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ABSTRACT: The effect of added nonadsorbing macromolecules on the phase behavior of suspensions of
electrostatically stabilized cellulose nanocrystals is examined. Triphasic isotropic-isotropic-nematic equilibria
develop in cellulose nanocrystal suspensions to which a mixture of dextran and blue dextran is added. Phase
diagrams for different combinations of uncharged dextran and anionically charged blue dextran are presented.
The range of dextran concentrations at which the triphase equilibrium is produced is strongly influenced by the
molecular weight of the blue dextran. Reentrant phenomena as well as regions of biphase coexistence are present
in the phase diagrams. A threshold difference in charge density between two blue dextrans of varying degree of
dye substitution is necessary for triphase equilibrium to occur at a given number density of each polymer species.
Different repulsive electrostatic and attractive entropic forces may dominate at different concentrations of the
dextrans, contributing to the rich phase behavior of these suspensions.

Introduction
The spontaneous phase separation of suspensions of rod- and

platelike colloidal particles to give isotropic and nematic liquid
crystalline phases is well-known and was reported as early as
the 1920s.1-8 The isotropic-nematic phase transition is purely
entropic in nature: although the orientational entropy of the
system decreases due to alignment of the rods in the nematic
phase, this loss is more than offset by the increase in positional
or translational entropy of the system. In other words, the free
volume available to individual rods increases as the rods align.
Such systems can display rich phase behavior; triphase isotropic-
nematic-nematic (I-N-N) equilibria have been observed in
suspensions of colloidal boehmite particles5,9 as well as in
suspensions of tunicate cellulose whiskers.10

It has been found that added particles or macromolecules of
different shape can further enrich the phase separation behavior
of suspensions of rodlike colloidal particles, leading to the
formation of multiple phases.11-14 Widening of the biphasic
coexistence region by the addition of coiled macromolecules,
and their preferential partitioning into the isotropic phase, was
predicted theoretically by Flory, who stated that the addition
of a coiled polymer increases the volume fraction of rodlike
particles in the anisotropic phase.15 Noninteracting macromol-
ecules thus create attractive depletion forces between rodlike
colloids, inducing phase separation in anisotropic suspensions.16-18

Depletion-induced phase separation has been studied experi-
mentally and theoretically for a variety of colloid-polymer
systems.5,14,19-22 The range of the depletion force depends on
the size of the macromolecule, while the strength of the force
depends on its concentration. Electrically charged macromol-
ecules have been found to greatly increase the magnitude of
the interaction.17 The exact nature of the effect of attractive
depletion forces on the phase behavior of suspensions of rodlike
particles depends on the rod dimensions and polydispersity as
well as the macromolecule concentration.11-13

Suspensions of electrostatically stabilized rodlike cellulose
nanocrystals can be produced by acid hydrolysis of various types

of cellulose, including bacterial, tunicate, cotton, and wood.23-28

Within a narrow concentration range, these suspensions separate
into isotropic and chiral nematic phases. Their phase separation
behavior depends on the nanocrystal dimensions and surface
charge density and on the ionic strength of the suspension and
the nature of the counterions.24,29-32 The addition of the polymer
blue dextran 2000 has been shown to alter the phase separation
behavior of aqueous suspensions of cotton cellulose nanocrystals
by inducing the separation of an isotropic phase from completely
anisotropic suspensions.27 Blue dextran 2000 consists of a
nonadsorbing glucose polymer containing∼5% R-(1f3)-
branching with a branched coil-like conformation.33,34It contains
a sulfonated triazine dye, Cibacron blue 3G-A, covalently bound
to random hydroxyl groups on the dextran chain.35 However,
later work has found that equivalent concentrations ofunmodi-
fied dextran T-2000 donot induce phase separation in similar
anisotropic suspensions.36 The apparent inconsistency can be
explained by the low ionic strength of the suspensions, which
allows the electrostatic repulsion between the nanocrystals to
screen the attractive depletion forces caused by the neutral
dextran. An analogous phenomenon has been observed by Dogic
et al. for suspensions of fd virus containing the neutral polymer
dextran T-500.21 Blue dextran contains anionic sulfonate groups
as part of the dye molecules, which increase the ionic strength
when added to the suspension, thereby increasing the critical
concentration required for phase separation, and at higher
concentrations, masking the inter-rod electrostatic repulsion
sufficiently to allow depletion attractions to dominate.36,37

