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Elastic and quasi-elastic light-scattering, viscometric and rheological studies are given for solutions of the 
microbial polysaccharide Xanthomonas campestris (xanthan) in aqueous 0.62N NaCI for polymer 
concentrations from 0.03 to 2.2 g kg- 1. The observed negative 3 In [q]/t3 In T is interpreted as a decrease of the 
persistence length with increasing T. The behaviour in moderately concentrated solutions (2< [q]c<25) 
reveals intermolecular association, leading to gel formation in the extreme case. The effect of the association 
on the viscometric and light-scattering data is discussed. It is concluded that the early stages of association 
involve structure with the chain axes nearly parallel, but that larger, particulate-like structures develop with 
increasing c, eventually leading to gel formation under certain conditions. 
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I N T R O D U C T I O N  

Light-scattering, viscometric and rheological studies are 
presented in the following for solutions of the microbial 
polysaccharide Xanthomonas campestris (xanthan) in 
aqueous 0.62 N NaC1. The light-scattering data include 
both elastic and quasi-elastic measurements. Taken 
together, the solutions studied span the concentration 
range 0.03 to 2.2 g kg-1 and temperatures from 25 to 
80°C. Dilute-solution parameters are obtained at the 
lower end of the concentration range, and gel formation 
was observed for the highest concentration studied. The 
behaviour in dilute solutions is discussed in terms of a 
temperature-dependent persistence length for xanthan, 
and that at intermediate concentration is represented in 
terms of microgel components in an otherwise fluid-like 
solution. 

EXPERIMENTAL 

Materials 
The sample of xanthan used in this study was supplied 

as an aqueous stock solution by G. F. Hardy, Celanese 
Research Co., Summit, NJ. The sample was prepared 
from the fermentation broth of the bacterium 
Xanthomonas campestris NRRL B-1459 by a process of 
sequential filtrations. The broth was heated to 100°C, 
slurried with diatomaceous earth, diluted to about 
3 g kg-  ~ and filtered to remove all debris, etc., to obtain a 
clarified dilute solution of xanthan. The latter was then 
increased in concentration to 21.7gkg-~ by 
ultrafiltration. The solution was analysed to have 
1.2 g kg-  ~ pyruvic acid, 8.9 g kg-  1 carbon and 3.7 g kg-  
ash comprising 40 ~ K, 5 ~o P, 3 ~o Na, 3 ~ Ca, 2 ~o Mg 
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and 1 ~o Si, with smaller concentrations of other metals. 
The pyruvic acid concentration corresponds to 64~o 
pyruvate substitution on the xanthan. The excess of 
potassium indicates that the xanthan is largely in the form 
of the potassium salt. 

Solutions used here were prepared by dilution of the 
stock solution with aqueous 0.62N NaCI containing 
0.003 N sodium azide. After dilution to about three times 
the final concentration desired, the solution was stirred at 
room temperature for 48 h, then at 80°C for 2 h, and 
lightly sonicated for 6h  at room temperature. The 
solution was then diluted to the desired level and the 
preceding repeated. The final dilution was filtered 
through a membrane filter (0.3/Jm pore size). For  light- 
scattering studies the solution was filtered directly into a 
light-scattering cell suitable for subsequent centri- 
fugation. The solution was then degassed by freeze-thaw 
cycles and finally flame-sealed in the container under 
vacuum. 

The preceding procedure was not followed in one case 
for a solution prepared for rheological studies of a 
xanthan gel. In that case the stock solution was 
centrifuged for 1.5 h at 1500g, and then diluted to form 
the solution studied. 

Light scattering 
The light-scattering method, apparatus, data acqui- 

sition system and correlator are described in detail 
elsewhere 1. The vertically polarized 514.5 nm line of an 
argon-ion laser was used as the incident beam. 

The photon-count correlation function gtZ~(z,q) was 
determined as 1 : 

g~2~(z, q) = Gt2'(z, q)/(n) 2 (1) 

1 .M T(i= n,ni+k) j (2) G(z)(z' q)= M j~l 1 
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Tab le  1 Vi scomet r i c  d a t a  for  a q u e o u s  x a n t h a n  s o h t i o n *  (0.62 N N a C i )  

T =  70°C T =  25°C 

(g kg -x) ~ [~]o (mlg-') ~ [~]o (mlg -~) 

0 .0325  1.226 6 6 4 0  1.4102 11 190 
0 .0654 - - 1.8732 10 680 
0 .1670  2.321 5 990 - - 
0 .1875  - - 4 .7289  I 1 0 9 0  
0 .2511 - - 7 .1632 11500  
0 .3164  3 .709 5 4 1 0  - - 
0 .374  - - 14.290 12 290  
0 .434  5.383 5 480  - - 
0 .515  - - 28 .397 13430  
0 .585  10.04 6 420  - - 
0 .757 17.03 6 940 - - 
0 .930  25 .24  7 130 84.219 13 460  
1.250 133 13 050  580 27 000  

= [~/]~ is def ined b y  e q u a t i o n  (6) 

where z = k Az, with k an integer and Az the sampling 
interval equal to (50 x 10-9)2 N s, with N adjustable from 
6 to 24, ( n )  is the average count rate, T=212, M was 
adjusted so that the total number of counts ( n ) T M  was 
about 106, and q = (4rm/2)sin(O/2), with 0 the scattering 
angle, 2 the wavelength of the incident beam in vacuum 
and n the solution refractive index. In most experiments, k 
was from I to 32, but in some cases the upper bound was 
increased to 64. Values of Az were chosen in successive 
experiments to permit evaluation of any curvature in 
In[g(2)(% q) - 1] versus "r over the range for g(2)(z, q) - 1 
greater than about 0.001. 

The average count rate (n )  was used to compute the 
Rayleigh ratio R as k;.(n)/(n)std where (n)~td is the count 
rate from a working standard comprising a polystyrene 
solution in a cell similar to that used for the solutions 
studied and k~ is equal to (4rr, Z/NA24)k *, where k* is 
independent of 2 (k* is equal to 13.0 for the arrangement 
used). 

Viscometry 

Filtered solution prepared as described above was used 
in a Couette viscometer described elsewhere 2. The 
instrument was sealed to prevent loss of solvent by 
evaporation, and constructed so that only glass surfaces 
contact the test solution. The outer cylinder (radius R2) is 
stationary and a torque imposed on the inner cylinder 
(radius R1) causes it to rotate with rotational velocity fL 
The inner cylinder is held in the centre of the outer 
cylinder through the effects of surface tension at the 
meniscus formed between the two cylinders, following a 
design of Zimm and Crothers3. An aluminium cylinder is 
placed inside the inner glass cylinder so that a torque L 
may be generated by the action of a magnetic field 
rotating at angular velocity f~M, with L oc tim - f t .  With 
this instrument, the relative viscosity r/r, l may be 
determined by measurement of P = 2n/f~ for the solution, 
and P0=2r~/~o for the solvent, with2: 

l~rel = (P - P M ) / ( P o  - -  PM) (3) 

where PM=2rr/f~M; values of PM/S equal to 1, 6 and 30 
were used. The average shear rate x is given by: 

x = (Tr/P)[(R 2 + RI) / (R 2 - g l ) ] f ( g  1, g2) (4) 

where f (R1,  R2) is nearly unity for the values R~ = 9 mm 
and R 2 =  11mm used here, so that x ~  IOn/P. Since 

P--PM = PMKL~I/d, with d the density and KL a constant 
( g  g ~ 120 in cgs units for the instrument used here), values 
of P, and hence r ,  varied with ~/and PM such that: 

x = IOn/PM(1 + KLrl/d ) (5) 

The shear stress tr may be calculated as Ks(tiM--f~) 
where Ks is a constant (Ks~0.26 in cgs units for the 
instrument used here). Thus, a is less than 2nKs/PM, 
which would be the stress if the inner cylinder did not 
rotate (as would be the case, for example, with a gel under 
constant L). 

