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ABSTRACT: Viscosity measurements were made on ten samples of a bacterial polysaccharide 
xanthan in 0.1 M aqueous NaCl and cadoxen (at 25cC); the polymer dissolves as dimers in the 
former and as monomers in the latter. Intrinsic viscosities [IJ] as a function of molecular weight in 
0.1 M aqueous NaCI fitted to Yamakawa-Y oshizaki's theory for the Kratky-Porod wormlike chain 
with a linear mass density M L of 1940 nm -!, a persistence length of 120 nm, and a chain diameter of 
2.0-2.5 nm. This ML corresponds to the 0.47 nm pitch (per main chain glucose residue) of the 51 

double-stranded helix proposed for the crystalline structure of xanthan, and is consistent with the 
previous conclusion from light scattering that the xanthan dimer in 0.1 M aqueous NaCI has this 
helical structure. On the other hand, the values of [IJ] in cadoxen showed that the single chain of 
xanthan in this solvent is essentially flexible. Those in mixtures of cadoxen and water decreased 
sharply with an increase in cadoxen composition in a range from 60 to 70wt% cadoxen. The 
double-helical xanthan dimer was not restored once dissociated into single chains in pure cadoxen 
at 25oC or in pure water at 95oC. 
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structure of xanthan. In a previous study/ we found from light 
scattering measurements that xanthan, an ex
tracellular, ionic polysaccharide produced by 
the bacterium Xanthomonas campestris, dis
solves in 0.1 M aqueous sodium chloride 
(NaCl) as rodlike double-helical dimers. This 
finding was based on the following experimen
tal observations: (1) The weight-average mo
lecular weights Mw ofNa salt xanthan samples 
in 0.1 M aqueous NaCl were about twice as 
large as those in cadoxen in which Na salt 
xanthan disperses as single chains. (2) For Mw 
(in 0.1 M NaCl) below 2.5 x 105 , the radii of 
gyration <S2 ) 112 in 0.1 M aqueous NaCl were 
proportional to Mw. (3) The contour length 
per main chain glucose residue estimated from 
<S2 ) 112 agreed with the pitch (per glucose 
residue) of the 51 double-stranded helix pro
posed by Okuyama et aZ.Z for the crystalline 

Recently, we extended measurement to the 
viscosity of Na salt xanthan in 0.1 M aqueous 
NaCl, cadoxen, and mixtures of cadoxen and 
water. This paper presents the experimental 
data obtained, along with a comment on the 
spectroscopic studies of xanthan by previous 
investigators. 3 - 5 

EXPERIMENTAL 

Samples 
To the previous six xanthan samples1 (X4-5, 

X3-5, X7-3b, X6-4-4, XS-3-5, and XS-3-8) 
were added four samples, designated below as 
XS-6, X9-3, X6-3-7, and Xl0-4. The new 
samples were prepared from a commercial 
sample (Kelco Keltrol) by sonication followed 
by fractionation. All the ten samples were 
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converted to the Na salt form, and their 0.1 M 
aqueous NaCl and cadoxen solution were pre
pared by the methods1 described previously. 

The weight-average molecular weights of the 
four Na salt samples X5-6, X9-3, X6-3-7, and 
Xl0-4 in 0.1 M aqueous NaCl and cadoxen at 
25°C were determined by light scattering (see 
ref 1 for the details of experimental proce
dures). 

Viscometry 
Zero shear-rate viscosities of Na salt xan

than in 0.1 M aqueous NaCl and cadoxen at 
25°C were determined by low-shear four-bulb 
capillary viscometers for samples X4-5, XS-6, 
X3-5, X9-3, X7-3b, and X6-3-7 in 0.1 M 
aqueous NaCl and samples X4-5 and X5-6 in 
cadoxen) or conventional capillary viscome
ters of the Ubbelohde type (for others). 
Huggins' and Mead-Fuoss' plots6 •7 were used 
to estimate the intrinsic viscosity [17] and the 
Huggins constant k'. 