Preferential partitioning of blue dextran into the isotropic
phase of cellulose nanocrystal suspensions has been measured
for biphasic and initially anisotropic suspensions, and a widening
of the isotropic-nematic (I-N) coexistence region was ob-
served.27 Greater partitioning occurred at higher blue dextran
concentrations.38 In an attempt to measure the effect of the
concentration of only the dextran portion on the partitioning of
blue dextran between the isotropic and chiral nematic phases,
increasing amounts of unmodified dextran were added to
samples of biphasic cellulose suspension containing a fixed
concentration of blue dextran. However, after mixing and
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equilibration, the samples unexpectedly displayed three
phases: an upper isotropic (I1) phase into which the blue dextran
appears to partition preferentially, a middle isotropic (I2) phase,
and a lower chiral nematic (N) phase.

Triphase isotropic-isotropic-nematic (I-I-N) and isotropic-
nematic-nematic (I-N-N) equilibria have been predicted
theoretically for rodlike colloid and flexible polymer systems11,39

and have been observed in sterically stabilized boehmite rod
suspensions, both with5 and without9 added polymer. To our
knowledge, triphase I-I-N equilibria in cellulose nanocrystal
suspensions have not been reported in the literature. The present
article examines the phase behavior for various dextran/blue
dextran/cellulose nanocrystal systems and investigates the effect
of variables such as dextran molecular weight and cellulose
concentration on the appearance of the associated phase
diagrams.

It should be noted that although the liquid crystalline phase
of the cellulose suspensions is chiral nematic, the term nematic
(N) will be used; the free energy difference between nematic
and chiral nematic phases is much smaller than that between
isotropic and anisotropic (whether nematic or chiral nematic).40

This allows results for the chiral nematic phase to be compared
with theories developed for nematic phases.

Experimental Methods

Chemicals.Dextrans T-110, T-500, and T-2000 (see Table 1)
and blue dextran 2000 (Mh w ≈ 2 000 000 with 0.1 mmol of Reactive
Blue 2 dye per gram of dextran bonded randomly via an ether
linkage to the polymer backbone41) were purchased from Pharmacia
Fine Chemicals. Cibacron blue 3G-A (55% dye content) was
purchased from Sigma-Aldrich and used without further purification.
Whatman ashless cotton cellulose powder was purchased from Cole-
Parmer. Sulfuric acid (95-98%) for hydrolysis was purchased from
Fisher Scientific. Sodium hydroxide, sodium chloride, and sulfuric
acid volumetric standards for conductometric titration were pur-
chased from Aldrich. All water used was purified with a Millipore
Milli-Q purification system.

Cellulose Nanocrystal Suspensions.Cellulose nanocrystal
suspensions were prepared as described in a previous publication.36

Conductometric titration was used to determine the surface charge
density of the cellulose nanocrystals associated with surface sulfate
ester groups. The suspension was then concentrated to 8.7 wt %
by evaporation under ambient conditions. The average nanocrystal
length measured by tapping-mode atomic force microscopy (TM-
AFM) was 200( 15 nm.

Blue Dextrans.Blue dextrans of various molecular weights and
ligand densities (Table 2) were prepared and characterized as
described in a previous publication.36 Blue dextran samples are
denoted by their molecular weight followed by a subscript number
indicating the degree of dye substitution (DS) per anhydroglucose
repeat unit (AGU). According to convention, commercially available
blue dextran 2000 purchased from Pharmacia will be referred to
as “blue dextran 2000”, except where necessary for clarity.

Preparation of Cellulose-Dextran Suspensions.Samples were
prepared by adding solid dextran to aliquots of concentrated
cellulose nanocrystal suspension and vortexing until homogeneous
dispersion was achieved. Suspensions were allowed to equilibrate
and monitored over a period of at least 2 weeks. The phase volume
fractions were determined by measuring the heights of the aniso-
tropic and isotropic phases in each vial.

The number density,Ci, of the blue dextran and dextran
molecules in the samples was calculated using the equation

whereNi is the number of molecules of speciesi, Vtot is the volume
of the sample,Na is Avogadro’s number,mi is the mass of species
i, andMi is the molar mass of speciesi. It should be noted that
while number-average molecular weight,Mh n, should be used in the
formula for number density, the molecular weights given for the
dextrans are weight-average,Mh w (supplier’s data).

Characterization Methods. Photomicrographs of the three
phases were taken using a polarized light microscope (Nikon
Microphot-FXA). Pitch measurements were performed on micro-
scope images of the chiral nematic (N) phase.

