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The behavior of chirathematic and isotropic phases of helieatarrageenan in aqueous solution of sodium
iodide was compared with that of the anisotropic biphasic phase that contains both these phases. On the
basis of birefringence, rheology, chemical analysis, average molecular weight, and polydispersity index
measurements, we derived a number of characteristic differences as well as similarities between these phases,
over a range of polysaccharide concentrations obtained by the dilution of each phase. For example, we
assessed the critical concentration of an isotropitisotropic transition @), the temperature of the
anisotropie-isotropic phase shift during thermal heatingpoling cycles, and the viscosity changes due to

the phase shift and due to the diminishing of the helical conformation. We also demonstrated how the
different phases and their dilutions behave under the effect of shear and frequency of oscillation and how
the viscoelastic properties vary in each phase and discussed the isotropic and anisotropic liquid crystal
controlling behavior mechanisms. From a theoretical point of view, we propose to combine the wormlike
chain model for semiflexible polyelectrolytes interacting via both hard-core and electrostatic repulsion to
assess the concentration of isotrepiematic transition, to assess the coexistence concentration range, and
to determine the effects of charge by applying the effective diameter and a twisting effect.

Introduction the heliced:® In fact, this was demonstrated for sodium iodide

. concentration of 0.1 M for polymer concentrations up to
The carrageenans are linear, sulfated polygalactans ex- . ST

. . . . “about 1 g/L. For higher values of sodium iodide concentra-
tracted from various species of marine red algae, (i.e.

: . N " tion, aggregation does indeed take place, nevertheless, at a
Eucheuma cottoni, Eucheuma spinosum, Gigartina acicu- - L :
N1 : . .~ reduced exterftThe binding of iodide explains why the KC
laris).}'?2 The primary structure is based on a repeating ) . A . .
. . . solutions require sodium iodide as a solvent to give a nematic
disaccharide sequence of 1,3-linkgd-galactopyranose and .~ : . .
; ; liquid crystalline phaséThese solutions show a macroscopic
1,4-linked 3,6-anhydro-galactopyranose residues. and N . .
. o phase separation into one anisotropic bottom phase and one
rcarrageenan are the two best known gelling varieties. isotropic top phase. The anisotropic phase is fluid, clear, and
Rigid and semirigid macromolecules can form gels, but birefri?w enf gnd h.as a chiral n%mgtic structﬁrk;e : a,
there is also a possibility to form ordered phases (nematic,th g ically stable ph . " b ' Slt d and
chiral nematic, smectic, hexatic) or both gels and liquid $rmo glnamma yl_s a. tf] P aslﬁ smcfetrl] can et_mehe an
crystalline phasesThe liquid crystalline phase is caused ;e (t)rmg :Jporg)ctotcr)]lng, € mte mgt_o ne Inema Igjp ase s
by restrictions on rotation, which in turn are caused by élsth(?]mu els) l: € r_e\r/](;:rsfeihransll lon |shs q\(/jvefeﬁ d?r?): .
volume exclusion for the polymers of high axial ratios. Most to tﬁ mf? e(iutr?r Wi'g Ob ego ysaci t?]“ €an i € |ﬁn|c
experimental investigations ancarrageenan (KC) have dealt ,s\lrengh arect the p as%l oun barl-es ot lenema Ic phase.
with conditions where gel formation or aggregations of the botde_t atit was not pgsa Zto 0 tar:n a s:ng_e-nematlc pd ase
helices occur, therefore preventing the development of long- y direct mixing, probably due to the polydispersity an to
the presence of a small amountiafarrageenan contamina-

range liquid crystalline order. However, binding of iodide ™ F 5 <.

to the (negatively charged) KC helix increases the charge ion in the «-carrageenaf> Surprisingly, i-carrageenan,

density, thus preventing aggregation and further gelation of differing from«-carrageenan only by an extra sulfate group,
did not form a nematic phadé.
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been observed for many cellulosic derivativ&s$ for where the dimensionless parametéris given by
xanthan gum/~1° schizophyllar?? chitin,?* scleroglucarf? B

. . . HFZe «D
and konjaé® glucomannan. The concentration at which the A=~ 2)
liquid crystalline phase is formed depends on the persistence 2Q

length of 'the polysaccharide. Xanthan, for .insfcance, wit.h a andT is a constantCe is Euler's constantD is the helix
long persistence length (120 nm) forms a liquid crystalline diameter <1 is the Debye screening length, afdis the

phase at quite low concentrations{ wt %)1° Hydroxy- Bjerrum length

propyl cellulose, with a short persistence length (between 5

and 10 nm), forms a liquid crystalline phase at much higher 0= q 3)
concentrations, around 30 wt % in a good soléiRecently ekgT

it has been found thatcarrageenan helix in 0.1 M Nal has

a persistence length of 35.6 rin (q is the elementary charge,is the supposedly uniform

, i .. dielectric permittivity of the solvent] is the temperature
Despite the progress made, the properties of liquid andks is Boltzman's constant)

crystalline polymers are not fully understood yet theoretically. (2) The Twisting Parameter. The twisting parameter
Liquid crystalline polymers (LCP's) can be approached gegcribes the tendency of two charged rods to twist away

theoretically with the basic model of the rigid ré8.  fom the parallel configuration to adopt a perpendicular
However, the molecules are often semirigid or contain gyientation:

flexible spacers between the rigid groups that introduces more

possibilities for the configuratioff. Another important aspect h= 1 4)
that needs to consider is the effects of charge and ionic KDt

strength that biopolymers carry in aqueous solutfof®
From a theoretical point of view, electrostatic interactions
can cause the rods to twist away from the parallel config- phase will coexist with a more dilute isotropic phase in a
uratloh with respect to each cher and |pcrease th? hard'narrow concentration range. The scaled transition concentra-
core diameter to a larger effective one, while the persistence;i;ns that denote the phases transition from an isotropic
length increases as well. Nevertheless, the viscoelasticg, tion (of concentratiorC)) to a nematic solution (of

properties of LCP’s have been studied quantitatively in concentrationC,) vary with the twisting parameten and
considerable detail over the recent ye&r. are given by

