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I. INTRODUCTION

The processes occurring in the industrial processing of
cellulose are as a rule heterogeneous and take place under
diffusional conditions, which determines the dependence of
the degree and kinetics of the reactions occurring on the
structure of the solid polymer phase.

Several hierarchical levels of structural organisation can be
differentiated in cellulose. These are the supermolecular
structure with a characteristic distance ranging from several
tens of angstroms and above and two lowest levels—crystal-
line and molecular, with characteristic distance of one ang-
strom. The higher structural levels are readily susceptible
to study by electron and optical microscopic methods and low
angle X-ray diffraction and have been fairly fully investi-
gated.’”® The study of the molecular-crystal structure of
cellulose constitutes the main problem.

Cellulose was one of the first polymers subjected to struc-
tural analysis. However, despite the large number of crys-
tallographic studies of cellulose, the detailed structure of the
crystalline region still remains the subject of extensive con-
troversy.® ! This applies to all the known polymorphic
varieties of cellulose, including the most thoroughly investi-
gated varieties—cellulose I (CI, native) and cellulose II (CII,
regenerated and mercerised). A large number of structural
models, which conflict as regards fundamental characteristics
such as the symmetry of the crystal lattice, the relative ori-
entation of the chains, and the system of hydrogen bonds let
alone even finer structural details, have been proposed.

The present review analyses the literature data on the
molecular and crystal structures of CI and CII, the principal
results of the structural investigations are considered, and
the reliability of the existing concepts and structural models
is estimated.

1I. GENERAL INFORMATION ABOUT THE STRUCTURE OF
CELLULOSE

Cellulose (C) consists of poly-(1 + 4)-8-D-glucopyranose,
(CeH,,05)n(CgH,,04),, where n (the degree of polymerisation)
varies in the range 800—8000 depending on the nature of the
specimen.® 1% The structural formula of cellulose is pre-
sented in Fig.1, which also indicates the numbering of the
atoms adopted in the stereochemistry of sugars and carbo-
hydrates. %2t

1. The Symmetry and Parameters of the Unit Cell

The principal source of information about the molecular-
crystal structure of ceilulose is X-ray diffraction of highly
oriented fibres. Typical X-ray diffraction patterns of cellu-
lose contain darkened regions distributed continuously along
layer lines which are caused by the one-dimensional diffrac-
tion and characterise the degree of ordering of the centres of
gravity of the scattering molecules. The discrete spots of
different intensity are due to three-dimensional diffraction.
The number of independent spots of this type does not usu-
ally exceed 30—40.
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Figure 1. The structural formula of cellulose.

The paucity of the diffraction pattern is to some extent
characteristic of the X-ray diffraction of polymers,?2~2* but,
compared with the majority of synthetic polymers, the X-ray
diffraction patterns of cellulose exhibit a steeper decrease of
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intensity with increase of the Bragg angle, which additionally
limits the region of the possible reflections.?® Such decrease
of intensity can be caused either by the intense thermal
movement of the structural elements of cellulose or by statisti-
cal disorder.

The only symmetry element of the erystal structure of cel-
lulose is a twofold screw axis parallel to the axis of the fibre
(space group P2,).2® The presence of this axis is indicated
ky the systematic extinction of the 001 reflection | = 2n + 1
on the X-ray diffraction patterns of cellulose.

Among the observed reflections, the strongest are the hk0
reflections, the most intense being those for which h + k = 2n
(i.e. 200, 110, etc.). This shows that the centres of the
scattering molecules are separated by a distance R(x, y, 2)
with * = a/2 and y = b/2. Consequently, two chains pass
through the unit cell of cellulose, one of which is the "angu-
lar" chain with the coordinates (0, 0, z), and the other is
the "central"” chain with the coordinates (1/2, 1/2, z). Two
versions of the arrangement of chains are then possible. In
the first the chains occupy common positions and are linked
by a screw axis in the (1/4, 1/4, z) position. In this case
the symmetrically independent unit of the crystal and the
repeat unit of the polymer chain consists of a cellobiose frag-
ment, the chains have the same direction (are parallel), and
are displaced relative to one another by half the translation
along the ¢ axis. In the second version, the chain struc-
tures are located on the 2, screw axes, are crystallographi-
cally non-equivalent, and can be both parallel and anti-par-
allel. The symmetrically independent unit of the crystal
consists of a pair of glucose residues (one in each chain);
the repeat unit is also a glucose residue.

The choice between the above two versions of the structure
is made on the basis of the intensity of the meridional 002 and
004 reflections. In the first version of the packing, the
centres of the glucose units are displaced by ¢/2 along the z
axis. For this version, the 002 reflection should be more
intense than the 004 reflection, which conflicts with experi-
ment. In the second version of the structure, the displace-
ment of the glucose rings of the neighbouring chains is arbi-
trary and there are no limitations as regards the ratio of the
intensities of the 002 and 004 reflections.

Thus the unit cell of cellulose, constructed on the basis of
X-ray diffraction data, has the space group P2; (monoclinic
system) and contains two crystallographically non-equivalent
chains intersecting the ab plane at the origin of coordinates
and at the centre. The symmetrically independent unit of
each cell is the glucopyranose residue. In order to account
for the observed intensity ratio of the even meridional reflec-
tions, it is usually assumed that the central chain in the two-
chain unit cell is displaced by approximately c/4 relative to
the angular chain.

The repeat period along the axis of the cellulose fibre, cal-
culated from the distance between the meridional reflections
on the X-ray diffraction pattern, is approximately 10.3 R,
The remaining unit cell parameters are found by indexing
the diffraction patterns. Wellard?®'?7 first drew attention to
the fact that, even within the framework of a single polymor-
phic modification of cellulose, the unit cell parameters are
within a fairly wide range. For example, the parameter a
in CI varies within the limits 8.17-8.35 K, the parameter b
within the limits 7.78—7.90 x, and the monoclinic angle y in
the range 96.0—96.5°. In CII the ranges of variation of the
parameters are even greater: 7.83—8.14 R for a, 8.99-9.38 &
for b, and 116.6—118° for y. It is believed?® that celluloses of
different origin do indeed have different unit cells. The
unit cell parameters depend on the content of impurities, the
defectiveness of the crystallites, the heterounit nature of the
polymer chain, and other factors, which can be determined to
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a large extent by the methods used to isolate and purify cel-
lulose.

The model of the cellulose unit cell described above has
been frequently criticised. Thus a number of workers?®-3°
observed weak odd meridional 00! reflections, which cast
doubt on the presence of the 2, axis in the structure. Special
studies have shown, however, that these reflections are very
weak and may be accounted for by the overlapping of neigh-
bouring reflections. **3?

Norman®? and Kitaigorodskii®* drew attention to the fact
that the appearance of odd meridional reflections may be a
consequence of one-dimensional diffraction. However, one-
dimensional diffraction calculations for the third layer line
yielded an appreciably smaller intensity (by approximately
30%) than its observed value. According to Kitaigorodskii
and Tsvankin, 3¥3* cellulose nevertheless possesses a screw
axis symmetry and the differences between the calculated and
observed intensities can be associated with structural defects.