The dye content of the dextran-dye conjugates was determined
using UV-vis spectroscopy (Varian Cary 300 Bio spectrophotom-
eter). A calibration curve was obtained from solutions of com-
mercially available blue dextran 2000, and adherence to the Beer-
Lambert law was established. The ligand density was estimated
from absorbance measurements at 609 nm for solutions of the
dextran-dye conjugates and calculated in terms of the degree of
substitution (DS) per anhydroglucose (AGU) repeat unit (see Table
2).

To measure the partitioning of blue dextran among the phases
of the suspensions, aliquots of each phase were carefully removed
and diluted to minimize scattering by the cellulose nanocrystals.
Concentrations of blue dextran 2000 in each phase were measured
spectrophotometrically using dextran-free cellulose nanocrystal
suspensions as the reference. Partition coefficientsK ) dI/dN were
calculated by dividing the absorbance due to blue dextran in the
isotropic phases by the absorbance of blue dextran in the anisotropic
phase.45

The hydrodynamic radii of the blue dextran 2000 and dextran
T-2000 (Table 3) were calculated using dynamic light scattering
(DLS). Solutions of dextran and blue dextran (0.2-1.0 g/L) were
prepared in 0.200 M NaCl(aq). The solutions and solvents were
clarified by filtration through a nylon filter of pore size 0.2µm
(Millipore); samples were filtered directly into the light scattering
cells. Light scattering measurements were made at 21-22 °C on a
Brookhaven Research BI-200SM laser light scattering goniometer

Table 1. Molecular Weights, Polydispersities, and Radii of Gyration
of Dextrans Used42-44

dextran Mh w (kDa) Mh n (kDa) Ip Rg (nm)

T-2000 2000 34.0
T-500 532 183 2.91 19.8
T-110 106 80.9 1.31 9.7

Table 2. Preparation Conditions and Ligand Densities of Blue
Dextrans

blue
dextrana

reaction
time (h)

initial
dye-dextran

ratio (mol:mol)
[Na2CO3]

(M)

ligand density
(DS per AGU,

10-4)

200016 21.5 300 0.010 16
200018 45 350 0.125 18
200036 96.5 300 0.010 36
200056 144.5 300 0.010 56
2000161 b b b 161
50049 48 300 0.010 49
110129 120 300 0.45 129

a Subscripts indicate dye ligand density.b Commercially available blue
dextran 2000 (Pharmacia Fine Chemicals).

Table 3. Hydrodynamic Radii of Unmodified Dextrans and Blue
Dextrans in 0.200 M NaCl(aq) Obtained by Dynamic Light

Scattering

dextrana RH (nm)

dextran T-2000 37.7( 0.8
blue dextran 2000161 40.2( 0.8
dextran T-500 17.8( 0.3
blue dextran 50011

b 18.4( 0.7
dextran T-110 7.7( 1.2
blue dextran 11022

b 30.7( 3.1

a Subscripts indicate dye ligand density (DS per AGU, 10-4). b N.B. DLS
performed on different samples of blue dextrans 500 and 110 than those
used in phase diagrams due to limited sample quantities.

Ci )
Ni

Vtot
)

Nami

VtotMi
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and BI-2030AT digital correlator, using a polarized incident beam
of wavelength 632.8 nm from a He-Ne laser (35 mW total power).
DLS measurements were made at a 90° angle with sample times
of 20 µs over a duration of 30 s.

Results and Discussion

Triphase Equilibrium. When neutral dextran and polyelec-
trolytic blue dextran are added to an 8.7 wt % biphasic cellulose
nanocrystal suspension (φaniso) 0.40), a three-phase coexistence
develops (Figure 1). The appearance of the phases when viewed
between partially crossed polars and using polarized light
microscopy (Figure 2) suggests that the new phase is a dilute
isotropic phase. No birefringence or “order” is visible in the
upper phase, while the birefringence seen in the middle phase
can be explained by a thin layer of nematic ordering on the
surface of the glass (cf. ref 5). In addition, the upper and middle
phases mix very easily upon gentle shaking, while the lower
phase is barely disturbed. The three phases in equilibrium are
designated, from top to bottom, as I1, I2, and N.

