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ABSTRACT: Boundaries on the phase diagram for aqueous solutions of levan (a branched polymer of fructose)
were located quantitatively by transmitted light measurements performed with a UV-visible spectrophotometer.
Data were collected in the range 10-70 °C; the minimum concentrations required for separation of a liquid
crystalline phase and the minimum concentration required for a fully liquid crystalline solution were identified
within this range. The liquid crystalline nature of the anisotropic phase was confirmed by transmitted
polarized light microscopy. The boundaries of the biphasic region (separated isotropic and anisotropic phases)
are parallel, and they have a positive slope, suggesting that phase separation is dictated by hard rod interactions
and that conformational disorder decreases the rod axial ratio with increasing temperature.

Introduction

Levan! is a naturally occurring branched homopolysac-
charide of D-fructose (Figure 1). It is produced as an
ingredient of barrier slimes and as a food reservoir by
microorganisms. It also occurs in a variety of monocoty-
ledonous plant tissues, where it may confer cold and
drought resistance as well as function as a food reserve.

Within the levan backbone and individual side chains,
the monomers are joined by 8(2—6) linkages, while the
side chains are joined to the backbone via 8 (2—1) linkages.
The fraction of residues incorporated in side chains, as
well as the molecular weight, depends on both the source
organism and the growth conditions.'# For bacterial
levans, up to 30 % of the residues may occur in side chains,?
while the weight-average molecular weight* may exceed
107 Da. Both parameters have significantly lower values
in the case of plant levans,1®

In general, the properties of levans are similar to those
of dextrans. Levans therefore are viewed as a possible
substitute for dextrans in applications that require a
combination of low viscosity, high water solubility, bio-
compatibility, and susceptibility to acid hydrolysis. As
such, levans may be used in industrial gums (to emulsify,
stabilize, or sweeten foods). They have also been evaluated
as a blood plasma extender, and they have been suggested
as an encapsulating agent for pharmaceuticals, a carrier
for fragrances, and a material for producing edible food
coatings.!® The controlled biosynthesis of levan in con-
tinuous bacterial culture? offers the possibility of large-
scale production of levan with high purity and controlled
molecular characteristics.

There are a number of advantages to carrying out
processing operations such as film forming on polymers
intheliquid crystalline state and to subsequently retaining
orientational molecular order in the solidified product.”™!!
The advantages (relevant to coatings and packaging
material) of such processing may include (1) the reduced
viscosity and therefore enhanced processability of the
liquid crystalline state, (2) facilitated production of
microstructures in which molecules are extended and
globally aligned, leading to enhanced stiffness and strength
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Figure 1. Schematic representation of levan and its fructose
monomer,

in the direction of alignment, (3) reduced susceptibility of
the solid product to retraction when heated, and (4) the
ability to capitalize on guest-host interactions to orient
constituents of blends that are not themselves liquid
crystalline. Ranges of composition and temperature in
which a system is processable from the liquid crystalline
state can be conveniently represented on a phase diagram;
this paper addresses the experimental determination of
such a diagram for the levan-water system.

The possibility that levan can form lyotropic liquid
crystalline solutions is suggested by the turbidity of dilute
solutions in water. This turbidity is apparent to the
unaided eye and has been reported previously.?2 Also,
computer modeling (of unbranched molecules) suggests
that the molecular backbones have a helical and therefore
rodlike structure.!? We have used transmitted polarized
light microscopy to confirm that a liquid crystalline phase
is formed by aqueous levan solutions.!? Liquid crystalline
textures (a dense network of extinction bands, the positions
of which change continuously as the crossed polars are
rotated) were observed following partial drying of thin,
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dilute samples maintained between a glass slide and cover
slip. Neither the concentration at which anisotropic
material first appears nor the concentration at which all
isotropic material has disappeared can be measured
accurately with this type of sample. Another limitation
of polarized light microscopy is that liquid crystalline
domains are not detected unless they coarsen to a scale
greater than the instrumental resolution limit. Thus, it
is possible for fine-textured biphasic or liquid crystalline
samples to appear isotropic; they are more accurately
characterized by small-angle light scattering.!4