Although no time dependence of scattering 
intensity was observed for cadoxen solutions 
in the previous and present light scattering 
measurements, flow times of these solutions 
decreased gradually and steadily with time. 
This decrease suggests a gradual shear-induced 

degradation of Na salt xanthan in cadoxen. 
Similar degradation was observed for cellulose 
in cadoxen* by Henley.8 The values of [17] for 
samples X9-3 and X7-3b in cadoxen deter
mined immediately and 24 h after the prepara
tion of the solutions showed no difference 
more than 2%. For this reason, all the viscosity 
data in cadoxen reported below were taken 
within 10 h after the preparation of the 
solutions. 

The composition dependence of [17] in mix
tures of cadoxen and water at 25°C was de
termined for three samples X9-3, X7-3b, and 
Xl0-4. Correction for shear-rate effect was 
made except for sample X7-3b. Test solutions 
were prepared by dissolving a given sample 
directly into water-cadoxen mixtures of de
sired composition, and their viscosities were 
measured within 10 h after this operation. 
Densities of these mixtures were determined at 
25°C. 

RESULTS AND DISCUSSION 

Intrinsic Viscosity-Molecular Weight Relations 
Table I summarizes the values of Mw, [17], 

and k' for all the Na salt xanthan samples in 
0.1 M aqueous NaCl and cadoxen at 25°C, 

Table I. Values of Mw, [IJ], and k' for Na salt xanthan samples 
in 0.1 M aqueous NaCl and cadoxen at 25°C 

0.1 M NaCl Cadoxen Mw (in 0.1 M NaCl) 
Sample 

w-4Mw w-2[1J]/cm3 g-1 k' w-4Mw w-2[1)]/cm3 g-1 k' Mw (in cadoxen) 

X4-5 740 90.0 0.46 356 8.70 0.34 2.08" 
X 5-6 394 51.1 0.42 196 6.45 0.34 2.01 
X3-5 142 18.0 0.42 74.3 3.10 0.37 1.91" 
X9-3 99.4 10.1 0.37 49.3 2.24 0.37 2.02 
X7-3b 60.3 5.75 0.40 29.5 1.53 0.35 2.04" 
X6-3-7 36.2 3.20 0.39 17.7 1.03 0.39 2.05 
X6-4-4 24.0 1.81 0.40 12.2 0.788 0.41 1.97" 
Xl0-4 20.9 1.52 0.42 11.0 0.750 0.37 1.90 
X8-3-5 11.2 0.608 0.46 4.53 0.334 0.48 2.47" 
X8-3-8 7.40 0.350 0.50 3.48 0.278 0.51 2.13" 

• Taken from ref 1. 

* Henley's cadoxgn differs from ours in regard to the content of sodium hydroxide (NaOH); it contained about 
0.5 N NaOH, but ours none. 

424 Polymer J., Vol. 16, No. 5, 1984 



Double Helix of Xanthan 

2x10 4 105 106 107 

Mw 

Figure 1. Double-logarithmic plots of [IJ] vs. Mw for 
Na salt xanthan in 0.1 M aqueous NaCl and cadoxen at 
25°C. Triangle and smaller unfilled circles, data of 
Rinaudo and Milas11 in 0.1 M aqueous NaCl and those 
of Holzwarth12 in 0.75 M aqueous NaCl-0.04M phos
phate, respectively. 

along with those of M w (in 0.1 M N aCl)/ M w 

(in cadoxen). The ratios M w (in 0.1 M NaCl)/ 
M w (in cad oxen) for the newly added four 
samples X5-6, X9-3, X6-3-7, and XI0-4 are 
about 2, giving further support to the previous 
conclusion1 that the predominant species of 
Na salt xanthan in 0.1 M aqueous NaCl is a 
dimer. 

