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Abstract—The rheological properties and the liquid crystalline phase transitions of cellulose ethers solutions
are studied. The concentration dependences of the enthalpy of the activation of a viscous flow are described
by the curves with extremes (maxima and minima) caused by liquid crystalline transitions. These depen-
dences are compared with the phase diagrams of studied systems.
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INTRODUCTION

Liquid crystals (LC) play an enormous role in sci-
ence and engineering [1—8]). The high capability of
these compounds for self-organization is of consider-
able interest for the development of new materials.
Macromolecules of cellulose and its derivatives have a
rigid helical conformation and are capable of ordering
and forming cholesteric-type liquid crystals in con-
centrated solutions [1, 4].

The solutions of rigid-chain polymers have a spe-
cial concentration dependence of viscosity: this
dependence is described by a curve with a sharp max-
imum. For the first time, this was shown by Hermans
[9] for PBG solutions in DMF, Yang [10] for PBG
solutions in m-cresol, and lizuka [11] for poly(alkyl
glutamate)s. Later, such dependence was found for
solutions of other polymers [12—15]. The concentra-
tion at the maximum point corresponds to the onset of
the formation of the anisotropic phase, which leads to
a decrease in the viscosity due to the presence of mac-
romolecules which undergo orientation under flow.
Robinson [16] assumed that the decrease of viscosity is
caused by the layer-by-layer flow of anisotropic solu-
tions. The viscosity minimum is due to the completion
of the liquid crystalline phase formation throughout
the solution volume. Further increase in polymer con-
centration leads to an increase in the viscosity, caused
by enhancement of the intermolecular interaction.
The same dependences were observed for the solu-
tions of hydroxypropyl cellulose (HPC)—poly(eth-
ylene glycol), HPC—water, HPC—dimethylsulfoxide
(DMSO) [17], and hydroxypropyl cellulose-based
nanocomposites [18]. Thus, the increase in viscosity
with the increase in polymer concentration is typical
of single-phase (isotropic or anisotropic) solutions,
while the viscosity decreases with the increase in poly-
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mer concentration in a two-phase region where the
isotropic and liquid crystalline phases coexist.

It is known [19, 20] that the viscosity is related to
the enthalpy of activation of a viscous flow A H via the
ratio

n = Aexp(AH /RT), (D)

where A is a constant, R is the gas constant, and 7 is
the absolute temperature. So, if an extremum appears
on the concentration dependence of viscosity, then
this may be due to a sharp change in the activation
enthalpy of a viscous flow. However, the data on the
concentration dependence of the activation enthalpy
of viscous flow for rigid-chain polymer solutions in
the isotropic and anisotropic regions are practically
absent [15].

The goal of this work was to determine the concen-
tration dependences of the enthalpy of activation of a
viscous flow for the cellulose ether—solvent systems
and to compare the obtained data with the phase dia-
grams of these systems.

EXPERIMENTAL

Experiments were carried out with samples of HPC
supplied by Acros Organics (Belgium) with M, =1 %
10° and a molar substitution of 3.2, ethyl cellulose
(EC) (Acros Organics, Belgium) with M, = 4.7 X 104
and a degree of substitution DS = 2.6, cyanoethyl cel-
lulose (CEC) with M, = 9 x 10* and DS = 2.6, and
methylhydroxyethyl cellulose (MHEC) (6000R, Her-
cules Culminal, Aqulon) with M, = 1 x 10° and
DS(—OCH;) = 1.8 and DS(—OCH,CH,0OH) = 0.3.
Cyanoethyl cellulose was prepared according to the
following procedure. Cotton linter was treated with an
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Fig. 1. Boundary curves of the systems: (a) CEC—DMAA; (b) HPC—DMSO (/) and HPC—ethanol (2); (c) EC—ethanol (/) and
EC—DMAA (2); (d) MHEC—water. (I) The region of isotropic solutions; (II) the region of anisotropic solutions. ®, is the mass

fraction of polymer.

18% NaOH solution at 20°C for 2 h, squeezed until 3-
to 4-fold weight was achieved, and loosened. The pre-
pared product was treated under stirring with acryloni-
trile (20 mol per glucose unit) at 35°C for 3 h. The
reaction mass was cooled to 5°C, diluted with acetone,
neutralized with a 15% alcohol solution of acetic acid,
repeatedly washed with water, and finally extracted in
a Soxhlet extractor with alcohol for 10 h. The resulting
ester was dried at 50°C in a vacuum chamber. The
molar substitution of HPC and DS of EC and MHEC
were calculated from elemental analysis data. The DS
value of CEC was estimated from the percentage of
nitrogen determined by the Kjeldahl method. DMSO,
dimethylacetamide (DMAA), ethanol, and distilled
water were used as solvents. The purity of the solvents

Table 1. The A H values of the solvents at 7= 298 K

Solvent AH, kJ/mol Reference
Ethanol 13.1 [32]
Water 16.0 [33]
DMSO 10.8 [35]
DMAA 12.6 [35]
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was judged from their refractive indices [21]. The solu-
tions were prepared for several weeks at 330—350 K.