A simple model of the defects in the crystal structure of
cellulose has been examined by Stipanovic and Sarko,*® who
suggested, as regards the calculation of the theoretical inten-
sities, that the hydroxymethyl groups of the neighbouring
residues in the chain are in different positions linked to one
another by 120° rotation. However, the theoretical intensi-
ties of the 001 and 003 reflections, calculated for the given
disordered model, proved to be much higher than the
observed values, which permitted the conclusion that, even
if orientational disorder of this kind is present in the cellu-
lose structure, it involves only very few chains, for example,
the chains located on the surfaces of crystallites.

Apart from diffraction data, NMR and IR spectroscopic
data have been invoked for the discussion of the model of
the cellulose unit cell described at the beginning of this Sec-
tion. Thus the splitting of the signals due to the C(1) and
C(4) atoms has been observed in the high resolution NMR
spectrum of solid cellulose.*®% These two well resolved
doublets indicated the presence in cellulose of symmetrically
different pairs of C(1) and C(4) atoms and were interpreted
as proof of the absence of the 2, screw axis from cellulose.
An analogous situation obtained also in the study of the IR
spectra, °® where the bands with parallel dichroism at 3448
and 3488 cm~! were attributed to two non-equivalent
O(3)H...0(5') hydrogen bonds alternating along the axis of
the cellulose macromolecule.

The use of the above experimental facts as proof that the
cellulose chain is not a helix with 2, symmetry constitutes in
our view a misunderstanding. As noted above, the cellulose
unit cell, constructed using the X-ray diffraction data,
includes two crystallographically non-equivalent chains. In
these chains the C(1) and C(4) atoms can have different local
environments just as the O(3)H...0(5') hydrogen bonds can
have different structures. These differences are fully cap-
able of giving rise to the difference in the NMR and IR spec-
tra, so that their interpretation does not in any way make it
necessary to "deprive" the cellulose chain of 2, symmetry.

In discussing the two-chain model of the cellulose unit cell
with P2, symmetry, it is necessary to mention separately the
structural studies of certain specific varieties of natural cel-
lulose. Thus the X-ray diffraction patterns of seaweed?® 3°
(Valonia ventricosa, Chaetomorpha) were found to contain
three weak reflections (d = 8.61 and 4.42 Kalong the first
layer line and d = 3.29 & along the third), which are absent
from the X-ray diffraction patterns of cotton, ramie, flax,
and wood cellulose. These reflections cannot be indexed on
the basis of a two-chain unit cell model and require the
doubling of the parameters a and b, which formally leads to
models with eight crystallographically non-equivalent chains
per unit cell. It may be that such non-equivalence of the
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chains in the increased cell reduces to a simple shift of the
neighbouring chains relative to one another by c/4 along the
axis of the fibre."*®"!

Yet another feature of the cellulose from seaweed was
observed in an electron diffraction study of specimens with
biaxial surface orientation.?®*° It was found that the inten-
sities of certain hkl and hkl reflections do not coincide, which
requires the reduction of this symmetry to triclinic.

Despite the fact that the electron diffraction data?®:*® are
not entirely convincing (owing to the strong dependence of
the intensity of the reflections on the orientation of the
reflecting planes), it should probably be recognised that cel-
lulose from seaweed can indeed have an "individual" unit cell.

2. Conformation of the Monomer Unit

Whereas the symmetry and size of the cellulose unit cell
have been determined by direct experimental studies, unfor-
tunately only indirect data are available as regards the con-
formation of the monomer unit of cellulose. These are in the
first place X-ray diffraction data for crystals of low-molecu-
lar-weight sugars and carbohydrates and also the results of
theoretical conformational analysis.

It has been established experimentally and theoreti-
callyl8~23:%2=47 that g-D-glucose, which is the elementary unit
of the cellulose helix, has the "chair" form and is in the Cl
conformation in terms of Reeves' nomenclature.*®~%° Three
independent X-ray diffraction studies of B-cellobiose’™5*
showed that the conformation of its monomer units corre-
sponds to the Cl form. Arnott and Scott’* analysed the
X-ray diffraction studies of the single crystals of low-molecu~
lar-weight sugars and carbohydrates. Statistical analysis of
27 model compounds, whose monomer unit is a pyranose ring
(among these, 17 compounds contained a glucopyranose ring),
showed that they all have the Cl conformation. The standard
deviations of the geometrical parameters of the ring from the
corresponding average values are extremely insignificant,
which indicates a high conformational rigidity of the pyranose
rings.

Conformational analysis of D~aldopyranoses, carried out by
Rao and co-workers®*>%and then in other investigations}®*5*7
showed that, whatever the spatial disposition of the side
groups, the Cl form is preferable on energy grounds and
the ring geometry depends only slightly on the perturbing
influence of the side groups. The valence angles at the car-
bon atoms remain close to the tetrahedral value and the angle
at the oxygen ring atom is 112—114°. We may note that the
ring conformation remains unaltered even in the presence of
bulky substituents such as the nitrate groups.®’
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3. The Conformation of the Cellulose Helix

Bearing in mind the high conformational rigidity of the
glucopyranose ring and also the constancy of the valence
bonds and angles in the side groups, one may assume that
the model of the cellulose chain which permits the variation of
only the orientations of the side groups and of the parameters
of the junction of the monomer units is fully acceptable. The
valence angle B of the glucosidic oxygen atom (Fig.2) and
also the torsional angles ¢ and y for the rotation of the mono-
mer units about the C(1)—0(1) and 0(4)—C(4') bonds are
usually employed to describe the geometry of the junction of
the monomer units. The angles ¢ and Y are determined by
the sets of four atoms H(1)—C(1)—0(1)—C(4') and C(1)-
0(4)-C(4')—H(4') respectively.

The angles 8, ¢, and y are extremely convenient for the
description of the geometry of the junction, since they make
it possible to use standard computer programs for conforma-
tional analysis in order to generate the fragments of the cel-
lulose macromolecule. At the same time, the parameters ¢,
v, and B suffer from a significant disadvantage, namely the
cellulose chain does not meet the symmetry requirements for
their arbitrary values. In other words, in generating the
model of the cellulose chain with the aid of the above param-
eters, one cannot make use of the experimental fact that the
cellulose chain is a helix with 2, symmetry.

Yet another experimental result, which cannot be used to
describe the junction of the monomer units in terms of the
angles ¢, y, and B is the fact that the repeat period of the
cellulose chain is approximately 10.3 & and remains the same
in all the polymorphic modifications of cellulose.’ 1

It is easy to show that, for the specified conformation of
the monomer unit and symmetry of the helix (2;), only two
parameters are needed to describe the conformation of the
main chains. It has been suggested that the angle §, deter-
mining the rotation of the monomer unit about the virtual
0(4)...0(4") bond, and the angle €, determining the slope of
this virtual bond relative to the axis of the helix (Fig.2), be
used as such parameters.®®°® The idea of switching to
parameters describing the junction of not real but virtual
bonds was developed in the so called variable virtual bond
method.®%®! The independent conformational parameters of
the main chain are the angle § and the half-period ¢/2 (or h),
while the conformational parameters of the junction (¢, y,
and B) are dependent variables. This algorithm is applicable
to molecules with any structure of the main chain provided
that its symmetry is known.

