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Abstract—Academician N.S. Enikolopov’s method of mechanochemical solid-phase modification of poly-
mers under conditions of intensive shear deformation has resolved one of the most important issues in cellu-
lose processing, its dissolution. The resulting method of solid-phase dissolution in N-methylmorpholine
Npoxide (MMO) has afforded highly concentrated solutions of cellulose and a series of synthetic polymers,
as well as mixed solutions based on them in a wide range of concentrations. It has been shown for the first
time that the highly concentrated phase (cellulose concentration up to 45%) formed during phase separation
in the presence of a precipitant undergoes a transition into nonequilibrium columnar mesophase state. The
addition of synthetic polymers, which form crystal solvates with MMO but do not interact with cellulose, to
solutions of cellulose in MMO shifts the columnar mesophase formation process into equilibrium. The
resulting composite fibers have exhibited high strength and deformation properties. The mechanisms of inter-
action of various types of polymers with MMO, as well as these between cellulose and the polymers with
MMO, at different stages of the mixed compositions preparation (from solid-phase mechanical activation
during shear deformation to the transition into a fluid state and spinning) have been elucidated. The per-
formed experiments have made it possible to identify the directions for targeted tuning of cellulose structure

and properties, as well as the fabrication of compositions based on it.

DOI: 10.1134/S1811238224600113

INTRODUCTION

Solid-phase mechanochemical activation in a
shear field, a new direction in polymer chemistry
developed by the outstanding scientist N.S. Enikol-
opov [1—5] has served as an impetus for the develop-
ment of research on the possibility of its application to
address the issues which can be hardly resolved using
conventional approaches. For example, the case of
cellulose, dissolution of which is a sophisticated task
due to its structural features, is special among numer-
ous issues related to transfer of polymers in a solution.
Regularity of the cellulose macromolecules structure,
the presence of a dense system of hydrogen bonds, and
relatively high chain rigidity (the Kuhn’s segment has
been estimated as of 75 A) strongly limit the range of
potential solvents of cellulose. Cellulose is decom-
posed prior to melting, and dissolution is the only
approach to obtain the molding products (fibers,
films, etc.) based on it.

Until recently, an environmentally hazardous vis-
cose process accompanied by the release of toxic prod-
ucts (carbon disulfide and hydrogen sulfide, as well as
heavy metals salts) was the main method of dissolving
cellulose. The appearance of a new environmentally

friendly direct cellulose solvent, N-methylmorpholine
N-oxide (MMO), in the 70s of the 20th century was
like an explosion that made it possible to develop an
environmentally friendly industrial MMO process for
the production of a new cellulose hydrate fiber Lyo-
cell, a real alternative to the viscose process [6—10].
The new process has required such financial costs for
its development and capital investments in the indus-
trial implementation that the cost of this fiber is clearly
overestimated today. This is largely due to the energy
costs to produce spinning solutions, including the cost
of electricity for evaporation of water from the pre-
obtained cellulose pulp in a 50% aqueous solution of
MMO. Such dehydration is required to dissolve cellu-
lose, since only the MMO monohydrate (13.3% of
water) is the solvent; the dissolution -efficiency
increases with lowering the water content, but the lim-
iting factor is the melting point of the binary solvent,
which should not exceed reasonable temperatures:
76°C for the monohydrate and 120—130°C for MMO
containing 8—10% of water.

The classical works of N.S. Enikolopov have shown
that chemical reactions can occur in solids at the
moment of the shear deformation impact, their rate
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being 3—8 orders of magnitude higher in comparison
with the liquid phase [1, 11]. The core mechanochem-
ical idea of solid-phase reactions involves mixing,
grinding, and activation of the solid phase, as well as
mechanochemical transformations as such. As a result
of intensive mechanical action, the composite poly-
mer system is crushed and amorphized with the in situ
formation of highly active interfaces required for the
physical and chemical transformations to occur [12].
The maximum achieved degree of grinding is higher,
the greater the energy intensity of the grinding unit
and the lower the strength and plasticity of the parti-
cles. For the ball mills, it is higher the larger the diam-
eter of the drum and the mass of the balls.

It is important that the ideology of solid-phase
reactions has been extended not only to initiate cova-
lent interaction between the components, but also to
dissolve the so popular cellulose in MMO. Already in
the 1990s, a mixture of cellulose powders and MMO
was dispersed and activated in a wide range of concen-
trations, up to 50% of the polymer, at different pro-
cessing times in different ball mills. Tuning the depth

of the mechanochemical activation by the temperature
of the system transition to a homogeneous fluid state
at heating has made it possible to determine the modes
of the highest efficiency of the solid-phase interaction
of cellulose with MMO and to obtain the supercon-
centrated solutions for the first time [13—16].

As a result of the research, the mechanism of solid-
phase mechanochemical dissolution of cellulose in
MMO was established and a technological scheme of
the original solid-phase MMO process for obtaining
new fibers was created, which were assigned the Orcel
trademark [10]. The solid-phase method of producing
cellulose spin dopes has clear advantages over the tra-
ditional MMO process, primarily due to the smaller
number of stages and a higher concentration of the
resulting spinning solution. The transition of the sys-
tem to a fluid state is carried out by heating the acti-
vated solid-phase pre-solution to the melting tem-
perature of the solvent. Schematic diagrams of the tra-
ditional-MMO and solid-phase MMO processes are
shown below.

MMO process
MMO (~40 wt % H,0) Cellulose (10-15 wt %)
-MMO (8-10 wt % H,0)
Cellulose Grinding Formation Dissdlution Filtration Spinning
of suspension Pl 1 : n [ v
~20 wt % H,O 10-20 wt % H>O
Solid-phase MMO process
MMO (3-8 W% H>0) Cellulose (<25 wt %)
"""" -MMO (3-8 wt % H,0)
Cellulose Grinding Preparation Melting of “solid solution”
Cel. <25 wt % of “solid solution” and spinning

High efficiency of the MMO interaction with the
OH groups of cellulose ensures the presence of a semi-
polar N—O donor bond in the MMO molecule, with
two lone-electron pairs at the oxygen atom, capable of
interacting with other proton-containing groups.
MMO can exist in three thermodynamically equilib-
rium crystal hydrate forms [17, 18]. Figure 1 displays
the two-component diagram of the MMO—H,O sys-
tem with three thermodynamically equilibrium crystal
hydrate forms of MMO: the 2.5-hydrate form (I) con-
taining 28% of water, with 7,, = 38°C, inducing only
swelling of cellulose, the monohydrate one (II) with
water content 13.3% and T,, = 76°C (MH MMO),
and the anhydrous one with 7,,, ~182°C.

The most widely used form of MMO is the mono-
hydrate, combining sufficiently high dissolving ability
and relatively low melting temperature. Solutions con-
taining up to 15% of cellulose can be obtained using
MMO monohydrate. Further decrease in water con-
tent in MMO leads to an enhancement of the dissolv-
ing ability and an increase in the melting temperature,
up to the anhydrous MMO (T, of the MMO anhy-
dride is 182°C). However, it is impossible to exploit
the high reactivity of anhydrous MMO, since its melt-
ing temperature is close to this of vigorous thermal
decomposition.

Thermodynamic activity of MMO, a highly polar
donor solvent, is determined by its composition. More
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Fig. 1. Phase diagram of the MMO—H,0 system demonstrating the stages of dissolution (A), irreversible (B) and reversible (C)
swelling of cellulose in MMO: MMO 2.5-hydrate (I), MMO monohydrate (II) [18, 19]. Color figures are available in the online

version.

complete realization of high dissolving ability of
MMO requires that the sterically bulk solvent mole-
cules penetrate the ordered regions of cellulose. In the
conventional MMO process this issue is addressed by
introducing additional stages of pre-treatment of cel-
lulose with an aqueous dilute solution of the solvent,
followed by the energy-intensive stage of water elimi-
nation using special equipment and requiring contin-
uous monitoring of the system composition (see the
scheme above), whereas in the solid-phase MMO pro-
cess the same is achieved via a single-stage mechano-
chemical activation.

