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Abstraet: The structure of regenerated cellulose is shown by x-ray diffraction to be comprised of an array of anti-
parallel chain molecules. The determination was based on the intensity data from rayon fibers and utilized rigid-
body least-squares refinement techniques. The unit cell is monoclinic with space group P2; and dimensions a =
801 4,b =9.044A, ¢ =10.36 A (fiber axis), and vy = 117.1°. Models containing chains with the same sense (parallel)
or alternating sense (antiparallel) were refined against the intensity data. The only acceptable model contains anti-
parallel chains. The -CH2OH groups of the corner chain are oriented near to the gt position while those of the cen-
ter chain are near to the tg position. Both chains possess an 08-H..05” intramolecular hydrogen bond, and the cen-
ter chain also has an 02’-H-..06 intramolecular bond. Intermolecular hydrogen bonding occurs along the 020 planes
(06-H--02 bonds for the corner chains and 06-H.--O3 bonds for the center chains) and also along the 110 planes
with a hydrogen bond between the O2-H of the corner chain and the 02’ of the center chain. This center—corner
chain hydrogen bonding is a major difference between the native and regenerated structures and may account for

the stability of the latter form.

Cellulose is composed of 1 — 4 linked 3-D-glucose resi-
dues, and is known to exist in at least four polymorphic
crystalline forms, of which the structures and properties of
cellulose I (native cellulose) and cellulose II (regenerated
cellulose and Mercerized cellulose) have been most exten-
sively studied. Cellulose II has a monoclinic unit cell with
reported dimensions a = 793 A, b = 9.18 &, ¢ = 10.34 4,
and y = 117.3° (average values over a variety of cellulose II
preparations).! The unit cell contains sections of two cellu-
lose chains (four glucose residues) and the space group is
generally thought to be P2;. The cellulose chains are
thought to possess twofold screw symmetry, and lie with
their axes through the origin (0, 0, z) and the center (%, %,
z) of the unit cell. Thus, the space group requirements are
satisfied whether the molecules have the same sense (paral-
lel) or opposite sense (antiparallel).

Jones?3 compared the observed* and calculated x-ray in-
tensities for models of the cellulose II structure consistent
with the above requirements. The most favorable structure
in terms of the infrared spectrum had the chains in an anti-
parallel arrangement with a relative shift between the gly-
cosidic oxygens of the origin and center chain of approxi-
mately 0.29¢c. He was unable to determine the exact posi-
tions of the -CH;OH groups, but those of the center chain
were thought to have an orientation different from those of
the origin chain. More recently, Watanabe and Hayashi®
proposed a “bent-twisted” model for the cellulose mole-
cule. The proposed cellulose II structure with this modifi-
cation of the twofold screw molecule had antiparallel
chains with a relative shift of 0.185¢. However, satisfactory

match between the observed and calculated intensities was
not achieved. In a potential energy packing analysis of the
cellulose II structure, Sarko and Muggli® were unable to
choose between a number of parallel and antiparallel chain
models although they considered one antiparallel model to
be most favorable because of extensive hydrogen bonding
possibilities, where the -CH;OH side chains may have dif-
ferent rotational conformations.

Thus the major details of the structure, including the po-
larity of the two chains in the unit cell and the hydrogen
bonding network, remain undetermined. Rigid-body least-
squares refinement techniques have recently been used by
Gardner and Blackwell”8 to determine the structure of na-
tive cellulose (Valonia). The results of their refinement
showed a significant preference for parallel rather than an-
tiparallel chains. In the two-chain monoclinic unit cell, the
chain at (1, 1%, z) is staggered by 0.266¢ with respect to the
chain at the origin and the orientation of the -CH2OH side
groups are close to the tg position (see below) for both
chains. The chains possess two intramolecular hydrogen
bonds (03-H---05’ and 06--H-02’) (see Figure 2 for num-
bering of the atoms) and interchain hydrogen bonds occur
only along the 020 planes of the unit cell, resulting in an
array of staggered sheets of hydrogen bonded cellulose
chains.

The approach used in this refinement of cellulose II was
similar to that employed for the native structure. The x-ray
intensity data were obtained for rayon fibers and the least-
squares refinement method of Arnott and Wonacott® was
used to refine possible parallel and antiparallel chain mod-
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els for cellulose II. In this method, stereochemical restric-
tions in the form of allowed bond distances and bond an-
gles are imposed upon a molecular model so as to form a
completely rigid body, except for possible side chain rota-
tions. For cellulose, this description reduces the number of
refinable parameters from 66, i.e., the atomic coordinates
of the nonhydrogen atoms, to five, thus increasing the ratio
of observations to refinable parameters to the point where
a least-squares refinement is meaningful. A preliminary re-
port of our conclusions, described in detail below, has al-
ready been published in this journal.!?