Passing now to the determination of the parameters speci-
fying the orientation of the side groups in the cellulose chain,
we may note immediately that in the vast majority of structural

Figure 2.
macromolecule.

c/2

= 1

The structural parameters used to describe the conformation of the main chain of the
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studies on cellulose hydrogen atoms are disregarded??:3%,82-6%
In this case it is sufficient to introduce only one angle,
describing the rotation of the hydroxymethyl group about
the C(5)-C(6) bond. The following designations have been
adopted for the description of the position of the hydroxy-
methyl group: ®°

(a) gt—gauche-position of the C{(6;~0(6) bond relative to
the C(5)—0(5) bond and trans-position relative to the C(4)—
C{5H) bond;

(b) tg—trans-position of the C(6)—0(6) bond relative to the
C(5)—0(5) bond and gauche-position relative to the C(4)—
C(5) bond;

(c) gg—gauche-position relative to both bonds.

A number of investigators believe®® that the gt-orientation
of the CH,OH group is most probable for cellulose chains,
because this conformation is typical of crystalline monosac-
charides"®"*”®% gnd certain oligosaccharides.’*75%87:68  How-
ever, experimental data for cellotetraose®®?° agree best with
the hypothesis of the tg-conformation of the hydroxymethyl
group.

In the entire set of parameters describing the conformation
of the cellulose chain, the angle B at the glucosidic oxygen
atom has been most reliably determined. According to the
statistics of Arnott and Scott,*" g varies in the range 115.7 to
117.6° in model! compounds whose monomer unit is the gluco-
pyranose ring. This range can be adopted as the most
probable range of variation of the angle 8.

In the early structural models of cellulose, proposed by
Meyer and co-workers, *’2 the angle B was assumed to be
109° and the torsional angles ¢ and y were assumed to be
zero. (The conformation of the chain with ¢=y=0° is usually
referred to as the "straight" conformation, in which the
plane of the glucosidic bonds is perpendicular to the plane
of the glucopyranose ring). The hydroxymethyl group is
close to the tg-position. For this set of parameters, there
are no intermolecular hydrogen bonds in the system. The
straight conformation can hardly be regarded as acceptable
owing to the presence of certain short non-valence contacts
between successive units [in particular the distance between
the H(1) and H(4) atoms is 1.7 &].

The so called "bent" conformation of Hermans et al.”? is
more realistic. This conformation can be obtained from the
straight conformation by the rotation of the monomer units
about the C(1)—0(1) and 0(4)—C(4) bonds by angles of
approximately 25°. In the bent conformation there are no
shortened non-valence contacts and the distance between the
0(3) and C(5') atoms in successive units is close to 2.7 K,
which indicates the possibility of the formation of the
O(3)H...0(5'") intramolecular hydrogen bond. We may note
that in crystalline cellobiose®'~5% the relative positions of the
glucopyranose rings correspond precisely to the "bent" con-

formation with its characteristic O(3)H...0(5') hydrogen bond.

In the structural studies mentioned above,5%°° the optimum
conformation of the 8-D-(1 » 4)-linked residues is also close
to the bent conformation. It has been shown that reasonable
values of § (which do not lead to short non-valence contacts
on either side of the oxygen bridge) are in a narrow range,
where there is a possibility of the formation of the 0(3)...0(5")
hydrogen bond.

Conformational analysis of the B-D-glucose residues linked
in different ways to give a dimeric fragment (linkages of the
1+ 2,1~ 3, and 1 + 4 types) has been carried out®® within
the framework of the semiempirical model of molecular mech-
anics.?’ The potential energy of the system, including the
energy of the non-valence interactions and the energy of the
hydrogen bonds, was calculated as a function of two angles,
¢ and y, for the fixed angle B = 117.5°. The calculations
showed that the global minimum of the potential energy of the
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(1 + 4)-linked dimer is close to the conformation corre-
sponding to the 2; symmetry. Furthermore, it has been
established that only 4% of the space of the changing vari-
ables does not lead to short covalent contacts between the
atoms in successive units. This agreed qualitatively with
the results of the calculations by Jones®® and confirmed the
view of Rees and co-workers’*7% that cellulose chains are
highly rigid.

In the analogous conformation calculations by Sarko and
Muggli,?® the potential energy of the system was recorded as
the sum of the squares of the deviations of the geometrical
parameters of the structure from standard values. Analysis
of the ¢—y map showed that the conformation of the chain with
the tg- and gt-orientations of the O(6) atom, corresponding
to the 2, conformation and a repeat unit of 10.3 A, is close to
the potential energy minimum. In the case of the tg-orienta-
tion, there is a possibility of the formation of the O(2)H...0®')
bond on the other side of the oxygen bridge in addition to
the O(3)H...0(5') hydrogen bond.

Panov et al.’® included the energies of the non-valence and
electrostatic interactions, the torsional potentials, and the
energy of the hydrogen bonds in the conformational energy
of the dimeric cellulose chain fragment. The angle B was
assumed to be 116.0°, The conformation with the tg-orien-
tation of the hydroxymethyl group and the parameters ¢ and
y corresponding to the 2, symmetry proved to be most pre-
ferred as regards energy. Two hydrogen bonds, O(3)H...0(5")
and O(2)H...0(5"), were present in the system and according
to the authors only these bonds can be formed simultaneously.
The conformations with hydrogen bonds of the type O(6)H...0Q2")
and O0(6)...0(1') are less favourable as regards energy.

A more detailed analysis of the conformational possibilities
in the cellulose macromolecule has been carried out recently.’!
The method of the variable virtual bond is used in construct-
ing the main chain, since the search for the optimum chain
conformation was restricted a priori by the subset of confor-
mations satisfying the helical 2; symmetry. The conforma-
tional energy included the energy of the atom—atom non-valence
interactions, the torsional contributions, the deformation
energy of the angle 8, and the potentials of the hydrogen
bonds. In order to discover the regions of the permissible
conformations of the main chain, a preliminary calculation was
carried out in which the pitch of the helix was assumed to be
constant and the angle § was varied from —180° to 180°. It is
seen from Fig.3 that two comparatively narrow regions corre-
spond to reasonable values of the angle B (114 £ B £ 118°):
44° £ § = 58°and ~70° £ § £-56°. The same Figure pre-
sents the dependence of the 0(2)...C(6') distance on the
angle §. Evidently the range -70° < § £ -56° can be elimi-
nated from consideration with full justification owing to the
presence of unduly short 0(2)...C(6') contacts. Subsequent
calculations by Pertsin et al.®! consisted in minimising the
conformational energy in the space of six changing variables.
The variables included four tortional angles Ti(i = 1,..., 4),
confirming the orientation of the side groups, the angle §,
and the pitch of the helix h. The calculations revealed the
six stable conformations of the isolated cellulose helix. These
conformers are designated in Figs.4-6 by A1, A2, B1, B2,
C1, and C2. Their conformational energies were —4.8, 3.1,
0.3, -0.5, -0.1, and 2.6 keal mol~! respectively.

