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ELECTROPHORETIC, SEDIMENTATION AND DIFFUSION 

PROPERTIES OF CARRAGEENIN* 

by 

W. H. COOK, 1R, C. ROSE, AND J. R. COLVIN 

Division o/Applied Biology, National Research Laboratories, Ottawa (Canada) 

INTRODUCTION 

Structural studies indicate that carrageenin, the polysaccharide extracted from the 
marine algae Chondrus crispus I, is composed largely of D-galactose residues linked x: 3 
with an ethereal sulphate on carbon four *-4. This apparently linear structure does not 
account for the entire molecule since the number of hexose residues exceeds the number 
of sulphate groups 5. Carrageenin has been claimed to contain more than one poly- 
saecharide 6-9 and although differences based on solubihty can now be discounted~,S, I°, 
the possibility still remains that this extract is a mixture. Recently JOHNSTON AND 

PERCIVAL 4 reported the presence of L-galactose, poor in sulphate groups, and evidence 
favouring branching. They interpret this as indicating that carrageenin is a complex 
molecule but admit the possibility that it may contain two polysaccharides. 

In such a molecule ionization occurs only at the sulphate groups and neutral 
extracts are therefore the salt of this organic acid with the available cations. Since elec- 
trophoretic mobility is determined primarily by the charge density or the number of 
ionizing groups per unit weight of the material, it should be possible to resolve compo- 
nents if they exist as separate polysaccharides differing in sulphate content. Electro- 
phoretic analyses were undertaken to determine whether this procedure would reveal 
the existence of more than one polysaccharide. 

Viscosity and fractionation studiesn, TM show that carrageenin is polydisperse but 
these measurements provide little information on the range of molecular size or shape 
that occurs in such dispersions. If the molecule has a complex branched structure 
instead of a linear form, as indicated by the simple formula, it might be possible to 
distinguish between these possibilities from the information obtained by sedimentation 
and diffusion studies. The estimation of the molecular weight and axial ratio by these 
procedures was therefore undertaken. 

MATERIAL 

The marked variation in viscosity of different carrageenin samples reflects variations in the 
mean molecular size and shape, and presumably  depends on the raw seaweed, the extractive procedure 
and the extent  of fractionation. To provide representative material,  four samples were selected on 
the basis of their intrinsic viscosity. One of these samples was prepared in the  laboratory by hot  
water extraction. The others were selected from a series of commercial samples prepared by the same 
general method.  A total  nitrogen content,  both as ammon ium content  and protein, of less than  1%, 
and a practical absence of insoluble material  indicated an acceptable purity. Although carrageenin 

* N.R.C. No. 2652 

Re/erences p. 606. 

39 



596 w . H .  COOK, R. C. ROSE, J. R. COLVIN VOL. 8 {I952) 

is c o m p a r a t i v e l y  s table,  effective pur i f icat ion s teps  t e n d e d  to reduce  t h e  v iscos i ty ,  and  a low c o n t e n t  
of  impur i t i e s  was  considered less objec t ionable  t h a n  t he  degrada t ion  of t he  po lymer .  F rac t i ona t ion  
of th i s  polydisperse  ma te r i a l  was  also avoided  un t i l  fu r the r  i n fo rma t ion  was  avai lable .  

The  in t r ins ic  v i scos i ty  was  de t e rmined  f rom specific v i scos i ty  m e a s u r e m e n t s  m a d e  on o.oi  to  
o. 1% car rageen in  concen t ra t ions  dissolved in  o.o 5 M s o d i u m  chloride a t  4 °0 C. Since t he  ca r rageen in  
was no t  purified,  t h e  s amples  m a y  have  had  a sma l l  b u t  di f ferent ia l  c o n t e n t  of ca t ions  o ther  t h a n  
sod ium t h a t  m i g h t  affect the  in t r ins ic  viscosi ty .  P rev ious  exper ience  ind ica tes  t h a t  differences due  
to t he  ca t ion  are sma l l  a t  4 °0 C, and  a t  t h i s  t e m p e r a t u r e  t he  gross  differences be tween  t he  viscosi t ies  
of t he  se lected samples  are due  p r i ma r i l y  to t he  carrageenin .  The  four  samples ,  des igna ted  L I  ( labora- 
t o ry  prepara t ion) ,  CI, C2 and  C3, had  in t r ins ic  viscosi t ies  of 3.4, 4.3, 6.I and  11.2. 

