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ABSTRACT: The problems of phase transitions in com-
mercial cellulose systems during processing are considered.
The formation of structures in regenerated cellulose from
viscose solutions during precipitation in different regener-
ated baths and in highly concentrated solutions of cellulose
in N-methylmorpholin-N-oxide at different temperatures
and shear deformations has been selected for this review.
The difficulties in defining the type of structural ordering in

these systems are demonstrated. Fractal analysis is used to
study the structures. A close relationship between the char-
acteristics of the structures and the fractal dimensions is
elucidated. The prospects for the different methods of reg-
ulating structures in cellulose systems are discussed. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 90: 22-32, 2003
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INTRODUCTION

In recent years, studies of structural transitions in
commercial cellulose systems during their industrial
processing have attracted increasing attention. This
intense interest demonstrates the impelling need to
reduce the quantity of synthetic fibers and films and to
increase the quantity of cellulosic materials. The ne-
cessity of such substitutions is defined by the ecolog-
ical problems of using and recycling synthetic poly-
mers. Therefore, the replacement of synthetic material
by biopolymers has been a priority since the 1970s.!

Currently, only two commercial methods of pro-
cessing cellulose in regenerated cellulose are of prac-
tical importance. These are the viscose process and the
N-methylmorpholin-N-oxide (MMO) process (pro-
cessing cellulose through a solution in MMO).? Soon,
the cuprammonium process will not be able to com-
pete with these methods because of its low-grade
physicomechanical properties and high cost.” There-
fore, we consider both of the aforementioned basic
commercial methods of processing regenerated cellu-
lose.

The main objective of studying the structural tran-
sitions in cellulose systems is determining the condi-
tions for the formation of the liquid-crystal (LC) state
during one of the processing stages of the production
of regenerated cellulose. In agreement with modern
theoretical propositions, it is possible to accomplish
this both when the solution of cellulose is being pre-
pared (a viscose solution or a solution of cellulose in
MMO) and when the cellulose solution coagulates in a
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precipitation bath by the regulation of the conditions
during coagulation. Up to the present day, we cannot
obtain LC structures in industrially regenerated cellu-
lose using a comparatively wide selection of methods
for the regulation of structure formation.

It is difficult enough to consider all recent research
in this field because there are many more patents than
useful articles or books. We cannot evaluate such
works. Therefore, it seems efficient to consider only
theoretical and recent original studies.

Cellulose is a biopolymer, and so its properties are
defined by some factors. It is necessary to determine
exactly the type of raw cellulose used in scientific
research and processing. In general, only baikal spruce
cellulose has been used in this research, with a degree
of polymerization greater than 200.

STRUCTURAL TRANSITIONS DURING THE
PREPARATION OF CELLULOSE SOLUTIONS
FOR PRECIPITATION

There is no fundamental difference between solutions
of cellulose in water-containing solvents and solutions
of cellulose in organic solvents.’

A qualitative model of the dissolution of cellulose
during the viscose process and during a number of
MMO processes includes the following stages:

1. The penetration of the solvent into cellulose fi-
bers, which induces swelling.

2. The breaking of hydrogen bonds with the forma-
tion of unstable compounds or without it (for the
case of a direct solution).

3. The solvation of unstable compounds or molec-
ular chains of cellulose and their subsequent sta-
bilization.
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Figure 1 Schematic circuit of the solid-phase MMO process.'”

4. The breaking of cellulose chains by hydrolysis
and mechanoactivation effects.

5. The uniform disposition of structural units of
cellulose of different sizes in a volume of the
solvent by mechanochemical effects with the for-
mation of a solution of cellulose.

The given scheme has been used in the viscose
process for a long time* and in some types of MMO
processes.” ® The so-called solid-phase MMO process
does not have the first stage (swelling) because it is
absent.”'” The viscose solutions or cellulose pulps for
the usual MMO processes are homogeneous and un-
structured systems with cellulose concentrations of
10-23%. To create an LC phase in these solutions
before the formation of solid-structure regenerated
cellulose is clearly quite impossible.

In that respect, the solid-phase MMO process has
potential because it allows solutions with cellulose
concentrations of up to 50%.

The scheme shown in Figure 1 represents the prin-
cipal basis of the solid-phase MMO process.

The stage including the melting of a solid solution
and molding attracts the greatest interest with respect
to the preliminary regulation of the cellulose solution
structure. A certain structure can be expected in this
range of concentrations (30-50%), which is regulated
by the temperature and shear deformation. It is pos-
sible to obtain an LC phase in such solutions after
regulated melting and molding.

An LC state in MMO solutions of cellulose contain-
ing up to 25% cellulose was first reported by Navard
and Haudiu.” However, later investigations demon-
strated that the optical anisotropy and specific rheo-
logical behavior observed by those authors were due
to the phase inhomogeneity of high-concentration so-
lutions and a photoelastic effect.'’

