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ABSTRACT: This work discusses the static properties of xanthan solutions in the semidilute concentration 
range as revealed by small angle neutron scattering (SANS). Samples having different molecular weights 
were used to investigate the scattering properties as a function of polymer concentration C,, added salt 
concentration C,, and temperature. The results show the existence of a broad peak in the investigated 
range of C, and momentum transfer q. The positions of these peaks scale roughly as C,1'2 in the high- 
concentration range. As the concentration decreases, the system shows a conformational transition 
characterized by a decrease in the exponent. This change in the exponent is interpreted as a progressive 
shift from ordered to disordered conformation of xanthan for which the peak position is expected to scale 
with the concentration as Cpm too. The equivalent Bragg interparticle distance has been found in good 
agreement with hexagonal packing, assuming a single stretched chain in the low-C, range (disordered 
xanthan conformation) and a double-stranded chain, at least locally, in the high C, range (ordered 
conformation). 

I. Introduction 
Solution properties of polyelectrolytes exhibit a be- 

havior which, in most cases, differs considerably from 
that of uncharged polymers. The origin of this feature 
comes obviously from the presence of charges along the 
chain and leads to intra- and intermacromolecular 
interactions. These interactions, ifthey are not screened 
out, by adding external salt for instance, have strong 
consequences on both static and dynamic properties of 
the system. These complex mechanisms involving 
interacting polyions, counterions, and co-ions have 
attracted many researchers, and over the past decade 
there has been considerable interest in the static and 
dynamic properties of such systems from both theo- 
reticall-ll and experimental points of  vie^.'^-^^ Various 
experimental techniques have been used to understand 
the behavior of such charged complex systems: small 
angle X-ray (SAXS) and neutron scattering (SANS), 
elastic and quasi elastic light scattering, and viscosity. 
In this paper we shall present and discuss our experi- 
mental results obtained using SANS. 

The results concern xanthan which is a charged 
bacterial polysaccharide. Two conformations character- 
ize this polymer and were investigated p r e v i o u ~ l y ~ ~ - ~ ~  
using different techniques. At low polymer concentra- 
tion, low salt concentration, and higher temperature, 
the xanthan is in its disordered conformation, i.e. a 
wormlike chain with a moderate persistence length (Lp - 50 A); when temperature is decreased or external salt 
concentration is added (above M at 25 "C), an 
ordered conformation corresponding to  a helical struc- 
ture with a high intrinsic persistence length (Lp - 350 
A, based on a monohelical structure assumption), is 
~ t ab i l i zed .~~  This conformation can be either a single 
helix or a double helix, as it is still under d i~cuss ion .~~  
Moveover, when the polyelectrolyte concentration in- 
creases and reaches a critical value, the system presents 
a cholesteric mesophase formation.33 
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This paper presents experimental data concerning the 
elastic neutron scattering intensity of xanthan solutions 
as a function of polymer concentration, ionic concentra- 
tion, temperature, and molecular weight. The results 
give new information on the conformation of the xan- 
than chain in solution. 

11. Experimental section 
11.1. Small Angle Neutron Scattering. SANS experi- 

ments were performed on D11 and D17 difiactometers at the 
Institut Laue Langevin (ILL), Grenoble, France. The scatter- 
ing wavevector q = 4n sin(e/2)/Lo, where e is the scattering 
angle and 10 is the wavelength of the neutrons, ranges from 
0.005 to 0.085 A-l. All the data were treated according to 
standard ILL procedures (correction of transmission and 
thickness samples) for small angle isotropic scattering. The 
temperature control was f O . l  "C. 

11.2. Materials. Xanthan is a polysaccharide produced by 
Rhone-Poulenc and purified as usual. It contains uronic acids 
and behaves as a polyelectrolyte characterized by a charge 
parameter 1 1 as described by Katchalsky et al.' for the 
disordered single chain conformation and an ionic content 
about 1.56 x equiv/g (or 641 g/equiv). 

Samples with different molecular weights were prepared by 
enzymic degradation from the native sample; the different 
molecular weights used are M, = 3.6 x lo6, 7 x lo5, and 2 x 
lo5. All these samples were preheated before  experiment^.^^ 
The solutions of the Na salt form of xanthan were prepared 
by dissolution of an exact weight in DzO. NaBr in powder form 
or in 1 M NaBr solution in DzO solution was added to get the 
appropriate salt concentration. It is well-known that ag- 
gregates or microgels are oRen present in a very small amount 
and no modification of the main properties was observed.36 

The conformational transition which is induced by a change 
of temperature or salt concentration was examined by different 
techniq~es.~~ In this work the optical rotation at 300 mm was 
determined by using a Fica Spectropol lb  instrument with a 
0.5 cm quartz cell thermostated with a Haake thermostat. 