Theoretical predictions and experimental evidence for disper-
sions of sterically stabilized boehmite rods and polystyrene in
orthodichlorobenzene, a comparable system, suggest that the
three phases in equilibrium are, from top to bottom, dilute
isotropic (I1), concentrated isotropic (I2), and chiral nematic
(N).5,9,11 The terms “dilute” and “concentrated” refer to the
relative cellulose nanocrystal concentrations of the phases. A
diagram of the dependence of the type of phase behavior of

rodlike colloid and flexible polymer mixtures on the size
parameters of the components is shown in Figure 3. The theory
is not limited to the second virial level and is therefore not
restricted to very long rods and very low polymer concentra-
tions.11 When blue dextran 2000 and dextran T-2000 are used
as the polymers, the parameters for our system areL ≈ 200
nm,D ) 5-10 nm, andσ ≈ Rg ) 34 nm. Thus,L/D ≈ 20-40
andσ/D ≈ 6.8-13.6. For blue dextran 50049 and dextran T-500
(Rg ) 19.8 nm), we obtainσ/D ≈ 4.0-8.0. Our systems clearly
lie in the I1-I2-N region of the diagram. However, because
the colloidal cellulose rods are electrostatically rather than
sterically stabilized, their interactions will be complicated by
repulsion between the charged species, so the diagram may not
correspond quantitatively to our system. Additionally, the coil-
to-polymer diameter ratio in our system is larger than those
shown in Figure 3; this parameter also influences the phase
behavior, as the range of the depletion attraction is determined
by the ratio of the radii of colloidal and polymer spheres.5

In cellulose nanocrystal suspensions, mixtures of commercial
blue dextran 2000 and dextran T-2000 induce triphase equilibria
at number densities of around 4× 10-7 and 1× 10-6 nm-3,
respectively (see Figure 5). Medium-molecular-weight dextrans
(blue dextran 50049 and dextran T-500) induce triphase equi-
libria, but at such high dextran number densities that the samples
are very viscous (equilibration times on the order of days to
weeks), limiting the number of data points in the high-
concentration regimes. When mixtures of low-molecular-weight
dextrans (blue dextran 110129 and dextran T-110) are used, no
third phase is seen at similar number densities to those used
for the dextrans 2000; before reaching concentrations favoring
triphase equilibrium, the increasing viscosity and time required
for macroscopic phase separation render the experiments
impractical.

Phase Separation.The kinetics of I1 phase separation differ
from those of the N-I2 equilibration. To measure the phase

Figure 1. Vials of triphase I1-I2-N equilibrium in cellulose nano-
crystal suspension (8.7 wt %) containing commercial blue dextran 2000
(from left to right, 0.45 to 2.50× 10-6 nm-3) and dextran T-2000 (5.3
× 10-6 nm-3). The preferential partitioning of blue dextran into the I1

phase is evident. The volume fraction of the I1 phase increases from
left to right as more blue dextran 2000 is added.

Figure 2. Photomicrographs of (a) I1, (b) I2, and (c) N phases. Taken
at 10× magnification between crossed polars with 530 nm full-wave
retardation plate. Streaks and droplets are visible in (b) due to ordering
at the surface of the glass capillary. Characteristic chiral nematic
fingerprint texture with∼38 µm pitch is visible in (c). Scale bar)
250 µm.

Figure 3. Type of phase behavior shown by mixtures of rodlike
colloids and flexible polymers as a function of the geometrical
parametersL/D andσ/D.5,11 L is the rod length,D is the rod diameter
andσ is the diameter of the polymer coil. “I1-I2-N” indicates a phase
diagram with two isotropic phases and a nematic phase. Figure adapted
from ref 11.

Figure 4. Schematic representation of the evolution of phase separation
as typically observed in the three-phase coexistence region: (I)t0,
initially uniform sample; (II) t ) 10-20 min, droplets of I1 phase
moving upward (bicontinuous structure of I1 and I2* phases); (III)t )
1-3 h, well-defined I1 phase with metastable I2* phase; (IV)t ) 48-
96 h, final I1-I2-N coexistence.

Macromolecules, Vol. 40, No. 9, 2007 Triphase Equilibria in Cellulose Suspensions3431



separation kinetics, an 8.7 wt % cellulose nanocrystal suspension
containing blue dextran and unmodified dextran is vortexed until
homogeneity is achieved (t0), and the initially uniform sample
is allowed to equilibrate (t > t0). As shown in Figure 4, the I1

phase generally separates out within hours (macroscopic droplets
moving upward are visible), followed by the N and I2 phases
within 2-4 days, except at high dextran/blue dextran concentra-
tions, when equilibration can take much longer (weeks to
months) due to the high suspension viscosity. Our observations
are similar to those made by Poon et al. and Renth et al. for
hard-sphere-like sterically stabilized poly(methyl methacrylate)
(PMMA) particles and linear polystyrene (PS) incis-decalin.46-48