Car rageen in  so lu t ions  were p repa red  for all  m e a s u r e m e n t s  by  mix ing  weighed  quan t i t i e s  of 
ma te r i a l  of known  mois tu re  c o n t e n t  in t he  appropr ia te  sa l t  or buffer  solut ion and  hea t i ng  to 60 ° C 
for t w e n t y  minu tes .  Th i s  p rocedure  was unl ike ly  to al ter  t h e  ma te r i a l  as 2o m i n u t e s  hea t i ng  a t  even  
h igher  t e m p e r a t u r e s  h a d  no s ignif icant  effect on v i scos i ty  TM. The  so lu t ions  were cooled immedia t e ly ,  
m a d e  to volume,  e x a m i n e d  v i sua l ly  for opt ical  c lar i ty ,  and  if no t  clear, cen t r i fuged  for 3o m i n u t e s  
a t  15,ooo gravi t ies .  For  t he  e lectrophoret ic ,  s e d i m e n t a t i o n  and  diffusion s tud ies  t he  ca r rageen in  
so lu t ions  were d ia lyzed  a t  2 ° C aga ins t  i 5 - 2 o  vo lumes  of so lven t  for 40 h r  or  more.  The  final concen-  
t r a t i ons  were checked  when  necessa ry  by  differential  r e f r ac tome te r  readings .  For  ca l ibra t ion  of th i s  
i n s t r u m e n t ,  pa r t i a l  specific vo l ume  de te rmina t ions ,  and  v i scos i ty  m e a s u r e m e n t s ,  t he  so lu t ions  were 
p repared  on a weight  bas is  and  were no t  dialyzed.  

E a r l y  m e a s u r e m e n t s  ind ica ted  t h a t  ca r rageen in  concen t r a t ions  of 0 . 3 %  or h igher  in so lvents  
h a v i n g  an  ionic s t r e n g t h  in  excess  of  o.I 5, showed an  a n o m a l o u s  behav iou r  e lec t rophoret ica l ly .  I n  
consequence  t h e  m a j o r i t y  of t he  e lect rophoret ic ,  s e d i m e n t a t i o n  and  diffusion m e a s u r e m e n t s  were 
m a d e  a t  concen t r a t ions  of 0.2 or o .3%,  excep t  where  m e a s u r e m e n t s  of useful  accuracy  could  be 
m a d e  a t  o ther  concen t ra t ions .  T he  so lven t  was  o. i  M sod ium chloride, p lus  a s o d i u m  p h o s p h a t e  
buffer a t  p H  6.6, g iv ing  a to t a l  ionic  s t r e n g t h  of o.I 5. 

ELECTROPHORETIC PROPERTIES 

Electrophoretic measurements were made using Tiselius apparatus as modified and 
described by LONGSWORTH 13. All measurements, including conductivity, were made at 
o . I o  -4- o.o5 ° C. The patterns showed considerable spreading and the boundary position 
was taken as the ordinate dividing the area of the pattern into equal parts. The spreading 
of the pattern was estimated by locating a line, parallel to the base line, that  divided the 
pattern area into two equal parts. Mobilities were computed for the points at which this 
line cut the leading and trailing edges of the pattern. The difference between these 
quantities gave a relative estimate of the spreading in terms of mobility units. The 
portion of the spreading attributable to electrophoretic heterogeneity was assumed to 
be that  observed at the maximum excursion less that  remaining after the boundary was 

returned to its original position by current 

c t° 
Fig. I. I r regular  descending  p a t t e r n s  ob- 

t a i n e d  w i th  carrageenin .  
A. 0 . 5 %  sample  L I  in presence of po tas -  

s i u m  ions. 
B. Sample  C2 af ter  reversal .  Concen t ra t ion  

o .3%,  ionic s t r e n g t h  o.15, t i m e  365 
rain, field s t r e n g t h  2.17 vo l t s /cm.  

C and  D. Sample  C3 af ter  121 mi n  (C), 
and  28i  min ,  (D), o ther  condi t ions  as 
in B. 

reversal. 
Initial work, undertaken on sample LI  in 

potassium phosphate buffer, always gave an 
irregular pattern as illustrated in Fig. IA. Sub- 
sequent work with the two samples of lowest 
viscosity showed that  this anomaly could be 
avoided by eliminating potassium ions from the 
buffer solution and limiting the carrageenin 
concentration to 0.3% when an ionic strength 
of o.I 5 was used. These conditions proved to 
be of borderline character for the samples of 
higher intrinsic viscosity. Thus sample C2 occa- 
sionally gave irregular patterns when the current 
was reversed, as shown in Fig. IB. I t  was fie- 
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quently evident in C3 on the outward excursion as shown in Fig. IC after I2I  rain and 
in Fig. ID after 281 min. At lower carrageenin concentration or ionic strengths, this 
sample yielded regular patterns, as shown in Fig. 2C and D. The conditions favouring 
the appearance of these irregularities are those favouring gel formation and there is no 
evidence to indicate that  they represent different components. 

Patterns obtained under suitable conditions showed no definite separation into 
components but  all showed considerable Ase. oEs~ 

electrophoretic heterogeneity. Typical ~ " - "  
patterns are shown in Fig. 2. Pattern A A 
was obtained with sample LI  and CI 
was similar; pattern B shows ascending e 
and descending boundaries for C2 at 
the same concentration and ionic 
strength. The determinations on C3 ~ c i ~ i l b ~ , _  
had to be obtained at lower carrageenin 
concentration or ionic strength to avoid 

and the patterns under ° . , . , m ~ ~ i ~  irregularities 
these conditions are shown in Fig. C Fig. 2. Regular patterns obtained with carrageenin. 
and D. While all patterns had a some- A. Sample LI, descending, o.3% concentration, 

O.I 5 fi, I2I min, field strength 3.IO volts/cm. 
what characteristic shape, all efforts to B. Sample C2, ascending and descending, o.3%, 
resolve clear-cut components failed, o.i5/~, z95 min, field strength 2.17 volts/cm. 
The reproducibility of form reflects a c. Sample C2, ascending and descending, o.2%, 

o.z5 /~, z92 min, field strength 2.I 4 volts/cm. 
consistent asymmetric mobility distri- D. Sample C3, descending, as C, but 0.3% and 
bution that  may indicate, but  is not o.o5/~. 
considered sufficient evidence to es- 
tablish, the existence of components differing only slightly in mean mobility or present 
only in small proportion. 

