, E. and 

Djerassi, C., J. Chem. Soc. Chem. Commun. (1970) 92, 875-886. 

RECEIVED September 15, 1980. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



30 
Specificity of Interactions Between Polysaccharide 
Helices and ß-1,4-Linked Polysaccharides 

IAIN C. M. DEA 

Unilever Research, Colworth Laboratory, Sharnbrook, Bedford MK44 1LQ, U.K. 

It is now firmly
carrageenan2 and probably  -carrageenan  adop
double helical conformations in the condensed phase. The 
evidence is also very strong that, in favourable conditions 
of temperature and concentration, and (for the carrageenans) 
ionic strength and appropriate counterions, these double 
helices can survive in highly hydrated solutions and gels 4 . 
We have reported previously5 that the double helices of 
agarose and к-carrageenan (but not i-carrageenan) could bind 
in an ordered, cooperative fashion, to the unsubstituted 
sequences of 1,4-linked β-D-mannopyranose residues in certain 
plant galactomannans, and that such mixed polysaccharide 
systems can lead to unexpected and useful rheological 
properties. 

We proposed5, that the binding mechanism involves 
noncovalent association between unlike polysaccharide chains 
in ordered, complementary conformations - a double helix and 
a ribbon respectively - as shown schematically in Figure 1. 
We have not yet determined the stoichiometry of binding (ie. 
whether helices and ribbons combine in a 1:1 or some other 
molecular ra t io) , or the particle weight of the complex. The 
turbidity of the mixed systems, both for agarose and к -
carrageenan, does suggest quali tat ively that many or a l l of 
these subunits exist in aggregated form. We further 
suggested5 that this system could represent a model mechanism 
for biological assembly of ce l l walls and other heterogeneous, 
carbohydrate-rich extracellular structures. It was therefore 
of interest to examine whether the binding shows the 
specif ic i ty for fine details of polysaccharide structure that 
we might expect (a) on physical grounds, because intimate 
stereochemical 'fit' should be disturbed by changes in the main 
chain and substituents, and (b) on biological grounds, because 
the wide and subtle variation of natural polysaccharide 
structure is presumed to represent a mechanism for control of 
their intermolecular interactions. 

0097-6156/81/0150-0439$05.00/0 
© 1981 American Chemical Society 
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This paper is a preliminary communication of some more 
recent investigations of the specificity of the interactions 
between the two series of helix forming polysaccharides and 
four series of (31,4-1 inked ribbon-forming polysaccharides. 

Figure 2 shows the repeat structures for carrageenan and 
agarose, and illustrates their close similarity. (Agarose 
contains, 3,6-anhydro-L-galactose instead of the D-enantiomer 
in carrageenan). The agarose used had been purified by 
chromatography on DEAE-sephadex, and was a gift from Duckworth 
and Yaphe . It is probably as near as one can get to the 
idealised non-substituted structure. In addition segmented 
agarose!, prepared by "kink-splitting" at the L-galactose 
residues using Smith Degradation, was used. The κ-carrageenan 
was prepared from Chondrus crispus by Marine Colloids Inc., 
Rockland, Maine. Infra-red analysis indicates that it is not 
an ideal /c-carrageenan, but contains a high percentage (ca. 
30%) of the 3,6-anhydro-D_-galactos
This sample was used in the potassium salt form. 

TABLE 1 

Ribbon-forming polysaccharides used in study. 

1. β 1,4-linked Galactomannans eg. locust bean gum 
guar gum 

2. (31,4-linked Glucomannans eg. "konjac" mannan 
Spruce hemicellulose 

3. (31,4-linked Glucans eg. Seed amyloids 
CMC 

4. [31,4-linked Xylans eg. Watsonia polysaccharide 
Sapote gum 

Table 1 lists the four series of ribbon-forming β 1 , 4 -
linked polysaccharides used in the study. For each of these 
a number of variants, differing in the pattern of specific 
substitution and modification, were used. The interaction of 
agarose and κ-carrageenan with each of these series of ribbon-
forming polysaccharides will now be discussed in turn. 
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Figure 1. Proposed model for the inter
action between the double helix of κ-car
rageenan or agarose with galactomannan 

Journal of Molecular Biology ( 5 ) 

oso 

I κ-Carrageenan (idealized) 

II Agarose (idealized) 

Figure 2. Idealized repeating structures for κ-carrageenan and agarose 
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Interaction with Galactomannans 

We have previously reported^ that the gelation of 
agarose by cooling a hot solution, is accompanied by a large 
negative shift in optical rotation which signals the formation 
of the double helical cross-links and that this shift is 
reversed when the gel is liquified and the helices are melted 
by re-heating (see Figure 3). The optical rotation traces for 
this cycle of cooling and heating shows a large hysteresis loop 
which reflects the hysteresis in bulk properties. 

Agarose at a concentration of 0.05% does not form a 
continuous gel on cooling; however the optical rotation 
behaviour on cooling and reheating is identicial-. This 
indicates that the same change in conformation occurs, but that 
there are insufficient agarose chains to form a complete 
network. This refutes the possible objection that the optical 
rotation changes are merel
properties (eg. strain birefrigence in the gel state). Indeed 
both the optical rotation data and X-ray diffraction data are 
consistent with a left-handed, 3rfold, double helix for 
agarose .̂ We have also reported- that the addition of 
locust bean gum gels 0.05% agar and changes the form of the 
optical rotation trace; the cooling curve now seems to be a 
composite of the usual negative contribution from the agarose 
coil to helix conversion, and a new, positive contribution from 
a galactomannan transition which does not occur in the absence 
of agarose. The hysteresis now shows a complex butterfly form 
instead of the usual loop, and we interpret this as showing 
that, although the disorder-order conversions for the two 
polysaccharides occur together on the cooling curve, on re
heating, the order-disorder transition for the galactomannan 
can be caused to occur first (see Figure 4). 

Addition of locust bean gum (1%) to the non-gelling 
segmented agarose (0.2%) results in a firm rubbery gel which 
is too cloudy to be examined by optical rotation. On halving 
the concentration of this mixture a non-gelling system is 
obtained which is clear enough for optical rotation studies. 
This mixture shows the "butterfly" hysteresis without gelation 
(see Figure 5). Therefore, this optical rotation behaviour 
also originates from molecular effects. 

If the magnitude of the positive contribution to the 
cooling shift is used as a measure of the extent of interaction 
between non-gelling agarose concentrations and locust bean gum, 
we find that, as galactomannan concentration increases the 
extent of interaction increases in absolute terms until the 
agarose is saturated (see Figure 6). At the higher 
galactomannan concentrations the proportion of the interacting 
galactomannan decreases. All this would be expected if the 
binding obeyed any form of equilibrium law. Figure 7 shows 
the optical rotation hysteresis curves pertaining to some of 
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01% Agarose and 
05% LBG 

01% Agarose segments 
and 0 5% LBG 
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Figure 5. Comparison of the optical rotation variations with temperature ( above j 
for a gelling mixture of agarose (0.1%) and locust bean gum (0.5%), and (belowj 
for a nongelling mixture of segmented agarose (0.1%) and locust bean gum (0.5%) ) 

OPTICAL 
ROTATION 
AT 546 nm 
(deg) 

0 2O-

02 04 06 08 
GALACTOMANNAN CONCENTRATION 
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Journal of Molecular Biology 

Figure 6. Variation of the positive con
tribution to optical rotation in mixtures 
of agarose (0.05%c ) and locust bean gum. 

Measurements were at 589 mm. 
(5) 
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the points in Figure 6. It is clear that optical rotation 
changes between 20°C and 70°C on the heating curve, can be 
attributed to melting of the locust bean gum ordered 
conformation. It can be seen that the mid-point of this 
transition increases by as much as 20°C with locust bean gum 
concentration. By increasing the concentration of the 
galactomannan, we are evidently increasing the concentration of 
binding sites for the agarose helices, so driving the melting 
transition to higher temperature by a mass action phenomenon. 
This increases in hysteresis with locust bean gum concentration 
is also accompanied by an increase in the melting point of the 
gel. 

We might suspect that, superimposed upon this effect, is 
an influence from microheterogeneity of the locust bean gum 
chains; they can be expected to carry a variety of binding 
sites with a spectrum of stabilities in the bound state with 
agarose. Higher locus
available not only a higher population of total binding sites 
but also a higher population of sites with higher affinity for 
agarose* This hypothesis is confirmed by fractionation 
studies- on locust bean gum on the basis of the water 
solubility. 

The locust bean gum was stirred in distilled water for 
12 hours at 10°C, and the solution was removed by centrifugation 
and freeze-dried to yield the "cold water soluble fraction". 
The insoluble residue was stirred in hot distilled water (90°C) 
for 2 hours and the solution again removed by centrifugation 
and freeze-dried to give the "hot water soluble fraction". 
The mannose to galactose ratios of the "whole", "cold water 
soluble fraction" and "hot water soluble fraction" were 3.35, 
3.0 and 4.0 respectively. The materials were found to differ 
in their interaction properties with agarose, the hot water 
soluble, low galactose containing, fraction having the greatest 
reactivity (see Figure 8). 

Some indication for the relative importance of micro-
heterogeneity on the one hand, and mass action effects on the 
other, can be obtained by comparison of the behaviour of 
different galactomannans with agarose. Figure 9 shows a set 
of optical rotation curves for the interaction of agarose with 
locust bean gum (77% mannose, 23% galactose), tara gum (76% 
mannose, 24% galactose), cold water soluble extract of 
Gleditsia triacanthos seedŝ  (73% mannose, 27% galactose), 
hot extract of Gleditsia triacanthos seeds- (76% mannose, 
24% galactose) and guar gum (61% mannose, 39% galactose). 
There is a trend from a large hysteresis for the positive rise 
in optical rotation in the case of locust bean gum to l ittle 
or no hysteresis in the case of guar gum. Although the mannose 
to galactose ratios for the first four galactomannans are very 
similar, locust bean gum and tara gum give significantly 
different results, and both are quite different from the 
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Gleditsia gums. This would indicate significant differences 
in fine structure for these galactomannans. 

Moreover, comparison of different agarose to galactomannan 
ratios indicates similar hysteresis behaviour as shown by 
locust bean gum, but to varying extents. Thus the variation 
in hysteresis behaviour of agarose - tara gum mixtures with 
tara gum concentration is less than that of agarose - locust 
bean gum mixtures, while the hysteresis shown by agarose -
Gleditsia galactomannan systems varies only slightly with 
galactomannan concentration. This large difference in the 
sensitivity of hysteresis to galactomannan concentration 
suggests that mass action plays a relatively minor role. 
Rather this hysteresis effect can be used as a probe for the 
width of the molecular spectrum of galactomannan, since at low 
ratios of agarose to galactomannan the agarose binds that 
fraction of galactomannan with which it interacts best. Thus 
locust bean gum has wid
to quite strongly binding components, while Gleditsia 
galactomannans have a fairly narrow spectrum of weakly binding 
molecules. This is further emphasised by the fact that cold 
water extract of Gleditsia triacanthos seeds interacts with 
agarose to much the same extent as the hot extract of these 
seeds. 

Interaction with Glucomannans 

Pure pi,4-D-glucomannan, like pi,4-D-mannan, is 
insoluble in water. The solubility of 'konjac mannan' 
(actually a glucomannan) is caused by the low degree of 
acetylation (D.S. 0.15)^. Evidently these occasional acetyl 
groups along the chain, sterically prevent the aggregation of 
the D-glucomannan backbone because deacetylation in dilute 
alkali leads to precipitation of pure glucomannan. It is not 
known whether there are regions of the backbone which are 
acetate rich and acetate free, or whether the acetates are 
relatively evenly distributed. The structural evidence 
available suggests that the mannose and glucose residues are 
distributed fairly evenly along the main chain, rather than 
in mannose rich and glucose rich blocks. 

Since the backbone of 'konjac mannan' differs from 
galactomannans only in the orientation of the hydroxyls on £-2 
of the glucose residues (38% of the main chain) — , tests were 
carried out to determine whether it interacts synergistically 
with agarose and κ-carrageenan. The ability to gel non-
gelling agarose (0.05%) and κ-carrageenan (1%) ranked about 
equally with that of locust bean gum. Despite the fact the 
'konjac mannan' and locust bean gum interact with agarose to 
similar extents, as shown by gelling experiments, the 
temperature dependence of optical rotation for agarose -
'konjac mannan' mixtures differs significantly from that shown 
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by agarose - locust bean gum mixtures. Thus while 
agarose/1ocust bean gum mixtures show net positive optical 
rotation changes on cooling, agarose/'konjac mannan' mixtures 
only show a reduced negative transition. The reason for this 
difference is not understood, but one possible explanation is 
that the ordered conformation adopted by the 'konjac mannan' 
backbone is different from that adopted by the mannan backbone 
of galactomannans. 'Konjac mannan' gels non-gelling 
concentrations of κ-carrageenan to the same degree as locust 
bean gum, and it induces the formation of the κ-carrageenan 
double helix in the same way. (See Figure 10). 

An interesting interaction was also noted between agarose 
and a Spruce hemicellui ose glucomannan which was a gift from 
Professor G.O. Aspinall. Since the preparation is water 
soluble, the glucomannan is presumed to be of low molecular 
weight as it contains less than 1% D-galactose. On cooling 
a non-gelling concentratio
hemicellulose preparation (1%), rapid precipitation occurred 
instead of gelation. However a mixture of 0.2% agarose with 
Spruce hemicellulose (1%) gave a gel with a greater gel 
strength than 0.2% agarose alone. In this interaction the D-
glucomannan backbone is considered to associate with the 
agarose tertiary structure in the normal way, resulting in a 
more highly cross-linked framework. The precipitation of the 
lower agarose concentration probably results because the 
glucomannan is of low molecular weight, so that when they bind 
to the agarose they are too short to give the extra cross-
linkages that are necessary for gelation. Similarly a non-
gelling carrageenan solution (2%) set to a firm gel when the 
glucomannan was present at a level of 0.5%. 

Interaction with Glucans 

The plant seed amyloid and galactomannans have obvious 
similarities in structure. In the amyloids, a cellulosic 
backbone is substituted by disaccharide and sometimes 
monosaccharide stubs. The amyloids studied were from 
Tamarindus indica, in which approximately 75% of the glucose 
residues in the backbone are substituted by side chains, and 
Annona mucronata (a gift from Dr. P. Kooiman), in which 
approximately 25% of the glucose residues in the backbone were 
substituted—. These were found to gel 0.05% agarose at 
levels of 1%. The interaction is quite weak and similar to 
guar gum. Although this could indicate that the extent of 
substitution of the cellulosic backbone has little effect on 
the strength of the gelling interaction with agarose, the poor 
performance of the Annona mucronata could arise because it is 
of lower molecular weight. Examination by optical rotation 
indicates positive contributions from both amyloids, which are 
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Figure 9. Comparison of the optical rotation variations with temperature for a 
range of agarose-galactomannan mixtures 

Figure 10. Comparison of the optical rotation variation with temperature for 2% 
κ-carrageenan ( ) and a mixture of 2% κ-carrageenan 0.5% konjac mannan 

( — ; 
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of the same order and similar to that found for guar gum when 
mixed with agarose (cf. Figure 9). (These small positive 
contributions to optical rotation are in line with that found 
for 'konjac mannan' with agarose, and could indicate that the 
Ρ 1,4-D-mannan backbone exhibits this effect to the greatest 
extent.) On reheating, both agarose/amyloid mixtures give 
optical rotation behaviour similar to that of agarose/guar gum, 
and indicates that the amyloid/agarose associations break down 
rather easily. 

Carboxymethyleel lui oses (CMC) are another type of soluble 
cellulose which have been shown to be capable of replacing 
galactomannans in the interaction with agarose. Two low 
viscosity CMC's of different degree of substitution (D.S.) were 
investigated (D.S. 0.4 and 0.7). The same amount of both these 
CMC's (0.7%) was required to gel 0.05% agarose). Examination 
of the interaction between agarose and CMC by optical rotation 
gave closely similar result
amyloids. 

Non-gelling κ -carrageenan solutions (2%) can also be 
gelled by the addition of polysaccharides with a pl,4-D-
glucan backbone, such as the Tamarindus indica amyloid (0.5%) 
and CMC (0.5%). The addition of 0.5% CMC has a similar effect 
on the optical rotation-temperature profile of κ-carrageenan 
as does locust bean gum and 'konjac mannan'. (cf. Figure 10). 
These results therefore give further evidence that pi,4-Dj-
glucan chains can interact with agarose and κ -carrageenan in 
a similar fashion to the β 1,4-D-mannan backbone of 
galactomannans. However, because of the possible differences 
in distribution of the side groups in galactomannans and these 
cellulosic derivatives it is not possible at this stage to 
decide whether the two types of backbone bind to the same or 
differing extents. 

The bacterial polysaccharide Xanthan Gum comprises a 
regularly substituted cellulose backbone, and shows quite 
different solution properties from the plant amyloids. No 
ability to interact with agarose or κ -carrageenan was observed 
for Xanthan Gum. 

Interaction with Xylans 

The interaction of agarose with two heavily substituted 
Ρ 1,4-1 inked D-xylans was studied. Using the same gelation 

and optical rotation criteria, the heavily substituted xylans 
from sapote gum13 and Watsonia pyrimidata corm sacs14 were 
found to interact, albeit weakly, with agarose. It is 
significant that these heavily substituted xylans interact with 
agarose; almost all the xylose residues in sapote gum are 
substituted13 while some of the xylose residues in the 
Watsonia polysaccharide are even disubstituted14. Solution 
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studies— with self-associating hemicellulose xylan system 
have indicated that the arabinofuranosyl side chains have an 
unusual function, in that they do not cause termination of 
binding sites. Rather the associations remain, but in a 
modified form. A similar role for side chains in the 
association of Watsonia polysaccharide and sapote gum with 
agarose would explain why these heavily substituted D-xylans 
interact as well as they do with agarose. 

An interesting interaction was observed between agarose 
and the water soluble fraction of esparto xylan, which was 
gifted by Professor G.O. Aspinall. This is a lightly 
substituted and fairly low molecular weight xylan. As in the 
case of Spruce hemicellulose cooling a non-gelling 
concentration of agarose (0.05%) with the xylan (0.75%-1.5%) 
a rapid precipitation occurred instead of gelation. In this 
interaction the xylan chains are envisaged to associate with 
the agarose tertiary structur
its low molecular size the extra cross linking necessary for 
gelation cannot occur. Instead, the binding of the xylan 
chains to the agarose causes it to precipitate much faster than 
it would normally, κ -carrageenan also interacts with 
polysaccharides based on a β 1,4-1 -̂xylan backbone, κ -
carrageenan (2%) is gel lid by addition of sapote gum (0.5%) 
but not by the xylan from Watsonia pyrimidata corm sacs. The 
interaction with sapote gum (totally monosubstituted) is 
interesting as such a level of substitution prevents 
interaction of χ-carrageenan with the galactomannans. These 
results further emphasise the versatility of agarose and 
κ -carrageenan in their interaction with the (B1,4-linked 
series of polysaccharides. It is apparent that loss of the 
hydroxymethyl group does not prevent D-xylans binding to 
agarose and κ-carrageenan. 

Conclusions 

From the preliminary studies, the mechanism of the 
synergistic interaction between agarose or κ -carrageenan and 
galactomannans was considered to involve ordered binding 
between ribbon-like smooth regions on the galactomannan chains 
and the double-helical regions of agarose of κ -carrageenan, 
(Figure 1). This more thorough investigation of the phenomenon 
in general supports this description of the interaction. It 
is apparent that the β 1,4-D-mannan backbone is not a total 
requirement for the interaction. Substituted β l , 4 - l i n k e d D-
glucomannan, D-glucans and Ĉ -xylans all exhibit the same type 
of interactions as galactomannans. The comparative evidence 
is however, not yet good enough to determine whether these 
different backbones have identical or different binding 
activities with agarose. As in the case of galactomannans, 
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results for substituted D-glucans indicate that a certain 
degree of substitution along the chain is compatible with 
binding to agarose; totally substituted regions are however 
believed to be non-interacting. In the case of D-xylans 
however the situation is different since the results indicate 
that totally substituted f31,4-D-xylan chains can bind agarose 
and κ -carrageenan although the strength of binding is 
modified. 

Skeletal polysaccharides based on (31,4-D-mannan and 
Ρ 1,4-D-xylan backbones exist in the cell walls of red seaweeds 
which contain agarose or carrageenan in the intracellular 
matrix. It therefore seems reasonable to suggest that the 
associations described mimic the natural associations which may 
exist between the components of the cell wall and the matrix. 
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Deep Blueing Mechanism of Triiodide Ions in 
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It is generally accepted
polymerization (DP) of
mic shift of the blue band (1, 2, 3, 4, 5) and the bluing of 
iodine/iodide in amylose depends on their concentrations (6) and 
the mixing rate of iodine/iodide with amylose (7, 8). The bluing 
mechanism of triiodide ions in starch was first explained by 
Robin (9) using electronic theory. As an extension of his work, 
the change of circular dichroism (CD) spectra with the bathochro-
mic shift of the blue band was studied by Handa and Yajima (10, 
11) in correlation with the conformation of the amylose-triiodide 
complex in aqueous solution. However, the characteristics of CD 
bands correlated with the nature of the deep bluing band peculiar 
to high DP amylose have not yet been satisfactorily interpreted 
in accordance with the conformational change of amylose in 
aqueous solution. 

The object of this paper is first to correlate the deep blu
ing of iodine/iodide with the characteristics peculiar to the 
conformation of high DP amylose on the basis of the changes in the 
CD spectra and secondarily to clarify the underlying mechanism 
governing the phenomena. 

Experimental 

Materials. Amyloses with average DP 10-500 were prepared by 
enzymatic degradation of the long polymer. Those samples with 
DP 10, 20, and 30 were obtained by fractionation through 
Sephadex-Gel columns. Amylose of DP 1000 was isolated from 
potato starch by Schoch's method (12). Amyloses with DP 2500 and 
4500 were of commercial grade from Wako Pure Industries and 
Nagase Co., L td . , respectively. The molecular weights of the 
amyloses were determined by reducing-end measurement (13) and 
viscometry (14). 

P r e p a r a t i o n o f Amylose S o l u t i o n s . Amylose (100 mg) was 
d i s s o l v e d i n t o 3 ml of 1 Ν KOH s o l u t i o n . Then, the s o l u t i o n was 

0097-6156/81/0150-0455$05.25/0 
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n e u t r a l i z e d through an A m b e r l i t e column and d i l u t e d t o 0.1 %. 

P r e p a r a t i o n o f Amy l o s e - I o d i n e - I o d i d e Complex S o l u t i o n s . 
The complex s o l u t i o n was parepared a t room temparature by m i x i n g 
of an amylose s o l u t i o n w i t h an e q u a l volume o f K I - I ^ s o l u t i o n 
u s i n g d i f f e r e n t m i x i n g t i m e s . 

Measurements. Measurements o f a b s o r p t i o n and CD s p e c t r a were 
made u s i n g a H i t a c h i EPS-3T spectrophotometer and Jasco J-20 
s p e c t r o p o l a r i m e t e r , r e s p e c t i v e l y . The s p e c t r a were always meas
ured 24 h r s a f t e r p r e p a r a t i o n . 

R e s u l t s and D i s c u s s i o n 

K I - E f f e e t . I t i s known t h a t an i n c r e a s e i n KI c o n c e n t r a t i o n 
b r i n g s about a b l u e s h i f t o f th e b l u e band a t a r e l a t i v e low 
c o n c e n t r a t i o n o f I ^ . Crona
b a s i s o f a s t o i c h i o m e t r i
s p e c i e s of i o d i n e / i o d i d e ( I .1 ) v a r i e d from I ^ t o I~ (b = 0—>1) 
w i t h i n c r e a s e o f the KI c o n c e n t r a t i o n . Handa and Ya j i m a (10) 
e x p l a i n e d t he b l u i n g mechanism of t r i i o d i d e i o n s bound coopera
t i v e l y by amylose i n the presence of excess K I as coming from the 
e x c i t o n - c o u p l i n g i n a d i m e r i c u n i t , u s i n g e l e c t r o n i c t h e o r y . They 
(15) a l s o proposed t h e l e n g t h e n i n g o f the c o l o r i n g u n i t c o n s t i t u t 
i n g a segment of p o l y i o d i d e c h a i n from ( I .1 ) t o I ~ ~ ( I .Ι^· 
Ι 2 β Ι 3 ' V W 1 ? Ο Γ V 1 · Ι

2 · Ι
2 · Ι " · Ι 2 ) t h r ° ^ g h X 8 ( I 3 * I 2 ' ^ V co r r e s p o n d i n g t o decrease i n the b v a l u e , on the b a s i s o f the 

assignment o f the f o u r fundamental resonance^Raman l i n e s which 
o b v i o u s l y appear a t 159, 111, 55, and 27 cm . L i k e w i s e , i t 
s h o u l d be mentioned t h a t t he c o l o r i n g i s s t r o n g l y i n v o l v e d w i t h 
the m u l t i p l e charge t r a n s f e r p r o c e s s e s which combine the a f o r e s a i d 
s p e c i e s w i t h t h e amylose l a t t i c e . 

F i g u r e 1 shows the change i n the CD s p e c t r a w i t h an i n c r e a s e 
of K I c o n c e n t r a t i o n a t h i g h I c o n c e n t r a t i o n f o r h i g h polymer DP 
1000 i n the r a p i d l y mixed system. T h e r e i n , the c o m p o s i t i o n o f the 
bound s p e c i e s v a r i e s depending on the change o f b-value i n ^-2'^h 
from 0\5, 0.7, 0.9 through 1 c o r r e s p o d n i n g t o the i n c r e a s e or ΚΓ 
c o n c e n t r a t i o n from 1.2 χ 1 0 ~ 4 , 6.0 χ 1 0 " 4 , 4.8 χ 1 0 " 3 , 8.4 χ 1 0 " 3 , 
1 . 2 x 1 0 " , and 2.4 χ 10"^ M, r e s p e c t i v e l y , based on the s t o i c h i o 
m e t r i c d e t e r m i n a t i o n ( 6 ) . The m u t u a l l y s p l i t CD bands w i t h 
o p p o s i t e s i g n s and s y m m e t r i c a l i n t e n s i t y i n the b l u e band r e g i o n 
a t low i o d i d e c o n c e n t r a t i o n g i v e way t o a m i l d asymmetry above_^ 
6.0 x l O " 4 M of K I . A t h i g h i o d i d e c o n c e n t r a t i o n above 8 . 4 x 1 0 
M, the CD bands have t h e same p o s i t i v e s i g n . On the o t h e r hand, 
f o r low DP below 100, the change i n i n t e n s i t i e s o f the a b s o r p t i o n 
and CD s p e c t r a w i t h i o d i d e c o n c e n t r a t i o n was i n s i g n i f i c a n t , 
a l t h o u g h t h e s p e c t r a d i d show a b l u e s h i f t depending on the change 
of bound s p e c i e s . T h e r e f o r e , i t can be s a i d t h a t the b e h a v i o r of 
the CD s p e c t r a i n F i g . l i s p e c u l i a r t o h i g h DP amylose. 

On the e l e c t r o n i c a s p e c t o f the phenomena, the l o w e r i n g o f 
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the p o s i t i v e peak a s s o c i a t e d w i t h the asymmetric s h a l l o w i n g o f the 
n e g a t i v e v a l l e y can be a s c r i b e d f i r s t t o the i n c r e a s e i n t h e con
t r i b u t i o n s from the i n t e r a c t i o n o f i n - p l a n e o r i e n t e d d i p o l e s 
b e l o n g i n g t o a p a i r o r double p a i r s of i o n s i n s i d e - b y - s i d e aggre
gated h e l i c e s and s e c o n d l y from a skewed p a i r of i o n s a t the 
i n t e r m o l e c u l a r j u n c t i o n s o f amylose c h a i n s ( 1 1 ) . To conform the 
e l e c t r o n i c i n t e r p r e t a t i o n o f the phenomena a t a submolecular l e v e l 
t o the u n d e r s t a n d i n g from the l i g h t s c a t t e r i n g study a t a molec
u l a r l e v e l as d e s c r i b e d i n l a t e r s e c t i o n , we had t o c o n s i d e r t h a t 
uncomplexed amylose c h a i n i n aqueous s o l u t i o n may possess i n t r i -
s i c a l l y the p a r t s f o r two k i n d s o f j u n c t i o n s , i . e . , i n t r a - and 
i n t e r m o l e c u l a r j u n c t i o n s . I n t h i s r e s p e c t , the s i d e - b y - s i d e 
a s s o c i a t i o n of p a r t i a l l y o r c o m p l e t e l y f i l l e d h e l i c e s o r i g i n a t e s 
p r o b a b l y from the rearrangement of hydrogen bonds by i o d i n e / i o d i d e 
a t the i n t r a m o l e c u l a r j u n c t i o n s , whereas the o c c u r r e n c e o f the 
b i n d i n g o f i o n s i n a skewed p a i r i s presumably s p e c i f i c t o the 
rearrangement o f hydroge

From another as p e c
r e a c t i o n (11, 16), i t i s b e l i e v e d t h a t the b i n d i n g of most of 
i o d i n e / i o d i d e w i t h the l a t t i c e o f a l o n g polymer i s a c h i e v e d 
w i t h i n 1 msec and t h e c o n f i g u r a t i o n o f i o d i n e / i o d i d e i n the s i n g l e 
h e l i c e s i s almost a t t a i n e d c l o s e t o t h a t f o r DP 100 w i t h i n 200 
msec. The c o m p l e t i o n o f the c o n f i g u r a t i o n o f the bound i o d i n e / 
i o d i d e a t the i n t r a - and i n t e r m o l e c u l a r j u n c t i o n s i s c o n c e i v a b l y 
a c h i e v e d w i t h a l o n g e r r e l a x a t i o n time. Hence, the e x t e n t t o 
which the b i n d i n g o f i o d i n e / i o d i d e occurs i n s i d e - b y - s i d e a s s o c i 
a t e d h e l i c e s and a t i n t e r m o l e c u l a r j u n c t i o n s i n t h e aggregates 
must depend on the c o m p o s i t i o n of the bound s p e c i e s . We suggest 
t h a t w i t h i n c r e a s i n g K I c o n c e n t r a t i o n , the e x t e n t of the compact 
a g g r e g a t i o n o f h e l i c e s and the i n t e r m o l e c u l a r entanglement a r e 
pronounced not o n l y due t o the s h i e l d i n g of e l e c t r o s t a t i c r e p u l 
s i o n but a l s o due t o the decrease i n the f l e x i b i l i t y of the p o l y -
i o d i d e c h a i n conforming t o the u n i t segment l e n g t h which depends 
on the n a t u r e o f the bound s p e c i e s . The c o n s i d e r a t i o n t h a t the 
i n t e r m o l e c u l a r j u n c t i o n s i n c r e a s e s w i t h K I c o n c e n t r a t i o n i s 
supported by the r e s u l t o f KI dependence of s e d i m e n t a t i o n c o e f f i 
c i e n t o f the complex by D i n t z i s e t a l ( 1 7 ) . 

D P - E f f e c t . F i g u r e 2 shows the DP dependence o f the absorp
t i o n and CD s p e c t r a f o r t h e complex i n excess K I a t the r a p i d 
mixed r a t e . The s p e c t r a a r e r e p r e s e n t e d by d i s p l a y i n g the molar 
e x t i n c t i o n c o e f f i c i e n t (ε) and molar e l l i p t i c i t y ([Θ]) o f bound 
t r i i o d i d e i o n s (13 b) i n amylose. Those s p e c t r a were o b t a i n e d 
from the observed ones as r e p o r t e d p r e v i o u s l y ( 1 1 ) . The m o l a r i t y 
of the I3, i o n s was determined u s i n g d i a l y s i s . The I2 c o n c e n t r a 
t i o n ( 5 . 1 x 1 0 - 2 mM) o f the system corresponds t o a degree o f 
s a t u r a t i o n of the 13,b i o n s (q) from 0.9 to 1.0 on the b a s i s of 
the g u i d e - l i n e methoà (6) f o r t h e p l o t o f the m o l a r i t y o f the I29b 
i o n s v s . the dosage o f I2. As shown i n the a b s o r p t i o n s p e c t r a , 
the bathochromic s h i f t of the c o l o r e d band from 440 t o 800 nm was 
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Figure 1. Effect of KI concentration on 
the CD spectra in the rapidly mixed sys
tem KI (in moles): (a) 1.2 X W4; (b) 
6 X 10'4; (c) 4.8 Χ 103; (d) 8.4 χ 10~3; 
(e) 1.2 χ 102; (f) 2.4 X W2. Amylose 
(DP 1000), 0.05 g/L; I2, 5.1 X W2mM. 

