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ABSTRACT: Quasi-elastic light scattering has been used to investigate the properties of xanthan gum in
aqueous solution over a wide range of concentrations at low ionic strength. With increasing concentration,
a transition is seen at a concentration c¢* =~ 0.02% as has been reported previously, which corresponds
approximately to the onset of molecular overlap. We have now observed a second transition at a higher
concentration, ¢, ~ 0.07%, where, in addition to a general reduction in the relaxation times, the single
(polydisperse) relaxation mode observed below ¢, is replaced by bimodal behavior above the transition. Flow
birefringence experiments show an intensity transition at c,, corresponding to a sudden increase in anisotropy,
indicative of intermolecular ordering at higher concentration. A possible interpretation of the bimodal behavior
is that the c, transition is due to the development of more permanent intermolecular associations in xanthan
solutions, which ultimately result in junction zones stabilizing a three-dimensional network. Of the two relaxation
modes detected above c¢,, the slow mode can be assigned to motions of the junction zones. Alternatively, the
bimodal behavior is qualitatively similar to that predicted by Doi and Edwards for congested solutions of
totally rigid rod macromolecules. In particular, the fast mode is concentration independent, while the slow
mode is inversely proportional to concentration. However, the data show significant differences from those
expected for fully extended chains and may be compatible with a broken-rod conformation for xanthan in

solution.

Introduction

The extracellular polysaccharide xanthan produced by
the bacterium Xanthomonas campestris forms high-vis-
cosity solutions when dissolved in water. This useful
property has led to the commercial applications of this
polysaccharide as xanthan gum. The chemical structure
of xanthan!? is a chain of (1—4)8-D-glucose residues with
a trisaccharide substituent on alternate glucose residues.
The side chain is §-D-mannopyranosyl-(1—4)-a-D-gluc-
uropyranosyl-(1—2)3-D-mannopyranoside 6-O-acetate. In
addition, the terminal D-mannose residue of the side chain

* Address correspondence to J.G.S. at Shell Development Co.,
Houston, Texas 77001,

0024-9297/81/2214-1728$01.25,/0

may have a pyruvic acid residue linked to the 4 and 6
positions. The degree of pyruvate substitution typically
varies from 0.31 to 0.56° and has been shown to be a
function of the particular bacterial strain and fermentation
conditions.*® This distribution of the pyruvate groups on
the xanthan chain has not been determined.

The rheological properties of xanthan solutions have
been studied at different concentrations over a wide range
of shear rates.® At low concentrations of xanthan, and for
very low shear rates, Newtonian viscosity behavior was
observed; in contrast, solutions of higher concentrations
showed an apparent yield stress. Furthermore, it has been
reported’ that aqueous xanthan solutions at low ionic
strength are birefringent at concentrations above 0.25%;
in the presence of salt birefringence is seen for xanthan

© 1981 American Chemical Society
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concentrations greater than 0.5%. These observations
suggest that intermolecular structures are formed in xan-
than solutions at sufficiently high concentrations. In this
paper we have used dynamic light scattering to study the
molecular hydrodynamics of xanthan solutions over a range
of concentration. Light scattering is a nonperturbing
technique and therefore can be used to detect fragile in-
termolecular structures in solution; that is, the experiments
are done in the absence of applied shear stress.

Our data are relevant to some recent theoretical stud-
ies® 10 which use scaling theory to model the dynamical
behavior of entangled flexible macromolecules in (semi-
dilute) solutions. Polymer solutions at concentrations
above the critical concentration for chain entanglements
(c*) have been modeled in terms of a temporary network,
in which the dynamic characteristics are determined by
the relaxation time of the entanglement points (Tg). It
is argued that a dynamic light scattering experiment that
detects concentration fluctuations having shorter relaxa-
tion times than Ty will measure the diffusion of chain
segments between these entanglement points and therefore
will be insensitive to the center-of-mass diffusion of the
entire molecule. For flexible chains in good solvents,
scaling theory®° predicts that above c* the length of chain
segments between entanglement points (£) will decrease
with increasing concentration (c):

E < c—0.75

The cooperative diffusion coefficient of the chain segments,
D,, was also shown to be related to ¢ by a Stokes—Einstein
equation, which leads to the prediction that