The rapidity of the demixing of our I1 phase suggests that the
phase separation proceeds by a spinodal decomposition mech-
anism.46

Dextran Partitioning. Blue dextran is known to partition
preferentially into the isotropic phase of an I-N biphasic
cellulose nanocrystal suspension.27 UV-vis spectroscopy was
used to obtain partition coefficients for blue dextran in the three
phases of one sample in the blue dextran 2000+ dextran T-2000
system. The coefficients for partitioning of blue dextran between
the N-I1 and N-I2 phases wereKNI1 ) 34.5 andKNI2 ) 4.1,
respectively. Partitioning between the two isotropic phases (KI2I1
≈ 8.5) is stronger even than partitioning between the N and I2

phases, indicating a marked preference of the blue dextran for
the dilute isotropic phase.

The exclusion of blue dextran 2000 from the nematic phase
is not complete (nonzero absorbance atλmax CB ) 609 nm is
observed for the nematic phase). Some blue dextran coils are
therefore able to be incorporated into the ordered structure of
the liquid crystalline nematic phase. This behavior has been seen
by Adams et al. for the lamellar phase of bacteriophage fd virus
and polystyrene14 as well as by Edgar and Gray for blue dextran
2000 and cellulose nanocrystals, where the lower nematic phase
showed distorted fingerprint textures and many disclinations
relative to a dextran-free nematic phase.27

Phase Diagram.When a combination of dextran and blue
dextran of high molecular weight is added to a biphasic I-N
cellulose suspension, I1-I2-N coexistence develops. Figure 5
presents a detailed diagram of the phase behavior of cellulose
nanocrystal suspensions containing commercial blue dextran
2000 and dextran T-2000. All measurements were taken after

several weeks to allow sufficient time for equilibration of the
more viscous samples. The phase diagram is restricted to number
densities below 4× 10-5 nm-3 dextran and 1.2× 10-5 nm-3

blue dextran; above these limits, the viscosity of the samples
renders the phase separation kinetics impractical.

For the ranges of dextran concentration used, the majority
of the samples are triphasic. At low blue dextran concentrations,
the suspensions remain I2-N biphasic, while at higher blue
dextran concentrations and low dextran concentrations, the
suspensions become I1-N biphasic. The boundary between the
I2-N and I1-N coexistences (line indicated by * in Figure 5)
is somewhat arbitrary, as no distinct transition was seen when
adding blue dextran 2000 at low dextran T-2000 concentration.
The designations I2-N and I1-N were assigned according to
the relative volume fractions of the three phases upon reaching
triphase equilibrium. For example, in Figure 6, the I2 phase
dominates the triphasic sample, so the initial and final biphasic
samples are designated I2-N; in contrast, the I1 phase dominates
the initial triphasic sample in Figure 8. Using this nomenclature,
there will be a continuous change from I2-N to I1-N coexist-
ence, rather than a sharp boundary.

Smaller amounts of polyelectrolytic blue dextran are neces-
sary for the formation of the I1 phase compared to undyed
dextran. The dotted line in Figure 5 indicates equal number
densities of blue and unmodified dextran 2000; the I1-I2-N
and I2-N equilibria mostly lie above the dotted line, while I1-N
equilibrium lies below the line.

An interesting feature of the phase diagram is the reentrant
I2-N f I1-I2-N f I2-N phase behavior observed with
increasing plain dextran concentration at low blue dextran
concentrations (arrow AB in Figure 5). As dextran T-2000 is
added to a suspension containing a given concentration of blue
dextran 2000, the I1 phase appears, increases in volume fraction,

Figure 5. Phase diagram for 8.7 wt % cellulose nanocrystal suspension
containing blue dextran 2000 and dextran T-2000. Dotted line indicates
equal number densities of dextran and blue dextran. The boundaries
between the regions of the phase diagram are intended as a guide to
the eye. Some of the over 200 data points have been omitted for clarity.
Compositions of phases along the lettered arrows are shown in Figures
6-8. Shaded areas correspond to mixtures of blue dextrans of different
DS; see text.

Figure 6. Example of reentrant I2-N f I1-I2-N f I2-N phase
behavior for 8.7 wt % cellulose nanocrystal suspension containing 8.2
× 10-7 nm-3 blue dextran 2000 and dextran T-2000 increasing from 0
to 2.0× 10-5 nm-3 (concentrations correspond to arrow AB in Figure
5). As dextran T-2000 is added, the N phase volume fraction decreases
and the I2 phase volume fraction increases; the I1 phase increases and
then decreases in volume fraction before disappearing.