The high efficiency of the solid-phase interaction
of MMO with cellulose has given impetus to the
expansion of the research in this direction. Taking
advantage of the methodology of the solid-phase
mechanical activation allowed dissolution in MMO of
such hydrophobic synthetic polymers as rigid-chain
thermotropic liquid crystalline alkylene-arene copo-
lyesters and industrial polymers: aromatic and ali-
phatic polyamides, segmented polyurethanes, and
various acrylonitrile-based copolymers. The mecha-
nisms of interaction of the considered polymers with
MMO during the activation as well as properties and
structure of the solutions and the obtained fibers have
been investigated [20—23].

At present, mixtures of polymers rather than indi-
vidual ones are widely used to obtain new materials
with predefined properties. In this regard, the creation
of blended systems based on cellulose and PAN copo-
lymers seems very promising, in particular, due to the
fact that both polymers are not only sources of wool-
and cotton-like materials, which is important in the
textile industry, but also precursors of diverse carbon
fibers. The PAN carbon fibers exhibit high carbon res-
idue content (up to 50%) and high mechanical charac-
teristics that allow the use as reinforcing components
of composite materials. At the same time, the cellu-
lose-based carbon fibers, with lower carbon residue
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content (about 15—20%) and moderate mechanical
properties, are absolutely indispensable as heat-
shielding materials owing to low heat conductance. It
can be assumed that the combination of cellulose and
PAN in a single precursor fiber may have a synergistic
effect in the carbon fibers, i.e., increased strength
compared to cellulose carbon fibers and reduced ther-
mal conductivity compared to PAN carbon fibers.
With the obvious importance and urgency of the issue,
its solution has not been developed for a long time, due
to the lack of a common solvent and the energy-inten-
sive stage of mixing, and has become possible thanks
to the development of the methodology for solid-
phase mechanochemical co-dissolution of cellulose
and PAN in MMO. The mechanisms of interaction
between various PAN copolymers and MMO, as well
as between cellulose, PAN copolymers, and MMO at
different stages of the blended compositions produc-
tion: from solid-phase to transition into a fluid state
and spinning, have been elucidated.

In view of this, it seems timely to conduct a system-
atic review and analysis of the research to identify the
general patterns of physico-chemical interactions
during solid-phase dissolution of polymers in MMO
under shear deformation, which determine the prop-
erties and structure of the fluid solutions and fibers
obtained on their basis, and to overview the
approaches to the targeted creation of new polymer
compositions with the required set of properties.

FEATURES OF SOLID-PHASE INTERACTION
OF CELLULOSE WITH MMO UNDER THE
ACTION OF SHEAR DEFORMATION

According to basic principles of mechanochemis-
try, high efficiency of the solid-phase activation of cel-
lulose under the action of MMO can be caused by the
influence of the macrokinetic factors of the dissolu-
tion process: availability of any of its parts to the inter-
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Table 1. Enthalpy of interaction of the cellulose—MMO system with water

Cellulose content, % _Hl mechan.mixture> J/g _HZ activ.mixture> J/g Hl - HZ
3 6392 6175 219
5 3841 3620 221
10 1878 1656 222
20 1003 783 220
25 691 468 223

action with the solvent which, at so intensive disper-
sion, penetrates the least accessible interfibrillar
space, as well as the interaction at the molecular level.

Studies of the effect of the degree of cellulose dis-
persion on the efficiency of the solid-phase reactions
with MMO have established that the particle size of
the cellulose powder should not exceed 250 pum, and
the degree of amorphization should not exceed 10%.
To establish the nature of the observed high reactivity
of the cellulose—MMO mixtures subject to solid-
phase activation, a set of comparative physico-chemi-
cal studies of the initial reagents, cellulose—MMO
mixtures upon impact of shear deformation and pres-
sure, and mechanical mixtures of the same composi-
tion, processed separately in the same modes and then
homogenized, have been carried out.

The results of investigation of the interaction with
water of various mixtures containing from 3 to 25%
cellulose, obtained in an adiabatic calorimeter
(Table 1), have made it possible to identify a common
trend for both systems, an increase in the thermal
effect of the considered mixtures interaction with
water with a decrease in the cellulose concentration in
the mixtures, probably due to the difference in the
heats of interaction of MMO and cellulose with water
[24]. However, despite the fact that the values of
enthalpy of interaction with water for mechanical mix-
tures are much higher than in the case of the activated
mixtures with water, the difference in the enthalpies is
nearly constant and equals 222 J/g, almost identical to
the enthalpy of cellulose dissolution in the MMO melt
(224 J/g), and in direct contact of solid cellulose with
the MMO melt. Of course, the obtained values have
been determined with certain inaccuracy, but they
provide quite convincing evidence of the similar
nature of the interactions occurring between the cellu-
lose and the MMO in the solid phase and in direct
contact of the solid cellulose with the MMO melt, but
at a lower temperature (about 300 K), almost equal to
the melting point of the activated solid system. In
mechanochemical processes, the solid phase is con-
sidered as the medium in which physical and chemical
processes take place. During the deformation mixing
of a mixture of cellulose powder and MMO, an inter-
facial boundary is formed, where atoms come into
contact with each other and penetrate the interfacial
boundary with subsequent dissolution in the bulk of
the second component at a rate 3—4 times higher than

the rate of high-temperature dissolution in the liquid
phase.

To elucidate the molecular mechanism of the
interaction between MMO molecules and cellulose
macromolecules, various approaches have been used.
For example, investigation of the activated cellulose—
MMO system by dielectric method by T.I. Borisova
et al. [25] has revealed that the first stage consists in
the embedding of the MMO molecules between the
(101) crystallographic planes of cellulose, the N — O%
bond of the MMO molecules being at a distance closer
that 3 A from the primary C°*~OH hydroxyl groups of
cellulose, available for hydrogen bonds formation. In
the molecules of MMO monohydrate, the semipolar
N — O bond is strongly electron-donor, which leads
to the rupture of the OH°—OH? intermolecular bonds
in cellulose and the bonding of between the OH®O?3
and OH?O?® fragments in the cellulose—MMO system.
The rupture of the intermolecular hydrogen bonds
increases the probability of the interaction of the
MMO molecules with the hydroxyl groups involved in
the intramolecular hydrogen bonding, OH?—OH® and
O’—OH?. High degree of solvation of the inter- and
intramolecular hydrogen bonds in cellulose inevitably
results in the transfer of cellulose macromolecules into
the solution.

Although the interaction of the cellulose hydroxyl
groups with the donor solvent MMO is of the elec-
tron-donor-acceptor nature rather than chemical one
[5, 6], the attempts have been made to isolate the
formed H-complex via sublimation of the unbound
MMO under vacuum and investigation of the sample
having reached constant mass by means of X-ray dif-
fraction analysis and IR spectroscopy. Comparative
analysis of the X-ray diffraction patterns and the spec-
tral regions of the isolated H-complex and individual
components of the system have revealed the absence
of their additivity, which can be considered a direct
evidence for the solid-phase complex formation reac-
tion occurring between cellulose and MMO under
conditions of simultaneous all-round pressure, shear,
and forced plastic flow, and the formation of solid pre-
solutions.

Particular attention has been drawn to a decrease in
the melting point and, accordingly, this of the dissolu-
tion of mixtures subject to solid-phase activation in
comparison with the melting point of the MMO used,
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which is enhanced with an increase in the cellulose
content in the mixture. The revealed dependences
have been in coincidence with the data in [18, 26, 27],
yet the observed temperature depression has been
more prominent. For example, whereas in the case of
MMO monohydrate the increase in the cellulose con-
tent from 3 to 15% has led to the decrease in the melt-
ing point of the solution by 2—6°C [2] or by 6—13°C
[26], the activated mixtures based on MMO with T, =
170 and 150°C, containing 30% of cellulose, melt at
130°C, i.e., the temperature depression has been of 40
and 20°C, respectively.

The revealed depression in the melting temperature
with an increase in the cellulose content is caused by
the interaction of the system components at the
molecular level. Using the Flory—Huggins equation to
assess this interaction, the Flory—Huggins interaction
parameter ), a quantitative measure of the polymer—
solvent interaction has been determined [ 18], its nega-
tive value being abnormally low, —3. As a rule, nega-
tive  values for various polymer systems are only
slightly below —1. Further research aiming to refine
this parameter, revealed even more prominent anom-
aly of the y values, exceeding the earlier observed neg-
ative values by almost an order of magnitude [26, 27].
The obtained abnormally low values of  are likely
caused by the fact that it is not quite correct to use the
classical Flory—Huggins theory for the cellulose—
MMO system, since the special features of the consid-
ered system (high polarity of both cellulose and
MMO, as well as the solid-phase complex formation)
require the account for additional factors.