The solution phase state was studied using an
OLYMPUS BX-51 polarization microscope and a
polarization photoelectric installation [22]. An
ampoule with a solution was placed in the gap between
the crossed polarizer and analyzer and cooled using a
temperature control jacket. The polarized light of a
He—Ne laser was transmitted through the polarizer
and analyzer in the direction normal to the ampoule.
When the solution was transparent (isotropic), the
intensity of the transmitted light was zero. As the sys-
tem became turbid upon variation in temperature or
increase in the concentration of solution, the intensity
of transmitted polarized light increased. This indi-
cated the formation of the anisotropic phase. The tem-
perature at which a stable opalescence appeared was
taken as the phase transition point. The solution cool-
ing rate was 0.2 K/min. The solution viscosity was
investigated using a Rheotest RN 4.1 rheometer
equipped with a coaxial cylindrical working unit.
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Fig. 2. Micrographs of solutions under crossed polaroids for systems: (a) HPC—ethanol, ®, = 0.55; (b) HPC—DMSO, w, = 0.50

(dark spots depict air bubbles). 7= 298 K.

RESULTS AND DISCUSSION

The phase diagrams of cellulose derivative—solvent
systems (Fig. 1) were constructed earlier and discussed
in [4, 13—15]. The boundary curves separate the iso-
tropic regions from the anisotropic ones. The effect of
polymer molecular weight and chemical structure of
components on phase transitions is analyzed in detail
in [4].

Figure 2 shows the micrographs of HPC solutions
in ethanol and DMSO. The rainbow coloration sug-
gests the anisotropic phase state of solutions. Similar
data were obtained for other studied systems.

Figure 3 shows the typical dependences of the vis-
cosity on the shear rate at different temperatures for
the MHEC solution in water.

The curves have a non-Newtonian character
caused by the destruction of the initial structure of the
polymer solution and orientation of the molecules in
the flow, leading to the decrease in the viscosity. Such
dependences were discovered for the solutions of the
all studied polymers. Similar results are known for the
systems Na-carboxymethyl cellulose—water [24],
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y,s7!

Fig. 3. Viscosity vs. shear rate for MHEC solution in water.
®, =0.01 at 7= (1) 338, (2) 298, and (3) 288 K.
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HPC—ethanol, HPC—DMSO [25], HPC—ethylene
glycol, EC—DMF [26, 27]), HPC—m-cresol [28],
CEC-DMF, CEC—DMAA, HPC—DMF [15], diac-
etate cellulose—trifluoroacetic acid [29], CEC—DMF
[30], and HPC—acetic acid [31]. As the temperature
increases the viscosity decreases.

These data were used to calculate the enthalpy of
activation of a viscous flow. For this purpose, the vis-
cosity values at a low shear rate (2 s~!) were chosen
because it was shown in [9, 10, 12] that the concentra-
tion dependence of the viscosity determined at a low
shear rate is typical of anisotropic solutions.

Figure 4 shows the dependences of viscosityon 1/T
for aqueous solutions of MHEC at different polymer
concentrations.

Table 1 shows the enthalpy AH of activation of a
viscous flow of the solvents both experimental [32, 33]
and calculated via the equation AH = AH*/4 [19],
where A H* is the enthalpy of solvent evaporation [34].

Figure 5 shows the concentration dependences of
the enthalpy of activation of the viscous flow for the
studied systems.

The concentration dependences of the enthalpy of
activation of viscous flow are described by curves with
extrema (maxima and minima) caused by liquid crys-
talline transitions. The calculated A H values of isotro-
pic polymer solutions correlate with similar data for
other polymer systems [34]. The initial increase in the
enthalpy of activation of viscous flow with the increase
in polymer concentration is indicative of an increase
in the interaction between macromolecules at
approach to the concentration of liquid crystalline
transitions. The region of the decrease in AH corre-
sponds to the appearance of an anisotropic phase
(Fig. 1). This follows from the comparison to the
phase diagrams.