Figure 7. Example of phase behavior for 8.7 wt % cellulose
nanocrystal suspension with dextran T-2000 number density) 2.2 ×
10-5 nm-3 and increasing blue dextran 2000 number density (concen-
trations correspond to arrow CD in Figure 5). The I1-N coexistence is
not shown.
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then decreases in volume fraction, and disappears (Figure 6).
At the same time, the N phase decreases in volume fraction.
Reentrant phase behavior has been observed in both thermo-
tropic and lyotropic molecular liquid crystal systems.49 However,
it is not well understood, particularly for lyotropic liquid
crystalline systems. The only lyotropic liquid crystalline system
in which the phenomenon is observed is the potassium laurate/
decanol/water system,50 for which reentrant isotropic-discotic
nematic phase transition was first documented by Yu and Saupe
in 1980.51 It should be noted that the “reentrant” biphasic I2-N
suspension has a smaller volume fraction of N phase than the
initial biphasic sample, likely due to the higher concentration
of anionic blue dextran.

Effect of Increasing Blue Dextran Concentration.Adding
blue dextran 2000 to a biphasic I2-N cellulose suspension
containing a fixed quantity of undyed dextran T-2000 results
in the development of the triphase I1-I2-N equilibrium,
followed by the I1-N equilibrium (Figure 7). Following the
formation of the I1 phase, the I2 phase continues to diminish,
eventually disappearing, while the I1 phase increases in volume
fraction. The N phase also increases in volume fraction. The I1

phase volume fraction continues to increase when the I1-N
coexistence has been established.

As shown in Figure 5, the blue dextran concentration is fairly
low at the onset of triphase equilibrium. The increase in I2 phase
volume fraction prior to this probably results from a combination
of (1) the higher ionic strength due to the charged dye ligands
on the blue dextran and the resulting increase in critical cellulose
concentration required for phase separation and (2) destabilizing
attractive depletion forces, both of which would tend to favor
the formation of I2 phase.

Once the I1 phase appears, the decrease in volume fraction
of the I2 phase with increasing blue dextran concentration
indicates that the I1 phase is more favorable than the I2 phase.
Increasing blue dextran appears to favor demixing to give the
I1 phase: The stability of the N-I1 equilibrium is enhanced
relative to that of the N-I2 equilibrium as the blue dextran
concentration increases. The observed decrease in N phase
volume fraction as the blue dextran number density continues
to increase is most likely due to the increasing ionic strength
due to the dye ligands.

Effect of Increasing Dextran Concentration. At blue
dextran concentrations favoring reentrant phase behavior, adding
dextran T-2000 to a mixture of cellulose nanocrystal suspension
and blue dextran 2000 causes the I1 phase to appear, increase
in volume fraction, then decrease, and disappear, while the I2

phase increases slightly in volume fraction and the volume
fraction of the N phase decreases somewhat overall.

At blue dextran concentrations lying in the I1-N f I1-I2-N
region of the phase diagram (i.e., atCblue Dx g 2 × 10-6 nm-3),

increasing the dextran concentration leads to a decrease in the
volume fraction of the I1 phase and increasing formation of the
I2 phase. The volume fraction of the N phase also decreases, as
would be expected due to depletion-induced phase separation.
Figure 8 shows the phase behavior of samples withCblue Dx )
2.7 × 10-6 nm-3. Because the volume fraction of I1 phase
decreases with increasing dextran concentration, it is likely that
the I2-N coexistence region would be reached at higher dextran
concentrations if sample viscosity permitted.

Increasing the concentration of the electrostatically neutral
dextran should theoretically increase the magnitude of the
depletion attraction.17 However, the presence of polyelectrolytic
blue dextran may complicate the situation even though its
number density is held constant for these experiments. Phase
behavior in the reentrant I2-N f I1-I2-N f I2-N region of
the phase diagram may be an example of this interplay between
the attractive depletion and repulsive electrostatic forces.

Effect of Cellulose Nanocrystal Concentration.A series
of samples were prepared using a cellulose suspension of lower
concentration (6.3 wt % cellulose;φaniso ) 0.29). The phase
diagram in Figure 9 shows that, in comparison with Figure 5,
more blue dextran 2000 is needed to obtain triphase equilibrium
when the suspension is more dilute.