The possibility of formation of the solid H-com-
plexes (solvates) with T,, 30—50°C lower than the
melting point of initial MMO during the mechano-
physical activation of cellulose allows the use of the
most reactive high-melting hydrate forms of MMO to
obtain the solutions containing up to 50% of cellulose.
The preparation of the superconcentrated solutions
has afforded to come close to an issue which cannot be
considered solved, namely, the existence of the LC
ordering in the solutions of cellulose in MMO.

LIQUID-CRYSTALLINE STATE OF
SOLUTIONS OF CELLULOSE IN MMO

The cellobiose residue containing of two glucopy-
ranose cycles is an elementary unit of cellulose. The
presence of an asymmetrical carbon atom imparts chi-
rality (non-equivalence to the mirror structure) to the
glucopyranose cycle. This fact leads to optical activity
of the unit and the entire macromolecule, ultimately
determining the LC structure of cellulose in a solution
as well as cellulose derivatives on a solution or a melt.
The features of the formation of the LC state in solu-
tions and melts of cellulose derivatives have been con-
sidered in sufficient detail in [28—31]. Strange as it
may seem, cellulose derivatives (in particular, ethers,
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such as hydroxypropylcellulose) can form thermotropic
as well as lyotropic LC systems, even in water [29]. Evi-
dently, this fact is due to global rupture of the H-bonds
in cellulose and an increase in the degree of anisotropy
of individual macromolecules (i.e., their rigidity).

As far as cellulose itself is considered, despite
potential possibility of its transition into the LC state
predicted back in the 1960s—1970s [28], realization of
the LC ordering in its solutions has remained undeter-
mined. The major issue consists in the complexity of
preparation of highly concentrated cellulose solutions,
even in such thermodynamically good solvent as
MMO, and their high viscosity.

The values of the Kuhn’s segment of cellulose are
of 70—100 A depending on the solvent, whereas the

critical concentration V" of the LC transition, accord-
ing to the classical Flory equation, can be calculated as

V= 8/X(1-2/X), o))

with X being the degree of the macromolecules asym-
metry, which should be of 40—50 wt %.

The first, and still actively cited, report on the LC
state of solutions f cellulose in MMO containing up to
25% of the polymer belongs to French researchers [32,
33]. However, further numerous research have shown
that the optical anisotropy and the features of rheolog-
ical behavior observed by the authors are due to phase
inhomogeneity of the highly concentrated solutions
and the photoelasticity effect. Moreover, the cellulose
concentration in the solution, of 20—25 wt %, is defi-
nitely too low in comparison with the above theoreti-
cal estimation of the critical concentration of the tran-
sition of the cellulose—MMO system in the LC state.

Preparation of the solutions of cellulose in MMO
with concentration of 50% has made it possible to
investigate the possibility of realization of the LC
ordering in them. For example, rheological properties
as well as structure and phase transformations in solu-
tions in MMO containing 25—55% of cellulose with
degree of polymerization 300 and 600 and temperature
of 20—180°C have been studied by means of polariza-
tion microscopy, small-angle polarized light scatter-
ing, and X-ray diffraction analysis [34—39].

The considered solutions have been optically
anisotropic, yet the stability of the anisotropy has been
affected by the concentration of cellulose in the solu-
tion. During heating of the solutions containing up to
30% of cellulose, the anisotropy has disappeared at
80—90°C. During repeated heating—cooling treat-
ment, these solutions have been completely isotropic
and have not revealed the light transmission in crossed
polaroids, irrespectively of temperature. Birefringence
of the solutions containing 30 to 40% of cellulose have
also vanished upon heating, yet at a higher tempera-
ture (130—140°C), the anisotropy being partially
recovered on cooling. The highly viscous rubber-like
solutions containing up more than 45% of cellulose
have not lost the optical anisotropy upon repeated and
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Fig. 2. Diffractograms of 40 (/) and 50% (2—4) solutions
of cellulose in MMO during heating during 15 (2), 30 (3),
and 60 min (4) at 125°C.

prolonged keeping at a high temperature (up to ther-
mal decomposition), however, this fact is likely due to
photoelasticity of the concentrated solutions and
inhomogeneity of their phase composition (even the
presence of the swollen cellulose regions). However,
even whereas the overall pattern of birefringence is
maintained, pronounced changes in texture have been
observed in individual areas of the considered sample:
the birefringence weakening on cooling and its
strengthening on heating.

(a) h

The X-ray diffraction analysis of the obtained solu-
tions has been performed. The solutions containing up
to 40% of cellulose have been found amorphous. Their
diffractograms contained only a diffuse maximum at
20 = 16°—-20°, corresponding to the short-range order
in the system. The wide- and small-angle investigation
of the 50% solutions of cellulose in MMO has revealed
a new reflection at about 9° at 80°C (Fig. 2), evidenc-
ing the appearance of a long-range ordering with the
layered interchain periodicity in the system. The
increase in temperature to 125°C led to strengthening
of the reflection.

The obtained experimental results evidenced the
appearance of optical anisotropy in concentrated
solutions of cellulose in MMO, in the non-oriented
stare as well as under deformation. However, it is
impossible to unambiguously conclude on the nature
or transformation of the birefringent texture of con-
centrated solutions of cellulose in MMO. Assignment
of the observed optical anisotropy is complicated by
the phase nonuniformity of the considered highly con-
centrated solutions of cellulose and their noticeable
photoelasticity.

Summing up the entire set of the conducted
research has made it possible to conclude that the
anisotropy of the highly concentrated solutions con-
taining up to 45% of cellulose is due to the kinetic fac-
tors, namely, slow relaxation of the forced orientation
appearing during the formation of the highly concen-
trated viscous solution. Optical anisotropy of the solu-
tions containing 50% of cellulose, as per the X-ray dif-
fraction analysis, is caused by the presence of the lay-
ered long-range periodicity, but the system cannot be
considered a thermodynamically equilibrium state,
since complete phase homogeneity has not been
achieved due to high viscosity and elasticity of the solu-
tion. It is logical to conclude that at cellulose concen-
tration in the solution in MMO above 45% the system
approaches the limit of cellulose solubility in MMO.

(b)

0 10 20 30

40
20, deg

Fig. 3. Equatorial (/) and meridional (2) diffractograms (a) and photo X-ray diffraction pattern (b) of cellulose extrudate.
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Fig. 4. Photo X-ray diffraction pattern of cellulose fiber
partially washed of MMO.

EVOLUTION OF CELLULOSE STRUCTURE
BY STAGES OF SPINNING,
FROM A SOLUTION TO CELLULOSE
AND COMPOSITE ORIENTED FIBER

During the dry-wet spinning of a solution of cellu-
lose in MMO, liquid oriented jet of the solutions is
passed into an aqueous spin bath, where the mass
transfer processes over a certain time result in the
phase separation of the solution, which allows moni-
toring of the evolution of the cellulose structure at dif-
ferent stages of the process.

The curves of distribution of intensity in the merid-
ional and equatorial diffractograms of the obtained gel
fiber practically coincide, the diffractograms being
diffuse (Fig. 3).

Spinning of cellulose fiber under conditions of uni-
axial tension deformation leads to drastic changes in
the cellulose structure. The freshly spun gel fiber with
incompletely removed solvent and, hence, higher con-
centration of cellulose in comparison with the initial
solution contains a metastable modification of cellu-
lose. The photo X-ray diffractogram of the sample
(Fig. 4) has revealed distinct equatorial reflections.

The presence of only a single strong equatorial
reflection in the diffractogram and, respectively, sharp

drop in the intensity with an increase in the diffraction
angle 20 is usually related to an increase in disordering
due to conformation disturbance along the chain.
Such character of the diffractograms is generally typi-
cal of the mesophase structures such as 2D columnar
mesophase [40], i.e., molecules of MMO hinder the
formation of intramolecular (no ordering along the
cellulose chains) as well as intermolecular H-bonds.
The 2D ordering in the positions of the centers of
gravity of the cellulose—MMO associates is schemati-
cally shown in Fig. 5.