The upper estimates of the overlap concentration C* based 
on the well-known formula C* = Md(N.&f?~~/3), where RG 
is the radius of gyration of the molecule and N A  the Avogadro 
number, is C* = 7 x g/mL. This value calculated for the 
lower molecular weight sample (2 x lo6), assuming a wormlike 
chain model, indicates that all the data are obtained in the 
semidilute regime. 
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Figure 1. Effect of Added Salt Variation of I (q )  as a funct 
different added salt concentrations C, shown (2' = 25 "C). 

111. Results and Discussion 
111.1. Effect of Salt Concentration. In salt-free 

solution ( M ,  = 3.6 x lo6, Cp = 15 x g/mL, T = 25 
"C) when xanthan is in the ordered conformation, a very 
distinct and broad peak with an upturn in the small q 
range is observed. Figure 1 shows the effect of added 
salt concentration C,. One observes that the addition 
of a simple electrolyte (NaBr) decreases the peak 
intensity and maintains its position roughly constant. 
This result, also observed at  higher polymer concentra- 
tions and for different molecular weights, reflects the 
electrostatic nature of the peak. The presence of a peak 
indicates a preferential interparticle distance in solu- 
tion; its position must be related to this distance as 
discussed below. 

One observes that the region q < q m u  is very sensitive 
to the addition of salt and that of q > qmu preserves a 
level of scattering close to  the value in the absence of 
salt, as expected by most theoretical models for elec- 
trostatic interaction in the semidilute range of concen- 
tration. 

When enough salt is added, the scattering behavior 
is closer to that of a neutral polymer. For example this 
neutral type behavior is reached for M ,  = 3.6 x lo6, C, 
= 15 x g/mL at the value of C ,  above M NaBr 
(see Figure 1) or for C,  = g/mL above C ,  = 5 x 

M NaBr. The exact value of C, at which the peak 
disappears cannot be obtained with high accuracy and 
only a rough estimate of the ratio CJC, about 2 can be 
given. The value of this ratio has been already dis- 
cussed.36 The same behavior has been observed for 
other systems.14 

111.2. Effect of Polymer Concentration and Mo- 
lecular Weight in Salt-Free Solutions. In the last 
section we showed the electrostatic nature of the 
interactions which are at  the origin of the peak. This 
section, however, discusses what type of conformation 
is involved in the absence of added salt. Figure 2 
represents typical scattering intensity curves I ( q )  as a 

0.04 0.06 0.08 
9 [A - ' I  

;ion of q for ( M ,  = 3.6 x lo6, C, = 15 x g/mLj xanthan at the 

Table 1. Melting Temperature (TM) and Temperature 
Range of the Conformational Transition of Xanthan as a 

Function of Its Concentration in Pure Waters5 

g/mL TM, "C from to  

transition range (in "C) 

1.5 12 <O 22 
2.5 17.5 2.5 27.5 
3.5 23 7 33 
4.25 25 10 35 
5 31 16 41 

10 45 30 55 
20 58 43 68 
30 74 59 84 

function of the wavevector q at different polyelectrolyte 
concentrations in salt-free solutions. In the range of the 
investigated concentrations, 4 x loF3 g/mL < C, < 3 x 

g/mL for M ,  = 2 x lo5, a very distinct and broad 
peak is observed. The position of the peak maximum 
qmax is shifted toward higher q values with increasing 
concentration but is independent of the molecular 
weight. One notes that for all concentrations this peak 
is accompanied by an upturn of the scattered intensity 
for q < 0.02 A-l. To be more complete, in our observa- 
tion, no secondary peak was detectable. The same 
behavior (broad peak, no secondary peak and an upturn 
a t  q < 0.02 A-1 of I (q ) )  is observed for other samples 
having different molecular weights. For concentrations 
lower than 4 x g/mL the peak should be at  q < 
0.02 A-l, i.e. in the upturn of the scattered intensity, 
and then is no more observed. 