In this investigation, the behavior of KC isotropic and

nematic phases was compared with that of the anisotropic C = 0.3588
biphasic KC phase which contains both these phases (but 1-Vx
were not macroscopically phase separated). Our approachand
was also extended to the analysis of the isotrepitisotropic
phase transition and coexistence concentration range of KC _ 0.3588_ G
by the model proposed by Vroege and co-workers, that a™ Vx— x_ﬁ
combine the wormlike chain model of semiflexible polymers
extended to the charged case effect. Finally we discuss thevherex = 0.8648+ 0.099h.
isotropic and anisotropic controlling behavior mechanisms ~ (4) Coexistence Volume Fractions.The coexistence
and summarize the similaritieslifferences in the structural ~ Volume fractions can be obtained from the equation
and mechanical properties observed for these phases. N N

_ L
Ci,a - ZPLDeﬁv (7)

(3) Coexistence Concentrations (in Scaled Form)A
well-known property of liquid crystals is that the anisotropic

(5)

C (6)

Theoretical Background whereP is the persistence length, is the contour length,

. and V is the volume of a solution ofN. very long
We elaborate here a simple model developed by Vroege polyelectrolyte.

and co-worker¥=2° to describe the formation of nematic For the isotropic and nematic phase, the real number
liquid crystals for charged semiflexible polyelectrolytes densities can be derived from eq 7 by (’jividing b/ 4)-
interacting via both hard-core and electrostatic repulsions. PLDyr.

It is possible to describe the result of charge by introducing

an effective diameter and a twisting effect. (ﬁ) G (8)
(1) The Effective Diameter. The electrostatic repulsion V/i oD
between the KC helices will results in an increase of the ef
helix diameter. Instead of the “bare diameté&’,an effective N, C,
diameter,Desr, should be used, given by the expresdion (V)aZ p 9)
ZPLDeff
, 1
D, =D|1+ A+ Cetin2 2 1) (N/L); and (\/L), can be expressed in mole of polymer/liter

«D by multiplying by 167/6.022 x 10?3,
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The real concentrationgs; and p, can be obtained by
multiplying by the molecular weight (see Appendix).

Experimental Section

Polysaccharide Purification. The x-carrageenan was
kindly donated from Sanofi Bio Industries, France (ref
12880). It was dissolved in 8GC water and precipitated in
cold 2-propanol, washed with a mixture of 40% water and
60% 2-propanol, and finally washed with pure 2-propanol.
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Table 1. Weight Average Molecular Weight (M,,) and the
Polydispersity Index (Mw/My) of the Biphasic Sample (Sample
Bbiph), the Equilibrium Phases (Biso and Bpem) of x-Carrageenan (4
wt %) and the «-Carrageenan Dry Powder

sample B-biphasic (4 wt %): [My[1=117 000
sample B-isotropic (4 wt %): [M,,C= 104 000
sample B-nematic (4 wt %): [My[= 129 000
k-carrageenan powder: [M, = 113 000

(MM, = 1.87
MM = 1.95
MM = 1.79
MM, = 1.85

(bottom, sample Rn) phases were collected. Both phases
were diluted with 0.1 M Nal at nominal concentrations of

The precipitate was collected, and the 2-propanol wass 4, and 2 wt %. For the MW determination samples in

evaporated overnight. The driedcarrageenan was then
dissolved in Millipore water (1.5 wt %). The solution was
filtered through a 5um Millipore filter and ion-exchanged
at 90°C to the sodium form (cation-exchange resin, Dowex-
50W, 50X8-100, Sigma). The resin was first converted to
the H form by elution with HCI and then to the Ndorm

solution form were prepared with the following character-
istics: 4 wt % sample B, 4 wt % sample B, and 4 wt %
sample Bem These samples were prepared from the dilution
of 6.5 wt % sample By, sample Bo, and sample B
respectively, using 0.1 M Nak-Carrageenan concentrations
are given as weight percent (wt %). Millipoore water was

by using NaCl. To obtain the desired average molecular ysed throughout.

weight, thex-carrageenan was sonicated for 120 min which

Average Molecular Weight and Polydispersity Index.

from previous studies in our laboratory correspond to a The average molecular weightl{) and the polydispersity

molecular weight of about 1.5 1 (the actual weight-

index (M/Mp) of k-carrageenan samples were done by SEC

average molecular weight of the present sample is discussedyith R| detector, kindly offered by CPKelco, Copenhagen

in detail below). The solution was filtered through a 4@
Millipore filter, to remove possible titanium particles fallen

Pectin A/S (Lille Skensved, Denmark). The weight-average
M,, and the polydispersity index, found as average values

off from the sonicator. The resultant samples were then from double runs, were presented in Table 1. Interestingly,

freeze-dried and stored.

Sample Preparation. Sample A.The k-carrageenan
sample (10 wt %) was hydrated in 0.1 M Nal at room
temperature and then heated at°@for 1 h with stirring.
The hot polymer solution was allowed to cool overnight at
25°C. The sample was then centrifuged for 72 h at 4900
and the isotropic (top, sampleis4 and the anisotropic
(bottom, sample Anm) phases were collected. The bottom

the M,, values of the biphasic, isotropic, and nematic samples,
and even more so thil,/M, values, are so close as to
consider the difference among them as statistically insig-
nificant. In fact My)avg = 115 800+ 10 400 (i.e. 9%). The
above values are relative tacaand:-carrageenan calibration
set containing seven broad MW standards with knalp]
and,,[l TheM,, range of calibration was 17 06@10 000.
The samples were diluted to a concentration of about 0.5

phase observed between crossed polarizers was birefringentng/mL with 100 mM ammonium nitrate buffer, pH 9.7

grainy, and slightly colored. After centrifugation, the two

(eluent) prior to injection. The run temperature was°&0

phases remained separated without further changes. The KGtemperature well above the hetixoil transition tempera-
concentrations reported below from sample A prepared afterture). Two columns (Shodex OHpak KB-806 M,>8 300

appropriate dilution of these two phases with 0.1 M Nal,
(samples A, and Aem). A small volume of a turbid

precipitate was collected on the bottom of the tube after

mm) and one precolumn (Shodex OHpak KB-G¢ 50 mm)
were used, with a flux of 1.2 mL/min.
Chemical Analysis.Elemental analysis was performed by

centrifugation, in addition to the isotropic and nematic phases Mikro Kemi AB, Uppsala, Sweden. Carbon and sulfur were
mentioned. This was explained as a contamination of determined by catalytic oxidation at elevated temperature
unknown composition and probably represents some mac-(1800 °C) in a controlled He/@ atmosphere, followed by
romolecular contamination of the natural polysacchatide. gas chromatography to separate the different oxides (the so-