Further developments in this direction gave a radi-
cally new solution for the problem of the direct disso-

lution of cellulose in MMO, allowing high-concentra-
tion solutions containing up to 50% cellulose to be
prepared.' In the solid-state pretreatment of cellulose
and crystalline MMO (water content = 1-3%) under
the simultaneous action of shear strain, compression,
and forced plastic yielding, a solid—solid complexation
reaction proceeds between cellulose and MMO. Under
the subsequent action of temperature and strain, the
formed concentrated solid solutions melt and trans-
form into a fluid state with a high degree of homoge-
neity. Calorimetry, X-ray diffraction, and rheological
studies of such homogeneous solutions have revealed
that the optical anisotropy of solutions containing less
than 45% cellulose results from kinetic factors,
namely, slow relaxation of orientation induced by the
preparation of the solutions. The thermodynamic
equilibrium anisotropic state is realized in solutions
containing greater than 45% cellulose.'?

A comparative study of cellulose solutions with
different concentrations in MMO has been carried out
to show the temperature and concentration conditions
for the emergence of optical anisotropic structures.
Solutions containing 20% cellulose in MMO are fully
isotropic after being treated by the aforementioned
heating-cooling procedure and do not exhibit the Hy,
pattern of light scattering and transmission in crossed
polaroids at any temperature. The Hy, scattering pat-
tern from 25% solutions is a weak diffuse spot [Fig.
2(a)], the intensity of which is significantly lower than
that of the Vy, pattern [Fig. 2(b)]. This suggests that the
major contribution to Vy, scattering is made by the
density fluctuations of the medium. Comparable
anisotropic structures with a wavelength of incident
light of A = 0.6328 um are not observed. Meanwhile, a
weak background is observed at large radial scattering
angles (not visible in Fig. 2 because of the low inten-
sity). An analysis of these scattering patterns shows
that the solution contains regular macromolecular as-
sociates possessing some optical anisotropy per unit of
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Figure 2 (a) Hy and (b) Vy, scattering patterns from 25% cellulose solutions in MMO at 20°C.

scattering volume even at concentration (c) = 25%.
However, such structures are much smaller than A, so
wide-angle light scattering should be used to charac-
terize them. The emergence of some optical anisotropy
with increasing concentration is also indicated by an
increase in the integral light transmission at ¢ = 25%
(Fig. 3).

Hy and Vy scattering patterns from 50% solutions
are comparable in intensity and have a circular shape
[Fig. 4(a,b)]. It is known that light scattering in this
case is due to the orientational fluctuations of the
medium.'® Hy, patterns of this type are typical for
optically anisotropic media with randomly distributed
rodlike elements on a micrometer scale. This is typical
of nematic LCs and was observed earlier in LC solu-
tions of rigid-chain poly(n-benzamide).'"* As demon-
strated in Figure 3, when the concentration rises to
50%, the integral light transmission in crossed po-
laroids is actually saturated. This dependence of the
relative transmitted intensity suggests the formation
of an optically anisotropic texture in solution, as for
the lyotropic transition to the nematic state. At the
same time, other regions of the same solution exhibit
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Figure 3 Integral light transmission intensity (I) as a func-
tion of the concentration (C) of cellulose solutions in MMO
at 20°C.

Hy scattering patterns of an X type with a uniformly
decreasing intensity with 6 at an azimuthal scattering
angle of u = 45° [Fig. 4(c)]. Such patterns, typical of
cholesteric LCs with a pitch of P > \,'® were observed
earlier in solutions of polypeptides'® and cellulose
derivatives.'” Usually, in the equilibrium state of LC
solutions of cellulose derivatives, P is approximately
the same as A, and, correspondingly, an x-type Hy
pattern [Fig. 4(d)] is observed. Calculations that follow
the photometric analysis of the scattering pattern
given in Figure 4(b) allow the evaluation of a length L
and a diameter D of anisometric structures and the
qualitative estimation of variations in these parame-
ters during the heating—cooling cycle. We have used
the following relationship:'®

0
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where I}'l}g and /1 are experimentally determinable val-
ues:
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For 50% cellulose solutions in MMO, the calculations
give L = 10.4 um and D = 1.2 um. These values are of
the same order of magnitude as similar results ob-
tained for reference samples of LC structures: cellulose
diacetate solutions in trifluoroacetic acid and other
cellulose derivatives."

The heating of samples leads to a decrease in the
transmission of polarized light in crossed polaroids
(Fig. 5). Structure recovery to the initial form takes 8 h
and is accompanied by a uniform increase in light
transmission. A similar behavior for optical transmis-
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(a,c) Hy and (b) Vy, scattering patterns from 50% cellulose solutions in MMO at 20°C and (d) Hy, scattering pattern

from a 40% solution of diacetate cellulose in trifluoroacetic acid at 20°C.

sion was observed earlier for the LC-isotropic liquid-
phase transition in nematic LC solutions of polyhet-
eroarylenes.”” An analysis of changes in the scattering
patterns during the heating—cooling cycle reveals that
the vanishing of light from the sample upon heating is
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Figure 5 Integral light transmission intensity (I) as a func-
tion of the temperature (T) of 50% cellulose solutions in
MMO.

accompanied by structural transitions leading to a
decrease in the linear dimensions of rodlike structures
with a simultaneous increase in their length-to-diam-
eter ratio. Upon cooling, the reverse process of these
structures growing is accompanied by a decrease in
their anisometry.