-1.0 
I I 1 1 1 1 
300 400 500 600 700 

Wavelength (nm) 

Figure 2. Effect of DP on the absorption and CD spectra of I~3 b in amyloses in 
the rapidly mixed system DP: (a) 10; (b) 20; (c) 30; (d) 42; (e) 100; (f) 190; (g) 
1000. Concentrations: amylose, 0.05 g/L; KI, 1.2 X 102M; I2, 5.1 χ 10-2mM. 
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observed w i t h t h e i n c r e a s e of DP above 10 which was taken as t h e 
apparent achromic p o i n t . A s i m i l a r hyperchromic e f f e c t was 
observed i n CD bands up t o DP 100. The i n t e n s i t i e s o f CD bands 
decreased s i g n i f i c a n t l y w i t h the i n c r e a s e o f DP above 100, a s s o 
c i a t e d w i t h the g r a d u a l bathochromic s h i f t o f the b l u e band. 
CD Bands f o r DP 1000 d i d not form a normal p a t t e r n . These r e s u l t s 
suggest t h a t the h i g h polymer complex possesses t h e deep b l u i n g 
s p e c i e s i n the aggregate o f the amylose h e l i c e s . The asymmetric 
s h a l l o w i n g o f the CD bands can be a s c r i b e d t o the i n c r e a s e of the 
f o r e g o i n g e x c i t o n - c o u p l e d i n t e r a c t i o n s as d i s c u s s e d i n the p r e v i 
ous s e c t i o n . 

I p - E f f e e t . F i g u r e 3 shows the e f f e c t o f i o d i n e c o n c e n t r a t i o n 
or q v a l u e on the CD s p e c t r a f o r h i g h polymer DP 1000 i n the 
r a p i d l y mixed system. Up t o q - 0 . 8 , the m u t u a l l y s p l i t CD bands 
w i t h o p p o s i t e s i g n s remained almost unchanged i n the p a t t e r n and 
i n t e n s i t i e s , but above q ^ 0 . 8
decreased a s y m m e t r i c a l l
s h o u l d be noted t h a t a symtom f o r the l a t t e r change was i n d i c a t e d 
a t a q of 0.6. Then, the CD bands had the same s i g n s around a q 
of 1, where the wavelength o f maximum a b s o r p t i o n shows a c o n t i n u 
ous r e d s h i f t . 

N o r m a l l y , the i n t e n s i t i e s o f CD bands (+,-) appear much 
weaker f o r l o n g polymers than t h a t f o r t h e DP 100 even a t a q of 
0.2. T h i s i m p l i e s t h a t the b l u i n g of the i o n s i n s i d e - b y - s i d e 
a s s o c i a t e d h e l i c e s and i n p o r t i o n s a t i n t e r m o l e c u l a r j u n c t i o n s 
o c c u r s even a t a low q. The anomalous change of CD p a t t e r n above 
q-0.8 can be a s c r i b e d t o an i n i t i a t i o n o f s p e c i f i c a g g r e g a t i o n as 
a f f e c t e d by the e x t r a - i o n s b e l o n g i n g t o the second a d s o r p t i o n ( 6 ) . 
The r e s u l t s of component a n a l y s i s by the d e c o m p o s i t i o n o f each 
spectrum i n F i g . 3 r e v e a l t h a t above q - 0 . 8 , a c o n s i d e r a b l e p a r t o f 
the d i p o l e i n t e r a c t i o n tends t o occur i n - p l a n e w i t h s c a n t y 
r o t a t o r y s t r e n g t h s due t o t h e s i d e - b y - s i d e a g g r e g a t i o n o f f i l l e d 
h e l i c e s through f o l d i n g w i t h a t u r n of c a . DP 100. 

From the c a l o r i m e t r i c d a t a ( 1 8 ) , an extra-change of the 
l a t t i c e i s expected from the s t r u c t u r a l energy b e i n g i n v o l v e d w i t h 
t h e p a c k i n g o f the i o n s above q - 0 . 6 , d e s p i t e o f the f a c t t h a t 
the energy of the c o o p e r a t i v e a d s o r p t i o n i n d i m e r i c u n i t s d i d not 
v a r y below q ^ 0 . 6 . F i g u r e 3 shows the c o r r e s p o n d i n g symtom a t a q 
of 0.6 w i t h r e g a r d t o the change o f CD s p e c t r a l p a t t e r n f o r the 
r a p i d l y mixed system. 

C o n f o r m a t i o n a l Change w i t h q a t a M o l e c u l a r L e v e l . The 
resonance l i g h t s c a t t e r i n g study w i t h p o l a r i z e d l i g h t s from Ne-He 
l a s e r p r o v i d e d i n f o r m a t i o n a t a m o l e c u l a r l e v e l on the conforma
t i o n a l change of the complex w i t h q ( 1 9 ) . The h i g h l i g h t s o f t h e 
study can be c h a r a c t e r i z e d f i r s t by a p r i o r i t y o f r o d c h a r a c t e r 
which suggests a s p e c i f i c e x t e n s i o n o f the c o n f o r m a t i o n toward one 
d i r e c t i o n a t the b i n d i n g o f i o d i n e / i o d i d e as b e i n g m a n i f e s t e d by 
an anomalously h i g h v a l u e o f the d e p o l a r i z a t i o n r a t i o ρ and i t s 
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pronounced i n c r e a s e w i t h q. Secondly, the h i g h l i g h t s can a l s o be 
c h a r a c t e r i z e d by an o u t s t a n d i n g c o n t r a c t i o n of the m o l e c u l a r v o l 
ume even i n a lower range of q i n accordance w i t h a decrease i n the 
dissymmetry v a l u e Ζ b e i n g endorsed by a pronounced i n c r e a s e i n Ρ . 
T h i r d l y , the s t r u c t u r e o f the complex must p r e s e r v e some c o i l 
n a t u r e i n t e r m i x e d w i t h r o d c h a r a c t e r as b e i n g suggested by a q u a s i -
constancy of the Ρ v a l u e which s t a y e d always c l o s e t o 1, i r r e 
s p e c t i v e o f q. 

To c h a r a c t e r i z e the c o n f o r m a t i o n a l change w i t h q, the f i t t i n g 
o f the r e s u l t s was pursued on computer w i t h r e g a r d t o Ρ and Ζ on 
the b a s i s o f the model i n a com b i n a t i o n of c o i l and r o d ^ e s i d e s 
t h a t i n the worm-like c h a i n . I n the former model, the conforma
t i o n a l change was c h a r a c t e r i z e d by the change i n the r o d f a c t o r , 
c o n t o u r l e n g t h and a n i s o t r o p i c f a c t o r a t a g i v e n segmental number, 
whereas t h e c o n f o r m a t i o n a l change was c h a r a c t e r i z e d by the change 
i n the contour l e n g t h , p e r s i s t e n t l e n g t h and a n i s o t r o p i c f a c t o r i n 
the l a t t e r model. Bot
except some i n c o n s i s t e n c
a t a low q below 0.2. However, the b e n e f i t i n employing t he 
l a t t e r model e x i s t s i n t h a t the s i m u l a t e d r e s u l t can u n i q u e l y 
d e p i c t the process s c h e m a t i c a l l y i n the q-dependent c o n f o r m a t i o n a l 
change o f the complex. The complex s o l u t i o n s c o n t a i n e d i n the 
r a p i d l y mixed system: 0.01 g/1 of amylose (DP 2000), 0.24-2.4 mM 
of K I , and 1.6x10"" - 2.4 χ 1 0 " 2 mM of I . 

As a r e s u l t , t h e f o l l o w i n g a r e surmised: 
(1) Uncomplexed amylose i n aqueous s o l u t i o n must e x i s t as an 

aggregate on average i n tetramer-pentamer which was e s t i m a t e d from 
the b e s t f i t o f the observed Ζ v a l u e (1.3) w i t h the t h e o r e t i c a l 
one u s i n g the p e r s i s t e n t l e n g t h o f 13.6 A (20) . 

(2) I n so f a r as the r a p i d l y mixed systems were concerned, 
the extreme s h o r t e n i n g o f the contour l e n g t h even a t a q w i t h i n 
t h e range o f 0.1-0.2 was u n i q u e l y c o n f i r m e d by the f i t t i n g e i t h e r 
i n t h e former o r i n the l a t t e r model. B e i n g based on an obvious 
i n c r e a s e i n Ρ or Ρ , i t was p r e d i c t e d t h a t t h e a n i s o t r o p y o f the 
e f f e c t i v e segment i n c r e a s e s e m i n e n t l y and the p e r s i s t e n t l e n g t h of 
the complex c h a i n e l o n g a t e s a p p r e c i a b l y . The l a t t e r r e s u l t 
r e l a t e s t o a s e r i o u s decrease i n the number of the e f f e c t i v e 
segments. A c c o r d i n g l y , we have t o admit the o c c u r r e n c e o f some 
c r i t i c a l change s i m i l a r t o the phase t r a n s i t i o n i n the conforma
t i o n o f the amylose m a t r i x due t o the b i n d i n g o f i o d i n e / i o d i d e 
even a t a low dose. Hence, i t seems l i k e l y t h a t t h e r e i s no 
ot h e r a l t e r n a t i v e e x p l a n a t i o n on these r e s u l t s except the f o l l o w 
i n g : F i r s t , a remakable c o n t r a c t i o n occurs i n an amylose m o l e c u l e 
i t s e l f through some t r a n s i t i o n of c o i l t o h e l i x by a c o o p e r a t i v e 
a c t i o n i n the p r o p a g a t i o n and rearrangement o f hydrogen bonds 
r e s u l t i n g i n the u n r a v e l l i n g o f i n t e r m o l e c u l a r j u n c t i o n s . The 
u n r a v e l l i n g must b r i n g about an e x t r a - c o n t r i b u t i o n t o the s h o r t e n 
i n g o f the contour l e n g t h i n an e x t e n t t o which t h e o d i s s o c i a t e d 
m o l e c u l e s i n d i c a t e d a p e r s i s t e n t l e n g t h o f c a . 300 A a t q=0.1-0.2. 
T h i s v a l u e was s i g n i f i c a n t l y l o n g e r than t h a t o f deformed h e l i x 
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( c a . 40-70 A) (21, 2 2 ) . T h e r e f o r e , i t may be c o n s i d e r e d t h a t the 
s u r p l u s i n the e l o n g a t i o n o f the p e r s i s t e n t l e n g t h comes from the 
s i d e - b y - s i d e a s s o c i a t i o n o f p a r t i a l l y f i l l e d h e l i c e s . I n r e s p e c t 
of an pronounced i n c r e a s e i n the a n i s o t r o p y , the o c c u r r e n c e o f a 
f u r t h e r a g g r e g a t i o n o f the s i d e - b y - s i d e a s s o c i a t e d h e l i c e s onto 
t h e i r t r a v e r s e d i r e c t i o n can h a r d l y be c o n s i d e r e d i n t h i s range of 
q. The v e r t i c a l p r o g r e s s i o n i n the s i d e - b y - s i d e a s s o c i a t i o n of 
h e l i c e s w i l l r e s u l t i n the s h o r t e n i n g of the contour l e n g t h on one 
hand and on the o t h e r hand, i n the e l o n g a t i n g o f the p e r s i s t e n t 
l e n g t h e f f e c t i v e l y even a t a low dose o f i o d i n e / i o d i d e w i t h q 
below 0.2. 

(3) I n accordance w i t h a pronounced i n c r e a s e i n p u w i t h q i n 
the range of 0.2-0.7 and t h e c o r r e s p o n d i n g decrease i n Z, the 
i n c r e a s e i n t h e p e r s i s t e n t l e n g t h and a n i s o t r o p y s t i l l c o n t i n u e d 
d e s p i t e of a s l i g h t d i f f e r e n c e i n the s h o r t e n i n g of the contour 
l e n g t h w i t h q i n t h i s range as compared t o t h a t i n the former 
range of q. Taking accoun
l e n g t h and a s i g n i f i c a n
remakable i n c r e a s e i n t h e p e r s i s t e n t l e n g t h can be understood as 
coming from the t i g h t e n i n g of h e l i c e s through the p r o g r e s s i o n o f 
the c o m p l e x a t i o n . T h i s s t i m u l a t e s the o r i e n t a t i o n o f t h i n - r o d 
segments toward the v e r t i c a l d i r e c t i o n . T h e r e f o r e , the i n c i d e n c e 
o f the a g g r e g a t i o n t o p i l e up the s i d e - b y - s i d e a s s o c i a t e d h e l i c e s 
toward t h e i r t r a v e r s e d i r e c t i o n must be y e t r a r e i n the q range of 
0.2-0.7. P r o v i d e d t h a t t h e c r e a t i o n o f skewed p a i r s o f i o n s a t 
the i n t e r m o l e c u l a r j u n c t i o n s can be regarded as a d i f f e r e n c e 
between the i n c i d e n c e of the a u t h e n t i c u n r a v e l l i n g and t h a t of the 
r a v e l l i n g by the i n t e r m o l e c u l a r entanglement, the number o f unrav
e l l e d i n t e r m o l e c u l a r j u n c t i o n s by the b i n d i n g o f i o d i n e / i o d i d e i s 
presumably fewer than t h a t i n the former range o f q. 

(4) I n accordance w i t h a s p e c i f i c decrease i n ρ and Ζ i n 
the h i g h e r range o f q above 0.7, a decrease i n the a n i s o t r o p y was 
p r e d i c t e d d e s p i t e o f a s t i l l f u r t h e r e l o n g a t i o n o f the p e r s i s t e n t 
l e n g t h a s s o c i a t e d w i t h t h e l e v e l l i n g o f f i n the decrease o f the 
con t o u r l e n g t h . The s i m u l a t e d r e s u l t p r e d i c t s t h a t a c o n s i d e r a b l e 
a g g r e g a t i o n o f f i l l e d h e l i c e s occurs toward t h e i r t r a v e r s e d i r e c 
t i o n through a p r o p a g a t i o n of f o l d i n g a c t i o n w i t h a t u r n of c a . 
DP 100 i n accordance w i t h a promotion i n t h e e x t e n t o f a g g r e g a t i o n 
toward the v e r t i c a l d i r e c t i o n . Thereby, the v e r t i c a l growth may 
be promoted b e i n g a s s o c i a t e d w i t h a c o a g u l a t i o n p r o b a b l y end-to-
end by t h e i n t e r m o l e c u l a r entanglement i n t a k i n g account o f the 
b a l a n c e between an anomalous e l o n g a t i o n o f the p e r i s t e n t l e n g t h 
and an i n f e r i o r t h i c k e n i n g toward the t r a v e r s e d i r e c t i o n through 
f o l d i n g . 

A t q = 1, t h e p e r s i s t e n t l e n g t h reached f i n a l l y c a . 1000 A 
which was a p p r o x i m a t e l y e q u i v a l e n t t o the con t o u r l e n g t h . S i m i l a r 
v a l u e o f p e r s i s t e n t l e n g t h was found f o r DNA i n an e s t i m a t e by the 
worm-like model (23). The r e s u l t seems somewhat u n r e a l . Never
t h e l e s s , i t l o o k s adequate i n r e p r e s e n t i n g the a u t h e n t i c c h a r a c t e r 
of t h e co m p l e x a t i o n l e a d i n g t o the f o r m a t i o n o f the r o d - l i k e 
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s t r u c t u r e o f B i t t i g e r e t a l (24) . I t s h o u l d be noted h e r e w i t h 
t h a t t h e r e s u l t s d i f f e r e d i n the s l o w l y mixed system and the f i n a l 
c o n f o r m a t i o n o f the complex must remain i n a z i g - z a g r o d s t r u c t u r e . 
The c o n c e p t u a l i z e d scheme on the pr o c e s s o f the c o n f o r m a t i o n a l 
change l e a d i n g t o the r o d - l i k e s t r u c t u r e o f B i t t i g e r e t a l . w i l l 
be i l l u s t r a t e d l a t e r i n F i g . 1 4 . 

A m y l o s e - E f f e c t . F i g u r e 4 shows t h e e f f e c t o f amylose concen
t r a t i o n on the CD s p e c t r a a t a weight r a t i o o f i o d i n e t o amylose, 
0.26, which corresponds t o q ^ l . Up t o 0.01 g/1 of amylose, the 
s p l i t CD bands i n the b l u e band r e g i o n had o p p o s i t e s i g n s and the 
i n t e n s i t i e s were almost s y m m e t r i c a l . Above 0.01 g/1, the i n t e n s i 
t i e s o f the CD bands decreased remarkably and above 0.025 g/1, the 
s p l i t CD bands had the same s i g n s . However, a t q - 0 . 5 , the change 
i n the s p e c t r a l p a t t e r n w i t h amylose c o n c e n t r a t i o n d i d not occur 
so s u s c e p t i b l y as d e s c r i b e d above. 

The i n t e n s i t i e s o
symmetric p a t t e r n a t th
w i t h DP 1000 was found t o be s t i l l c o n s i d e r a b l y s m a l l e r than those 
f o r DP 100 a t q ̂ 1 . T h i s i s p r i m a r i l y a s c r i b e d t o the s i d e - b y -
s i d e a s s o c i a t i o n o f h e l i c e s a t the i n t r a m o l e c u l a r j u n c t i o n s . 
An obvious i n c r e a s e i n t h e asymmetry of th e CD bands (+,-) w i t h 
i n c r e a s i n g amylose c o n c e n t r a t i o n can be e x p l a i n e d by an i n c r e a s e 
i n the c o n t r i b u t i o n from a skewed p a i r o f the i o n s a t the i n t e r 
m o l e c u l a r j u n c t i o n s , c o r r e s p o n d i n g t o the i n c r e a s e i n the number 
o f the j u n c t i o n s i n uncomplexed amylose w i t h amylose c o n c e n t r a t i o n . 

S o l v e n t - E f f e c t . The e f f e c t o f the i n t e r m o l e c u l a r j u n c t i o n s 
i n t he uncomplexed c o n f o r m a t i o n o f amylose on th e a g g r e g a t i o n of 
h e l i c e s was examined u s i n g t he amylose complex s o l u t i o n i n H 20 and 
i n 95 % H 20-5%DMSO, as shown i n F i g . 5 . Thus, f o r the H20-DMS0 
system, 10 mg of amylose (DP 1000) was d i s s o l v e d i n 10 ml o f DMSO 
by h e a t i n g the m i x t u r e a t 70°C f o r 2 h r s , and then the s o l u t i o n 
was s t o r e d a t room temperature f o r a day. Subsequently, t h e s t o c k 
s o l u t i o n was d i l u t e d t o 0.1 g/1 w i t h H^O and then e q u a l volumes of 
the s o l u t i o n and K I - I ^ s o l u t i o n were r a p i d l y mixed. 

A s i m i l a r i t y i s observed i n the s p e c t r a l p a t t e r n s between the 
complex s o l u t i o n i n the H^O-DMSO system and the complex s o l u t i o n 
i n H~0 a t a low amylose c o n c e n t r a t i o n . However, the complex i n 
99.7 % H 0-0.3 % DMSO s o l u t i o n w i t h the r a t i o of DMSO t o Η £ 0 c l o s e 
t o t h a t i n the system o f D i n t z i s e t a l . (17) gave o n l y a p o s i t i v e 
CD p a t t e r n s i m i l a r t o t h a t i n the H O system (b) i n F i g . 5 . The 
phenomena can be i n t e r p r e t e d by assuming t h a t the p e r t u r b a t i o n 
o c c u r s f o r hydrogen bonding c o n t r i b u t i n g t o the s t r u c t u r e a t the 
i n t e r m o l e c u l a r j u n c t i o n s due t o the co m p l e x a t i o n w i t h DMSO. 
T h i s w i l l e x c l u d e the f o r m a t i o n o f t i g h t bonding between the i o n s 
and t he l a t t i c e o c c u p i e d w i t h DMSO i n t h e j u n c t i o n p o r t i o n s . 

_2 I t s h o u l d be noted t h a t the complex s o l u t i o n c o n t a i n i n g 5.8 χ 
10~ Ν NaCl as a prod u c t o f n e u t r a l i z a t i o n of a l k a l i n e amylose 
s o l u t i o n gave a symmetric p a i r o f CD bands w i t h a normal p a t t e r n 
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Figure 4. Effect of amylose concentra
tion on the CD spectra of T3,b in amylose 
(DP 1000) at a weight ratio (12)/(amy
lose) = 0.26 and KI 1.2 X 102M in the 
rapidly mixed system amylose (in grams/ 
Liter): (a) 0.005; (b) 0.01; (c) 0.025; (d) 

0.1; (e) 0.5. 
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(+,-) p r e s e n t i n g h i g h i n t e n s i t i e s c l o s e t o those f o r DP 100 (a) i n 
F i g . 5 . T h e r e i n , the complex s o l u t i o n was prepared by m i x i n g the 
K I - I ^ s o l u t i o n w i t h the n e u t r a l i z e d s o l u t i o n of amylose which was 
prepared by i n t e r m i x i n g the t w e n t y f o l d d i l u t e d s o l u t i o n of 10 g/1 
amylose i n INNaOH w i t h HC1. However, the mere a d d i t i o n o f an 
e q u i v a l e n t amount o f NaCl t o the p r e s e n t amylose s o l u t i o n was not 
e f f e c t i v e i n g i v i n g symmetric CD bands w i t h a normal p a t t e r n 
(+,-) a t the c o m p l e x a t i o n w i t h K I - I s o l u t i o n . I t o n l y produced 
an aymmetric p a t t e r n c l o s e t o t h a t i n 1^0 system (b) i n F i g . 5 . 
T h e r e i n , the amylose-NaCl s o l u t i o n was prepared by adding 1.2 χ 
10~3mol NaCl t o 100 ml of 0.1 g/1 amylose s o l u t i o n which was 
prepared by the p r e s e n t method through an A m b e r l i t e column. 

Consequently, the conformations of the complex i n aqueous 
s o l u t i o n must be s e r i o u s l y a f f e c t e d by the i n - s i t u c o n f o r m a t i o n o f 
uncomplexed amylose depending s t r o n g l y on the method and c a t i o n -
e f f e c t i n the n e u t r a l i z a t i o n of a l k a l i n e amylose s o l u t i o n

M i x i n g - R a t e E f f e c t
i o d i d e s o l u t i o n w i t h amylose on CD s p e c t r a was examined t o pursue 
the f u n c t i o n and performance of hydrogen bonding a t the i n t r a - and 
i n t e r m o l e c u l a r j u n c t i o n s i n p r o d u c i n g d i f f e r e n t c o n f o r m a t i o n s by 
the b i n d i n g o f i o d i n e / i o d i d e . F i g u r e 6 shows the CD s p e c t r a f o r 
the complex u s i n g v a r y i n g m i x i n g r a t e s . Slow m i x i n g a t 0.08ml/min 
and r a p i d m i x i n g a t 300 ml/min i s a b b r e v i a t e d by SM and RM, 
r e s p e c t i v e l y . The s p e c t r a a l l had the same p a t t e r n under the 
m i x i n g r a t e below 0.08 ml/min. As the m i x i n g r a t e decreased, the 
CD bands f o r the complex r e v e r t e d i n t o the u s u a l normal p a t t e r n , 
b e i n g a s s o c i a t e d w i t h the b l u e s h i f t o f the band. T h i s b l u e s h i f t 
can be r e c o g n i z e d as the e x t i n c t i o n of deep b l u i n g bands owing t o 
the u n r a v e l l i n g of a s p e c i f i c c o n f i g u r a t i o n o f d i p o l e s a t the 
i n t e r m o l e c u l a r j u n c t i o n s accompanied by the d e c l i n e i n the i n c i 
dence o f the s i d e - b y - s i d e a s s o c i a t i o n o f h e l i c e s . However, the 
p o s i t i v e peak of the symmetric CD bands w i t h a normal p a t t e r n 
(+,-) i s s t i l l l o c a t e d i n the l o n g e r wavelength s i d e than t h a t f o r 
DP 100, i n d i c a t i n g a somewhat lower i n t e n s i t y than t h a t f o r the 
l a t t e r . As f o r low polymers w i t h DP below 1000, symmetric CD 
bands w i t h a normal p a t t e r n appeared a t the SM r a t e even f o r a 
c o n s i d e r a b l y h i g h e r amylose c o n c e n t r a t i o n (0.1 g/1) and an 1^ 
c o n c e n t r a t i o n more than t h a t c o r r e s p o s n i n g t o q = l . As f o r the 
lo n g polymers w i t h DP above 1000, the s h a l l o w i n g o f the n e g a t i v e 
CD band tended t o be m a g n i f i e d w i t h DP a t the SM r a t e , i n d i c a t i n g 
an asymmetry f o r the CD bands (+,-). I t i s l i k e l y t h a t the 
hydrogen bonding a t the i n t e r m o l e c u l a r j u n c t i o n s i s c o m p a r a t i v e l y 
s t a b l e i n the l o n g polymers (DP 2500 and 4500) and some p a r t s of 
them s t i l l s u r v i v e even a t the SM r a t e , i n d i c a t i n g an e q u i v a l e n t 
o c c u p i e d r a t i o t o t h a t a t the RM r a t e as a r e s u l t of the component 
a n a l y s i s by the r e s o l u t i o n of s p e c t r a . T h e r e i n , the occupied 
r a t i o r e f e r s t o the c o n t r i b u t i o n r a t i o of each s p e c i e s i n a mole 
o f the 1^ ̂  i o n s i n v o l v e d w i t h the b l u i n g . 

The m i x i n g r a t e dependence of CD s p e c t r a can be i n t e r p r e t e d 
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Figure 5. Effect of solvent on the CD 
spectra in the rapidly mixed system: (a) 
DP 100 in H20; (b) DP 1000 in H20; 
(c) DP 1000 in 95% H20-5% DMSO. 
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Figure 6. Effect of the mixing rate (in 
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amylose (DP 1000) solution on the CD 
spectra of T3 &: (a) 300 (RM); (b) 0.7; 
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i n terms of the d i f f e r e n c e i n a mode of the r e l a x a t i o n between the 
rearrangement of hyrogen bonding i n the l a b i l e i n t r a m o l e c u l a r 
j u n c t i o n s and t h a t i n the c o m p a r a t i v e l y s t a b l e i n t e r m o l e c u l a r ones. 
T h e r e f o r e , t h e mode of r e l a x a t i o n must be governed by a time 
d i f f e r e n c e t o a t t a i n a g i v e n v a l u e o f q between two extremes (SM 
and RM). Tak i n g account o f these r e s u l t s , we propose t h a t a t 
r a p i d - m i x i n g r a t e , the rearrangement o f hydrogen bonds a t the 
i n t r a - and i n t e r m o l e c u l a r j u n c t i o n s causes the p r o p a g a t i o n o f 
s i d e - b y - s i d e a s s o c i a t i o n of h e l i c e s , whereas a t sl o w - m i x i n g r a t e , 
the rearrangement of the bonds p a r t i c u l a r l y a t the i n t r a m o l e c u l a r 
j u n c t i o n s i s s u e s presumably another type of a s s o c i a t i o n , i . e . , 
a b r a i d e d double h e l i x . 

Decomposition and Assignment o f S p e c t r a . F o l l o w i n g the 
method as a p p l i e d t o the dec o m p o s i t i o n o f a b s o r p t i o n and CD s p e c t r a 
f o r the DP 1 0 0 i n t h e p r e v i o u s papers ( 1 0 , 1 1 ) , e i g h t bands were 
i s o l a t e d from b o t h s p e c t r
i n the s l o w l y mixed system
named S^, S 2, S 3 , , Sg going from the l o n g t o the s h o r t wave
l e n g t h . The i s o l a t e d bands S-̂  and S 2 i n the b l u e band r e g i o n were 
f u r t h e r decomposed i n t o a p a i r o f i s o l a t e d bands, r e s p e c t i v e l y . 
The s p e c i e s h a v i n g the s t r u c t u r e which produces the normal b l u e 
band e q u i v a l e n t t o t h a t o f the DP 1 0 0 was named the A s p e c i e s 
whereas t h a t p r o d u c i n g another i s o l a t e d band p e c u l i a r t o l o n g 
polymer was named the A' s p e c i e s . For the l o n g polymer i n the 
r a p i d l y mixed system, the b l u e band composed of Si and S 2 bands 
p l u s a deep b l u e band S Q around 7 0 0 nm was decomposed i n t o t h r e e 
p a i r s o f i s o l a t e d bands: a p a i r o f i s o l a t e d bands around 5 7 0 and 
7 0 0 nm w i t h asymmetric r o t a t o r y s t r e n g t h s was named the C s p e c i e s , 
and the o t h e r two p a i r s of i s o l a t e d bands w i t h symmetric r o t a t o r y 
s t r e n g t h s were named as the A and Β s p e c i e s , r e s p e c t i v e l y . 

T h e r e f o r e , the c o n f o r m a t i o n o f the complex i n the r a p i d l y 
mixed system i s presumed t o c o n s i s t of t h r e e s t r u c t u r a l p a r t s : 
the normal s i n g l e h e l i x ( A ) , the s i d e - b y - s i d e a s s o c i a t e d h e l i c e s 
(B) and the e n t a n g l e d packet around i n t e r m o l e c u l a r j u n c t i o n ( C ) . 
Thereby, the C p a r t i n c l u d e s t h e s u b s i d i a r i l y c r e a t e d j u n c t i o n by 
i n t e r m o l e c u l a r entanglement i n t h e co m p l e x a t i o n b e s i d e s the authen
t i c j u n c t i o n e x i s t i n g i n uncomplexed amylose. The complex i n the 
s l o w l y mixed system i s composed of two s t r u c t u r a l p a r t s f o r amylose 
w i t h DP l e s s than 1 0 0 0 and t h r e e s t r u c t u r a l p a r t s f o r h i g h e r DP 
amylose: t h e normal s i n g l e h e l i x ( A ) , a b r a i d e d double h e l i x (A^) 
and the e n t a n g l e d packet around i n t e r m o l e c u l a r j u n c t i o n ( C ) . 

F i g u r e 7 shows the c h a r a c t e r i s t i c ^ s p e c t r a l p a t t e r n s of the 
A, A"*, B, and C s p e c i e s . Here, S^, S^ , S^, and S^ are c a l l e d as 
A-̂ , A£, A 2 , and A 2 , r e s p e c t i v e l y , and a l s o S^, S^, s£, and S^ as 
B^, B 2 , C-p and C 2, r e s p e c t i v e l y . The doubly s p l i t bands o f the 
A and Β s p e c i e s a r e l o c a t e d c l o s e t o those o f the A s p e c i e s . The 
doubly s p l i t bands of each s p e c i e s have s i g n s o p p o s i t e t o each 
o t h e r i n the CD band. The d i p o l e s t r e n g t h s o f the t w i n bands (D^, 
D 2) were e s t i m a t e d f o r each s p e c i e s i n u n i t o f 1 0 " 3 ^ cgs: 
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4.9, 4.9; 9.9, 5.7; 9.6, 5.3, 9.5, 4.7 f o r the A, A", B, and C 
s p e c i e s , r e s p e c t i v e l y . The r o t a t o r y s t r e n g t h s o f the t w i n bands 
( R l , R 2) were e s t i m a t e d i n u n i t o f 10"" 3 8 cgs: -3.8, 3.8; -2.0, 2.0; 
-0.4, 0.4; 2.1, -0.4 f o r the Α, Α', B, and C s p e c i e s , r e s p e c t i v e l y . 
The r a t i o s o f the d i p o l e s t r e n g t h s ϋχ t o D 2 f o r the A, A^, B, and 
C s p e c i e s a r e about 1.0, 1.7, 1.8, arid 2.0, r e s p e c t i v e l y . The 
a b s o l u t e v a l u e s o f r a t i o s o f the r o t a t o r y s t r e n g t h s R^ to R 2 are 
a p p r o x i m a t e l y e q u a l t o 1 f o r t he A, A^, and Β s p e c i e s , w h i l e t he 
r a t i o i s about 6 f o r t he C s p e c i e s . 

I n o r d e r t o c h a r a c t e r i z e t he i s o l a t e d bands, a s i m u l a t i o n was 
c a r r i e d out by u s i n g dimer as a c o l o r i n g u n i t i n t h e refinem e n t of 
the e x c i t o n - c o u p l e d model proposed by Robin ( 9 ) . As r e p o r t e d 
p r e v i o u s l y (10, 1 1 ) , the c h a r a c t e r i z a t i o n o f the i s o l a t e d bands 
f o r t he A, A', and C s p e c i e s was made on the b a s i s o f a 12-th 
o r d e r s e c u l a r e q u a t i o n . As f o r the Β s p e c i e s , t he s i m u l a t i o n was 
made by u s i n g a tetramer model. As shown i n F i g . 8 , t he A^ s p e c i e s 
i s c h a r a c t e r i z e d by a c o n f i g u r a t i o
w i t h t he A s p e c i e s . Th
mately c o p l a n a r c o n f i g u r a t i o n w i t h a wide f a n n i n g - o u t a n gle f o r 
each p a i r of d i p o l e s i n the s i d e - b y - s i d e a s s o c i a t e d h e l i c e s . The 
C s p e c i e s i s c h a r a c t e r i z e d by the s t r o n g i n t e r a c t i o n between the 
l o n g - a x i s t r a n s i t i o n d i p o l e s of the i o n and the s h o r t - a x i s t r a n s i 
t i o n d i p o l e s o f t h e o t h e r i o n under asymmetric p e r t u r b a t i o n . 
T h e r e i n , the c o n f i g u r a t i o n o f the s h o r t - a x i s t r a n s i t i o n i n the 
skewed dimers was a b b r e v i a t e d f o r s i m p l i c i t y ' s sake. The C s p e c i e s 
i s p r o b a b l y e n c l o s e d i n a packet a t the i n t e r m o l e c u l a r j u n c t i o n 
p o r t i o n s o r between the h e l i c e s i n the aggregate s t r u c t u r e of 
s i d e - b y - s i d e a s s o c i a t e d ones. 