The results of the mobility and heterogeneity measurements are given in Table I. 
Tests on sample LI  showed that  the mobility was not affected by pH between 4.0 and 
8.0, and differences were not to be expected with this type of polyelectrolyte. The re- 
maining tests made at pH 6.6 showed that  ionic strengths of o.z and o.x5 yielded the 
same values, but  the mobility increased about 2. 4 units at/z -~ 0.0 5. On the average the 
mobility was L8 units higher when measured by reversal than by the descending bound- 
ary alone; and the mobility increased about 1.2 units for a o.1% increase in carrageenin 
concentration. Differences characteristic of the samples are evident from the average 
values reported in Table I. Considering the extreme spreading of these patterns and the 
consequent error involved in estimating the boundary position, little significance can 
be attached to the small differences. I t  is evident that  in spite of the three-fold range of 
intrinsic viscosity, the mobilities of the different samples do not differ substantially from 
the average value of I2.0 cm2/volt sec × IO -s. 

In spite of the similarity of the mobilities, it was felt that  the portion of the spread- 
ing attributable to electrophoretic heterogeneity might reflect some difference between 
the samples. The values computed by the method already outlined are also given in 
Table I. The difference between the spreading before and after reversal, given in the 
last column, provides a relative measure of heterogeneity in terms of mobility units. 
In Table I, although the spreading increases with increasing viscosity, the differences 
cannot be considered significant. 
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T A B L E  I 

A V E R A G E  M O B I L I T Y  A N D  S P R E A D I N G  I N  T E R M S  O F  M O B I L I T Y ,  c m 2 / v o l t  sec  • IO s 

Spreading 

Sample Mobility Alter DiOerenee Remarks 
Maximum reversal (Heterogeneity) 

L I  12 .8  - -  - -  - -  p H  r a n g e  = 4 .o  t o  8 .0  
/~ -~ o . I  t o  o .15  

C I  lO.8  4 .8  2. 4 2. 4 p H  6 .6  t h r o u g h o u t  
C2 14. 4 4 .3  1.8 2 .5  /~ ~ 0 .05  t o  o .15  
C 3 13 .8  4 .6  1 .6  3 .0  C o n c .  0 .2  t o  o . 3 %  

S E D I M E N T A T I O N  

Sedimentation rates were determined in a Spinco motordriven ultracentrifuge at an 
equivalent mean force of 270,00o gravities. The initial temperatures of the samples were 
usually between 22 and 25 ° C and the final temperatures 27 to 3I  ° C, The distances of the 
apices of the peak from a reference mark  were read from the original plate with a micro- 
comparator  to 4- o.oo• mm. Appropriate measurements were made to permit correc- 
tions for: the magnification of the optical system; the effect of temperature and viscos- 
ity, and to permit the results to be expressed as s ° .  

The partial  specific volume of carrageenin was determined by the method of inter- 
cepts 14 from the necessary density determinations using the solvent employed for sedi- 
mentation. Owing to the high viscosity, which made manipulation difficult, the con- 
centrations used were limited to 1% or less. The values obtained with different samples 
a t  temperatures of 19.6 ° C and 29.6 ° C were the same within experimental error. A least 
squares fit to the results of 12 triplicate determinations yielded a linear relation between 
the apparent  specific volume of the solution and the weight fraction of solvent with an 
intercept of o.496 4- 0.002. As this value was lower than that  reported for other poly- 
saccharide materials 15,as, it was rechecked using water  as the solvent, and the value 
0.5o3 obtained. The value given to the expression (i-~p) in the sedimentation equation 
was therefore 0.5 ° . 

The sedimentation rate of carrageenin was found to be dependent on electrolyte 
concentration, as shown in Table II .  As already indicated, an ionic strength of o.15 
was used. 

TABLE II 

E F F E C T  O F  I O N I C  S T R E N G T H  O N  S E D I M E N T A T I O N  C O E F F I C I E N T  

Ionic strength 
Sedimentation coe[fieient × I O 1~ 

O~ sample C2 O/sample C3 

o .o5  2 .17  2 .33  
o . i o  2 .3o  2 . 3 6  

o .15  2 .43  2 .52  
o . 2 o  2 .47  - -  
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Typical sedimenting boundaries for all four samples at  0.5% concentration are 
shown in Fig. 3. The spreading of the peaks during sedimentation exceeded tha t  to be 
expected from diffusion, and indicates polydispersity, since the type of concentration 
dependence observed favours sharpening rather  than spreading. The two samples of 
highest viscosity show separation of a second, more rapidly sedimenting component or 
aggregate, and it can also be detected in sample CI. Area measurements indicate tha t  
this minor component accounts for about 12 % of sample C3 and 7 % of C2. I ts  sedimen- 
tation rate was about 2o % higher than that  of the main component at a total  concentra- 
tion of o.3%, the lowest concentration at which measurements could be made. As sepa- 
ration of these components proved difficult and is still under investigation, it has been 
impossible to obtain separate diffusion and sedimentation coefficients for them. All 
reported values are those obtained with the mixture. 

