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Formation of Liquid-Crystalline Structure in 
the Process of Film Extrusion from 
Cellulose Diacetate 
V. E. GUL‘, 0. A. KHANCHICH, A. L: PESHEHONOVA and 0. A. SDOBNIKOVA 
Moscow Institute for Applied Biotechnology, Dept. of Biotechnology and Polymer Processing, 
Talalikhina str. 33, Moscow, Russia 10981 8 

Liquid-crystalline (LC) polymer properties depend considerably on the chemical structure of the rigid 
and flexible parts of the macromolecular chains. The relation of these factors determines a complex of 
physical and chemical properties and thus the operating characteristics. Realization of the LC state 
within a temperature range which is required by processing and operating conditions is achieved by the 
synthesis of LC’s of a certain structure. The formation of LC structures in cellulose diacetate by selection 
of plasticizer level and type is considered in this article. Plasticizer selection is determined by the ratio 
of the polymer specific cohesion energies and the specific cohesion energies of a combined plasticizer 
consisting of a true plasticizer with the addition of small amounts of a precipitator. 

KEY WORDS Liquid crystalline state, extrusion, cellulose diacetate 

INTRODUCTION 

Polymer liquid crystals cannot be formed at high values of a molecular mass and 
higher rigidity of macromolecules. This is due to the fact that parallel alignment 
of such macromolecules requires great energetic expenses which will result in their 
destruction. If according to the ideas developed by Flory,’ who used a lattice model, 
the energy of one effective fracture is assumed as E and lattice coordination number 
as 2 then the Flory criteriumf will be connected with E and T ratios: 

f = f o =  
[i + (2 - 2)exp (-&)I 

Index “0” means thatfdepends only on the interval energy of the macromolecule. 
that f, may change 

under both the action of outside power fields and in the case of changing polymer- 
solvent interactions. Thus, it is possible to achieve the transition into the LC state 
for polymer systems with 0.63 (flexible-chain polymers) in practice not only using 

In conformity with real polymer systems Frenkel 

I67 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
0
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



168 V. E. GUL’ er al. 

outside power fields but by means of a proper solvent selection. When filling the 
solvent with rigid (straightened) macromolecules there is a critical drop in polymer 
chemical potential from the filled to the unfilled solution regions (“traps”) because 
of their rigidity. This condition arises when the polymer volumetric portion in the 
mixture is achieved. Because of mutual interferences new molecules cannot pen- 
etrate into these “traps.” This results in an unstable thermodynamic system. If it 
is so large that the interval energy can compensate the osmotic one, then a parallel 
packing of molecular chains is formed in a system during the transmission into an 
equilibrium state. The latter will correspond to the minimum Gibbs free energy. 
In this case the LC phase4 is formed. The higher the molecular mass of a rigid- 
chain polymer, the more difficult it is to carry out this transition. Polymers such 
as cellulose, which is nearly a rigid-chain polymer (Koon segment is higher than 
100 A), practically cannot be transferred from an amorphous state into an LC state 
by mixing with a solvent. If spontaneous mixing is possible then it is accompanied 
by rigidity loss, and kinetic units will be located in the mixture “according to the 
law of chance.” When chain rigidity is preserved then it is not possible to provide 
for parallel laying (packing) of such large macromolecules. The intensive inter- 
molecular interaction of cellulose stimulated by the availability of a great number 
of polar oxygen containing groups excludes one relative to the other. If oxygen 
containing groups are screened by conversion to cellulose triacetate then the use 
of triacetine as a plasticizer under corresponding thermodynamic conditions, the 
transition into an LC state can be carried out. In this case it is essential to preserve 
the rigidity of the macromolecules and to ensure their mobility at the expense of 
alternating rigid chain section and flexible-chainhpacers. Consequently, the plas- 
ticizer content must be limited by the formation of a comparatively small number 
(in relation to the degree of polymerization) of spacers, the flexibility of which is 
determined by the screening of the polar groups. In order to obtain a material 
which can be processed with a small amount of plasticizer it should be less than 
the level at which the polymer becomes fluid under the action of gravitational force 
at ambient temperature. 