Rheological measurements 

The rheological properties of a sample that proved to 
be a gel were examined using a cone-and-plate rheometer 
described elsewhere 4. A concentric glass ring around the 
cone and plate served to suppress evaporation of water 
from the gel. Rheological measurements were made about 
4 h after the sample was installed in the rheometer. Creep 
and recovery were done with a shear stress of 0.07 Pa, and 
dynamic mechanical experiments were performed with a 
stress amplitude of 0.44 Pa. 

RESULTS 

V i sc ometr y 

The viscometric data given in Table 1 are shown as It/] c 
vs. c in Figure 1 for c < 1 g 1- t, where r/~p = ~/r~J - 1 and: 

[r/]c = (1/c)[2(r/s p - I n  ~rel)] 1/2 (6) 

These data were obtained with the concentric-cylinder 
viscometer described above, with shear rates given by 
equation (5). For  dilute solutions, the usual relations: 

rlsp/c=[rl]{ l +k'[~l]c+k'([tl]c)2 + .. .} (7) 

In ~l,~/c = It/] { 1 - (½ - k')[r/]c 

+ (½-k'  + k")([~/]c) 2 + . . . }  (8) 

result on the assumption of a Taylor series expansion of 
~/~ in powers of c. With these expressions: 

I t / I t  = [r / ]  { 1 - (½ - k ')  [ r / ]c  + . - .  } (9) 

so that [~/]c "~ [r/] if k' z 1/3, as is frequently the case for 
polymer solutions under conditions with T >  O, where ® 
is the temperature for which the second virial coefficient 
vanishes. The data in Figure 1 give [~/]/ml g-1 equal to 
11 300 and 6800 and k' equal to 0.34 and 0.23 for T equal 
to 25 and 70°C, respectively. As seen in Figure I, 
[r/]c~[r/] for c<0 .4g1 -1  

A generalization of equation (7) in the form s'6 : 

~'sp/[~]]C = P(KMk' [ r / ]  c) (10) 

where P(0) is unity is sometimes useful to correlate data 

| L I , I , I ' I , I I 

~ lq ['- o o 
1217.~ o.--o o 

° -  

I = I 0 = I 
0 0.2 o.q 0.6 0.8 1. 1.2 

c (g 1-1 ) 

F i g u r e  1 T h e  f u n c t i o n  [ t / ] c = c - l [ 2 ( ~ / s p - i n t / r e 0 ]  l/z v e r s u s  c for 
so lu t ions  o f  x a n t h a n  in a q u e o u s  0.62 N N a C I  a t  25°C  ( O )  a n d  70°C ( 0 )  
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Figmre 2 The function ln(t/~/[~t]c) versus  3k'[t/]c for solutions of 
xantl~n in aqueous 0.62 N NaCI; symbols as in F i g u r e  1. The full line 
represents equations (10) and (11) with KM=0.74 
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Fig,,re 3 A plot of logt/sp versus log(aTw/gkg -1) for solutions of 
xanthan in aqueous 0.62 N NaCI at 25°C (O) and 70°C (O), with a T = I 
(pips up) or aT given by equations (12) (pips down). The broken curve 
represents equation (10), with P(0.44[r/]c) given by equation (13), 
following results in re(. 8 

on t/,p as a function of c for the range of [-r/]c of interest 
here. For  example, in one commonly used relationT: 

P(x) = exp x (11) 

Use of equations (10) and (11) with KM= 1 will produce 
equations (7) and (8) to order @l]C) 2, with k" = (k')2/2. As 
shown in Figure 2, equations (10) and (11) provide an 
approximate correlation for the data obtained here for 
[r/]c < 2, with K M = 0.74, which is similar to values of KM 
reported for polystyrene in a variety of solvents 5. With 
increasing [r/]c, the viscosities are underestimated by 
equations (10) and (11) using the KM found for [r/]c <2 ,  

but as shown in Figure 3 for [r/]c > 2 the data obtained for 
w up to 0.93 g kg-  1 obey a power-law relation of the form 
rhp= (arW) ", where # = 2.05 and: 

( ,,p(T) ,~I/, (12) 

Also shown in Figure 3 is a correlation reported s for 
solutions of 'native' xanthan and samples prepared 
therefrom by ultrasonic degradation. That correlation 
represents ~/,p by equation (I0) with: 

P(x) = i + x + 0.25x TM (13) 

where KMk' = 0.44. In terms of equation (10) the power- 
law behaviour shown in Figure 3 gives P = KM(k' [~/]c) ~- i 
for [~/]c>2, with KM=2.12 for T equal to 25 or 70°C, 
and: 

{(k' [t/] p ) ' - '  It/] p} r (14) 
a ~  ~--- { ( k '  [ r / ]  p )# - i  [ y / ]  p } TR 

with T, = 25°C, or ar = 0.48 for T= 70°C. Thus, it appears 
that rhp/[~l]c scales with the parameters k' and [~/] found 
at infinite dilution, even though the form of P is complex, 
and both k' and It/] depend on T. The plot ofln r/sp vs. T -  1 
in Figure 4 for a solution with w = 0.93 g kg-  1 gives W= 
alnthp/~T-l=2550K. By comparison, W is 1800K for 
water. Since the data on In rhp vs. In aTw superpose for 
w > 0 . 3 g k g  -1, and r/sp oc w ~ in this range, aT may be 
expressed as 

In aT = ( T -  ~ - T ~  1 )W/ i z  (15) 
where TR is an (arbitrary) reference temperature, equal to 
25°C here. 

5.0 

4.5  m 

o. ul 
q . 0 - -  

_c 

3.5 - 

3.0 I 
.5 3.0 3.5 4.0 

I03/T (K -1 } 

T -  for a solution ofxanthan in 0.62 N Figure 4 A plot of In ~/sp versus  1 
NaCI with w =0.93 g kg- t 
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F~u re  5 A plot of  log qsp versus x / s -  ~ for a solution of xanthan in 
0.62N NaCI with w = l . 2 5 g k g  -~. The data were obtained with a 
couette (O) or cone-and-plate ( 0 )  instruments,  as discussed in the text. 
The full curve represents q~(x)/~sp(0) versus %r for a typical polymer 
fluid 9, scaled to give ~sp(0) at low x, and with % = 7.85 s 

weighting factors g~ are so normalized 
then 9: 

gizi ,7'(09) = [~ (o )  - GJ  Y 
1 (0907,'i) 2 T + 

In the preceding, all viscosities are reported for 
experiments at low shear rate ~c. Data on the steady-state 
viscosity q~ as a function of x are shown in Figure 5 for a 
solution with w = l . 2 5 g k g  -~. For  many polymer 
solutions, r/~ obeys a relation of the form 9 : 

r/~ = r/oF(zc ~) (16) 

where % is the limiting value ofq~ for small x, F(0) = 1 and 
is) (s) % is a time constant equal to Ro qo, with R 0 the linear 

steady-state recoverable compliances (sometimes referred 
to as jo). For  many systems, F(1)~ 0.7. The data on q,p as 
a function of x are shown in comparison with a curve 
computed with F(%K) for a typical polymer fluid 9, using 
r~ = 7.85 s, or R~)= 12.6 Pa - ~. These results verify that the 
data reported in Table 1 represent limiting viscosities at 
low shear rate. 