0.76
D, xc

However, xanthan appears to have an ordered confor-
mation in solution and also is a polyelectrolyte, for which
we anticipate that scaling theories for flexible, uncharged
chains will have limited validity. For semiflexible poly-
mers, a mean field treatment predicts that D, « ¢%5 at
semidilute concentrations;!! we have previously reported
D, « ¢%47 for xanthan.!? Doi and Edwards!?!4 have de-
veloped a theoretical model for the behavior of rigid rod
macromolecules in the concentration range 1/L% < ¢ <
1/dL* (where L and d are the length and diameter of the
rods). The correlation function is nonexponential but
rather resembles that for a bimodal exponential relaxation.
The initial slope of a plot of In C(7) against 7 is

I, = (1/3)D%K?

where DY is the limiting translational diffusion coefficient
for motion parallel to the long axis. At longer times the
correlation function decays exponentially with the char-
acteristic time constant

Ty = (K*D,D%)'/*

where D, is the rotational diffusion coefficient of the rods.
T, is dependent on the concentration, since it is predicted?®
that

D, = D%(cL?™

Thus T, is independent of concentration but T'; is pro-
portional to 1/ec.

In this paper we report a more detailed study of en-
tangled solutions of xanthan, in which the data are dis-
cussed in terms of the above theoretical considerations.
We observe a transition in the light scattering data at the
overlap concentration (c*) as well as a previously unre-
ported cooperative transition at a higher concentration.
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Experimental Section

Preparation of Solutions. Samples of xanthan were obtained
from the Kelco Co. (Kelzan) and purified by the method described
by Holzwarth.!® In a previous paper!” we have determined for
this sample that the molecular weight of an individual xanthan
chain is M = 2.16 X 10° and that these units self-associate with
time to form larger structures. An aqueous solution of approx-
imately 0.45% xanthan was prepared by addition of distilled water
which had previously been filtered through 0.1-um Millipore filters.
This solution was then dialyzed for 4 days against distilled water.
Sodium azide (0.02%) was added to the stock solution to retard
bacterial growth, and aliquots of this solution were diluted with
0.02% aqueous sodium azide (0.1-um filtered) to the final con-
centrations. Immediately prior to data collection the specimen
solutions were filtered through 0.22-um Millipore filters and
centrifuged at ~4500g. This allowed us to measure the diffusion
properties of unaggregated xanthan and precluded the time-de-
pendent effects which might complicate the interpretation. The
final filtration is necessary to be certain that all bacterial cells
are removed. We have checked our samples by electron mi-
croscopy and are confident that we report data for cell-free so-
lutions. Filtration of dilute xanthan solutions through 0.22-um
Millipore filters resulted in a negligible loss in concentration of
the polysaccharide, but such a filtration for the more concentrated
solutions (¢ > 0.1%}) resulted in substantial losses. Thus, the final
concentrations of the solutions were determined by evaporating
the solution to dryness and weighing the residual film.

Quasi-Elastic Light Scattering. Laser light scattering ex-
periments were performed on a digital photon correlation spec-
trometer. Radiation at 6328 A from a He—Ne laser is focused into
the solution; the scattered photons are detected by an ITT FW
130 phototube with a Pacific Photometrics discriminator/amplifier
system, and the full correlation function is computed by a Hon-
eywell Saicor SA-42 correlation and probability analyzer modified
to permit digital photon correlation analysis. The sample cell
was a 3-mL cylindrical Pyrex tube; this was immersed in a bath
of decahydronaphthalene, which nearly matches the refractive
index of glass, in order to reduce stray elastically scattered light.
All correlation functions were determined by detecting the hom-
odyne component of the scattered light.

Flow Birefringence. Solutions were circulated at a constant
rate of shear through a capillary tube which was positioned be-
tween the polarizers of a Zeiss optical microscope. A Cole-Parmer
Masterflex peristaltic pump was used in conjunction with a
Cole-Parmer flow integrator in order to circulate the xanthan
solutions at a constant rate. The intensity of the light transmitted
through the crossed polarizers due to optical birefringence was
measured with a Brinkmann photocell and a Simpson DC mi-
croammeter. Transmitted intensities were recorded for
0.03-0.18% xanthan solutions, and these data were corrected for
intrinsic effects by subtraction of the intensity recorded using
distilled water. The shear rate for this experiment was 2830 s

Photon Correlation Analysis. Since xanthan solutions
typically exhibit nonexponential correlation functions, the (digital)
data were analyzed by using a moment analysis procedure de-
scribed by Brown et al.,'® in which a polynomial function is fitted
to points in the plot In C(7) against time:

= 1 Mg
In |C(| = -Tr + Fﬁ(rf)z —

where C(7) is the time correlation function. The initial slope of
the plot (T') is an averaged time constant related to the z-averaged
translational diffusion coefficient

Dz = r‘/I<2

where K is the scattering wavevector. The nonexponentiality of
the correlation function is characterized by the parameter u,/T?,
which is related to the degree of polydispersity in the sample. The
expergnental data points were also weighted as suggested by Pusey
et al.