Upon complete phase separation, up to the forma-
tion of cellulose fiber, the diffraction scattering pattern
is more significantly changed.

According to the X-ray diffraction analysis data,
the photo X-rat diffraction pattern (Fig. 6a) and the
diffractograms (Figs. 6b, 6¢) of the cellulose fiber have
coincided with the reference data on cellulose 11, with
somewhat increased identity parameter along the fiber
axis: a = 8.14 A, b = 10.34 A, c = 9.14 A, B = 62°.
The equator (Fig. 6, curve 1) contains four reflections
with large half-width (1.8°—2.0°). The indexes of the
reflections are shown in the figure; the near-equato-
rial reflections have not been observed (Fig. 6,
curves 2, 3).

The meridian (Fig. 6¢) contained four orders of the
reflection of the meridional reflex (1m, 2m, 3m, 4m)
corresponding to the period of 10.34 A. Several char-
acteristic features of the scattering patterns of the
ordered cellulose are noteworthy. For example, half-
width of the purely meridional reflections is signifi-
cantly less than this of the equatorial ones. Therefore,
the crystallites are larger in the longitudinal direction
than in the transverse one (ratio /: d ~ 10 : 1). In other
words, the fiber spinning from a solution of cellulose
in MMO yields a crystalline phase, in which the large
crystallites are extended in the longitudinal direction.
This feature, on one hand, leads to high ordering and
density of the formed structures and, on the other
hand, reduces the probability of the formation of the
transverse hydrogen bonds with the neighbor crystal-

) )

Fig. 5. Scheme of 2D ordering of cellulose in a solution in MMO upon incomplete removal of the solvent.
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Fig. 6. Photo X-ray diffraction pattern (a), equatorial (b) and meridional (c) diffractograms of oriented cellulose fiber.

line clusters, which increases the tendency towards the
system fibrillization.

Comparison of equatorial diffractograms obtained
for the crystalline fiber (Fig. 6) and the gel fiber
(Fig. 5) of cellulose has led to a suggestion that the
ordering of the macromolecules in the plane of the 2D
mesophase is similar to this of the ac plane of the crys-
tal. This conclusion is supported by the closeness of
the angular positions of the equatorial reflections of
the crystal and the mesophase. The set of the results
obtained for different phase states of the system
showed that the solutions of cellulose in MMO are
transformed into the columnar mesophase state at the
polymer content of 45%, yet the type of the lyotropic
LC phase can hardly be identified due to nonunifor-
mity of the phase composition of the highly concen-
trated solutions.

Despite the high demand for various cellulose mold-
ing products (fibers, films, nonwovens, etc.), the
researchers face a fairly important issue of expanding
the areas of application of the cellulose materials by cre-
ating composite materials with the required deforma-
tion, strength, functional, and operational properties.

SOLUTIONS OF MIXTURES OF CELLULOSE
AND SYNTHETIC POLYMERS IN MMO

The highly polar donor MMO is a thermodynami-
cally good solvent with respect to hydrophilic cellu-
lose, but can also dissolve (via the solid-phase mecha-
nochemical dissolution) synthetic polar hydrophobic
polymers such as linear thermotropic alkylene-aro-
matic polyesters containing mesogenic triads based on
fumaric and oxybenzoic acids with hexa- (GP-6) and
decamethylene (GP-10) spacers, copolyesters with
different content of the elementary units of the parent
homopolymers, and copolyesters with mesogenic tri-
ads of terephthalic and hydroxybenzoic acids with
oxypropylene and decamethylene spacers, poly-m-
phenyleneisophthalimide (PMPIA), polyurethanes,

and different PAN copolymers [41—45]. Investigation
of the process of solid-phase dissolution of copolyes-
ters and PMPIA in MMO has revealed the general fea-
tures of the polymers, namely, formation of the crystal
solvates during their dissolution in MMO, separating
into a crystal solvate phase upon cooling. Comparative
analysis of the X-ray diffraction patterns has evi-
denced complete absence of identity of the reflections
of the crystal lattices of the initial polymers, the sol-
vent, and the crystal solvate formed in MMO [43].
The dissolved macromolecules of copolyesters form
new intermolecular species with the MH MMO mol-
ecules, the solvate adducts which give the crystal sol-
vate phase during subsequent cooling of the solution.

Whereas a single type of the crystal solvates are
formed upon dissolution of the copolyesters in MMO,
dissolution of PMPIA can yield two crystal solvates
depending on the crystal hydrate form of MMO. It
should be specifically noticed that the bond between
the polymer and the solvent in the crystal solvate is
sufficiently strong, being preserved upon introduction
of up to 80% of water to the system, i.e., the concen-
tration at which MMO exists in the liquid state.

According to the X-ray diffraction analysis data,
the considered composite solutions with the copolyes-
ters, PMPIA, or PAN are amorphous, but the charac-
ter of the structure changes in the course of the poly-
mer phase separation is basically different. Since the
evolution of the structure is the most striking in the
cellulose—PMPIA system, let us consider the gradual
formation of the cellulose composites exemplified by
this system.

As seen from the presented diffractogram (Fig. 7),
the cellulose composites containing 5% of PMPIA
upon removal of the solvent have not been amorphous
even without any drawing and have demonstrated a
significant increase in the intensity of the scattering at
20 = 12° in the equatorial direction, without any redis-
tribution between the equatorial and meridional scat-
tering at 20 > 15° (Fig. 7).
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Fig. 7. Equatorial (7) and meridional (2) diffractograms of composite extrudates consisting of 95% of cellulose and 5% of PMPIA.

Fig. 8. Photo X-ray diffraction patterns of composite fiber samples consisting of 95% of cellulose and 5% of PMPIA at the draw-

ing ratio A = 6 (a), 13 (b), and 16 (c).

The presence of two peaks in the diffractogram has
evidenced the packing with two average intermolecu-
lar distances in the system. These distances are signifi-
cantly different. Probably, the closest molecules can
easily form a system of intra- and intermolecular
hydrogen bonds, required for the appearance of
ordered “domains”, prone to the orientation. As a
result, layered 1D packing is formed at a low draw ratio
(A = 6) (Fig. 8a).

The spinning of the composite fibers under condi-
tions of orientation drawing has resulted in further
transformation of the scattering pattern. As seen in
Fig. 8b, redistribution of the intensity is observed over
the entire scattering area. Two reflections have been
observed at the equator, as in the case of pure cellulose
mesomorphic gel fiber (Fig. 4). The improvement of
the packing (of the centers of gravity of the cellu-
lose—MMO—PMPIA associates) of cellulose macro-
molecules in the basis plane (at the molecular level)
has led to the transition of the layered 1D packing into
the 2D columnar mesophase. Position of the equato-
rial reflections in the photo X-ray diffraction patterns

POLYMER SCIENCE, SERIESC 2024

of the oriented composite sample has completely cor-
responded to the position of equatorial reflections of
the mesomorphic cellulose gel fiber and has coincided
with the position of the principal basal (101) reflection
of the cellulose crystal.

An increase in the draw ratio of the composite sam-
ple to A = 16 has led to further improvement of its
structure. The texture X-ray diffraction pattern of such
sample (Fig. 8c) has revealed the appearance of the
meridional reflection at 20 = 35°. The special features
of the scattering at the equatorial area, earlier assigned
to the ordering in the basis plane, have been preserved.
At the same time, the reflections in the quadrants of
the photo X-ray diffraction pattern have not been
observed. Comparison of the oriented fibers of cellu-
lose and the composite, the draw ratio being the same,
has solidly confirmed this fact. Indeed, the scanning
of the composite fiber has not revealed the near-
meridional and other reflections in the quadrants
(Fig. 9). The absence of the quadrant reflections is the
special feature of the composite fiber. At the same
time, angular position and half-width of the equatorial
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Fig. 9. Diffractograms of composite cellulose fiber containing 5% of PMPIA obtained by scanning along the meridian (/) and at

angle 10° (2) and 20° (3) with respect to the meridian.

and the meridional reflections for the cellulose and
the composite (low content of the polymer additive,
4%) have been almost identical.