Conformation o f the B l u i n g S p e c i e s a t a Submolecular L e v e l . 
F i g u r e 9 shows t h e schematic diagram o f the proposed amylose 
c o n f o r m a t i o n a t a submolecular l e v e l g o v e r n i n g the c h a r a c t e r i t i c s 
of the b l u i n g s p e c i e s . The co n f o r m a t i o n o f the A s p e c i e s i s 
r e p r e s e n t e d by a normal h e l i x which takes a r a t h e r l o o s e r c o n f o r 
mation i n s o l u t i o n than i n s o l i d . The co n f o r m a t i o n o f the A^ 
s p e c i e s i s r e p r e s e n t e d by a b r a i d e d double h e l i x which a r e more 
r e s t r i c t e d i n freedom of segmental motion than t h a t o f h e l i x f o r 
the A s p e c i e s , b e i n g m u t u a l l y t i e d t o g e t h e r by hydrogen bonds a t 
the b r a i d i n g p o r t i o n s . As mentioned e a r l i e r , the A' s p e c i e s i s 
suggested t o o r i g i n a t e from the t r a n s i e n t b i n d i n g a t the i n t r a 
m o l e c u l a r j u n c t i o n s which a r e a l s o expected t o take p a r t i n t h e 
f o r m a t i o n o f the Β s p e c i e s i n the r a p i d l y mixed system. The 
con f o r m a t i o n o f t h e Β s p e c i e s i s r e p r e s e n t e d by s i d e - b y - s i d e 
a s s o c i a t e d h e l i c e s , b e i n g c o n s i d e r a b l y f i x e d by t i g h t hydrogen 
bonds. The co n f o r m a t i o n o f the C s p e c i e s i s r e p r e s e n t e d by a 
packet o f the e n t a n g l e d h e l i c e s among i n t e r m o l e c u l a r c h a i n s . 

S e v e r a l F a c t o r s on the Occupied R a t i o s o f the B l u i n g S p e c i e s . 
The f a c t o r s which govern the f o r m a t i o n o f the A, A^, B, and C 
s p e c i e s a r e examined i n c o r r e l a t i o n w i t h the s o l u t i o n c h a r a c t e r i s -
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ABSORPTION 

Vx10" 3 (cm-') 18.015.7 17.7 15.2 17.7 15.2 17.514.3 

C D 

Figure 7. Spectral feature of the blueing species Α, Α', B, and C 

A A' Β C 

Figure 8. Configuration of the long-axis transition dipoles for the blueing species 
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t i c s o f amylose i n terms o f the i s o l a t i o n o f bands by s p e c t r a l 
r e s o l u t i o n and the r e s u l t s of component a n a l y s i s . The dependence 
of the o c c u p i e d r a t i o s of these s p e c i e s on DP above 100 a t q = 0.5 
and 1.0, i n the SM ans RM systems i s shown i n F i g . 1 0 . A s i m i l a r 
dependence of the o c c u p i e d r a t i o s on the c o n c e n t r a t i o n of amylose 
f o r DP 1000 i s shown i n F i g . 1 1 . 

The presumption t h a t the C s p e c i e s o r i g i n a t e s p r i m a r i l y from 
the a u t h e n t i c i n t e r m o l e c u l a r j u n c t i o n s p e c u l i a r t o h i g h polymer 
can be j u s t i f i e d except i n a low range o f q: (1) the q-independ
ence o f the f o r m a t i o n of the C s p e c i e s i n the r e l a t i o n of the 
occ u p i e d r a t i o t o DP and a p p r o x i m a t e l y the same l e v e l o f the 
occ u p i e d r a t i o f o r the C s p e c i e s c o v e r i n g b o t h SM and RM systems 
f o r h i g h polymers; (2) the q-independence of the i n c r e a s e i n t h e 
o c c u p i e d r a t i o o f the C s p e c i e s w i t h amylose c o n c e n t r a t i o n . 

The presumption t h a t h i g h DP amylose tends t o be a s s o c i a t e d 
i n aqueous s o l u t i o n i s a l s o supported by the l e v e l o f t h r e s h o l d 
c o n c e n t r a t i o n o f amylos
s p e c i e ^ , which o c c u r s a
5 x 1 0 g/1 even f o r the DP 1000. For h i g h e r polymers, t h e l e v e l s 
of the t h r e s h o l d c o n c e n t r a t i o n a r e expected t o s h i f t t o a v e r y low 
range around 1 0 " 3 g/1 or l e s s , i n so f a r as the p r e s e n t method f o r 
t h e p r e p a r a t i o n o f amylose aqueous s o l u t i o n i s concerned. 

From the q-independence of the o c c u p i e d r a t i o f o r the C 
s p e c i e s i n F i g . 1 2 , i t i s a l s o r e v e a l e d t h a t the C s p e c i e s o r i g i 
n a t e s p r i m a r i l y from the i n t e r m o l e c u l a r j u n c t i o n s e x i s t i n g 
i n t r i n s i c a l l y i n uncomplexed amylose and i s not c r e a t e d so much 
d u r i n g c o m p l e x a t i o n . 

The t h r e s h o l d c o n c e n t r a t i o n of amylose f o r t h e f o r m a t i o n of 
the Β s p e c i e s i s l o c a t e d c o n s i d e r a b l y below t h a t f o r the f o r m a t i o n 
of t h e C s p e c i e s , as shown i n F i g . 1 1 . T h i s i m p l i e s t h a t the c r e a 
t i o n o f the t r a n s i e n t b i n d i n g a t the i n t r a m o l e c u l a r j u n c t i o n s 
capable o f y i e l d i n g e i t h e r Β o r A^ s p e c i e s must occur independent 
of the c r e a t i o n o f the b i n d i n g a t the i n t e r m o l e c u l a r j u n c t i o n s . 
However, i t i s not too much e x a g g e r a t i o n t o say t h a t the aggrega
t i o n o f h e l i c e s through f o l d i n g l e a d i n g t o the r o d - l i k e s t r u c t u r e 
of B i t t i g e r e t a l . can occur f i r s t i n t h e c o n c e n t r a t i o n range of 
amylose above 0.005 g/1 where the a g g r e g a t i o n o f uncomplexed 
amylose can be r e c o g n i z e d c o r r e s p o d n i n g t o the r e v e l a t i o n of the 
C s p e c i e s . I t i s expected t h a t i n the c o n c e n t r a t i o n range below 
0.005 g/1, the c o n f o r m a t i o n o f the complex a t q = 1 w i l l s t a y i n 
a z i g - z a g r o d s t r u c t u r e which c o n s i s t s o f s i n g l e h e l i c e s and 
s i d e - b y - s i d e a s s o c i a t e d h e l i c e s even i n the r a p i d l y mixed system. 
F u r t h e r , i t i s suggested t h a t t h e c o n c e p t u a l i z e d r o d - s t r u c t u r e 
c o a g u l a t e d end-to-end may be ac h i e v e d f i r s t by a l o n g time c r y s t a l -
z a t i o n o f these z i g - z a g rods i n d i l u t e s o l u t i o n through a q u a s i -
s t a t i c c o a g u l a t i o n p r o c e s s a s s o c i a t e d w i t h f o l d i n g a c t i o n . 

The presumption f o r a c o r r e l a t i o n between the f o r m a t i o n o f 
the Β s p e c i e s and t h a t of the A^ s p e c i e s i s based on the a p p r o x i 
mate c o i n c i d e n c e o f the t h r e s h o l d t i m e - i n t e r v a l i n t h e m i x i n g f o r 
the i n i t i a t i o n o f the decrease o f the Β s p e c i e s w i t h t h a t f o r the 
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Figure 9. Schematic of the conformation of the blueing species at a submolecular 
level 

Figure 10. Change in the occupied 
ratios (percentages) of the blueing spe
cies with the DP above 100 at q = 0.5 
(O, , Δ , 0) andq = 1 (%, A , 
in the SM (a) and RM (b) systems: (O, 
.) A; (U, Μ) Α'; (A, A) B; (0, ) ; C. 
Amylose, 0.05 g/L; KI, 1.2 χ 10~2M. 
The occupied ratio refers to the contri
bution ratio of each species in a mole of 
the I-s,b ion involved with the blueing. 
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(b) 

10"3 10"2 10"' 
Amylose (g/l) 

Figure 11. Change in the occupied 
ratios (percentages) of the blueing spe
cies with amylose (DP 1000) concentra
tion atq = 0.5 (O, • , Δ , Ο J and q= 1 
(%, | , A , • J in the SM (a) and RM (b) 
systems: (O, %) A; (\J, | j A'; (A, A) 

B;(0,+)C. KI, 1.2 X 10'2M. 

q 

I2XIO2 (mM) 

Figure 12. Change in the occupied 
ratios (percentages) of the blueing spe
cies with I2 concentration or q in the SM 
(a) and RM (b) systems: (Ο) Α; Ο A'; 
(A) B;(0) C. Amylose (DP 1000), 0.05 

g/L; KI, 1.2 χ 10'2M. 
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100 

Figure 13. Change in the
with the reciprocal of the mixing  (in  per second)  q  (O) A; 

Ο A''> (Δ)Β;(0) C. Amylose, 0.05 g/L;KI, 1.2 X 10~2M. 

S M 

R M 

Figure 14. Schematic of the change of the complex conformation with q in aque
ous solution for the slowly and rapidly mixed systems 
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initiation of the increase of the A species associated with that 
of the A species as shown in Fig.13. 

Conformational Change of the Complex with q in Aqueous 
Solution. On the basis of the above results at a submolecular 
level, a schematic for the conformational change of the complex in 
aqueous solution with q is proposed in Fig.14 with regard to the 
slowly- and rapidly mixed systems and the correlation of the 
changes between both systems, being endorsed by the previous 
results at a molecular level. 

In the slowly mixed system, the complex conformation is 
characterized by a worm-like helical chain or a randomly oriented 
zig-zag rod accompanied by the formation of braided double helices. 
The intramolecular side-by-side association of helices and inter
molecular entanglement are scarely developed due to the fractional 
mixing with a long interval periods exceeding the relaxation time 
for the rearrangement o
exclusive formation of
formation of the Β species due to extinction of the C species as 
an anchor. 

In the rapidly mixed system, the complex conformation is 
characterized by a rod-like structure with the intramolecular 
aggregation of side-by-side associated helices through folding of 
the chain involving intermolecular association, as presented by 
Bittiger et al (24). 

Abstract 
The deep bluing of iodine/iodide peculiar to high DP amylose 

was studied and a correlation of the abnormal CD spectral patterns 
with the conformational of the amylose-iodine complex is proposed. 
The conformational changes in excess KI were characterized by the 
characteristics of isolated bands (A, A', B, and C) from spectral 
decomposition of the observed blue band. Bands A, A', B, and C 
come from the exciton-coupling of the basic units of I-3 ions in a 
normal helix, braided double helix, side-by-side associated 
helices, and an entangled packet of intermolecular junctions, 
respectively. The triiodide complex with high DP amylose can be 
characterized by the formation of stabilized binding of the ions 
with the lattice at intermolecular junctions and transient bind
ing at intramolecular junctions. The former binding induces the 
aggregation of side-by-side associated helices through folding 
at the rapidly mixed system whereas the latter binding induces the 
the braiding of double helices as well as the releasing helices 
singly in a zig-zag rod structure at the slowly mixed rate. 
These may intrinsically originate from the multiple characters of 
high DP amylose chain, which is prone to coagulate end-to-end, 
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fold in side-by-side helices and sometimes braid in double helices, 
depending on the conditions. 
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A Model for Amylose-Iodine Binding 
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Perhaps the best know
is i t s reaction with iodine i  the presence o  iodide to give a 
dark blue complex. Notwithstanding considerable study over a per
iod of many years, a complete descript ion of the conformation and 
stoichiometry of the dissolved complex has yet to emerge, in part 
because of the large number of independent variables that must be 
control led and separately studied in order to carry out a complete 
invest igation ( 1 ) . It i s furthermore evident that a f u l l under
standing of the aqueous complex has been elusive because i t may 
exist in various states of aggregation, which depend upon k inet ic 
as well as equil ibrium factors (1, 2, 3, 4) . Conf l ic t ing models 
continue to appear as an outgrowth of ef forts to interpret hydro-
dynamic data (1, 3, 4, 5) and recent results from resonance Raman 
(6, 7, 8, 9), Moessbauer (8), and c i r c u l a r dichroism (9) spectros
copy. In what follows we review b r i e f l y some of these results in 
order to describe certain features of the complex on which general 
agreement seems to have been achieved. Subsequently we present a 
simple model, based on some widely accepted character i s t i c s of the 
complex, which is capable of corre la t ing a number of these fea
tures . 

Structure and Stoichiometry of the Complex 

There seems l i t t l e doubt that the dissolved complex i s an i n 
clusion compound in which iodine resides within the annular cavity 
of a more or less regular h e l i c a l amylose chain. This picture 
emerged early from the work of Rundle and coworkers on the crys 
t a l l i n e (10) and dissolved (V1_) complex and has not been seriously 
challenged by any more recent studies . Despite the acknowledged 
h e l i c a l character of the dissolved complex, i t i s very clear from 
hydrodynamic evidence that the complexed polymer does not adopt a 
r i g i d , rod- l ike conformation; indeed, the hydrodynamic volume of 
the polymer decreases upon complexation with iodine (J_f 3, 5) · 
The spectroscopic properties of the dissolved complex imply that 
the bound iodine i s arrayed in l inear sequences, but neither the 
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d i s t r i b u t i o n o f i o d i n e c h a i n l e n g t h s nor even the mean c h a i n 
l e n g t h has been e s t a b l i s h e d . The complex absorbs s t r o n g l y near 
600 nm, where the unbound i o d i n e s p e c i e s have no s i g n i f i c a n t ab
s o r p t i o n . E x t e n s i v e i n v e s t i g a t i o n s (12, 13, 14) have e s t a b l i s h e d 
t h a t the wavelength o f maximum a b s o r p t i o n i n t h i s band, max, i s a 
s t r o n g f u n c t i o n o f the mean degree o f p o l y m e r i z a t i o n χ o f the amy
l o s e c h a i n s . T h i s e f f e c t s a t u r a t e s above χ * 100, where λ χ 

a c h i e v e s an asym p t o t i c upper l i m i t near 640 nm. Analogy w i t h the 
Kuhn model f o r the polyenes (15) has been r e c o g n i z e d (16) and ex
p l o i t e d C3). The λ a l s o depends somewhat on the degree o f 
s a t u r a t i o n o f the complex and moreso on the c o n c e n t r a t i o n o f 
i o d i d e i o n (1). 

Even the s t o i c h i o m e t r y o f the complex c o n t i n u e s to be debated. 
I f we denote the molar c o n c e n t r a t i o n s o f I - , I 2 , and I " as [ I - ] i , 
[ Ι 2 ] , and [ I 3 - ] i , where i can be r e p l a c e d , r e s p e c t i v e l y , by t , D , 
or fi to r e f e r to the t o t a l
t i o n s o f these s p e c i e s
the complex i n terms o f the r a t i o R o f bound t r i i o d i d e t o t o t a l 
bound i o d i n e as R = [I [Ig]b + [I3-]b). It has now been re-
pe a t e d l y confirmed (J_) t h a t R cannot be z e r o ; t h a t i s , i o d i d e ( o r 
oth e r n e g a t i v e ) i o n s are mandatory f o r development o f the blue 
c o l o r . Although some tr e a t m e n t s (17, 18) o f the complex assume 
t h a t the bound s p e c i e s i s I - (R = 1 ) , a c a r e f u l a n a l y s i s o f the 
e x i s t i n g d ata r e v e a l s no evidence f o r a s t r u c t u r e o f such h i g h 
charge d e n s i t y , a t l e a s t i n s o l u t i o n ( 1 , 19, 20). The most r e c e n t 
work on the s u b j e c t , u s i n g a v a r i e t y o f t e c h n i q u e s , f a v o r s R * 0.3 
(20) or R = 0.5 (8, 21). The l a t t e r v a l u e a r i s e s from X-ray c r y s -
t a l l o g r a p h i c s t u d i e s o f the α-cyclodextrin-I - complex (21) and 
resonance Raman and Moessbauer s p e c t r o s c o p y o f the a m y l o s e - i o d i n e 
complex and c e r t a i n model compounds ( 8 ) . S p e c t r o s c o p i c d e t e r m i n a 
t i o n s o f the f r e e and bound i o d i n e - c o n t a i n i n g s p e c i e s i n d i l u t e 
aqueous i o d i d e s o l u t i o n (20) have suggested the s t o i c h i o m e t r y o f 
s m a l l e r charge d e n s i t y R = 0.3 ± 0.1. These and othe r r e s u l t s 
thus support a s t o i c h i o m e t r y w i t h R i n the range 0.2-0.5 and sug
gest t h a t R may depend somewhat on such v a r i a b l e s as mean polymer 
c h a i n l e n g t h , i o d i d e and/or s a l t c o n c e n t r a t i o n , and p h y s i c a l s t a t e 
o f the complex ( i . e . , c r y s t a l l i n e or d i s s o l v e d ) . 

Some i n f o r m a t i o n a l s o e x i s t s c o n c e r n i n g the e n e r g e t i c s o f the 
complexation r e a c t i o n . In p a r t i c u l a r , the c o o p e r a t i v i t y o f the 
i o d i n e b i n d i n g process has been accepted f o r many years (22, 23). 
D i r e c t charge t r a n s f e r i n t e r a c t i o n between i o d i n e and the oxygen 
atoms o f the p o l y s a c c h a r i d e annulus has been proposed ( 9 , 24, 25), 
but i n the s o l i d s t a t e no such i n t e r a c t i o n has been found f o r the 
α-cyclodextrin-pentaiodide s t r u c t u r e ( 2 1 ) . Even more i n t e r e s t i n g 
i s the f i n d i n g t h a t α-cyclodextrin c r y s t a l l i z e d w i t h I2 i n the ab
sence o f I- does not have I2 m o l e c u l e s i n l i n e a r a r r a y but r a t h e r 
as i s o l a t e d molecules w i t h i n the d e x t r i n c a v i t y (2(3). The e n t h a l 
py o f complexation i s found to be c o n s t a n t f o r those changes i n 
r e a c t i o n c o n d i t i o n s which l e a v e max unchanged (20), and i t v a r i e s 
w i t h amylose c h a i n l e n g t h i n a way t h a t mimics the dependence o f 
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λ on the degree of polymerization (V\). We therefore believe 
t h a t the rather large enthalpy change Oca. -17 kcal/mole of bound 
I 2 ) must sustain i t s largest contribution from the cooperative 
interactions between the atoms of the l inear bound iodine chains 
and a much smaller contribution from interactions of the bound 
species with the polymer chain. These ideas are i m p l i c i t in the 
amylose-iodine binding model of Schneider and coworkers (27) who 
treated the system using a cooperative one dimensional Ising model 
with variable R. They were able to f i t their iodine binding data 
assuming a polyiodine chain of about 35 iodine atoms, a length 
considerably greater than the optimal iodine chain length suggest
ed by most other workers (J_, 9.). 

It i s clear from the accumulated evidence that the s t a b i l i z a 
tion energy of the complex can be real ized only i f the t r i i o d i d e 
ion i s present. Moreover, I ~ has a considerably higher a f f i n i t y 
for the polysaccharide
erative interactions alon
circumstances suggested to us that the complexation process i s 
ini tated by the binding of I " to the polysaccharide with subse
quent propagation of the polyiodine chain p r i n c i p a l l y by molecules 
of I^ (3) . In what follows we pursue the consequences of th i s 
idea using the matrix method o r i g i n a l l y developed by Zimm and 
Bragg (29) to treat the polypeptide helix c o i l t rans i t i on and 
adapted by Schneider (27) and others (30) to treat the case of 
cooperative binding of l igands to a macromolecule. Given the 
pseudo-helical trajectory characteriz ing s igni f icant sequences 
aqueous amylosic chain (3Y) , the present model allows the uncom
plexed polymer to occur in both h e l i c a l and random c o i l sequences 
(32). To be consistent with the known c r y s t a l l i n e structure of 
the complex (10) and the observed changes in amylose chain dimen
sions which accompany iodine binding (3,) , the model permits b ind
ing only to h e l i c a l sequences. 

Theoret ical Model 

Let the polymer chain be capable of assuming two d i f ferent 
conformational states, c o i l and he l ix , the l a t t e r capable of b ind
ing iodine as I^ or I Thus an amylose molecule may be descr ib
ed as a sequence of c o i l and helix s i t e s , which for present pur
poses can each be taken to comprise approximately six glucose 
residues. Coi l states can be denoted by c , unbound helix states 
by h , and helix states bound either to I^ or I " by b. We define 
"complex" as any uninterrupted sequence of b states, regardless of 
length. Then in the usual fashion (300 we define the s t a t i s t i c a l 
weight matrix LI indexed for s i tes i-1 and i as 

a. 
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A 1 h b c 

h Ί π ωρ 
b 1 η ωρ 
c 1 7Γ Ρ 

where each element g i v e s the r e l a t i v e p r o b a b i l i t y ( s t a t i s t i c a l 
weight) f o r f i n d i n g s i t e i i n a p a r t i c u l a r s t a t e h, b, or c s p e c i 
f i e d by the column i n d e x , g i v e n t h a t s i t e i - 1 i s i n the p a r t i c u l a r 
s t a t e i n d i c a t e d by the row index. A l l s t a t i s t i c a l weights are de
f i n e d r e l a t i v e to t h a t f o r the unbound h e l i c a l s t a t e which i s con
s e q u e n t l y assigned u n i t weight r e g a r d l e s s o f the s t a t e o f the 
preceding s i t e . The parameter π i s then the s t a t i s t i c a l weight 
f o r i n i t i a t i o n o f any new sequence o f complex through b i n d i n g o f 
I ~ at a s i t e which f o l l o w s any unbound s i t e , h or c. P r o p a g a t i o n 
o r any sequence o f complex d f o  s i m p l i c i t  t  o n l
through a d d i t i o n o f t
weight η. Parameters p an
Zimm-Bragg ( 2 9 ) parameters s and σ . Thus, p d e s c r i b e s the s t a t i s 
t i c a l weight o f a c o i l s t a t e r e l a t i v e to unbound h e l i x , and ω i s a 
j u n c t i o n or i n i t i a t i o n parameter to account f o r the p o s s i b l e coop-
e r a t i v i t y o f the p u t a t i v e c o n f o r m a t i o n a l t r a n s i t i o n i n amylose i n 
the absence o f i o d i n e . 

The p a r t i t i o n f u n c t i o n Ζ f o r a c h a i n o f m s i t e s i s g i v e n (30) 

by 

Ζ = Ρ U m Q ( 2 ) 

where 

Ρ = [1 0 0 ] , Q = (3) 

The average number o f sequences o f complex, n ( i . e . , the average 
number o f s e q u e n c e - i n i t i a t i n g I " ion s ) , and the average number o f 
propagating I m o l e c u l e s , n , may be obtai n e d by d i f f e r e n t i a t i o n 
o f Ζ (30) t ana these d e r i v a t i v e s may a l s o be computed as m a t r i x 
p r o d u c t s (33) 

„ s l l S Z s z-1 s G™ Τ (4) 

n = 3lnZ = ζ-1 s τ ( 5 ) 

η 3 ΐηη \Ρ */*η «/» 

where 
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S = [ 1 0 0 0 0 0 ] , T = (6) 

and, l e t t i n g α = π or η, 

** [8
(7) 

w i t h £ being the n u l l m a t r i x o f order t h r e e and U 1 = 3U/3lna. 
Connection o f the o r y w i t h experiment i s made through the observa
b l e parameters θ, d e f i n e d as the f r a c t i o n o f s i t e s bound, and 
de f i n e d above. These are g i v e n by 

R. 

θ = 
n + n 
JL n (8) 

R = n + n = L -1 (9) 

where L i s the average l e n g t h o f the complex sequences measured i n 
numbers o f b i n d i n g s i t e s . 

The number o f o b s e r v a b l e s d e s c r i b e d here i s not s u f f i c i e n t t o 
determine u n i q u e l y the s e v e r a l parameters o f the t h e o r y . We can, 
however, a s s i g n ρ and ω on the b a s i s o f independent i n f o r m a t i o n 
c o n c e r n i n g the confo r m a t i o n o f aqueous amy l o s i c c h a i n s i n the ab
sence o f i o d i n e . A r e a l i s t i c model o f aqueous amylose ( 3 1 ) d i s 
c l o s e s t h a t perhaps 25% o f an amylose c h a i n i n water might be 
c l a s s i f i e d as n e a r l y r e g u l a r h e l i x a t any i n s t a n t , but the c h a i n 
conformation i s extremely l a b i l e , and th e r e i s no evidence f o r any 
co n f o r m a t i o n a l c o o p e r a t i v i t y i n the absence o f i o d i n e . Hence, the 
c o o p e r a t i v i t y parameter ω may be set eq u a l to u n i t y , and f o r con
venience we a l s o take ρ = 1, which i m p l i e s equal p r o p o r t i o n s o f 
h e l i x and c o i l i n the absence o f i o d i n e . C a l c u l a t i o n s not r e p o r t 
ed i n d e t a i l here r e v e a l t h a t the r e s u l t s d e s c r i b e d below are 
q u i t e i n s e n s i t i v e to the exact n u m e r i c a l v a l u e o f ρ , p r o v i d e d ω = 
1 and ρ i s o f order u n i t y . 
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Parameters π and η c l e a r l y must depend on the respective con
centrations of I and I present in the system. I t i s conven
t i o n a l to express the equations for ligand binding to macromole
cules in terms of the concentrations of the free species, and i t 
i s r e a d i l y shown (30) that π and η are appropriately expressed by 

π = K J I ~ ] f (10) 

and 

η = K [ j v (11) n c. ι 
where Κ i s the i n t r i n s i c association constant for binding of I " 
to the polymer and Κ i s the constant for adding I ^ to the a l 
re a d y - i n i t i a t e d complex sequence. The parameter m, which counts 
the binding s i t e s per
approximately one-sixth
we s h a l l see, t h i s i d e n t i t y proves incorrect within the confines 
of the present simple model, and m must be l e f t as an adjustable 
parameter of the data f i t t i n g procedure. Hence, the t h e o r e t i c a l 
parameters ι (or Κ ), η (or Κ ), and m exceed by one the number of 
experimental quantities available in the present work. 

Let i t be noted f i n a l l y that the concentrations [I and 
[ I 2 ] f are not independent, but, rather, related through trie reac
tion stoichiometry 

I 2 + I " = I 3 ~ (12) 

The equilibrium constant for t r i i o d i d e formation i s about 10 
(34) , but since measured values of Κ are normally one or two 
orders of magnitude larger than this, 1 1 the above reaction i s an 
ef f e c t i v e buffer for I^. Thus propagation of the polyiodine chain 
of the complex sequence depends, in e f f e c t , on t o t a l free iodine 
[I " ] f + [Ip^f» a n d the equilibrium in Equation 12 has been taken 
i n i o account in generating binding isotherms with the theory. 

Experimental 

In order to produce a continuous binding isotherm (25°C) under 
rigorously controlled conditions the method of gradient d i l u t i o n 
(35) was used. A solution containing polymer and I " at known 
concentrations was used to d i l u t e continuously a second s o l u t i o n , 
i d e n t i c a l except for the presence of I^ at a known concentration 
high enough to saturate the amylose binding s i t e s . The mixture, 
increasingly d i l u t e in iodine, i s pumped through a flow c e l l in 
the spectrophotometer and monitored at λ = 640 nm. The polymer 
sample was s l i g h t l y substituted (DS = 0.3) carboxymethylamylose 
( CMA). Use of the io n i c d e r i v a t i v e as a model for amylose obvi
ates problems with the s o l u b i l i t y of unsubstituted amylose i n the 
presence of iodine (_3, 32). A l l materials and the gradient d i l u -
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t i o n spectrophotometeric method have been d e s c r i b e d elsewhere ( 3 ^ 
20 ) . Instrument parameters c h a r a c t e r i s t i c o f the g r a d i e n t m i x i n g 
system were determined by d i l u t i n g w i t h water an aqueous s o l u t i o n 
o f t r i s ( e t h y l e n e d i a m i n e ) c o b a l t ( I I I ) p e r c h l o r a t e , aqueous s o l u t i o n s 
o f which conform to the Lambert-Beer Law over a wide range o f con
c e n t r a t i o n . Hence, the absorbance A at time t ( c o r r e c t e d f o r the 
time l a g between mix i n g chamber and spectrophotometer c e l l ) i s 
giv e n f o r the e x p o n e n t i a l g r a d i e n t used by 

A = A Q e x p ( - a t ) (13) 

where a = f/v i s the r a t i o o f the f l o w r a t e f to the volume o f the 
mixing chamber v. In a t y p i c a l experiment the measured f = 1.503 
ml/min and a = 0.0628 min" to y i e l d ν = 23.93 ml. D i r e c t mea
surement o f ν y i e l d e d 24.0 ml to co n f i r m the r e l i a b i l i t y o f Equa
t i o n 13. S l i g h t change  i  flo  fro  da  da  mad  i
neces s a r y to determine t h i

R e s u l t s 

E x p e r i m e n t a l B i n d i n g Isotherms. E x p e r i m e n t a l b i n d i n g i s o 
therms, p l o t t e d as A v s . [ I ] . Ξ [ I + [I2]t, are shown i n F i g 
ure 1 f o r CMA a t pH 6 f o r t h r e e d i f f e r e n t potassium i o d i d e con
c e n t r a t i o n s , Under the c o n d i t i o n s o f these experiments no 
c o r r e c t i o n o f [ I ] t f o r d i s p r o p o r t i o n a t i o n o f I2 was r e q u i r e d . 
For purposes o f comparison w i t h t h e o r y we convert A t o 0 u s i n g the 
d e f i n i t i o n θ Ξ (A - A )/(A - A ), where A i s the valu e o f A a t 
i n f i n i t e d i l u t i o n o f I (t°= . I t i s a l s o p o s s i b l e to co n v e r t 
[ I ] t to [ I ] f Ξ + [I2]f using c o n s e r v a t i o n o f t o t a l i o d i n e 
and spectrophotomexric a n a l y s i s o f [ I " ] , + Clp-'b' A l t e r n a t i v e l y , 

and as a c o n t r o l , d i r e c t s p e c t r o p h o t o m e t r y measurement o f [ I ~ ] f 

and [ I 2 3 f i s p o s s i b l e . 
T h e o r e t i c a l B i n d i n g Isotherms. F i g u r e 2 shows a t y p i c a l p l o t 

o f 0 v s . [ 1 ] f . The p o i n t s r e p r e s e n t e x p e r i m e n t a l data taken from 
curve a o f F i g u r e 1, and the curves are t h e o r e t i c a l i s o t h erms c a l 
c u l a t e d u s i n g Equation 8 and co r r e s p o n d i n g to the v a l u e s f o r the 
parameters Κ , Κ , and m give n i n the f i g u r e l e g e n d . The p o s i t i o n 
o f the t h e o r e t i c a l c u r v e s along the [ I ] f a x i s i s governed p r i m a r i 
l y by the value o f Κ , w h i l e Κ and m c o n t r o l the slope and sym
metry o f the isotherm*. The search f o r t h e o r e t i c a l parameters g i v 
i n g the best f i t t o the m i d p o i n t , ( I n [1]f.) - 1 / 2 · a n d s l ° P e a t t n e 

m i d p o i n t , (3θ/8lη [ I ] f ) i / 2 , o f the expe r i m e n t a l isotherms was 
c a r r i e d out by a g r a p h i c a l procedure ( 3 6 ) . In t h i s way a s e r i e s 
o f b i n d i n g isotherms f o r CMA at pH = 6, 25°C, and w i t h i n 
the range 1 0 - 1 0 M has been f i t w i t h Κ = (4.85 ± 0.35) x 10 , 
Κ = (1.30 ± 0.08) χ 10 , and m = 3-4. f i g u r e 2 e x e m p l i f i e s the 
q u a l i t y o f f i t a c h i e v e d . 

We take the d i s c r e p a n c y between the v a l u e s o f m r e q u i r e d t o 
f i t the ex p e r i m e n t a l d a t a and the p o t e n t i a l number o f b i n d i n g 
s i t e s i n the polymer c h a i n , i . e . , x/6 = 300, t o be a c l e a r r e f l e c -
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Figure 1. Experimental binding isotherms for CMA (0.1 g/L, pH 6) plotted as A 
(pathlength—0.2 cm) vs. the natural logarithm of [I]t for various [I']t: (a) 1.0 χ 

10~2M; (b) 2.0 χ W3M; and (c) 8.0 χ 104M. 