Sample B.A similar k-carrageenan sample (6.5 wt % in called “Carlo Erba” method). Na and | analysis was
0.1 M Nal) was prepared as above: hydrated at room performed by Analyslaboratoriet AB, Lund, Sweden. Sodium
temperature and then heated at°@for 1 h with stirring. was determined by flame atomic absorption spectrometry,
The hot polymer solution was allowed to cool overnight at ionization suppression by addition of 2000 ppm of cesium
25 °C. Then the sample was centrifuged for 72 h at 4000 to samples, and standards. lodide was determined by spec-
and the small volume of a turbid precipitate on the bottom trophotometric iodometric microtitration. The results were
of the tube was collected and discarded. The isotropic (top) presented in Table 2.

and the anisotropic (bottom) phases were collected, and

mixed again and then heated at 90 for 30 min while
stirring. This sample, sampleyg, refers to the biphasic

It is notable, from Table 2, that the ratio of Na to | for the
5 wt % B samples is 0.412 and 0.385, respectively (mean
0.398). The theoretical value for a 0.1 M Nal solution is

mixtures before separation and contains both isotropic and0.181. However, if the sodium ions stemming from the

nematic phase. Sample; was diluted using 0.1 M Nal at
nominal concentrations of 5, 4, and 2 wt %. Part of the
sample Bjpnh was then centrifuged again for 72 h at 4600
and the isotropic (top, sampleis and the anisotropic

polysalt are properly taken into account, their concentration
is [50 g/L]/[408 g/mol]= 0.123 M. Then, the theoretical
Na/l weight ratio is 0.404, which compares in an excellent

way with the mean of the two experimental values, i.e. 0.398.
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Table 2. Elemental Analysis of the 2 wt % Biphasic Sample
(Sample Buipn) and the Equilibrium Phases (Biso and Bpem) 0f 2 and
5 wt % «-Carrageenan Dissolved in 0.1 M Nal (Average of Three

of the 2.95 wt % isotropic KC obtained after the dilution of
the nematic solution sample,&. The mechanical spectrum
is typical of an entangled polysaccharide solution with weak

Measurements) ‘ -
contents (wt %) cross-links®¥34 G' < G'_' at low frequgnmes whereas a
crossover occurs at higher frequencies. A weak gellike
phase c > Na ! behavior was observed for the anisotropic samples 4.99 and
2wt % Bojpn 0.600 0.145 5.22 wt % (Figure 1b,c)5 dominatess” at high frequencies
g x 0;2 E‘::m g:ggg g:ijg but both m0(_:iuli still show significant freqpency dependence.
5 Wt % Biey 533 12.95 Both moduli, however, were progressivelgwer as the
5 Wt % Brer 5.4 13.60 concentration increased from 4.99 to 5.22 wt %. Increasing

further the concentration of the anisotropic phase, a signifi-
cantdecreasdn storage and loss moduli was observed. A
representative example is shown in Figure 1d for the 6.95
wt % sample wher&'' is always higher thai&' and both
moduli were highly frequency dependent and increase in a
parallel manner with increasing frequency of oscillation.
Moreover, a simple way to address some dynamic aspects
of the polysaccharide is to look the frequency of intersection
of elastic and loss moduli. We can regard this crossover
frequency as a measure of an effective junction lifetime. The
crossover frequency @' andG" moved to lower values as
the polysaccharide concentration was increased (for instance
at 6 and 0.1 Hz for 2.95 and 4.99 wt %, respectively).
ﬁ-|owever, for the anisotropic 5.2 wt % samplecp the
crossover moved to a higher frequencydt Hz), and this
sample showed a 10 times shorter relaxation time than the
4.99 wt % sample. No crossover was found for the higher
anisotropic concentrations (between 6 and 9 wt %).

The elastic modulu§' allows us to compare the moduli
Birefringence. The samples diluted from the isotropic  With frequenpy of.oscilllation and to correlate these data with
upper phase sampleh(9—0.5 wt %) were lacking any the Newtonian viscosity and shear flow results presented
birefringence under cross polarized light and flowed easily. Pelow. In Figure 2, the elastic modul@ of the nematic
In contrast, the dilutions from the anisotropic bottom phase S@mple Aem dilutions were plotted as a function of the
sample Aem (9—0.5 Wt %), were optically isotropic up to polysaccharide concentration at different frequencies. When
4.5 wt % and anisotropic from 4.99 wt % and beyond. the concentration of the isotropic samples (from the dilutions
Isotropic phases were not obtained after centrifugation (4 ©f sample Aen) was increased, the elastic modulus rose
days) of the anisotropic samples at a temperature range fromsteeply up to about 4:5% wt % (C), and then it began to
25 to 40°C. The anisotropy disappeared when the poly- drop in the anisotropic phase area. Further the modulus was
saccharide phases heated abe\® °C. kept almost constant well within the chiral nematic phase
Samples B, were lacking any birefringence at the whole UP to about 9 wt %. This behavior is typical of a liquid
concentration range {26.5 wt %). Similarly no birefringence ~ crystal: the elasticity decreases when there is a very high
was obtained for the samples; and sample R, up to a degree of alignment in the polymer as the elastic behavior
concentration of 4 wt %. However these samples were depends sensitively on constraints at each contacting points
anisotropic (birefringent) at 5 wt % and beyond that between rod$>36 Note that the KC concentratid®, where
concentration. Flow birefringence was observed at the 5 wt the maximum modulus was obtained, can well be compared
% for Byiph and B.emsamples, manifested by flashes of light with the concentration where birefringence starts to develop
when the tube was shaken between crossed polarizers. Th@s obtained by visual observations. Obviously, this concen-
critical concentration of-5 wt % for mesophase formation ~ tration presents the isotropi@nisotropic transition, where
of KC is in accordance with the previous studies by Piculell's the anisotropic phase begin to appear, but does not mark
group532 Note that all the above solutions are stable over the transition from the isotropic to a completely nematic
long times (many months). In what follows we use the word Phase.
“rigid rods” to indicate the liquid-crystals of KC; in our In this work, we have also tried to separate and compare
system a substantial evidence which suggests the presencthe structural behavior of the isotropic phase as affected by
of such ‘“rigid rods” is the different response of the variables such as the frequency of oscillation and the shear
anisotropic samples under polarized light, low amplitude of rate. The frequency sweep measurements from the dilutions
oscillation, and shear rate, in comparison with the isotropic of the isotropic sample & showed samples with a typical