After the orientation of a 50% solution by sample
deformation,?" a circular or four-lobed scattering pat-
tern [Fig. 6(a,b)] transforms into an elliptic one ex-
tended in the direction perpendicular to that of defor-
mation [Fig. 6(a)]. This scattering pattern suggests the
formation of anisometric elements oriented along the
direction of shear.?? Earlier, a similar behavior was
observed in oriented solutions of nematic LC poly(p-
benzamide).'*

Light scattering by anisotropic structures of a regu-
lar shape is similar to scattering by a polymer film
upon its deformation. Therefore, the photometric anal-
ysis of Hy, and Vy elliptic scattering patterns and
subsequent calculations by the formulas given in refs.
23 and 24 can give the size and root-mean-square
angle of the orientation disorder ((¢*)'/? = 1/2 for
such structures). For an oriented 50% cellulose solu-
tion in MMO, L is 35 um, D is 0.75 um, and (c*'/? is
8-9°.
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Figure 6 H,, scattering patterns from 50% cellulose solu-
tions in MMO: (a) oriented, (b) 24 h after deformation, and
(c) from a solution of diacetate cellulose in trifluoroacetic
acid after deformation at 20°C.

After long-term relaxation (for 24 h), some intensity
redistribution over the angle u is observed in the
elliptic Hy scattering pattern [Fig. 6(a)], with mutually
perpendicular discrete lobes being formed [Fig. 6(b)].
The approximately equal dimensions of the transient
scattering patterns observed over the course of relax-
ation demonstrate that structural transformations in
different stages involve anisometric elements whose
geometry is close to that characteristic of the structure
of the nonoriented solution. Figure 6(c) shows an Hy,
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scattering pattern that is typical of oriented LC solu-
tions of cellulose derivatives, in which the positions of
discrete maxima coincide with the strain direction.
This scattering pattern corresponds to the anisotropic
texture with structural elements oriented perpendicu-
lar to the shear direction, as is clearly visible in the
crossed nicols of a polarizing microscope. However,
such phenomena were not observed upon shear strain
and subsequent relaxation of concentrated cellulose
solutions in MMO.

The obtained experimental results suggest that the
emergence of optical anisotropy in concentrated cel-
lulose solutions in MMO is due to the presence of
supermolecular structural entities appearing both in
the nonoriented state and upon deformation. How-
ever, there is a fundamental difference between aniso-
tropic systems based on MMO solutions of cellulose
and LC solutions of cellulose derivatives. This is a
peculiar structural response to external action. In the
former case, according to the theory of rodlike scatter-
ing, the particles should orient their large axis along
the shear direction, this being characteristic of nematic
LCs. In the latter case, the observed formation of the
perpendicularly oriented structure is more inherent to
cholesteric LC solutions.

The considered cellulose solutions in MMO are
high-viscosity liquids. Solutions with such concentra-
tions, in addition to a high viscosity, have a character-
istic high-phase heterogeneity. These properties im-
pede the identification of the phase state and the type
of supramolecular structure formed.

Polarization optical methods such as small-angle
light scattering and the measurement of the integral
intensity of light scattering are convenient for quickly
analyzing the structural state in such complex sys-
tems, along with optical microscopy. The essential

Figure 7 Microphotographs (400X) in (a—c) polarized light and (d-f) small-angle light of Hy-scattering patterns of CH films
obtained in (a,d) the beginning stages and (b,e) the final stages of the coagulation process and (c,f) orientated during the

coagulation process.>
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characteristics of LC solutions of polymers are pre-
cited linear dimensions of anisometric elements of the
supermolecular structure. The calculation of linear di-
mensions is a laborious procedure because it is neces-
sary to assay the small-angle light scattering patterns.
The heterogeneity of concentrated solutions of cellu-
lose determines the specificity of the approach used to
analyze the results of scattering studies. In that case,
the structure of investigated solutions is considered as
mass fractals.>>*° It should also be stated that there are
well-ordered LC structures (spherulites) in certain sec-
tions of samples. The ordered structures appreciably
reduce the precision of estimating the fractal dimen-
sions of entire samples.””

A series of samples of up to 50% cellulose solutions
in MMO have been considered. In the investigated
samples, so that the influence of the ordered structure
on the values of the fractal dimensions would be
avoided, the spectra of fractal dimensions for different
sections of samples of cellulose solutions were esti-
mated under various scales of microscopic observa-
tions. The fractal dimensions were in the range of D
= 2.3 = 0.2. The calculations of the dimensions were
based on the measurement of the integral intensity
light scattering.