The marked features of the scattering pattern of the
composite fiber obtained at A = 16 have evidenced the
realization of two independent ordering levels in the
system: the 2D ordering in the basis plane (at the
intermolecular level) and the 1D order along the fiber
axis (at the molecular level), i.e., generally non-crys-
talline 3D ordering. In this case, the mesomorphic
state is realized at the complete phase separation of the
system and is equilibrium.

Hence, it has been stated for the first time that the
solid-phase composite solvates of PMPIA and cellu-
lose with MMO undergo a transition into two-phase
fluid state during subsequent heating; the disperse
phase of the obtained emulsions consists mainly of the
PMPIA macromolecules solvated with the solvent
molecules. The high affinity of the solvate shell of
labile molecules of flexible-chain PMPIA to the
hydroxyl groups of cellulose allows its macromolecules
to integrate into the interchain space of cellulose, thus
somewhat sterically hindering the intrachain ordering,
which is limited to the stage of the formation of the 2D
mesophase, and ruling out further formation of the
crystalline phase of cellulose.

The IR investigation of solutions of PMPIA with
the following formula

%UQT

in MMO have shown that the amide groups of PMPIA
are prone to the intermolecular association, which
also involves the protons at the nitrogen atom and the
oxygen atoms of the carbonyl group. In the presence of
MMO containing water, the intermolecular bonds are
broken and new hydrogen bonds are formed, primarily
involving the protons at the nitrogen atom, the forma-
tion of these bonds is accompanied by a change in the
conformation of the PMPIA chain. It can be con-
cluded that PMPIA is prone to association with the
MM O—water complex, and cellulose bound to several
water molecules via the hydrogen bonds can only be
linked to MM O through them. This has provided fur-
ther confirmation of the validity of the above mecha-
nism, according to which the high affinity of the intro-
duced polymer additives to MMO is the driving force
of the process of tuning the cellulose structure in a
solution in MMO.

The structure features of the cellulose composite
fibers determine the set of their mechanical properties
over the entire range of compositions.

As seen from Fig. 10, the maximum values of the
tension at break €, strength ¢, and the modulus E are
observed for the compositions containing up to 5% of
PMPIA, i.e., in the range of the system existence in
the mesophase state. Whereas the strength and the
modulus have increased by 10—30%, the tension at
break has been increased by almost 3 times, to reach
150%. The effect of the increase in the deformational
properties of the composition, so unusual for poly-
mers, is likely due to the character of the structuring of
the system. In the range of the intermediate composi-
tions, where the degree of ordering of the fibrillar
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Fig. 10. Strength (/), elasticity modulus (2), and tension at
break (3) of the fibers as functions of the composition of
the cellulose—PMPIA mixture composition.

morphology of the cellulose matrix is decreased, the
tension at break has been sharply reduced. Further
increase in € has been observed only at Cpypja = 60%.
At high content of PMPIA in the composition, the
change in the mechanical parameters has been typical,
i.e., the values of the strength and the modulus have
been increased, the tension at break decreasing [43].

Targeted tuning of cellulose structure is an
extremely important issue, especially regarding the
fabrication of carbon fiber on its basis and elucidation

of the relationship of the structure and properties of
the precursor and the respective parameters of the
produced black fiber. The accumulated experience has
led to a suggestion that the structural transformations
should be directed at the creation of high structural
uniformity along the chains, with less sharp boundar-
ies of the phase-structure transitions, i.e., the domains
of the crystalline phase should be shorter, whereas the
short amorphous regions should be more ordered. In
this regard, investigation of the possibility of targeted
formation of the cellulose structure via the introduc-
tion of PAN copolymers in the cellulose solutions is of
special interest. It has turned out that the dissolution
of PAN copolymers in MMO and their co-dissolution
with cellulose in MMO can only be performed via the
method of solid-phase low-temperature dissolution
under shear.

The PAN copolymers consisting of acrylonitrile
(AN), methyl acrylate (MA), and an acidic comono-
mer are the most common precursors of carbon fiber.
The interaction of the PAN—acrylic acid (AA) copoly-
mer with the acidic fragment of AA (composition:
97% AN, 2% MA, and 1% AA) synthesized in super-
critical CO, medium [46] with MMO during the
mechanoactivation has been investigated by means of
IR spectroscopy. From the data in Fig. 11 it follows
that the spectrum of the activated (PAN—AA)—MMO
mixture is not a superposition of the spectra of the ini-
tial components, PAN—AA and MMO. Instead of a
single band at 1732 cm™! as in the PAN—AA spectrum
(Fig. 11, spectrum /), the spectrum of the activated
mixture has contained two bands in this region: 1743
and 1684 cm™!. The splitting of the C=0 stretching
band of the carboxylate groups of the copolymer under
the action of MMO is most likely due to the formation
of two types of the hydrogen complexes between this
group of the polymer and the polar N — O bond in
MMO [47—49].

""‘”CHQ CH2 CH2~"N‘ JV\N‘CH2 CHZJ"""
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The first type of the complex can be explained by
the formation of hydrogen bonds between the nega-
tively charged oxygen atom of the N — O group in the
MH MMO molecule and the proton of the carboxyl-
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ate group of the polymer, which leads to the shift of the
electron density from the C=0 bond, accompanied by
the shift of the band at 1732 cm~' in the IR spectrum
towards long-wave region, to 1684 cm~!. At the same
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Fig. 11. IR spectrum of the samples: PAN—AA (), activated mixture (PAN-AA)—MH MMO (2), and MH MMO (3).

time, the oxygen atom of the carbonyl group can inter-
act with the proton at the tertiary carbon atom of the
PAN—AA backbone.

Another type of the complex formation can be real-
ized via the coordination of a strongly polar N — O
bond in MH MMO with a moderately polar C=0
bond of the carboxylate group of the polymer. The
proton of the OH group can be coordinated with the
nitrile group of the adjacent unit. Such type of the
coordination leads to the enrichment of the C=0
bond with the electrons, owing to the strongly electro-
negative oxygen atom in MMO, and the shift of the
C=0 band towards short-wave region, to 1743 cm.
The coordination of a carboxylate group in the
PAN—AA macromolecule with the MMO molecule
(with the formation of either complex a or complex b)
inevitably results in the redistribution of the electron
density in this group and, hence, additional coordina-
tion with the functional groups of an adjacent polymer
unit (nitrile group or proton at the tertiary carbon
atom of the backbone). Such coordination should
induce the conformational rearrangements of this part
of the chain as well as redistribution of the electron
density in the nitrile groups. The nitrile group band in
the spectrum of the activated solid-phase
(PAN—AA)—MMO mixture (2244 cm~") has not been
noticeably shifted, but relative intensity of this band
has been significantly decreased in comparison with
the spectrum of the PAN—AA copolymer. The weak-
ening of the band in the spectra of the activated mix-
ture can be due to a change in the polarization of the
bonds in the separate CN groups in the copolymer.

The obtained results have led to a conclusion that
the interaction of the carboxylate groups of acrylic
acid units in the copolymer and the electron-donor
N — O bond of the solvent molecule, leading to the
formation of the solid pre-solutions of PAN—AA in
MMO, occur during the solid-phase mechanical acti-
vation. At temperature above 120°C, the mere dissolu-
tion process is accompanied by the processes of
cyclization of the nitrile groups of PAN with the for-
mation of a conjugated bonds system.

MIXED SOLUTIONS OF CELLULOSE
AND PAN—-AA IN MMO

On the basis of the kinetic features of solid-phase
dissolution of cellulose and various PAN copolymers
in MMO, namely, the fact that the rate of dissolution
of the PAN copolymers significantly exceeds this of
cellulose, a method of solid-phase co-dissolution of
cellulose and PAN in MMP has been elaborated and
the mixed solutions have been obtained [50, 51]. The
thermodynamically incompatible solutions are two-
phase (emulsions) over the entire range of the compo-
nents ratio. The high difference in the viscosity and
elasticity of the phases, up to several orders of magni-
tude, results in the formation of numerous morpho-
logical forms in the emulsions.