To accurately determine a phase diagram for levan in
water, it is necessary to characterize the behavior of
samples that (1) have a well-defined concentration and
(2) are known to be homogeneous. Concentration can be
maintained more accurately by working with larger sample
volumes. Homogeneity is promoted if samples can be
stirred, and can be monitored continuously if sample
containers are transparent. We have accommodated these
needs by using a UV-visible spectrophotometer to quantify
turbidity as a function of temperature in samples of known
concentration. A previous study (performed on aqueous
solutions of (hydroxypropyl)cellulose) has demonstrated
the viability of this approach,'® although a quantitative
phase diagram was not reported. The technique relies on
the scattering of light at defects in the director field, where
molecular orientation changes significantly over distances
comparable to the wavelength of light. Relevant defects
include disclinations and domain boundaries in liquid
crystalline samples and also interfaces in biphasic samples.
Therefore, if a single-phase isotropic solution is cooled
until it is fully liquid crystalline, the most rapid increase
in turbidity per unit temperature decrease occurs while
the specimen is cooling through its biphasic range.

Materials and Methods

Levan, purified from a bacterial culture of Erwinia herbicola,*
was obtained from the U.S. Army Natick Research, Development
and Engineering Center (Natick, MA). The purified material
was filtered to exclude molecular weights below 30 000 Da, and
low-angle laser light scattering subsequently indicated a weight-
average molecular weight of 2.97 X 107 Da.* Gel permeation
chromatography (GPC) of levan prepared in this way provides
estimates of polydispersity in the range 4-10; more accurate
measurement is precluded by the inability of commercially
available GPC columns to resolve the high molecular weight levan
fractions.’® Levan was dissolved in a 0.1 wt % aqueous sodium
azide solution at the following concentrations (wt/wt): 1.0, 2.5,
3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.5, and 10.0%. The sodium
azide was added to eliminate bacterial growth in the vials. These
concentrations were chosen after preliminary experiments had
identified the concentration range in which significant phase
transitions occur. Samples with concentrations above 10% levan
were not tested, because their high viscosity precludes the
preparation of homogeneous solutions.

A Hewlett-Packard 8452A UV-visible spectrophotometer was
used to determine the relative turbidity of each solution as a
function of temperature. The spectrophotometer was equipped
with a thermostatable cell holder and magnetic cell stirring
module attachment. A Neslab circulating water bath was used
to control sample temperature and to drive the magnetic stirrer.
An external thermometer (Fluke 51 K/J) and K-type thermo-
couple probe were used to measure temperature directly at the
sample.

Aliquots (3-3.5 mL) of solution were pipetted into a quartz
cuvette, and a stir bar was added. The cuvette was placed in the
spectrophotometer cell holder and was covered with a lid to
prevent evaporation. Samples were heated to 70 °C to aid initial
mixing. An absorbance spectrum (averaged over 25 s) was
collected for eachsample at ca. 5 deg intervals as the temperature
was decreased from 70 to 10 °C. Specimens were equilibrated
for 10~15 min between measurements to ensure that the set point
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Figure2. Typical absorptionspectrum (raw data) acquired from
the UV-visible spectrophotometer. The specimen wasa 1 wt %
solution of levan in water at 60 °C.
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Figure 3. Absorbance at 700 nm for aqueous levan solutions
(1-10wt %) in the temperature range 10-70 °C. Data have been
displaced along the absorbance axis to facilitate the representation
of several data sets on a single diagram.

was reached. The cooling mechanism on the water bath allowed
readings down to 15 °C; ice was added to the water for readings
lower than this.

Onselected samples, measurements were taken on the upward
and downward ramping of the temperature to ensure that no
hysteresis existed. In addition, measurements were repeated to
verify reproducibility.

Theliquid crystalline nature of selected samples was confirmed
by transmited polarized light microscopy (Leitz Laborlux 12
POL).