Fig. 3. Sedimentation boundaries of carrageenin dispersions at 0.5% concen- 
tration, chosen to show second component. 

Sample LI after 131 rain, bar angle 65 ° 
Sample CI after 141 min, bar angle 6o ° 
Sample C2 after 139 min, bar angle 55 ° 
Sample C3 after 2o2 min, bar angle 65 ° 

The effect of CalTageenin concentration (c) on sedimentation rate (s) had to be esti- 
mated  over a limited concentration range. Concentrations up to 0.5% could be used for 
the two samples of lowest viscosity. In  the most concentration dependent samples of 
highest viscosity, peak sharpening enabled concentrations as low as 0.08 % to be meas- 
ured, but  here measurements at  concentrations above 0.2 % were of little value. 

The sedimentation coefficient at infinite dilution was obtained by  plotting s vs. sc 

and i / s  vs. c to obtain a linear relation suitable for extrapolation. These linear relations 
were fitted by  least squares to obtain the slope, the intercept and its s tandard error. For 
sample C 3 the departures from linearity of the I /S  plot exceeded the random errors and 
the results at  concentrations above o.18% had to be discarded to obtain a linear relation 
and the intercept was therefore subject to a greater error. The results, given in Table III, 

TABLE III  
S ] ~ D I M E N T A T I O N  P R O P E R T I ~ g S  O F  C A R R A G E ~ N I N  

Sample Cone. range 
Wt. °//o 

Slope-linear Intercept S~ o × xo TM 
portion (s × xo iS) c-->o 

ds dt/s From s vs. s. ¢ From 1IS f)$. C 
ds.----c d--c- 4- standard error* 

LI 0.089--0.27 --2.44 0.69 3.63 3.67 4- o.17 
CI o.o9o-o.45 - -  1.9I 0.59 3.24 3.23 4- 0.08 
C2 0.o92"-o.46 -- 2-70 0.67 3-94 3.89 4- o.I5 
C3 o.o65-°.18 - -  9-44 1.37 6.83 6.72 4- 0.50 

* Difference between S~o for Lx and C2 not statistically significant. 
C ~  

A l l  other differences highly significant. 
References p. 606. 
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show that  the extrapolation of both plots yields essentially the same sedimentation 
coefficients at zero concentration. The standard error was computed for the I /S  plot only, 
as a valid estimate of the error for the s vs. sc plot was made difficult by the presence of 
the variable s in both quantities. 

The results in Table I I I  show, except for Lx and C2 which do not differ significantly, 
that  the sedimentation coefficients increase with the intrinsic viscosity of the sample. 
The standard error represents about + 4% of the extrapolated value except for the 
sample of highest viscosity, where it is 4- 8.0%. Since the molecular weights in a poly- 
disperse material  are at best mean values, this level of error was considered satisfactory. 

D I F F U S I O N  

Diffusion measurements were made at 20 ° C + o.o5 ° using the equipment describ- 
ed for the electrophoretic measurements, except that  a NEURATH 17 shearing cell was 
used instead of the electrophoresis cell. This gave a sharp boundary that  could not be 
photographed effectively for quanti tat ive study until some hours after its formation. 
The usual statistical procedure was used to compute the mean diffusion coefficient by  
the method of moments. Completely independent replications were made on all samples. 

Although the material was concentration dependent, and early experiments reveal- 
ed certain discrepancies and errors attr ibutable to low concentration, it seemed desir- 
able to avoid the behaviour observed in the electrophoretic determinations at higher 
concentrations. In certain experiments the area of the schlieren pat tern decreased after 
an experimental period of about 7 ° hr and the D~, values were correspondingly smaller. 
GRALi~N 15 reports the same behaviour with cellulose and corrected the areas (and de- 
pendent quantities) to a constant value. While these corrections to constant area gave 
consistent D~ values in the present study, the effect on other quantities used for esti- 
mating concentration dependence was unknown, and such observations were discarded. 

Plots of a 2 against t were linear within experimental error in all acceptable experi- 
ments, and when extrapolated to zero time gave either a negligible or positive intercept 
on the a 2 axis. The magnitude of this intercept varied between experiments and was 
apparent ly due to disturbance when the boundary was formed. Although spreading was 
not measurable at the time of boundary formation, a small degree of mixing has an 
appreciable effect when the concentration is low and the diffusion coefficient small. This 
plot of a 2 vs. t for each experiment was fitted by least squares to obtain the slope and its 
s tandard error. The D~ values so obtained from different experiments were then in 
satisfactory agreement considering the magnitude of the random errors. The average 
values for each sample appear in Table IV. 