Viscoelasticity 
An unfiltered solution with w = 2 . 2 g k g  -~ was 

observed to form a gel at 25°C. The properties of this gel 
are shown in Figure 6 giving the linear recoverable 
compliance R(t), the storage compliance 3'(09) and the 
dynamic viscosity r/'(09) calculated as G"(09)/09= 
j.(09)/09[j(D)(09)]2, where G"(09) and J"(09) are the loss 
modulus and compliance, respectively, and 9'~ o: 

[j(D)(09)] 2 = [ j , (09 ) ]2  d- [ j , , (09)]  2 (17) 

The recoverable compliance was computed from the 
recoverable strain following creep under a stress of 
0.07 Pa for a duration long enough that the final rate of 
creep was essentially zero. Under these conditions, the 
creep compliance J(t) was found to be equal to R(t), 
showing the sample to be a viscoelastic solid. A stress 
amplitude of 0.44 Pa was used in measurements of q'(09) 
and J'(09). 

These results show that a gel was obtained, with an 
equilibrium modulus G~ of about 6 Pa, and an 'internal 
viscosity' given by the limit of q'(09) for small o9 of about 
360 Pa s. By comparison, the viscosity obtained by use of 
equation (10) with equation (13) for P(x) is 13 Pa s. If it is 
assumed that the relaxation modulus has the form: 

G(t)=G~+[GtO)-G~]~giexp(-t/%) (18) 

where the ~ are the viscoelastic relaxation times, and the 

that ~ g ~ =  1, 

(19) 

h i 
J'(09) = R(0) + [G~-' - R(0)] ~ 

-7 I + (20) 

R(t)=G~I- [G~I-R(O)]  ~ hiexp(-t/li) (21) 
i 

where the 2~ are retardation times, and the weight factors 
h~ are so normalized that ~ h~= 1. For  the solid, the 
relation 9,1 o: 

f~G(u)R(t u) = (22) du t 

provides a connection between the set of parameters for 
the h~ and 2~ and that for the g~ and z~. The data in Figure 5 
can be represented by equations (18) to (22) with z~ 
ranging from 0.1 ms to 70 s, with the latter representing 
the time constant for the approach of G(t) to G, for large t. 

Light scattering 
The scattered intensity is shown as a function of 

sin2(0/2) in Figure 7 for two of the solutions of xanthan 
prepared as described above and centrifuged for 30 min 
using a swinging bucket rotor, with a centrifugal field of 
about 70000. The two solutions span the concentration 
range studied by light scattering. In both cases, the data 
exhibit enhanced scattering at small angles (see below). A 
scaling length b defined as: 

b 2 -- - 3 lim [0 In R(q)figq 2] (23) 
q=0 

with R(q) the Rayleigh ratio, is about equal to 150nm, 
being relatively independent of temperature and 
concentration. (In the simplest case at infinite dilution, b 2 
is the mean-square radius of gyration of the chain 1 ~'~ 2.) 
The constancy in qR(q) observed for 0>  60 ° is discussed 
below. 

Several variables affect the data on gt2)(z, q) including: 
the temperature, the duration of centrifugation prior to 
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1o 
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qt, • v  
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I0 -3 10 .2 10 - I  I 

to (s - I )  or  t -1 (s  - I )  

Figure 6 Rheological data for a gel of xanthan in 0.62 N NaCl with 
w = 2.2 g kg - l showing the recoverable shear compliance Ro(t ) ( 0 )  as a 
function of t -  1 the storage shear compliance J'(oJ) (V)  and the dynamic 
viscosity q'(¢o) (A)  as a function of oJ 
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Figure 7 Plots of log qR(q)/c versus sin2(0/2) for solutions of xanthan 
in 0.62 N NaCl with w/g kg -1 equal to 0.19 (O, m) or 2.2 (O) at 25°C 
(circles) or 79°C (squares) 

the light-scattering measurement, and the position of the 
scattering volume in the light-scattering cell (i.e. the 
position in the centrifugal field prior to the scattering 
experiment). Scattering data reported here are confined 
to the concentration range 0.19 < w/g kg - x < 2.20. In all 
cases, the data could be represented in the form ~ 2: 

g(2)(Z, q) -- 1 = [g(2)(0, q) - 1] [ ~  r, exp( - 7,z)] 2 (24) 

where ~ r , =  1. The factor gt2)(0, q ) - 1  depends on the 
sample geometry. Methods described elsewhere 12. ~ 3 were 
used to compute r~ and ),, for the few (3-4) terms needed 
to fit equation (24) to experimental data (see below). 
Although the fundamental significance of the r~ and ?~ so 
obtained may be open to question, they at least permit a 
means to represent experimental results in condensed 
form, and quantify differences among gt2)(z, q) for a series 
of similar materials. The relation: 

g(2)(Z, q)-- 1 = I-0(2)(0, q ) -  1]exp[ - (?z)"] (25) 

sometimes found to represent non-exponential 
behaviour ~4'~5, does not fit the data obtained in this 
study. 

In representing the 7,,, it is convenient to reduce all data 
by multiplication of ?~- 1 by the factors ao and a~ ~, given 
by: 

a o = \ ~ }  (26) 

_~ T,h(T.) 
(27) 

a"s TRrh(T ) 

with a reference scattering angle 0 R of 30 ° and a reference 
temperature T~ of 25°C, where qs(T) is the solvent 
viscosity at temperature T. Thus, for a simple case, 
a a -1- - 1  0 ~, Y~ would be independent of both 0 and T (see 
below). 

The effects of centrifugation and temperature are 
illustrated in Figure 8. Values of the corresponding r~ and 
aoa~lv~ x given in Tables 2 and 3 may be used to 
reconstruct the g(2)(z, q) shown in Figure 8 along with 
g~2~(z,q) obtained in additional experiments. Four  
conditions are represented in Figure 8, depending on the 
d u r a t i o n  tee m of centrifugation of the light-scattering cell 
in a swinging bucket rotor at 30°C (angular velocity 
09 ~ 830 rad s-  ~ and centrifugal field of ~ 7000g), and the 
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subsequent temperature TLS of the sample for the light- 
scattering experiment: (a) tcent--0.5h, TLS----25°C; (b) 
tecnt=0.5h, TLS=78°C; (C) t~nt=12h, TLS=25°C; (d) 
t¢¢,,= 12 h, TLS = 78 °C- As seen in Figure 8, in every case 
plots of g(2)(z,q) versus aoa~z  were markedly non- 
exponential, with the data for (c) with 0 = 45 and 60 ° and 
(b) with 0=  90 ° being relatively close and exhibiting the 
least non-exponential behaviour. In general, the non- 
exponential character of gt2)(Z, q) increases with 
decreasing toent , TLS and 0. Thus, the scattering for 0 = 30 ° 
became less non-exponential as the condition varied in 
the order (a), (b), (c) and (d), but remained more non- 
exponential than data for 0=90  ° and condition (b). 
Similar trends were noted at all concentrations studied, as 
shown by the entries of r~ and ~ in Table 2. 