In order to determine whether triphase equilibrium was
attainable starting from a monophasic suspension, two series
of dilute (completely isotropic) suspensions with increasing
cellulose concentration were prepared, and dextran T-2000 and
blue dextran 2000 were added (Table 4). The dextran concentra-
tions were comparable to those used in the 8.7 wt % cellulose
suspensions, as were the blue-to-plain dextran ratios used (0.3
and 0.5 in series I and II, respectively). At the dextran
concentrations used in the first series, it can be seen that triphase

Figure 8. Example of phase behavior for 8.7 wt % cellulose
nanocrystal suspension at blue dextran 2000 number density) 2.7 ×
10-6 nm-3 and increasing dextran T-2000 number density (concentra-
tions correspond to arrow EF in Figure 5).

Figure 9. Partial phase diagram for dilute biphasic (6.3 wt %;φaniso

) 0.29) cellulose suspension. The boundary between the regions of
the phase diagram is intended as a guide to the eye.

Table 4. Effect of Cellulose Nanocrystal Concentration on Dextran
and Cellulose Number Densities Required To Obtain Triphase

Equilibrium

series
[cellulose]

(wt %) phases
CblueDx/

CDx

CDxtot/
Ccell

I 2.0 isotropic 0.3 6.5
2.5 isotropic 0.3 5.0
3.0 isotropic 0.3 4.2
3.5 isotropic 0.3 4.3
4.0 isotropic 0.3 3.0
6.0 triphasic I1-I2-N 0.3 2.1

II 2.0 biphasic I-N 0.5 15.8
2.5 triphasic I1-I2-N 0.5 12.8
3.0 triphasic I1-I2-N 0.5 10.9
3.5 triphasic I1-I2-N 0.5 9.2
4.0 triphasic I1-I2-N 0.5 7.9
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equilibrium was not obtained until the cellulose concentration
reached 6 wt %. The second series showed triphase equilibrium
in all but the most dilute cellulose suspension (Figure 10). In
both series, it is evident that the number density ratio of total
dextran to cellulose necessary for triphase equilibrium increases
with decreasing cellulose concentration.

The initial cellulose nanocrystal suspension evidently does
not have to be biphasic for triphase equilibria to occur, since
suspensions at cellulose concentrations well below the I-N
transition show triphase equilibria upon addition of dextran and
blue dextran. This is similar to experimental evidence found
by Koenderink et al., who observed a depletion-induced phase
transition in a mixture of colloidal silica spheres and silica-
coated boehmite rods at rod concentrations well below the
isotropic-nematic transition.52 Anisotropic rods give rise to
larger attractions than equivalent volume fractions of spheres
because of the much higher rod number density,53 which may
explain the ability of the dilute suspensions to phase separate.
As the cellulose suspension becomes more dilute, however, a
higher total dextran-to-cellulose ratio is required to obtain three-
phase coexistence (Table 4).

It is known that electrostatic interactions stabilize mixtures
of charged colloids and polymers against depletion-induced
phase separation and that increasing the range of the electrostatic
interactions enhances the stabilization.54,55 The more dilute
cellulose suspensions contain fewer total surface sulfate groups
and their associated counterions in solution, and therefore have
lower ionic strengths, which reduces the screening of electro-
static interactions between charged macromolecules. This has
a weakening effect on the (neutral or charged) polymer
depletion-induced attraction between cellulose nanocrystals,
ultimately resulting in increased stability toward demixing. In
addition, since the nanocrystals themselves are farther apart in
dilute suspensions, higher concentrations of macromolecular
depletant would be needed to increase the strength of the
depletion attraction to the point where phase separation occurs.
(We can also predict that molecular weight effects will be
stronger in the dilute suspensions because the range of depletion
attraction is dependent on this variable; if the nanocrystals are
farther apart, the equilibrium will be more sensitive to the range
of the attraction force.)

Effect of Dextran Molecular Weight. Phase diagrams for
mixtures of medium molecular weight dextrans are shown in
Figure 11. The triphase coexistence region for mixtures of blue
dextran 50049 and dextran T-500 (Figure 11a) is shifted to higher
number densities of both blue dextran and plain dextran relative
to mixtures of blue dextran 2000 and dextran T-2000 (Figure
5). In contrast, mixtures of blue dextran 2000 and dextran T-500
(Figure 11b) are shifted only slightly toward higher number
densities of plain dextran. Finally, mixtures of blue dextran 50049

and plain dextran T-2000 are shifted to higher number densities
for both types of dextran (Figure 11c). Mixtures of blue dextran
2000 and dextran T-110 also give triphase equilibria at relatively
high dextran number densities, but mixtures of blue dextran
110129 and dextran T-2000 do not. The concentration ranges at
which triphase equilibrium occurs for blue dextran 2000+ either
dextran T-2000 or T-500 more or less overlap. These results
suggest that the molecular weight of the polyelectrolytic blue
dextran dominates the phase behavior of such mixtures,
determining when triphase equilibrium develops.