A small degree of substitution by cellulose diacetate (DAC) does not allow the 
fulfillment of the conditions stipulated above. Attainment of the required flexibility 
of DAC spacers demands such an amount of plasticizer that solution is obtained 
before the composition melts at the processing temperature. To obtain DAC in an 
LC state, a highly efficient plasticizer is necessary. A comparatively small amount 
of such a plasticizer will considerably weaken intermolecular interactions so that 
the spacers formed in this case provide for the transition into the LC state. The 
most effective cellulose acetate plasticizer of all those known before triacetin (TA) 
satisfied similar requirements. Plasticizer efficiency is first of all determined by its 
affinity for the polymer. Free energy change during mixing with polymers of low 
molecular weight depends slightly on entropy changes of mixing. These changes 
differ a little for different plasticizers. 

Polymer and low molecular weight component intermolecular interactions proved 
to be the main regulating factor. In Reference 5 it was shown that for a number 
of solvents having different values of specific cohesion energy (SCE) the highest 
degree of polymer swelling takes place when polymer and low-molecular weight 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
0
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



LC STATE IN CELLULOSE DIACETATE 169 

component specific cohesion energies are equal. When selecting an optimum plas- 
ticizer it is also reasonable to seek the use of low molecular weight components 
with values of SCE near to those of the polymer, if possible. In this case the 
tendency of the low molecular weight component to be mixed with the polymer6 
is realized at the maximum. In practice it is complicated to achieve equality. The 
idea of leveling these values at the expense of mixing in a low molecular weight 
component having a different value of SCE has arisen.’ As an example polyisoprene 
+ a system of benzene with different levels of methyl alcohol’ was used. For the 
analyses of structural changes occurring at the molecular level, the change of 
molecular light dissipation for polyisoprene solution in benzene was investigated 
for coagulation by addition of methyl alcohol. I t  was proved that in the course of 
adding a precipitant to the benzene in small amounts with a relatively high value 
of SCE, the value of light dissipation is decreased. This corresponds to a decrease 
in system optic non-uniformity, to more a uniform distribution in the mixture of 
low-molecular weight component molecules and to the increase of solvent SCE 
and the increase of polymer and combined solvent SCE difference. In this system, 
turbidity increases until polymer coagulation from the solution begins. This prin- 
ciple was taken by us as a basis for selecting a combined plasticizer for carrying 
out the transition of DAC into the LC state. 

The first information concerning a lyotropic mesomorphism of cellulose deriv- 
ative solution was obtained only However, until now the conditions 
under which the LC-state is realized have been already determined for a great 
number of such systems. The research of an anisotropy in melts of cellulose de- 
rivatives is of great interest because a plurality of articles are made from a melt. 
However, all the published works on cellulose derivatives refer to their solutions. 

In this work the following is examined: structure changes in the course of the 
transition from DAC melt to a plasticized system and also an anisotropy and 
supermolecular structure of diacetate films being produced. 

EXPERIMENTAL 

The object of this research was DAC based on cotton cellulose with an average 
polymerization degree (PD) of 200-250 with various contents of bonded acetic 
acid ( j )  and made of different raw materials (Table I). As objects of comparison 
40% DAC solutions ( j  = 55-56%; PC = 300-350) and methyl cellulose solutions 
(MC) with j = 43%; PD = 200-300) were used. As a solvent trifluoroacetic acid 
(TFA) was used. It has the ability to form LC solutions of the indicated polymers 
at lower concentrations than other known  solvent^.^." Film based on DAC-TA 
were made by an extrusion method with melt temperatures at the outlet being 453 
K. The components were mixed in a high speed turbomixer at a temperature of 
273 K, mixing time was 12 minutes. The mixture was homogenized in an extruder- 
plasticizer with a melt temperature of 453 K at the extruder outlet. The rods 
obtained were cooled, cut into granules from which a belt with thickness of 0.03 
cm was formed by an extruder with temperature per cylinder zones of 438, 451 
and 468 K. The test samples were cut from the belt in a longitudinal direction. 
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TABLE I 