Preliminary data have shown that the fractal dimen-
sions obtained from 50% cellulose solutions by the
measurement of the integral intensity of light scatter-
ing have a certain effect on the length L and diameter
d of anisometric elements of the structure.

The linear sizes of elements of the supermolecular
structure were estimated by the photometric measure-
ment of patterns of small-angle scattering. It was con-
venient to use a length-to-diameter ratio (L/d = P) for
this consideration instead of separate linear sizes of
the anisotropic structure.

The dependence D (fractal dimension) as a function
of P during the cycle of cooling and heating is retained
as D = f(P). The inverse function is obtained from a
given function by the interchanging of the roles of the
independent and dependent variables.

The defined dependence D = f(P) allows us to con-
clude that P can serve to estimate the fractal dimen-
sions in some instances for concentrated LC polymeric
solutions and vice versa.

Consequently, the dynamics of fractal dimensions
are among the many characteristics of dispersion of
LC phases in concentrated polymeric solutions, in-
cluding the random orientation correlation function.

Therefore, optical studies do not provide unambig-
uous conclusions concerning the nature of the meso-
morphic texture of concentrated cellulose solutions in
MMO. The ambiguity in the interpretation of the ob-
served optically anisotropic structure is due to the
phase inhomogeneity of high-concentration cellulose
solutions at concentrations greater than 45%. Proba-
bly, in addition to the mesophase, nonequilibrium
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structures hampering more accurate identification of
the system are present in such solutions. Nevertheless,
the optical polarization studies may provide evidence
for the formation of a thermodynamically stable LC
phase in MMO solutions of cellulose (at a cellulose
concentration > 45%).

Certainly, there is no reason to expect the use of
highly concentrated LC cellulose solutions in industry
in the years ahead. However, the predicated concen-
trations of lyotropic LC transitions of cellulose solu-
tions in MMO have now been confirmed.

Further research in this field must be directed to the
conservation of the LC state in the solid phase after the
coagulation of concentrated cellulose solutions in a
regenerated bath. Although studies in this range of
concentrations of cellulose during the coagulation pro-
cess have not been carried out, it is known that there
is an ordered structure in regenerated cellulose from
cellulose solutions in MMO for a concentration range
of 18-25%.%*7>* Hopefully, we will soon obtain suc-
cessful developments concerning the regenerated cel-
lulose LC structure in the field of high-concentration
cellulose solutions.

STRUCTURAL TRANSITIONS DURING THE
COAGULATION OF VISCOSE SOLUTIONS IN
A MODEL REGENERATED BATH

The stage of coagulation is the most convenient phase
for forming highly ordered structures or an LC state in
regenerated cellulose when a jet of viscose enters a
coagulating bath of acids and salts, in which it is
reconverted into cellulose, which coagulates to form a
solid material.*® Preliminary studies have shown well-
ordered and optical anisotropic (spherulitic) struc-
tures analogous to LC structures formed by the coag-
ulation of viscose solutions in a regenerated bath of
dimethylformamide (DMFA).>** The formation of
optical anisotropic structures in CH films from wood
cellulose were reported for the first time in ref. 35.
There was a disagreement between the unusual nature
of spherulitic structures of such samples and the fun-
damental formation of polymer supermolecular struc-
tures.

The greatest interest in such systems concerns the
behavior of the formation of spherulitic morphology
and the types of new structures. With this design, the
comparative study of the structures and properties of
regenerated cellulose formed by the coagulation of
viscose solutions in regenerated baths of DMFA was
carried out.

Microscopic investigations have shown that during
the precipitation of cellulose hydrate from solutions,
the coagulation processes and structure formation are
separate in time. The solution coagulation is accom-
panied by the formation of an optically isotropic gel
[see Fig. 8(a)] consisting predominantly of cellulose
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Figure 8 Microphotographs (400X) showing the formation of spherulites in cellulose hydrate gel (a—d) in the absence of
orientation and (e,f) during preliminary orientation: (a) an optically isotropic gel, (b,c) an increase in centrosymmetrical
structures, (e) an increase in fibrillar elements perpendicular to the stretching direction, and (d,f) formed spherulites. The
times from the moment of coagulation were (a) 0, (b) 30, (c) 45, (d) 90, (e) 35, and (f) 90 s.

xanthate; this is confirmed by the solubility of the
gel-type film in water or aqueous alkalis. From the
beginning of the film formation (depending on the
water and precipitating mixture content), an increase
is seen of the centrosymmetrical radial structures [Fig.
8(b)]. Consecutive light and dark film portions with
clearly defined dividing borders appear [Fig. 8(c)]. The
points dividing the border crossover are the spherulite
centers or their fragments.

The obtained pictures mostly have a polarization
optical character, and in natural light, the films seem
to be homogeneous. The next step is the material
ordering inside the space between the radial struc-
tures: the angle sizes of the sectors and their amount
increase, and the inner spherulite packing is perfected,
with this leading to the formation of perfect spheru-
lites of high density [Fig. 8(d)]. Spherulite fragments
are formed inside the borders, which are determined
by the sizes of the initial anisotropic sections. At this
point, the rate of the radial structure increase is un-
usually high for processes taking place in very viscous
gels and at low water contents in the precipitator and
can reach tens of micrometers per second.