The above treatment in inappropriate for systems exhibiting
bimodal relaxation behavior, as is observed for xanthan solutions
at higher concentrations, and for these the following procedure
was applied. Correlation functions were obtained from a particular
solution at many different correlation time increments (A7). These
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Figure 1. Plots of the logarithm of the correlation function vs.
time for aqueous xanthan solutions at 0.023%, 0.069%, and
0.092% concentrations at low ionic strength (0.02% NalNj). Data
were collected at © = 40 °C and 17 °C. Y - B is the experimental
measurement minus the background; In (Y - B) = 2 In C(7).

correlation functions were then averaged by employing a linear
least-squares fit of the experimental data points at the same
sample time (7). In this manner the complete correlation function
can be displayed with high resolution at short sample times.
Correlation functions were matched nearly perfectly; the corre-
lation coefficient was at least 0.99 in each case.

The bimodal behavior has been analyzed by using the following
equation:

C(r) = A; exp(-T;7) + A, exp(-TI'yr) = (Y - B)1/2

Y is the experimental measurement of the intensity correlation
function and B is the background. A; and A, are the amplitudes
and T'; and I, are the time constants for the slow and fast modes,
respectively. A; and T'; are determined from the data at long
times, for which there is essentially no contribution from the fast
mode. The contribution of the slow mode can then be subtracted
from the correlation function at shorter times, leading to deter-
mination of A; and T, for the fast mode.

Results

The correlation functions for xanthan in deionized water
were plotted as In (Y — B) against time; three such plots
for xanthan solutions of 0.023%, 0.069%, and 0.092% are
shown in Figure 1. The plot for the 0.023% xanthan
solution shows a significant degree of curvature, which is
probably due to the distribution of molecular weights, The
data for solutions of 0.004% and 0.0115% were similar to
the 0.023% plot in that they were indicative of a single,
polydisperse relaxation mode. However, the curves for the
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Figure 2. Time constants plotted against concentration for low
ionic strength (0.02% NaN;) aqueous xanthan solutions. (X)
values determined from single-mode correlation functions. For
bimodal correlation functions the fast mode is represented as A,
and the slow mode as O.
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Figure 3. Time constants plotted against concentration on a
semilog scale for low ionic strength (0.02% NaNg) aqueous xanthan
solutions. The single-mode and bimodal data are represented
as in Figure 2.

0.069% and 0.092% solutions show a discontinuous change
in slope and appear to become linear at longer correlation
times (7 > 0.005 s). At shorter correlation times, the plots
show a degree of curvature similar to that observed in the
0.023% plot. The data obtained for a 0.14% xanthan
solution are qualitatively similar to the 0.092% plot.
The first moments (I') determined from the correlation
functions are plotted against concentration in Figure 2. It
is seen from this plot that T" increases with concentration
up to approximately 0.0125%, passes through an inflection,
and continues to increase to ¢ ~ 0.07%. At higher con-
centrations, the correlation functions become bimodal,
indicating that fast and slow relaxation processes coexist
in solution. T'; and T'y are shown in Figure 2 at concen-
trations above 0.07%; their dependence on concentration
is seen more easily in Figure 3, where log T is plotted
against concentration. The time constant for the fast
mode, I'y, decreases sharply and then continues to decrease
more slowly, with T'; approximately proportional to 1/c.
Figure 4 shows the concentration dependence of the
birefringence of xanthan solutions; the difference between
the intensities of light transmitted through crossed po-
larizers for mobile and stationary xanthan solutions is
plotted against concentration. It is seen that there is a
change in the slope of the curve at a concentration of
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Figure 4. Flow birefringence of xanthan solutions plotted as a
function of concentration. The hirefringence is calculated as the
difference between the intensities of light transmitted through
crossed polarizers for a xanthan solution and deionized water. The
measurements were made at a shear rate of 2830 s~

~0.06%, above which the change in the transmitted in-
tensity with concentration is nearly linear.