TABLE IV 
DIFFUSION COEFFICIENTS OF CARR&GEENIN 

Dm D * ± S E  Do c-+o 
Sample cm2/sec X lO 7 cm2/sec × lO T D m 

L I  1 .85 1.41 0 . 7 6  
C I  1 .97  1 .39 4- o . o 9  o .71 
C2 1 .29  o -95  i o . I I  o . 74  
C3 0 .99  o .61  4- o . o 9  o .62  

* Corrected for solvent viscosity 
Re/efences p. 606. 
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The skewed patterns indicated concentration dependence and the diffusion coeffi- 
cient at infinite dilution (De-+o) had to be obtained. Since the acceptable concentration 
range was too limited for direct determination of Dc-+o by extrapolation, this quanti ty 
was evaluated from an analysis of the pattern. Application of the Boltzmann equation 18 
showed no departures from linearity in the diffusion coefficient-concentration relation, 
that  exceeded the rather large random errors. In consequence a modification of the 
following simplified equation given by GRAL~N 15 was used: 

A M o  
Dc--->o = D,. + - -  

4 Ht 
where A = area 

Mo = mode - a negative displacement from the arithmetic mean 
H ---- height at maximum point 

t ---- time in see. 

I t  is evident from this equation that  Dc-~o will be affected by any spreading that  
occurs when the boundary is formed, as H will be reduced by mixing while A remains 
constant. This was confirmed by the experimental results and necessitated some modi- 
fication of the equation. An empirical procedure was to extrapolate the a 2 vs. t plot used 
to compute the D,, value back to the time axis and add this time increment to the 
observed t in GRAL~N'S equation. This is equivalent to adding the time required for the 
observed spreading to occur by diffusion. This type of correction yielded values of Dc~o 
from replicate experiments that  were constant within the random error. The average 
Dc~o values reported in Table IV were computed in this way. 

This correction neglects the fact that  skewing (Mo) does not occur during the added 
arbitrary time increment required to correct other terms in the equation. A rigorous 
treatment,  that  will not be detailed here, permitted the proper evaluation of Mo and the 
correction of the other terms in the equation for the effects of the initial mixing. The 
application of this procedure established the validity of the simpler empirical method 
for the magnitude of the intercepts observed in these experiments. 

The results in Table IV show that  wherever the differences are significant the diffu- 
sion coefficient decreases as the intrinsic viscosity increases. The ratio Do/D,,, indicates 
the degree of concentration dependence is about the same for all samples except C3, 
where concentration effects are greater. 

SIZE A N D  S H A P E  E S T I M A T E S  

The weight average molecular weight of these polydisperse solutions was obtained 
using the usual Svedberg equation 18. The s and D values employed were those at infinite 
dilution. Except for sample LI,  for which the data were inadequate, the standard error 
of these molecular weights was estimated from the standard errors of the s and D values 
at infinite dilution by the following equationXg: 

where ~2 = square of standard error for quanti ty indicated by subscript. 
s = sedimentation coefficient at infinite dilution. 
D = diffusion coefficient at  infinite dilution. 
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The other quantities in the SVEDBERG equation are subject to comparative negli- 
gible random errors and they were regarded as a constant. 

The molecular weights and their standard errors appear in Table V. I t  is evident that  
the three-fold increase in intrinsic viscosity represented by the samples results in a five- 
fold increase in molecular weight. The standard errors are of the order of -4- 8 to Io% 
except for the sample of highest intrinsic viscosity, where it is about twice as great. 

TABLE V 

E S T I M A T E S  O F  S I Z E  A N D  S H A P E  O F  C A R R A G E E N I N  M O L E C U L E  

No hydration 5o% hydration Axial  
Size ratio 

Sample M -4- standard error Frictional Axial  Diam. Frictional Axial  Diam. from 
ratio ratio A ratio ratio A (~l) (~z) 

Lx I20,OOO - -  5.1 I60 IO. 7 4.O 95 X2. 7 IIO 
CI IIO, OOO ~ 8,500 5"4 180 9.9 4"3 HO I I . 6  I20 
C2 200,000 ~ 22,ooo 6. 7 270 IO. 5 5.2 I7o I2. 4 ISO 
C3 5 3 o , o o o ± 9 6 , o o o  7-3 34 ° x3.5 5 .8 2oo I6.O 2IO 

Table V also contains the quantities used for estimating molecular shape. The ob- 
served frictional coefficient, and the calculated frictional coefficient for a spherical mole- 
cule of the same average weight and volume, were used to obtain the frictional ratio in 
the usual manner TM. This value was used in the PERRIN TM equation to obtain the axial 
ratio of the molecule assuming a prolate ellipsoid of rotation. The diameter of this 
ellipsoid was then computed by the prismoidal formula. The theoretical and experimental 
limitations of these computed quantities must be recognized, and while they cannot be 
taken as valid absolute values, they provide the best means for distinguishing between 
linear or branched structure with the procedures used. 