Results and Discussion

The spectrophotometer output displays absorbance
versus wavelength (between 190 and 820 nm); a typical
example is shown in Figure 2. Absorbance is calculated
as log(lo/I), where I, is the light intensity incident on the
sample and I is the intensity transmitted by the sample.
Comparison of absorbance values for the purpose of phase
diagram construction was made at 700 nm. In Figure 3,
absorbance at this wavelength is plotted as a function of
temperature for the various sample concentrations. These
plots reveal three concentration ranges in which samples
exhibit distinctly different phase transition behavior:

(1) At low concentrations (1 and 2.5% levan) the plots
are relatively flat, suggesting that no phase transitions
occur between 70 and 10 °C. Specimens viewed between
crossed polars in a light microscope are isotropic. Bulk
solutions appear slightly turbid to the unaided eye, as
expected for solutions of a high molecular weight polymer.

(2) At intermediate concentrations (3.0-6.5% levan),
the plots are sigmoidal. The solutions exhibit relatively
little absorbance at high temperatures, consistent with
isotropic molecular order. Asasample is cooled, a critical
temperature is reached, below which the slope of the plot
changes markedly. As the temperature continues to fall,
there is a continuous, significant increase in absorbance,
consistent with an increasing volume fraction of liquid
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Figure 4. Illustration of how an absorbance versus temperature
plot provides data for constructing a phase diagram. The readings
for the 4.5 wt % solution are as shown in Figure 3. L and U are
the lower and upper limits of the temperature range in which the
sample turbidity changes most rapidly (due to a changing volume
fraction of liquid crystalline material in the sample). Theselimits
define the correspondingly labeled points in Figure 5.
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Figure5. Levan—water phase diagram determined from the data
in Figure 3, using the construction shown in Figure 4. Error bars
represent the uncertainty in locating transition temperatures;
the principal contribution to this uncertainty arises from the ca.
5 °C resolution of the data.

crystalline phase in the solutions. A second critical
temperature is eventually reached, below which the plot
levels off at a constant absorbance, suggesting that the
entire volume of sample has become liquid crystalline.
The critical temperatures at which the sigmoidal curves
undergo the greatest change in slope (Figure 4) were used
to develop the levan/water phase diagram (Figure 5).

(3) At still higher concentrations (7.5 and 10% levan)
the plots again are relatively flat over the whole temper-
ature range tested. The finite, approximately constant
absorbance as a function of temperature, together with
the turbid appearance of samples observed with the
unaided eye, suggests that these solutions are liquid
crystalline. Transmitted polarized light microscopy of thin
specimens confined between a glass microscope slide and
cover slip confirms the existence of liquid crystalline order
(Figure 6). The fine scale of the microstructure, ap-
proaching optical resolution limits, is typical of schlieren
textures in polymers.!! The diffuse appearance of the
texture is typical of viscous polymer liquid crystalline
solutions and gels'’-2! (for example, solutions of many
liquid crystalline cellulosics). A schlieren texture indicates
either simple nematic molecular order or chiral nematic
(cholesteric) molecular order with a large pitch.22 The

levorotatory nature of levan! and the computationally

determined predisposition of levan to favor left-handed
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Figure 6. Liquid crystalline microstructure in droplets of a
nominally 5 wt % solution of levan in water at ambient
temperature. The specimen was maintained between a glass
microscope slide and cover slip and was photographed between
crossed polars. Initially, a definitive microstructure was not
obtained; the texture was allowed to coarsen over a period of 2
days before it was photographed. The specimen appeared
featureless when the polars were withdrawn from the microscope,
confirming that contrast is due to optical anisotropy.
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Figure 7. Absorbance at 600, 700, and 750 nm for a 4.5 wt %
solution of levan in water.

helical conformations!? suggest that the liquid crystalline
phase is a chiral nematic.

The success of this method of phase diagram determi-
nation does not depend on specifically working with
absorbance values measured at 700 nm. However, the
choice of this wavelength takes account of various practical
considerations. First, it is necessary to use data from the
high-wavelength tail of the absorbance spectra to ensure
a sensitive instrumental response (the response became
saturated at or near the peak absorption). Second, by
working at a wavelength far from the peak absorption, we
can be confident that electronic transitions in either the
levan or residual impurities do not contribute significantly
to the measured absorbance. Third, the accuracy of the
spectrometer photodiode array becomes questionable at
the highest recorded wavelengths. A comparison of
absorbance at 600, 700, and 750 nm plotted versus
temperature for a sample of 4.5% concentration is shown
in Figure 7. The variation in the phase boundaries as
determined from data at these different wavelengths falls
within the 5 °C error bars on the final phase diagram. We
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Figure 8. Phase diagram showing the existence of a single liquid
crystalline phase, a single isotropic phase, or a heterogeneous
mixture of phase-separated material predicted as a function of
temperature (or interaction parameter) and concentration for
rodswithanaxialratioof 100. (Behavior ofanon-athermalsystem;
prediction used a simple lattice model.?%)