Composition and properties of films based on DAC-TA 

Content of Content of plasticizer Ultimate tensile Relative Glass trans. 
bonded acetic in a composition, stress at exten- elongation temperature, 

N acid, % mass % sion. Nlm at break, % C 

54.4 
54.4 
54.4 
54.5 
54.5 
55.8 
55.2 
54.7 
56.5 

45 
40 
35 
33 
30 
35 
35 
35 
35 

40 
38 
40 
45 
40 
40 
55 
70 
56 

50 
30 
30 
30 
40 
40 
48 
30 
20 

105 
110 
125 
140 
140 
155 
110 
160 
160 

Film mechanical properties were determined with an “Instron” tensile testing ma- 
chine at temperatures of 293 and 393 K and a deformation rate of 10 m/hour. 
Working section sizes of the samples were 5 x 10 x 0.3 . lop3 mm. The purpose 
to find the region of DAC LC temperature-dependent conditions for the origin of 
the LC phase in a complex plasticizer T A  + oligoester. The research was carried 
out by use of a photoelectric polarized microscope, polarized light transmission 
techniques, and small angle scattering of polarized light. l2 

RESULTS AND DISCUSSION 

For samples (1 -5) H,, patterns of polarized small angle light scattering extended 
into the direction perpendicular to the polymer film (Figure 1). H,, patterns of such 
a type testify to the formation of optically anisotropic structures of cylindrical form 
oriented in the direction of g r o ~ t h . ’ ~ - ’ ~  The change in sizes and intensity of dis- 
sipation elliptical patterns similar to those which are illustrated on Figure l a  show 
that the parameters and the orientation of such structures change from sample to 
sample. As the influence of orientation is similar to the dissipation from a polymer 
film at its extension,16 it is possible to determine the length (I) ,  the diameter (d)’4J5 
and the average square angle of disorientation (C’)”2 

For this purpose, photometering of H,,  scattering patterns along different elliptical 
axes and calculations were carried out according to the formulas given in References 
14,15, and 17. It was found out that structural element length (1) for all the samples 
does not change considerably and equals tenths of a micron. At the same time the 
diameter ( d )  for sample (i) is 0.7-1.2 microns, (C2)”’ = 10-12 and for sample 
(2) is a smaller structural element with a thickness on the order of 0.5-0.8 microns 
and (C2)”* = 8-9. Some parts of the films showed periodicity in the distribution 
of intensity in H,, patterns. Figure l b  which can be connected with the appearance 
of some ordering at a macrolevel, is typical for domain LC structures.I8 

Samples (6-9) show more intensive discrete reflexes of polarized small-angle 
light scattering. Figure 2 corresponds to micron size domain formation where ma- 

of such structures. 
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FIGURE 1 
content (a) 45 mass% TA (b) 40& mass 9% TA. 

cromolecules are oriented parallel to each other but at a certain angle to the optical 
axes of neighbouring domain molecules. 

For determining the value of an optical anisotropy of the samples at different 
temperatures, the light transmission integral intensity was measured. It was dis- 
covered that the value of optic anisotropy increases (Figure 3) with an increase in 

Light scattering patterns for DAC films with a substitution degree of 55.45% and plasticizer 
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FIGURE Z 
content 35 mass Q TA. 

Light scattering patterns for DAC films with a substitution degree of 55 2% and plasticizer 

54 55 56 57 

FIGURE 3 
samples having different contents of bonded acetic acid. 

Integral intensity dependence of polarized light transmission (nicols are crossed) for 
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bonded acetic acid content. The increase in sample strength properties (Table 1) 
is an additional confirmation of a direct relationship between j and the formation 
of an ordered structure. As is seen from Table I ,  the observed ordering in the 
system DAC-TA is connected with an increase of j from 54.4 to 56.5% and is 
accompanied by an increase strength of 1.5-1.7 times. The increase in the film 
strength in a longitudinal direction for the increase in j equal to the anisotropic 
dissipation patterns of the light and with the increase of polarized light transmission 
intensity may correspond to an LC phase system. 