In some cases, 9t2~(z,q) was determined for two 
positions in the light-scattering cell after centrifugation 
for 12 h: in the 'normal' position, and from a position 
near the bottom of the cell. These positions correspond to 
a radial position r~ for the normal position and r c + A for 
the lower position, where r ~  10 cm and A= 1 cm. As 
shown in Table4, the principal difference in gl2l('C, q) at the 
two positions for a solution with w = 2 . 2 g k g  -~ is 
increased r~ corresponding to the largest coherence time 
7~ -~ (and decreased r, for the remainder) at the lower 
position in comparison with the upper. Similar, but 
smaller, differences are observed for gt2~(z, q) for the two 
positions for a solution with w = 0.19 g kg-  

I 

- 2  

T 

--" 0 

- !  

- 2  

I I I I I I 

60" \9;  4~ ~ 6 0  " 

. . . . . . . . .  

1 2  

I l I I I l I 
10 20  30  40  50  60  70  

-1  
0,3 o n ~ ( m s )  

Figure 8 Plots of log{ [o(2'(z, q) - 1]/[g(2)(O,q) - 1]} versus aoa~lz/ms 
for solutions of 0.62 N NaC1 with wig kg- x equal to 0.19 (upper) or 2.2 
(lower). The curves represent data with tc~t equal to 0.5 h and TLS equal 
25°C (- ..... ) and 78°C (----) or tcent equal to 12 h and TLS equal to 25°C 
( - - )  and 78°C (~. - - )  
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Table 2 Parameters used in equation (24) to fit the photon-count correlation function* 

w (g kg - 1) TLS (K) 0 (deg) a0o~q 17; 1 (ms)b and [r~] RIt, app (~gl) 

2.20 298 30 820 [0.55] 16 [0.20] 2.4 [ 0 . 1 9 ]  0.2.[0.06] 42.3 
351 30 625 [0.56] 28 [0.17] 4.7 [0.18] 0.5 [0.09] 73.7 
298 60 698 [0.36] 21 [0.29] 1.5 [0.39] 60.6 
351 60 679 [0.29] 21 [0.36] 1.5 [0.35] 66.1 

1.30 298 30 305 [0.47] 18 [0.34] 2.5 [0.14] 0.5 [0.05] 94 
353 30 180 [0.52] 11 [0.30] 1.9 [048][0116] 0.2 [0.02] 77 
298 60 436 [0.23] 30 [0.29] 4.9 154 
353 60 260 [0.19] 32 [0.24] 5.2 [0.57] 141. 
298 90 89 [0.26] 11 [0.43] 1.6 [0.31] 70.4 
353 90 89 [0.25] 9.5 [0.44] 1.9 [0.31] 78.2 

0.61 298 30 312 [0.39] 13 [0.34] 2.8 [0.22] 157 
353 30 127 [0.43] 7.9 [0.33] 1.8 [0.24] 93.0 
298 60 140 [0.23] 7.5 [0.40] 1.3 [0.37] 48.8 
353 60 117 [0.22] 7.1 [0.27] 1.4 [0.51] 41.7 
298 90 55 [0.22] 4.2 [0.40] 1.1 [0.38] 37.4 
353 90 55 [0.22] 4.2 [0.40] 1.I [0.38] 37.4 

0.19 298 30 241 [0.50] 16 [0.32] 2.3 [0.18] 165 
349 30 53 [0.50] 6.3 [0.40] 0.65 [0.10] 73.2 
298 60 48 [0.29] 8.6 [0.28] 1.8 [0.43] 59.8 
349 60 21 [0.34] 3.7 [0.53] 0.55 [0.13] 42.0 
298 90 11 [0.42] 1.7 [0.52] 0.10 [0.06] 17.6 
349 90 11 [0.42] 1.7 [0.52] 0.10 [0.06] 17.6 

* All data for tee~t=0.5 h 
ba o and a~ 1 are given by equations (26) and (27), respectivdy, for 0R=30 ° and Tg=25°C 

TaMe 3 Parameters used in equation (24) to fit the photon-count  correlation function* 

tee m (h) TLS (K) ao~sl'y~ 1 (ms) b and [r~] RH, app (nm) 

0.5 298 134 [0.44] 17 [0.34] 2.5 [0.21] 0.2310.01] 110 
312 c 127 [0.40] 20 [0.31] 3.6 [0.28] 0.2710.01] 124 
335" 109 [0.41] 11 [0.43] 1.7 [0.16] 122 
352" 60 [0.39] 9.7 [0.39] 2.0 [0.22] 106 

12 298 36 [0.35] 5.5 [0.44] 1.9 [0.18] 0.2 [0.03] 50 
(agitated) 298 386 [0.44] 31 [0.13] 8.5 [0.36] 0.6 [0.07] 101 
12 298 36 [0.36] 7.8 [0.33] 1.80 [0.32] 75 

349 24.5 [0.36] 6.2 [0.35] 3.1 [0.26] 0.24 [0.027] 61 

* All data for 0 = 30 ° and w = 0.19 g kg-  1 
~a 0 and an~ 1 as in Table 2 
c TLS increased from next lowest value, without additional centrifugation 

As remarked  above,  the viscometric da ta  obta ined with 
a low shear stress ( a < 0 . 3 d y n c m  -2)  for heat- t reated 
sonicated and filtered solutions with w~< 1.3 g k g - 1  did 
not  suggest yield stress behaviour .  Tha t  is, the materials  
were liquid and not  solid even at the low a used. Thus,  
they do not  form a macroscopic  gel. Nevertheless,  the 
da ta  on g(2)(z, q) suggest the presence of  supramolecular  
structures,  which can be removed  in par t  th rough 
centrifugation. Such structures could contr ibute  to 
g(2)(z, q) as rigid objects (slowly) diffusing in the viscous 
med ium of the solution, or  they could contr ibute  through 
internal scattering f rom within a gel-like domain  (see 
below). 

D I S C U S S I O N  

Dilute-solution parameters  

The conformat ion  of xanthan  in dilute solution has 
received considerable a t tent ion s't6-34. I t  is believed to 
depend on several parameters ,  including the ionic 
strength of the solvent j 8,29,32, the t empera ture  16-1s'21'26 
and the extent of  the pyruva te  substi tution (64 % for the 

po lymer  used h e r e )  19,26. Light-scattering measurements  
of  the (l ight-scattering-averaged) roo t -mean-square  
radius of  gyra t ion  Rg~s, the weight-average molecular  
weight M ,  and the (l ight-scattering-averaged) hydro-  
dynamic  radius RH~,S have been repor ted on xan than  and 
products  derived therefrom by ul trasonic degradat ion  or  
chemical modificat ion (e.g. removal  of  pyruva te  

16 17 19 21 31 34 groups)  ' ' - ' ' . Studies o f [ r / ] a s  a function of M ,  
8 16 18 22 25.30 have also been r e p o r t e d '  - ' ' ' . The  value [ r / ]=  

11 300 ml g -  1 repor ted  here for a solution of the 'nat ive '  
xan than  in 0 . 6 2 N  NaCI  at 25°C is consistent with 
published values a'3°'31'34. The  experimental  da ta  have 
been interpreted in terms of a two-s t randed structure 
(probably  a d imer  of  two single molecules),  with a mass  
per  unit length M E of 2000 r im-1 (refs. 16-18, 2 1, 22, 24 -  
26 and 30), and a molecular  weight of (2 to 6) x 106 for the 
nat ive po lymer  19. The  results on Rgj.s and RH,LS have been 
analysed in terms of the persistence length p that  appears  
in the worm-l ike  model  for po lymer  conformat ions  as to 
give p ~  120nm (refs 16-19). 