For medium molecular weight blue dextran 50049, the size
of the unmodified dextran also influences the phase diagram to
a large extent; much more dextran T-500 than dextran T-2000
is needed for triphase equilibrium (cf. parts a and c of Figure
11). The size of the unmodified dextrans has a much smaller

Figure 10. Relative volume fractions of the phases obtained when
blue dextran 2000 and dextran T-2000 (Cblue Dx ) 6.0 × 10-6 nm-3

andCDx ) 1.2× 10-5 nm-3) were added to dilute cellulose suspensions
(series II in Table 4).

Figure 11. Phase diagrams for 8.7 wt % cellulose nanocrystal
suspension containing (a) blue dextran 50049 and dextran T-500; (b)
blue dextran 2000 and dextran T-500; and (c) blue dextran 50049 and
dextran T-2000. The boundaries between the regions of the phase
diagram are intended as a guide to the eye. Note: the phase diagrams
are not on identical scales.
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effect on the phase behavior of the mixture when high molecular
weight blue dextran 2000 is used, increasing only slightly the
number density of lower molecular weight plain dextran required
for triphase coexistence (cf. Figures 5 and 11b). The phase
diagrams in Figure 11 are not complete, owing to the difficulty
of working at the high sample viscosities caused by the
necessary higher dextran concentrations.

It has been found that dextrans of medium and high molecular
weights (500-2000 kDa) induce formation of the I1 phase in
cotton cellulose nanocrystal suspensions, while dextrans of low
molecular weight (110 kDa, results not shown) do not induce
formation of the I1 phase in the concentration range examined.
Higher concentrations of the smaller dextrans are required, as
the range of depletion forces depends on the macromolecule
size.17 These differences are reflected in Figure 11.

Effect of Blue Dextran Charge Density.Blue dextrans 2000
having low ligand densities (blue Dx’s 200016, 200018, 200036,
and 200056) were used instead of unmodified dextran T-2000
in mixtures with highly substituted commercial blue dextran
2000161 and 8.7 wt % cellulose nanocrystal suspension at two
different number density combinations. For comparison with
the blue Dx 2000161/Dx T-2000 system, the number density
combinations are indicated by shaded areas in Figure 5. At
dextran concentrations corresponding to the shaded square,
triphase equilibrium was observed only when blue dextran
200016 was used, the other blue dextrans with higher degrees
of substitution all yielding biphasic I-N suspensions. However,
at higher blue dextran/dextran concentrations corresponding to
the shaded circle in Figure 5, all the samples showed triphase
equilibrium. It can be concluded that a minimum difference in
charge density between the two blue dextrans is necessary for
triphase equilibrium to occur at a given number density of each
polymer species. In other words, the triphase coexistence regions
of the phase diagrams for combinations of blue dextrans shift
to higher concentrations of each macromolecular component
as the difference in their charge density diminishes. This
phenomenon may also partially explain the shift to higher
concentrations between the phase diagrams when unmodified
dextran T-2000 is used (cf. Figures 5 and 11c), as blue dextran
50049 has a smaller DS and therefore smaller charge density
than commercial blue dextran 2000161.

Conclusions

Within specific concentration ranges, aqueous mixtures of
blue dextrans, undyed dextrans, and cellulose nanocrystals
produce a three-phase I1-I2-N coexistence. To the best of our
knowledge, this represents the first triphasic equilibrium of
cellulose nanocrystal suspensions to exhibit two isotropic phases.
The molecular weight of the dextran macromolecules appears
to govern the concentrations needed to produce the I1-I2-N
phase behavior in suspensions of electrostatically stabilized
cellulose nanocrystals. Reentrant I2-N f I1-I2-N f I2-N
phase behavior as well as regions of I2-N and I1-N biphase
coexistence are seen. For mixtures of blue dextrans with
different levels of dye substitution, there exists a threshold
difference in charge density above which the triphase equilib-
rium develops at given conditions in cellulose nanocrystal
suspensions. While the interactions governing the phase equi-
libria are not clear, phase formation could result from the
complex interplay of electrostatic and entropic forces.
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