Experimental Section

Samples of regenerated cellulose (rayon fibers) were obtained
from Celanese Fibers Co. Small individual fibers were drawn from
the larger rayon fibers and arranged in a parallel bundle. The x-ray
diffraction patterns of these specimens were recorded on Kodak
No-Screen film using Ni-filtered Cu K« radiation in an evacuated
camera, with a collimator consisting of 400 um diameter pinholes
separated by 12 cm. X-ray photographs were recorded with the

fiber axis perpendicular to the beam for the intensity data and tilt-
ed to observe the meridional reflections. The d spacings were cali-
brated by dusting the specimen with CaF; powder.

Intensities were obtained for 44 observed (nonmeridional) re-
flections. Quantitative values for 34 of these reflections were ob-
tained using a Photometrics EDP Scanning Microdensitometer.
The optical density data were recorded on magnetic tape and pro-
cessed by computer as a two-dimensional numerical map of the
x-ray pattern. Optical density contours were drawn, and the inte-
grated intensities were obtained by summing the optical density
values within a given reflection. The background correction was
then subtracted, based on the optical density around the edge of
the reflection. The intensities of the remaining ten (weak) reflec-
tions were estimated visually. Finally, the intensity data were cor-
rected for Lorentz and polarization effects.

In addition to the 44 observed reflections, there were 41 unob-
served reflections that were predicted to fall within the scattering
angle recorded by the x-ray photograph. For each least-squares
cycle all these unobserved reflections were considered and those
which have calculated structure amplitudes higher than estimated
threshold values (Fihres) Were assigned an F(obsd) of two-thirds
Fhres and included in the data. The corrected intensity data, in the
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Figure 1. X-ray diffraction pattern of a bundle of oriented rayon
fibers. The bundle has been tilted slightly to observe the 002 re-
flection.

form of structure amplitudes F(obsd) for the observed reflections
and estimated threshold values (Finres) are given in Table I.

Structure Determination. Unit Cell Parameters. The x-ray
diffraction pattern of the rayon fiber specimen is shown in Figure
1. Least-squares refinement of the monoclinic unit cell parameters
using the 44 observed d spacings resulted in values of @ = 8.01 +
0.05A,b=9.04+0054, c =10.36 + 0.05 A, and v = 117.1 + 0.1°.
The observed and calculated d spacings are given in Table I. Ab-
sence of odd-ordered 00! reflections indicates a P2; space group
for this structure. (Legrand!! also investigated the possibility of
true odd-ordered meridionals in regenerated cellulose as distinct
from streaking accompanying (10!) or (01[) reflections and found
no evidence thereof.) The refined value of the helix repeat ¢ is
within experimental error of the 10.38 A determined? for cellulose
I and the backbone conformation of the cellulose molecule can be
expected to be the same for cellulose I and II.

Molecular Model for the Isolated Chain. Consistent with the
P2; symmetry, a model for the cellulose chain was constructed as a
twofold helix repeating in 10.36 A. Standard bond distances and
bond angles!? were used, and the molecular model incorporated an

10.36 A
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03-H--05" intramolecular hydrogen bond of length 2.69 A. The
bond lengths and angles for the model are shown in Figure 2. The
disaccharide residue has a glycosidic bond angle of 114.8° and gly-
cosidic torsion angles of & = 24.7°, = —26.2° (using the conven-
tion followed by Sundararajan and Rao!3).

This molecular model is completely rigid except for the allowed
rotation of the -CH20H side group about the C5-C6 bond. This
rotation is described by the dihedral angle x, where x has a value
of zero when the C6-06 bond is cis to the C4-C5 bond. Counter-
clockwise rotation of the group when looking down the C5-C6
bond represents positive rotation. The -CH0H orientation is also
described in terms of its orientation relative to the C4-C5 and
C5-05 bonds: gg, gauche to C5-05 and gauche to C4-C5 (x =
—60°); gt, gauche to C5-05 and trans to C4-C5 (x = 180°); and tg,
trans to C5-05 and gauche to C4-C5 (x = 60°).14