0.2 

Figure 2. The experimental isotherm of Curve a in Figure 1 (O) plotted as the 
degree of saturation θ vs. the natural logarithm of [I]f. Curves are theoretical iso
therms corresponding to [Tt] = 1.0 X 10~2 and the choices of parameters: (α) Κ π 

= 1.22 χ 104, K, = 5.25 χ 105, m = 3; (b) Κ π 1.37 Χ 104, Kv = 4.50 χ 
105, m = 4. 
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t i o n o f the inadequacy o f Equation 11, which i m p l i e s t h a t the 
propaga t i o n c o n s t a n t Κ f o r extending the complex sequence i s i n 
dependent o f sequence l e n g t h . Whatever the o r i g i n o f the cooper
a t i v e i n t e r a c t i o n along the l i n e a r i o d i n e c h a i n , i t c l e a r l y de
pends f o r i t s r e a l i z a t i o n on the presence o f I ~. I t i s t h e r e f o r e 
c o n s i s t e n t w i t h the fundamental assumptions o r the present model, 
i . e . , i n i t i a t i o n o f complex by I ~ and p r o p a g a t i o n ( p r e d o m i n a n t l y ) 
by I 2 , t h a t the range o f the c o o p e r a t i v e i n t e r a c t i o n should be 
co n f i n e d to 3-4 b i n d i n g s i t e s . T h i s evidence t h a t long p o l y i o d i n e 
sequences do not develop i n the complex a t any degree o f s a t u r a 
t i o n i s moreover c o n s i s t e n t w i t h the hydrodynamic r e s u l t s ( 1 , 3. 
4, 5) which show no i n d i c a t i o n o f s t i f f e n i n g or e x t e n s i o n o f the 
d i s s o l v e d a m ylosic random c o i l when the i o d i n e complex i s formed, 
even at hi g h Θ. Inadequacies d i s c l o s e d i n the model by the d i s 
crepancy between m and x/6 c o u l d presumably be addressed by a r e 
v i s i o n of Equation 11 whic
c h a i n l e n g t h . We w i l
i n s t e a d pursue o t h e r a t t r i b u t e s o f the present model, which i s not 
v i t i a t e d by the d e f i c i e n c i e s o f Equation 11 p r o v i d e d a t t e n t i o n i s 
r e s t r i c t e d to modest v a l u e s o f Θ f o r which the problems engendered 
by Equation 11 are avoided ( c f . s e q . ) . 

C o m p a r i s o n o f T h e o r e t i c a l and E x p e r i m e n t a l Complex S t o i c h i o m -
e t r i e s . With the v a l u e s o f Κ and Κ e s t a b l i s h e d i n f i t t i n g the 
CMA b i n d i n g isotherms we have next used Equation 9 to compute L, 
the average l e n g t h o f the complex sequences, as a f u n c t i o n o f the 
number o f b i n d i n g s i t e s m f o r o l i g o m e r i c amyloses a t θ = 1/2. 
R e s t r i c t i n g a t t e n t i o n to θ = 1/2 a v o i d s the u n r e a l i s t i c a l l y l o n g 
p o l y i o d i n e c h a i n s p r e d i c t e d by the model f o r l a r g e m at hig h θ. 
The r e s u l t s f o r C l ~ ] t = 10 M are presented i n F i g u r e 3a as a 
p l o t o f L j/2 v s . χ = 6m. Because the present model p e r m i t s o n l y 
one I ~ per complex sequence, the s t o i c h i o m e t r y R o f the complex 
i s r e l a t e d s i m p l y to L as g i v e n i n E q u a t i o n 9. Thus, the asymp
t o t i c v a lue o f L <|/p = 3.7 corresponds t o Κ θ _ 1 / 2 - 0.27, i n ex
c e l l e n t agreement" w i t h r e c e n t e x p e r i m e n t a l o b s e r v a t i o n s o f R f o r 
the same polymer ( 2 0 ) . Furthermore, l Q _ - J / 2

 I S Q u i t e s i m i l a r t o 
the v a l u e s o f m r e q u i r e d to o b t a i n the "best f i t to the b i n d i n g 
i s o t h e r m s . Thus, the mean s t o i c h i o m e t r y o f the bound s p e c i e s 
which emerges from the present model i s app r o x i m a t e l y I ~ . I f 
these p o l y i o d i n e sequence l e n g t h s are r e a l i s t i c , then the r e s t r i c 
t i o n o f each sequence to a s i n g l e n e g a t i v e charge as imposed by 
t h i s model i s p r o b a b l y q u i t e r e a s o n a b l e . 

In F i g u r e 3b e x p e r i m e n t a l v a l u e s (14) o f λ v s . χ are shown 
as open c i r c l e s f o r c o n d i t i o n s o f [ l " ] t comparaole t o those used 
to generate F i g u r e 3a; the dashed curve i s si m p l y an e m p i r i c a l 
c o r r e l a t i o n o f the e x p e r i m e n t a l d a t a . The r e s u l t s shown i n F i g 
ures 3a and 3b can both be l i n e a r i z e d by p l o t t i n g the i n v e r s e o f 
the o r d i n a t e v a l u e s v s . x~ . Si n c e the e x p e r i m e n t a l dependence o f 
λ on χ i s w i d e l y b e l i e v e d (1) to r e f l e c t changes i n average 
complex sequence l e n g t h , I t i s i n t e r e s t i n g t o note the s i m i l a r 
( l i n e a r ) dependences o f λ~ and L~ / 0 on x~ . E l i m i n a t i n g x~ 
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between the two l i n e a r e x p r e s s i o n s y i e l d s Equation 14 

Xmax = 1 · 2 1 x 1 0 " 3 + ( 1 · 7 x 1 0 " 3 ) L9 _Il/2 
which r e l a t e s λ m and L_Ι/ 2· This r e l a t i o n s h i p , which e v i d e n t l y 
i s m e aningful o n l y i f the ̂ r e s u l t s i n Fi g u r e 3a are c o r r e c t , has 
been used to c a l c u l a t e λ ~ a x from the v a l u e s o f L0- 1/2 computed 
w i t h the theory f o r s e v e r a l a ) v a l u e s o f x; these r e s u l t s are p l o t t e d 
as the f i l l e d squares i n F i g u r e 3b. 

Dependence o f Complex S t o i c h i o m e t r y on I o d i d e C o n c e n t r a t i o n . 
Using the v a l u e s o f Κ and Κ p r e v i o u s l y e s t a b l i s h e d and t a k i n g m 
= 20, the value o f L_<|/2 has been c a l c u l a t e d as a f u n c t i o n o f 
[I-]f. R e s u l t s are plotted as the dashed curve i n F i g u r e 4a. As 
expected, the average l e n g t h o f the p o l y i o d i n e c h a i n s d e c l i n e s 
w i t h i n c r e a s i n g [ I ~ ] f f o r f i x e d θ = 1 / 2 , because h i g h e r 
r e s u l t s i n more c h a i n i n i t i a t i o n
bound i o d i n e . When L

e _ i /
the r e s u l t s shown as fhe lower dashed l i n e i n F i g u r e 4b are ob
t a i n e d . E x p e r i m e n t a l d a t a (Ή5, 19) f o r λ a x

 v s - are pr e 
sented i n F i g u r e 4b f o r comparison; l i n e s through the e x p e r i m e n t a l 
p o i n t s are e m p i r i c a l c o r r e l a t i o n s o n l y . It would appear t h a t the 
p r e d i c t e d dependence o f L

Q _ 1 / 2 on [ I ~ ] f i s too s t r o n g , p a r t i c u l a r 
l y i n comparison w i t h the e x p e r i m e n t a l r e s u l t s o f Ono et a l . ( 1 6 ) . 
T h i s , we suppose, r e f l e c t s a d e f i c i e n c y i n Equation 10, which im
p l i e s t h a t the m i c r o s c o p i c b i n d i n g c o n s t a n t f o r I " i s independent 
o f the number o f I a l r e a d y bound. Because I3- i s n e g a t i v e l y 
charged, i t i s more r e a l i s t i c to imagine t h a t the " b i n d i n g c o n s t a n t 
d e c l i n e s as the n e g a t i v e charge d e n s i t y on the polymer c h a i n i n 
c r e a s e s . This e l e c t r o s t a t i c e f f e c t can be taken i n t o account most 
s i m p l y (37, 38) by r e p l a c i n g Equation 10 w i t h Equation 15 

Κ [I " ] r 

n = Κ π [ Ι 3 " ] Γ exp[ - 5 \ (15) 
1 + κ π [ I 3 ] f 

where the argument o f the e x p o n e n t i a l f a c t o r i s j u s t the f r a c t i o n 
o f the I " which i s bound. With t h i s simple m o d i f i c a t i o n o n l y , 
the t h e o r y now y i e l d s the s o l i d c u r v e s i n F i g u r e s 4a and 4b, and 
agreement w i t h experiment i s s i g n i f i c a n t l y improved. E l a b o r a t i o n s 
of Equation 15 c o u l d c l e a r l y improve the agreement s t i l l f u r t h e r , 
but such e f f o r t s are not j u s t i f i e d i n the present c o n t e x t owing to 
the simultaneous d e f i c i e n c i e s i n Equation 11 a l r e a d y d i s c u s s e d . 
F i n a l l y , l e t i t be noted t h a t attempts t o c a l c u l a t e the dependence 
o f λ on θ w i t h the present simple model were u n s u c c e s s f u l . 
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Figure 3. (a) Calculated average length of the complex sequences at θ = 1/2, 
he =i/2, as a function of the amylose degree of polymerization χ for Κπ = 1.37 X 
ΙΟ4, Κ η = 4.50 χ 105, and [Ft] = 1.0 χ 10~3M. (b) Experimental results (\4) 
for λη,αχ vs. the degree of polymerization χ (Ο ); an empirical correlation of these 
data ( ). Values of \ m a x calculated for various values of χ as described in the 

text (B). 

650 

550 

-4 - 5 
log [Γ] 

Figure 4. (a) Calculated average length of the complex sequences at θ = 1/2, 
Le = 7 / 2, as a function of the base 10 logarithm of [I']f for the conditions of Curve b 
of Figure 2 using Equation 10 (—and Equation 15 ( ). (b) Experimental 
measurements of k,„ax as a function of the base 10 logarithm of [I']f from Refs. 16 
(O) and 19 (%); curves through these points are empirical correlations of the data. 
The solid and dashed curves are calculated, respectively, from Le=i/2 given by the 

solid and dashed curves of Figure 4a using Equation 14. 
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Conclusions 

We have shown that a model for amylose-iodine binding, based 
on i n i t i a t i o n of binding by I " and propagation (primarily) by I^, 
i s consistent with many of the experimentally observed character
i s t i c s of the system. The qual i ta t ive dependence of χ both on 
amylose chain length and iodide concentration has been reproduced. 
The model i s furthermore quant i tat ive ly consistent with the ob
served stoichiometry R of the dissolved CMA-iodine complex and 
suggests strongly, consistent with independent evidence of various 
types, that the mean length of the complex sequences i s only about 
7-9 iodine atoms. Evident def ic iencies in the present simple 
model relate p r i n c i p a l l y to Equations 10 and 11, which character
ize binding of and I "", respect ive ly , to the polymer by the 
single binding constants^ Κ and Κ and thereby ignore ( a n t i ) -
cooperative effects which  surel$ present  Thes  shortcoming
in the model force us t
f i t t i n g parameter rathe  give  physica
of the system, and may explain our i n a b i l i t y to reproduce the 
dependence of χ on 9. We have pointed out ways in which the 
weaknesses of tlie amodel might be removed, but this would obviously 
be accomplished only at the cost of introducing addit ional parame
t e r s . It seems to us therefore that despite i t s approximate char
acter, the present simple model may represent a constructive exer
cise that can i l luminate some of the detai led features of the 
amylose-iodine system. 
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Abstract 

A model for amylose-iodine binding i s presented in which i t i s 
assumed that sequences of bound iodine are i n i t i a t e d by t r i i o d i d e 
and propagated (pr inc ipa l ly ) by iodine . The theory i s developed 
using the matrix method of Zimm and Bragg; experimental isotherms 
for the binding of iodine to aqueous carboxymethylamylose (CMA) 
were generated using the gradient d i l u t i o n method of Biltonen and 
coworkers. After establ ishing the best values of the theoret ica l 
parameters by f i t t i n g theoret ica l isotherms to the experimental 
data, the mean stoichiometry of the complex sequences was ca lcu
lated with the theory to be I ~-I ~ . The predicted charge density 
of the complex i s thus in quantitat ive accord with experimental 
observations of Cesaro and coworkers on the aqueous CMA-iodine-
iodide system. The theory also reproduces the qua l i ta t ive depen
dence on amylose chain length and iodide concentration of the 
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wavelength of maximum absorbance of the complex. The experimental 
j u s t i f i c a t i o n for the basic assumptions of the model are presented 
as are suggestions for rendering the simple theory more r e a l i s t i c . 
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The Interaction of Sodium Dodecyl Sulfate, a 
Competing Ligand, with Iodine Complexes of 
Amylose and Amylopectin 
SHOBHANA V. BHIDE, MEENA S. KARVE, and N. R. KALE 

Department of Chemistry, Division of Biochemistry, University of Poona, 
Poona-411 007, India 

Amylose and amylopecti
polymers of oc-D-glucos
(I5 ) i n aqueous systems to give the c h a r a c t e r i s t i c 
blue coloured complexes. 

The h e l i c a l nature of the amylose-iodine-complex, 
with s i x D-glucose units i n the C - l configuration per 
turn of the h e l i x and the iodine molecules packed 
in s i d e the lumen, p a r a l l e l to the axis of the h e l i x 
has been w e l l established by X-ray d i f f r a c t i o n studies 
( 1 j . E l e c t r o n microscopic studies of amylose-iodine-
complex i n the form of f i b r i l s have revealed rod l i k e 
structures with 40 nm i n diameter and the length 
depending on the degree of polymerization of the 
polymer chain, and the h e l i c e s folded p a r a l l e l to the 
long axis (2). The recent studies of t h i s complex by 
Raman resonance and iodine-129 Mossbauer spectroscopy 
have provided evidence f o r the presence of IE species 
within the amylose h e l i x ( I - I — I " — I - I ) (3). 

U l t r a f i l t r a t i o n studies have demonstrated that 
a d d i t i o n of excess of iodine to amylose s o l u t i o n comp
l e t e l y prevents the passage of amylose molecules 
through the f i l t e r . This i s a t t r i b u t e d to the iodine 
induced c o i l — H a e l i x t r a n s i t i o n , forming rather t i g h t 
h e l i c e s i n the amylose-iodine-complex (4). 

Amylose also forms c r y s t a l l i n e h e l i c a l complexes 
with a v a r i e t y of organic compounds such as 1-butanol, 
f a t t y acids, dimethyl sulphoxide etc. (£,6,7). The 
h e l i c a l complexes of amylose with SDS, 1-butanol and 
cyclohexanol are found to be r e s i s t a n t to the ac t i o n 
of amylases (8,£). 

Physicochemical methods employed f o r the study of 
conformation of amylose i n the free and complexed 
state have f a i l e d to detect any s i g n i f i c a n t change i n 
conformation of amylose on complexing. The extensive 
work on hydrodynamic studies (10,1jj suggests that 
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amylose i n neut r a l aqueous s o l u t i o n e x i s t s as a f l e x i 
ble random c o i l and i n the presence of complexing 
agents forms compact h e l i c a l c o i l s with ligand mole
cules caged inside the h e l i c e s . The h e l i c a l regions 
having 110-130 D-glucose units are interspersed by 
random c o i l regions, which contribute f l e x i b i l i t y to 
the polymer chain ( 1_2). 

Potentiometric studies by Bates, French and Rundle 
(1 3) have shown that amylose combines with iodine i s o -
p o t e n t i a l l y and the p o t e n t i a l i s c h a r a c t e r i s t i c of 
amylose f o r i t s degree of polymerization and suggests 
a high c o o p e r a t i v i t y . However equilibrium (V4) and 
k i n e t i c (1J3) studies i n d i c a t e moderate co o p e r a t i v i t y 
of the r e a c t i o n . On the basis of experimental evidence 
and computer model b u i l d i n g , Brant and h i s coworkers 
(L̂ tiZ) have concluded that amylose i n aqueous s o l u 
t i o n behaves as a s t a t i s t i c a
character and i n th
acquires a h e l i c a l conformation. A Monte Carlo study 
of amylose chain conformation has shown that an appro
p r i a t e molecular model of amylose chain can generate 
a randomly c o i l e d chain with perceptible regions of 
l e f t handed pseudohelical backbone t r a j e c t o r y ( 1 8 ) . 

The e x t i n c t i o n c o e f f i c i e n t of the amylose-iodine-
complex, the wavelength of the maximum absorption and 
the s t a b i l i t y i s influenced by the degree of polymeri
zation of the amylose chain (]_£, 20,21_, 22). Formation 
or xhe amylose-iodine-complex i s af f e c t e d by tempera
ture, pH, i o n i c strength, concentration of iodide ions 
and the nature of amylose. 

The study of the influence of solvents on the 
formation of the starch-iodine-complex has revealed 
that the water requirement i s not r e l a t e d to ei t h e r 
the dipole moment or the d i e l e c t r i c constant of the 
solvent (2^5). Moulik and Gupta have shown that surfac
tants and cosolvents, mainly d e s t a b i l i z e the amylose-
iodine-complex, and the o v e r a l l p o l a r i t y of the mixed 
medium i s i n s u f f i c i e n t to systematize the solvent 
e f f e c t (24). Ono et a l have reported that the blue 
colour of the amylose-iodine-complex i s not formed i n 
dimethyl sulphoxide-water mixtures containing l e s s 
than 28 moles of water per l i t r e (25). 

A l l these observations i n d i c a t e that c o i l — ^ h e l i x 
t r a n s i t i o n of amylose i n the presence of complexing 
agents involves only minor s t r u c t u r a l changes. The 
enthalpy change of t h i s complex formation i s -11 to 
-20 k cal/mol iodine (26). 

Our e a r l i e r studies on the ligand induced s t r u c 
t u r a l changes i n amylose p a r t i a l l y complexed with 
iodine have shown that competing ligand produces a 
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drop i n absorbance at 640 nm and i s accompanied by a 
blue s h i f t (640-580 nm) i n the absorption spectrum. 
We had chosen an iodine d e f f i c i e n t system i n order to 
avoid the s t a b i l i z i n g influence of iodine ions on the 
complex. Under these conditions, iodide ions generated 
by h y d r o l y s i s of iodine are s u f f i c i e n t to produce a 
stable, blue coloured amylose-iodine-complex, though 
the i n t e n s i t y i s low. However, t h i s system was found 
to be very s e n s i t i v e to the generation of iodide ions, 
due to the oxidation of trace impurities i n the ligand. 
In the homologous s e r i e s of alocohols, the blue s h i f t 
that was observed was more pronounced as the length of 
the hydrocarbon chain increased, implying that nonco-
valent i n t e r a c t i o n s l i k e Η-bonds, Van der Waals forces, 
hydrophobic i n t e r a c t i o n s and water play an important 
role i n s t a b i l i z i n g these h e l i c a l structures (27). 
Hollo'et a l have als
on the s t a b i l i t y of
Kim and Robinson have shown that the h e l i c a l confor
mation of amylose was the most important f a c t o r i n 
the binding of surfactant molecules i n the h e l i c a l 
c a v i t y of amylose chain, r e s u l t i n g i n a s l i g h t 
decrease i n the i n t r i n s i c v i s c o s i t y , f a l l i n the 
p-amylolysis l i m i t and the iodine binding capacity (29) 

A recent report on the i n t e r a c t i o n of amylose with 
a hydrophobic fluorescent probe, has shown that i t 
enhances the fluorescence i n d i c a t i n g the presence 
of a hydrophobic environment (30). 

In t h i s paper, we present some of our observations 
on the nature of the amylose-iodine-complex/amylo-
pectin-iodine-complex using SDS as a complexing 
ligand-probe which might shed some l i g h t on the ligand 
induced s t r u c t u r a l changes i n amylose and amylopectin. 

M a t e r i a l s and Methods 

A l l reagents were of f A n a l a r f grade, and water 
d i s t i l l e d i n a l l - g l a s s apparatus was used. Sodium 
dodecyl sulphate (SDS), Fluka (Switzerland), 90-93$ 
was r e c r y s t a l l i z e d t h r i c e from ethanol. S t e a r i c a c i d , 
p a l m i t i c a c i d and m y r i s t i c a c i d , a l l of extra-pure 
quality{99%) were obtained from SISCO Research Lab., 
Bombay. 

A high molecular weight potato amylose was 
prepared by the urea d i s p e r s i o n method and i t was 
preserved as a wet p r e c i p i t a t e i n ethanol(6o%) at 
+4°C (2L). Potato amylopectin was i s o l a t e d from 
potato starch by the same method, and trace quanti
t i e s of amylose from amylopectin f r a c t i o n were removed 
by adsorption on defatted c e l l u l o s e ( £ 2 ). Amylose and 
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amylopectin solutions were prepared by dis p e r s i o n i n 
NaOH(1.0 M) at room temperature(26-28°C) followed by 
n e u t r a l i z a t i o n with HC1(0.5 M) to pH 7.0, and c e n t r i -
fuged(2,4l8 g) before use. Freshly prepared solutions 
were used and the polysaccharide content was deter
mined by the phenol-sulphuric a c i d method (33). 

TABLE I 

Char a c t e r i z a t i o n of potato amylose and amylopectin (31) 

•«j}-amylolysis I n t r i n s i c 
Limit(#) v i s c o s i t y 

i o : 2 . i r U / 

48-50 1.49 

Iodine Blue 
Binding Value 
Capacity (BV) 
(IBC) 

Amylose 19.8 
Amylopectin 0.21 0.16 
* Expressed as percent conversion to maltose 

Blue value reagent (BVR) - Iodine (7.87 χ 10"*M) + 
KI (1.21 χ 10"2M) was used f o r the iodine s o l u t i o n d j ) , 
The reations were c a r r i e d out i n glass-stoppered 
t e s t tubes maintained at 30°C ( + 0.05°) i n a thermo
s t a t . The spectrophotometry records were made on 
SHIMADZU UV 300, at 30°C ( + 0.05°) i n quartz c e l l s 
(1.0 cm), using water as a~blank. 

Influence of iodine (BVR) on the formation of blue 
coloured amylose-iodine-complex(34): I t was studied 
to determine the optimum concentration of iodine that 
gives maximum absorbance at 640 nm, without p r e c i p i 
t a t i o n of the complex. A system containing amylose 
(0.07 mg) - 0.2 ml + acetate buffer(pH 4.8, 0.1 M) -
0.5 ml + iodine(BVR - 0.1—^0.8 ml) + water to make the 
t o t a l volume to 5.0 ml, was maintained at 30 C f o r 30 
minutes to a t t a i n the equilibrium and the spectra were 
recorded. The iodine concentration (BVR-0.6 ml) gi v i n g 
the maximum absorbance at 640 nm was chosen to study 
the influence of the competing ligands l i k e SDS and 
f a t t y a c i d s . 

Influence of SDS on iodine complexes of amylose 
and amylopectin : (Figure 1) A system containing 
amylose(0.07 mg) - 0.2 ml/amylopectin(0.1 8 mg) - 0.3 
ml + acetate buffer(pR 4.8, 0.1 M) - 0 .5 ml + SDS 
(1.0 x 10~4M) - 0.2-V5.0 ml was e q u i l i b r a t e d at 30°C 
f o r 30 minutes followed by the a d d i t i o n of iodine(BVR) 
- 0.6 ml and the t o t a l volume was adjusted to 5.0 ml 
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Figure 1. Amylose-SDS-iodine complex (Q); amylopectin-SDS-iodine complex 
(A); absorbance (ABS) (\max)-

Figure 2. (A) Difference spectra: amylose-SDS-iodine complex minus amylose-
iodine complex in acetate buffer, pH 4.8, for three different sequences (1, 2, and 3). 
(Β) Absorption spectra for amylose-SDS-iodine complex in acetate buffer, pH 4.8, 

for three different sequences (1,2, and 3). 
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with water. The system was maintained at 30°C f o r 30 
minutes to a t t a i n the equilibrium and the absorbance 
was recorded at the respective λ max. 

Sequence studies : ( Figure 2 & 3) The system was 
same as described above. The reagents were added i n 
the sequence given i n Figure - 2 . Iodine solution(BVR) -
0.6 ml and SDS s o l u t i o n (1.0 χ 10"^M) - 2.0 ml were 
used i n t h i s system. The blank (b) was without SDS. 

Perturbation studies : Reduction of iodine with 
sodium thiosulphate (Figure 4 & 5) The system was 
same as described f o r the sequence studies. Two sets 
of experiments were run under i d e n t i c a l conditions. 
Iodine was completely reduced by adding required 
amount of sodium thiosulphate( 1 .0 χ 10""3M). One set 
was e q u i l i b r a t e d at 30°C and the other at 60 C f o r 30 
minutes r e s p e c t i v e l y  The set maintained at 6o°C was 
cooled to 30°C and
adding iodine ( B V R )
f o r 30 minutes at 30°C. 

Influence of urea on amylose-iodine-complex/ 
amylose-SDS-iodine-complex The d e s t a b i l i z i n g influence 
of urea on the absorbance of amylose-iodine-complex 
was in v e s t i g a t e d by recording the absorbance at 640 run 
in the presence of urea(1.6—*5 .3 M). A system contain
i n g amylose(0.07 mg) - 0 .2 ml + acetate buffer(pH 4 .8 , 
0.1 M) - 0 .5 ml + iodine(BVB) - 0.5 ml + urea (8 M) -
1.0-*2·8 ml was adjusted to 5.0 ml with water. The 
system was e q u i l i b r a t e d at 30°C f o r 30 minutes and 
absorbance was recorded at 640 nm (Figure 6A). 

Influence of urea (1.6—*5.3 M) on amylose-SDS-
iodine-complex was studied by using e s s e n t i a l l y the 
same system as described f o r the sequence studies. 
The sequence-1 which gave maximum reduction i n absor
bance (640 nm) was chosen f o r t h i s experiment. The 
increase i n absorbance at 640 nm was recorded to study 
the perturbation caused by urea (1.6—*5.3 M) to over
come the i n h i b i t o r y influence of SDS (Figure 6B). 

Perturbation with urea (Figure 7 ) : The system 
contains amylose(0.07 mg) - 0 .2 ml, acetate buffer 
(pH 4 .8 , 0.1 M) - 0 .5 ml, SDS(1.0 x 10~4M) - 1.0 ml, 
urea (8 M) - 2.8 ml. The reagents were mixed i n the 
sequence (1 , 2 & 3) as given i n Figure 7. The blank (b) 
was without SDS. Two sets of experiments were conduc
ted under i d e n t i c a l conditions. One set was e q u i l i 
brated at 30°C and the other at 60 C f o r 30 minutes 
r e s p e c t i v e l y . The set maintained at 60°C was cooled 
to 30°C and iodine solution(BVR) - 0 .5 ml was added 
to both the sets followed by e q u i l i b r a t i o n f o r 30 
minutes at 30°C. 
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S E Q U E N C E S T U D I E S F O R A M Y L O P E C T I N - S D S - I O D I N E 

- C O M P L E X 

WAVELENGTH ( n m ) 

Figure 3. (A) Difference spectra: amylopectin—SDS-iodine complex — amylopec-
tin-iodine complex in acetate buffer, pH 4.8, for three different sequences (1, 2, 
and 3) as given in Figure 2. (B) Absorption spectra for amylopectin-SDS-iodine 
complex in acetate buffer, pH 4.8, for three different sequences (1,2, and 3) as 

given in Figure 2. 
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P E R T U R B A T I O N S T U D I E S F O R A M Y L O S E - S D S - I O D I N E 

- C O M P L E X W I T H S O D I U M T H I O S U L P H A T E 

WAVELENGTH ( n m ) 

Figure 4. Absorption spectra of amylose-SDS-iodine complex in acetate buffer, 
pH 4.8, for three different sequences (1,2, and 3). (A) The iodine was reduced 
with sodium thiosulfate, equilibrated at 60°C for 30 min, cooled to 30°C, and 
reiodinated. (B) The iodine was reduced with sodium thiosulfate, equilibrated at 

30°C for 30 min, and reiodinated. (C) Control. 
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PERTURBATION OF AMYLOPECTIN-SDS - IODINE -
COMPLEX BY SODIUM THIOSULPHATE 

•Oj I 1 I I 1— 
200 300 A00 500 600 700 

WAVELENGTH (nm) 

Figure 5. Absorption spectra of amylopectin-SDS-iodine complex in acetate 
buffer, pH 4.8, for three different sequences (1,2, and 3) as given in Figure 4. 
(A) The iodine was reduced with sodium thiosulfate, equilibrated at 60°C for 30 
min, cooled to 30°C, and reiodinated. (B) The iodine was reduced with sodium 

thiosulfate, equilibrated at 30°C for 30 min, and reiodinated. (C) Control. 
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=ii-o 
INFLUENCE OF UREA (16—~5·3 M) ON AMYLOSE-IODINE 
-COMPLEX AND AMYLOSE-SDS-IODINE -COMPLEX 

WAVELENGTH (nm) 

Figure 6. (A) The destabilizing influence of urea on the absorbance of the blue-
colored amylose-iodine complex. (B) The inhibitory influence of SDS on the 
absorbance of amylose-iodine complex is overcome by urea; *, 4.5M urea. The 

arrow indicates the increasing concentration of urea (1.6-> 5.3M). 

PERTURBATION STUDIES FOR AMYLOSE-SDS-IODINE 
-COMPLEX WITH UREA (4.5 M) 

b - AMYLOSE + UREA + BVR 

i-04 1 L _ , , , I 

200 300 ZÔÔ 500 600 7 0 0 8 0 0 

WAVELENGTH (n m) 

Figure 7. Absorption spectar of amylose-SDS-iodine complex in acetate buffer, 
pH 4.8, for three different sequences (1, 2, and 3) as given above. (A) Urea (4.5M) 
was added and the system was equilibrated at 60°C for 30 min, cooled to 30°C, 
followed by the addition of iodine. (B) Urea (4.5M) was added and the system 
was equilibrated at 30°C for 30 min, followed by the addition of iodine; b = blank 

without SDS. 
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Determination of Κρ,5: The concentration of iodine 
( K Q C) required to reduce the absorbance (640nm) to 

a value, h a l f that of the saturation l e v e l i s 
found to be very c h a r a c t e r i s t i c f o r a given polysa
ccharide. For these experiments the system described 
above f o r the determination of optimum concentration 
of iodine f o r the formation of blue coloured amylose-
iodine-complex was used. The polysaccharide concen
t r a t i o n was kept constant and the iodine concentration 
was varied ( BVR - 0.1->0.8 ml). The concentration of 
polysaccharides used f o r the determination of t h e i r 
K O . 5> i n t h i s system were, amylose(0.07-0.09 mg), 

amylopectin(0.18-0.20 mg), potato starch(0.10-0.12 
mg) and soluble starch(0.10-0.12 mg). 

The concentration of the competing ligand ( K Q # R ) 
required to reduce the absorbance of amylose-SDS-
iodine-complex (Amax
blank(640 nm) was determine
which gave maximum reduction i n the absorbance. For 
these experiments the system described f o r the study 
of influence of SDS on the amylose-iodine-complex was 
used. The concentration of amylose(0.07 mg) and 
iodine(BVR - 0.6 ml) was kept constant and the concen
t r a t i o n of the competing ligands such as SDS-(1.0 χ 
10""%), sodium stearate - ( 5.0 χ 10"5 M ) , sodium c 
myristate-(4.0 χ 10-5M), sodium palmitate-(4.0 χ 10 M) 
was varied (0.2->3.0 ml). The absorbance was recorded 
at the respective A max. 

Studies on the i n h i b i t o r y Influence of SDS on 
amylose-iodine-complex ; (Figure 10 & 11) The i n f l u -
ence of the concentration of iodine ( I3 ) (BVR - 0.1—> 
0.8 ml) on the formation of amylose-iodine-complex 
was studied by recording the absorbance at 640 nm 
(blank) and i n the presence of SDS f o r the sequences 
1,2 & 3, at the correspondingA max. This system con
tained amylose(0.09 mg;- 0.2 ml and SDS(1.0 χ 10"*Μ) -
1.0 ml. 

Results and Discussion 

The competing ligand l i k e SDS, appears to i n t e r a c t 
with the loose h e l i c a l regions i n amylose and amylo
pec t i n to form the corresponding compact h e l i c a l 
complexes with SDS molecules trapped ins i d e the 
h e l i c e s . When iodi n e ( I 3 ) i s added to t h i s system, 
a part of the SDS, which i s loosely attached i s d i s 
placed by iodine(Ι3). The absorption spectra of the 
r e s u l t i n g amylose-SDS-iodine-ccmplex/amylopectin-SDS-
iodine-complex, when compared with t h e i r respective 
spectra i n absence of SDS, show a reduction i n 
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DETERMINATION OF Kg 5 FOR A M Y L O S E 

Figure 8. (A) Lineweaver Burk plot; (B) direct linear plot; ABS = absorbance 
(640 nm); BVR = blue value reagent (I3~). 