It should be noted that the temperature of the
phase transition point 7, determined by the viscom-
etric method corresponds to the phase inversion and
not to the appearance of the first drop of the new
phase. For this reason, the values of 7, determined by
the viscometric method and cloud point technique
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Fig. 4. Dependences of the logarithm of viscosity on 1/7 value for the MHEC—water system. o, = (/) 0.05, (2) 0.025, and

(3)0.01.

can differ even by several degrees. The difference of
T}, may be also caused by the influence of a hydrody-
namic field on the phase equilibrium [13]. The results
of comparison of the concentration dependence AH

and phase diagrams at 298 K are presented in Table 2.
It is shown that there is satisfactory matching of the @}

and m;* values corresponding to the maximum on
concentration dependence AH = f{®w,) and to the
onset of the formation of the anisotropic phase on the
phase diagram at 298 K.

Thus, the decrease in AH is caused by the change
in the flow mechanism. In an isotropic phase, there is
the flow of disordered macromolecules that demands
a bigger shear stress; in an anisotropic phase, macro-
molecules form domains that are easily oriented in the
direction of the flow. Therefore, the decrease in the
value of AH is caused by the presence of oriented
domains in the system and by the layer-by-layer flow
of anisotropic solutions. This part of the curves corre-
sponds to the coexistence of two phases: isotropic and
anisotropic. The appearance of liquid crystal domains
in solutions leads to a decrease in the energy of activa-

Table 2. Results of comparison of the concentration depen-
dence of AH and phase diagrams

System o O
CEC-DMAA 0.37 0.42
HPC-DMSO 0.40 0.46
HPC—ethanol 0.40 0.47
EC-DMAA 0.15 0.15
MHEC—water 0.10 0.10
EC—ethanol 0.15 0.15
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tion of viscous flow by 1.5—2.0 times. The minima of
curves correspond to the formation of single-phase
anisotropic systems.

Similar results were obtained earlier in [35] for the
HPC—-DMSO system. A sharp drop in activation
energy from 50 to 30 kJ/mol was found upon the tran-
sition from isotropic to liquid crystalline solutions.
This is due to the easy orientation of the liquid crystal-
line domains in the direction of flow.

Such data correlate well with the results of the con-
centration dependences of sizes of light scattering par-
ticles D in cellulose ether solutions [27, 36]. The con-
centration dependences of D are described by curves
with maxima. The concentrations of solutions with the
maximum particle size coincide with the concentra-
tions of the transition from an isotropic solution to an
anisotropic solution. In isotropic solutions, macro-
molecules and their associates are not oriented relative
to each other. With an increase in polymer concentra-
tion, they form large particles as a result of the intensi-
fication of the interchain interaction. The formed
large particles do not have a dense packing; i.c., they
may contain abundant solvent. During the transition
to the LC state with a further increase in the polymer
concentration, the emerging orientation of macro-
molecules and supramolecular particles toward each
other leads to the increase in interchain interaction.
This phenomenon may result in the squeezing out of
the solvent from supramolecular particles, an event
that is manifested in a decrease in their size. There-
fore, the decrease in viscosity in this concentration
region is caused both by easy orientation of macro-
molecules and by the decrease in the sizes of their
associates.
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Fig. 5. Concentration dependence of AH for the systems: (a) CEC—DMAA; (b) CEC—DMSO; (c) HPC—ethanol; (d) EC—

DMAA; (e) EC—ethanol; (f) MHEC—water.

The third part of these curves (Figs. 5d—5f) charac-
terizes single-phase anisotropic solutions. As the poly-
mer concentration increases, the enthalpy of activa-
tion of the viscous flow increases as well. This is
caused by the increase in an interchain interaction.
Thus, the concentration dependence of A H makes it
possible to determine the borders of the biphasic
region of equilibria in which the isotropic and aniso-
tropic phases coexist.

CONCLUSIONS

The rheological properties and liquid crystalline
phase transitions of the methylhydroxyethyl cellu-
lose—water, hydroxypropyl cellulose—ethanol, HPC—
dimethylsulfoxide, cyanoethyl cellulose—dimethyl-

POLYMER SCIENCE, SERIESA  Vol. 63
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acetamide, ethyl cellulose—dimethylacetamide, and
ethyl cellulose—ethanol systems have been investi-
gated. The concentration dependences of the enthalpy
of activation of viscous flow AH are described by
curves with maxima and minima caused by the liquid
crystalline phase transitions. The concentration
dependences of A H are compared with the phase dia-
grams of the studied systems. The dependences of
A H = flm,) make it possible to determine the borders
of the biphasic region of equilibria in which the isotro-
pic and anisotropic phases coexist.
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