This point is also important with respect to the calculation
of the Debye length.

Rheological MeasurementsRheological measurements
were performed on a Carri-Med CSL100 controlled stress
rheometer (TA Instruments, Surrey, U.K.) using cepéate
geometry (40 mm radius, 40and 60 mm radius, 52 The
solutions were loaded on the platen of the rheometer and
the storage modulusy), loss modulus @"), tan ¢, and
complex viscosity §*) were recorded as a function of
oscillation frequency. The strain applied (1%) was well
within the linear region. The measurement was then followed
by steady-state measurements. All measurements wer
performed at 25C except otherwise stated. The periphery
of the sample was coated with silicone oil to minimize loss
of solvent or absorption of atmospheric moisture.

Results and Discussions

phase behavior.
k-Carrageenan Sample A. Low Amplitude Oscillatory
Behavior. Figure 1la illustrates the frequency dependence

solution-like behavior and a typical example is shown in
Figure 3. Both moduli were highly frequency dependent and
increased progressively with increasing frequency of oscil-
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Figure 1. Frequency dependencies of G' (@), G" (O), and complex viscosity n* () obtained from oscillatory rheological measurements, for the
dilutions of the nematic sample Anem Of k-carrageenan in 0.1 M Nal. Key: (a) 2.95 wt % (isotropic); (b) 4.99 wt % (anisotropic); (c) 5.22 wt %

(anisotropic); (d) 6.95 wt % (anisotropic). 25 °C, 1% strain.

320
10°

280

T

240 F

200 F

160 F o

120

Elastic modulus (Pa)

80

40

L o e

0

Concentration (wt %)

Figure 2. Variation of the elastic modulus G' as a function of
K-carrageenan concentrations in 0.1 M Nal of sample Anem measured
at various frequencies: (®) 0.26, (W) 0.52, (») 1.37, (O) 3.72, and
(d) 10 Hz. The concentrations were prepared after dilution of the
nematic solution phase, sample Anem. The insert graph shows the
same data in a logarithmic scale. 25 °C, 1% strain.
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Figure 3. Frequency dependencies of G' (@), G' (O), and complex
viscosity 1* (») obtained from oscillatory measurements, for 7 wt %
k-carrageenan in 0.1 M Nal from the dilution of the isotropic phase
sample Ajso.

rate and a shear thinning region could be attained for the
KC concentrations up to 3 wt %. The Newtonian region,
however, was not attained experimentally for the systems

low viscosity, and we were unable to examine them under between 3.5 wt % and up to the concentration where the

low amplitude oscillation with our rheometer.

Steady-State Shear Behavior-ollowing an examination

viscosity starts to decrease-§ wt %), which all show a
pronounced shear thinning behavior and a strong shear rate

of the rheological response at low deformation, we now dependency on the viscosity. Higher KC concentrations
examine our phases at large deformations under shear(above 5 wt %) have lower viscosity, while a Newtonian

Steady-shear viscosity measurements at@5vere made

region and a shear-dependent region were observed. The high

over a range of shear rates for the dilutions of the nematic shear dependence is more noticeable for the liquid crystalline

phase sample An as is shown in Figure 4. Interestingly,

solutions and is due to the orientation of the molecular rods.

the viscosity of the solutions was decreased beyond 5 wt %It is notable as well that the flow curves of the different
of the KC. A Newtonian plateau, for about 3 orders of concentrations of the anisotropic solutions intersect at high
magnitude, where the viscosity is almost constant with shearshear rates, in accordance with other experimental and
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Figure 4. Steady-state flow curves at 25 °C of x-carrageenan
concentrations in 0.1 M Nal obtained after the dilution of the nematic
solution sample Anem: (@) 0.49, (M) 1, (a) 1.89, (®) 2.95, (<) 3.6,
(a) 4.5, (O) 5.22, (anisotropic), and (O) 6.64 wt % (anisotropic).
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Figure 5. (a) Viscosity of the nematic solution sample Anem as a

function of k-carrageenan concentration in 0.1 M Nal at different shear
rates at 25 °C: (@) 0.5, (W) 1, (a) 2.5, (O) 5, (O) 10, (») 50 and (<)
100 s™1. Variation in the Newtonian viscosity (x) as a function of the
isotropic «x-carrageenan concentrations of sample Aiso in 0.1 M Nal
at 25 °C.

theoretical observations for the liquid crystéifkeversible

shear thinning behaviors were obtained for all the samples.
In Figure 5, the viscosity of the sample# at different

shear rates was plotted as a function of KC concentration.