D E T E R M I N A T I O N OF Kg 5 FOR S D S 

8·0ι 1 

Figure 9. (A) Lineweaver Burk plot; (B) direct linear plot; (A) ABS—ABS(blank-
640 nm) — ABS(Xmax) (ABS = absorbance (Xmax). The reagents were added as 

per Sequence 1 (Amylose-SDS-BVR). 
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INHIBITORY INFLUENCE OF SDS ON AMYLOSE - I O D I N E 

- C O M P L E X (I) 
6 0 -

® 
l< 

Δ ® 
l< 

Δ 

· ^ — 
2 0 

1 1—— 1 Γ ^ - " " Ι 1 ι I 
"07 j 0-5 \ 03~f 

Figure 10. (A) Lineweaver Burk plot for three sequences (1,2, and 3); (B) direct 
linear plot for Sequence 3 (BVR - j - SDS + amylose) (ABS = absorbance (Xmax); 

b = blank without SDS). 

INHIBITORY I N F L U E N C E OF SDS ON A M Y L O S E - I O D I N E 

- C O M P L E X (Π) °- 8 , 
0.73-H 
0 - 6 5 -

® 

Figure 11. (A) Direct linear plot for Sequence 2 (amylose + BVR + SDS); 
(B) direct linear plot for Sequence 1 (amylose + SDS + BVR) (ABS = absorb

ance (Xmax); b = blank without SDS). 
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absorbance at 640 nm accompanied by a blue shift(640-
570 nm) (Figure 1B & 1 A ) . This change i s more pronoun
ced i n the case of amylose ( l i n e a r ) than amylopectin 
(branched), as seen from t h e i r respective difference 
spectra (Figure 2A à 3 A ) . The concentration of SDS 
used i n these experiments i s below the c r i t i c a l mice-
l l a r concentration (CMC) and SDS has no i n t e r a c t i o n 
with i o d i n e ( I j ) . The optimum concentration of iodine 
that gave maximum absorbance at 6̂ -0 nm f o r the iodine 
complexes of amylose/amylopectin, without p r e c i p i t a 
t i o n , was used. Under these conditions most of the 
iodine i s bound inside the h e l i c a l cavity and a smal] 
amount of iodine may be adsorbed on the surface of 
the complexed polymer chain (20). 

The p l o t of 1/ABS vs SDS, in case of amylose-SDS-
iodine-ccmplex gives a t y p i c a l rectangular hyperbola 
type curve, implyin
t i o n l e v e l , there i
the amylose-SDS-iodine-complex. Whereas i n case of 
amylopectin-SDS-iodine-complex, there i s a l i n e a r drop 
i n the absorbance and the saturation l e v e l i s not 
reached. This i s probably due to low a f f i n i t y of SDS/ 
iodine f o r the short outer l i n e a r chains on amylopectin 
(Figure 1Β · a 

Sequence studies : (Figure 2B & 3B) To our great 
surprise, i x was observed that the reduction i n absor
bance at 640 nm and the blue s h i f t (640-570 nm) caused 
by SDS was dependent on the sequence of addition of 
reagents, even though the system was e q u i l i b r a t e d at 
30°C f o r 30 minutes, a f t e r the add i t i o n of SDS and 
iodine, r e s p e c t i v e l y . This time i s s u f f i c i e n t to 
a t t a i n an equilibrium condition. The i n t e r a c t i o n of 
i o d i n e ( I j ) with the loose h e l i c a l regions of amylose 
to produce blue coloured compact h e l i c a l domains with 
iodine(1^) molecules trapped i n s i d e the h e l i c e s , i s 
close to that of a d i f f u s i o n c o n t r o l l e d process ( 7 x 
10° M~*l sec" 1) and i s independent of temperature (10-
25°C) (^5). Further, i t was noticed that once the 
reagents were mixed i n a given sequence, there was no 
change i n the absorption spectrum of the amylose-SDS-
iodine complex/amylopectin-SDS-iodine-complex, even 
a f t e r 16-18 hours of incubation at 30°C i n glass -
stoppered t e s t tubes, protected from l i g h t . I t appears 
that iodine(I^)/SDS molecules once entrapped i n the 
h e l i x cannot d i f f u s e out f r e e l y i n the surrounding 
aqueous environment, due to the t i g h t or s t i f f nature 
of the h e l i x . This i s more v a l i d f o r the h e l i c a l 
domains i n s i d e (endo)the polymer chain than at the end 
po r t i o n (exo). The influence of SDS was more prominent 
i n sequence-1, intermediate i n sequence-3 and minimum 
i n sequence-2 as compared with the blank(Figure 2 & 3) 
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Perturbation studies ; Reduction of iodine (I3) 
with sodium thiosulphate - I t was of great i n t e r e s t 
to know how the system behaves when one of the ligands 
such as iodine ( 1 3 ) was removed by reduction with 
sodium thiosulphate under extremely mild conditions 
( 3 0 ° C ) , i n the presence of SDS. One would normally 
expect that the SDS molecules from the s o l u t i o n would 
d i f f u s e i n the h e l i c a l c a v i t y to occupy the vacant 
spaces of i o d i n e ( I 3 ) . On r e i o d i n a t i o n the absorption 
spectra of the systems generated by the sequences (2 & 
3) should be i d e n t i c a l to the absorption spectrum of 
the system generated by sequence -1. However, the 
r e s u l t s i n d i c a t e that at 3 0 ° C the entry of SDS molec
ules i n the empty h e l i c a l regions of the polymer chain 
i s rather a slow process (Figure 4B & 5 B ) . This process 
can be accelerated by in c r e a s i n g the temperature to 
6 0 ° C (Figure 4A & 5 A )
domains of the polyme
r e t a i n t h e i r confonrational 'memory  over a short 
period. This i s more prominent i n case of amylose than 
amylopectin (Figure 4 & 5 , sequence - 2 ) . 

Influence of urea on amylose-iodine-ccmplex/ 
amylose-SDS-iodine-complex : Urea i s known to have a 
d e s t a b i l i z i n g influence on the amylose-iodine-complex, 
r e s u l t i n g i n a reduction i n the absorbance at 640 nm. 
This i s evident from the study of influence of urea on 
amylose-iodine-complex (Figure 6 A ) . Urea al s o increases 
the f l e x i b i l i t y of the polymer chain by a f f e c t i n g the 
intramolecular H-bonds ( 3 6 ) . The i n h i b i t o r y influence 
of SDS on the absorbance of amylose-iodine-complex at 
640 nm was r a p i d l y overcome at 3 0 ° C when urea ( 4 . 5 M) 
was added to amylose-SDS-iodine-complex. This i s 
c l e a r l y evident from the study of influence of urea on 
amylose-SDS-iodine-complex (sequence-1 : Figure 6 B ) . 
The sequence of a d d i t i o n of reagents had a l i t t l e 
i nfluence (Figure 7A) on the system e q u i l i b r a t e d at 
3 0 ° C and 6o°C (Figure Ik * 7 B ) . Further, a d d i t i o n of 
urea to aniylcse-SDS-complex before or a f t e r the addi
t i o n of iodine(I3) made no d i f f e r e n c e . These r e s u l t s 
imply that hydrophobic i n t e r a c t i o n s and R-bonds play 
an important r o l e i n the formation of amylose-SDS-
iodine -complex/amylopectin-SDS-iodine-complex. 

Determination of Kp RR and Kj : A p l o t of concen
t r a t i o n (I3) vs absorbance (640 nm) i n 
the case of the amylose-iodine-complex/amylopectin-
iodine-complex gives a t y p i c a l rectangular hyperbola 
curve ( 34), most often encountered i n the f i e l d of 
enzyme k i n e t i c s . S i m i l a r l y , the behaviour of many 
ph y s i c a l and b i o l o g i c a l systems can be described i n 
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terms of a hyperbo l i c r e l a t i o n s h i p between a measured 
response and a c o n t r o l l e d v a r i a b l e . Hence M i c h a e l i s -
Menten equation with s u i t a b l e s u b s t i t u t i o n s can be 
used to c a l c u l a t e Kg . 5 from Lineweaver Burk p l o t and 
i n p a r t i c u l a r the * d i r e c t l i n e a r p l o t developed by 
E i s e n t h a l and Cornish-Bowden (J5j[,J8) (Table I I ) . 

TABLE II 

Michae l ! s -Menten Equat ion 
V(s) 

ν = 
Km + ( g ) 

Lineweaver Burk P l o t 

1 1 

ABS -
A B S m a x (Iodine) 

K 0 . 5 + U ° d i n e ) 

I _ I *m 

ν V V # (s) ABS A B S m a x A B S m a x (Iodine) 

E i s e n t h a l and Cornish-Bowden 
D i r e c t L i n e a r P l o t 

m 

(s) 
= 1 

Competit ive I n h i b i t i o n 

ax 

ABS (Iodine) 
= 1 

K 0 . 5 = K 0 . 5 ( 1 + ~ > 

TABLE I I I 

Po lysacchar ide 

Amylose 

Amylopect in 

Potato s t a r c h 

Soluble s t a r c h 

Iodine (mM) 
v 0 . 5 

7.1 x 10 

7 . 4 χ 10 

3 . 8 χ 10 

4 , 3 x 10 

- 3 

-2 

The concentrat ion of i od ine K Q c r equ ired to reduce 
the absorbance (64ο mr.) to a 0 v a l u e , h a l f that of 
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the s a t u r a t i o n l e v e l i s very c h a r a c t e r i s t i c f o r 
amylose(linear) and amylopectin( branched), and can be 
determined accurately (Table I I I ) . 

S i m i l a r l y a p l o t of 1/ABS vs SDS i n case of 
amylose i n sequence-1 gives a t y p i c a l rectangular 
hyperbola curve (Figure 1B). Hence Κ 0 # ς values f o r 
d i f f e r e n t competing ligands can be '"Obtained 
s i m i l a r to that of SDS (Figure 9) by using sequence-1. 
Here the fc' - value gives the concentration of the 
complexing % J ligand. required to reduce the absorbance 
of amylose-SDS-iodine-complex (Amax) to h a l f , as 
compared with the blank (640 nm) under standard con
d i t i o n s (Figure 9). I t i s i n t e r e s t i n g to know that 
K0.5 v a l u e s £ ° Γ a n ( i sodium stéarate having the 

* same a l i p h a t i c hydrocarbon chain are i d e n t i c a l 
and they decrease as the chain length increases^ 
(Table IV). The d i s s o c i a t i o
c a l c u l a t e d from t h i
values of and are very c h a r a c t e r i s t i c of the 
species of *'the ligand(s)-polymer complexes and they 
d i f f e r according to the sequence of a d d i t i c n of the 
reagents. Thus i n sequence-1 the polymer chain i s 
predominantly complexed with SDS and i n the sequence-2, 
with i o d i n e U ^ ) . In the sequence-3, the iodine and SDS 
molecules are randomly d i s t r i b u t e d i n the h e l i c a l 
domains. Hence the values of K Q c, and K-$ for the 
sequence-3 are the mean values of the sequence (1) &r\à 
(2) (Table V). Since the r e s u l t a n t parameters K Q ^ and 

depend on the mixing sequence, they cannot be*^ 
understood as equilibrium constants i n the usual sense. 
I t a l s o suggests that the h e l i c a l domains of the 
polymer chain containing the ligands are i d e n t i c a l . 
This i s expected i n case of amylose, a homopolymer 
made of D-glucose units linked through oc -D(1—*4) 
linkages. The K Q ^ values obtained by Lineweaver Burk 
p l o t s and d i r e c v l i n e a r plots were found to be 
s i m i l a r (Figure 8,9,10,11). 

Mechanism of i n t e r a c t i o n of SDS with amylose-
iodine-complex : The i n h i b i t o r y influence of SDS on 
the formation of amylose-iodine-complex can be i n v e s t i 
gated by studying the influence of iodine concentra
t i o n ( I j ) on the absorbance of amylose-iodine-complex 
i n the presence (Amax) and i n the absence of SDS 
(640 nm). I t i s i n t e r e s t i n g to note that the mechanism 
of t h i s i n h i b i t o r y process i s governed by the sequence 
of a d d i t i o n of the reagents. The sequence-3 shows a 
t y p i c a l competitive mechanism, wherein i o d i n e ( I ~ ) and 
SDS molecules i n t e r a c t i n a random way with the^loose 
h e l i c a l regions of the amylose chain to form compact 
h e l i c a l domains containing SDS-I^ molecules. The 
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TABLE IV 

Influence of Ligands on the Absorbance 
of Amylose-iodine-ccmplex 

Ligand 
K0.5 
x 10-3mM 

SDS CH 3 . (0Ε 2)n · 0S0 3Na 2.0 

Sodium 
Stéarate CHj . (CH )  000N 2.0 

Sodium 
Myristate CH 3 . ( C H 2 ) 1 2 · COONa 0.8 

Sodium 
PaLoaitate CHj . ( C H 2 ) 1 4 . COONa 0.2 

TABLE V 

K0 5 and Κ i f o r Amylose-SDS-iodine -complex 

Sequence (b) (1) (2) (3) Mean (1)&(2) 

5 x 

10"2mM 
Iodine 

0·70 6.1 2.8 3.8 3.75 
(1)+(2)/2-(b) 

K i x 

10-3mM 
SUS 

- 2.6 6.9 4.6 4.79 

ABS max 0.65 0.58 0.73 0.65 0.65 

K d - Amylose-iodine-complex = 7.87 x 10-3 mM, Iodine 
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outstanding feature of competitive i n h i b i t i o n i s that 
i t i s overcome by increasing the concentration of the 
competing l i g a n d (substrate i n case of enzyme). This 
p r e c i s e l y happens when iodine concentration i s i n c r e 
ased (Figure 10, Table V -ABS^^values). The sequence 1 
and 2 showed a mixed type of i n h i b i t o r y 
mechanism.(Figure 1 1 ) . 
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Abstract 

Amylose is a unique polysaccharide which forms a 
he l i ca l blue-coloured complex with iodine (I -3). It 
also forms he l i ca l complexes with a variety of organic 
compounds such as 1-butanol, 1-pentanol, cyclohexanol, 
SDS etc. The interaction of SDS, a competing ligand 
with iodine (I-3) complexes of amylose and amylopectin 
is studied spectrophotometrically. It i s observed that 
the reduction in absorbance at 640 nm accompanied by 
the blue shif t (640-570 nm) in the absorption spectrum 
is governed by the sequence of addition of the 
reagents, implying that this interaction i s closely 
associated with the coil-->helix transit ion of the 
polymer chain. Perturbation of this complex with 
sodium thiosulphate and urea has revealed that the 
transit ion from helix -->coil is rather sluggish and 
hydrophobic interactions play an important role in 
the s tab i l i ty of this complex. 
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The aqueous solution configuration of amylosic chains has been 
studied extensively. Many of the findings have been reviewed in 
the recent literature (1, 2  3  4,) d l revie  wi l l b
undertaken here. A detaile
based on the known structura
conformational energy surface of the dimeric subunit maltose (6), 
has been developed and shown to be consistent with the observed 
unperturbed dimensions of aqueous amylosic chains and also with 
the temperature and molecular weight dependences of these 
dimensions (1) . Such theoretical polymer chain models are 
grounded in the most fundamental parameters of chemical structure, 
i.e., bond lengths, bond angles, etc., rather than on generic 
idealizations, e.g., the random flight model, of the polymer chain 
(2, 8,). They allow not only for the prediction of important 
macromolecular properties which may be inaccesible to experimental 
investigation but also for a simple, yet r e a l i s t i c , 
conceptualization of macromolecular structure-property 
relationships. Examples of the latter capability are provided in 
another paper in this volume (9) , where computer-generated 
"snapshots" of the instantaneous conformations of several 
dissolved polysaccharides are presented. 

We have recently computed some mean properties of aqueous 
amylosic chains using a Monte Carlo technique (10) based on the 
refined theoretical amylosic chain model of Brant and Dimpfl (2, 
5, 8). In the Monte Carlo technique a large number of polymer 
chain conformations are generated in the computer in a way which 
guarantees that a l l conformations are consistent with some 
preselected conformational energy function for the chain (10). 
Provided the Monte Carlo sample is large enough to approximate the 
parent d i s t r i b u t i o n , averaged geometric, mechanical, and 
spectroscopic properties of the system may be obtained as simple 
arithmetic means over the members of the sample. Evidently, 
distribution functions for the several properties of the chain are 
available as well (10). Likewise, the character is t ics of 
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indiv idual (representative) members of the sample may be examined 
(9 , 10) · 

The descr ipt ion that emerges from our current theoret ica l 
model (_5, 10) suggests that amylosic chains in aqueous so lut ion 
are tortuous random c o i l s vtfiich possess at any instant many 
d i scern ib le sequences of short-range h e l i c a l structure that i s 
both irregular and shor t - l i ved 10). Although this p ic ture i s 
general ly s a t i s f y i n g , further refinement is des irable . In the 
f i r s t place , i t must be recognized that the theoret ica l model (5) 
has been parameterized to produce agreement between calculated and 
observed measures of the o v e r a l l c h a i n d imens ions , i . e . , the 
unperturbed mean square radius of gyrat ion or end-to-end dis tance , 
accessible through v i s i b l e l i g h t scattering and hydrodynamics 
experiments (7) . It i s evident that the polymer end-to-end 
distance alone cannot provide a very detai led indicat ion of the 
short-range conformationa
irregular pseudo-helica
Monte Carlo samples based on the present model (2, % 10) may not 
re f l ec t accurately the l oca l chain trajectory of the real amylosic 
chain. Indeed, rad ia l d i s t r i b u t i o n functions of the end-to-end 
distance in the present Monte Carlo samples d isc lose a disturbing 
tendency of the chains to c o l l i d e with themselves at a range of 
6-10 residues in the chain sequence (10). It i s not yet known 
whether this unrea l i s t i c feature i s t r u l y a serious defect in the 
current chain model. 

Various experimental probes of l o c a l conformational character 
in macromolecules are ava i lab le . Among these, magnetic resonance 
(11, 12, 13, 14) and c i r c u l a r dichroism spectroscopy (15, 16, 17, 
18) come immediately to mind. Likewise, information about l o c a l 
s t r u c t u r a l and conformat iona l c h a r a c t e r i s t i c s i s i m p l i c i t i n 
scattered radiat ion col lected at re la t ive large values of the 
scattering vector μ , i . e . , at high angle and/or short wavelength 
(19). Normally such data are avai lable from low angle X-ray (20) 
and neutron (21) scattering experiments. The present paper 
d e s c r i b e s an i n v e s t i g a t i o n of the s e n s i t i v i t y of the Debye 
scattering function Ρ (μ) to the d e t a i l s of the amylosic chain 
conformat ion at r e l a t i v e l y l a r g e μ . We r e p o r t a l s o the 
prel iminary results of a related ca lcu la t ion of the d i f fus ion 
coef f ic ients of the maltooligomers. 

The Debye Scattering Function 

E l a s t i c a l l y s c a t t e r e d r a d i a t i o n reaching a d e t e c t o r from 
d i f f erent scattering centers in a macromolecule w i l l be subject to 
interference e f fec ts , provided the dimensions of the macromolecule 
are comparable to or larger than the wavelength of the radiat ion 
(22). The Debye scattering function Ρ(μ) describes the v a r i a t i o n , 
ar i s ing from intramolecular interference e f fects , of the scattered 
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intens i ty on observation angle θ and wavelength λ. i t i s defined 
to approach unity at θ = 0, where the detector i s aligned p a r a l l e l 
with the incident radiat ion and phase sh i f t s must vanish for 
scattering from d i f f erent centers regardless of macromolecular 
s i z e . The scattering function i s given for an isolated chain with 
Ν scattering centers by (22) 

where μ i s defined by μ Ξ (4 π/λ) s in( θ / 2 ) , r . j i s the distance 

between scattering center
over a l l such pairs o
orientat ions of the macromolecule with respect to the incident 
beam (and observer) i s already i m p l i c i t in Equation 1; the angle 
brackets express the remaining requirement for an appropriately 
weighted ( s t a t i s t i c a l mechanical) average over a l l the 
conformations of any f l e x i b l e macromolecule. 

The l imi t ing behavior of Ρ(μ) at small μ i s wel l known to 
reveal d i r e c t l y the overa l l dimensions of the macromolecule (mean 
square r a d i u s of gyra t ion ) without any assumption about 
macromolecular shape or form (22) . Cursory inspection of the 
expression in Equation 1 w i l l d isc lose that as μ increases, the 
predominant c o n t r i b u t i o n s to P(u) a r i s e from terms wi th 
successively smaller r i j . Thus, observation of Ρ (μ) at larger μ 

can serve as a probe of shorter range s t ruc tura l c h a r a c t e r i s t i c s 
of the macromolecule; normally some sort of macromolecular model 
is required to interpret Ρ (μ) in th is range of μ. We invest igate 
here the potent ia l for obtaining information about the l o c a l 
conformational features of amylosic chains from Ρ (μ) at larger μ 
by examining the s e n s i t i v i t y of Ρ (μ) to various changes in the 
amylosic chain model. 

The Trans la t iona l D i f fus ion Coef f i c i en t 

The t rans la t iona l d i f fus ion coef f i c i ent of a chain molecule i s 
measurable using quas i - e la s t i c l i g h t scattering (23, 24). It can 
be calculated from an appropriate chain model using the Kirkwood 
(25) equation 
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D = kT + kT <r (2) 
η ζ 6 π η h ο 

where k is Boltzmann's constant, Τ i s the absolute temperature, n 

ο 
i s the v i s c o s i t y o f the s o l v e n t , and ζ i s the f r i c t i o n a l 
coef f i c ient of one f r i c t i o n a l element in a chain of n such 
elements. The quantity i s the distance between f r i c t i o n a l 
elements i and j , and the angle brackets have the same meaning as 
in Equation 1. The i n i t i a l term in Equation 2 represents the 
contribut ion to D from a "free draining" chain comprising n 
f r i c t i o n a l elements whi l e the second term r e f l e c t s the 
contribut ion from "hydrodynami
Although approximate
r e l i a b i l i t y i s discussed extensively elsevrtiere (26, 27, 28) and 
w i l l not be dealt with here. The calculated value of D depends on 
the d e t a i l s of the macromolecular conformat ion through the 
hydrodynamic interact ion term. It i s our purpose here to assess 
the s e n s i t i v i t y of D to var iat ions in the amylosic chain model 
employed. 

Monte Carlo Averaging 

The required configurat ional averaging of s in ^ j j / ^ i j * n 

Equation 1 can be accomplished by Monte Carlo methods. We have 
followed an approach developed by Zierenberg, Carpenter, and Hsieh 
(29). For a Monte Carlo sample containing J T chains generated as 

described above we obtain P(u) from 

Ρ (μ) = Ν + 2N -2 (N-k) (3) 

where 

s in ν r. (J) 

pr k(J) 
(4) 

J=l 
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The second term in Equation 3 ar ises from the assumption, normally 
made i n t r e a t i n g the c o n f i g u r a t i o n a l s t a t i s t i c s o f 
homopolysaccharide cha ins (8, 10, 30) , that mean geometr ic 
properties of chain segments depend only on k = /i - j/ and not 
upon the posit ions of i and j in the chain sequence. Within a 
given chain there are, for each value of k, (N-k) subchains 
comprising k scattering centers with (mean) end-to-end length rk; 

the term N _ 1 in Equation 2 accounts for the diagonal (k = 0) terms 
in the double summation of Equation 1. In pract ice we have taken 
for the (mean) distance rkCJ) in Equation 4 only the s ingle 

distance from scattering element 1 to scattering element k + 1 for 
each chain J ; provided J T i s large enough no loss of prec is ion i s 

incurred by th is approximation (29). 
In the present ca lculat ions we have ident i f i ed glucose 

residues with scatterin
to the degree of polymerization

= 205 was employed for chains with various values of x up to 290 
glucose residues. For regular h e l i c a l amylosic chain models we 
took = i , since no conf igurat ional averaging i s required for 

r i g i d macromolecules. Calculat ions were designed p a r t i c u l a r l y to 
explore the range 0.1 <_ μ <_ 1. In th is domain of the scatter ing 
vector Ρ (μ) has converged to asymptotic behavior in i t s dependence 
on x for x = 290. The sample of 205 members was found 
s u f f i c i e n t l y large to y i e l d well-converged average properties for 
a l l chain models save the most f l e x i b l e model (broken helix) for 
which the s t a t i s t i c s were somewhat poorer than for the others . 

The suirmation in Equation 2 i s evaluated analogously. Thus 

with 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



518 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

F r i c t i o n a l elements were ident i f i ed with glucose residues so η = χ 

and, again, the quantity <r, "S i s averaged over a sample of J 
κ ι 

chains taking r k ( J ) as the distance from the f i r s t glucose residue 
in the chain to residue k + 1 of that chain . For these 
calculat ions the sample s i ze J T was 945 for f l e x i b l e chain models, 

and D was evaluated for a l l degrees of polymerization in the range 
2 ^ χ ^ 50. For a l l f l e x i b l e chain models D had converged to 
better than ±1% for J = 945. 

Amylosic Chain Models 

A r e a l i s t i c chain model (5), consistent with the observed mean 
squared unperturbed amylosic c o i l dimensions and their temperature 
and chain length dependence
residue geometry observe
et a l . (31) and on conformational energy estimates after Goebel et 
a l . (6). This i s referred to as Model R in what follows. The 
refined conformational energy surface of Figure 2 in reference 10 
was used to generate the Monte Carlo sample. For a chain with χ = 

2 

290 the (mean) squared unperturbed r a d i u s o f g y r a t i o n R Q 

calculated for Model R is given in the l a s t column of Table I . 

Table I 

Character i s t i cs of the Amylosic Chain Models 

Model Type h/fi Φ , Ψ / d e g R?/ft 2 

R random 
c o i l 

— — 0.41 X 10 4 

A hel ix 1.33 340,357 1.24 X 10 4 

Β he l ix 1.53 340,353 1.64 X 10 4 

C hel ix 1.73 343,349 2.10 X 10 4 

W wormlike — — 1.00 X 10 4 

J jointed — — 0.25 X 10 4 

hel ix 
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Three r i g i d h e l i c a l chain models were also invest igated. In 
each case the Hybl et a l . (31) residue geometry was used. The 
f i r s t of these, Nbdel A, i s based on the h e l i c a l charac ter i s t i c s 
of c r y s t a l l i n e V-amylose (1) . It has six glucose residues per 

turn and a p i tch of 8A; the ax ia l t rans la t ion per residue h i s 

thus 1.328. A left-handed he l ix was chosen to conform with 
exper imental i n d i c a t i o n s (32) . G iven the r e s i d u e geometry 
employed (31) and an assumed g lycos id ic bridge angle of 117° , th i s 
hey.x is c h a r a c t e r i z e d by g l y c o s i d i c t o r s i o n angles Φ ,Y = 
357 ,340 (6). Models Β and C are l ikewise left-handed, s i x - f o l d 
hel ices which d i f f e r from Msdel A only in having greater p i t c h . 
These models are inspired in part by the fact that c r y s t a l l i n e 
B-amylose, which c r y s t a l l i z e s spontaneously from aqueous so lut ion 
(1) , has a more extended h e l i c a l structure than V-amylose (33) . 
(Labels A, B, and C used a r b i t r a r i l y to d i f f erent ia te the present 
h e l i c a l models should
frequently employed fo
amylose.) The charac ter i s t i c s of a l l of the h e l i c a l models are 

2 
given in Table I , where the dependence of g on h i s reported for 
chains with x = 290. Note that R 2 for a l l of the h e l i c a l models 

exceeds that for the random c o i l chain of Model R as expected. 
Two addit ional models, both corresponding to f l e x i b l e chains , 

have been invest igated. Model W is intended to represent a weakly 
bending or wormlike amylosic chain , which we understand to be one 
for which the d i rec t ion of chain propagation changes gradual ly and 
continuously so that the radius of curvature of a l l chain segments 
i s r e l a t i v e l y large and no abrupt changes in d i r e c t i o n occur 
(10,34) . Models of th is sort have been advanced for dissolved 
amylosic chains by other workers (3I5, 36, 37) . Chains with th i s 
character may be generated using our Monte Carlo methods by 
imposing a conformat iona l energy s u r f a c e that r e s t r i c t s the 
tors ional angles Φ ,Ψ to some range of accessible values symmetric 
with respect to a p a r t i c u l a r p o i n t , i . e . , r i g i d h e l i c a l 
conformation, in conformation space (10) . For Model W this energy 
surface was chosen so as to generate a parabolic p r o b a b i l i t y 
sur face with i t s maximum corresponding to the l e f t - h a n d e d 
V-amylose hel ix (Model A); the probab i l i ty was equated to zero for 
a l l Φ and Y more than + 15 d i f f erent in either dimension from the 
maximum. The squared dimensions for the wormlike model exceed 
those of the presumably more r e a l i s t i c Model R by a factor of 2.5 
for a chain with x = 290, while the wormlike chain i s , as 
expected, more compact than the r i g i d V-amylose h e l i x o f 
corresponding x. A jointed or broken h e l i x , Madel J , was made by 
c o n s t r u c t i n g 25-res idue sequences i n r e g u l a r , l e f t - h a n d e d 
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V - h e l i c a l conformation and connecting these by g lycos id ic linkages 
at which both the ψ and ψ torsions were permitted to undergo 
unhindered (free) ro ta t ion . This model, suggested by S z e j t l i and 
Augustat (38) and by Senior and Hamori (39), i s the least extendecj 
of the several invest igated, as seen by comparing the values of 

in Table I . 
A l l ca lculat ions were carr ied out on the assumption that the 

chain consists of χ ident ica l scattering ( f r i c t iona l ) centers, 
each corresponding to one g lucose r e s i d u e . The s c a t t e r i n g 
( fr i c t iona l ) elements were taken to l i e at the centers of mass of 
the s e v e r a l r e s i d u e s . T h i s approximat ion should be q u i t e 
sat i s factory in calculat ions of Ρ ( μ ) for small and intermediate 
va lues of μ . At l a r g e enough μ so that the predominant 
contributions to Ρ (μ) come from intramolecular distances with 
dimensions of the order of one or a few glucose residues, i t w i l l 
f a i l . Under these circumstances the model used to calculate Ρ ( ) 
must incorporate a r e a l i s t i
with a r e c o g n i t i o n o
scattering power. Bnphasis in ca lculat ions of D i s on the chain 
length dependence of th is parameter for the mal tool igomers. It 
must be anticipated that end effects may become quite important at 
short chain lengths (28) , and choice of a unique value for the 
f r i c t i o n a l coef f ic ient ζ may be inappropriate for ca lculat ions of 
D at low degrees of polymerization. For the preliminary resul ts 
reported here, however, we have equated ζ with the f r i c t i o n a l 

—9 —1 
coef f ic ient of glucose, 6.11 χ 10 g sec , calculated from the 
d i f fus ion coef f ic ient of glucose in water (40). The v i s c o s i t y of 
water , n Q , has been taken as 0.01 g cm ^ sec \ and a l l 

ca lculat ions have been made for Τ = 298 Κ. 

Results and Discussion 

The Debye S c a t t e r i n g F u n c t i o n . The s c a t t e r i n g f u n c t i o n 
calculated for the chain models l i s t e d in Table I i s reported in 

2 
Figure 1 as F(p) Ξ Νμ Ρ(μ) vs . μ following Kratky and Porod (41) 
for values of μ up to For a l l of the models a broad maximum 

occurs centered near μ = 0. s i g n i f i c a n t differences between 
the models appear in Figure 1 only in the range of μ greater than 

about The posit ions of the p r i n c i p a l maxima for the 
h e l i c a l models (A, B, and C) d i f f e r substant ia l ly , presumably for 
reasons related to some p e r i o d i c i t y spec i f i c to each h e l i c a l 
geometry. This conclusion i s reinforced by the observation that 
the p r i n c i p l e maximum in Ffo ) for the wormlike chain (W) , although 
broader than that for h e l i c a l model A, occurs at the same value of 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



34. C E S À R O A N D B R A N T Amylosic Chains 521 

μ as for h e l i x A f the geometry of which serves as the reference or 
most probable conformation i n model W. Likewise for model J , the 
jointed version of model A f the p r i n c i p a l maximum i n F(y) appears 
to coincide on the μ axis with those for models A and W; r e s u l t s 
for model J are not plotted i n Figure 1 because the MDnte Carlo 
sample s i z e was too small to y i e l d adequate s t a t i s t i c s with t h i s 
model at the higher values of μ. 

In the range of μ where the h e l i c a l and wormlike models 
di s p l a y t h e i r absolute maxima in Figure 1, the presumably more 
r e a l i s t i c random c o i l model R has a much lower and broader 
maximum. A minimum occurs in F( u) for model R near μ = 0.5&-\ 
but at approximately the same value of μ the scattering function 
vanishes for h e l i c a l models A, B, and C and the wormlike model W. 
Hence, i t would appear that model R could be distinguished 
experimentally from the more regular models A  B  C  and W by the 
behavior of F( y) i n th
h e l i c a l or wormlike models may apparently be characterized i n 
terms of t h e i r (most probable) a x i a l t r a n s l a t i o n per residue by 
using the p o s i t i o n on the μ axis of the p r i n c i p a l maximum i n F(\i) 
i n t h i s range of u. I t i s not so c l e a r , however, that minor 
v a r i a t i o n s i n models of type R could be d i f f e r e n t i a t e d 
experimentally. 