Discussion

The data show that for solutions of xanthan in deionized
water a hydrodynamic transition occurs at a concentration
¢ > ¢*. This transition is apparent at a xanthan concen-
tration of ~0.07%, designated c¢;. As mentioned above,
abrupt changes in the hydrodynamic properties are ex-
pected at the critical concentration c* for the overlap of
molecular domains; however, the observed transition at ¢,
corresponds to a higher concentration effect. ¢* can be
estimated from the following equation:

c* =~ 0.756M /(4/3)7(Rp)3N

based on M = 2.16 X 10 and R, = 1400 A (calculated from
DY = 1.40 X 10°8) which gives c* ~ 0.023%. This calcu-
lation assumes a spherical particle, and the anisotropy of
the xanthan chain will result in an even lower value of c¢*,
which is much lower than c,.

The ¢ transition corresponds to two major effects in the
quasi-elastic light scattering data: first, a transition from
a single (polydisperse) relaxation mode to bimodal relax-
ation behavior principally due to the appearance of an
additional slow relaxation mechanism, and second, a gen-
eral slowing down of the relaxation times. One possible
explanation of the ¢, transition is that it is due to a tran-
sition in xanthan solutions in which (nonpermanent)
junction zones are formed at ¢, through intermolecular
alignment of the stiff xanthan chain segments, and it is
the diffusion of these junction zones through the solution
that is the source of the slow relaxation process. The fast
relaxation process would correspond to the diffusion of
nonaligned chain segments, i.e., sections of the chains
between junction zones.

This interpretation is consistent with the birefringence
data presented in Figure 4. The modest flow birefringent
effect detected for concentrations ¢ < ¢y is due to the
alignment of individual molecules in the flow field.
However, for concentrations ¢ > ¢, an enhancement of the
birefringence indicates an increased tendency to form
ordered structures at higher concentrations.

The formation of junction zones at ¢, can be interpreted
in terms of an entropy-driven phase separation phenom-
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Table I
Comparison of Experimental and Theoretical
Doi-Edwards Parameters for Xanthan Models®

concen- D%y, D,s™! D, s!

tration, % em?®/s (obsd) (caled)?
0.069 3.03x 107 6.70x 10°' 1.6x 10°°¢
0.092 2.18x 107 8.25x 10°* 10x 10°°
0.14 2Xx 1077 411x 10 04x 10°°

4 Calculated values of D°¢ and D, from correlation
functions for solutions at ¢ > ¢,. Rod with dimensions
L=15000A,d=20A,and M=2X 10%c*=1/L%=
107%%.

enon. Such phase separations are predicted® theoretically
for rigid rod particles and have been observed for solutions
of tobacco mosaic virus (TMV).21"28  Above a critical
concentration, TMV particles separate into an efficiently
packed high-concentration ordered phase and a dilute
disordered phase. A similar process is envisaged for xan-
than except that the long length and limited flexibility of
the chains, and the associated entangled structure, prevent
complete phase separation. Thus a given chain will con-
nect both the polymer-rich phase (the junction zones) and
the polymer-poor phase (chains between junction zones),
and a localized fringed micelle structure is formed.

Whitcomb and Macosko® have obtained evidence which
suggests a yield stress for xanthan solutions at a concen-
tration of 1%. It is possible that the transition in our light
scattering data at ~0.07% is the earliest indication of an
intermolecular ordering in xanthan and that with in-
creasing concentration the size and number of these or-
dered regions increase to a point where they are detected
in a rheological experiment. However, the effect reported
by Whitcomb and Macosko is manifested in a plot of shear
stress against shear rate as a very narrow horizontal region
at the lowest available shear rate. Indeed, it has been
reported? that the time-dependent shear compliance of
xanthan solutions in this concentration regime indicates
there is no true yield stress. Thus the junction zones, if
they exist, are time-dependent structures, easily destroyed
by shear forces.