F o r  aqueous  solutions of  xan than  with low 
concentra t ion  of suppor t ing electrolyte, [~/] is not  a 
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TaMe 4 Parameters used in equation (24) to fit the photon-count correlation function = 

w (g kg- 1) tcent (h) 0 (deg) Position' a0an ~t 7v- l (ms)~ and [rv] RH, app (nm) 

2.2 0.5 30 C 820 [0.55] 16 [0.20] 2.4 [0.19] 0.2 [0.06] 42 
0.5 60 C 698 [0.36] 21 [0.29] 1.5 [0.39] 61 

12 30 L 729 [0.44] 22 [0.27] 2.1 [0.26] 0.25 [0.03] 65 
12 45 L 698 [0.41] 22 [0.24] 2.2 [0.31] 0.25 [0.04] 53 
12 60 L 771 [0.29] 23 [0.29] 2.1 [0.39] 0.25 [0.03] 52 
12 90 L 729 [0.20] 26 [0.29] 3.1 [,0.39] 0.45 [0.12] 41 
12 120 L 729 [0.15] 25 [0.27] 2.3 [0.47] 0.40 [0.11] 34 
12 30 C 729 [0.37] 22 [0.28] 2.8 [0.32] 0.35 [0.03] 79 
12 45 C 729 [0.28] 24 [0.27] 2.4 [0.41] 0.27 [0.04] 50 
12 60 C 729 [0,18] 21 [0.31] 2.1 [0.43] 0.25 [0.08] 31 
12 90 C 729 [0,09] 27 [0.25] 2.4 [0.57] 0.25 [0,10] 26 
12 120 C 729 [0,07] 25 [0.26] 1.6 [0.61] 0.15 [0.06] 21 

0,19 0.5 30 C 241 [0,50] 16 [0.32] 2.3 [0.18] 165 
0.5 60 C 48 [0.29] 8.6 [0.28] 1.8 [0.43] 60 
0.5 90 C 11 [0.42] 1.7 [0.52] 0.10 [0.06] 18 

12 30 L 14 [0,56] 2.7 [0.40] 0.25 [0.04] 48 
12 45 L 13 [0.44] 2.2 [0.48] 0.25 [0.08] 29 
12 60 L 12 [0.29] 2.1 [0.66] 0.25 [0.05] 31 
12 30 C 21 [0.49] 2.9 [0.49] 0.28 [0.07] 38 
12 45 C 12 [0.45] 2.0 [0.49] 0.30 [0.06] 31 
12 60 C 11 [0.36] 1.8 [0.55] 0.15 [0.09] 18 

= All data for TLS = 25°C 
b a o and a~sl as in Table  2 

C and L denote positions near the centre and the bottom of the light-scattering cell, respectively 

monotone decreasing function of T, but d[r/]/dT may be 
positive over a range of T centred about some 
temperature TM (refs. 17 and 29). Moreover, similar 
behaviour is observed in a number of other properties, 
such as the optical r o t a t i o n  23'26'27"29'32'33'36'37, the 
intensity of the ~ H n.m.r, absorptions associated with the 
pyruvate and acetate groups on the tripyranose side 
groups 26 and the viscosity of moderately concentrated 
solutions 33'39. In general, TM increases with the ionic 
strength of the solvent and the molecular weight of the 
xanthan. This behaviour has been associated with some 
structural rearrangements within the helicoidal double- 
stranded xanthan structure 17. Since T~ is far in excess of 
70°C for solutions in aqueous 0.6N NaC117,27'29, the 
monotone decrease of r/,p with increasing T observed here 
is not unexpected. The negative d[r/]/dT deduced above 
must be attributed to less drastic structural 
rearrangements than those involved at T M. The decrease 
in [~/] observed with increasing T for xanthan in aqueous 
0.62 N NaCI solution, with d In [r/]/c3 T=  - 0.0113 K - ~, is 
similar to the behaviour observed with a number of 
chains with a backbone comprising pyranose moieties 4°. 
In these cases, c~ ln[r/]/tTT may be interpreted in terms of 
the variation of p with T since excluded-volume effects on 
R, are normally small for xanthan under the conditions 
used here (owing to the large p), so that: 

0 ln[r/] = t? ln[r/] c~ In p 
(28) 

c3T t~ In p ~T 

The factor c3 ln[r/]/d In p appearing in equation (28) 
may be estimated by use of the worm-like model for a 
chain with persistence length p and contour length L = 
M/ME. For this model, with a polymer heterodisperse in 
molecular weight, the intrinsic viscosity may be expressed 
as :  

[t/] = ~ w~[r/]~ (29) 

ME Jr/] ~ = nK~NARZs.~RH,,/L~ (30) 

R2v = (Lvp/3)S(Lv/p) (31) 

RH,v = (Lv/2)H(Lv/p, a/p) (32) 

where w~ is the weight fraction of the chains with intrinsic 
viscosity [t/], and contour length Lv, a is the diameter of 
the chain, S( ) and H( ) are known functions of the 
indicated variables 35, and Kv depends on L/p but is 
independent of a/p for small a/p (ref. 41). Approximate 
expressions for S, H and K are given by 'u : 

S(L~/p) ~ (1 +4p/L~)- ~ (33) 

B(L/p,  a/p) ~ [(27L,/16p) +lnE(3L~/2a)] -1/2 (34) 

K(L~/p) ~ 1 + (7/6){1 + tanh[0.25 ln(LU340p)]} (35) 

Values of d ln[r/]/d In p calculated with these relations 
decrease from 1.5 to 0 as p/L, increases from much less to 
much greater than unity. For a chain with p ~ 100 nm and 
I-r/] in the range observed here, numerical evaluation gives 
a ln[r/]/t31np~l for w v given by a most probable 
distribution (i.e. wv=(LULn)exp(-Lv/Ln), with L, the 
number-average controur length). Thus, with this 
interpretation, a ln p/dT~ -0.0113 K-~ for xanthan, 
and p would decrease from 120 nm at 25°C to 70 nm at 
70°C. 

In the limit of infinite dilution, the first cumulant K1 
def ined  as12°42: 

K 1 = -½ lim [~In #t2)(z, g) - l]/dr (36) 
¢ = 0  

may be interpreted in terms of a hydrodynamic radius: 

Rri,LS = k Tq 2 / 6 l r r / s K  1 (37) 

If g~2~(z, q) is represented by equation (24), then: 

K1 = ~ r ~  (38) 

Making use of equation (38) with r, ~ w,.M~/M~, Rn~s is 
given by 

R H ,  LS = Mw/~ w~M~R~ I~ (39a) 
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where 

RH,v = k Tq2 /6m/sy v (39b) 

With equation (32) for RH,, numerical evaluation of RH,LS 
gives ~lnRn,LS/t31np~0.22 for a most probable 
distribution of L~. Thus, with d In p/d T ~ - 0.0113, Rn,LS 
is expected to diminish by 13 ~o over the temperature 
range 25 to 76°C. By comparison, the experimental K~- ~ 
decreased by 21 ~ over the same temperature interval for 
the sample with w=0.19g kg -1 centrifuged for 12 h, in 
reasonable accord with the predicted change in RH,LS. 