These conclusions should be v a l i d for chains with χ _> 100, 
because the present c a l c u l a t i o n s reveal that Ρ (μ) i s independent 
of chain length i n t h i s range of χ for μ _> 0.1$ At 
s u f f i c i e n t l y large μ the current approximation, which i d e n t i f i e s 
s cattering centers with glucose residues, w i l l f a i l f o r reasons 
c i t e d above. Under these conditions absolute comparison with 
experiment w i l l require a more r e a l i s t i c d e s c r i p t i o n of atomic 
scattering power. We believe nevertheless that the q u a l i t a t i v e 
d i s t i n c t i o n s described here between F( μ) vs. μ curves for several 
amylosic chain models w i l l p e r s i s t i n any refined c a l c u l a t i o n . 
Thus, scattering experiments i n the range 0.3 < μ < 1. ( Τ 1 may 
indeed be capable of d i s t i n g u i s h i n g among the various generic 
models .that have been proposed for amylosic chains. 

If we examine i n greater d e t a i l the behavior of the function 
F ( u ) at smaller values of μ (Figure 2), we f i n d , as expected (22) , 
th a t the l i m i t i n g dependence of F( μ) r e f l e c t s the o v e r a l l 
dimensions of the molecule. Thus, the curve i n Figure 2 f o r the 
most f l e x i b l e and compact model (J) dis p l a y s the la r g e s t i n i t i a l 
slope whereas the i n i t i a l slope for the most extended h e l i c a l 
model (C) i s l e a s t . There i s some i n d i c a t i o n i n Figure 2 that the 
two more f l e x i b l e models (J and R) have a more complex l i m i t i n g 
behavior than do the h e l i c a l and wormlike models. The r e s u l t s i n 
Figure 2 are, of course, r e s t r i c t e d to chains with χ = 290, 
because the asymptote i n the dependence of F( y) on χ has not 
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Figure 1. F (μ) == Νμ2Ρ(μ) VS. μ = (4<π/ 
λ) sin (θ/2) for helical amylosic chain 
models A, B, and C, wormlike
chain model W, jointed helical
and realistic random coil model
tails of the models are described in the 

text. 

Figure 2. Same as Figure 1 but showing 
detail in the range of small μ 
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achieved at χ = 290 throughout the range 0 < μ <_ 0.2?? . For the 
regular h e l i c a l chain models (A, B, and C) the i n i t i a l slope of 
F (μ ) vs. μ shows a steady decrease with increasing x, since RG and 
χ are d i r e c t l y proportional. In the case of f l e x i b l e chains 

1/2 
(models J , R, and W) Rç becomes proportional to approximately χ / 

at large x, but t h i s asymptotic behavior i s achieved at a rate 
which depends on the d i r e c t i o n a l persistence or s t i f f n e s s of the 
chain. C l e a r l y , i n t e r p r e t a t i o n of the experimentally derived 
scattering behavior at low μ requires a proper accounting i n the 
model c a l c u l a t i o n s for the chain length d i s t r i b u t i o n of the 
sample. 

The 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 . The c a l c u l a t e d 
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 of the maltooligomers p to 
χ = 18 i s shown i n Figur
for models W and A (no
models J and R while that for model Β (not shown) l i e s between 
those for models R and C. In general, the less extended the model 
chain, the larger the d i f f u s i o n c o e f f i c i e n t . There i s some 
crossing of the t h e o r e t i c a l curves which ari s e s from the d i f f e r i n g 
dependence of the dimensions of r i g i d h e l i c a l and f l e x i b l e chains 
on chain length mentioned above and described elsewhere (10) . In 
any case the s i m i l a r , and e s s e n t i a l l y f eatureless, dependence of D 
on χ calculated for a l l of the chain models suggests that they 
w i l l not be d i f f e r e n t i a b l e on the b a s i s of experimental 
measurements of D vs. χ for the mal t o o l igomers. I t nevertheless 
remains of int e r e s t to compare the calculated and measured values 
of these q u a n t i t i e s , p a r t i c u l a r l y to assess the possible influence 
of solvation on the properties of the oligomers (28). 

Conclusions 

Monte Carlo c a l c u l a t i o n s of the Debye scattering function Ρ (μ) 
for several amylosic chain models suggest that i t may be possible 
to d i s t i n g u i s h experimentally between popular generic models for 
the amylosic chain by inve s t i g a t i n g the angular dependence of 
e l a s t i c scattering i n the range 0.3 < μ < 1. of the scatter i n g 
vector. Low angle X-ray scatte r i n g on d i l u t e polymer solutions 
appears to be the method of choice, although lack of contrast 
between the carbohydrate chain and aqueous solvents may render the 
experiment d i f f i c u l t . Comparison of calculated and measured 
v a l u e s o f the 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 f o r the 
maltooligomers may be u s e f u l i n a s s e s s i n g the i n f l u e n c e of 
solvation on the conformation and hydrodynamic shapes of the 
oligomers. 
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Figure 3. The calculated chain length 
dependence of D for the maltooligomers 
in the degree of polymerization range 2 
< χ < 18 for chain models C, J, and R 

described in the text 
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Abstract 

Monte Carlo calculations of the Debye scattering function and 
the translational diffusion coefficient of amylosic chains have 
been carried out for a variety of amylosic chain models. Helical , 
wormlike, and jointed helical models have been investigated as has 
a presumably more realistic random coil model which is based on 
detailed analysis of the conformational characteristics of the 
amylose molecular structure. It is concluded that the several 
chain models should be distinguishable experimentally on the basis 
of the angular dependence of low angle X-ray scattering from 
dilute amylose solutions. The calculated chain length dependence 
of the translational diffusion coefficients of the maltooligomers 
is quite similar for a l l of the models investigated. Measurements 
of this quantity therefore may not be very useful in 
distinguishing between the models, but comparison of calculated 
and measured diffusio
information concerning
of the maltooligomers. 
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35 
Properties of Aqueous Amylose and Amylose-
iodine Solutions1 

B. PFANNEMULLER and G. ZIEGAST 

Institute of Macromolecular Chemistry, University of Freiburg, 
D-7800 Freiburg i. Br., Federal Republic of Germany 

Aqueous solution
property of retrogradation
tend to precipitate spontaneously. From studies with enzymatic
ally-synthesized, almost monodisperse amyloses we have shown that 
mainly molecules of intermediate length, around DP 80, are respon
sible for this effect (2). Shorter and longer chains are much 
more stable in solution. In this respect amylose shows behavior 
distinctly different from other polymers. The retrograded amylose 
gives a B-type X-ray diagram and an electron diffraction pattern 
(2), which is compatible with the double helix structure recently 
deduced by Wu and Sarko (3) . The question remains whether a pre
formed, ordered conformation already exists in solution, or i f 
not, at which stage (association, aggregation or crystallization) 
the double helix is formed. 

A reasonable explanation of the unusual solution properties 
of aqueous amylose may be found in a certain chain stiffness, 
which in the cr i t i ca l DP range of high retrogradation rate favors 
intermolecular hydrogen bonding. Longer chains show a larger 
coiling tendency and a stabilization can occur predominantly by 
intramolecular hydrogen bonds (4,5,6). This interpretation is 
based on light scattering measurements of the radi i of gyration 
and the second v i r i a l coefficient as a function of the DP (6). 
A 2 shows a maximum at a DP, for which intermolecular association 
is inhibited by the coiling of the chains. No change of the 
radii of gyration was found using retrograding solutions (4,5). 

The problem whether or not a helical structure of amylose is 
retained in solution is nearly as old as the discovery of the 
V-amylose helix from X-ray data in 1943 (7) and has been the sub
ject of extensive investigation and controversy. (For review 
see (8)). At present mainly two models are considered: the 
"extended helix chain" (9) and the "randomly coiled pseudohelical 
chain" (10). According to Senior and Hamori (9) the amylose 
chain conformation is characterized by loose, extended helical 
regions, which are interrupted by short, disordered regions. 
Hydrogen bonds between 0(2) and 0(3') of neighboring residues are 

1 Dedicated to Professor G. V. Schulz on the occasion of his 75th birthday. 
0097-6156/81/0150-0529$05.00/0 
© 1981 American Chemical Society 
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assumed to account for s t a b i l i z a t i o n . The model of Brant and co
workers (10) has been derived from a theoretical treatment of 
configurational s t a t i s t i c s , experimental observations and recent 
Monte Carlo studies of the unperturbed chain conformation (10,11, 
j_2 ,J_3,1_4) . A typ i c a l feature of thi s model are self-intersections 
of the helix loops at short distance of 5-20 residues. They are 
ascribed to short-range, nearest-neighbor interactions leading 
to a constraint of the glycosidic linkage torsion angles. Hydrogen 
bonds are assumed to play no role i n determining the conformation 
of amylose in aqueous solution. The persistence length calculated 
using this model i s very short (2.8 nm) (_10) and out of the c r i t i 
c al range of a DP 80 amylose. 

In e a r l i e r 0RD and CD measurements with amylose-iodine solu
tions we observed a maximum of the Cotton effect near DP 50 and 
a time dependent increase of the Cotton effect on standing of the 
solutions (1,15). This time dependent change of 0RD and CD was 
considered to arise mainl
since the absorption spectr

Because of the inherent i n s t a b i l i t y of the aqueous amylose 
solutions v i s c o s i t y changes on binding of complexing agents, e.g. 
butanol or iodine, have often been used for deducing the i n i t i a l 
chain conformation (8,9,11,14,16). Observations with amylose-
iodine solutions also contribute valuable information. 

This paper i s an extension of e a r l i e r studies and deals with 
the following points: 

1. Time dependent change in CD spectra of amylose-iodine 
complexes; do they d i r e c t l y r e f l e c t the different stages of order 
for a V-amylose helix, or do they show the development of a 
regular supermolecular structure with characteristics,which depend 
on chain length ? 

2. To which extent i s the high tendency to rétrogradation 
around DP 80 related to the conformation of the molecules i n 
solution; more s p e c i f i c a l l y , how does rétrogradation lead to the 
formation of a double helix ? 

For the amylose-iodine solutions information was expected 
from 

resonance Raman studies: In order to obtain a better under
standing of the phenomena observed by CD and a further resolution 
of the CD curves, information on the electronic transitions of 
the polyiodine chromophore are needed, and may be obtainable from 
resonance Raman spectroscopy. 
- CD studies: Measurements under selected conditions should help 
to d i f f e r e n t i a t e between intramolecular and intermolecular order
ing processes. 

fra c t i o n a l p r e c i p i t a t i o n of amylose mixtures with iodine and 
GPC separartion of the fractions: A preferential aggregation 
according to chain length should be an indication for a preformed 
or quickly developing order. 
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For the aqueous amylose solutions information was expected 
from 

CD measurements i n the region of the sugar chromophores: They 
may give a d i r e c t observation of the discussed h e l i c a l structure. 

Stepwise retrogradation of amylose mixtures and GPC separation 
of the f r a c t i o n s should reveal whether a p r e f e r e n t i a l p r e c i p i t a 
t i o n e x i s t s , possibly as a r e s u l t of preformed double heli c e s i n 
s o l u t i o n . 

In view of the tremendous work dedicated to amylose and 
amylose-iodine complexes and the l a r g e l y c o n f l i c t i n g theories 
and r e s u l t s we can not yet o f f e r a clearcut decision. We f e e l 
at the present stage of our knowledge there i s now more need for 
experimental facts rather than for new theories. 

Results and Discussion 

Studies with Amylose-iodin

CD and Resonance Raman Measurements. Using synthetic amylo
ses we had e a r l i e r observed a maximum of the Cotton e f f e c t at a 
chain length of about DP 50 (1,15). This i s demonstrated with 
the CD curves of a series of iodine-complexed amyloses DP 38, 51, 
76 and 190 shown i n Figure 1. While maxima of the long wave
length CD bands are continuously s h i f t e d to longer wavelengths 
the magnitude of the Cotton e f f e c t reaches an optimum value with 
DP 51. As seen from Figure 2 the decrease of the molar o p t i c a l 
r o t a t i o n (M) and d i c h r o i c absorption ( A c m a x ) above DP 50 i s not 
i n l i n e with the continued increase of the e x t i n c t i o n c o e f f i c i e n t 
( s m a x ) and with the further s h i f t of Amax to longer wavelengths 
(15,18). At f i r s t sight t h i s behavior appears not to be i n 
agreement with theory. 

The r e l a t i o n s h i p between absorption, ORD and CD can be out
l i n e d b r i e f l y : When c i r c u l a r l y p o l a r i z e d l i g h t i s incident on 
an o p t i c a l l y a ctive medium the l e f t and r i g h t c i r c u l a r l y p olar
ized component w i l l have d i f f e r e n t v e l o c i t i e s . This i s con
veniently expressed as the difference i n r e f r a c t i v e i n d i c e s , 
nL-n R, the " c i r c u l a r birefringence", which i s proportional to 
the angle of r o t a t i o n a. When the wavelength dependence of α 
i s measured i n the range of an absorption band, the l e f t and 
r i g h t c i r c u l a r l y p o l a r i z e d wave w i l l not only propagate with 
d i f f e r e n t speeds, but w i l l also be absorbed to d i f f e r e n t extents. 
The difference, AE = e L - e R , i s the " c i r c u l a r dichroism" (CD). 
As a consequence of a CD the normal p l a i n curve of the wavelength 
dependence of a, the " o p t i c a l rotatory dispersion" (ORD) becomes 
anomalous and the p l a i n curve i s superposed by an S-shaped curve. 
Both, CD and anomalous ORD, are c a l l e d "Cotton e f f e c t " . Quanti
t a t i v e l y CD and ORD are l i n k e d through the Kronig-Kramers 
r e l a t i o n s h i p . No stringent coupling of the e x t i n c t i o n c o e f f i c i e n t 
( e m a x ) with the CD e f f e c t ( A e m a x ) e x i s t s , because emax contains 
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Figure 2. Extinction ( ), molar optical rotation (·--), a n d dichroic absorp
tion (— · —) of the long wavelength maxima as a function of the degree of polym

erization (PJ (I) 
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contributions from electron t r a n s i t i o n s , which do not necessarily 
a r i s e from o p t i c a l l y active chromophores. 

Our r e s u l t s indicate that Δε (CD) changes i n a d i f f e r e n t 
way as ε. The absorption and CD spectrum of an amylose-iodine 
complex DP 76 are shown i n Figure 3. In the low wavelength 
region the absorption and CD curve have a s i m i l a r shape. A weak 
p o s i t i v e CD and a shoulder are seen corresponding to the absorp
t i o n maximum at 353 nm and the shoulder at 480 nm. The CD band 
corresponding to the long wavelength absorption maximum at 
582 nm, however, i s obviously s p l i t i n t o two bands of opposite 
sign. This s p l i t t i n g , f i r s t recognized with oligonucleotides 
(19), and also found with amylose carbanilates (20,21) i s caused 
by a bending or tw i s t i n g of the iodine chromophore induced by 
the asymmetric environment of the h e l i c a l amylose chain. 

Helix formation probably a r i s e s from a co-operative action 
of amylose and iodine partners  D i f f e r e n t model  hav  bee
proposed; despite extensiv
i n t e r a c t i o n producing th  absorptio  spectru
of the amylose-iodine complex i s by no means c l e a r . (For review 
see (8_,_16,22) ) . 

Resonance Raman studies were begun i n order to in t e r p r e t 
the r e s u l t s from CD measurements and i n the hope of a further 
re s o l u t i o n of the CD curves. To t h i s end we needed a r e l i a b l e 
assignment of the broad long wavelength absorption band and the 
shoulder band at 480 nm. An attempt at d e t a i l e d assignment of 
the e l e c t r o n i c t r a n s i t i o n s , based on model c a l c u l a t i o n s of an 
exciton-coupled, one-dimensional polymeric I 3 chain, was f i r s t 
published by Robin (23,24) . Handa and Yajima (25_) have recently 
extended these c a l c u l a t i o n s to a I 3 chain based on dimeric 
subunits with the assumption of strong i n t e r a c t i o n with the 
amylose oxygens. An analysis of the mentioned absorption bands 
should be possible by the ap p l i c a t i o n of resonance Raman spec
troscopy. 

The resonance Raman e f f e c t depends on the occurrence of a 
strong absorption band. An i n t e n s i t y enhancement of the normal 
Raman spectrum i s observed when the frequency of the e x c i t i n g 
r a d i a t i o n approaches an el e c t r o n i c absorption of the scatterer. 
We applied t h i s method to the i n v e s t i g a t i o n of the red and blue 
colored complexes i n order to f i n d out whether changes i n the 
Raman spectra occur. Furthermore, we had the idea that the blue 
band and the shoulder band i n the absorption spectrum may a r i s e 
from d i f f e r e n t iodine species bound i n the complex. 

Measurements were c a r r i e d out with iodine solutions of 
various composition: (a) iodine s o l u t i o n free of I~. (iodine 
dissolved i n 0.1 M p e r c h l o r i c acid ) (26); (b) 1 I 2/1.6 I " ; 
(c) 1 I 2 / 2 . 6 I " ; (d) 1 I 2/65 I " . With a l l iodine solutions 
(without amylose) containing I~ (b-d) a main sig n a l i s observed 
at 111 cm-1. Based on the v i b r a t i o n a l analysis of the 1 3 " ion 
by Maki and Forneris (27), t h i s signal was assigned by Tasumi 
(28) to the symmetric stretching v i b r a t i o n of 1 3 " . With the 
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Carbohydrate Research 

Figure 3. CD ( ) and absorption ( ) spectra of amylose-iodine complex 
DP 76; absorption of I2-KI solution (· · -) ( 11). 
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s o l u t i o n containing the largest excess of I " (d) an a d d i t i o n a l 
broad band centered at 159 cm~l i s found. With decreasing con
tent of Γ (c) t h i s band appears as a weak shoulder at about 
152 cm"1. The o r i g i n of t h i s band, possibly from a polyiodine 
species (29), i s s t i l l open to discussion (28,29,30,31). However, 
i n the absence of I ~ (a) only the symmetric stretching v i b r a t i o n 
band of molecular iodine at 207 cm - 1 i s found. 

The resonance Raman spectra of solutions of iodine-complexed 
amyloses with DP 18, 47 and 190 are shown i n Figure 4. Most 
s t r i k i n g l y , the resonance Raman spectra are almost i d e n t i c a l 
i n s p i t e of the considerably d i f f e r e n t absorption spectra of these 
samples. A main band at 162 cm""l, t y p i c a l of complexed iodine 
(25,28,30,32), and a band at 111 cm"1 are observed. Heyde et a l . 
(30) found two ad d i t i o n a l bands at 27 and 57 cm"1; the former 
can be seen i n the spectra of DP 47 and 190 i n Figure 4. The 
57 cm"1 band i s superposed by a group of signals located between 
80 and 35 cm"1, which turne
f a c t s . Overtones and combinatio
217, 272 and 322 cm-1. 

Resonance Raman theory (33) p r e d i c t s an enhancement of the 
scatt e r i n g i n t e n s i t y , when the e x c i t a t i o n wavelength approaches 
Amax from the long wavelength side. This e f f e c t i s c l e a r l y seen 
f o r the iodine complexes of DP 18 with A m a x=518 nm i n Figure 5 

and of DP 190 with Amax=593 nm i n Figure 6. I t i s worthy of note 
that the enhancement of the 162 cm - 1 band i s r e l a t e d to A m a x / 
λ e x c i t a t i o n as expected, but that the p o s i t i o n of the 162 cm"1 

Raman l i n e remains unchanged from DP 18 to 190. This invariance 
of the Raman band p o s i t i o n with amylose chain length i n d i c a t e s , 
that t h i s v i b r a t i o n mode i s independent of the polyiodine chain 
length. 

The spectra do not show time dependent changes. In the 
range of the sugar v i b r a t i o n s , 500-1500 cm"1, resonance enhanced 
si g n a l s , which would have indicated strong i n t e r a c t i o n s between 
iodine and amylose, were not observed. 

Tasumi (28) has assigned the signals observed at 163, 115 
and 56 cm"1 to the antisymmetric s t r e t c h i n g , symmetric stretching 
and bending v i b r a t i o n s , r e s p e c t i v e l y , of I3- included i n the 
h e l i x . This i n t e r p r e t a t i o n deviates from that of Teitelbaum 
et a l . (32). Teitelbaum has combined resonance Raman and Moss-
bauer studies and hi s r e s u l t s i n d i c a t e the presence of I 5 " u n i t s . 
The 163 cm"1 t r a n s i t i o n i s therefore assigned to a fundamental, 
normal mode involvin g the symmetrically coupled i n t e r n a l s t r e t c h 
ing of two I 2 units flanking I " . He states: "That the force 
constant i s perturbed less from the free I 2 (207 cm"1) than i n 
1 3 " (108 cm"1) r e f l e c t s the fa c t that the a v a i l a b l e electron 
density of the I " donor must now be d i s t r i b u t e d between two I 2 

acceptors." His spectra show only very weak scatter i n g at 
109 cm - 1 ( I 3 " ) and 56 cm"1 (not assigned). The question remains 
as to whether the conditions of hi s studies, freeze dried samples 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



536 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

250 280 150 Ι β β 59 θ 

cm""1 

Figure 4. Resonance Raman spectra of amylose-iodine complexes DP 18, 47, 
and 190 (Kr, 647.1). (Amylose DP 18, concn = 0.2 g/L; DP 47 and 190, concn 

= 0.07 g/L; 113~ per 6 anhydro glucose residues; 1 I2 per 1.61.) 
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Figure 5. Resonance Raman spectra of amylose-iodine complex DP 18, Xmax = 
518 nm, for laser wavelengths 457.9, 514.5, and 647.1 nm 
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and a temperature of 4 Κ in Môssbauer studies, are comparable 
with dilute solutions at room temperature, which produce a com
paratively stronger band at 111 cm - 1. 

At the present stage we can say, that there i s no indication 
for any change of the Raman excited modes of the enclosed iodine 
species with increasing A m a x , i . e . the length of the polyiodine 
chain. No difference i n the spectra of red and blue colored 
amylose complexes i s detectable (34,35). Preliminary experi
ments also give no indication of a change in the spectra with 
the I~ content of the iodine solutions used (b-d). Experiments 
with improved instrumentation and s t i l l shorter amylose chains 
are in progress. These studies may reveal a chain length l i m i t 
for the observation of the characteristic signals. We are 
especially interested i n a detailed investigation of the 27 cm - 1 

band because this band has been assigned by Heyde et a l . (30) 
to an iodine chain length of 28 iodine atoms corresponding to 
optimal s t a b i l i t y i n th
ment appears doubtful sinc
DP 47 amylose (Figure 4 ) . 

Ordering Processes of Amylose-iodine Solutions. A second 
feature observed in e a r l i e r ORD and CD measurements with amylose-
iodine solutions was a time dependent increase of the Cotton 
effect (V) . As mentioned above, i n t r a - and intermolecular 
ordering processes may be considered. In order to dif f e r e n t i a t e 
between these two p o s s i b i l i t i e s , we i n i t i a l l y carried out studies 
i n very di l u t e solutions to prevent association as far as 
possible (Figure 7 ) . 

There i s a marked difference i n the CD spectra measured 
immediately after addition of iodine and after 24 hours. This 
i s i n contrast to only a minor change i n the absorption spectrum, 
which indicates that l i t t l e happens to the polyiodine chain. 
Note, the o p t i c a l l y active transitions (Δε) contribute very l i t t l e 
to the overall extinction c o e f f i c i e n t (ε). 

The course of the development of the CD during the f i r s t two 
hours may be seen in Figure 8 for a DP 47 amylose. The negative 
and positive band increase almost uniformly. A m a x and X Q are 
simultaneously shifted to shorter wavelengths. This s h i f t , 
t y p i c a l l y found for slowly-ordering, longer chains (17) i s an 
indication of a change, though small, i n the polyiodine chain 
and i s the subject of further investigation. A reasonable expla
nation of the time dependent increase of CD observed with the 
short chain amyloses i s the transition from a loosely-wound 
h e l i c a l chain to a more densely packed, regular one. Such order
ing of asymmetric o p t i c a l l y active centers of the amylose chain 
does not necessarily imply a change of polyiodine chain length 
upon passing from an imperfect to a well organized helix. In this 
way the increase i n the number of asymmetric site s for iodine 
binding can be understood without a change of A m a x . Chain 
folding should also be kept i n mind and w i l l be more l i k e l y for 
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Figure 8. Time-dependent increase of CD of amylose-iodine complex DP 47. 
(Amylose, concn = 0.07 g/L (11).) 
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longer chains. The formation of associated p a r t i c l e s i s unlikely 
since we found no residue after u l t r a f i l t r a t i o n using an 800 8 
Nucleopore f i l t e r . Thus an intramolecular ordering process must 
be responsible for the time dependent increase of the Cotton 
effect i n dilute solutions. 

In order to examine whether interaction between chains also 
leads to an increase of the Cotton eff e c t we studied amylose-
iodine solutions under aggregating conditions. In experiments 
using iodine solutions of different I"" content we observed at 
standard amylose concentration (0.4 g/1) a considerable tendency 
towards aggregation with the i n i t i a l l y I" free iodine solution 
and with solution containing a large excess of Γ (1 12/65 I"). 
As was acci d e n t i a l l y observed, addition of large amounts 
(5-15 g/1) of potassium iodate also promotes aggregation (salting 
out e f f e c t ) . The results from CD measurements show an increase 
of CD (i) proportional to the KIO3 concentration added when 
v i s i b l e aggregation ha
course of the formation
d). Aggregated solutions were resuspended by shaking before 
measurement. The formation of soluble and insoluble aggregates 
i s obviously compatible with a time dependent increase of the 
Cotton effect. Whether the increase of the Cotton effect i s due 
to an intermolecular alignment and/or to a preceding intramolecu
lar ordering process, which also could be folding, remains an 
open question. However, we wish to point out that an ordering 
of the asymmetric centers along the chain (helix formation) 
could be f a c i l i t a t e d by contact between differ e n t chains. Thus 
intermolecular interaction would give an additional contribution 
to the time dependent increase of Δε. 

Fractional Precipitation of Amylose-iodine Solutions. F a i r l y 
concentrated amylose solutions containing a mixture of two to 
fiv e components (DP 90-5600) were precipitated by successive 
addition of KI3 solution. The p u r i f i e d fractions were converted 
into t r i c a r b a n i l a t e derivatives and were then separated over a 
high performance GPC column. The rat i o of the components was 
obtained from careful evaluation of the peak areas using the 
concentration dependence of the single components and various 
mixtures of known composition. Figure 9 shows the elution curves 
of fractions a-d obtained from a two component system (DP 90 and 
DP 1800, 1:1). 

We found that the higher molecular weight product i s pre
ci p i t a t e d p r e f e r e n t i a l l y ; t h i s i s the typ i c a l behavior for 
polymers. Different behavior would be expected i f an association 
of lower molecular weight products or chain folding took place 
p r i o r to the eventual p r e c i p i t a t i o n . The results support the 
interpretation that the time dependent increase of the Cotton 
effect i n dilute solutions (0.07-0.4 g/1) i s not due to the 
formation of aggregated p a r t i c l e s but rather the result of i n t r a -
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Figure 9. Fractional precipitation of 
amylose-iodine complexes DP 90 and 
1800 (1:1). Elut ion curves of tricar bani-
lates in THF from HPLC-GPC. (Amy
lose solution: 200 mg DP 90 and 200 mg 
DP 1800 dissolved in 4 mL DMSO and 
diluted with water to 40 mL. Iodine solu
tion: 0.05M I2, 0.76M ΚΙ, 0.1M KCl; 
fractions a-d were obtained by successive 

addition of 1 mL iodine solution.) 

1800 

90 : 1800 

30V.: 70V. 

36V. : 64V. 

417. : 59 7. 

697. : 317. 

V E [ml] 
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molecular ordering. Note a pronounced time dependent CD was 
found for the low molecular weight samples DP 38-125 but not for 
DP 2100. 

Studies with Aqueous Amylose Solutions 

Vacuum U l t r a v i o l e t CD Measurements. In order to investigate 
whether a preformed h e l i c a l conformation exists i n aqueous solu
tion, we carried out CD measurements i n the region of the sugar 
chromophores with one of the new instruments. These measurements 
were performed i n collaboration with W. C. Johnson at Oregon 
State University i n C o r v a l l i s , who recently studied maltooligo-
mers including maltohexaose and a commercial amylose (37). We 
completed the series with readily soluble synthetic amyloses of 
DP 18 to 35; results for DP 25 are shown in Figure 10 along with 
the results of Lewis and Johnson (37). 

A l l spectra show a
and a strong positive ban
No abrupt change was observed i n the shape of the CD curves with 
increasing chain length; there i s a continuous increase of the 
negative band maximum near 182 nm. (Compared with the e a r l i e r 
measurements the CD curve of the synthetic sample DP 25 i s 
shifted to longer wavelengths. To some extent this may be due 
to the higher temperature used i n the later studies ( 3 8 ) ) . 

Remarkably, a l l polysaccharides measured thus far give a 
similar pattern of two CD bands of opposite sign, one at about 
180 nm and a second at about 164 nm (39,40,41). The signs and 
the r e l a t i v e magnitudes of these bands are characteristic of the 
polysaccharides. The band at 182 nm i s tentatively assigned to 
the ring oxygen (42). The intense band at 164 nm i s mainly 
attributed to hydroxyl groups absorbing i n this region (42). 
The beginning of a helix formation may be expected to cause a 
s p l i t t i n g of the 182 nm band. However, no s p l i t t i n g and no 
change of even the shape of the CD curves i s observed, when 
passing from maltose to amylose and this means that there i s no 
twisting of adjacent chromophores i n this region. The increase 
i n CD, which i s found, i s most probably due to a stronger s p a t i a l 
f i x a t i o n of the chain with increasing DP. These observations 
do not completely rule out a helix conformation; we can only 
state, that i f helix formation takes place the 182 nm chromo
phore i s insensitive to this process. Measurements i n the region 
below 165 nm may give more information, but because of the 
absorption of water there these measurements have to be done 
with films and are therefore not d i r e c t l y comparable. 

Fractional Retrogradation of Aqueous Amylose Solutions. 
In previous studies we investigated the association behavior of 
natural amylose with a broad molecular weight d i s t r i b u t i o n and 
of synthetic monodisperse amyloses by l i g h t scattering measure
ments (1,5). In order to obtain quantitative data on the degree 
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of p r e f e r e n t i a l retrogradation we studied solutions containing a 
sample of high association tendency (DP100) and a very stable one 
(DP 2270). Fractions were successively removed by centrifugation 
as soon as the s o l u t i o n became t u r b i d . As described above amylose 
fra c t i o n s were converted into t r i c a r b a n i l a t e s and then separated 
over a GPC column. E l u t i o n curves of fr a c t i o n s a-c obtained from 
a 1:1 mixture are shown i n Figure 11. 

In retrograding solutions we expected a p r e f e r e n t i a l p r e c i 
p i t a t i o n of the DP 100 amylose. However, the r a t i o of the com
ponents i n each f r a c t i o n was found to be s i m i l a r to the 1:1 com
p o s i t i o n of the s o l u t i o n . The same r e s u l t s were obtained with 
a 1:3 or a 3:1 composition r a t i o i n the s t a r t i n g s o l u t i o n . The 
re s u l t s show c l e a r l y that the high molecular weight product i s 
involved i n the association process from the very beginning. 

Kodama and Noda (43) recently reported l i g h t s cattering and 
sedimentation-equilibrium measurements on aqueous amylose solu
tions covering a wide rang
i n the range of DP 40 t
with molecular weights corresponding to "dimers". The authors 
suggest that a B-type amylose aggregate, i . e . a double h e l i x , 
has been formed i n s o l u t i o n . This i s supported by the r i g i d -
c o i l conformation of these aggregates, which the authors found 
i n contrast to the random c o i l behavior of the higher molecular 
weight f r a c t i o n s . 

Conclusions 

1. Resonance Raman measurements with iodine-complexed 
amyloses have shown that the v i b r a t i o n modes t y p i c a l of the 
iodine species bound i n the complex do not depend on the length 
of the polyiodine chain. Evidently these signals only give 
information about short sections of the polyiodine chain, as 
could be expected on the basis of Raman spectroscopy. Even at 
DP 18 no change i n the p o s i t i o n of the signals at 162 and 111 cm"1 

i s detectable. Thus resonance Raman spectra do not give the 
desired information about the nature of the polyiodine absorption 
bands. The assignment of both resonance Raman bands i s s t i l l 
c o n t r o v e r s i a l (28,32) and i t i s not c e r t a i n whether two d i f f e r e n t 
iodine species are involved. 

2. The s p l i t t i n g of the CD corresponding to the long wave
length absorption maximum in t o a negative and p o s i t i v e c o n t r i 
bution i s a sign of asymmetric centers such as are found i n 
h e l i c e s . A max of absorption and Ao of the s p l i t CD are s h i f t e d 
simultaneously to longer wavelengths with increasing amylose 
chain length (Figure 1 ) . Thus the s p l i t CD i s r e l a t e d to the 
polyiodine chain length but the amylose need not necessarily be 
a perfect h e l i x . A change from a less ordered to re g u l a r l y 
ordered h e l i x wound around the polyiodine chain would cause an 
increase of the Cotton e f f e c t but no s h i f t i n XQ provided that 
there was no change of the polyiodine chain length. The magni-
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Figure 10. C D spectra of amylose ( - ) , maltohexaose (- · -), maltotetraose 
( - ) , maltotriose (- · · -), and maltose (- · -) in aqueous solution at 1 0 ° C . 
Note that the scale of the negative range is enlarged 10 times. C D spectrum of 

synthetic amylose DP 25 in aqueous solution at 22 ° C ( - ) (31). 