It is obvious that during precipitation, two pro-
cesses occur simultaneously: an increase in the poly-
mer solid phase according to the laws of primary
structure formation from the nucleus centers and the
formation of ordered macromolecular sectors (the ini-
tial structure elements) through the whole volume of
the solid phase.

A comparative study of the physical properties of
ordinary and spherulite-containing cellulose hydrate
films has shown that such samples have approxi-
mately the same strength but different values of the
elongation at break. This is typical for spherulite-
containing-polymer elongation mechanisms: the ro-
tation and mutual movement of fibrils made of
spherulites, without a change in their fine molecular
structure.®

By the transition from wholly isotropic films to ones
containing perfect spherulites, there are intermediate
shapes of spherulite organization that are character-
ized by similar sizes but different states of inner or-
dering. Physical tests of a set of samples showed that
the film strengths in all the samples were approxi-
mately the same, but the elongation at break gradually
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increased in proportion to the perfection of the
spherulite structure.

At an elongation of an isotropic film [Fig. 8(a)] of
40-50%, radial structures and spherulites form [Fig.
8(e,f)] that are characterized by the growth of perpen-
dicularly oriented fibrillar elements. Such a phenom-
enon is usually peculiar to structure formation under
conditions of preliminary orientation. However, in a
deviation from what is commonly described in the
literature, the large axes of the spherulites are directed
along the applied elongating force. The regularities of
the structure formation during the coagulation and
orientational elongation of cellulose hydrate into fiber
and films have certain similarities to the crystallization
mechanism of synthetic polymers from solutions and
melts,” but they also have some unique features. The
unusual two-step character of spherulite structure for-
mation, the location of spherulites in preliminary ori-
ented films along the orientation direction, and the
similarity of the tensile strengths of samples having
rather different supermolecular structures, cannot sat-
isfactorily be interpreted on the basis of the traditional
models of structure formation during the phase de-
composition of polymer solutions and spherulite
growth due to autoepitaxy, doubling, and branch-
ing.*®

The spherulite organization perfection can be ex-
plained by the influence of DMFA in the precipitating
bath, which acts as a crystallization suppressor’” and,
possibly, as a plasticizer operating according to the
structure plasticization mechanism. However, in the
framework of the doubled structure formation model,
the effect of sulfuric acid cannot be ignored. The acid
accelerates the coagulation and helps the partial crys-
tallization. For this reason, as compensation for the
mutual influence of the basic coagulation variable, the
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Figure 9 Dependence (D) of the spherulite size on the zinc
sulfate concentration in the precipitating bath.
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Figure 10 X-ray irradiation dissipation intensity curves for
cellulose hydrate films obtained at certain zinc sulfate con-
centrations in a precipitator based on DMFA: (1) 0.1 g/L and
(2) greater than 2.0 g/L.

following series of tests were conducted in a precipi-
tation bath with DMFA and sulfuric acid in the pres-
ence of zinc sulfate.

With a change in the concentration of zinc sulfate in
the bath from 0 to 12 g/L, the spherulite size was
reduced by an order of magnitude (Fig. 9).

On the basis of the data, for zinc sulfate concentra-
tions of 0-4 g/L, the spherulite diameter practically
did not change. The data scatter shows a trend of
reduction with an increase in the ZnSO, concentra-
tion, and the inner structure of the spherulites
changed. The latter was determined by small-angle
light dispersion and X-ray analysis. The essence of the
transformations was probably related to the transition
from mesophase cellulose (Fig. 10, curve 1) to cellulose
IT (Fig. 10, curve 2). The X-ray patterns of films con-
taining spherulites had shapes characteristic of the
patterns of cellulose II (Fig. 10, curve 2) with a certain
degree of crystallinity. The character of the molecular
conformational ordering, evaluated by spectroscopy,
was practically unchanged and was characteristic of
mesomorphic cellulose. As the zinc sulfate concentra-
tion in the precipitating bath increased further, the
parameters of the spherulite structure inner ordering
did not change noticeably.

Therefore, changes in the sizes of the spherulites
and their inner structure occur separately (on the basis
of the zinc sulfate concentration scale), this presents an
opportunity to evaluate the influence of each of these
factors on the physical properties of the samples.”
The test results are given in Table L

The tensile strength and elongation at break of cel-
lulose hydrate films and fibers formed in a DMFA
medium clearly increase only in the range of zinc
sulfate concentrations exceeding 6-8 g/L, corre-
sponding to a significant decrease in the spherulite
size (Fig. 9). Therefore, during the formation in zinc-
containing baths, not only is cellulose xanthate decom-
position retarded, but the obtained films and fibers
with a small-spherulite structure have improved ten-
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TABLE I
Effect of Zinc Sulfate Concentration on the
Physical Properties of hydrocellulose
(Orientational Extension-80%)
Concentration Elongation  Strength loss
of ZnSO, Tensile strength  at break in wet state
(/L) (MPa) (%) (%)
0 19.1 6.3 56.4
2 17.9 7.4 50.1
4 19.8 6.1 43.4
6 21.0 6.8 40.9
8 25.4 8.2 38.6
12 30.4 14.5 34.7

sile and strain properties.***! From data in Table I, it
also follows that the addition of a small amount of zinc
sulfate to the precipitating bath leads to a significant
increase in the tensile properties in the wet state but
does not change the tensile and strain properties in the
dry state. This is very important, for example, in the
packaging of food products.