If the observed quantities are used in these calculations, the results are in terms of 
an unhydrated molecule. Since carrageenin is almost certainly hydrated, although the 
degree of hydration is unknown, the quantities calculated for an unhydrated molecule 
must represent unlikely extremes. Lacking definite information, a 50% hydration was 
assumed and the frictional ratio and other quantities recomputed on this basis 2°. The 
reported values serve to show the effect of hydration on the computed quantities. 

The results in Table V show the axial ratio about doubles for a five-fold increase in 
molecular weight, varying from 16o to 34 ° on the basis of an unhydrated molecule and 
from 95 to 200 at 50% hydration. While the intrinsic viscosity measurements, used for 
sample selection, were made under somewhat different conditions, the axial ratios com- 
puted from these measurements by SIMHA'S 21 equation are in good agreement with those 
reported for the hydrated molecule. 

Theoretically, the figures reported for the diameter represent that  of the assumed 
ellipsoid of rotation. This value will overestimate the width of the chain if it is flexible, 
and for the same reason will increase with the length of the molecule. This effect is shown 
by the results: the reported diameter increasing for the hydrated molecule from xi.6 to 
i6.o A with increasing mean molecular weight. The significance of these results in rela- 
tion to a branched and linear structure will be discussed later. 

References p. 6o6. 
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OSMOTIC pRESSURE 

Some osmotic pressure measurements undertaken earlier on sample C3 provide 
additional information on the molecular weight and polydispersity of this sample. These 
measurements were made in o.I M sodium chloride solutions at 25 ° C. using osmometers 
and procedures described by DONNAN AND ROSE 2.. A well-estabhshed equihbrium was 
obtained in two days. 

T A B L E  VI 

OSMOTIC PRESSURE, IN CI]I WATER AT 4 ° C, OF CARRAGEENIN 

(SAMPLE C3) m o.1 M SODmM CmORIDE 

O.P° 
Cent.  % C 

0.486 2.49 
0.389 2.24 
0.292 1.92 
O. 194 1.65 
0.097 1.34 

L i m i t  c-+o i .o  3 
M n  = 250,000 

When the results given in Table VI are extrapolated to infinite dilution, ~r/c had a 
value of I.o cm of water at 4 ° C. This corresponds to a number average molecular weight 
(Mn) of 25o,ooo. This value is about half the weight average molecular weight (Mw) ob- 
tained by sedimentation and diffusion. These values are only equal in monodisperse 
systems and the ratio of these two averages gives a relative measure of the polydispersity. 
By assuming a logarithmic distribution of the molecular weights, the following relation 
is valid: 

M w  B ~ 
M n  - -  exp--2 

where B is termed a non-uniformity coefficient. For sample C3 this coefficient had a 
value of 1.2o. 

GRAL~-N reports values for this coefficient varying from a minimum of 0.44 for 
unbleached linters to a maximum of 1.94 for over-aged cellulose. The value found for 
carrageenin is similar to that given for sulphite cellulose, a preparation of intermediate 
polydispersity. 

DISCUSSION 

When experimental conditions were chosen to avoid anomalies, the electrophoretic 
analysis revealed considerable heterogeneity, but no definite evidence of separable com- 
ponents. If the "galactose chains" and the "resistant fragment" of the composition 
reported by JOHNSTON AND PERCIVAL 4 came from separate polysaccharides, the differ- 
ence in charge density should have been sufficient to permit clear-cut electrophoretic 
separation. Since mobility is relatively insensitive to particle size and shape, the hetero- 
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geneity indicates a continuous variation in charge density among the particles. This 
could be explained by random variations in the distribution of sulphate groups among 
the hexose units, since on the average there is less than one sulphate group per hexose 
residue s . 

The possibility exists that  the marked spreading masked a second eleetrophoretic 
component, present in small amount and differing only slightly in mobility. Since all 
samples had similar mean mobilities, such a component, if present, must have either 
formed too small a proportion to affect the mean values, or been present in the same 
proportion in all samples. The second component, demonstrated by sedimentation, was 
present in varying amounts in the several samples, and since this had no detectable 
effect on the mean mobility, it appears that  this fraction must be similar to the bulk of 
the material electrophoretically. The electrophoretic spreading did increase slightly with 
increasing particle size, but the differences, while suggestive, cannot be considered as 
evidence of a second electrophoretic component. I t  therefore appears that all of the 
material has a similar mean charge density, i.e., content of ionizing sulphate groups. 

Available information indicates that  dispersions of carrageenin are polydisperse in 
the sense that  there is a continuous variation in particle size. This was confirmed quali- 
tatively from sedimentation, diffusion and osmotic pressure studies. In contrast to the 
electrophoretic studies, however, sedimentation revealed two components that  sedi- 
mented at different rates. The more rapidly sedimenting component was not evident in 
sample LI,  but  in the other samples it increased with intrinsic viscosity to about 12 % 
in the sample of highest viscosity. Subsequent studies have shown it to be present in all 
available samples of high viscosity. This minor component is not affected by sedimenting 
at  50 ° C, and it can still be resolved in similar amounts from mixtures of high and low 
viscosity material (CI and C3), although the major components cannot be separated. 
These and other preliminary experiments suggest that it is not a non-polysaccharide 
impurity or a simple reversible aggregate. Further studies now under way will be report- 
ed later. 