also note that previous investigators!® used turbidity
measurements at 700 nm when attempting to construct a
phase diagram for (hydroxypropyl)cellulose-water, al-
though no reasons are given for the choice of wavelength
in this case.
Our experimentally determined phase diagram (Figure
5) corresponds to the “chimney” region of the well-known
phase diagram predicted by Flory? for simple rod-solvent
systems (Figure 8). The fact that the “chimney” in Figure
5 slopes to higher concentrations at higher temperatures
implies that the axial (length-to-width) ratio of the rodlike
component is a decreasing function of temperature. It is
instructive to use the experimental diagram to estimate
the rod axial ratio at various temperatures, as this value
can be compared with the axial ratio of an entire molecule
in the calculated!? helical conformation. Thus, one can
determine whether the rods are entire single molecules or
statistically rigid (Kuhn) segments of single molecules.
The rod axial ratio, x, at a given temperature can be
estimated from the predicted relationship?? between x and
the critical rod volume fraction for incipience of metastable
order in a solution, v*:
«81_2
v x(1 x) (1)
This equation is accurate to within 2% for x > 10.
Improvements in the sophistication of the lattice model
from which this equation was derived led to the recog-
nition24% that eq 1 gives an even more accurate estimate
of the minimum rod volume fraction required for stable
order to arise in a solution. Equation 1 has been used to
characterize the axial ratio of several semiflexible polysac-
charides in lyotropic solution.?2%6 From Figure 5, v* at 30
°C is ca. 3 wt %. The corresponding concentration in
volume percent will be somewhat lower (because levan is
more dense than water); in the absence of a value for the
density of levan, we continue this order-of-magnitude
calculation by simply interchanging weight percent and
volume percent. Equation 1 can be rearranged to give

x~ S (-0 @)

Only the positive root is physically relevant. Substituting
v* ~0.03 gives x ~ 265. At 65 °C, v* ~ 0.05 (Figure 5),
for which eq 2 estimates x ~ 158. Published models of
the possible range of helical conformations for levani2
would require rodlike segments to have a mass between
2.1 X 10% and 6.7 X 105 Da if their axial ratio is ~265. For
rods with an axial ratio of ~158, the mass would range
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between 1.2 X 105and 4.0 X 105Da. (It must be emphasized
that the models!? simply find accessible helix conforma-
tions; they do not take account of the potential for hydrogen
bonding and therefore do not identify a single most likely
or stable conformation. However, it is likely that signif-
icant intramolecular hydrogen bonding is needed to make
a helical conformation persist to the large axial ratios
reported above.) Since the weight-average molecular
weight of our levan* is 2.97 X 107 Da, it is apparent that
the rods which dominate phase separation are statistically
rigid segments of individual molecules—even allowing for
the underestimation of axial ratio that follows from
interchanging weight percent and volume percent con-
centrations. Withincreasing temperature, conformational
disorder increases, favoring rods with a smaller axial ratio
and requiring a higher concentration to stabilize liquid
crystalline order.

Conclusions

1. Absorbance measurements by UV-visible spectro-
photometry enable quantitative location of boundaries
on the levan-water phase diagram. At 20 °C, solutions
are fully liquid crystalline above 3.5 wt % levan.

2. Between 30 and 65 °C, solutions are biphasic
(separate into isotropic and anisotropic phases) over a
narrow concentration range of approximately constant
width; the biphasicrange is displaced continuously toward
higher concentrations as temperature increases. This
behavior is characteristic of a lyotropic solution in which
phase separation is dictated by hard rod interactions.

3. The estimated magnitude of the rod axial (length-
to-width) ratio suggests that the rods which dominate
phase separation are statistically rigid segments of mol-
ecules rather than entire molecules.

4. The axial ratio of the rods decreases with increasing
temperature, indicative of increasing conformational dis-
order.
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