At the same time it is necessary to point-out that the values of the effects in 
films of DAC-TA described above are small as compared with similar optic phe- 
nomenon observed in LC solutions of MC in TFA. It is testified to by a study of 
structure formation processes during formation of DAC and MC films from a melt. 
On Figure 4 you can see curves for polarized light transmission intensity and H,, 
scattering patterns arising at different moments of film formation during the course 
of TFA evaporation from a MC solution (Figure 4, curve 1) and DAC (Figure 4, 
curve 2) and also during cooling of DAC-TA melt (Figure 4b). From Figure 4 it 
is seen that for methylcellulose a LC structure is fixed in the film. This is proved 
by the appearance of unchangeable patterns as the solvent is removed and a prac- 
tically constant value for the light transmission integral intensity (Figure 4, curve 
1). More complex structural transmissions are observed during TFA evaporation 
from a DAC solution. In this case the effect of the transition to an isotropic state 
during coagulation is quite unexpected. The observed effect is shown as a decrease 

I ,  zel .  un. 

0 2 4 6 8 I0 

I 
FIGURE 4 Integral intensity dependence of polarized light transmission (nicols are crossed) for 
samples having different contents of bonded acetic acid (a) on TFA evaporation time from MC (curve 
1) and DAC (curve 2) solutions (b) on DAC-TA melt cooling H, patterns describing the structure at 
different stages of film-forming formation are shown by contours. 
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FIGURE 5 
453 K 

Light scattering patterns for DAC melt with TA content 35 mass 5% and temperature of 

I .  rel, u n  

I00 150 

FIGURE 6 Integral intensity dependence for sample on temperatures. 
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in polarized light transmission intensity to a zero value (Figure 4, curve 2). A 
similar phenomenon of decreasing optical anisotropy is observed in the film forming 
process while cooling cellulose-acetate-TA melt (Figure 4b). It is possible to as- 
sume, that in the case of cellulose acetate, the order in a polymer systems is possible 
only in the presence of a solvent. As the solvent is removed, the dispersion degree 
changes sharply as per j and also per macromolecular order. From Figure 4 it is 
seen that optical anisotropy in DAC-TA is small as compared with test-samples, 
having LC structures directly in solutions, for example, DAC in TFA. It is especially 
noticeable in the large difference in polarized light transmission intensity (nicols 
are crossed) during the initial moments of structure formation from DAC solutions 
and melts, Figure 4a, b. 

When heating DAC-TA films within the temperature range 443-463 K a tran- 
sition from an H ,  pattern oriented perpendicular to the deformation direction, (see 
Figure 1 and 2) to an H ,  pattern having the appearance of a diffusion spot is 
observed (Figure 5) .  Within the same temperature range the intensity of polarized 
light transmission increases (Figure 6), which is testified to by the increase in system 
total anisotropy. The observed phenomenon of ordering during DAC-TA system 
heating, corresponds to the effect of spontaneous self-ordering within the temper- 
ature range of 433-453 K discovered before.20 

CONCLUSIONS 

The research work which was carried out showed that when forming DAC films 
plasticized by TA the realization of an LC state is possible. The fullness of the LC 
phase realization depends on the DAC substitution degree, phase state of the 
sample and on the relationship of the specific cohesion polymer and plasticizer 
energies. Thus, quite a new approach to LC structure formation in polymers with 
increased chain rigidity is noted. This is characterized by the fact that instead of 
space group formation during the stage of polymer synthesis, this stage is carried 
out by choosing the composition of a combined plasticizer resulting in the leveling 
of the values of polymer and plasticizer specific cohesion energy. In this case the 
role of spacers is played by the plasticized sections of a semirigid polymer chain 
having higher strength properties through the stage of LC state. The observed 
phenomena require further research using other physical methods. 
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