The quantitative estimates of molecular size and shape are necessarily mean 
values. Lacking information on the size distribution, they are more useful for compara- 
tive purposes than as absolute values. The sample of highest viscosity was comparable 
in molecular weight, degree of polydispersity, axial ratio and diameter, to those re- 
ported 15 for sulphite and sulphate celluloses by similar investigational procedures. In 
spite of the polydispersity and the presence of two components in sample C3, the maxi- 
mum diameter obtained for the unhydrated molecule was 13.5 A as against values of 
15 A or more, reported by GRAL~N, for cellulose preparations in the same molecular 
weight range. Since cellulose is generally regarded as having a linear structure, these 
findings favour a predominantly linear structure in carrageenin. The reported diameters 
estimated from the mean values are too uncertain and insensitive to provide a direct 
indication of branching in the minor component. This is not precluded, however, by the 
present measurements, since apart from the error of estimation, the increase in apparent 
diameter with molecular weight may not be due entirely to flexibility in the chain. 

The presence of two components in carrageenin differing sufficiently in size or shape 
to permit their being resolved from the general polydispersity has been demonstrated. 
Since the average values indicate a predominantly linear structure, it seems reasonable 
to consider the maj or component as being of this type. There is also structural evidence 
for branching 4 in a portion of the material roughly similar in amount to that  of the minor 
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component found by sedimentation. This indicates that the linear and branched forms 
may indeed be separate entities. The decrease in the amount of the minor sedimenting 
component with decreasing viscosity also suggests that it can be degraded to something 
similar to the predominantly linear form, since it cannot be distinguished either by 
sedimentation or electrophoresis. 
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S U M M A R Y  

An  e lec t rophore t ic  ana lys i s  of  four  s amples  of  ca r rageen in  r ang ing  in  in t r ins ic  v i scos i ty  f rom 
3.4 to I L z revea led  considerable  sp read ing  b u t  no evidence  of separab le  componen t s .  Al l  s amp le s  
h a d  s imi la r  m e a n  mobi l i t ies  ave rag ing  I2.o.  io  -5 cm~/vol t  sec. The  s e d i m e n t a t i o n  a n d  diffusion s tud ies  
showed t h a t  t h e  molecular  weight ,  axia l  ra t io  and  e s t i m a t e d  d i ame te r  of  t he  el l ipsoid of ro t a t i on  
al l  increased  wi th  t he  in t r ins ic  v i scos i ty  of t he  sample .  Over  t h e  threefo ld  v i scos i ty  range  t h e  molecu-  
la r  we igh t  increased  f rom Ho ,ooo  to 530,0oo, t h e  ax ia l  ra t io  f r om i6o  to  34 o, a n d  t he  d i ame te r  
f rom 9.9 to I3. 5 A a s s u m i n g  no solvat ion.  These  are  m e a n  va lues  s ince  all  s amples  were po lydisperse  
a n d  in add i t ion  two c o m p o n e n t s  were revealed  b y  sed imen ta t i on .  The  a m o u n t  of t h e  more  r ap id ly  
s e d i m e n t i n g  mino r  c o m p o n e n t  increased  w i t h  t he  v i scos i ty  f rom nil  to  a b o u t  x 2 %  of t he  m o s t  v i scous  
sample .  Never the le s s  t h e  m e a n  va lues  g iven  above  are  compa rab l e  w i th  those  repor ted  for ce r ta in  
cellulose p r e p a r a t i o n s  f rom which  i t  appea r s  t h a t  t h e  ma j o r  c o m p o n e n t  ha s  a l inear  s t ruc tu re .  T h e  
h ighe r  ra te  of s e d i m e n t a t i o n  of t h e  mi no r  c o m p o n e n t  ind ica tes  a different  size or  shape ,  a n d  i t  m a y  
be b ranched ,  b u t  t h i s  c a n n o t  be  e s t ab l i shed  or  d i sproved  f rom t h e  p re sen t  m e a s u r e m e n t s .  The  
e lec t rophore t ic  ana lys i s  ind ica tes  t h a t  b o t h  c o m p o n e n t s  are  s imi la r  in  a t t r i b u t e s  of  compos i t ion  
af fec t ing  charge  dens i ty .  