Evidently all the stable conformers of the isolated helix are
characterised by the presence of the O(3)H...O(5') bond. As
mentioned above, the presence of bonds of this kind has been
confirmed by numerous experimental findings. In the con-
former Al, which is most preferred as regards energy, there
is also the 0(4)...0(6)H...0(2') hydrogen bond, which
includes one donor and two acceptor oxygen atoms. The
possibility of the formation of such bonds has been recently
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demonstrated by a non-empirical quantum-chemical calcula-
tion””"7® and by a neutron diffraction study of carbohydrate
crystals.’%®"  (Bonds of this type will henceforth be referred
to as a biacceptor in contrast to the bidonor bonds of the
type OH...0...HO).
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Figure 3. The permissible ranges of variation of the angles
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Figure 4. Type A conformers of the isolated cellulose helix.
(Here and henceforth the hydrogen bonds are shown by
dashed lines; for clarity, the ring hydrogen atoms are not
shown).5!

The hydroxymethyl group of the conformer A1l is close to
the tg-position (1, = 60°). The rotation of this group by
approximately 83° brings the hydroxymethyl group closer to
the gg-position (1, = -60°) and affords the new stable con-
former A2 (Fig.4). The bond O(6)H...0(4) is then broken
and only the usual O(6)H...0(2') hydrogen bond remains.
The O(6)...0(2') hydrogen bond can be formed also via the
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proton at the O(2) atom, which becomes the donor, and the
0O(6) atom—the proton acceptor. The situation described is
characteristic of conformers of type B (Fig.5), which consti-~
tutes their principal difference from type A conformers. As
for type A conformers, there is a possibility of two different
positions of the hydroxymethyl group leading to the formation
of the O(2)H...0(6') bond. In the conformer B1, the orien-
tation of the O(6) atom is close to the tg-position, while in
the conformer B2 it is close to the gg-position.

Figure 5. Type B conformers of the isolated cellulose helix.

Figure 6. Type C conformers of the isolated cellulose helix.

It is seen from Fig.6 that there are also two stable C1 and
C2 conformers whose hydroxymethyl groups are close to the
gt-position (y, = 180°). The biacceptor O(3")...06)H...0(5')
bond and the bidonor O(6)H...0(5)...HO(3') bond are present
in the conformer Cl. In the conformer C2, whose energy is
smaller than that of the conformer C1 by approximately 2.7 keal
mol~?, only the biacceptor bond of the type O(')...0(3)H...0(8')
is present.

All six stable conformers of the isolated cellulose helix have
an equilibrium period close to the observed repeat period
(approximately 10.3 R). The equilibrium values of the angle
B are also close to those in carbohydrates and polysaccharides
(115.7-117.6°). Furthermore in all the conformers there are
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vacant sites for the formation of intermolecular hydrogen
bonds. For this reason, each of the conformers found can
in principle exist in the crystal.

The results of the conformational analysis reveal extremely
extensive conformational possibilities in the cellulose macro-
molecule, indicating thereby the impossibility of an unambigu-
ous prediction of its crystal structure from the consideration
of an isolated chain. Evidently the packing of the macro-
molecules in the crystal and, in particular, the formation of
intermolecular hydrogen bonds can affect significantly the
relative stabilities of particular conformers.

1. STRUCTURAL MODELS OF THE MAIN POLYMORPHIC
VARIETIES OF CELLULOSE

In describing the crystal structure of cellulose, the follow-
ing packing parameters are usually employed: two angles of
rotation of the chains about their bonds, the shift of the
chains relative to one another, and two parameters specifying
the direction of the chains. Here and henceforth we shall
adhere to the following notation: the angles of rotation ¢k of
the angular (k = 1) and central (k = 2) chains, the shift S
of the O(4) atom of the central chain relative to the 0O(4)
atom of the angular chain along the ¢ axis (in fractions of the
period ¢), and the directional parameter pK = *1 (pk = #1 if
Z0(s) % Z¢(s) for the kth chain).

1. Cellulose |

As already mentioned, natural celluloses of different origin,
for example, from cotton, flax, hemp, ramie, wood, etc.,
belong to this polymorphic modification.

The first X-ray diffraction studies on flax and hemp cellu-
loses were carried out ten years before it was established that
cellulose is a glucose polymer. At the end of the 1920's and
1930's, the familiar structural studies by Meyer and Mark, "
Meyer and Misch,’? Pierce,®%® etc. were published. These
have played a decisive role in the development of ideas about
the structure of crystalline regions of cellulose. Among the
early structural investigations, we may also include the stud-
ies by Frey-Wyssling,®® Marrinan and Maan, °®®7 Liang and
Marchessault, ®®8° ete. carried out during the period between
the 1940's and 1960's.

At the present time most of the early studies are of purely
historical interest, because the structural models proposed in
them conflict with later experimental data.

Thus it was assumed in Pierce's model®¥’®* that the gluco-
pyranose ring is in a planar conformation, which conflicts
with experimental data considered in Section II. In Frey-
Wyssling's model, ®® there is a free hydroxyl at C(2), which
conflicts with IR spectroscopic data, %% gecording to
which all the hydroxy-groups of cellulose are involved in
hydrogen bonds. Many early structural models, in particu-
lar the well known model of Meyer and Misch,’? to not agree
with data for the IR dichroism of the stretching vibrations of
the OH groups. According to these data, in the region of
such stretching vibrations®1%% there are five bands, of
which two exhibit perpendicular dichroism while the remaining
exhibit parallel dichroism. This shows that there should be
at least two OH groups in solid cellulose with preferential
perpendicular orientation relative to the axis of the fibre and
at least three OH groups with preferred parallel orientation.
In Meyer and Misch's model mentioned above,’? there are only
intermolecular hydrogen bonds with preferential perpendicu-
lar orientation, i.e. the existence of three bands with parallel
dichroism could not be accounted for in terms of this model.
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Of the structural models belonging to the end of the 1960's,
mention should be made of those of Maan and Marrinan® and
Liang and Marchessault.®?® Maan and Marrinan's models were
based mainly on the IR dichroism data mentioned above.
X-Ray diffraction data were scarcely taken into account in
these models (with the exception of the unit cell parameters).
In the analysis of the structure of cellulose, Liang and
Marchessault®®?® combined spectroscopic data with the inten-
sities of well resolved reflections. All the models proposed
by the authors agreed satisfactorily only with the IR dichro-
ism of the OH groups but conflicted with X-ray diffraction
data, 5859

The first serious attempt to reconcile the stereochemical,
IR spectroscopic, and X-ray diffraction data was undertaken
by Jones.®®%° seven alternative CI models, differing in the
relative polarities of the chains, the rotation of the monomer
unit about the virtual 0(4)...0(4') bond, and the orientation
of the hydroxymethyl group and the chains in the unit cell
were considered. All the models considered satisfied the
stereochemical criteria and agreed with IR spectroscopic data.
The best agreement could be observed in X-ray reflection
intensities (among the models examined) obtained for the
antiparallel model, whose parameters are close to those of the
modern structural models of CI.

The Jones model includes two intramolecular bonds, 0@3)...0(5")
and 0(2)...0(6') [The orientation of the O(6) atom is close to
tg] and the intermolecular O(6)...0(3") bond located in the
(200) plane. The chains are uncoiled around their axes in
such a way that the planes of the glucopyranose rings are
arranged almost parallel to the ac plane, forming a layered
structure. The 0(6)...0(3") bond forms translationally iden-
tical chains, i.e. is located within the layer. The main dif-
ference between the Jones model described and the earlier
structural models is the absence of interlamellar hydrogen
bonds (between the angular and central chains).