It was very difficult to directly observe the existence
of amorphous supermolecular pseudospherulite
structures by the physical methods available to us.
Nevertheless, an investigation, for example, of the
structure of ethyl cellulose films obtained by the
spreading of a drop of a 10% solution in CH;COOH
over a water surface showed that on the film surface
there was a relief in the shape of central radial struc-
tures (Fig. 11). Such formations were found only dur-
ing investigation under natural light; this indicated
the amorphous character of the investigated samples.

In polarized light, it is possible to determine that the
centers of the structure formation are mostly undis-
solved polymer fibers. Such effects can easily be ex-
plained by the growth of the amorphous polymer
concentration in the polymer phase near the nucleus
centers, which are sections with supercritical concen-
trations.

It is possible that the phase decomposition occurs
according to the mechanism of the predominant
growth of nuclei of a concentrated polymer phase.
There are reasons for such an assumption:

1. The rate of solvent molecule diffusion is two to
three orders of magnitude higher than the rate of
macromolecules. The size of a molecular chain is
several times larger than the size of molecules of
a low-molecular-weight compound in the coag-
ulating mixture. The low growth rate of the
phase formed by large particles corresponds to
the fast growth of the phase formed from the
small particles.

2. The molecular chains are interpenetrated in the
concentrated solution. Because of this, it is nec-
essary to consider not only diffusion*” but also
the possible movement of macromolecules or
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their segments caused by chain interactions dur-
ing the analysis of the structure transformation
during phase transitions. The process started in
one nucleus center can quickly propagate to
other ones.

Therefore, it is possible to use an approach based on
the predominant growth of nuclei of a concentrated
polymer phase along with the known models of gel
formation. As it is analogous to the fractal propagating
process from one point in isotropic media, the growth
of polymer phase fragments must have a centrosym-
metrical character. The continuity of the transition
from one fragment to another one is provided by
mutual interpenetration of molecular chains. Such a
model is close to the classical views on the structures
of amorphous polymers described in ref. 43. However,
there is an exclusion, in that in this case the existence
of any intermolecular or intersegmental interaction is
not assumed. We discuss only the general regularities
of the isotropic process of propagation in an isotropic
medium. However, the modified model of phase de-
composition suggested by us can conveniently explain
the phenomena associated with the growth of correct
structures in polymeric gels after the decomposition of
amorphous phases.

By the application of the model to the case of a
rayon-precipitator system, it is easy to explain the fast
growth of anisotropic structures in the highly viscous
gel as the result of intermolecular ordering of super-
molecular pseudospherulite forms on the traces of the
amorphous phase decomposition. The spherulite ar-
rangement in the oriented gel along the stretching
direction seems to be the only possible case because
the pseudospherulite structures must transform ex-
actly so at orientation. The imposed sizes of the

Figure 11 Microphotograph (200X) in nonpolarized light
of a centrosymmetrical structure in an ethyl cellulose film.
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spherulites (see Fig. 9) can provide a small increase in
the fiber and film strength at extension.

According to the data in Table I, the character of the
physical properties of cellulose hydrate fibers and
films practically follows the regularities known for
ordinary rayon films.** The difference between isotro-
pic and spherulite-containing samples appears only in
the character of the consecutive ordering based on the
traces of the initial structure formation. The conditions
of precipitation in an aqueous medium are less favor-
able for the proper ordering because the water activity
helps the crystallization of cellulose crystallites. On
the contrary, the organic solvents retard the cellulose
crystallization, and the ordering occurs because of the
transition into the mesomorphic state.

The description of a suggested mechanism is possi-
ble with the synergetic approach to the structure for-
mation process analysis, with consideration given to
the collective effects and self-ordering of the spheru-
lite structures. In this experimental investigation, we
have found that the scale hierarchy of ordered struc-
tural elements growing in cellulose hydrate films may
serve as the basis for the determination of the relation-
ship between microparameters and macroparameters
of spherulite growth with fractal theory to describe the
self-similar ordering elements and the fractal dimen-
sion as the characteristics of the dynamic object struc-
ture.

If we consider the crystal phase growth as a non-
equilibrium phase transition at the points of nucleus
formation, then it is necessary to determine the fractal
dimensions of the structures, which control the free
spherulite growth. The structures around the nuclei
are the dynamic multitude possessing properties of
universality and invariability and also an ability of
self-similar growth. The fractal structures possess the
same abilities. Because of this, we tried to use the
concept of fractals for the quantitative description of
spherulite structures. This is the basis for the determi-
nation of the universal relationship between the pa-
rameters of the dynamic structure and physical prop-
erties.