Chronakis and Ramzi

10°

3
E 9 wt % from the anisotropic phase at 45°C

Viscosity (Pa s)

Shear rate (1/s)

Figure 6. Steady-state flow curve at 45 °C of 9 wt % (anisotropic)
k-carrageenan sample Apem in 0.1 M Nal.

concentrations from 19 to 30% in 1,4-dioxaffeie also
observed substantial decrease of the viscosity at the critical
concentration@;, ~5 wt %); for example by almost 2 orders

of magnitude when the shear rate was increased from 0.5 to
100 s (Figure 5). The viscosity now between 6 and 9 wt
% of the anisotropic KC phase was approximately similar
at the various shear rates. Very likely the shear orients the
nematic phase in the shear direction throughout the sample
as if the various domains coalesced into a single one. It
appears, therefore, that the anisotropic KC phase has a
“homogeneous” structure and orientation, and seem to be in
a monodomain state. There is no creation of flow-induced
defects, sinc&s' and viscosity are constant in the nematic
state, and viscosity is Newtonian at low shear rates. This is
an interesting characteristic and it opens the way to study
the rheology (first normal stress difference, start-ups, relax-
ation, interrupted start-ups) in a monodomain state.

Figure 5 illustrates as well the Newtonian shear viscosity
for the isotropic sample # dilutions. The viscosity was
increased progressively upon the increase of the isotropic
KC concentration. Clearly, the viscosity of the isotropic
samples A, was lower than the viscosity of the isotropic
samples obtained from the sampleg# However, beyond

When the concentration in the isotropic phase was increased5 wt % the viscosity of the isotropic solutions from sample
the viscosity rises steeply up to about 4.5 wt %, and then it Aiso was higher than that the corresponding obtained from
begins to drop as the concentration increased further at thethe dilution of the nematic samples by 1 to 2 orders of
anisotropic phase area. The viscosity was kept almostmagnitude.

constant well within the anisotropic phase up to about 9 wt  Returning again to the behavior of the viscosity with shear
%. This behavior is in accordance with the trends of the rate, we detected another region of shear thinning at low
concentration dependence of the elastic moduli (Figure 2). values of shear rate. Thus, the curve of the viscosity vs shear
The response of reaching a viscosity maximum, which then rate exhibited three flow regions, a shear thinning at low
falls sharply is a typical response of lyotropic meso- shear rates, a constant viscosity region and a final shear
phased830353739 Ag the concentration of rods in the thinning behavior. This region at low shear rates was more
isotropic phase increases, rotation is hindered sterically anddistinct when the flow curves were examined at a temperature
the viscosity increases. At some critical concentration, the higher than the ambient and close to anisotrefgotropic
polysaccharide rods align to lower their free energy, where transition temperature (see below). A typical example is
each rod now has less rotational hindrance and the increaseghown in Figure 6 for the 9 wt % KC from samplgf at
alignment lowers the viscosity. Actually, the viscosity 45°C. The slope (logarithm of viscosity vs logarithm of shear
decrease after this maximum is quite significant; for example rate) in this region was 0.71. Such steady-state region is
about 99% reduction when the concentration of the sample known asregion | and is another characteristic property of
AremWas increased from 4.5 to 6 wt % at a shear rate of 0.5 the liquid crystalline polymers observed in a variety of
s L. This dependency was much lower in the case of xanthansystemg!3 This is thought to be a universal behavior
polysaccharid€ and for PBLG* For instance a viscosity — caused by a defect ridden structure that is often denoted as
reduction of 60% was observed on increasing PBLG “texture” or “domain structure*® The reason we more
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clearly observed the flow region | at a temperature higher 10° &
than the ambient is not clear. Throughout region | and part 5.22 wt % from the anisotropic phase (a)
of the next region (region II), the polydomain structure is -
preserved despite the flow, while no significant net orienta-
tion is induced by the flow proced3Therefore, the most

likely explanation could be the effect of temperature on the
persistence length of the liquid crystals, as it is well-known
that the persistence length is directly affected by the variation
of the temperaturé: The relation between the multidomain

structure of KC and temperature needs further attention.

Cox—Merz Rule. We will now concentrate on the
differences between the oscillatory and steady state shear
properties. Essentially the only information that we have used
is the simple CoxMerz rule. For ordinary polymers the 10° &
empirical rule of Cox-Merz applies well, without a full E (b)
theoretical explanation. According to this, for equal values . ..
of frequency of oscillation and shear rate, the complex 10 ¢ %
viscosity is equal to the steady shear viscosity. However, i %
this is not the case for liquid crystalline polymers where the
steady-state values drop below or rise above the oscillatory
values*6 These peculiarities are intrinsic to the nematic
phase of the polymers. The steady shear viscosity of the
anisotropick-carrageenan is substantially lower than the
corresponding dynamic complex viscosity probably as a
consequence of shear-induced orientation (Figure 7 a, b).
Similar behavior was observed for xanthan and hydropro-
pylcellulose as well for most other LCP%!>47The deviation 10° g
from the Cox-Merz rule suggests that the longest time scale E (c)
probed in the dynamic experiments is too short to observe
orientation and flow of the anisotropic KC phase domains.
However, the steady shear viscosity of the isotropic phases
(below Ci) superimpose closely with the dynamic viscosity
at all shear rates (Figure 7c). This argues that the inter-
molecular interactions are purely topological entanglements.

