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at  the tip of the cell. At this point ESR signal intensity measurements 
were made against a Mn2+ marker every 15 min. Measurements in- 
volved bringing the cell tip rapidly to room temperature with a 5-s 
immersion in water and scanning the signal and marker. The mea- 
surement time was 4 min and is not included in the polymerization 
time. 

In the case of the additive nitric oxide, a second signal in the ESR 
spectrum, having a central line a t  a lower magnetic field and wing 
structure between 20 and 30 G on either side, overlapped the normally 
observed 2.3 G signal (Figure 14). The spectrum did not change as  
polymerization proceeded. Evacuation of the cell for 1 h did not 
change the spectrum indicating it is not a weak association of polymer 
with the nitric oxide molecule. When preformed polymer was exposed 
to nitric oxide, a shoulder maximum on the ESR signal slowly devel- 
oped at  a point corresponding to the new line’s central maximum. The 
nature of the interaction between polymer and nitric oxide is not 
known. 
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ABSTRACT: The three-dimensional structure of cellulose triacetate I1 (CTA 11) was derived from an x-ray and elec- 
tron diffraction analysis using intensity data from fiber and single-crystal patterns. The unit cell is orthorombic with 
space group P212121 and dimensions a = 24.68 A, b = 11.52 A, and c (fiber axis) = 10.54 A. A CTA I1 Model was built 
from the known structure of the central residue of cellotriose undecaacetate. This model was first refined through 
a conformational and packing analysis and then tested against the diffraction information. The resulting structure 
consists of antiparallel pairs of parallel CTA I1 chains. In projection, it has the same gross feature as the projection 
proposed earlier by Dulmage but it differs extensively in its details such as the glucose ring geometry and the confor- 
mation of the acetyl groups. Acetyl groups linked to C(6) are in the gg conformation. Those linked to C(2) and C(3) 
adopt the planar geometry identical to the one always found in the crystalline structure of acetyl sugars. 

The well-known polymorphism in cellulose science and cellulose I i--t CTA I 

i XI (A) 
technology2a is found also in cellulose derivatives. Perhaps the 
most familiar case is the cellulose triacetate (CTA) system 
where the terminology CTA I and CTA I1 reflects the fol- 
lowing reversible and nonreversible crystalline transforma- 
tions (scheme A). Scheme A of transformation was clearly 
established by Sprague et al. in 19MZb and despite a few 
controversial reports3s4 this scheme is now widely accepted. 

cellulose I1 .i--t CTA I1 

Our recent morphological and structural s t ~ d y ~ - ~  of the 
polymorphic transformation of ualonia cellulose followed 
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closely Sprague's scheme; at the supermolecular level, CTA 
I and CTA I1 were found to have specific morphologies closely 
related to those of cellulose I and cellulose 11. This indicated 
that the polarity of the chains was preserved in going from 
cellulose I to CTA I or cellulose I1 to  CTA 11. Recent studies 
overwhelmingly support the antiparallel arrangement for 
cellulose II.83 

A crystallographic study of CTA I1 was performed in 1957 
by Dulmage.'O His data suggested that the most probable 
space group was Pzl with two pairs of parallel cellobiose ace- 
tate units per monoclinic unit cell. The corner pair and center 
pair were antiparallel and the overall arrangement was ex- 
tremely close to  that corresponding to the space group 

Since this work on the two-dimensional arrangement of the 
chains was published, no further attempt had been made to 
date to obtain the complete structure in three dimensions. 
Knowledge on the structural aspects of carbohydrate 
moities," the effect of acetate substitution,l2 etc., has accu- 
mulated since then. The availability of the crystal structure 
data on &cellobiose acetateI3 and 0-cellotriose acetate14 is a 
great advantage in an attempt to solve the CTA structure. A 
combined approach, involving conformational analysis of the 
chain, packing of the chain in the lattice, and the x-ray or 
electron diffraction data has heen very successful in the 
analysis of complex polysaccharide structures. 1516 

Finally, a new step in polymer crystalline structure analysis 
consists of the use of single-crystal hkO electron diffraction 
data from polymer single crystals. Such data are of great value 
to  establish the symmetry elements of the base plane of the 
crystal. They also provide a wide range of hkO diffraction in- 
tensities, far in excess of the corresponding hkO from x-ray 
patterns. I t  was shown recentlyL7 that the electron-diffraction 
intensities on thin organic polymer crystals followed the ki- 
nematical approximation. These intensities can consequently 
be used to determine the structure of the base plane projection 
of polymer crystals.'*J9 For CTA 11, single-crystal electron- 
diffraction diagrams containing over 40 independent reflec- 
tions can be obtained.20 These diagrams are indicative of a 
Pz,z,z, symmetry for CTA I1 instead of Pz, as proposed by 
Dulmage.'o With all these new data and methods the CTA I1 
structure has been reexamined. The aim was to  achieve the 
most reliable three-dimensional solution based on the best 
possible experimental data: x-ray and electron-diffraction 
data on the polymer, crystal structure of the oligomers and 
conformational and packing analysis of the polymer. 