RI~SUM]~ 

L ' a n a l y s e  61ectrophor6tique de qua t r e  6chan t i l lons  de ca r ragh~ne  don t  les viscosi t6s  in t r ins~ques  
o n t  des  va leur s  en t r e  3.4 e t  H . 2  r~v~lent  u n  ~cart  cons iderable  s ans  m e t t r e  en  ~vidence des  const i -  
t u a n t s  d is t inc ts .  T o u s l e s  6chan t i l lons  o n t  des mobi l i t~s  semblables ,  la  m o y e n n e  6 t a n t  de  i2 .o .  xo -6 c m  I 
pa r  vol t  sec. L '~ tude  de la diffusion e t  de la s~d imen ta t i on  m o n t r e  que  le poids  mol~culaire,  le r a p p o r t  
axial ,  e t  le d i am~t re  ~valu6 de l 'el l ipsoide de ro ta t ion  a u g m e n t e n t  t ous  avec  la  viscosi t6 in t r ins~que  
de l '~chant i l lon .  Pou r  un  acc ro i s sement  de la  viscosit~ du  s imple  au  tr iple,  le poids  mol6culai re  
a u g m e n t e  de ixo,ooo ~. 530,000, le r appo r t  axia l  de I6o k 34 o, e t  le d iam~t re  de 9.9 ~- I3.5 A s ans  
t en i r  c o m p t e  de solvat ion.  Ce son t  1~ des  va leur s  moyennes ,  pu i sque  t ous  les $chan t i l lons  son t  poly-  
d isperses  et  que,  de plus,  la  sSd imen ta t i on  r~v~le deux  c o n s t i t u a n t s .  L a  f rac t ion  du  c o n s t i t u a n t  se 
d~posan t  le p lus  v i te  a u g m e n t e  avec  la viscosi t6  de o ~. x z %  d a n s  l ' $chant i l lon  le p lus  v i squeux .  
N~anmoins ,  les va l eu r s  m o y e n n e s  men t ionn~es  son t  compa rab l e  ~ celles rappor t6es  pou r  cer ta ines  
p r6pa ra t i ons  de cellulose;  il en  ressor t  que  la  ma j eu re  pa t t i e  poss~de une  s t r uc tu r e  l in6are.  La  s6di- 
m e n t a t i o n  p lus  rap ide  du c o n s t i t u a n t  le moins  a b o n d a n t  ind ique  une  g r a n d e u r  ou une  forme diff6rente,  
peu t -~ t re  une  ramif ica t ion ,  m a i s  les mesu re s  fa i tes  ne  ne  p r o u v e n t  n i n e  r6 fu t en t  ce point .  L ' a n a l y s e  
61ectrophor6t ique i n d i q u e n t  que  l ' u n  e t  l ' au t r e  des  c o n s t i t u a n t s  son t  semblab les  en  ce qui  concerne  
les a t t r i b u t s  de la  compos i t ion  r6g issan t  la  densi t6  ionique.  
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ZUSAMMENFASSUNG 

Die e lek t rophore t i sche  Ana lyse  yon  v ier  Car ragheenproben ,  de ren  Eigenz/ ih igkei t  zwischen 3.4 
u n d  I 1.2 l iegt ,  zeigt  be t r / ich t l iche  Spreizung,  ohne  abe t  des  V o r h a n d e n s e i n  yon  besonderen  B e s t a n d -  
te i len zu beweisen.  Alle P roben  h a b e n / i h n l i c h e  mi t t l e re  Bewegl ichkei ten,  im  D u r c h s c h n i t t  12.o. lO 5 
cm~fVolt  Sek. S e d i m e n t a t i o n  u n d  Di f fus ionsversuche  ergeben,  dass  des  Molekulargewicht ,  des  
Achsenverh/~l tnis  u n d  die gesch/~tzten D u r c h m e s s e r  des Rota t ionse l l ipso ides  alle z u n e h m e n ,  wenn  
die E igenz~h igke i t  z u n i m m t .  W e n n  die Viskositi~t au f  des  Dreifache s teigt ,  n i m m t  des  Molekular-  
gewich t  yon  i i o , ooo  au f  53o,ooo zu, des  Achsenverh / i l tn i s  yon  16o au f  34 o, u n d  der  D u r c h m e s s e r  
yon  9.9 au f  13. 5 A, ohne  Solva t ion  e inzubeziehen.  Dies  s ind  mi t t l e re  Wer te ,  da  alle P r o b e n  poly-  
d ispers  s ind,  u n d  die S e d i m e n t a t i o n s v e r s u c h e  a u s s e r d e m  zwei Bes t and te i l e  nachweisen .  Der  Bruchte i l ,  
der  s ich  r a sche r  n iederse tz t ,  n i m m t  m i t  der  Viskosi t / i t  yon  o au f  12% der  z~hes ten  Probe  zu. Die 
angegebenen  W e r t e  s ind  indessen  m i t  denen,  die fiir Cellulose P roben  angegeben  werden,  vergle ichbar ,  
woraus  he rvo rgeh t ,  dass  der  i iberwiegende Tei l  l ineare  S t r u k t u r  ha t .  Die gr6ssere  Geschwind igke i t  
m i t  der  s ich  der  ger ingere  Ante i l  niederschl/ igt ,  weis t  au f  andere  Gr6sse oder  F o r m  hin,  v ie l le icht  
au f  e ine Verzweigung,  ohne  dass  aber  die gegenwiir t igen Messungen  eine E n t s c h e i d u n g  dafi ir  oder  
dagegen  ermOglichen. Die e lek t rophore t i sche  Ana l y se  zeigt, dass  die E igenscha f t en  yon  denen  die 
L a d u n g s d i c h t e  abh~ng t ,  fiir beide Bes tand te i l e  ~ihnlich sind. 
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