As regards the structural model proposed by Jones for CI,%®
mention should be made that it has not been optimised in the
sense that it does not correspond to the optimum of any spe-
cific criterion in the space of the changing variables. In
essence, the Jones model is only the best among the seven
discrete models examined by the author.

The search for the structural models of cellulose was first
reduced to the optimisation problem in a study by Gardner
and Blackwell.®® The crystallographic divergence factor (R
factor) was adopted as the target optimisation function:

M M
R=2 AFm/ZlFm(ubs)\ (1)
me=1 m=1
where AFm = |Fm(obs) = Fm(cale.)| and the Fp are struc-

tural amplitudes. The summation in Eqn. (1) is carried out
with respect to M observed reflections. The calculated
structural amplitudes were obtained from the formula

Fm (cale)™ K {Z [F""fl(ﬂ\c) €xp (~ BTdrgnM)]ﬂ}% (2)
hkt

where K is the scaling factor, BT the average isotropic tem-
perature factor, and dpy the interplanar distance in the
inverse lattice. The summation in Egn.(2) is carried out
with respect to all the hkl planes contributing to the mth
reflection.

By comparing alternative models, Gardner and Blackwell®
also calculated weighted R factors:

M M
R' = 3 wilFp| Jwh| Fp oy | (€D
m=1 m=1
M M )
R = 2 wmAF:n/Z mezn (obs) (4)
m=1 m=1
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where wp are the weighting factors:
AFL = IFE obsy = F& (catey -

In contrast to Eqn.(2), the summation in Eqns.(3) and (4)
is carried out not only with respect to the observed reflec-
tions but also with respect to the postulated refelctions. The
postulated reflections are inctuded in the calculation of the R
factor in order to avoid the appearance of intense theoretical
reflections for planes which are not observed experimentally.
The experimental set of values of |Fy(obs)| was obtained on
fibres from Vallonia ventricosa. The meridional 00! reflec-
tions were not included in the calculation of the R factor
because of certain difficulties associated with the measurement
of their intensities and the introduction of the Lorentz and
polarisation corrections.

In the search for the most preferred structure of CI, the
following initial trial models were employed;®!

(1) P,—parallel chains (p* = p? = 1), S = Yu;

(2) P,—parallel chains (p* =p? =-1), S = u;

(3) a,—antiparallel chains (p! =1, p?2 =-1), § = ~/u;

(4) a,—antiparallel chains, S = 1/,

In constructing the cellulose helix, the bond lengths and
valence angles were set equal to their standard values.®*

The conformation of the main chain was assumed beforehand
to be that corresponding to the helical symmetry 2, and the
repeat period 10.38 & and was not varied in the course of the
calculations. The parameters of the junction of the monomer
units were assumed to be equal to the values for which the
0(3)...0(5') hydrogen bond may be formed between the O(3)
and O(5') atoms (¢ = 23°, y = —27.7°, B = 144.8°) 56

The optimum model was sought in the space of six changing
variables.®® These included the angle T,, describing the
rotation of the hydroxymethyl groups (in both chains simul-
taneously), the three packing parameters ¢>1, ¢2, and S, and
also the parameters Bt and K which occur in the formulae for
the calculation of the structural amplitudes {Egns. (2)].

The model obtained from the P, approximation (R = 0.254,
R' = 0.233, R" = 0.215, and Bt = 2.5 %) was found to be
best. The shift in the optimised P, model was S = 0.266. In
these models the intermolecular 0(6)...0(3") hydrogen bond
is located in the (020) plane. In addition to the 0(3)...0(5")
intramolecular bond, whose presence is predetermined by the
initial chain conformation, the O(2)H...0(6') bonds arises on
the other side of the oxygen bridge. This bond is formed
when the O(6) atom is located in a position differing from tg
by 20°. The values of T, corresponding exactly to tg., gt,
and gg are found to be stereochemically unsuitable in the
crystal and give rise to high values of the R" factor (0.24,
0.29, and 0.35 respectively).®*

The assumption by Gardner and Blackwell of the absolute
rigidity of the main chain of the macromolecule can apparently
be regarded as the main disadvantage of their treatment, !
because the monomer units of cellulose exhibit a definite free-
dom of rotation about the virtual bonds. The neglect of this
rotation can significantly impair the "packing possibilities" of
the cellulose chains. In particular, the packing of rigid
chains can lead to shortened contacts, which might have been
avoided by means of small changes in the conformation of the
main chain.

Among the disadvantages of the treatment of Gardner and
Blackwell, ** one should include also the fact that, in selecting
the initial approximations, the authors, considered only two
discrete values of the parameter S(+s), leaving uninvesti~
gated most of the range of variation of this parameter. Here
it is appropriate to mention that the values S = t1/y arise
from the intensity of the 002 and 004 reflections only if we
assume that the scattering centres of the cellulose chain are
concentrated at the centres of the glucopyranose rings. The
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above approximation is fairly rough and, as will be shown
below, the observed intensity ratios of the four meridional
reflections can be obtained for values of S extremely remote
from **/u.

A_more complex method for the refinement and selection of
the optimum cellulose model was adopted by Sarko and
co-workers.2®% The optimum model was determined by mini-
mising a target function ¢ of the following type:

©=100fR"+ (1—f)Y (5)

where f = 0.8 is the weighting factor and Y is the sum of the
standard deviation functions taking into account the deviation
of the geometrical parameters of the model from their standard
values.®® In the calculation of the R" factor, the authors
used in Eqn.(5) the X-ray diffraction data obtained using
ramie fibres.

In order to test the hypothesis that the 2, axis is present
in the crystal structure of cellulose, the authors?®:°? elimi-
nated the limitations associated with the P2, symmetry and
varied all the geometrical parameters of the model with the
exception of their bond lengths (23 parameters in all). Apart
from the geometrical parameters, the average temperature
multiplier was also varied, being assumed to be anisotropic in
the given instance and having three dependent components.

Two structural models were found to be most suitable as
regards the value of §. These are a model with parallel
packing of the chains (R” = 0.193) and the antiparallel model
(R" = 0.246). In both cases the deviations from the sym-
metry of the 2, screw axis were found to be insignificant and
did not exceed 1-2° for the valence and torsional angles in
the ring and in the junction of the monomer units. In order
to discover the best models, the authors resorted to
Hamilton's statistical tests.®® If a one-dimensional hypothe-
sis is assumed (i.e. that either the parallel or the antiparallel
model is possible), then the differences in the R’ factor for
the fifty observed reflections supporting the parallel model
are found to be significant at a level of significance of 99.5%.

In terms of its structural parameters and especially the
system of hydrogen bonds, the model proposed by Sarko and
co-workers®® proved to be close to the P, model of Gardner
and Blackwell. In assessing the method used by Sarko and
co-workers?%3560,62,9% f51 the elucidation of the cellulose
structure, it is necessary to note the following points.
Firstly, the inclusion in the optimisation of "rigid" variables
such as the valence angles and bond lengths has little justi-
fication.%®2 The variation of these variables usually sharply
impairs the convergence of the optimisation process, so that
the target function becomes sensitive mainly to the "rigid"
variables. The search for the optimum values of the "sensi-
tive" parameters (torsional angles, the rotations of the
chains, etc.) becomes greatly hindered owing to the oscilla-
tions in the "rigid" variables about their equilibrium values.