Chain Packing. The positions of the rigid cellulose chains are
completely defined by three packing parameters, whether they
have the same or opposite sense. These parameters are the shift of
one chain (along ¢) with respect to the other chain, and two pa-
rameters defining the orientation of the two chains (about their
helix axes). A survey of the calculated intensities for potential
packing arrangements of the two cellulose chains indicates that
four basic models need to be considered, as was the case for the na-
tive structure.®? The relative intensities of the 002 (moderately
weak) and 004 (strong) indicate an approximate c/4 stagger of the
chains. In each case the first chain through (0, 0, z) has the glyco-
sidic oxygen O1’ at z = 0, and “shift” describes the ¢ axis displace-
ment of O1’ in the second chain through (%, %, z); the chain sense
is defined as “up” when Zgs > Zcs. The four models are the fol-
lowing: p1, parallel chains oriented up with a shift of +c/4 for the
second chain; py, parallel chains oriented down with a shift of +¢/4
for the second chain; a;, antiparallel chains with an up chain at the
origin and a down chain at (%, %, z), with a shift of —c/4; and a,,
antiparallel chains as in a;, except with a shift of +c/4 for the sec-
ond chain.

Thus, for each of the four possible models there are seven refina-
ble parameters. Three packing parameters: (1) SHIFT, the stagger
of the center chain along its helix axis with respect to that at the
origin; (2) PHI, the rotation of the origin chain about its helix axis;
(3) PHY, the rotation of the center chain about its helix axis. Two
molecular parameters: (4) the dihedral angle x, which determines
the orientation of the -CH2OH group in the origin chain; (5) the
dihedral angle x’, which determines the orientation of the
—CH20H group in the center chain. Two crystallographic parame-
ters: (6) K, the scale factor; and (7) B, the average isotropic tem-
perature factor.

Figure 2. Molecular model for the cellulose chain. (a) Atom numbering in cellobiose repeating unit. (b) Bond lengths and angles in the

model.
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Table I1
Refinement Results for the Four Possible Cellulose I1 Models
P1 P2 a) ag
Observed Data Only
R 0.254 0.188 0.195 0.171
R’ 0.254 0.188 0.195 0.171
R” 0.201 0.154 0.170 0.134
Bad contacts®
C-0,A 2.63 2.49 198  None
0..0,A 2.17 2.05 211  None
2.47
2.43
Observed Data with Applied Constraints
R 0.272 0.219 0.230
R’ 0.272 0.219 0.230
R” 0.217 0.170 0.191
Bad contacts,
C-0,A 2.52 2.50 2.97°
0--0,A 2.21 2,12 1.87
2.37
2.42

@ Unacceptable stereochemical contacts were taken as oxygen—
oxygen distances less than 2.60 A and oxygen-carbon distances
less than 2.80 A. ® This nonbonded contact distance is acceptable;
its value was included in the table to demonstrate the effect of the
constraint.

Refinement. The possible structural models for cellulose were
refined by adjusting the above parameters using a least-squares
process® to provide the best fit between observed and calculated
structure factors, minimizing the function

M
® = Y wp|Fr(obsd) — Fp, (caled)|?

where F,, (calcd), defined by
Frn(caled) = (1/K)Fx exp(—Bp2/4)

is the calculated value to be compared with F,,(obsd), the mth of
the M observed structure factor amplitudes. wy, is the weight to be
applied to the observation; K is the scale factor; B is the average
isotropic temperature factor; and pm, is the reciprocal d spacing. In
cases where more than one hkl plane contributes to an observed
reflection, the calculated structure amplitude used for comparison
is given by

N 12
Fu(caled) = [ ZFn(calcd)z]
n=1

where the F,, (caled) value is the calculated structure amplitude for
the nth of N planes contributing to the observed reflection. The
agreement between observed and calculated structure amplitudes
is expressed in terms of the conventional unweighted and weighted
R factors:

M M
R= Y AF, / 3 |Fmn(obsd)
m=1 m=1

M M
R= 3 w,2AF,, | ¥ wnYqFn(obsd)|
m=1 m=1

where
AFm = ||Fm(obsd)| — |Fm(calcd)|l

The Hamilton!® statistical test is used to determine the signifi-
cance of small changes in the R values, based on the R” values,
where

M M 1/2
R"= l S wnAFR?2 ) Y mem(obsd)z}
m=1 m=1

and
AF,2 = |Fr(obsd) — F(caled)|?
Course of the Refinement

Least-squares refinement of the seven parameters was
performed for the two parallel and two antiparallel models.
The models were first refined against the observed reflec-

Macromolecules

Figure 3. (a) Projection of the cellulose chains down the ¢ axis of
the unit cell; hydrogen bonding along the 110 plane is shown (only
carbon and oxygen atoms are drawn in, hydrogen bonds are indi-
cated by the paritially dashed lines; the hydrogen position given by
the solid portion). (b) Projection of the chains perpendicular to the
ac face of the unit cell.

tions only and the results of these refinements are shown in
Table II.