Viscoelastic behaviour ([r/]c>2) 

Intermolecular association and gelation have been 
frequent subjects of study in moderately concentrated 
solutions of xanthan36"37"*3-47,, and similar effects are 
found in this study. The viscometric data in Table 1 show 
that the heat-treated, sonicated and filtered xanthan 
solutions with w~< 1.3gkg -~ flow under a low shear 
stress (e.g. a stress less than 0.05 Pa; see Experimental 
section). By contrast, a gel was obtained with a solution 
with w= 2.2 g kg -1. The product [r/]c is often a useful 
measure of chain overlap in discussion of intermolecular 
interactions ~ L~2,48. However, the parameter [~l]c/n is 
more appropriate if the chains exist as n-mer multiples 
with n chains bound together along their contour (e.g. 
n = 2  for the double-stranded helicoidal structure 
suggested for xanthan in dilute solution). Thus, if the 
strands are considered to be dimers at low c, then the 
range of applicability of equations (10) and (11) is found 
to be [~/]c/2 < 1 (see Figure 2), in reasonable accord with 
the behaviour often observed 5'4s. The power-law 
behaviour for the dependence of r/s 0 on w observed for 
larger w (i.e. 0.2 < w/g kg-  ~ ~<0.93) is more difficult to 
understand (see Figure 3). As shown by the rheological 
data on a solution with w = 2.2 g/kg-1 prepared without 
heating or ultrasonic treatment, the system is able to form 
a gel, showing that substantial interchain association is 
possible. The light-scattering data are consistent with 
this, revealing long coherence times in the representation 
of gt2)(T, q) with equation (24). Therefore, it is presumed 
that the dependence of ~/sp on T and w is affected by the 
presence of supramolecular organization in the solution 
(see below). 

The data in Figure 3 show that r/sp increases less rapidly 
with increasing c than might be expected on the basis of 
data on a coil-like polymer such as polystyrene. This is 
unexpected for a worm-like chain with a large persistence 
length. Thus, for a rod-like chain, ~/ is predicted 49 and 
found 5° to increase markedly with concentration, 
especially as c approaches the value c* required for the 
formation of a mesophase. Mesophase formation has 
been reported for (chain-length degraded) xanthan with 
Mw = 140 000 in salt-free aqueous solutions for 
c = 0.035 g ml-  ~ (ref. 51), with the comment that M,c* is 
about constant. These data suggest that the native 
polymer should form a mesophase at the concentrations 
shown in Figure 3, though none was observed here, or in 
similar studies of the viscosity of native xanthan in salt- 
free aqueous solution 52. (Analysis of the viscometric data 
in the latter study give values of r/sp somewhat larger than 
those reported here, but with a similar power-law 
behaviour over the range of concentrations studied 
here53.) It is known that association of rod-like chains in 
ordered arrays with the chain axes parallel leads to 

marked reduction in r/(ref. 54), whereas t/may be increased 
if rod-like chains associate in disordered arrays 55. 
Consequently, the low value of d In rhp/d In c may reflect 
the preferential formation of nearly ordered arrays of the 
worm-like chains. This association may also prevent 
formation of a mesophase, even though the value of M~,c 
suggests that such a phase should be stable, given the 
report in ref. 51. Increasing disorder in such aggregates 
could lead to the formation of a network, as has been 
observed elsewhere 55. The observation that r/'(0) for the 
gel exceeds the extrapolated value of % for the solution at 
the same w suggests a suppressed degree of parallel 
association in the gel as compared with the fluid since 
dissociation of the crosslink loci would be expected to 
give a fluid with % at least as large as r/'(0) for the 
precursor gel. The wide range in the relaxation times 
(exemplified, for example, by the data on Ro(t) and J'(to)) 
suggests that the worm-like chains cannot be bound by 
rigid crosslink loci. A similar effect reported for gels 
formed of poly(7-benzyl L-glutamate) was attributed to 
orientation relaxation 56. The properties of such gels, 
which are not well understood or even much studied, may 
be important in a number of situations with worm-like 
chains, including certain gels in the cytoplasm of 
eucaryotic cells 57. 

Elastic light scattering @/]c > 2) 

The elastic scattering data support the postulate of 
interchain association. The scattering from a dilute to 
moderately concentrated solution may be expressed as ~ 2: 

KcMw 1 
R(q) -P(q,  c) + cQ(q, c)F(c) (40) 

where K is equal to (4rc2/Ng24)(n t~n/t3c) 2 with n the 
refractive index of the solvent and ~n/dc the refractive 
index increment. The latter is taken to be 0.141 mlg -1 
(ref. 22). According to results in ref. 25, for data on high- 
molecular-weight xanthan with [~/]c < 2.5: 

1 + cr(c) ~ (1 + F2.LsC )2 (41) 

where F2.LS/[r/]~0.25. Moreover, it appears 5s that 
Q(q,c)~ 1. For high-molecular-weight rod-like chainst2'sg: 

lim qR(q)/Kc=TrML (42) 
Rgq~l 

As seen in Figure 7, plots of qR(q)/c appear to approach 
an asymptotic limit, as expected with equation (42) for a 
rod-like chain, giving ML = 5000 nm-~ for the solution 
with w=0 .19gkg  -~. By comparison, ML~2000nm -1 
for the xanthan dimer 19'2t'24-27, so the observed M L is 
consistent with the association suggested above. 
Moreover, as shown in Figure 9, values ofc/R(O) obtained 
here are considerably below values reported 5a for 
xanthan solution heated to 160°C (under pressure) prior 
to scattering studies. The deviation between the two sets 
of data suggests the average aggregate contains about 
four of the basic dimer structures. The angular 
dependence at small q also suggests the presence of 
aggregates in that qR(q) increases with decreasing q over 
the range studied, whereas in this range qR(q) decreases 
with decreasing q for similar xanthan solutions heated to 
160°C prior to the scattering studies 5s. Thus, unlike the 
results reported for xanthan solution heated to 160°C, the 
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Figure 9 A plot of KCMM/R(O ) versus 2F2,Lsc for solutions of 
xanthan in aqueous NaCl for results obtained here (B) and as reported 
in ref. 58 (Q). In both cases, F2,Lsw/[r/] is put equal to 1450 ml g-  1 (ref. 
58) and Mw=2.94 x 106 (ref. 19) 

elastic light scattering obtained here provides evidence for 
association in solutions heated only to 80°C. 

Quasi-elastic light scattering ([~/]c > 2) 

The first cumulant K 1 (c, q) determined at each c and q 
does not represent the limiting K 1 at infinite dilution and 
q = 0. It is convenient to represent K 1(c, q) as an apparent 
diffusion constant Dapp(C,q), or an apparent hydro- 
dynamic radius RHzpp: 

Dapp(C, q)= K ~ (c, q)/qZ (43) 

Rrt.app = k Tq 2 /67Z~IsK 1 (c, q ) (44) 

Values of RHapp a re  reported in Tables 2-4. The behaviour 
observed after 12 h of centrifugation for the solutions with 
w/g kg-1 equal to 0.19 and 2.2 (Table 4) give Rlq~app that 
decreases with increasing q. Similar behaviour has been 
reported ~9 for solutions of xanthan heated to 160°C prior 
to light-scattering studies, for which~9 : 

RH,app ~ Rn.LS/(1 + 0.60F:.LsC)[I + (Dp/D T -  1)C~(qL)] (45) 

where D T is the translational diffusion constant at infinite 
dilution, L is the chain contour length, Dp is the value of 
D T for a rod-like chain with length 2p, ~(0) = 0, ~(oo) = 1 
and ~(qL) oc (qL) 2 for small qL. For the range of qL of 
interest here, @(qL) given graphically in ref. 19 may be 
fitted by: 

~(qL) ~ 1 - exp[ - (qL/38) 2] (46) 

As shown in Figure I0, the dependence of Rnapp on q 
observed here for well centrifuged samples is close to that 
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given by these relations. The behaviour is much less 
systematic for samples not centrifuged for a long time, 
and is taken to reflect supramolecular structure. 