Yet another disadvantage of the method of Sarko and
co-workers®? is the absence, in an explicit form, of terms
describing hydrogen bonds in the target function (5). For
this reason, the endeavour by the system to achieve the max-
imum saturation by hydrogen bonds is not reflected in the
optimisation of the target function.

Finally, it is essential to note also the serious error which
Woodcock and Sarko’® made in applying Hamilton's tests to the
comparison of the best parallel (P) and antiparallel (a) models.
As already stated, in determining the significance of the dif-
ferences in the R" factors between the a and P models, the
authors assumed a one-dimensional hypothesis. This would
evidently be correct if the a and P models differed only by
the relative chain polarities. In reality the ¢ and P models
differ also by all the remaining parameters, whose number
(23) actually determines the dimensions of the hypothesis. If
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the dimensions of the hypothesis are assumed to be 23, then
the a and P models are found to be statistically indistinguish-
able whatever the level of significance.

The insolubility of the problem of the relative chain polari-
ties in CI was yet again demonstrated in French’s study.®*
This was the best founded and interesting crystallographic
investigation of CI based on thoroughly analysed and corrected
experimental data (obtained from ramie cellulose) and a well
baianced computational model.

As regards the experimental part of the study, the author
was able to determine for the first time the intensities of the
meridicnal 002 and 004 reflections, which proved to be
extremely significant in finding the orientation of the hydroxy-
methyl group. From the standpoint of the selection of the
changing variables, French's computational model occupies an
intermediate position between the model of Gardner and
Blackwell and the model of Sarko and co-workers. On the
one hand, French's model is free from the defects of Gardner
and Blackwell's model, since it assumes the deformation of the
main macromolecular chain (as a result of the rotation of the
monomer units about the virtual bond). On the other hand,
in contrast to the model of Sarko and co-workers, in French's
model there are no "rigid" parameters, since all the bond
lengths and valence angles are assumed to be constant in the
course of the solution of the structural problems (with the
exception of the valence angle at the glucosidic oxygen atom).

Altogether French's computational model included nine
changing variables, among which were the angles le, ok,
and 8K as well as the parameters pK and S described previ-
ously. Initially French® assumed different values of le
and §K in the angular and central chains and also in two
successive monomer residues, but this proved to be super-
fluous; neither the abandonment of the 2, symmetry nor the
introduction of conformational differences between the angular
and central chains entailed an appreciable improvement of the
R" factor.

The antiparallel model (R" = 0.158), designated by the
author®* as the aq, model, proved to be most suitable as
regards the R" factor. In this model, the macromolecules
are linked into layers by intermolecular O(6)...0(3") hydro-
gen bonds. Apart from the 0(3)...0(5') intramolecular
bond, when the position of the O(6) atom is close to tg, there
is a possibility of the formation of two hydrogen bonds of the
type 0(2)...0(6') and 0(6)...0(4). The existence of the
latter bond is extremely doubtful according to French,®*
since it differs markedly from the linear bond and in addition
the bridging O(4) oxygen atom is a weak proton acceptor.

The best "parallel" models found by French (the P, and
P, models) differed very insignificantly from the a, model as
regards the value of the R" factor (R"p, = 0.185 and R"p, =
0.175). This made it impossible for the author®* to reach the
unambiguous conclusion that the packing of the chains in CI
is antiparallel. Application of Hamilton's test® shows that
the hypothesis of the parallel disposition of the chains in CI
can be rejected only for an extremely low level of significance
(95.0%).

The difficulties arising in the interpretation of the diffrac-
tion data for cellulose made it necessary to resort to non-
crystallographic criteria, in particular to the energy crite-
rion. Thus Nugmanov and co-workers®®% sought the structure
of CI by optimising a target function of the type

O=U+aR” (6)

where U is the potential energy of the system and w the
weighting factor chosen to ensure that the maximum statisti-
cally insignificant changes in U and R” make identical contri-
butions to ¢ (w = 15 kecal mol™!). The potential U was calcu-
lated by the method of atom—atom potentials;2?:%6:97:28 ¢
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included both intramolecular and intermolecular components.
The optimum structure was sought in the space of 16 variable
parameters: 1/, sk, ¢k, s, pk, and Br.

A considerable number of local minima in the target function
were discovered in the course of the calculations.’ The
characteristics of the deepest of these are presented in Table
1. The fact that the values of the R" factor for the best
structural model lie within the comparatively narrow range
0.24—0.16 is striking when Table 1 is analysed. Application
of Hamilton's statistical test®? shows that, for the usual 99%
level of significance, the vast majority of the models consid-
ered (with the exception of the a; and a, models) are statis-
tically equivalent. This illustrates clearly yet again the
ambiguity of the solution of the structural problem for CI on
the basis of the available diffraction data even when stereo-
chemical packing limitations are introduced.

Table 1.
tural models of C

Certain characteristics of the most probably struc-
1,959

U, kcal mor’l @, kcal mol}

Model* R | U, kcalmol'! | @, keal mol'!| Model* R

P, 0.465 | —19.9 —17.4 a, | 0.213 19.7 —16.5
P, 0.187 —19.7 —16.9 as | 0155 —16.6 —16.1
7, 0.482 | —~17.9 —15.2 as | 0.260 | 9.7 —16.0
P 0467 | —17.5 —146 a, [ 0.240 | -19.7 —16.0

*The parallel models, designated by Pj and 131', correspond to
the "average" polarity p = (p! + p?)/2 = *1, while the anti-
parallel a; models correspond to the polarity p = 0.

It is significant that, in the course of the search for a
global minimum in the target function ¢,°® many structural
models proposed previously for CI were discovered. Thus
the models designated in Table 1 by P, and a; respectively
are analogues of the Gardner—Blackwell~Sarko®**? and
French®* models just considered above. Here the analogy is
manifested both by the similarity of the geometrical param-
eters of the models and by the complete identity of the
hydrogen bond systems. Evidently the P; and a, models are
not best as regards either the energetic standpoint or as
regards the value of the R" factor.

The global minimum in the target function was found within
the framework of a parallel arrangement of the chains whose
direction was opposite to that in the P; model (the P, minimum
in Table 1). The best "antiparallel" model a, was found to
have similar energy to the P, model and was statistically
equivalent to the latter as regards the R" factor. Projec-
tions of the P; and a; models onto the a*c plane are illustrated
in Figs.7 and 8.