Temperature Dependence of ViscosityThe viscosity of E 295 wt % from the anisotropic phase
KC rigid rods depends not only on the shear rate but also AR . .
on the temperature due to the temperature-dependenthelix 10" 10° 10" 102 10° 10°
coil equilibrium since only the helical conformation is
capable of forming a nematic phase. The temperature
increment has two effects: one is the shift in the phase Figure 7. Testing of Cox—Merz rule for the nematic phase sample
volume diminishing the nematic phase and increasing the Anem Og'ugonf Og"'cr?”age_e”af?ti” 0-}% M Na':s(z‘z)v\clf;‘p'% Vifcos_“y
isotropic one (indeed the excluded volume is the driving force ?bj ng(w)ts%e?a%ssotfg;ivc'; C;’r?('jy(g)' ok Vf,?)% '(isotrop"ié;nl'iz ;’gfg
for the nematie-isotropic phase transition) and the other 25 -c.
effect is of course the decrease in the helical content. Figure
8 shows the viscosity as a function of temperature for coil transition. Note as well, that the temperature of aniso-
isotropic and nematic KC solutions from the dilution of the tropic—isotropic transition was increased progressively as
sample Aem The viscosity of isotropig-carrageenan (2.95 the concentration of the anisotropic phase was increased (see
wt %) decreased as expected with heating and then abovealso below). The helixcoil transitions were in accordance
the helix—coil transition it remains unchanged. This behavior with the transitions observed from previous oscillatory and
was also observed for the lowest anisotropic concentration calorimetric measurementg?8.4°
of 4.99 wt %. On the other hand, the viscosity of anisotropic  k-Carrageenan Sample B.To characterize further the
phases 6.5 and 9 wt %acreasedsteadily with the temper-  lyotropic behavior of KC polysaccharide and confirm the
ature up to a nematieisotropic transition and then it dropped above results, we have prepared a new sample B (that
to a lower value when the temperature increased further contains both phases which are not macroscopically phase
(Figure 8). This is a well-known rheological property of separated, B and also two other sampless8and Biem
liquid crystals®® Obviously, the anisotropic phase exist over after centrifugation and separation of isotropic and aniso-
a broad temperature intervals from ambient temperature andtropic phases (see Experimental Section). Figure 9a shows
beyond the viscosity maximum with significant viscosity the viscosity changes at different shear rates for the dilutions
changes but does not persist all the way up to the kelix of 6.5 wt % sample Byn. The behavior of the same sample
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Figure 8. (a) Shear viscosity as a function of temperature for various 7‘3\ 10" £
concentrations of x-carrageenan sample Anem in 0.1 M Nal, 2.95 wt & E
%: 8 Pa shear stress applied, initial shear rate of 0.5 s™1; 4.95 wt %, 2 L
10 Pa shear stress applied, initial shear rate of 0.05 s71; 6.5 wt %, §
15 Pa shear rate, initial shear rate of 1 s~1; and 9 wt % 1.5Pa shear ; 10° |
stress applied initial shear rate of 1.5 s™1. (b) Shear viscosity as a E
function of temperature for 9 wt % sample in the linear scale. The L
heating rate was 0.2 deg/min. r ©
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separated into isotropic and anisotropic phases and then 1 2 3 4 5 6 7
diluted to various concentrations with 0.1 M Nal, samples Concentration (wt %)

Biso and sample R, respectively, is shown in Figure 9, parts Figure 9. Viscosity of dilutions of «-carrageenan phases in 0.1 M

b and c. Three conclusions can be drawn from the results: Nl as a function of concentration at different shear rates at 25 °C:

(i) The viscosity of the biphasic samples§ and the é;) ':ﬁg’tf;)'afo‘gsgﬁ)f_'tﬁj;d Ea.)) g}zhg‘szcl'sgﬂ%f ’Eggzh?’(g?)nt?ﬁéﬁg
anisotropic sample B rose progressively and steadily up  solution sample Bpem; (c) isotropic solution Biso.

to about 5 wt % where it suddenly dropped to a lower value.

This concentration most probably denotes the transition from higher number of individual helices (as exist in the isotropic
the isotropic phase to a coexistence phase that consists ofample). These results are in agreement with the previous
both isotropic and nematic phases. In some way this could data illustrated in Figure 5 and similar conclusions could be
be confirmed from the same trends that the mixed sampleobtained from the oscillatory elastic modulus (data, not
Buiph demonstrate (B cannot be a completely pure nematic shown here).

at 5 wt %). (ii) For the concentration interval between 2 and  The effect of temperature on the viscosity changes of
5 wt %, the nematic phase samples.Bshowed higher = sample B (Ro, Buipn, @and Ben) was also was evaluated
viscosity at all shear rates than the isotropig 8nd the Bipn (Figure 10). As discussed previously (Figure 8) the aniso-
samples, while the sample,B has higher viscosity at all  tropic samples undergo a nematisotropic transition where
shear rates than the isotropic sample, Riii) Above the the viscosity was increased progressively up to a maximum
isotropic—coexistence critical concentration, the viscosity of value and then decreased steadily up to hetinil transition.

the phases increased in the ordek B> Byiph & Bnem This The maximum denotes two processes with an opposite
is reasonable as we can imagine that, in a shear field, eaclsign: the loss of the nematic phase and then the gradual
domain may flow as a single “ensemble” of rods. The shear appearance of isotropic phase. Note that the temperature
strain need to transport domains with respect to each otherwhere the maximum viscosity observel,{,) was not the

is small compared to the shear stress necessary to move fasame for the anisotropic samples; thg,Bsample showed
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10* & sample was isotropic but still shear birefringent (the perma-
. : %, Biphasic, cool 6.5 w1 % nent birefringence was gone) and was a little clearer after
0F ) standing at 38C for 15 min. Similar to this was the behavior
2 g0 r Biphasic, heat%:fﬁégs? of the sample at 40C. At 42 and 44C the sample 5wt %
& E oS %o, Bnemstarted to flow although the sample was thick and clear
g 100 T T, B and showed shear birefringence. In the temperature range
S o | o °°oo%%“3‘;%% between 46 and 5TC, the sample was still shear birefringent
> E a0 and viscous, while at 53C the shear birefringence was gone
10" | Isotropic eqs onoqe and the sample flowed. Regarding the sample of 6.5 wt %:
N: o at temperatures between 32 and°@) both Byiyn and Biem
10 were permanent birefringent. Some birefringence was lost
20 30 40 50 60 .
o as the temperature was increased (from 32 td@j) but
Temperature (C) they were still fully anisotropic. At 42C By, Started to
Figure 10. Shear viscosity as a function of temperature for 6.5 wt % flow and was almost clear and shear birefringent on shake,
k-carrageenan sample B in 0.1 M Nal: Biphasic solution Bpipn, both while Bnem Was still more shear birefringent (but not

the heating (O) and the cooling (2) routes are shown; heating of the . . .
nematic solution sample Bnem (00); heating of the isotropic solution permanent birefringent) and a bit more hazy thap.BAt

Biso (©). The heating rate was 0.2 deg/min. 44 °C, Bpem flowed more easily, was totally clear, and still
shear birefringent as also was thg,B A similar behavior
was observed at temperatures between 44 arfdC46t 46
°C, Biso started to flow easily. At 48C 6.5 wt % samples
Buiph and Biem still show some shear birefringence with the

a maximum viscosity at about 3% while for the sample
Bremit Was at about 42C. The differences in the temperature
of Tmax between the biphasic sample and the nematic are

most probably due to different I!qwd crys_talllne concentra- nematic solution B, observed to be more viscous. At 50
tions. For lower LC concentrations (as in the case of the

o 0 . .
biphasic sample), the sample is expected to have a lower C 6.5 wt % sample. B gnd the respectlve,%nwerg St'_"

. . " viscous and shear birefringent. At 8@, the shear birefrin-
nematic-isotropic transition temperature than the purely .