According to Mandelbro the self-similarity
means that there is a function that copies the univer-
sality on itself with the help of a scalar Z, which is an
automodel ratio. For nonstandard self-similar shapes,
the whole can be divided into M parts obtained
throughout automodel ratio Z and connected with a
fractal dimension by the following expression at 0 < D
<3:

t,45

ZP=1/M (1)

To use the expression for the analysis of self-organiz-
ing structures, we must determine the physical mean-
ing of parameter M. It comes from an equation of
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singular spherulite growth kinetics, which are de-
scribed by the growth of self-analogy:

1’1.71/1’1. — Al/M (2)

where ! and 1 are the previous and next spherulite
sizes, respectively, in the direction of the crystal phase
growth. M is a number that changes according to the
law of geometric progression and corresponds to the
periodicity of the cycles in the self-organizing systems.
The number determines the upper border of the inter-
mediate asymptotic block at M — o and the lower
border at M = 1. The function A"/ is just the function
of self-analogy, which copies the multitude on itself
and determines the periodicity of repetition of an in-
termediate asymptotic block at self-similar spherulite
growth. The function gives compressed information
on different scale levels. The possibility of information
compression is determined by the scale invariance of
the previous spherulite size in the spectrum for the
next size. Because of this, the self-similar spherulite
growth can be represented as blocks of intermediate
asymptotics in which the results of spherulite size
thresholds have taken place. As a result, in each exit
from the block of intermediate asymptotics, the
spherulite size increases in value as A™", where N is
the number of iterations. This allows us to use the
automodel function A at M — = as a self-analogy
function of Z in eq. (1):

ZP = AP = 1/i¢ (3)

where i} is the scale coefficient representing the ratio
of the maximal scale to the minimal scale of observa-
tion and characterizing the spherulite critical param-
eters, including the maximal increase r™** as the result
of the self-analogy growth of microspherulites of ini-
tial sizes r, to ..

To provide a quantitative description of spherulite
structure growth, we must give numbers to the nu-
cleus center image, for example, by replacing it with a
lattice of n points (n is usually ca. 10'°).*° The gener-
alized dimension can then be calculated by several
independent methods: the sand box methods, the den-
sity—density correlation function method, and the ra-
dius gyration method.** In this work, we used the
radius gyration method. The results show that the
dimension is 1.8-1.9.

CONCLUSIONS

We can make the following general conclusions on the
basis of this overview of the state of the art of structure
formation in commercial cellulosic systems.

In cellulose solutions in MMO with cellulose con-
centrations greater than 45%, a stable LC phase arises.
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This type of mesophase state is not set because of the
high viscosity of the cellulose solutions. No examples
are known of the commercial use of concentrated
anisotropic cellulose solutions. Nevertheless, regener-
ated cellulose materials have a number of extra prop-
erties not peculiar to common rayon.

The modification of the regenerated bath in the
viscose process allows us to fix peculiar supermolec-
ular structures, such as LC structures. The strength of
preproduction samples of new regenerated baths al-
ready has been reported by scientists in industry.

Nonspecial methods for the analysis of hydrated
cellulose samples based on fractal theory have been
developed. In the future, we can expect the conve-
nience of the proposed fractal method for working
with the polymer structure as a basis for a new ap-
plied polymography.

References

1. Linow, K. I; Koura, F.; Philipp, B. Schleicher, H. Faserforsch
Textiltech 1972, 23(7), 286.
2. Hampe, H.; Philipp, B.; Baudisch, J. Faserforsch Textiltech 1973,
24(3), 113.
3. Mikhels, K.; Maron, R.; Teger, E. Khim Volokna 1996, No. 1, 24.
4. Marini, M.; Firgo, G.; Eybl, M. Khim Volokna 1996, No. 1, 27.
5. Kruger, R. Khim Volokna 1996, No. 1, 31.
6. Mikhels, K.; Maron, R.; et al. Khim Volokna 1996, No. 1, 35.
7. Bleyshmidt, N. V.; Golova, L. K.; Teger, E. Vysokomol Soedin
Ser A 1997, 39(6), 1511.
8. Golova, L. K; et al. Rus. Pat. 1645308 (1992).
9. Navard, P.; Haudiu, I. Br Polym J 1980, 12(4), 176.
10. Bleishmidt, N. V.; Dreval, V. E.; Borodina, O. E.; Golova, L. K_;
Kulichikhin, V. G. Polym Sci Ser A 1997, 39(6), 2.
11. Golova, L. K. Khim Volokna 1996, No. 1, 13.
12. Khanchich, O. A.; Golova, L. K,; Borodina, O. E.; Krylova, T. B.;
Loshadkin, D. V. Vysokomol Soedin Ser A 2001, 43(7), 23.
13. Stein, R. S. Colloids Interface Sci 1968, 27, 336.
14. Khanchich, O. A_; Serkov, N. T. Vysokomol Soedin Ser A 1975,
17(3), 579.
15. Morozov, N. V.; Khanchich, O. A. Vysokomol Soedin Ser A
1985, 27(5), 337.
16. Stein, R. S. Mol Cryst Liq Cryst Sci Technol Sect A 1969, 6, 125.
17. Yunusov, B. Y.; Khanchich, O. A. Vysokomol Soedin Ser B 1982,
24(6), 414.
18. Hashimoto, T.; Yamaguchi, K.; Kawai, H. Polym J (Tokyo) 1977,
9, 405.
19. Sokarres, A.; Khanchich, O. A. Mezhdunarodnogo Simp Khim
Voloknam (Prepr Int Symp Chem Fibers) 1990, 5, 87.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