In all four models, PHI and PHI’ refined to values that
placed the planes of the glucose rings approximately paral-
lel to the ac plane. The refined value of SHIFT was ~0.2¢
for models py, ps, and ag and ~—0.1c for model a;. Three of
the four models gave qualitative agreement with the merid-
ional intensities (002 weak, 004 strong), whereas for model
a1, Foos(caled) > Foga(caled). The refined values for K and
B were similar for the four models.

A check of the stereochemistry of the refined structures
indicated that model p; contained four unacceptable con-
tacts, models ps and a; contained two each, whereas model
ao was fully acceptable. These unacceptable contacts are
listed in Table II. Nonbonded constraints were incorporat-
ed in the refinement of models p1, P2, and a; in an effort to
remove the unacceptable contacts. In all three cases a
model compatible with the constraints could not be found.
The R values for structures which are closest to stereo-
chemical acceptability are given in Table II, along with the
remaining bad contacts. Thus, of the four models, only as is
stereochemically acceptable. In addition it gives the best
agreement with the observed x-ray data. All three con-
strained models can be rejected at a significance level of
better than 1%.

The models were then refined against the full data set
(observed and unobserved reflections). The bad contacts
for models p1, ps, and a; were not removed and these mod-
els remain unacceptable. For model as, the resulting R



Vol. 9, No. 2, March-April 1976

Table III
Fractional Atomic Coordinates for One Glucose Residue of
Each Chain (Final Antiparallel Model®)

Atom x/a v/b z/e
Origin Chain
C1 —0.042 0.006 0.386
C2 -0.112 0.093 0.290
C3 -0.142 0.010 0.158
C4 0.034 0.000 0.115
C5 0.099 -0.080 0.220
Cé 0.283 -0.081 0.188
ov —0.001 —0.097 0.000
02 -0.281 0.088 0.336
03 —-0.188 0.103 0.066
05 0.127 0.009 0.339
06 0.351 —-0.140 0.293
Center Chain
C1 0.467 0.518 —0.170
C2 0.316 0.500 —-0.074
C3 0.402 0.566 0.058
C4 0.521 0.483 0.101
C5 0.661 0.498 —0.004
Cé 0.773 0.406 0.028
ovr 0.621 0.559 0.216
02 0.219 0.588 -0.120
03 0.256 0.533 0.150
05 0.565 0.430 -0.123
06 0.902 0.484 0.131

@ The complementary half of the unit cell can be generated by
the symmetry operation —x, —y, z + 0.5.

values were R = 0.213, R’ = 0.200, and R” = 0.155. For R’
and R”, weighting factors of w = 1 for the observed reflec-
tions and w = % for unobserved reflections were used (the
lack of systematic variations of AF,, with F(obsd) preclud-
ed the use of any other weighting schemes!®17), The new ap
model did contain a bad O--O contact (2.49 A) which was
removed with an appropriate constraint. The R values of
the stereochemically acceptable constrained model were: R
= 0.235, R’ = 0.219, and R” = 0.167. For this model, only 9
of the 41 unobserved reflections had an F(caled) > Fipres.
Thus an antiparallel model with an approximate quarter
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stagger of the chains is proposed for regenerated cellulose.
The observed and calculated structure amplitudes for
model ag are given in Table I. The ab and ac projections for
the proposed antiparallel model are shown in Figure 3. The
refined values of PHI = 22.8° (spyr = 0.3°) and PHI’ =
61.8° (opyr = 0.3°) orient the chains such that the
“planes” of the glucose rings are approximately parallel to
the ac plane. The refined value for SHIFT, the relative
stagger of the chains, is 0.216¢ (osgrrr = 0.018¢). For the
side groups, x refines to 186.3° (g, = 12.0°), placing the
-CH20H group of the origin chain within ~6° of the gt po-
sition. The value of x’ is 70.2° (s, = 15.2°), which positions
the -CH2OH group of the center chain within ~10° of the
tg position. The refined isotropic temperature factor is
19.96 (¢ = 2.09). The fractional coordinates for the final
model are given in Table III.

Hydrogen Bonding Network

The proposed hydrogen bonding network for regenerated
cellulose is shown in Figure 4. With the refined values of x
and x’ all of the hydroxyl groups can form hydrogen bonds
with acceptable O-H-.O bond distances and C-0-.0 bond
angles. Infrared spectroscopy'®!? confirms that all the hy-
droxyl groups are hydrogen bonded.