Figure 11. Stepwise rétrogradation of 
amyloses D P 100 and 2270 (1:1). H P L C -
G P C of tricarbanilates in T H F . (Amylose 
solution: 200 mg D P 100 and 200 mg 
DP 2270 in 4 mL D M S O and diluted 

with water to 100 mL.) 
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tude of the Cotton e f f e c t i s a measure of the asymmetric s i t e s 
around the polyiodine chain. The time dependent increase of the 
Cotton e f f e c t on standing of amylose-iodine solutions r e s u l t s 
mainly from an intramolecular ordering process. In d i l u t e solu
t i o n s , where aggregates were shown to be absent, the ordering 
of short chains (DP 35-125) can be a t t r i b u t e d to the t r a n s i t i o n 
from a loosely wound h e l i c a l chain to a we l l organized h e l i x 
leading to the observed increase of asymmetric s i t e s for iodine 
binding. Both models, that of Senior and Hamori (9_) and that of 
Brant and coworkers (10), would f i t these r e s u l t s . An a d d i t i o n a l 
e f f e c t from chain f o l d i n g may take place at larger DP. S i m i l a r l y 
aggregation, studied under various conditions, may contribute to 
the increased CD by means of further s p a t i a l f i x a t i o n of the 
polyiodine chain. 

3. CD measurements with aqueous amylose solutions (37) give 
no evidence for a s p l i t t i n g of the CD i n the region of 182 nm. 
Thus there i s no tw i s t i n
phores i n the region o
t r a n s i t i o n of ri n g oxygen. Also with other polysaccharides, 
known to form h e l i c a l structures, a s p l i t t i n g of t h i s CD band 
has not been observed i n s o l u t i o n . Measurements i n the absorp
t i o n range of the hydroxyl groups, i . e . below 164 nm, are not 
possible i n aqueous s o l u t i o n . Results obtained with f i l m s i n 
t h i s region can not be taken as representative for the s i t u a t i o n 
i n s o l u t i o n . 

4. The r e s u l t s from stepwise rétrogradation of a mixture 
of two amyloses with l a r g e l y d i f f e r i n g association tendency give 
no evidence f o r preformed double h e l i c e s i n s o l u t i o n , even i n 
the c r i t i c a l range of high rétrogradation rate. The double 
h e l i x formation probably takes place simultaneously with p r e c i 
p i t a t i o n . The rétrogradation maximum around DP 80 seems to be 
connected with a c r i t i c a l s i z e of c r y s t a l l i z a t i o n n u c l e i rather 
than with the persistence length or a s p e c i a l l y preordered 
conformation. 
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Retrodradation of
digestibility with amylase (_]_) > X-ray diffraction  light-
scattering (3, 4), amperometric titration (2}, and other physico= 
chemical methods (5j over rather long time ranges, usually hours 
or days, or, at the shortest, minutes. No attempt seems to have 
been made to search for initial nucleation processes in a much 
shorter time range, milliseconds to seconds, to elucidate the 
mechanism of r é t r o g r a d a t i o n . We found that the light-scattering 
stopped-flow method is quite suitable for this purpose. 

Potato amylose r é t r o g r a d a t i o n caused by pH-jump down from pH 
12 to 6 has been studied by the digestibility method with gluco= 
amylase and an amperometric titration as a function of time over 
range of days (]). The r é t r o g r a d a t i o n becomes complete within 
one day. Thus, an investigation of the initial stage in the 
r é t r o g r a d a t i o n is important and interesting. 

A solution (pH 12-13, dissolved with 1 M_alkali) of amylose 
having an average degree of polymerization (DP) ca. 100 was mixed 
in a Union Giken stopped-flow apparatus with an acetic acid 
solution of various concentrations to give a final pH 2 to 7. At 
least two kinetic phases of different rates were clearly distin= 
guished. Apparent first-order rate constants, k a p p of the fast 
phase (~1Q sec"1) show a steep increase with decreasing pH 
between 6 and 4. The rate constants are much dependent on the 
concentration of amylose, suggesting that the initial fast phase 
proceeds by an intermolecular mechanism. The slow phase, on the 

-2 -1 
other hand, which has rate constants in order of 10 sec , was 
independent on the amylose concentration. Thus it is concluded 
that the fast intermolecular process plays an important and deci= 
sive role in the nucleation of amylose r é t r o g r a d a t i o n . 

Amylose of DP 600 was examined to see the effect of chain 
length on rate constant of the initial rapid reaction. However, 
no initial rapid reaction was observed, only the slow reaction. 
Presumably, the concentration of DP 600 amylose was too low to 
find the initial rapid reaction. 

0097-6156/81/0150-0549$05.00/0 
© 1981 American Chemical Society 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



550 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

Other amyloses having DP 18 and 40 were found to show little 
change in light-scattering in the time range examined. No slow 
phase of these, thus no r é t r o g r a d a t i o n was observed. Moreover, 
corn amylopectin showed no change in light-scattering in any time 
range studied. 

Amyloses, Amylopectin and Chemicals 

Amylose of DP ca. 100 and amylopectin were corn products 
purchased from Kanto Chemical Co., Inc. Other kinds of amylose 
from corn were obtained from Hayashibara Biochemical Laboratories 
and from Dr. John Robyt of Iowa State University, U.S.A. These 
samples of amylose were separated using the Sephadex column 
chromatography and were certified to have narrow distribution of 
molecular weight. Sodium hydroxide and other chemicals were 
guaranteed products of Wako Pure Chemical Industries Ltd. 

Light-Scattering Stopped-flo

Weighed samples of dry amylose were placed in 1 M sodium 
hydroxide solution to dissolve at room temperature overnight, 
and the alkaline amylose solutions were diluted with water before 
use. The alkaline solutions (pH 12-13) of amylose were rapidly 
mixed, "pH-jump", with an acetic acid solution of suitable 
concentration to give the desired final pH, where the final pH 
was measured with a Radiometer PHM64 Research pH-meter after the 
reaction. The change in scattered light intensity caused by the 
downward pH-jump was followed by a Union Giken RA-1300 stopped-
flow apparatus, gas-pressure driven type, with a qurtz observa= 
tion cell (2 mm bore). The light-scattering was observed at 
right angles to the incident beam (320 nm) through a cut-off 
filter (half transmittance wavelength at 295 nm). A schematic 
diagram is shown in Figure 1. Figures 2 and 3 show the mixing 
part and the whole apparatus, respectively. Dead time of the 
apparatus is about 1 msec. Data averaging was carried out by a 
Union Giken RA-450 microprocessor in connection with the stopped-
flow apparatus as described elsewhere (6J. All measurements were 
made at 25°C. 

Light-Scattering Change of Amylose Induced by the pH-Jump 

When the pH in the alkaline solution of amylose (pH 12-13) 
was jumped down to pH 3-5 in the stopped-flow apparatus, a rapid 
increase in the scattered light intensity was observed in the 
time range of milliseconds to seconds. Some examples of the time 
curves, which were obtained by the pH-jump from pH 12.0 to 3.4, 
are shown in Figures 4 and 5. An increase in light-scattering 
can be seen obviously. Another time curve scanned for several 
seconds (Figure 5) indicates clearly that the fast increase is 
followed by a slow increase in the light-scattering. 
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PM 

ΊΓ 
MEMORY 
RECORDER 

ing stopped-flow apparatus. Samples 
(alkaline amylose and acetic acid solu
tions) are placed in the reservoirs A and 
B. M, monochromater (X = 320 nm); 
F, a cut-off filter with half-transmittance 
wavelength at 295 nm; PM, photomulti-
plier; PM was set at 90° to the incident 

beam. 

Figure 2. View of the mixing part of 
the apparatus (gas-pressure-driven type). 
The photomultiplier is set at right angles 
to the incident beam (black cylinder). 
The two sample reservoirs (with white 

caps) are in front of the mixer. 
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Figure 3. View of the whole
Right, a Union Giken RA-1300
flow spectrophotometer, gas-pressure-
driven type) in light-scattering mode; left, 
a Union Giken RA-450 rapid data proc
essor with a cathode ray monitor on the 
processer. The recorder is on the upper 

center shelf. 

Figure 4. _An example of the reaction curves obtained on the indicated time scale. 
Amylose (DP ~ 100), 0.041% (final amylose concentration); pH jumped down 

from 12.0 to3.4;25°C. 
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Doppert and Staverman measured the rate of amylose retro= 
gradation, which sets in as soon as the alkaline solutions are 
neutralized, with the light-scattering method and interpreted the 
retrogradation by the effective collisions of amylose molecules 
(J). The association rate of amylose was also measured to 
investigate the retrogradation by means of light-scattering in 
relation to degree of polymerization of amylose by Husemann et al. 
(8). The phenomenon observed by the light-scattering method is 
difficult to be interpreted briefly, in fact, but can be reason= 
ably understood as the association of amylose molecules. 

Kinetics of the Retrogradation of Amylose 

Apparent first-order rate constants, k a p p were evaluated for 
various concentrations of amylose from the reaction curves by 
using the method of Guggenheim (9). The analyzed values clearly 
indicate that at least tw
criminated; the larger value (~10 sec" ) and the smaller one 

-2 -1 
(~10~ sec" ), which will be called the fast phase and the slow 
phase, respectively. Figure 6 shows that the rate constant of 
the fast phase is much dependent upon the concentration of 
amylose, that is, increases with increasing concentration of 
amylose. The points at concentration of amylose less than 0.1 % 
do not fall exactly on a linear plot, suggesting that a certain 
number of amylose molecules are involved cooperatively, i f any, 
with a weak cooperativity, in the association reaction. In 
Figure 7, logarithms of the rate constant were plotted against 
logarithms of concentration of amylose. The logarithmic plots 
are linear, with a slope of about 1.2, indicating that the fast 
phase proceeds with second or higher order kinetics. 

The slow phase, on the other hand, was independent on the 
amylose concentration, suggesting an intramolecular mechanism, 
and its rate constants were in order of 10" sec in the concent 
tration range studied. In this study, however, only the fast 
phase was examined and analyzed in detail, because the fast phase 
is the initial process of retrogradation, which carries an impor= 
tant and decisive role in the nucleation of amylose retrogra= 
dation. 

Some models on the molecular configuration change of amylose 
(5, 10, 11) and a mechanism on the fibril formation similar to 
the amylose rétrogradation (12) have been proposed on the basis 
of the results observed by the static techniques and the meas= 
urements of slow reaction, however, the initial fast nucleation 
process in such a short time range, milliseconds to seconds, has 
not been found and pointed out at a l l . Thus, the fast inter= 
molecular process (second-order rate constant, in order of 1.5 X 
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Figure 6. Dependence of kapp on the concentration of amylose. Amylose (DP ~ 
100); pH jumped down from 12.3 to 2.3; 25°C. The concentration indicated on 

the abscissa is the final concentration of amylose. 
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10 M" sec" ) is tentatively concluded to carry a key role in 
the nucleation of the amylose r é t r o g r a d a t i o n . 

Dependency of the Rate Constant on the Final pH Value Obtained 
After the pH-Jump Down 

Figure 8 shows the results obtained by the downward pH-jump 
to the various final pH values indicated in the figure. The rate 
constant, k , of the fast phase is very much dependent on pH, 
suggesting participation of some ionic group(s) in the process. 
Essentially, amylose has no ionic group in its molecular 
structure except pH higher than 12 (13̂ , 14). One possibility is 
the existence of phosphate groups in the amylose molecule (15), 
and we are now going to measure phosphate in the amylose sample 
used. 

Effect of DP of Amylose on the Rétrogradation Kinetics 

The light-scattering change was also much dependent on the 
degree of polymerization of the amylose samples employed. 
Amylose having DP of 18 and 40 were found to show little change 
in the scattered light intensity and to proceed in no retro= 
gradation. Amylose of DP 600 was observed to show no rapid 
increase, the fast phase, in the light-scattering, only the slow 
phase over the concentration range studied. The experimental 
result can be understood as follows; the concentrations of DP 600 
amylose, examined by 0.25 % (final concentration), were too low 
to find out the initial fast phase. These findings on the degree 
of polymerization support the results obtained by French, who has 
pointed out adequately that an exaggerated tendency of amylose to 
retrograde is greatly enhanced using amylose having DP ca. 150-
200 (16). It is also pointed out by Foster that the rate of 
r é t r o g r a d a t i o n is markedly dependent upon the molecular size of 
amylose (17)· Pfannemùller et al. have studied the dependences 
of rate of the r é t r o g r a d a t i o n and of complex formation with 
iodine on chain length of amylose (J_8). They found a maximum 
rate of r é t r o g r a d a t i o n at DP 80 and suggested the presence of a 
well ordered, rigid structure in the molecular weight of amylose 
around DP 80. Thus, DP 80-100 seems to be a unit for the confor= 
mation of amylose; stiff helical segment or wormlike helical 
chain ( 1_8). DP 100 amylose, employed mainly in the present 
study, is considered to be one of the best materials for the 
investigation of mechanism of the r é t r o g r a d a t i o n and solution 
properties of amylose. It is, however, interesting and important 
to study the r é t r o g r a d a t i o n of a serial amyloses in the wide 
range of molecular size by using the stopped-flow light-scat= 
tering method. Unfortunately, we cannot get the amylose samples 
having a serial and wide range of molecular weight. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



556 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

Figure 7. Logarithmic plots of kapp 

against the concentration of
Experimental conditions are the

those in Figure 6. 

Figure 8. The pH dependence of kapp. Amylose (TJF ~ 100), 0.038% (after 
mixing; pH jumped down from 12.0 to the pH values indicated on the abscissa. 
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Abstract 

An attempt to measure fast nucleation processes at the 
ini t ia l stage of retrogradation was carried out by the light
-scattering stopped-flow method and with amylose having an average 
degree of polymerization (DP) ca. 100. A solution of amylose in 
alkali (pH 12-13) was mixed in the stopped-flow apparatus with 
acetic acid solution of various concentration to give a final pH 
2 to 7. The reaction was monitored by measuring the increase in 
light-scattering following neutralization. At least two phases 
were clearly distinguished. Rate constants of the fast phase are 

about 10 sec-1, and show a steep increase with decreasing pH 
between 6 and 4. The rate constants increase with increasing 
concentration of amylose, suggesting that the in i t ia l fast 
process involves an intermolecular mechanism. On the other hand, 

the slow phase has rat
independent on the amylos
the fast intermolecular process is the key reaction in the 
nucleation of amylose retrogradation. 

Symbols used 

DP, Average degree of polymeriza t ion; M, Molar concentra= 
t i o n ; λ, Wavelength; apparent f i r s t - o r d e r rate constant. 
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The polysaccharide
normally c o n s i s t s o
(amylose) and branched (amylopectin), i s o t a c t i c homo-
polymers of D-glucose. Amylose con s i s t s of l i n e a r 
chains of D-glucopyranose units l i n k e d through 
oc-(1 —*4) bonds and i s heterogeneous with respect to 
molecular weight (1.5 x 10 5 - 2.4 χ 10°). Amylopectin 
contains short l i n e a r chains of oc-(1—>*4) l i n k e d 
D-glucopyranose residues, which are i n t e r l i n k e d mainly 
by OC-(1—*6) linkages to form a highly branched s t r u c 
ture. Amylopectin i s heterogeneous with respect to 
degree of branching and molecular weight (1 χ 10° -
6 χ 10?). There i s some evidence f o r the presence of 
a material (5-10$) i n starch granules which i s i n t e r 
mediate between amylose and amylopectin ( 1 j . This 
f r a c t i o n i s characterized as amylose with few 
α -(1—^6) linkages which are r e s i s t a n t to the a c t i o n 
of p-amylase but hydrolysed by pullulanase (2). 

Chromatographic methods commonly employed f o r the 
separation of starch components are c h i e f l y based on 
the d i f f e r e n c e s i n s o l u b i l i t y , p r e f e r e n t i a l adsorp
t i o n of one of the components or i t s complexes with a 
su i t a b l e l i g a n d . Gel f i l t r a t i o n has also been used f o r 
the separation of starch components (3) and to study 
t h e i r i n t e r a c t i o n s with iodine (4). The iodine comple
xes of amylose and amylopectin have been separated on 
a micro-scale by paper chromatography (5) using per
c h l o r i c a c i d (40$) as a solvent. S i m i l a r l y sodium 
hydroxide (0.2 M) has been used as a solvent to sepa
rate s t a r c h components on f i l t e r paper (6). The use of 
strong acids and a l k a l i s i n presence of oxygen i s 
bound to cause some degradation of starch components. 

Amylose i s the only homopolysaccharide of 
D-glucose which e x h i b i t s the unique property of form
ing a blue coloured amylose-iodine-complex i n aqueous 

0097-6156/81/0150-0559$05.00/0 
© 1981 American Chemical Society 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



560 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

s o l u t i o n . The h e l i c a l nature of the amylose-iodine-
complex, having s i x glucose residues per h e l i c a l turn 
and iodine molecules packed i n s i d e the h e l i x has been 
wel l established by X-ray d i f f r a c t i o n studies (7). In 
s o l u t i o n amylose e x i s t s as a f l e x i b l e random c o i l and 
i n the presence of complexing agents, forms compact 
h e l i c a l c o i l s , with the ligand molecules entrapped 
i n s i d e the h e l i x (8-13). The h e l i c a l regions contain
ing 110-130 D-glucose u n i t s are interspersed by random 
c o i l regions which contribute f l e x i b i l i t y to the 
polymer chain ( H ) . The outer l i n e a r chains of amylo
p e c t i n containing 12-17 D-glucose residues i n t e r a c t 
with i o d i n e ( I j ) i n a s i m i l a r manner forming a blue-
v i o l e t coloured complex ( 1J5). 

We have reported a novel r e v e r s i b l e i n t e r a c t i o n 
of amylose-iodine-complex with proteins  which i s 
c l o s e l y associated
amylose chain, and th
t h i s complex appears to be due to hydrophobic i n t e r 
actions (1 6). 

Here we describe a method f o r the separation of 
starch components, wherein crosslinked g e l a t i n g e l 
granules are used as an a f f i n i t y matrix to r e t a i n 
amylose-iodine-complex (17)» 

M a t e r i a l s and Methods 

A l l reagents were of 'Analar 1 grade and water 
d i s t i l l e d i n a l l glass apparatus was used. Sodium 
dodecyl sulphate (SDS), Fluka (Switzerland) 90-93$ was 
r e c r y s t a l l i z e d t h r i c e from ethanol and Ammonium per
sulphate, May & Baker (England) was used. , 
Blue value reagent (BVR) : Iodine (7.87 x o10~ 4M) + 

KI (1 .21 x 10~^M) 
Reagent I : Acetate b u f f e r (pH 4.8, 0.1 M) + BVR + 

Urea (2 M) ^ 
Reagent II : Reagent I + SDS (1.0 χ 10"°M) 
potato starch was prepared according to the method 
described by Schoch (JU3) and defatted by repeated 
e x t r a c t i o n with hot chloroform : methanol (2:1). The 
defatted s t a r c h granules were e q u i l i b r a t e d with s a l i n e 
(0.145 M) containing EDTA (1 χ 10~5M) at room tempera
ture ( 2 6-28°C), f o r 16-18 hours and fur t h e r treated 
with 1-butanol : chloroform (3:1) to remove the trace 
amount of proteins (1J?). The starch s o l u t i o n was 
prepared by dispersing wet starch granules i n sodium 
hydroxide (1.0 Μ) a t room temperature (26-28°C) f o r 
12-14 hours, followed by n e u t r a l i z a t i o n with HC1(0.5M) 
to pH 7.0 and centrifuged (2,418 g) before use. The 
enzyme, ^-amylase (EC 3.2.1.2) was i s o l a t e d from sweet 
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potatoes (20 ,21) . I t had a s p e c i f i c a c t i v i t y of 460 
units/mg and was devoid of oc-amylase (EC 3.2.1.1) and 
maltase (EC 3.2.1.20) a c t i v i t y . 
A f f i n i t y g e l matrix : the crosslinked g e l a t i n granules 
were prepared from p i g - s k i n g e l a t i n (10$,w/v) essen
t i a l l y according to the method of Poison, Donnelly and 
Hodgkiss (22). The gel granules with p a r t i c l e size,149 
microns ± 25 were obtained by si e v i n g and the f i n e s 
were removed by repeated decantation. The g e l a t i n g e l 
granules were iodinated with excess of Blue value r e a 
gent containing ammonium persulphate (0.15$) at room 
temperature (26-28°C) f o r 16-18 hours. On i o d i n a t i o n , 
the g e l granules were washed free of ammonium p e r s u l 
phate and e q u i l i b r a t e d with Reagent i / l l . 
Column chromatographic system : A glass column (0 2.5 
χ L 6.0 cm) with a capacity of 20 ml was packed with 
c r o s s l i n k e d g e l a t i
I / I I . Both the end
polythene-mesh and connectors to attach polythene c a p i 
l l a r y tubings (1.0 mm ψ ). The column was covered with 
a black paper to protect i t from l i g h t . The solutions 
were monitored under g r a v i t y (20-25 ml/hr) a t room 
temperature (26-28°C). The f r a c t i o n s (5.0 ml) were 
c o l l e c t e d on a f r a c t i o n c o l l e c t o r . 
Soluble starch : A cl e a r s o l u t i o n of starch (4.0 ml, 
5 mg/ml) was mixed with 12.0 ml of Reagent I, c e n t r i -
fuged (2,418 g) and the cl e a r s o l u t i o n of sta r c h -
iodine-complex was loaded on the column under g r a v i t y 
(20 ml/hr). The so l u t i o n was recycled twice to ensure 
the complete r e t e n t i o n of amylose-iodine-complex. The 
column was washed free of amylopectin-iodine-complex 
with Reagent I. The amylose-iodine-complex was eluted 
with acetate b u f f e r (pH 4 . 8 , 0.1 M) containing urea 
(2 M)(Figure 1). 
Potato starch I : A cl e a r s o l u t i o n of starch (4.0 ml, 
5mg/ml) was mixed with 80.0 ml of Reagent I, c e n t r i -
fuged (2,418 g) and the cl e a r s o l u t i o n of starch-
iodine-complex was loaded on the column under g r a v i t y . 
The same procedure was followed as i n the case of 
soluble starch, except that the amylose-iodine-complex 
was desorbed with acetate buffer (pH 4.8, 0.1 M) con
t a i n i n g urea (8 M) (Figure 2). 
Potato starch II : A c l e a r s o l u t i o n of starch (4.0 ml, 
5mg/ml) was mixed with 6.0 ml of acetate buffer (pH 
4.8, 0.2 M + SDS - 2 χ 10~3M + Urea - 4 M ) followed by 
6.0 ml of iodine s o l u t i o n (1.575 x 10 - 5M + KI - 2.410 
χ 10- 2M). The so l u t i o n was centrifuged (2,418 g) 
before loading. The amylose-SDS-iodine-complex was 
eluted with acetate buffer (pH 4.8, 0.1 M) containing 
SDS (1.0 χ 10 - 3M) + Urea (8 M). The column was regen
erated by passing 4-5 bed volumes of Reagent I/II and 
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E L U T I O N P R O F I L E F O R S O L U B L E S T A R C H 

FRACTION NUMBER 

Figure 1. The amylose-iodine complex was eluted with acetate buffer (pH 4.8, 
0.1M) containing urea (2M) 

Figure 2. The amylose-iodine complex was eluted with acetate buffer (pH 4.8, 
0.1M) containing urea (8M) 
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used f o r 2-3 times. The iodine i n the c o l l e c t e d f r a c 
t i o n s was reduced with sodium thiosulphate (0.1M) and 
the f r a c t i o n s were dialyzed against water to remove 
urea, SDS and s a l t s . The f r a c t i o n s containing SDS were 
dialyzed against sodium bicarbonate (0.1M) followed by 
water. Further, 1-butanol treatment was given to 
remove the traces of SDS from the f r a c t i o n s containing 
amylose. These f r a c t i o n s were characterized by deter
mining t h e i r blue value and p-amylolysis l i m i t . The 
t o t a l polysaccharide content i n the f r a c t i o n s was 
determined by Phenol-sulphuric-acid method (23)* 
Blue value : I t i s the absorbance of the blue colour, 
recorded at, 680 nm at 30°C i n 1.0 cm cuvette contain
ing polysaccharide (0.1 mg) + BVR (1.0 ml) + acetate 
buffer 1.0 ml (pH 4.8, 0.1 M) i n a t o t a l volume of 
10.0 ml adjusted with water  For comparison  the 
o p t i c a l density reading
since the values reporte
were taken i n cuvette with an o p t i c a l path of 4.0 cm. 
The p-amylolysis l i m i t of the f r a c t i o n s was determined 
by incubating the polysaccharide (0.10 mg) with 
B-amylase (100 units/ml) i n acetate buffer (pH 4.8, 
0.1 M) f o r 6-8 hours, at 37°C, and the l i b e r a t e d 
maltose was estimated by the method of Park and 
Johnson (25)· 
Constant volume t i t r a t i o n : (Figure 6) 

A system containing polysaccharide (Amylose -
0 . 1 5 5 mg/Amylopectin - 0.50 mg/ Starch - 0.25 mg) 0.6 
ml + Acetate buffer (pH 4.8, 0.1 M) 0.5 ml + Iodine 
s o l u t i o n (BVR + KCl - 1.21 χ 10~2M, 2:3 v/v) 0.1 m l — • 
2.0 ml d i l u t e d with water, was incubated at 30 C 
(+0.05°) f o r 30 minutes. The absorbance at 286 nm was 
recorded on spectrophotometer (Shimadzu - UV 300) i n 
10 mm quartz cuvettes at 30°C using water as a blank. 

Results and Discussion 

Amylose i n s o l u t i o n e x i s t s e s s e n t i a l l y as a random 
c o i l with short regions of extended loose h e l i c a l con
formation. In the presence of i o d i n e ( 1 ^ ) , these loose 
h e l i c a l regions undergo contraction, forming a compact 
V type h e l i c a l domains with iodine molecules trapped 
i n the h e l i c a l lumen. These h e l i c a l domains are i n t e r 
spersed by random c o i l regions, which contribute f l e x 
i b i l i t y to the complexed polymer chain as revealed by 
the hydrodynamic studies (8, 26). This c o i l - ^ h e l i x 
t r a n s i t i o n induced by iodine(I?) probably generates 
some hydrophobic regions on the surface of the complex. 
I n t e r a c t i o n of these hydrophobic regions with the 
hydrophobic pockets on the cro s s l i n k e d g e l a t i n g e l 
matrix r e s u l t s i n the re t e n t i o n of amylose-iodine-
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complex. The amylopectin-iodine-complex with short 
terminal h e l i c e s i s not retained, probably due to 
weak i n t e r a c t i o n with g e l matrix. When amylopectin-
iodine-complex was loaded on the column, i t was obs
erved that almost a l l the polysaccharide ( 9 8 - 9 9 $ ) 
appeared i n the e f f l u e n t , i n d i c a t i n g that i t has no 
a f f i n i t y f o r the cros s l i n k e d g e l matrix. 

The experiments with soluble starch-iodine-complex 
have c l e a r l y shown that amylose-iodine-complex i s 
strongly adsorbed on the g e l matrix and occupies a 
blue coloured zone at the top of the column. I t i s 
c l e a r l y v i s i b l e when the column i s washed free of 
amylopectin-iodine-complex with Reagent I. The 
amylose-iodine-complex could not be desorbed by i n c r e 
asing the urea concentration ( 1—*4 M - stepwise g r a d i 
ent; i n presence of iodine (Reagent I ) . Hydrophobic 
i n t e r a c t i o n s are weakene
solvents l i k e ethylen
g l y c o l (40$) i n Reagent-I did not desorb amylose-
iodine-complex. Sodium thiosulphate (0.1 M) i n acetate 
buffer (pH 4 . 8 , 0.1 M) r a p i d l y reduced the iodine and 
amylose was eluted as a sharp peak. E l u t i o n with 
acetate b u f f e r (pH 4 . 8 , 0.1 M) containing urea (2 M) 
produced a desired gradient of decreasing concentra
t i o n of iodine, r e s u l t i n g i n a gradual t r a n s i t i o n 
from h e l i x - * c o i l conformation, accompained by the 
slow desorption of p a r t i a l l y complexed amylose chains. 
The experiments with soluble starch gave very repro
ducible r e s u l t s . The e l u t i o n p r o f i l e of amylose was 
asymmetrical and the blue value and p-amylolysis l i m i t 
of the amylose f r a c t i o n revealed i t s heterogeneity. 
This was expected because soluble starch i s a p a r t i a 
l l y hydrolyzed starch (Figure 1). 

The low molecular weight amylose-iodine-complex 
could be eluted with acetate buffer (pH 4 . 8 , 0.1 M) 
containing 2 M urea (Figure 1), but i n case of high 
molecular weight amylose-iodine-complex (Figure 2), i t 
was necessary to increase the concentration of urea 
to 8 M to achieve complete desorption. 

In case of potato starch i t was necessary to 
d i l u t e the s o l u t i o n (5 mg/ml - 4.0 ml + 80 ml Reagent-
I) to avoid the p r e c i p i t a t i o n of starch-iodine-complex. 
Attempts to avoid p r e c i p i t a t i o n of potato st a r c h -
iodine-complex (5 mg/ml) by addit i o n of amylopectin 
(2$), sucrose (10-20$) and ethylene g l y c o l (10-40$) 
were not s u c c e s s f u l . Only sodium dodecyl sulphate 
helped to keep the potato starch-SDS-iodine-complex 
(5 mg/ml) i n s o l u t i o n . Hence the influence of SDS 
concentration ( 3 . 5 χ 10~ 4 - 3 . 5 x 10~3M) on the reten
t i o n of amylose-SDS-iodine-complex from potato starch 
was i n v e s t i g a t e d . Under these conditions amylopectin-
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-SDS-iodine-complex was q u a n t i t a t i v e l y recovered i n 
the e f f l u e n t . The SDS also helped to maintain the flow 
rates during loading, washing and e l u t i o n . 

TABLE I 

Cha r a c t e r i z a t i o n of Potato Amylose 

Polysaccharide Blue B-amylolysis Peak 
Value Limit ($) Fr a c t i o n ($) 

«* 

Amylose 1.42 98 

Amylose 

(Figure 2) 1

Amylose 
(Figure 3) 0.9 98 7.5 

* Isolated by 1-butanol f r a c t i o n a t i o n procedure (27) 

The potato amylose eluted from the column c o n s t i 
tutes 18-20$ of the t o t a l polysaccharide. The pooled 
amylose f r a c t i o n had a blue value-1.3 and B-amylolysis 
limit-91$. However the amylose from the peak f r a c t i o n 
(9-10$) f a i r l y compares with the potato amylose i s o 
l a t e d by 1-butanol f r a c t i o n a t i o n procedure (Table I ) . 
The blue value of amylose was low (Figure 3), because 
i t was not possible to remove the traces of SDS even 
a f t e r repeated e x t r a c t i o n with 1-butanol. The absorp
t i o n spectra of t h i s amylose-iodine-complex was iden
t i c a l with that of p u r i f i e d amylose-SDS-iodine-complex 
showing a c h a r a c t e r i s t i c blue s h i f t . However, the 
jB-amylolysis l i m i t was same as that of the p u r i f i e d 
amylose. The amylose f r a c t i o n s with low blue value 
and p-amylolysis l i m i t i n d i c a t e the presence of 
amylose chains linked through bonds other than 
oc-(1-^4). Though t h i s column i s able to pick-up 
amylose-iodine-complex/amylose-SDS-iodine-complex 
almost q u a n t i t a t i v e l y , the subf r a c t i o n a t i o n of amylose 
according to i t s degree of polymerization into d i s 
crete f r a c t i o n s i s not achieved. Further work on the 
adsorption and e l u t i o n of amylose of known degree of 
polymerization w i l l provide valuable information f o r 
improving t h i s r e s o l u t i o n . The e l u t i o n p r o f i l e s f o r 
potato amylose (Figure 2 & 3) are asymmetrical and the 
blue value and p-amylolysis l i m i t of the eluted f r a c 
t i o n s i n d i c a t e the heterogeneity of amylose. 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



566 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

E L U T I O N P R O F I L E F O R P O T A T O S T A R C H Π 

AMYLOPECTIN (70%) A M Y L O S E ( 1 5 % ) 

F R A C T I O N N U M B E R 

Figure 3. The amylose-SDS-iodine complex was eluted with acetate buffer (pH 
4.8, 0.1M) containing SDS (1.0 X 103M) + urea (8M) 

g ι oh 

A B S O R P T I O N S P E C T R A O F B L U E V A L U E R E A G E N T 

A N D CALIBRATION C U R V E FOR IODINE (I3) 

£ 0 0 500 

W A V E L E N G T H ( n m ) 

Figure 4. The system contains acetate buffer (pH 4.8, 0.1M) — 0.5 mL + iodine 
solution (BVR + KCl - 1.21 χ 102M, 2:3 v/v) - 0.125 mL -» 1.0 mL in a 

total volume of 5.0 mL adjusted with water 
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The pooled amylopectin fraction (Blue value-0.24; 
Ç-amylolysis limit-48$) f a i r l y compares with that of 
purified potato amylopectin (Blue value-0.16; 
p-amylolysis l i m i t - 5 1 $ ) . 