The multi-exponential character of the representation 
of g(2)(z, q) by equation (24) and the sensitivity ofgt2)(z, q) 
to temperature, especially at the lower w studied, and to 
the centrifugation history of the sample (e.g. see Tables 2 
and 3 and Figure 8) are also characteristic of aggregated 
structures. Unlike the non-exponential behaviour 
reported s8 for xanthan solutions heated to 160°C, the 
gt2)('c,q) obtained here for a given w do not generally 
reduce to a single curve when plotted against KtT for a 
range of q. This behaviour implicates the role of 
supramolecular structures in the multi-exponential 
nature ofg(2)(z, q), and shows that these structures may be 
partially and nearly reversibly disrupted by increased T. 
Presumably, the same sort of supramolecular 
organization could give rise to gel formation for the 
sample with w = 2.2 g kg-  ~ or to microgel formation at 
lower concentration. Several factors may contribute to 
the multi-exponential behaviour seen in g(2)(z,q) 
including: (1) contributions to the scattering from within 
large, essentially stationary, gel domains in the scattering 
volume; (2) contributions caused by diffusion of large 
supramolecular structures; and (3) the effects of hindered 
rotation on the diffusion of the worm-like chains (or of 
aggregates formed therefrom with the chain axes nearly 
parallel). The first is similar to scattering reported from 
m a c r o s c o p i c  gels  6°'61 , whereas the second resembles the 
scattering from particles dispersed in a polymer solution. 
The third corresponds to effects predicted for moderately 
concentrated solutions of rod-like chains 62. 

The third effect mentioned above leads to a markedly 
non-exponential g(2)(z, q). Thus. for a rod-like chain 62, 
the largest 7,. (fastest decay), given by ~L = DTq2/2, differs 
significantly from the smallest, given by 
7s= [DTDR(C)]I/2q, where the rotational diffusion 
constant DR(C) at concentration c may be expressed in the 
form 62 : 

DR(C) ----- K2DTL - 2(dc*/Lc)2f(c/c*) (47) 

f(x)  ~ (1 - Bx)-  2 (48) 

with d the rod diameter, B a coefficient close to unity 49'5°, 
c* a concentration close to that cM required for the 
formation of a mesophase 5°, and KR a proportionality 
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Figure 10 A plot of RH, app versus ql-,w for solutions of xanthan in 
aqueous NaCI for w/gkg -~ equal to 0.19 (O) and 2.2 (O) (with 
Lw= 1610 nm19). The full curves give kRH,ap p versus qL w from ref. 19, 
using arbitrary k selected to obtain reasonable coincidence of the curves 
with the data obtained here 
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constant (KR ,~ 100 (ref. 50)). Thus, for this case: 

~S/YL,,~2KR(dC*/cL)[f(c/c*)]l/2(qL) - '  (49) 

With neglect of f t / z ,  YS/YL may be expressed in the form: 

)'s/YL ~ (nKR/6)(Rn/L)([rl]c)- X(qL)- a (50) 

which might find use for worm-like chains. According to 
these expressions, curves of g{2}(T, q) versus q2z are not 
expected to superpose for all q (i.e. ~S/~L OC q-  1), and YS/YL 
decreases with increasing c. The non-exponential decay of 
gt2}(z, q) and the latter features are in qualitative accord 
with the results found here. With use of equation (32), 
Rn/L ~ 0.1 for a worm-like chain with a persistence length 
of 100 nm and L =  103 nm. Accordingly, ~'S/~L ~0.02 for 
0= 30 ° for c = 2 g 1-~. The ratio of the smallest and largest 
~ observed is smaller than this value (see Table 4). 
Moreover, g{2)(z, q) appears to depend on the time of 
centrifugation. These factors indicate that the slow modes 
should be attributed to the presence of gel-like species 
rather than to the effects of suppressed rotational 
diffusion of long worm-like chains. 

The possibility that the contributions to g~2)(z, q) with 
large ~:, might derive from the scattering from structure 
within large gel-like particles may be examined by 
consideration of the mutual diffusion constant DM, ~ in the 
f o r m  60'61 : 

DM,, = [(Kos + ~3G.)/~]~ (51) 

where ( is a friction coefficient, G. is the equilibrium shear 
modulus, and the 'osmotic modulus' is given by: 

Kos = c Ol-I/Oc (52) 

Following the methods given in ref. 60, as shown in the 
Appendix, use of the Flory-Huggins relation 63 for H and 
reasonable expressions for Ge gives: 

DM'ge'=(1-~ 4rNrq~ +~(r 2 -  1))(liq 
OM,liq xm(Kos)liq ~ge-"l (53) 

for the ratio of DM for the gel to the value for the fluid prior 
to gelation, where ~b and r~b are the volume fractions of 
polymer in the material prior to and after gelation, 
respectively, x is the polymer degree of polymerization 
prior to gelation, N¢ is the number of crosslinks per 
molecule, m is the functionality of the loci, and ~liq and ~g,l 
are the friction coefficients for the material before and 
after gelation, respectively. Equation (53) differs from 
similar relations in refs. 60 and 61 because the gel here is 
presumed to be swollen to equilibrium in a solution with 
polymer concentration q~ rather than in pure solvent. 
Based on behaviour reported in ref. 61, (gel/(liq is close to 
unity (see Appendix). If this is correct, then equation (53) 
indicates that the contributions to gt2)(z, q) with large y~ 
cannot be attributed to the scattering from within a gel- 
like structure inasmuch as Du.gel/Du,~i q is expected to be 
of order unity. 

The most likely source of the contributions to gt2)(z, q) 
with large y, appear to be from the translational diffusion 
of microgel particles dispersed in a viscoelastic polymer 
solution. In this case, the smaller y are conveniently 
represented in terms of a scaling length ~ defined as: 

k T  
= G~qsB(c) q2y - 1 (54) 

where B(c) is a function of the polymer concentration c. If 
the particles are spherical, then ~ becomes the particle 

radius. The function B(c) should be unity for small c, and 
less than rffq$ for any c. For  the system studied here, 
equation (54) can be expressed in the form: 

~/nm = 18.03a0a~ 1B- x (c)(y- X/ms) (55) 

In studies of suspensions of spheres in aqueous solutions 
of xanthan, it is reported 53 that B(c)~ 1 for w < 1 g kg-1 
([~/]e < 10). Similar behaviour has been reported for other 
systems 64. For the suspensions of spheres in xanthan 
solutions, B(c) increased sharply for larger w, but 
remained smaller than r//q, e.g. B(c)'~ 10" for 
w = 2 k g k g  -1. The largest y~-a observed at 25°C and 
0= 30 ° in this study correspond to ~vB(c) ranging from 
15 000 nm for w = 2.2 g kg-  1 to 4300 nm for 
w = 0.19 g kg-  x. These values are too large to correspond 
to the physical radii of the particles observed by light 
scattering, e.g. much larger than b ~  150nm reported 
above. The ratio ~B(c)/b, computed with the smallest yv 
and b ~ 150 nm, is greater than unity, but much less than 
qr~l. Thus, the microenvironment probed by the 
postulated gel particles would have a viscosity smaller 
than that of the bulk. 