Despite the differences between the directions and polarities
of the chains in the P,, P,, and a, models, the chain confor-
mations and the hydrogen bond systems are virtually similar
in all three models. In each of the symmetrically indepen-
dent layers, the chains are in a conformation close to Bl with
the system of intramolecular hydrogen bonds O(3)H...0(5')
and O(2)H...0(6') characteristic of B1. The macromolecules
within the layer are linked via the intermolecular O(@)H...03")
hydrogen bonds, while the interlamellar hydrogen bonds are
absent from the system.
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An interesting feature of the 131 model is its ability to be
converted into the next model (P,) as a result of the jump of
the proton at the O(6) atom in the central chain, while the
positions of all the remaining atoms remain virtually unchanged.
The P, »~ P, transition is accompanied by the rupture of the
O(6)H...0(3") intermolecular bond and the formation of the
0(4")...0(6)H...0(5") interlamellar biacceptor bond. The
similarity of the P, and P, models as regards structure and
energy and also the small barrier to the transition make it
possible to regard these two models as a single structural
model with a labile system of hydrogen bonds.

{

a

Figure 7. The 131 structural model corresponding to the
global minimum in the target function ¢ {Eqn.(7)] within the
framework of the parallel version of the packing of the
chains. ?5%

Figure 8. The q, structural model for CI corresponding to
the global minimum in the target function ¢ [Eqn.(7)] within
the framework of the antiparallel version of the packing of
the chains. %%

A small energy barrier (<1 kcal mol™!) is observed also for
the @, ~ a3 and a, + a, transitions. However, in these cases
the probability of the transition is very insignificant owing to
the large differences in the relative shift of the layers (~0.7 ):§)
between the models indicated. Clearly, such a shift requires
the concerted collective displacement of the atoms within the
limits of the target layer, which is an extremely improbable
event. (Formally this implies that the pre-exponential factor
in the expressions for the probabilities of the a; + a, transi-
tions is very small).

Russian Chemical Reviews, 56 (8), 1987

2. Cellulose Il

The CII structural modification is formed when cellulose is
regenerated from its derivatives or on reprecipitation from
solutions [regenerated cellulose (RC)] and also when cellulose
preparations are treated with concentrated solutions of alkali
metal hydroxides [mercerised cellulose (MC)}. -1l The
regenerated and mercerised celluloses are characterised by
virtually identical X-ray diffraction patterns and IR spectra
and on this basis they are regarded as a single polymorphic
modification.

Whereas well-resolved X-ray diffraction patterns typical of
CII can be obtained on mercerising cotton, ramie, and wood
cellulose, the attempts to obtain CII by mercerising the Valo-
nia ventricosa fibres were not successful.?®%%% This con-
firms yet again the above hypothesis that cellulose from sea-
weed apparently possesses an individual crystal structure
different from that of ramie, cotton, and wood cellulose.

It is important to note that the polymorphic transition from
CI to CII is monotropic. The claim that CII is the more
stable polymorphic modification of cellulose is based on pre-
cisely this experimental fact.

Analysis of the equatorial reflections in the X-ray diffrac-
tion patterns of CII shows that the CII unit cell is analogous
to that in CI. One macromolecule intersects the ab face at
the beginning of the crystallographic coordinate system,
while the other makes an intersection of the centre of the
face. It follows from the analysis of the intensities of the
(110) and (020) reflections that the average plane of the
glucopyranose rings in CII should be rotated by a somewhat
greater angle relative to the ac plane than in CI.

The polymorphic transition from CI to CII is accompanied
by significant changes in the IR spectra. Thus, whereas
three bands with parallel dichroism (at 3275, 3350, and
3375 em~!) and two bands with perpendicular dichroism (at
3305 and 3405 cm™~!) are observed in the CI spectrum in the
region corresponding to the vibrations of the OH groups, in
the CII spectrum two bands with parallel dichroism (at 3407
and 3488 cm™~ ') and three bands with perpendicular dichroism
(at 3175, 3305, and 3350 cm~!) are observed.®®® The above
differences (both in the stretching vibration frequency of
the OH groups and in the dichroism) indicate a significant
rearrangement of the hydrogen bond system on passing from
CI to CII. X-Ray diffraction patterns of CII were first
obtained and indexed by Andress®® within the framework of a
monoclinic unit cell for the P2, space group. The unit cell
parameters were a = 8.14 &8, b = 9.19 &, ¢ = 10.3 & (fibre
axis), and y = 118°. Thus CII has lattice periods similar to
those in CI but a significantly different monoeclinic angle v.

Crystallographic studies on CII were carried out simultane-
ously with such studies on CI using the same method and
frequently the same workers were involved.’?8%87,89100,101
This obviates the need for .... structural CII models with
parallel and antiparallel .... the CII models proper.+

As for CI, it is best to begin a detailed examination of
structural models with the model put forward by Jones, 5859
who examined structural CII models with parallel and anti-
parallel packing of the chains. A satisfactory agreement
with IR spectroscopic and X-ray diffraction data was achieved
for the model with the opposite direction of the chains and
the shift S = 0.29. The positions of the O(6) atom in the
angular and central chains were close to the tg~conformation

tParts of the Russian text appear to be missing (Trans-
lator).
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and gt-conformation respectively. The angular chain was sta-
bilised by the two intramolecular hydrogen bonds O (3)H...0(5')
and 0(2)...0(6') and the single central bond O(3)H...0(5").
The intermolecular bonds were in the (110) plane. These are
two symmetrically non-equivalent hydrogen bonds of the
0(6)...0(3") type and the 0(2)...0(2") bond.

In the analysis of the structure of CII, Kolpak and
Blackwell®®!%2 ysed the approach proposed by Gardner and
Blackwell ®* for the elucidation of the structure of CI. The
same four trial models P,, P,, a,, and a, were used as the
initial approximation as in the analysis of the packing of CI.
Both regenerated and mercerised celluloses were examined.

The optimised a, model, which is also free from short con-
tacts, was found to be most suitable as regards the R" factor.
Application of Hamilton's test showed that, in terms of the R"
factor, the models obtained from a,, P;, and P, can be
rejected for a level of significance higher than 99%. Com-
parison of the a, models optimised with respect to X-ray dif-
fraction data for RC on the one hand, and MC, on the other
showed that they are fairly similar but not identical. The
main difference is in the value of the parameter S, which is
0.216 for RC and 0.227 for MC. Significant differences are
observed also in the optimised values of the average isotropic
temperature factor BT, which are 20 &% for RC and 32 &2 for
MC.

The system of hydrogen bonds in the a, model resembles
the system of such bonds in the Jones model.’® The 0@)...0(3")
bond is located in the plane of the central chains, while the
0(6)...0(2") bond is in the plane of the angular chains. The
0(2)...0(2") bond is located in the (110) plane. According
to the authors,®%192 the presence of the last bond is in fact
the main and fundamental difference between the structures
of CI and CII and is the main cause of the increased stability
of the CII polymorphic modification.

The structure of CII was also examined by Stipanovic and
Sarko.®* The optimum structural model of CII was selected
from the condition for the minimum in the target function (5)
with all the geometrical variables, including the bond lengths
and the valence and torsional angles, varied. The average
isotropic temperature multiplier was likewise varied. The
model with the antiparallel disposition of the chains, which is
close in terms of its parameters to the structural models of
RC and MC proposed by Kolpak and co-workers, %12 was
found to be most suitable. However, according to the
author's calculations, *® apart from the 0(2)...0(2") bond in
the (110) plane there is also a possibility of the formation of
the interlamellar 0(6)...0(3") bond.