: L . gence has disappeared for both 6.5 wt %,Band Biem
nematic phase. Furthermore, the helooil transition tem- : : .

respectively, and started to flow easily. Note that the nematic

perature was aimost the same for both phasgs,ad Bren hase disappeared gradually as the temperature was in
while for the isotropic phase, it was slightly lower (by about P bp 9 y P

. creased, while after the disappearance of the birefringence
oLt ot Gl s 1S ST e 210 som nematc phase may sl remain o cenota fom te
observed previously frof®C NMR that the concentration shear birefringence of the anisotropic solutions.
of KC was only slightly higher (by ca. 0.6 wt %) in the
nematic phaseThe relative intensities of thEC signals in Further Considerations
the two phases also showed that the isotropic phase contained
a larger fraction of coils than the nematic phase and this Well-established theories predict the formation of an
may explain such slight differences in the helooil anisotropic phase as the concentration of rodlike polymers
transition. Interestingly, on cooling, the viscosity of the increases. The anisotropic phase will coexist with a more
biphasic sample & reached higher values at temperatures dilute isotropic phase in a narrow concentration range where
below the nematieisotropic transition. This may originate the solution will be biphasié? As the concentration increases
due to the presence of an isotropic phase which has a highefurther, the fraction of anisotropic phase increases at the
viscosity (at the KC concentrations abo@g than the fully ~ expense of the isotropic phase without, however, changing
anisotropic phases (Figure 9). Note that the rate at which the concentration in each phase until the solution becomes
the concentration of the helices was increased (i.e., thefully liquid-crystalline. In previous studies, for example for
cooling rate) is also known to affect the ability of the system xanthan solutions, separation of the anisotropic and isotropic
to reach its equilibrium stafé. Despite the fact that our ~ phases was not successful and only both coexisting phases
cooling rate is relative slow (0.2 deg/min), this may still were investigated’*>° In our KC system, on the other, we
produce an isotropic phase that is not in an equilibrium state were able to separate the nematic phase from the isotropic
with the nematic one (as was observed before heating thephase and investigate the rheology of both phases. We do
biphasic sample). Further work is needed in order to examinenot manage to isolate any isotropic phase at the coexistence
to what extent the viscosity changes and the equilibrium stateregion (between th€; and C,) even after extensive cen-
depend on the rate at which the cefielix transition is trifugation at 40°C. Previous studies from Piculell’s group
passed, what the kinetics of the formation of isotropic and have also discussed the difficulties to separate dilute isotropic
nematic phases are, and how the increase of the helicalphase from the nematic one. Nevertheless, the efficiency of
concentration can change the conditions for the formation centrifugation to provide a complete separation of the
of the nematic phase. isotropic and the nematic phases was confirmed by NfIR.