Double-logarithmic plots of [IJ] in 0.1 M 
aqueous NaCl and cadoxen against Mw are 
shown in Figure 1. The two curves in the figure 
have distinctly different slopes and intersect at 
an Mw of about 2 x 105. This feature is very 
similar to that found previously1 for the mo
lecular weight dependence of (S2/i2 . The 
slope for 0.1 M NaCl is about 1.5 below 
Mw"'2.5 x 105 and about unity above Mw"' 
106 . The former indicates a high stiffness of 
the xanthan dimer. The slope for cadoxen is 
about 0.87 below and about 0. 70 above 
Mw"' 1.5 x 105 . The latter is compatible with 
the previous conclusion1 from (S2 ) that the 
single molecule of N a salt xanthan in cadoxen 
is flexible, but the former suggests that this 
molecule should not be completely flexible but 
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somewhat stiff, as has been shown for similar 
[3-1 ,4-o-glucans.9 ' 10 

The triangle and smaller unfilled circles in 
Figure 1 represent, respectively, the data of 
Rinaudo and Milas11 in 0.1 M aqueous NaCl 
and those of Holzwarth12 in 0.75 M aqueous 
NaCl-0.04M phosphate, pH 7. Their agree
ment with our data points is quite good. 
However, note that Holzwarth's molecular 
weights were estimated indirectly from [IJ] and 
s0 (the sedimentation coefficient), assuming 
the [3 parameter in the Flory-Scheraga
Mandelkern equation13 to be 2.5 x 106 (in con
ventional units). 

Double-Stranded Helix 
The viscosity curve for 0.1 M aqueous NaCl 

in Figure 1 indicates that the xanthan dimer 
may be modeled as a semiflexible rod. 
According to Yamakawa-Y oshizaki's 
theory14 (a modification of Yamakawa-Fujii's 
theory9), [IJ] of the Kratky-Porod wormlike 
chain, a typical model chain for semiflexible 
rods, is described by three parameters, ML (the 
molar mass per unit contour length of the 
chain), q (the persistence length), and d (the 
chain diameter). With ML and q fixed to 
1940 nm -I and 120 nm determined previously1 

from (S2 ) data for Na salt xanthan in 0.1 M 
aqueous NaCl, we searched for a d value 
leading to the best fit of our [IJ] data in 0.1 M 
aqueous NaCl to Yamakawa-Yoshizaki's 
theory. 

A comparison of theory and experiment is 
illustrated in Figure 2, in which the theoretical 
curve has been computed with a d value of 
2.2 nm. A close fit of this curve to the unfilled 
circles indicates that the [IJ] data are fully 
consistent with the previous (S2 ) data. The 
molar mass per main chain glucose residue for 
our xanthan samples is 460 g mol- 1, 1 which is 
combined with ML of 1940nm- 1 to yield 
0.47 nm for the contour length per main chain 
residue of the xanthan dimer. This contour 
length equals the pitch (0.47 nm) per residue 
of the 51 double-stranded helix2 proposed for 
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Figure 2. Comparison between the measured ['71 for 
Na salt xanthan in 0.1 M aqueous NaCl and the theoreti
cal values calculated from Yamakawa-Yoshizaki's 
theory16 for wormlike chains with the indicated param
eter values. 

the crystalline structure of xanthan, thus 
confirming the previous finding1 that the xan
than dimer in 0.1 M aqueous NaCl has the 
51 double-stranded helical structure. 

For ML= 1940nm- 1 and q= 120nm, 
Yamakawa-Yoshizaki's theory could be fitted 
to our ['7] data as closely as the curve in Figure 
2 with any values of d ranging from 2 to 2.5 
nm. Such d values are comparable with 1.9-
2.2 nm estimated from Okuyama et al.'s crys
tallographic data2 and their molecular model2 

for the 51 double-stranded helix of xanthan, 
but are only about one half the value ( 4 nm) 
estimated by Holzwarth and Prestridge15 from 
electron micrographs. 