A structural model of CII with a parallel arrangement of the
chains has been proposed recently.!’® The unit cell in this
model is made up of the diagonals of the Wellard cell and
includes one symmetrically independent chain. This study®®?
was based on the existing definite similarities between the
X-ray diffraction patterns and IR spectra of CII and cello-
tetraose, whose unit cell contains one crystallographically
non-equivalent molecule.*® However, the above model!®®
had an inadmissibly high value of the R factor (R = 0.50)
and in addition conflicted with data for the IR dichroism of
the stretching vibrations of the OH groups. This attempt
demonstrates perhaps the error of the "mechanical" transfer
of data obtained solely on the basis of a single model com-
pound (cellotetraose) to the structure of a complex polymer
such as cellulose.

The energy criteria have been resorted to in order to
determine the structure of CII.%%19%1%  The optimum struc-
tural model was sought in a manner fully analogous to the
method described above in the discussion of the studies by
Nugmanov and co-workers.®*?»% The characteristics of the
most probable structural models of CII are presented in Table
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2. The following factors are striking in the analysis of Table
2. Firstly, it is evident that in the case of CI the available
diffraction data are too few for an unambiguous solution of
the structural problem (for a 99% level of significance, all the
models presented are statistically equivalent). Secondly,
comparison of the data in Tables 1 and 2 shows that the opti-
mum models of CII are more favourable on energy grounds
than the optimum models of CI by approximately 1-2 kcal
mol~!, which agrees with the view that CII is a more stable
polymorphic modification of cellulose. Finally, it is seen
from Table 2 that, among the models most suitable as regards
energy, there are no models with a parallel arrangement of
the chains. The difference of approximately 2 kcal mol~?!
obtained between the best parallel model (P,) and the best
antiparallel models is sufficiently convincing to reject the
hypothesis of a parallel arrangement of the chains in CII.!?
Among the antiparallel models in Table 2, mention should be
made of the ag model, which is in essence a structural ana-
logue of the familiar model of Stipanovic and Sarko®® and also
of Kolpak and co-workers.®¥%? Evidently the ag model is
appreciably inferior to the best antiparallel models as regards
energy and the value of the target function.

Table 2. Certain characteristics of the most probable struc-
tural models of CII,®8105,106
Model* R~ U, kcal mol’!{ @, cal mol'! | Model* R U, keal mot’! @, cal mol-!
a 0.179 ~21.4 —18.7 a, 0.186 —20.4 —17.6
a, 0.178 —21,2 —18.5 ag 0.124 —19.4 —17.5
ay 0,183 —21.2 —18.5 P, 0.167 —19.4 —16.9
ay 0.164 —20.1 —17.6 Py 0.164 —17.5 —15.1
*The same notation is used as in Table 1.
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Figure 9. The optimum structural model a, for CII.%®:195:108

The a, model, whose projection on to the a'c plane is illu-
strated in Fig.9, is best in terms of the value of the target
function. Evidently the a; model represents alternating
layers parallel to the ac plane. The (020) layer in the a,
model is constructed analogously to the layers in the struc-
tural g; and P, models for CI described above in the discus-
sion of the studies of Nugmanov and co-workers.®>*® [In the
(020) layer there are the intramolecular hydrogen bonds
0(3)...0(5') and O(2)H...0(6') and the intermolecular bond
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0(6)H...0(3"). The conformation of the macromolecules in
the (010) layer of angular chains is close to the Al conforma-
tion with its typical 0(4)...0(6)H...0(2) biacceptor bond.
There are no intermolecular hydrogen bonds in the (010)
plane. The neighbouring layers in the a; model are linked
by intermolecular bonds: the strong O(2)H...0(2") bond and
the weak O(3)H...O(6") bond. The proton at O(3) is then
found to be involved in the 0(5')...0(3)H...0(6") biacceptor
bond.

The a, structural model can be obtained from a, by chang-
ing the orientation of the O(6)H and O(2)H hydroxyls of the
angular chain and the a; model can be obtained by altering
the orientation of the O(6)H hydroxyl in the central chain.
The rearrangement of the hydrogen bond system in the tran-
sition from the a; model to the a, model is illustrated sche-
matically below (for clarity, only the hydroxyls involved in
the rearrangement are shown); the OH groups of the angular
chain are differentiated by a dashed line):

[ S,
[Tngulu chain

—otsh! o e B )

i
O(3)—H ----0(6) —11 -~ 0(2") €—>~ 0(3)---H—0(6)-~-H-—0(2")
. (S —

— :&;)___.

a9

The hydrogen bond system remains uninvolved in the a, + a;
transition and only the position of the proton at the O(6)
atom changes relative to the line connecting the donor and
acceptor oxygen atoms.

It is seen from Table 2 that the a;, a,, and a; structures
have similar energies and in addition the barriers to the
transitions between them are low (0.9 and 0.2 kcal mol~? for
the a, + a, and a, + a, transitions respectively). As for
the P, and P, models of CI, this factor suggests that all
three structures can exist simultaneously in CII and can be
interconverted as a result of the thermal migration of pro-
tons.

1V, CONCLUSION

Analysis of the data presented shows that the problem of
the determination of the molecular-crystal structure of cellu-
lose is still far from its final solution. In fact only the data
for the symmetry and size of the unit cell as well as the con-
formation of the glucopyranose residue in the main macro-
molecular chain can now be regarded as fully non-controver-
sial information about the structure of cellulose. The data
enumerated do not, however, allow the complete reproduction
of the architecture of the crystal owing to the extensive con-
formational possibilities associated with the side groups and
the wide variety of different versions of the disposition of
the cellulose chains in the crystal arising from this. The
available diffraction data are too limited to make an unambig-
uous choice between several alternative versions of the struc-
ture.

The semiempirical energy calculations, which apparently
possess a greater "resolving capacity" than crystallographic
criteria such as the R factor and the principle of close pack-
ing, can apparently help significantly in solving the struc-
tural problem. However, even in this case calculation yields
several possible versions of the structure which have
extremely similar energies.

In our view, a more well defined situation obtains for the
stable CII polymorphic modification of cellulose where the
most suitable model is separated from the remaining possible
versions of the structure by an "energy gap" of approximately
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1 keal mol™!., Bearing in mind that the error in the calcula-
tion of the lattice energy by the method of atom—atom poten-
tials is usually systematic and is to a large extent compensated
when different versions of packing of the same molecules are
compared, one may expect that the ~1 kcal mol~? energy dif-
ference is entirely significant. An interesting feature of
the most probable model of CII is the lability of its hydrogen
bond system, i.e. the capacity for ready rearrangements as
a result of the thermal movement of individual protons.

In the case of CI the best models are distributed more or
less uniformly with respect to energy and the best parallel
and the best antiparallel models (P, and a, in Table 1) are
almost equivalent as regards energy and are statistically
indistinguishable with respect to the R" factor. An important
argument in support of the antiparallel version of the struc-
ture is the finding that the fibres swell only slightly on
mercerisation leading to the transition of CI into CII. An
appreciable structural rearrangement (in particular in the
change of the arrangement of the chains) cannot then occur,
which entails a different similarity of the structures of CI
and CII. Comparison of the a, models for CI and CII does
indeed reveal a similarity of significant parameters such as
the orientation of the hydroxymethyl groups and the relative
shift of the chains.
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