The effect of temperature on the birefringence (under cross The first appearance of the nematic phase i§ atvhich
polarized light) of sample B was also evaluated (namely the corresponds to the critical concentration (weight fraction)
samples 5 wt % Rmand 6.5 wt % Bipn, Biso, and Bien). for formation of the anisotropic phase. Our rheological
The sample 5 wt % RBm was anisotropic and shear experiments and the onset of birefringence lo€atat 5 wt
birefringent (on shake) at 32, 34, and 3B. At 38 °C, the % for KC in 0.1 M Nal. If we apply the theoretical model
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discussed previously by Vroege and accept that the hard-biphasic phase and chiral nematic phase show by birefrin-
core diameter of KC is of 14 A (based on the fact that the gence and rheology the same critical concentration of an
radius of the helix of KC in 0.1 M Nalsi 7 A asfound from isotropic—anisotropic transition (at 5 wt %). (i) A maximum
neutron and X-ray scattering measurements, Ramzi et al.,in the viscosity at the anisotropigsotropic transition during
unpublished), the effective diameter was calculated to be thermal heating was obtained for the biphasic and the nematic
37.81 A (see Appendix). Considering that #hearrageenan  phase. (jii) No thermal hysteresis was observed for the helix
in 0.1 M Nal has a persistence length of 35.6 #mye coil transitions during heating or cooling for all phases
estimate the weight fraction for the isotropiocematic (isotropic, anisotropic, and biphasic). (iv) Departure from
transition at 4.7 wt %— 4.8 wt %, respectively (see also the Cox Merz rule for the biphasic and nematic phases was
Appendix). Indeed, these values are in the close agreemenbbserved, with the shear rate viscosity lower from the
with the value that we found experimentally. oscillatory complex viscosity. (v) Interestingly, both isotropic
Theoretically, the biphasic region is predicted to be quite and nematic phases have similar molecular weights and
narrow, CJ/C; = 1.14, for L > p.?” The coexistence polydispersity indexes, as has also the biphasic sample that
concentrations ratio for our KC was found to beGatC; = contains these phases. From elemental analysis, it was also
1.02 (see Appendix), close to the theoretical predictions. At found that isotropic, anisotropic, and biphasic samples all
this point it is useful to mention that, as pointed out by have roughly the same KC concentration and sodium iodide
Vroege, the phase transition concentrations are clearlyvalues.
dependent on charge, while the properties of the nematic |n addition to the similarities, a number differencesvere
phase transition are not in contrast to the result for rodlike aiso observed: (i) Below the critical transition concentration
polyelectrolytes. Furthermore, theoretical work such as (C)), the viscosity of the isotropic solutions, obtained by the
Mathesson’s theory predicts that the fully crystalline phase dijution of the anisotropic systemsrom either the nematic
can be deduced from the concentration corresponding to thephase or the biphasic phaseere higherthan those of the
minimum viscosity, which is about 6 wt % in our systéi.  jsotropic solutions (the viscosity increases in the ordgr,B
Finally, in principle, deviations from the theoretical calcula- > g, > By.). However, beyond;, the viscosity increases
tions, at least in part, could originate from the polydispersity in the order B, > Boiph ~ Brem (i) The steady-shear
of the natural polysaccharide that certainly influences the yiscosity of the isotropic solutions was much less dependent
phase equilibrium and from the contamination of impurities on shear rate than those of liquid crystalline and biphasic
(such as-carrageenan that do not form a nematic phase). sojutions. Thus, the orientation of rigid rods in KC aniso-
Moreover, it is not evident why the isotropic phase tropic phases due to the effect of shear contributes markedly
solutions have lower viscosities than that of the isotropic to the viscosity changes. (i) A characteristic property of
solutions obtained from the dilution of the nematic phase the anisotropic phase is the increase in viscosity as the
(i.e., Figures 5 and 9, for viscosity beld®). By **C NMR, temperature was increased up to the nemdsiotropic
it was shown that both nematic and isotropic phase containtransition. The biphasic phase due to the presence of isotropic
a small fraction of carrageenan chains in the coil conforma- phase has a nematigsotropic maximum at lower temper-
tion at room temperature, in agreement with optical rotation gtyre than the nematic phase. (iv) Anisotropic phases most
experiments performed in dilute solutioHsThis is not  probably persist up to a certain temperature (much before
unreasonable considering that a degradation by sonicationthe helix-coil transition), and beyond that the nematic
could produce a significantly larger fraction of very short concentration decreases as the amount of helices decreases
chains that did not transform into the helical conformation. gnd the temperature increases. The effect of the temperature
Moreover, the relative intensities of tRéC signals in the on the viscosity of the anisotropic phase of KC depends on
two phases indicate that the isotropic phase contains a largeghe temperature direction from which the nematiotropic
fraction of coils than the nematic phase (a trend in qualitative gnd the helix-coil transitions were approached. Thus, on
agreement with theoretical considerations). It is doubtful, cooling, the biphasic KC sample shows higher viscosity than
nevertheless, that this effect could be a large reason to explainpe same sample on heating. This is because the volume
such large differences in viscosity. Both the moIecuIay weight fraction of the nematic phase strongly depends on the helical
and the polydispersity index cannot also explain such content which changes with temperature and as well on the
differences; interestingly, isotropic and nematic phases haverate at which the helix concentration increased (the cooling
similar My, and My, as has also the biphasic sample that r4te) that affects the ability of the polysaccharide to reach
contains these phases. From elemental analysis, it was alsgg equilibrium state. The helixcoil transition of KC
confirmed that isotropic, anisotropic, and biphasic samples jsqtropic phase is a few degrees lower than the transition of
all have roughly the same KC concentration (Table 2) as the anisotropic phases. (v) The curve of viscosity vs shear
expected for an isotropieanisotropic phase equilibrium in 416 of 4 sample close to anisotropisotropic transition
a good solvent? temperature has three flow regions (a first shear thinning at
low shear rates, a constant viscosity region, and a final shear
Concluding Remarks thinning behavior) as typically reported for other LCP’s. (vi)
In the KC anisotropic systems, there are important inter-
By comparing isotropic, chiralnematic, and biphasic KC  molecular interactions and molecular alignments of the “rigid
phases we assessed their similaritidéferences. The  rods” that control the rheological behavior differently than
similarities we have observed are as follows: (i) Both the entanglement process which occurs in the isotropic phase.
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This is fully consistent with the departure from the Cox
Merz rule that anisotropic samples follow, with the viscosity
changes due to the effect of shear, and with the melting
behavior of KC liquid crystals.
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Appendix

(1) Characteristics of-carrageenan in 0.1 M Nal: helix
radius,ro, = 7 A (D = 14 A, from neutron and X-ray
scattering); charge density, = (8.2 Ayt = 0.122 A%,
persistence lengtt® = 356 A; contour lengthl. = 2327 A;
Bjerrum length,Q = 7.135 A; Debye lengthy ™! = 7.577
A.

(2) The effective diameter: From eq 1 we derive

INA+Cc+In2-1,
1+

Def‘f «D

where A’ = III'%e*P/2kQ, I is a constant= 6.39, Ct is
Euler's constant= 0.5772.... and is the helix diameter
(bare diameter)D = 14 A in our case by taking the radius
of 7 A found by neutron scattering.

Considering that the Bjerrum length@= g% kT, then
A =T1II%e “P/2«Q = 10.724
and finally

INA"+Cc+In2-"1,
xD

Dy =D|1+ =37.81A

(3) When we substitut®¢s into the expression of the
twisting parameter, eq 4

h=1kD,; = 0.2

(4) Coexistence concentrations (in scaled form)

0.3588
C =
1— vx

and

with x = 0.8648+ 0.099h = 0.8846.
Thus,C; = 6.034 andC, = 6.146.
(5) Coexistence volume fractions

Ci o= (II/4)PLD4(N,_/V)
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For the isotropic and the nematic phase:

(N/V), = ————— = 2.45x 10~ macromolecules/A
L (71/4)PLD o

(N\V),=————=25x 10~ " macromolecules/A
L2 (/4)PLDyg

(NL/V)i.a can be also expressed in moles of polymer/L (M)
by multiplying the values ofN./V)i by 10?7/6.022 x 1073,

(N/V), = 4.07x 10 *mol/L and
(N/V),=4.15x 10 *mol/L

Finally, the isotropic and nematic concentration in wt % can
be obtained by a further multiplication by the molecular
weight M,,/10.

p; (Wt %) =4.07x 10 * x (115.8x 10%10)= 4.71%

pa (Wt %) = 4.15% 10 * x (115.8x 10°10)= 4.8%
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