Each chain possesses the O3-H...05’ hydrogen bond of
length 2.69 A as defined in the model. The -CH;OH groups
of the “down” (center) chains are close to the tg position
such that these chains possess a second intramolecular hy-
drogen bond: 02’-H---06. The —06-H groups then form an
intermolecular O6-H---O3 hydrogen bond to the next chain
along the a axis, i.e., in the 020 plane. Thus the down
chains form hydrogen bonded sheets, as shown in Figure
4a, which are essentially the same as those in cellulose I.

For the “up” (corner) chains the -CHoOH groups are
close to the gt position,?! and form intermolecular O6-H--
02 hydrogen bonds to the next chain along the a axis. The
sheet of up chains is shown in Figure 4b. The 02-H group
cannot form an intramolecular hydrogen bond but is in-
volved in an intermolecular O2-H--02’ hydrogen bond to
the neighboring down chain in the 110 plane, as shown in
Figure 4c. The bond lengths and angles for the hydrogen
bonds are given in Table IV.

Figure 4. Intrachain and interchain hydrogen bonding in regenerated cellulose: (a) along the 020 plane for the “down” chains, (b) along
the 020 plane for the “up” chains, (¢) along the 110 plane (view from the origin of the unit cell).
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Table IV
A Summary of Hydrogen Bonding Information for the Final
Antiparallel Model®

Bond lengths, A Bond angles, deg

03-05 2.69 C3-03--05’ 102.6
02+'-06* 2.73 C2¥v-02+*-..06* 114.3
06-02, 2.76 C6-06--02, 107.7
06*-03*, 2.67 C6*-06*--03*, 127.9
02,-02% 2.77 C2,-02,---02% 108.5

@ The symbols used are the following: (*) denotes atom on the
center “down” chain; (") denotes an atom on the next residue up
from the asymmetric residue; and (a) denotes an atom on the next
chain along the positive a axis.

Discussion

An antiparallel chain structure is the only acceptable
model for regenerated cellulose I, in contrast to the paral-
lel chain system for cellulose I. The regenerated and native
structures are similar in many ways, each consisting of an
array of hydrogen bonded sheets of chains parallel to the
020 planes. However, it is not possible stereochemically to
pack antiparallel sheets in the cellulose II lattice when all
the -CHsOH side chains have the same (tg) conformation
as in cellulose I. Rather the tg conformation is retained by
alternate (down) sheets while the other (up) sheets have
the gt conformation. This still allows for intermolecular in-
trasheet hydrogen bonding of the O6-H groups and intro-
duces the attractive feature of an 02-H---02 intersheet hy-
drogen bond. Cellulose II is the stable polymorphic form;
cellulose I is produced only in nature, and is converted into
form II by solution and reprecipitation or by swelling, after
which it cannot be reconverted to form I. The hydrogen
bonding between center and corner chains may contribute
significantly to the stability of form II.

Of the various possibilities for the chain polarities in the
two polymorphic forms, the parallel I-antiparallel II solu-
tion seems the most reasonable. If cellulose I were to con-
sist of antiparallel chains it is difficult to see why these
would not adopt the cellulose II lattice. Parallel chains
however lead to production of extended chain polymer sin-
gle crystals, which are particularly suitable as structural fi-
bers. The chains in form I are bound together sufficiently
tightly that the crystallites are inpenetrable to water. How-
ever, cellulose solvents break these bonds whereupon the
chains would be expected to act like other polymers and
fold back on themselves when they are precipitated.

In the Mercerization process, cellulose I is converted to
cellulose II by swelling in caustic soda solution. This
change is accompanied by only a small decrease in length,
which has been used as an argument against chain folding.

Macromolecules

We are currently examining the x-ray patterns of Mercer-
ized cellulose to see if the same antiparallel structure is
present. Nevertheless, Chanzy et al.2® have recently exam-
ined shish kebab structures given by low molecular weight
cellulose (DP ~ 30) epitaxially crystallized on cellulose I fi-
brils; the low molecular weight material adopts the cellu-
lose II lattice. Such epitaxial crystallization of cellulose II
on cellulose I is to be expected since half of the sheets in
form II are common to form I. Mercerization proceeds
slowly and never goes to completion. The unconverted cel-
lulose I could maintain the fiber dimensions and serve as a
template for crystallization of the cellulose II chain folded
domains. It should be emphasized, however, that although
our results indicating alternating chains are compatible
with regular chain folding, they do not prove that such
folding does in fact occur.
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