The features of the interactions between cellulose,
PAN—AA, and MMO in the spun fiber have been
investigated by means of IR spectroscopy in depen-
dence of the amount of the introduced PAN—AA.

As seen in the spectra (Figs. 12a, 12b), significant
changes in the characteristic absorption bands of cel-
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Fig. 12. IR spectra of cellulose—(PAN-AA) fibers; composition 100 : 0 (7), 98 : 2 (2), 96 : 4 (3), and 95 : 5 (4); overview spectrum

(a), region of the C—OH bonds absorption (b).

lulose have occurred depending on the amount of the
introduced PAN—-AA, especially in the
1200—1450 cm~' range sensitive to the crystalline
phase of cellulose. The bands assigned to the amor-
phous phase (1152 and 900 cm~") have been changed
in the intensity as well, depending on the content of
PAN—AA in the fiber. The —OH and C—O groups of
cellulose are usually strongly associated, and to a cer-
tain degree determine the intra- and interchain struc-
turing via the formation of the crystallites and the
amorphous regions in the polymer.

At low content of PAN—AA (0.5 and 2%), the
bands at 3300—3400 cm~! (—OH) and 1025 cm™!
(C—0) have been insignificantly weakened, the band
at 3300—3400 nm~! being shifted towards the long-
wave range, which points at a higher degree of associ-
ation of the —OH groups, possibly also with the nitrile
groups of PAN—AA. With the increase in the
PAN—AA content to 3 and 5%, both bands have been
sharply weakened. The band at 3350 cm™' has been
shifted towards short-wave range, and a new band has
appeared at 3433 cm™!, assignable to weakly associated
—OH groups. Such behavior of the bands due to the
—OH and C—O groups can be explained only by redis-
tribution of the hydrogen bonds in cellulose and
should result in the degree of ordering of the macro-
molecules. Indeed, the bands responsible for the crys-
tallinity (at 1200—1450 cm™!) have been significantly
strengthened. The O’Connor indexes [52, 53]
obtained from the analysis of intensity of these bands
have shown that the introduction of up to 2% of the
PAN—AA copolymer in cellulose leads to a change in
the degree and type of association between the —OH
groups of cellulose, accompanied by an increase in the
number (likely getting shorter) of the crystalline as
well as the amorphous parts in the cellulose chains.
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At the PAN—AA content of 3%, association of the
nitrile groups of PAN with the OH groups of cellulose
occurs, which creates a new geometry of the nitrile
groups, favoring further cyclization along the
PAN—AA chain. Such cyclization has been the most
pronounced in the cellulose spectra at the PAN con-
tent of 5%; at the same time, the degree of crystallinity
of cellulose has been significantly decreased, and the
number of the amorphous regions has been increased.

The fiber has been prepared from the 18% mixed
solutions containing 0.5 to 5% of PAN, under stable
spinning conditions at 120°C. The results of their
structure investigation are presented in Fig. 13. From
the presented diffractograms it is to be seen that the
structure of the cellulose fiber has been typical of cel-
lulose II: the major reflections have been observed at
20 = 12° and 20° [45]. The diffractogram of the PAN
fiber has shown an equatorial peak at 20 = 16.5°, cor-
responding to the interplanar distance of d = 5.37 A
(110), and a broad amorphous halo centered at 20 =
26°. Structure of the composite fiber containing 5% of
PAN has been different from the structure of both cel-
Iulose and PAN. The diffractogram has exhibited a
redistribution of the intensities of the characteristic
peaks of cellulose at 26 = 12° and 20° and the absence
of the characteristic reflection of PAN at 20 = 16.5°.
The amorphous halo has been shifted towards wider
angles and has appeared as a weak righthand shoulder
at the basement of the characteristic peak of cellulose
at 20 = 20°.

The mechanical properties of the cellulose and
composite fibers are collected in Table 2. The change
in the mechanical parameters of the composite fibers
in comparison with the cellulose ones has been likely
due to the above-discussed structural changes of the
cellulose matrix induced by the incorporated PAN
copolymer additive. For instance, it follows from the
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Fig. 13. Equatorial diffractograms of cellulose (7), composite with 5% of PAN (2), and PAN (3) fibers.

data in Table 2 that the introduction of no more than
3% of PAN—AA in the cellulose matrix leads to a slight
decrease in the strength and the elasticity modulus of
the composite fibers, the deformation properties being
improved by more than 4 times. At the PAN—AA con-
tent increased to 5%, the interactions between the
polymeric macromolecules have dominated in the sys-
tem, which has led to more pronounced amorphiza-
tion of cellulose, cyclization of the nitrile groups of
PAN, and, hence, even stronger decrease in the fiber
strength and increase in the deformation properties.

It is impossible not to consider the influence of the
fundamental difference between the processes of ori-
entation of cellulose and PAN occurring during the
spinning on the mechanical properties of the compos-
ite fiber. During spinning of cellulose from the solu-
tions in MMO, the orientation of macromolecules
proceeds in a single stage, in the air gap as the filament
passes from the bottom of the spinneret to the surface
of the spin bath, while the PAN fibers are oriented

during multi-stage drawing. In other words, when
spinning the mixed solutions, the multi-stage drawing
is lacking to achieve PAN orientation in the droplets of
the dispersed phase, and hence the non-oriented
copolymer chains can act as defects that worsen the
strength but significantly improve the deformability of
the composite fibers.

The PAN—methyl sulfonate (MS) has been further
considered as an object of investigation, in which more
polar ionic sulfonate groups (capable of formation of
high-energy bond with MMO and tune the cellulose
structure through them) replace the carboxylic ones.
Moreover, the solid-phase activation of these mix-
tures, unlike the activation of the (PAN—AA)—MMO
system, has been carried out at higher mechanical
stress and shear deformation, as implemented in a
twin-screw extruder. The possibility to perform
organic synthesis in extruders was demonstrated for
the first time in [54, 55].

Table 2. Mechanical properties of cellulose, PAN—AA, and composite fibers

System Diameter, um Strength, MPa elorljges}:tlit::i % mo%lsls;l:’]tépa
Cellulose 100% 34.0 420 10 10.0
Cellulose 99.5% —PAN 0.5% 21.6 425 11 13.1
Cellulose 99% —PAN 1% 28.8 370 27 10.1
Cellulose 95% —PAN 5% 25.2 321 45 5.6
PAN 100% 30.0 410 30 6
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Fig. 14. IR spectra of MMO (1), PAN—MS (2), activated solid mixtures (PAN—MS)—MMUO (3), and solution of PAN—MS in
MMO (4).

The IR spectroscopy investigation of the melting crystal hydrate form upon partial dehydra-
(PAN—-MS)—MH MMO system has revealed that, tion, and the nitrile groups is significantly polarized
in contrast to the mechanical mixtures, the interac- due to the association with the N — O bond through
tion between the sulfonic groups of the polymer and a water molecule. Schematic illustration of the
the N — O bond of MH MMO is weakened, the interaction in the (PAN—MS)—MH MMO system
geometry parameters of the sulfonic groups are in the mechanical and activated mixtures is given
changed, MH MMO is transformed in a more high- below [56—58].
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The redistribution of the hydrogen bonds in the The spectrum of the activated (PAN—MS)—MMO
activated (PAN—MS)—MH MMO system with a loss mixture has exhibited the spectral signs of the water
of the crystal hydrate water molecules from MH  migration, i.e., the crystal hydrate water of the MMO
MMO should inevitably result in an increase in the molecules is shifted towards the oxygen atom of the
temperature of MMO melting and dissolution of S=O bond in the formed complex. The bands of the
PAN—MS in MH MMO, respectively. nitrile groups have become very strong, and the bands

of the sulfonic groups have been even more shifted in

Comparison of the spectra of PAN—MS and the comparison with the spectrum of the analogous mix-
high-melting MMO with the spectra of the activated ture with the monohydrate, i.e., noncovalent binding
mixture and the solution is shown in Fig. 14. of MMO with the polymer through the water mole-
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Fig. 15. Comparison of IR spectra of initial and activated PAN—cellulose mixtures (composition 8/8%, MMO 74%) at the acti-

vation intensity 0 (7), 60 (2), 80 (3), 100 rpm (4), and MMO (5).

cules have been more pronounced. The band of the
nitrile groups have been even more weakened and
shifted by 5 cm~! towards long-wave range. Besides the
shifts of the bands evidencing the interaction of the
polymer with the solvent, a new band at 1596 cm™!
appeared in the spectrum, reflecting the appearance
of conjugation in PAN macromolecules.