In the range of concentration investigated, the scat- 
tering vectors of the peak maxima qmu are plotted in 
Figure 3 as a function of C,  for the three studied 
molecular weights. One distinguishes clearly two re- 
gimes. The semidilute feature at  higher concentrations 
is characterized by a scaling law qmax - CP1l2. As the 
concentration decreases, this behavior is lost. In fact 
the crossover occurs at a concentration close to C,  = 
g/mL, which is about 70 times higher than C*. Thus 
this decrease of the slope cannot be explained on the 
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Figure 2. Effect of Concentration Z(q) versus q for salt-free solutions of xanthan at various polyelectrolyte concentrations C, 
(M, = 2.0 x lo5). Data labeled from 1 to 5 correspond to C, = 30, 20, 15, 10, and 5 x g/mL. The solid lines are guides to 
the eyes (7' = 25 "C). 
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Figure 3. Variation of log[q,,l as a function of log[C,l for the three studied molecular weights at T = 25 "C, in pure DzO. The 
arrows (t) show the influence of an increase in temperature and ionic salt concentration on the position of the peak. 0 represents 
the limit of the shifi at the highest temperatures and ionic salt concentrations used. 

basis of semidilute to dilute behavior. Another process 
should be at  the origin of the change of the exponent as 
the concentration decreases. In the light of Table 1, the 
conformational transition can be involved. Thus this 
change in the behavior, where the slope may take any 
value, represents, in our interpretation, a transition 
between two regimes having C,1'2 behavior for the two 
different conformations of xanthan. This interpretation 
is confirmed by the influence of the temperature and 
salt concentration on the peak position, as shown in 
Figure 3. 

To go further in our analysis, the distance between 
chains (or segments) was calculated on the basis of the 
Bragg relation DE= = 2 n/q,,. This distance decreases 
with increasing concentration, and the values are 

reported in Figure 4 (for instance, 4 x g/mL < C ,  
< 3 x low2 g/mL for M, = 6 x lo6). This behavior is in 
agreement with many experimental results reported for 
polyelectrolytes when using SANS,14 SAXS,I2 and light- 
~ c a t t e r i n g l ~ - ~ ~  experiments. 

To what does this distance correspond? In order to 
be more quantitative, we calculated the interparticle 
distance by assuming different conformations of the 
chain (or segment) in the semidilute regime: (i) DCU 
assuming simple cubic distribution of the particle in 
solution; (ii) interparticle distance DLK, calculated using 
the Lifson-Katchalsky model (in this case, the solution 
is divided into cylindrical subvolumes, parallel to each 
other, whose axis corresponds to  the locally stretched 
polyelectrolyte; in this model the distance between 
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Figure 4. Comparison between experimental data (0) and theoretical prediction of the interparticle distance D with polymer 
concentration for M, = 3.6 x lo6. Straight lines 1 and 2 correspond respectively to  hexagonal and cylindrical packing of the 
single chain. Those corresponding to a double-stranded chain correspond to 3 (hexagonal), 4 (cylindrical), and 5 (simple cubic). 

chains is independent of the molecular weight of the 
polymer); (iii) DHE assuming hexagonal packing of 
stretched rodlike particles. 

On the basis of this comparison, it is definitively clear 
that a simple cubic distribution cannot be at  the origin 
of this interparticle distance since Dcu depends on the 
molecular weight and the disagreement becomes more 
and more pronounced (Dcu >> DED) as the molecular 
weight and the concentration increase (see Figure 4, 
curve 5). 

For the lowest concentrations, i.e. C, < 4 x lop3 g/mL, 
corresponding to the beginning of a second domain 
where qmax is expected to  scale with C, as CP1” the 
interparticle distance values are close to those calcu- 
lated by assuming the Lifson-Kachalsky model. As the 
concentration increases, this agreement becomes less 
and less satisfactory due to the conformational transi- 
tion (see Table 1). But a t  concentrations higher than 
C, - 12.5 x g/mL the semidilute features are 
recovered with a scaling law qmax - Cp1I2. In this range 
of concentration a single chain (segment) distribution 
cannot explain the interparticle distance. However, if 
one assumes a withdrawal of the chain (segment) or a 
dimerization, one finds a good agreement with a hex- 
agonal packing of fully stretched rodlike electrostatic 
segments. This behavior is illustrated in Figure 4. 
Straight lines 1 and 2 correspond respectively to hex- 
agonal and cylindrical packing of a single chain. Those 
corresponding to a double-stranded chain correspond to 
3 (hexagonal) and 4 (cylindrical). 