The dashed line in Figure 2 represents the 
theoretical values calculated with ML = 

1940 nm -l and d = 2.2 nm from Y oshizaki
Yamakawa's theory16 for rigid rods. Its fit to 
the data points is limited only to Mw below 
2.5 x 105 . Rinaudo and Milas11 found that 
their data of (S2 ), ['7] (the triangle in Figure 
1), and s0 for anNa salt xanthan sample with 
Mw=2 x 106 in 0.1 M aqueous NaCl are com-
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Figure 3. Composition dependence of ['71 for samples 
X9-3, X7-3b, and XI0-4 in cadoxen-water mixtures at 
25°C. 

patible with a single rigid-rod molecule. 
However, it is evident from Figure 2 that their 
xanthan in 0.1 M aqueous NaCl could not be 
completely rigid. 

Dissociation of the Double Helix 
Figure 3 depicts the composition depen

dence of ['7] for samples X9-3, X7-3b, and XI0-
4 in water-cadoxen mixtures at 25°C. For w 
(the weight fraction of cadoxen in the mixture) 
below 0.2, ['7] is essentially independent of w, 
indicating that the double helix of Na salt 
xanthan in 0.1 M aqueous NaCl remains intact 
in this composition range. With increasing w 
above 0.2, ['7] decreases first gradually and then 
steeply, and finally converges to the value in 
pure cadoxen. This change in ['7] represents the 
dissociation of the xanthan double helix into 
two single chains induced by addition of 
cadoxen to an aqueous xanthan. It should be 
noted that the substantial change in ['7] occurs 
in a narrow range of w from 0.6 to 0.7, 
regardless of the length of the double helix. 
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Figure 4. Changes in viscosity at 25°C with time following dilution of cadoxen solutions of sample X7-3b 
with water to 10 wt% cadoxen. See the text as for the horizontal segments. 

The k' values in water--cadoxen mixtures 
were normal, ranging from 0.34 to 0.43. This 
implies that the degree of dissociation of the 
xanthan double helix into single chains is not 
affected by the polymer concentration. 

Association of Single Chains in Water-Diluted 
Cadoxen 
Figure 4 shows time changes in (In Yfr)/c that 

occurred after cadoxen solutions of sample 
X7-3b were diluted with water to w=O.lO. 
Here, Yfr and c denote the relative viscosity and 
the polymer mass concentration, respectively, 
and the horizontal segments represent the val
ues of (In Yfr)/c obtained when the same sample 
was directly dissolved in a water--cadoxen mix
ture of w=O.lO at the indicated c. The initial 
steep rise of each curve is followed by a rapid 
leveling off [the (In Yfr)/c values at zero time, 
i.e., those in pure cadoxen, are (1.47-
1.52) x 102 cm3 g- 1), and the plateau height 
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depends strongly on c. It should be noted that 
the plateau for the lowest c appears far below 
the segment for this concentration, and that 
for the highest c far above the corresponding 
segment. This c dependence of the plateau 
value indicates that addition of water causes 
single xanthan chains in cadoxen to aggregate 
in termo lecularl y. 

After the curves for c = 0.177 x 10- 2 and 
0.0899 X 10- 2 gcm- 3 in Figure 4 were de
termined, the solutions of these concentrations 
were further diluted with a cadoxen-water 
mixture of w=0.10 to different c. The 
changes in (In Yfr)/c accompanying the dilu
tion were normal, yielding [ YJ] = 7. 71 x 102 and 
5.19 x 102 cm3 g- 1 for the solutions whose 
Original C were 0.177 X 10-2 and 0.0899 X 10-2 

gem - 3 , respectively. The former [YJ] is larger 
than that for the same sample X7-3b dissolved 
directly in a cadoxen-water mixture of 
w = 0.10 (Figure 3), indicating that dilution 
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Figure 5. Changes in viscosity at 25°C with time after NaCI was added to preheated (at 95°C for 15 min) 
aqueous solutions of sample X7-3b to 0.1 M. See the text as for the horizontal segments. 

with the mixed solvent could not dissociate the 
aggregates that had been present in the so
lution before dilution. 