The high recovery (85-95$) of the polysaccharide 
suggests that this method can be used for the quanti
tative separation of starch components from defatted 
tuber and cereal starches, on a micro-scale. 

A spectrophotometric method is developed for the 
determination of iodine binding capacity for starch 
and i t s components on a micro-scale. The absorption 
spectra of iodine in aqueous solution in acetate 
buffer pH 4.8, exhibits three distinct peaks at 2 8 6 , 
350 and 460 nm respectively ( 2 8 ) . In the presence of 
sufficient amount of KI (Reagent-I) the peak at 460 nm 
is repressed which is attributed to iodine (Figure 4)
The peaks at 286 an
ions, since they ar
acid. On addition of amylose to Reagent-I, a new peak 
appears at 640 nm while the peak at 350 nm is slightly 
enhanced (Figure 5). On increasing the concentration 
of iodine the absorbance at 640 nm increases and 
reaches a saturation level. The absorbance at 286 and 
350 nm also increases and at the saturation level the 
absorbance i s equal in case of amylose but not in the 
case of amylopectin or starch (Figure 6A). The con
centration of free iodine (Ij) and absorbance at 286 
nm can be corelated by a calibration curve (Figure 4). 
By using a constant volume ti t r a t i o n method, bound 
iodine can be calculated by subtracting the free 
iodine from the total iodine. A plot of free iodine vs 
bound iodine shows a break point which on extrapola
tion gives the bound iodine (Figure 6B). The iodine 
binding capacity (IBC) of polysaccharide i s expressed 
as the amount of iodine bound per 100 mg of the poly
saccharide. The values of IBC obtained by this method 
are in good agreement with those obtained by conven
tional potentiometric and amperometric methods (29. 30) 
(Table I I ) . 

TABLE II 
Iodine Binding Capacity (IBC) of Potato Starch and 
i t s Components 

Polysaccharide Spectrophotometry Potentiometry(31) 

Amylose 19.8 19.8 
Amylopectin 0.20 0.20 
Potato Starch 4.4 4.2 
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Figure 5. The system is the same as given in Figure 4 + amylose (0.07 mg) 

Figure 6. 
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Abstract 

We have observed that proteins in solution display 
strong hydrophobic interactio
complex, forming insolubl
dissociated by reduction of iodine with a suitable 
reducing agent (16). Based on this observation we 
have developed a simple method for the separation of 
starch components by a f f in i ty chromatography on 
crosslinked gelatin granules in acetate buffer (pH 
4.8, 0.1 M) containing urea (2 M) + Iodine (7.87 x 
10 - 4M) + KI (1.21 x 10 - 2M) + SDS (1.0 x 10 - 3 M). The 
amylose-SDS-iodine -complex is retained on the column 
and the amylopectin-SDS-iodine-complex appears In the 
effluent. The column i s washed free of amylopectin-SDS 
-iodine-complex with the same solution and the amylose 
-SDS-iodine-complex was eluted with acetate buffer 
(pH 4.8, 0.1 M) containing urea (8 M) + SDS (1.0 x 
10 - 3 M). The amylose and amylopectin fractions were 
characterized by determining their blue value and 

β-amylolysis l i m i t . A spectrophotometric method for 
the determination of iodine binding capacity of 
amylose, amylopectin and starch on a micro-scale i s 
developed. 
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Amylose (continued) 
-iodide (continued) 

solution(s) 529-548 
fractional precipitation of 541 
ordering processes of 539 

potato 565 
and amylopectin, characteriza

tion of 494/ 
rétrogradation 549 

rétrogradation 549-558 
kinetics 553-555 

effect of DP on 555 
solutions, fractional 543 

-SDS-iodine complex ....495/, 497/, 498/, 
499/, 501 

/amylopectin-SDS-iodine 
complex 501 

influence of urea on amylose-
iodine complex/ 496, 505 

spectra of 500
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V U C D spectra of 309
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Amylosic chain(s) 

Debye scattering function of 513-527 
diffusion coefficient of 513-527 
models 518-520 
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Anionic polysaccharides, interaction 

between metal cations and ...349-365 
Anticoagulancy 261 
Anticoagulant activity, 
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native Type la 170/ 
Type III 170/ 

native Type III streptococcal 166/ 
Type la 165 

Antigens, Group Β streptococcal 162 
Antithrombin-binding oligosaccharide 

sequence 261 
Aspergillus fumigatus 150/ 
Aspergillus niger 150/ 

spectrum of galactomannan of 155/ 
A T G E E (acetyltetraglycylethyl 

ester) 231 
A ureobasidium pullulans 81 
A T C (amylose tricarbanilate) 55 
Axial birefringence 229 
Azobacter vinelandii, alginic acid 

from 379-386 

Β 

Β. subtilis levan 102 
Bathochromic shift 455 
Bead and spring model, xanthan 22 

Bidentate coordination 322 
Binding 

amylose-iodine 477-490 
counterion 332 
ionic-atmosphere- 230,231 
stoichiometric 230 
territorial 230, 231 

Birefringence 8, 28, 229, 247, 369 
circular 531 
radial 229 
strain 442 

Bjerrum length 405 
Blood plasma 415 
Blue value reagent (BVR) 560 
Borate anions 327 

with nonionic saccharides, Group II 
cations 317-330 

Borate-treated xanthan gum 38-40 
Bovine serum albumin 426 

C 

Cadmiumethylenediamine hydroxide 
(cadoxen) 55 

Carbanilates, amylose 533 
Carbazole procedure 112 
Carbon-13 N M R 125-147 

characteristics of gels 125-126 
spectrum(a) 

of curdlan 132/, 133/ 
of (1 -> 3)-ß-D-glucans 134/ 

branched 140/ 
of lentinan 142/ 
of solid-state curdlan, C P M A S . . . 132/ 

Carboxyl and amide chromophores, 
dichroic behavior of 285 

Carboxylated 
ligands 358 
polyanions 352, 358 
polysaccharides, natural 339-341 

Carboxylates, monomeric 382 
Carboxylmethyldextran 

(CMD) 428,430,432/, 433 
C D of 433 

spectra 434/, 435/ 
Carboxymethylcellulose(s) 

(CMC) 351,360,451 
metal salts of 350 

t-Carrageenan(s) . 3 1 2 , 332, 341, 345, 439 
K-Carrageenan(s) 441/, 450/ 

solution properties of 367-378 
Cartilage, proteoglycan 213 

monomer from whale nasal 214 
C D (see Circular dichroism) 
C E D (cupriethylenediamine 

hydroxide) 55 
Cellulose 

acetate, properties of 61-80 
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Cellulose (continued) 
triacetate (CTA) 65/, 69, 76 

aggregation of 61-80 
light scattering of 61 
polymer 74/ 

tricarbanilate (CTC) 44, 48-50, 57/ 
structural formula for 45/ 

trinitrate 57/ 
viscosity-molecular weight 

relationships 43-59 
Ceratocystis paradoxa 151/ 
Ceratocystis stenoceras 150/ 

galactomannan 158/ 
spectrum of 157/ 

Cereal starches 567 
Chain dynamics, theory of 19 
Chain, free draining 516 
Chondroitin A B C lyase 220 
Chondroitin sulfate(s) (CHS) 213,281 

chains 22
solutions, ion-poly ion interactio

in 387-40
Chrondroitinase A B C 222/, 223/ 
Chromophore(s) 

C D of amide 293 
dichroic behavior of carboxyl 

and amide 285 
iodine 533 

CHS (see Chondroitin sulfate) 
Circular dichroism (CD) 278, 293 

of acetamido groups 279 
of acetamido sugar residues 278 
of N-acetylglucosamine and 

glucuronic acid 286/ 
of C M D 433 
of D-glucans, V U 303-315 
of glycosaminoglycans 275-292, 284/ 

pH-dependent 281 
of hyaluronic acid 287 

of oligosaccharides 285, 287/ 
of G A G , pH-dependent 282/ 
and resonance Raman measure

ments 531-539 
spectrum(a) 

of acetamido sugars 300 
of oligasaccharides containing 296 

of 2-acetamido-2-deoxy-l-N-
Acetyl-/?-D-glucopyranosyl 
amide 081,2 DAg) 296 

of 4-N-(2-acetamido-2-deoxy-
/?-D-glucopyranosyl)-aspara-
gine (GlcNAc-Asn) 296 

spectroscopy of acetamido sugars, 
U V 293-302 

of uronic acid residues 275 
CMA-iodine complex 488 
C M A , isotherms for 484/ 
C M B D 434/ 

ion-binding data for 430 
C M C (carboxylmethylcellulose) ...351,360 

C M D (see Carboxylmethyldextran) 
Coefficient 

self-diffusion 390 
translational diffusion 515,523 
virial 529 

Condensed ion effects 354-358 
Configurational entropy of tethered 

polymers 265-274 
Conformational energy functions 81 
Conformational transition 376 

of (1 -> 3)-/?-D-glucans, 
NaOH-induced 141-144 

Coil-helix transition 563 
polypeptide 479 

Copper(II) binding in alginate 
solutions 379-386 

Cornea, acid mucopolysaccharides 
in fish 274 

Cornea, osmiumtetroxide stained rabbit 266 

Counterions, free 399 
Crithidia fasciculata 150/ 
Cross-polarization magic angle 

spinning (CPMAS) 125 
C-13 N M R spectrum of solid state 

curdlan 132/ 
Cryoscopic method 418 
C T A (see Cellulose triacetate) 
C T C (see Cellulose tricarbanilate) 
Cuprammonium hydroxide 55 
Cupriethylenediamine hydroxide 

(CED) 55 
Curdlan 126-138 

C-13 N M R spectra of 132/, 133/ 
conformation of 129-131 
conformational transition of 131-136 
C P M A S C-13 N M R spectrum of 

solid state 132/ 
gel network and gelation 

mechanism 136-137 
gelation behavior of 126, 128-129 
molecular-weight dependence of 

conformation of 136 
V U C D film spectra of 310/ 

Cyclitols 322 
Cyclodextrins 129 
Cyclodextrin-I5" complex 478 
Cyclodextrin-pentaiodide structure .... 478 
Cyclohexaamylose 518 

Debye scattering function 514, 520-523 
of amylosic chains 513-527 

Debye-HUckel approximation 406 
Degradation of levan, hydrolytic 108 
Degradation product, methylated 

oligosaccharide 163/ 
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4-N-(2-Deoxy-2-acetamido glycosyl)-
asparagine 298/ 

Dermatan sulfate (DS) 281 
Dextran(s) 88-92 

derivative(s) 
hydration of 423 
solution properties of 415-438 
structure of ionic 416/ 
tetramethylammonium salt of .... 428 

optical rotation of 416/ 
phosphate (DP) 432/ 

of amylose on rétrogradation 
kinetics, effect of 555 

-effect 457 
solutions, thermodynamic parame

ters of 418 
sulfate (DS) 332, 345, 358, 360, 

415,428,432/ 
metal salts of 350 
sodium salts of 406 

viscosity of 417
Dextrin 47
Dichroic behavior of carboxyl and 

amide chromophores 285 
Diethylaminoethyldextrans 426 
Diffusion coefficient(s) 

of amylosic chains 513-527 
histograms of 186/ 
translational 

of PGS 205/, 206/ 
self particle 203 

z-averaged 193 
translational 203 

Dilution, enthalpy of 350-354 
Dispersibility of xanthan gum 40 

factor affecting 31 
and hydration of glyoxal-treated ... 34-38 
improvement 31-32 

Dissipative shear modulus 241 
Dissociation equilibria of xanthan 

and PS-10 339 
D N A 388 
DS (dermatan sulfate) 281 

Ε 

Electrostatic potential, Poisson-
Boltzmann 243 

Electrostatic repulsion 388 
Electrostricted hydration 426 
Encapsulation of xanthan gums 32 
Energy functions, conformational 81 
Enthalpy of dilution 351-354 
Equilibria, protonation 382 
Equilibrium properties, ion-polyion 

interactions and 3-8 
Ethylene glycol hydroxyl groups 320 
Exocellular polysaccharide 339 
Exopolysaccharide 31 

F 
Fibril formation 553 
Fish cornea, acid mucopolysaccha

rides in 274 
Flory-Fox equation 108 
Fluoresceine 338, 345 
Fluorescence fading 257, 260/ 
Fluorescence, photochemical fading 

acridine orange-heparin 262 
Free counterions 399 
Free draining chain 516 
D-Fructofuranose 101 

G 
G A G (see Glycosaminoglycans) 
Gal (£ 1 -3)GlcN Αο(β 1 -3)Gal(/31 -4)-

Glc 298/ 
β-D-Galactofurano-a-D-mannopyranans, 

galactose to galactose structures 

galactose to mannose structures 
in 149-159 

β-D-Galactofuranosyl 149 
mannose 152 
units 150/ 

2-0-/?-D-Galactofuranosyl-a-D-
mannopyranose 152 

2- 0-/?-D-Galactofuranosyl-(methyl-
α-D-mannopyranoside), spectrum 
of 153/ 

3- 0-£-D-Galactofuranosyl-(methyl-
α-D-mannopyranoside), spectrum 
of 153/ 

β-Ο-β-D-G alactof uranosyl- (methyl-
α-D-mannopyranoside), spectrum 
of 155/ 

Galactomannan(s) 441/, 442-448, 
450/, 451 

of Aspergillus niger, spectrum of .. 157/ 
C. stenoceras 158/ 

spectrum of 157/ 
Sporothrix schenckii 152, 154/ 
of Trichophyton interdigitale, 

spectrum of 155/ 
of Trypanosoma cruzi, spectrum of 157/ 

D-Galactopyranose 162 
β-D-Galactopyranose 167, 169 

residues 165 
β-D-Galactopyranosyl unit 149 
β-D-Galactopyranosyluronic acid 162 
Galactose to galactose structures in 

β-D-galactofurano-a-D-manno-
pyranans 149-159 

Galactose to mannose structures in 
/?-D-galactofurano-«-D-manno-
pyranans 149-159 

D-Galactose 162,449 
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L-Galactose 440 
Gel(s) 

of branched (1 - » 3)-/3-D-glucans . 138 
C-13 N M R characteristics of 125-126 
network of branched (1 - » 3)-β-Ό-

glucans 144 
network and gelation mechanism, 

curdlan 136-137 
thermoreversible 376 

Gelation mechanism, curdlan, gel 
network and 136-137 

Gibb-Duhem equation 269 
Gleditsia galactomannan 448 
Glucans 449-451 

characterization of branched 138 
D-Glucan(s) 

C D 307/-309/ 
chains 96 
V U C D of 303-315 

a-D-Glucan(s) 311 
chain segments, dimeric 84

(1 - » 3)-/?-D-Glucans 
C-13 N M R spectra of 134/ 

branched 140/ 
gel(s) 

of branched 138 
network of branched 144 
state 125-147 

NaOH-induced conformational 
transition of 141-144 

Glucomannans 448-449 
Glucopyranosides 311 
α-D-Glucopyranoside 312 
Glucopyranosyl amides 299 
3,5-Glucopyranosyl residues 138 
Glucose, «-D-(1-> 4)-linked 131 
Glucose residues, β-Ό-(\ - » 6)-linked 141 
D-Glucose 162,492 

isotactic homopolymers of 559 
residue 141 

α-D-Glucose 306 
/?-D-Glucose 306 
«- l ,6-Glucos idic linkages 415 
Glucuronic acid, C D of N-acetylglu-

cosamine and 286/ 
D-Glucuronic acid 229 
Glucuronidase digestion of tetra-

saccharides 285 
Glycans 275 
Glycogen, V U C D spectra of 

amylopectin and 310/ 
Glycosamine 275 

monomers, rotational strengths of 279 
Glycosaminoglycan(s) (GAG) 261, 275, 332 

C D of 275-292, 284/ 
pH dependent 281, 282/ 

- H P 253,259 
nonheparin 252 
optical activity of 279 

Glycosaminoglycan(s) (GAG) (continued) 
polysaccharide 229 
primary structure of 276/-277/ 
side-chains 201 
sulfated 215 

α-0-Glycosylation effects 152 
Glyoxal-treated xanthan gum 40 

dispersibility and hydration of 34-38 
Glyoxal treatment of polyhydroxyls .32-34 
G P C / L A L L S 50 

accuracy of 48 
configuration 45/ 
methodology 46 
reproducibility of 48 

Group Β streptococcal antigens 162 
Group II cations and borate anions 

with nonionic saccharides 317-330 
Guar gum derivatives 38 
Gyration, radius(ii) of 194/, 195 

d 179 

Η 

Heat of dilution 332 
Helix chain, extended 529 
Helix-coil transition 136,244,367-369 
Hemiacetals, hydrolysis of 34 
Heparins 251-264, 281,332, 

336, 345, 407 
acridine orange bound to 252 
anticoagulant activity 258/, 260/, 262 

correlation of anionic density with 257 
calcium salt of 406 
chains 338 
characterization of 253 
dynamic conformational properties 

of 252 
isolation of 253 
N-desulfated 281 
properties of 256 
sodium salts of 406 
sulfated polysaccharides and 332-339 

Hexafluoro-isopropanol (HFIP) ...279,300 
Hyaluronate interaction with PGS 208, 211 
Hyaluronate, x-ray diffractograms of 288 
Hyaluronic acid 213 

C D of 287 
oligosaccharides of 285, 287/ 

dynamic viscoelasticity of 219/ 
solution properties of 229-250 
on viscosity of proteoglycan 

monomer, effect of 216/ 
Hyaluronidase, testicular 287 
Hydration 

of dextran derivative 423 
electrostricted 426 
hydrogen-bonded 426 
hydrophobic 426 
of oligodextran 423 
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Hydrodynamic radii of xanthan 8 
Hydrogen-bonded hydration 426 
Hydrophobic hydration 426 
Hysteresis 376 

butterfly 442 
effect 448 
loop of proteoglycan 226 

monomer 225/ 

I 
Inositols 322, 327, 328/, 329/ 
Iodine 

B V R , on formation of amylose-
iodine complex, influence of .. 494 

chromophore 533 
complexes of amylose and amylo

pectin, interaction of SDS 
with 491-511 

effect 459 
with sodium thiosulphate, 

reduction of 496
Ion 

-binding data for C M B D 430 
effects, condensed 354-358 
-polyion interactions in chondroitin 

sulfate solutions 387-401 
-polyion interactions and equilib

rium properties 388 
Ionic polysaccharide(s) 

charge fraction of 405-413 
polyelectrolytic behavior of 331-347 
-protein interactions 336 

Isotactic homopolymers of D-glucose .. 559 
Isotherms for C M A 484/ 

Κ 

Karplus relation 299 
Keratan sulfate (KS) 213,281 

chains 220 
KI effect 456 
Kinetics of rétrogradation of 

amylose 553-555 
Kink splitting 440 
Klebsiellae K-63 polysaccharides 332 
Konjac mannan 450/ 
Kronig-Kramers relationship 531 
KS (see Keratan sulfate) 
Kuhn-Mark-Houwink equation 417 

L 
Lacto-N-tetraose (LNT) 296,298/ 
L A L L S (low-angle laser light 

scattering) 44 
Lambert-Beer law 483 
Lectin stimulated mitogenesis 293 
Lentinan, C-13 linewidths of 143/ 
Lentinart, C-13 N M R spectra of 142/ 

Leuconostoc mesenteroides Ν-A 415 
Levan 

hydrolysates, molecular weights of.. 106/ 
hydrolyzed 104 
unhydrolyzed 103-104 

Ligands, carboxylated 358 
Light scattering 

of C T A 61 
spectroscopy of meningococcal 

polysaccharides 173-199 
stopped-flow 549-558 
studies of xanthan in solution, 

quasielastic 1-13 
Lineweaver Burke 

plot(s) 502/-503/, 506, 509 
Loss tangent of proteoglycan 219/ 
Low-angle laser light scattering 

(LALLS) 44 

thermodynamics of 331 
Manning model 388 
Manning theory 336,405,407,412 
/?-D-Mannopyranose residues 439 
Mark-Houwink 

coefficients 43 
equation 104 
expression 192 
relation 51, 108 
relationship 50 

Meningococcal polysaccharides 
light intensity 178 
light scattering spectroscopy of .173-199 
time correlation 179 

M E S (2-(N-morpholino)ethane 
sulfonic acid) 202 

Metal cations and anionic polysaccha
rides, interaction between 349-365 

Metal salts 
of alginate 350 
of C M C 350 
of DS 350 

Methyl 
4,6-0-benzylidiene-/?-D-manno-

pyranoside 152 
α-D-glucopyranoside 306,311 
β-D-glucopyranoside 306 
α-D-idopyranosiduronic acid 285 
methacrylate (MMA), hydrophobic 126 
pyranosides of 2-acetamido-

2-deoxy hexoses 295/ 
Methyl propionamide (NMP), N- 232 
Methylated oligosaccharide degra

dation product 163/ 
Michaelis-Menten equation 506 
Microbial polysaccharides 331 
Mitogenesis, lectin stimulated 293 
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Mixing-rate effect 464 
Molecular-weight transformation 196/ 
Monte Carlo 

averaging 516-517 
study of amylose chain 

conformation 492 
technique 513 

Mucopolysaccharides in fish cornea, 
acid 274 

Ν 

Nasal cartilage, proteoglycan mono
mer from whale 214 

Nasal septum, structural characteri
zation of PGS from 202-212 

Nernst-Einstein relationship 387 
Newtonian viscosity 1 
Nigeran, V U C D film spectra of 310/ 
N M P (N-methyl propionamide) 232 
N M R , C-13 125-14
Nuclear Overhauser enhancement
Ν V P (N-vinylpyrrolidone) 126 

Ο 
Oligodextran, hydration of 423 
Oligodextran, solution properties of .. 415 
Oligonucleotides 533 
Oligosaccharide(s) 

containing acetamido sugars, 
C D spectra of 296 

degradation product, methylated .... 163/ 
of hyaluronic acid, C D of 285, 287/ 
sequence, antithrombin-binding .... 261 

Optical 
activity of glycosaminoglycans 279 
rotation of dextran 416/ 
rotatory dispersion (ORD) 531 

O R D (see Optical rotatory dispersion) 
Osmiumtetroxide stained rabbit 

cornea 266 
Ovalbumin in urea, denaturation of .. 231 

Ρ 
P. papullosa, lichen 305 
P G A (proteoglycan aggregate) 201 
PGS (see Proteoglycan subunit) 
PS-10, dissociation equilibria of 

xanthan and 339 
PS-60 111-124 

deacetylated 116-119 
clarified 119 

fermentation conditions I l l 
native 114-116 

viscosity 115/ 
pH-dependent C D of G A G 281, 282/ 
Plaque p H depression 102 
Plasma, blood 415 

Poisson-Boltzmann electrostatic 
potential 243 

Poisson-Boltzmann equation 388, 405 
Polyanions, carboxylated 352, 358 
Polyanions, sulfated 358, 360 
Polycarboxylates 382 

alkali metal cations to 358 
Polyelectrolytes 

carboxylated 349 
phosphated 349 
sulfated 360 

Polyelectrolytic behavior of ionic 
polysaccharides 331-347 

Poly hydroxy Is, glyoxal treatment of .32-34 
Polyiodine chains 486 
Polyion-polyion interactions, 

thermodynamics of 331 
Polymers, configurational entropy of 

tethered 265-274 

antigen 
of Group Β Streptococcus 163/ 

native Type la 170/ 
Type III 170/ 

native Type III streptococcal .... 166/ 
Type l a 164 

-counterion interaction 332 
exocellular 339 
glycosaminoglycan 229 
of Group Β Streptococcus, structure 

and conformation of capsu
lar 161-172 

histograms for 184/ 
interaction(s) between 

helices and /? 1,4-linked 
polysaccharides 439-454 

metal cations and anionic 349-365 
polysaccharide helices and 

^1,4-linked 439-454 
ionic 

charge fraction of 405-413 
polyelectrolytic behavior of ...331-347 
-protein interactions 336 

microbial 331 
natural carboxylated 339-341 
ribbon-forming 440/ 
sulfated 331,388 

and heparin 332-339 
type III streptococcal 164/ 

Polystyrene sulfonated, salts of 360 
Poly(N-vinylpyrrolidone) (PVP) 126 
Potassium dextran sulfate-KCl 

system 428 
Potato amylose 565 

and amylopectin, characterization 
of 494/ 

rétrogradation 549 

In Solution Properties of Polysaccharides; Brant, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



578 S O L U T I O N P R O P E R T I E S O F P O L Y S A C C H A R I D E S 

Potato starch 501 
Protein interactions, ionic 

polysaccharide- 336 
Proteoglycan(s) 213, 275 

aggregate (PGA) 201,205/ 
cartilage 213 
dynamic viscoelasticity of 218/ 

solution 216 
and hyaluronic acid, rheogram of 218/ 
hysteresis loop of 226 
loss tangent of 219/ 
monomer(s) 213 

effect of hyaluronic acid on 
viscosity of 216/ 

hysteresis loop of 225/ 
from whale nasal cartilage 214 

sedimentation profile of 216/ 
solutions, viscosity of 216 
subunit (PGS) 201 

in absence of added salt 21
with hyaluronate, interactio
from nasal septum, structura

characterization of 201-212 
self-association of 204, 210 
translational diffusion coeffi

cient of 205/, 206/ 
Zimm plot for 207/ 

Protonation in alginate solutions 379-386 
Protonation equilibria 382 
Pseudohelical chain, randomly coiled 529 
Pseudonigeran, V U D C film spectra of 310/ 
Pullulan 93-96, 311 

chain conformation 95/, 97/ 
configurational statistics of 81-99 
properties of 81-82 
structure of 81-82 

Pustulan 306 
deacetylation (saponification) of .... 305 

PVP (poly(N-vinylpyrrolidone)) 126 

Q 
Quasielastic laser light scattering 

(QELS) 4,202 
of xanthan in solution 1-13 

R 

Rabbit cornea, osmiumtetroxide stained 266 
Radial birefringence 229 
Radii of xanthan, hydrodynamic 8 
Raman, resonance 

measurements 544 
C D and 531-539 

theory 535 
Rayleigh 

factor 46-47 
-Gans-Debye theory 178 
ratio 61 

Refractive index increment 65-70 

Repulsion, electrostatic 388 
Resonance Raman measurements 544 
Resonance Raman theory 535 
Rétrogradation of amylose 549-558 

kinetics of 553-555 
potato 549 

Rétrogradation kinetics, effect of DP 
of amylose on 555 

Rhodamine-B 336,338 
Rigid rod model, xanthan 22 
R N A 388 
Rotational strengths of glycosamine 

monomers 279 
Rouse-Zimm-Peterlin description .... 233 

S 
S. salivarious (see Streptococcus 

salivarious) 
S A H (sulfaminohexose) 252 
Saccharides  Grou  cation

Schoch's method 455 
SDS (see Sodium dodecyl sulfate) 
Sedimentation profile of proteoglycan 216/ 
Self-diffusion coefficient 390 
Self particle translational diffusion 

coefficient 203 
Serine proteases 262 
Serum albumin, human 336, 345 
Shear modulus, dissipative 241 
Shear stress data for xanthan, 

viscosity vs 17-19 
Shift, bathochromic 455 
Site-binding, phosphate-amide 232 
Sodium 

C M D , C D intensity of 435/ 
dodecyl sulfate (SDS) 560 

on amylose-iodine complex, 
inhibitory influence of 500/, 501 

with amylose-iodine complex, 
interaction of 507 

with iodine complexes of amy
lose and amylopectin .491-511 

heparin containing sodium sulfate 408/ 
polystyrene sulfonate 406,411/ 
sulfate, sodium heparin containing . 408/ 
thiosulphate 499/ 

reduction of iodine with 496, 505 
Sol-gel transition 369-376 
Solvent effect 462-464 
Spin-lattice relaxation times 136-137 
Sporothrix schenckii 151/ 

galactomannan 152, 154/ 
Starch(es) 

cereal 567 
components by affinity chroma

tography, separation of 559-570 
tuber 567 
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Stockmayer-Fixman equation 417 
Stokes-Einstein equation 10 
Strain birefringence 442 
Streptococcal 

antigens, Group Β 162 
infections in new born 161 
polysaccharide antigen, native 

Type III 166/ 
polysaccharides, type III 164/ 

Streptococcus, Group Β 
native Type la polysaccharide 

antigen of 170/ 
polysaccharide antigen of 163/ 
structure and conformation of cap

sular polysaccharides of 161-172 
Type III polysaccharide antigen of 170/ 

Streptococcus salivarious (S. sali
various) 101 

acid hydrolyses of 102 
levan, properties of 101-11

Streptomyces hyaluronidase 221
Stroma, swelling tendency of cornea
Sugar(s) 

acetamido 
C D spectra of 300 

oligosaccharides containing .... 296 
conformation of amide in 299 
residues, C D of 278 
V U C D spectroscopy of 293-302 

2-acetamido-2-deoxy 299 
iV-acetyl 279 
vicinal diacyl amino 296 

Sulfaminohexose (SAH) 252 
Sulfate, dextran 345 
Sulfated 

polyanions 358, 360 
polyelectrolytes 360 
polysaccharides 331, 388 

and heparin 332-339 
Sulfonates, salts of polystyrene 360 
Sulfopropyldextran (SPD) 432/ 
Swelling 

pressure 273 
properties of connective tissue ....265-274 
tendency of corneal stroma 265 

Tamarindus indica amyloid 451 
Teeth, demineralization of 102 
Testicular hyaluronidase 287 
Tetramethylammonium salt of dextran 

derivatives 428 
Tetrasaccharides, glucuronidase 

digestion of 285 
Thermoreversible gel 376 
Tissue, swelling properties of 

connective 265-274 

Transition 
conformational 376 
helix-coil 267-269 
sol-gel 369-376 

Translational diffusion coefficient 
(D t) 515,523 

of PGS 205/, 206/ 
self particle 203 
for xanthan 3 

z-averaged 203 
Translational diffusional motions 192 
Transport parameter measurements .. 390 
Trichophyton interdigitale 150/ 

spectrum of galactomannan of 155/ 
Triiodide ions in amylose, deep bluing 

mechanisms of 455-475 
Trypsanosoma cruzi 150/ 

spectrum of galactomannan of 157/ 
Tuber starches 567 

Urea 
on mylose-iodine complex/amylose-

SDS-iodine complex, influ
ence of 496, 505 

on amylose-iodine complex, desta
bilizing influence of 500/ 

denaturation of ovalbumin in 231 
perturbation with 496 
solution, xanthan in 10 

Uronate (UA) 252 
Uronic acid residues, C D 275 
U V C D of D-glucans, vacuum 303-315 
U V C D spectroscopy of acetamido 

sugars, vacuum 293-302 

V 
Vacuum U V C D (VUCD) 303, 433, 543 

of D-glucans 303-315 
spectra of amylose 309/ 
spectra of amylopectin and 

glycogen 310/ 
spectroscopy of acetamido 

sugars 293-302 
Vicinal diacyl amino sugars 296 
Vinylpyrrolidone, N- (NVP) 126 
Virial coefficient 529 
Viscoelasticity, dynamic 

of hyaluronic acid 219/ 
of proteoglycan 218/ 

solution 216 
Viscosity 

of dextran(s) 417, 420/ 
Newtonian 10 
of proteoglycan monomer, effect of 

hyaluronic acid on 216/ 
vs. shear stress data for xanthan ...17-19 

V U C D (see Vacuum U V CD) 
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W 

Water, free 426 
Whale nasal cartilage, proteoglycan 

monomer from 214 
Whitcomb and Macosko, ellipsoid 

model of 16 
Worm-like chain model 62-63 
Worm-like model of xanthan 20 

X 

Xanthan 331,341,367 
in aqueous solution, conformation 

and interactions of 1-13 
bead and spring model 22 
behavior above 4 0 ° C 26 
behavior below 40 ° C 26 
chain 1

stiffness of 1
concentration, effect of 4 
conformational properties of 25-30 
conformational transition, depend

ence on p H , the dependence 
of 25 

gum(s) 188,451 
agglomeration of 32 
borate-treated 38-40 
cross-linking agents of 32 
dispersibility 40 

factor affecting 31 
improvement of 31-32 

Xanthan (continued) 
gum(s) (continued) 

encapsulation of 32 
glyoxal-treated 40 

dispersibility and hydration of 34-38 
hydrodynamic radii of 8, 10 
hydrodynamic size of 3 
and PS-10, dissociatioin equilibria 

of 339 
rigid rod model 22 
rod 15 
solution, effect of molecular weight 

on structure of 28-29 
in solution, Q E L S studies of 1-13 
solutions, thermal transition in 8 
temperature, effect of 26 
translational diffusion coefficient 

(Dt) for 3 
in urea solution 10 

Xylans 451-452 
α-D-Xylopyranosides 311 
β-D-Xylopyranosides 311 

Ζ 
Zimm 

-Bragg parameters 480 
plot 179, 197, 204 

for PGS 207/ 
-Rice model 244 
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