These results are in agreement with the existence of 
a transition from ordered (3 or 4) t o  disordered state (1 
or 2) of the chain as the concentration decreases (Table 
1). At concentrations C, < 2 x lop3 g/mL and C, > 12 
x lop3 g/mL, the system presents all the semidilute 
polyelectrolyte features. Namely, a scaling law qmax - 
C,1/2 and a rodlike packing behavior of a single chain 
at  C, < 2 x g/mL and a withdrawal of the chain 
(segment) or a dimerization at  Cp > 12 x g/mL in 
a hexagonal or cylindrical packing within experimental 
errors. 

Between these two domains of concentration a con- 
formational transition exists (Table 1). This transition 
depends on the added salt concentration and on the 
temperature. The salt effect has been already presented 
in the ordered conformation (C, = 15 x g/mL) to 
show the electrostatic nature of the peak, and the next 
section discusses the temperature and salt effects on the 
basis of conformational transition. 

III.3. Effect of Salt and Temperature. Depending 
on the range of concentration in the case of xanthan, 
the position and the height of the peak may be sensitive 
or not to added salt andor temperature change in 
relation to the conformational transition. In fact, a t  
concentrations above the crossover, in the ordered 
conformation and where qmax - Cp1/2, there should be 
no effect of added salt on the position of the peak; the 
ordered conformation is stabilized. This has been 
already discussed in section 1. Nevertheless, at  C, = 6 
x g/mL when xanthan is under the disordered 
conformation a t  25 0C,35 a salt addition stabilizes the 
ordered conformation and then qmax decreases to the 
straight line which characterizes this conformation (see 
Figure 3). 

As far as the temperature effect is concerned, our 
results yield to the following observations. At any 
concentration above 4 x g/mL in pure D20 the 
shape and the position of the peak of I ( q )  versus q are 
very sensitive to the temperature (over the range 20- 
80 “C). This behavior is illustrated in Figure 5a for a 
xanthan solution having molecular weight M = 3.6 x 
lo6 and C, = 15 x g/mL. There is a broadening 
and decrease in peak intensity with increasing temper- 
ature. Moreover the peak position is shifted toward 
higher q values as the temperature increases. Figure 
5b illustrates this behavior where the peak position and 
the intensity at  the maximum are plotted as a function 
of temperature. One observes a clear transition around 
T = 50 “ C .  The broadening and the decrease in peak 
height are a consequence of thermal motion between 
scatterers and may be also a consequence of the 
decrease in the charge parameter in the disordered 
conformation as compared to the dimer state. According 
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Figure 6. (a) I (q )  versus q for salt-free solutions of xanthan at C, = 15 x 
Z(q)max and qmax versus temperature for a salt-free solution of xanthan at polyelectrolyte concentration C, = 15 x 10-3 g/mL. 

g/mL for various temperatures. (b) Variation of 

to Figure 6, the value of the melting temperature and 
the domain of temperature of the conformational transi- 
tion determined by optical rotation is the same as that 
found for the qmaK vs T variation. Then the change in 
the peak position with the temperature is a consequence 
of conformational transition. One notes that the qmax 
value at  the highest temperature takes an expected 
value corresponding to  a disordered single xanthan 
chain. Knowing that this transition takes place without 
molecular weight favors the folding of the 
xanthan chain as a description of the ordered conforma- 
tion, at  least for high molecular weights. This assump- 
tion is strengthened by the results of electron micros- 

and steric exclusion chromat~graphy.~~ 

IV. Conclusion 
In this paper we have investigated the structure of 

xanthan solutions in the semidilute range of concentra- 
tions with and without added salt concentration using 
SANS. The results show the existence of a single, 
pronounced peak, in the scattered intensity which is lost 
with the addition of salt. The peak position remains 
unchanged for different M ,  and ionic concentrations 
where the ordered conformation of the xanthan is 
established. The simplest explanation consistent with 
all the observations is interpreted in terms of strong 
repulsive interactions between nearest chains or seg- 
ments at  the intermolecular level. A scaling law, qmax - Cp1/2, already predicted4 and o b ~ e r v e d l ~ , ~ ~  is again 
confirmed in our observation. The new result is the 
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