With the particulate model, the effect of temperature on 
g(2)( ' t ' ,q) and R(q) may be related to three effects: (1) 
variation of the particle size; (2) variation of B(c) through 
effects on the local environment; and (3) variation of B(c) 
through effects on the coupling of the particle with 
adjacent chains. As shown in Figure 8 and Table 2, these 
effects are slight over the temperature range 25 to 78°C for 
the solution with w = 2 . 2 g k g  -x studied by light 
scattering after centrifugation for 0.5h---as discussed 
above, a similar sample not given the prolonged heating 
or subjected to ultrasonic treatment formed a gel at 25°C. 
Even though the effective viscosity t/o~= qsB(c) appears to 
be large, the particles can be partially removed on 
prolonged centrifugation, as shown by the data in Figure 
8 and Table 3. As should be expected, centrifugation is 
more effective with decreasing w, corresponding to the 
decrease of B(c) towards unity with decreasing w. 
Experimentally, for the solution with w = 2.2 g kg-  ~, the 
sedimentation time required to reduce substantially the 
contribution to gt2)(z, q) suggests that the particles move 
about 1 cm in 12 h, or v ~ 2 x 10- 5 cm s- ~ in a centrifugal 
field of 70000. A force balance on a sphere with radius R 
sedimenting through a solution under a centrifugal field C 
gives the sedimentation velocity v equal to: 

v = 2R 2 ApgC/9tlefr (56) 

where t/en is the (effective) viscosity of the solution, Ap is 
the difference in density of the sphere and the solution, 
and C is measured in units of g, the acceleration due to 
gravity. With the estimates R2=(5/3)b 2 and qarR= 
qs¢B(c), use of equation (56) gives Ap about equal to 
0.03gcm -a, with b=  150nm and ~B(c)= 15000nm, as 
found for the solution with w=2.2 g kg -1. The small 
value of Ap is consistent with a highly solvated aggregate, 
but the significance of the exact value of Ap obtained with 
the use of equation (56) is questionable owing to the 
crudity of the model. Nevertheless, the picture that 
emerges is one with rather loosely formed aggregates 
having a range of particle size dispersed in a fluid 
comprising xanthan dissolved as molecular dimers or 
small aggregates of the latter. These aggregates may be 
similar in structure to the supramolecular structure 
responsible for gelation of xanthan solution. The gel 
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obtained without heating or ultrasonic treatment is 
unequivocal evidence for the presence of appreciable 
intermolecular association. If G¢ is interpreted with the 
usual relation for flexible chain polymers, then for N~ 
crosslink loci per primary chain with molecular weight M 
prior to gelation6a: 

G,=NckT(cNA/M) (57) 

where CNA/M represents the number of independent 
solute chains prior to gelation. Assuming the latter to be 
dimers of the free chains, then GdPa ~0.91No for the gel 
with w = 2.2 g kg- 1 or the observed G, gives N~ ~ 65 for 
that gel. The microgel particles that remain after heating 
or ultrasonic treatment may represent the residue of 
regions with larger than average Arc and a higher than 
average polymer density. Although a definitive 
conclusion is not possible, based on the behaviour 
observed for ~ ,  it appears probable that the effect of 
temperature is to reduce the size of gel particle through 
partial melting, as opposed to effects on B(c). 

Even though the light-scattering data on the 
moderately concentrated solutions are consistent with the 
presence of microgel particles covering a range of particle 
sizes, it should not be inferred that these are so numerous 
as to dominate all properties of the solution at all w. For 
example, even though microgel particles are suggested by 
the scattering for the solution with w =0.19 g kg-~, the 
viscometric data appear to be less affected, in that P(x) 
can be represented by the limiting relation at infinite 
dilution (see Figure 2). Nevertheless, the difference for the 
larger w studied between the r/~p obtained here and the rhp 
represented by equation (10) with P(x) given by equation 
(13) may be caused by the presence of the microgel 
particles revealed by light scattering. 

CONCLUSIONS 

Viscometric and light-scattering studies on dilute 
solutions of native xanthan in aqueous 0.62 N NaCI are 
interpreted in terms of a negative temperature coefficient 
for the persistence length. In more concentrated 
solutions, such that [r/]c exceeds about 2, the light- 
scattering behaviour indicates the presence of microgel 
particles over a range of particle dimensions. These have 
an increasing effect on the viscometric properties with 
increasing c, and for [~/]c.~25, the system may gel, 
depending on details of the method used to prepare the 
sample. At the lowest c, the associated structures appear 
to have the chain axes in a neady parallel array. With 
increasing c the structure is less ordered, giving rise to 
particle-like structures, which may be the precursors 
giving a gel at higher concentration. 
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APPENDIX 

Following methods given in ref. 60, the use of the Flory- 
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Huggins theory 63 to express Kos and Ge for a gel gives: 

Kos + ~aGe= RT[v* (rl/3 +2-~m ) dP + ~  (½- xg)r2dp21 

(AI) 

where m is the functionality of the crosslink loci, ~ is the 
volume fraction of polymer in the solution prior to 
gelation, v~* is the number of strands between crosslinks 
per unit dry volume of the network, r is the ratio of the 
concentrations after and prior to gelation, and Xg is a 
reduced excess free energy of mixing in the gelled solution. 
The parameter r may be evaluated by equating the 
chemical potential of the solvent in the gel and solution. 
For example, with the Flory-Huggins model, for small tp: 

(x 2 - Xg)~b2r 2 - v* 111 (~(r t/3 _ 2r/m) ~, (x 2 - Zs)~b 2 + cp/x (A2) 

where Xs is a reduced excess free energy of mixing in the 
solution prior to gelation and x is the polymer degree of 
polymerization. With the approximation Xg= X~= ;6 use 
of equation (A2) in (A1) gives: 

Ko~+3G~~~t~4v, V1 m - q~ + (3r2- 1)({- x)q~ 2 

(A3) 

where r, which increases from unity with increasing v*, 
may'be obtained by use of equation (A2). By comparison, 
for the solution prior to gelation, Go=0 and use of the 
Flory-Huggins model to the same approximation gives: 

RT /d? 1 2"x,.~ 2RT I 2 
K°~= ~ I x  + 2(~-  Z)~b ) ~ , ~  (2 -  x)q ~ (A4) 

Thus, for large x, to be a reasonable approximation the 
ratio of Ko~+ (4/3)G, for the gel to Ko~ for the solution 
prior to gelation exceeds unity unless r<~ 1, which is 
unlikely in the present case: 

(Ko, + ~3Ge)gel 4rNcd? (r 2 -- 1) 
1 q + 3 - -  (A5) 

(Kos)liq xm(Kos)liq 2 
Studies on model gels formed with linear chains capped 

with reactive end groups gave ~el/~o of order unit 61, 
where ~0 is the friction coefficient for the linear chain prior 
to crosslinking and ~g~, is that for the gel. In the present 
case, the average chain length prior to gel formation is a 
factor Nc + 1 larger than the chain length between cross- 
links. An estimate of the dependence of ~0 on chain length 
is required to evaluate ~#/~iq from the quoted estimate of 
~go,/~0. For linear flexible chains12'6a'65: 

~o oC ~°(R3c/M) (3-°)/3(~- 1) (A6) 

~o = 6rcrhRHC N A/ M (A7) 

where a = 3  8In Rg/01nM. Thus, with Rg oc RH, ~o is 
independent of M, and (g~l/(,iq is expected to be of order 
unity. 
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