KHANCHICH, LOSHADKIN, AND ROZANTSEV

Dibrova, A. K.; Kustarev, E. V.; Khanchich, O. A.; Serkov, N. T.;
Papkov, S. P. Vysokomol Soedin Ser A 1980, 22(6), 1311.
Viney, C.; Putnam, W. S. Polymer 1995, 36, 731.

Rhodes, M. B.; Stein, R. S. J Polym Sci Part A-2: Polym Phys
1969, 7, 1539.

Baranov, V. G.; Volkov, T. L; Frenkel, S. Y. Vysokomol Soedin
Ser A 1965, 7(9), 1565.

Brestkin, Y. V.; Rashidov, D. Vysokomol Soedin Ser A 1973,
15(9), 1953.

Schaefer, D. W.; Keefer, K. D. In Fractals in Physics; Pietronero,
L.; Tosatti, E., Eds.; Elsevier Science: Amsterdam, 1986; p 39.
Khanchich, O. A.; Serkov, A. T.; Morozov, N. V.; Loshadkin,
D. V,; Rozantsev, E. G. Int ] Polym Mater 2001, 50, 9.

Jardine, L. F. In Fractal Based Analysis and Synthesis of Multi-
spectral Visual Texture for Camouflage: Application of Fractals
and Chaos: The Shape of Things; Crilly, A. J., Ed.; Springer: New
York, 1991; p 101.

Fink, H.-P.; Weigel, P.; Purz, H. J. A. Recent Research Develop-
ments in Polymer Science; Transworld Research Network:
Trivandrum, India, 1998; Vol. 2, p 387.

Dube, M.; Deslandes, Y.; Marchessault, R. H. ] Polym Sci Polym
Lett Ed 1984, 22, 163.

Iovleva, M. M.; Banduryan, S. Y.; Mokrov, M. V.; Ivanove, N. A.
Khim Volokna 1986, No. 5, 26.

Fink, H.-P.; Weigel, P.; Purz, H. J.; Bohn, A. Rec Res Dev Polym
Sci Part 2 1998, 2, 387.

Bang, Y.-H.; Park, J.-B.; Cho, H.-H.; Lee, S. ] Appl Polym Sci
1999, 73, 2681.

Serkov, A. T. Processing Spun Rayon; Khimiya: Moscow, 1986.
Morozov, N. V.; Khanchich, O. A.; Nikitina, O. A.; Fedorova,
N. P.; Serkov, A. T. Khim Volokna 1984, No. 2, 14.

Morozov, N. V.; Khanchich, O. A.; Nikitina, O. A.; Kuz'min,
N. N.; Serkov, A. T. Vysokomol Soedin Ser B 1985, 27(4), 290.
Gul, V. E.; Sdobnicova, O. A.; Peshehonova, A. L.; Samoilova,
L. G.; Khanchich, O. A.; Suvorova, A. I. ] Polym Eng Sci 1993, 33,
1489.

Mandelkern, L. Crystallization of Polymers (in Russian);
Khimiya: Moscow, 1967.

Arzhakov, S. A.; Bakeev, N. F. Kabanov, V. A. Vysokomol
Soedin Ser A 1973, 15(5), 1154.

Liquid-Crystal Polymer; Platte, N. A., Ed.; Elsevier: New York,
1992; p 310.

Gul, V. E,; Kuleznev, V. N. Structure and Mechanical Properties
of Polymers (in Russian); Labirint: Moscow, 1994.
Liquid-Crystal Polymers: From Structure to Application; Col-
lyer, A. A., Ed.; Elsevier: New York, 1992; p 314.

Zin, W. Han’guk Chawon Konghak Hoechi 1995, 32, 66.
Mann, G. In Cellulose and Its Derivatives (in Russian); Biklz, N.;
Segal, M., Eds.; Mir: Moscow, 1974; p 91.

Serkov, A. T. Viscose Fibers (in Russian); Khimiya: Moscow,
1981.

Mandelbrot, B. B. The Fractal Geometry of Nature; Freeman:
San Francisco, 1982.

Sonin, A. A. Riv Nuovo Cimento 1991, 14(10), 1.