The processes of mechanochemical treatment of
solid polymers are performed under nonequilibrium
conditions and are determined by the energetics of the
equipment. The dependences of the degree of interac-
tion between the system components on the mode of
extrusion at different extrusion rate and the screw
length in a twin-screw extruder have been analyzed by
means of IR spectroscopy. A mixture containing cellu-
lose and PAN—MS (8% each) and 84% of MMO has
been used as the test system [59]. For comparison, the
cellulose—(PAN—MS)—MMO mechanical mixtures
of the same phase composition, obtained via mere
mechanical mixing of the solid reagents without a
shear impact have been investigated. The spectra of
the mixtures have been corrected for baseline and nor-
malized by the intensity of the band of the MMO skel-
eton vibrations at 1009 cm™! to assess the influence of
the extrusion rate on the spectral changes. Figure 15
displays the spectra of the initial mixture and this acti-
vated at different rates of extrusion, in comparison
with the spectrum of MMO. It is to be seen that the
spectra are not superpositions of the spectra of the ini-
tial systems. For better visualization and more com-
plete analysis of the system state depending on its

degree of deformational impact, the parts of the
obtained spectra have been considered separately
(Fig. 16).

The spectra of the systems activated at different
extrusion rates have revealed strengthening of the
stretching bands of the —OH groups of cellulose at
3368 and 3306 cm~! (Fig. 16a) and the bands of libra-
tion motion of water at MM O bound to PAN—MS and
cellulose, at 779 and 665 cm~! (Fig. 16¢) with an
increase in the mixing rate. Intensity of the nitrile
group band of PAN—MS in the spectra of the activated
mixtures have been strongly (by more than 4 times)
decreased in comparison with the spectrum of the ini-
tial mixture (Fig. 16b); simultaneously, the bands at
2197 and 2299 cm™!, assignable to the nitrile groups
differing in the polarization degree, have been
strengthened. The band of the C=O stretching at
1730 cm™~! (the acrylate units in PAN) has been almost
vanished in the spectrum of the activated mixture, yet
the bands of amide groups at 1677 cm™! as well as
imide and/or anhydride groups at 1762 and 1790 cm™!
unexpectedly appeared and increased in intensity with
an increase in the extrusion rate

Hence, besides the specific interactions between
the solid-phase reagents and MMO, deep chemical
transformations of the nitrile groups on PAN—MS
occur in the solid-phase cellulose—
(PAN—MS)—MMO system with an increase in the
shear deformation. Hydrolysis of the nitrile groups in
a liquid phase usually occurs only at elevated tempera-
tures, fully coinciding with the kinetic features of the
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solid-phase reactions, according to which the rate
constant of the reactions in a solid phase under condi-
tions of shear deformation is several orders of magni-
tude higher than in a liquid phase [2]. The revealed
dependences evidenced that an increase in the degree
of the deformational impact leads to an increase in
polarizability and, hence, reactivity of the functional
groups of the system components, i.e., the value of the
mechanical loading is correlated with the physico-
chemical response.

The evolution of the interactions between the poly-
mers and the solvent during preparation of the solu-
tions and spinning has been considered by means of IR
spectroscopy for the composite fiber containing 60%
of PAN and 40% of cellulose, spun in different modes
at 120°C [59, 60].

Figure 17 displays the IR spectra of two samples
recorded at room temperature: this obtained immedi-
ately upon preparation of the emulsion (1) and this
spun upon heating the emulsion during 30 min (2).
The spectra of the composite fibers have retained the
characteristic bands of the polymers, but the spectra of
the composite fibers of the same composition differing
in the history have been significantly different. The
spectrum of sample 2 of the fiber (obtained upon heat-
ing during 30 min at 120°C) (Fig. 17a, spectrum 2) has
exhibited significant decrease in intensity and slight
shift of the maximum towards long-wave range of the
cellulose OH stretching band at 3378 cm™!.

The said effect has confirmed participation of the
hydroxyl groups of cellulose in the formation of new
hydrogen bonds, besides these present in the cellulose
itself. A strong broad band of the C—O—C bond of cel-
Iulose at 1038 cm~! (Fig. 17b) in the spectrum of the
composite fiber 1 has been split in comparison with
the cellulose spectrum, whereas in the spectrum of
fiber 2 this band has become weaker and its degree of
splitting has been changed, which also evidences sig-
nificant degree of association of the OH groups with
the functional groups of PAN—MS. The formation of
new hydrogen bonds between cellulose and the ester
groups of PAN—MS has been confirmed by a change
in relative intensity of the C=O stretching band at
1732 cm™! (methacrylate groups of PAN—MS). For
example, the band at B oOpasne 1 MHTEHCUBHOCTD
nostockl mipu 1732 cm™! in the spectrum of sample 1
has weakened (Fig. 17), almost vanishing and
observed as a weak shoulder in the new band at
1683 cm~! in the spectrum of sample 2.

The most reactive functional groups of the
PAN—MS copolymer, methyl sulfonate ones absorb-
ing IR radiation at 800—1100 cm~!, unfortunately have
not been observed in spectra of the composite sam-
ples, since they are completely overlapped by strong
stretching bands of the cellulose OH groups, and their
contribution into the system of the appearing hydro-
gen bonds is not discussed at this point.
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Fig. 16. Details of the spectra in Fig. 15. See discussion in
the text.
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Fig. 17. Comparison of IR spectra of the composite fibers 60% PAN—MS—40% cellulose spun at 120°C from 18% solutions
immediately upon the transition into the viscous flowing state (/), upon heating during 30 min at 120°C, and PAN—MS (3) in
the regions of the OH, CH, and —C=N groups stretching (a) and in the region of the C=0 and C—O stretching (b).

Meanwhile, besides the new band at 1683 cm™!,
another band at 1575 cm~! appeared in the spectrum
of fiber 2; they are in good agreement with Amide I
and Amide II bands in primary amides [59]. These
changes in the spectrum of sample 2 compared to
spectrum 1 can be explained by simultaneous forma-
tion of new hydrogen bonds and partial hydrolysis of
the nitrile groups in PAN—MS during heating of the
emulsion:

$:o

T—CHz—CllHT
CN |,
NH,

The amount of the formed amide units can be esti-
mated by comparing the intensities of the Amide I
band (1683 cm™') and the band of the C=0 bonds in
methacrylate units of PAN—MS at 1732 cm™!. It is
known that the intensity of the band at 1680 cm™! in
the spectrum of acrylamide is 2.3 times higher than
the intensity of the band at 1735 cm™~! in the spectrum
of methyl acrylate; therefore, intensities of these bands
being equal, the content of the amide units is 2.3 times
lower than the methyl acrylate units. In the spectrum
of the composite fibers (Fig. 17b), intensity of the
band at 1680 cm™! (the amide units) is 1.8 times higher
than this of the band at 1735 cm™~' (the methyl acrylate
units). Since the content of methyl acrylate units in
PAN—MS does not exceed 6%, simple calculation has
revealed that the content of the amide groups formed
via hydrolysis upon heating of the spinning emulsions
during 30 min does not exceed 4.5%.

+ H,0 # 1—CH2—(|:HJrn

The amide units formed via hydrolysis of the nitrile
groups readily form hydrogen bonds with the hydro-

philic OH groups of cellulose. Such noncovalent
bonds between the ester or amide groups of PAN and
hydroxyl or glycoside groups of cellulose can be
formed either directly or, as has been shown by quan-
tum-chemical simulation in [49]. The appearance of a
small number of noncovalent sufficiently strong cross-
links between the chains of PAN—MS and cellulose
leads to a change of the conformation of the polymer
chains, especially since the parts of the chains not
linked by the hydrogen bonds should repel due to the
difference in hydrophilicity. The complex structural
transformations occurring in the considered compos-
ite solutions under different conditions should deter-
mine the structure and properties of the obtained
hybrid fiber.