In conclusion, we found that once dis
sociated completely into single chains in 
cadoxen, the double-helical dimer of Na salt 
xanthan was no longer restored by addition of 
water to the solution or by further dilution 
with a cadoxen-water mixed solvent. 

Salt-Induced Association of Single Chains 
It is widely accepted that xanthan in pure 

water can be dispersed molecularly at elevated 
temperature. 3 - 5 •15 •17 We asked ourselves 
whether the single chains in such a solution 
restore a double-helical dimer when the sol
vent is changed to 0.1 M aqueous NaCl at 
25°C. Thus, pure water solutions of sample 
X7-3b were heated at 95°C for 15 min, cool
ed to 25°C, and mixed with aqueous NaCl 
to an NaCl concentration of 0.1 M. 

The viscosities of the salt solutions are 
shown in Figure 5. Here, the horizontal seg
ments represent the values of (In rtr)/c (not 
corrected for shear-rate effect) at the indicated 
c for sample X7-3b dissolved directly in 0.1 M 
aqueous NaCl at 25oC. The c dependence of 
plateau values and their relation to the hori
zontal segments are very similar to those for the 
water-diluted cadoxen solutions of w = 0.10 in 
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Figure 4. This indicates that addition of NaCl 
does not cause single xanthan chains in pure 
water at 95°C to reform a double-helical dimer 
but associate them to aggregates, and supports 
the conclusion of Holzwarth and Prestridge15 

from electron microscopic observations. 
However, they argued the aggregates to be 
double helices consisting of more than two 
chains. Nothing can be inferred about the 
structure of such aggregates from the present 
viscosity data alone. 

Comments on Spectroscopic Studies 
Several groups of authors3 - 5 •18•19 claimed 

that the conformation of xanthan in aqueous 
salt solution is a single-stranded helix, instead 
of a double-stranded helix, on the basis of the 
following polarimetric observations: 

(l) Xanthan in aqueous solution of low 
ionic strength underwent an order-disorder 
change in conformation with a change in salt 
concentration or temperature, but the ob
served changes in optical rotation [0(] did not 
depend on c (Morris et al.3 and Milas and 
Rinaudo4 ). 

(2) Salt-induced disorder-order changes 
followed a first order kinetics when monitored 
by stopped flow polarimetry in the time scale 
shorter than 10 s (Norton et al.5). 

The concentration independent changes in 
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mentioned in (1), do not always prove the 
conformation changes to have occurred in a 
single chain, because, as shown above, the 
dissociation of the xanthan dimer into single 
chains occurs with no measurable c 
dependence. 

On the other hand, the finding (2) appears to 
show conclusively that disordered chains be
came intramolecularly ordered by the addition 
of a salt. It conflicts our finding that the single 
chains of xanthan in cadoxen at 25°C or in 
pure water at 95oC associated intermolecularly 
when the solvent was made favorable to the 
formation of a double helix by addition of 
water or NaCl. However, Norton et al.'s stop
ped flow polarimetry5 was concerned with a 
time scale much shorter than that of our 
viscosity measurement. Therefore, their ex
periment observed only a very early stage of 
the salt-induced conformation change in xan
than, and had nothing to do with what we 
found from viscosity measurements: interchain 
association. 

It was shown20 that when denatured col
lagen was allowed to renature by lowering the 
temperature, the process followed a first order 
kinetics at its early stage. Since the unimo
lecular reaction was apparently incompatible 
with the reformation of the triple helical struc
ture of native collagen, this finding was ex
plained as due to the transitory formation of 
an intermediate consisting of a single helical 
chain.20•21 On the other hand, the renaturation 
of collagen at its later stage was shown by light 
scattering and viscometry20•22 to involve the 
formation of aggregates, a multimolecular re
action. These kinetic features of collagen re
naturation resemble what was observed at the 
early and later stages of salt-induced confor
mation changes in xanthan. 
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