As an alternative interpretation, the bimodal correlation
functions are qualitatively similar to the behavior predicted
by Doi and Edwards for solutions of totally rigid rods. The
slow relaxation mode is due to rotation that is severely
restricted by the cagelike structure of neighboring rods,
while the fast mode corresponds to the translational
motion of the rod along its long axis. Neutron diffraction
data’ for birefringent solutions suggest a cylindrical par-
ticle, 12000 A in length and 60 A in width. Hydrodynamic
data also favor a rod-shaped particle, in this case with
dimensions 15000 % 20 A. However, Whitcomb and Ma-
cosko® indicate that the latter data do not precisely fit the
predictions for a rigid rod, and these authors suggest a
broken-rod model. Based on the X-ray fiber repeat, a fully
extended xanthan chain with a molecular weight 2 X 108
would have a length of approximately 20000 A and a width
of 20 A; this molecule would be expected to buckle in
solution due to the high bending moments. It should be
noted that quiescent birefringence is difficult to achieve
in xanthan solutions and requires equilibration for ex-
tended periods in the cold.” Also, the flow birefringence
transition indicated in Figure 4 could reflect shear-induced
transition to a liquid crystal phase.? Each of these ob-
servations suggest a degree of flexibility in the xanthan
molecule.

Table I presents the values of D% and D, calculated
from the correlation functions for solutions at concentra-
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tion ¢ > ¢,. Above ¢, = 0.07% the fast mode is approxi-
mately constant while the slow mode is approximately
proportional to 1/¢, as predicted by Doi and Edwards.
Table I also shows calculated values of D, for the rod
structure 15000 X 20 A. The calculated values are several
orders of magnitude smaller than experiment. However,
the Doi-Edwards theory does not take account of elec-
trostatic repulsions, and this could account partially for
the discrepancies.

Based on the above discussion, it is not possible to make
a clear choice as to the origin of the hydrodynamic tran-
sition observed in xanthan solutions at ¢ ~ ¢,. It seems
likely that the charged xanthan molecule has a semirigid
structure, and therefore a quantitative application of the
Doi—Edwards theory is not justified. It is pertinent to note,
however, that Lee et al.?8 have argued that the hydrody-
namics of congested solutions of semiflexible chains can
be treated by a dynamical equation equivalent to that of
Doi and Edwards, again leading to the prediction of bi-
modal decays in the dynamic structure factor. On the
other hand, a broken-rod structure of xanthan would lead
to intermolecular contacts along localized sequences and
thus facilitate the formation of junction zones.

Note Added in Proof. Subsequent experiments, in
which the diffusion of latex microspheres in semidilute
xanthan solutions was studied, are consistent with the
existence of a motionally restricted isotropic network of
long thin fibers. This suggests that the Doi-Edwards
theory should be applicable in the range 1.0 < ¢ <3.5g/L
(Jamieson, A. M.; Southwick, J. G.; Blackwell, J. J. Polym.
Sci., Polym. Phys. Ed., submitted). The quantitative
discrepancy between theory and experiment noted above
implies that the critical entanglement length for onset of
constrained diffusion is substantially smaller than the
whole rod length. This effect has been observed for other
rodlike macromolecules (Jain, S.; Cohen, C. Macromole-
cules 1981, 14, 759).
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ABSTRACT: We have measured the self-diffusion coefficient of polystyrene chains in benzene solutions as
a function of both concentration C and molecular weight M, using a forced Rayleigh light scattering technique.
In the semidilute regime where the chains overlap, we obtain D, ~ C*M™, witha =17+ 0.1and 8 =2
+ 0.1, in good agreement with scaling and reptation predictions. Measurements on mixed systems, with labeled
chains shorter than their neighbors, demonstrate for the first time the weakness of the tube renewal processes

in semidilute polymer solutions.

Introduction

Entangled polymer solutions have very unusual visco-
elastic behavior. Much effort, both experimental and
theoretical, has been devoted to unravel their dynamical
properties; however, they are not yet completely elucidated.
The difficulty is to correctly take into account the effect
of chain disentanglements. The recent scaling approach!?
has made a significant contribution to the understanding
of chain dynamics by pointing out that a large class of
motions, the so-called collective motions, do not require
chain disentanglements.? Then, when performing a dy-
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namic experiment, one has to distinguish carefully between
collective and individual chain motions, i.e., monomer
motions respectively without or with relative displacements
of the center of mass of the chains. Both contributions
are usually important, but some experiments allow sepa-
ration of them. Following ref 3, the collective motions of
the chains can be described in terms of a cooperative
diffusive mode, characterized by a diffusion coefficient
Deoop ~ £, where & represents the average distance be-
tween entanglements. £ is independent of the polymeri-
zation index N, and its concentration dependence can
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