The fibers structure has been investigated by means
of X-ray diffraction analysis, and the corresponding
diffractograms are shown in Fig. 18. For the Lyocell
fibers, the principal reflections are observed at
20~12.1°, ~20.1°, and ~21.5° and are assigned to the
crystallographic planes (101), (101), and (002) (shown
in black dotted line in the figure), which corresponds
to the cellulose II phase (regenerated cellulose), i.e.,
no structural transformations of cellulose at the
molecular level has occurred in the presence of
PAN—MS.

The diffractogram of the PAN—MS fiber has
exhibited two reflections at 20 = 16.9° (d = 0.524 nm)
and 20 = 29.4° (d = 0.303 nm) and a broad reflection
at 25.7°, marked in red dotted line. In the composite
fibers, angular position of the characteristic reflec-
tions has been preserved, only their intensity has been
changed depending on the phase composition of the
fiber. Since the fine changes in the intensity of the
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Fig. 18. Equatorial diffractograms of composite fibers spun from 18% composite solutions with PAN content 0 (7), 30 (2), 40 (3),
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Fig. 19. Degree of crystallinity (a) and size of crystallite of cellulose (b) as functions of PAN content in the composite fiber.

principal reflections can hardly be tracked from the
presented diffractograms and, according to the IR
spectroscopy data, a change in the PAN content
results in amorphization of cellulose, the indexes of
crystallinity and length of crystallites have been deter-
mined as function of the amount of PAN in the com-
posite fiber. Figure 19 displays the dependences of the
degree of crystallinity and the size of the cellulose
crystallites depending on the PAN content in the com-
posite fiber. From the data in Fig. 19a it is to be seen
that the introduction of polyacrylonitrile in cellulose
induces linear decrease in the crystallinity index.

POLYMER SCIENCE, SERIESC 2024

The size of the cellulose crystallites has been esti-
mated using the Scherrer equation for the reflection
corresponding to the (101) plane [61]. The structure of
cellulose fibers obtained from the solutions in MMO,
including the Orcel fiber [10] prepared using the solid-
phase MMO process, is traditionally characterized by
the increased values of the degree of crystallinity as
well as the longitudinal crystallite size. The introduc-
tion of PAN—MS into cellulose has first favored an
increase in the crystallite size, while their size has been
decreased with an increase in the copolymer fraction
above 30%, i.e., the dependence on concentration is
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Fig. 20. Microscopy image of the composite fiber spun
from 18% composite solution of 60% cellulose—40%
PAN—-MS.

extremal. Likely, such behavior of the system is due to
the above-discussed effect of intermacromolecular
interaction, which does not affect the character of self-
ordering of cellulose at PAN content in the mixture up
to 30%, whereas its effect is enhanced at the concen-
tration above 30%, leading to amorphization and
changing in the macrochains conformation. At the
same time, the index of crystallinity has been
decreased, resulting in a decrease in the longitudinal
size of the crystallites, during the spinning accompa-
nied by the orientation.

Morphology of the composite fiber with high con-
tent of PAN is presented in Fig. 20.

In contrast to the Lyocell or Orcel cellulose fibers,
in which strong longitudinal orientation of the crystal-
lites and the amorphous regions favors the formation
of fibrils with size not exceeding 0.08—0.1 wm and the
packing so dense that they are not manifested in the
cross-section of the fiber, the obtained composite
fibers have exhibited larger heterogeneous layered tex-
ture formed by the microfibers with size about 1 um
rather than the fibrils. The microfibers have been also
heterogeneous, consisting of numerous oriented
fibrillar subunits. The fiber surface has been grooved
due to the microfibers exposed to it, while the cross-
section has been in general circular. The phase com-
position of the formed structures can hardly be deter-
mined solidly, yet the cellulose fibrils isolated upon
removal of PAN, firstly, have confirmed the electron-
donor-acceptor (EDA) nature of the intermacromo-
lecular bonds; secondly, the preserved sufficiently
high strength properties have evidenced the validity of
the above-suggested mechanism, according to which
the PAN macromolecules interact with the surface
functional groups of the cellulose structural aggre-
gates.

The data obtained in the discussed studies evidence
high efficiency of the solid-phase activation of the

considered systems, ensuring high degree of interac-
tion between the polymers. Pyrolysis of the compos-
ites of cellulose with PAN—MS leads to the conversion
of the EDA interpolymer bonds into the covalent
ones, thus forming in situ the crosslinked copolymers
of cellulose and PAN, which can be an important pos-
itive factor in the manufacturing of the carbon fibers.

The obtained copolymers of cellulose and
PAN—MS, with a spatially fixed structure, can be
potentially used to obtain hydrogels for diverse appli-
cations. Evidently, these directions require detailed
investigation.

The conducted set of studies has allowed, having
considered the features of the behavior of the studied
cellulose—MMO systems with various polymers in the
processes of mechanical activation by shear deforma-
tion, transformation into solution, and spinning as
well as structural features of the hybrid fibers, to iden-
tify the main factors that determine the directions of
cellulose structure regulation. For example, the prin-
cipal special feature of the cellulose (PMPIA, LC
polymers, polyurethane)-~MMO system is the ener-
getically strong interaction of the polymers with
MMO, leading to the formation of the MMO—poly-
mer crystal solvates and determining further structural
transformations of the systems following the process
stages. The polymers in the emulsion are not in direct
interaction, they interact through the solvent mole-
cules, thus creating certain steric obstacles and direct-
ing the cellulose macromolecules structuring via a
mechanism analogous to the formation of mesomor-
phic ordering of cellulose in the presence of MMO
molecules (incomplete phase separation during spin-
ning).

When PAN copolymers differing in the reactivity
towards MMO and cellulose to the cellulose—MMO
system, the solid-phase mechanoactivation and fur-
ther stages of the process are accompanied by specific
interactions between the system components and
structural-chemical transformations. As has been
considered in sufficient detail, potential energy of the
forming specific interactions between cellulose and
PAN—AA at the content of the latter up to 3% is not
enough for significant change in the mechanism of
structuring of cellulose and PAN—AA. The resulting
hybrid fibers, while maintaining strength characteris-
tics, acquire high deformation properties.

In the cellulose—(PAN—MS)—MMO system, as in
the cellulose—PMPIA—MMO one, the PAN—MS
macromolecules demonstrate high affinity to water
and MMO> However, in contrast to the system with
PMPIA (in which, according to the IR spectroscopy
studies of the mechanical mixture of the starting poly-
mers, no direct bonds between the polymers are
formed), new hydrogen bonds between the OH groups
of cellulose and the functional groups of PAN are
formed in the cellulose—(PAN—MS) system. These
facts mean that the conditions of mechanical activa-
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tion of cellulose and PAN lead to certain re-associa-
tion of the OH bonds of cellulose from the interaction
with other hydroxyl groups of cellulose to the comple-
mentary groups (amide, ester, and carboxylic ones) in
the macromolecules of transformed PAN—MS in a
solution in MMO.

In summary, the performed series of investigations
have extended the existing views on the reactivity of
solid organic substances under conditions of shear
deformation and have resolved the following import-
ant aspects of the cellulose issue:

—to establish that the main regulator of the cellu-
lose structure in the solutions in MMO is the high
affinity of the introduced additives of polar synthetic
polymersto MMO, due to which the polymers in solu-
tion interact with cellulose only through the solvent
molecules, thereby disrupting the algorithm of the
structure formation of cellulose macromolecules,
realizing a mesomorphic state at intermediate stages;

—to propose mechanisms of interaction of PAN
copolymers of various nature with MMO, as well as
cellulose and PAN copolymers with MMO at various
stages of obtaining the mixture compositions, from the
stage of mechanical activation to transition into the
fluid state and spinning;

—to prove the EDA interaction and structural-
chemical transformations between the components of
the cellulose—PAN copolymers—MMO system at all
stages of the process of obtaining the hybrid fibers, due
to which the multicomponent system acquires a
pseudo crosslinked character, the depth and degree of
structural transformations being predetermined by the
nature of PAN;

—to demonstrate that the noncovalent bonds
between the associates of cellulose and the PAN copo-
lymers are converted into the covalent ones, to form in
situ the crosslinked copolymers of cellulose and PAN,
which should be considered during formation of car-
bon fibers based on them.
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