Experimental  Section 
CTA fibers suitable for x-ray diffraction were spun from methylene 

chloride-methanol ~olution.'~ Bundles of fibers were stretched (120%) 
at 200 "C for 15 min. Crystallinity was further improved by annealing 
in a water-vapor atmosphere at 190 "C for a few minutes in an auto- 
clave. 

The preparation of CTA single crystals and the observation of the 
electron-diffraction diagram were described previously.20 Diagrams 
used for reliability factor calculation contained 22 independent dif- 
fraction spots and no double diffraction effects. Those used for Fourier 
synthesis had around 50 independent diffraction spats and contained 
some double-diffraction effect which was evaluated. 

Fibers used far electron diffraction were prepared from ualonia 
cellulose.~ 

X-ray diffraction experiments were performed on a Siemens 
Kristalloflex-2 diffraction unit equipped with a Warhus flat or cy- 
lindrical film camera. Kodak Kodirex films were used. The electron 
and x-ray intensities were measured by integration with a Joyce-Loebl 
Mark 111 recording densitometer. Whereas electron diffraction in- 
tensities were used directly, x-ray ones were corrected in the usual way 
for multiplicity, Lorentz and polarization factors,2' reflection arcing, 
film-scanning direction (other than radial), and Cox and Shaw coef. 
ficient.22 Unobserved x-ray reflections were estimated to be half of 
the threshold value. As usual, meridional reflections were discarded 
and due to the poor resolution of the upper layer lines of the x-ray 

p212,21. 
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Figure 1. Diffraction diagrams used for the determination of the CTA 
I1 structure: (a) x-ray fiber diagram; (b) electron-diffraction fiber 
diagram; (e) single-crystal electron-diffraction diagram. 

pattern, only the layers 0, 1, and 2 were considered. The individual 
intensities of overlapping equatorial reflections were resolved by 
comparison with the single-crystal electron-diffraction intensities 
after scaling bath sets of intensities. 

Results and  Discussion 
1. Strategy. Generally, in order to resolve a polymer 

structure such as a polysaccharide, two kinds of data are used 
the experimental x-ray fiber-diffraction diagram and the 
standard values for the bond lengths and angles of the repeat 
unit. As stated in the introductory section, our approach is 
supplemented by further experimental information coming 
from the study of CTA I1 single crystals and the crystallog- 
raphy of the corresponding oligomers. The general resolution 
procedure can he outlined as follows. 

At first, the unit cell and the space group are deduced from 
x-ray and electron-diffraction analysis. A CTA chain is then 
built from the crystallographic coordinates of cellotriose un- 
decaacetate and its energy is minimized through a confor- 
mational analysis where the sugar units are rotated about the 
glycosidic linkages and the acetyl groups about their linkages. 
Because of the mobility of the acetyl groups, especially those 
linked to the C(6) carbon atom, no absolute energy minimum 
can be determined but rather a zone of acceptable energy. 
Staying in such a zone, all the conformations are tested against 
the experimental x-ray and electron-diffraction data. In each 
case the reliability factor is computed and the packing energy 
of the crystal determined. From among all the possible 
structures having a satisfactory reliability factor, the final 
choice is based on packing considerations. Finally, the posi- 
tions of the acetyls a t  C(6) are ascertained through a Fourier 
synthesis using electron-diffraction intensity data. 

2. Unit  Cell and  Space Group Determination. In Dul- 
mage's studylo a Pa, space group and a monoclinic angle of 90' 
were proposed for CTA 11. A careful reexamination of the 
x-ray and electron-diffraction diagrams indicated clearly that 
the structure possesses higher symmetry and that all reflec- 
tions can he indexed according to the higher symmetry of the 
P2,2,2, space group. The diffraction data supporting this 
conclusion are shown in Figure 1 which represents the x-ray 
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Table I 
Crystallographic Data for CTA I1 Deduced from X-Ray Fiber Diagrams (Final Model) 

d spacing d spacing d spacing d spacing 
(obsd) (calcd) Index F O  Fc (obsd) (calcd) Index F O  FC 

10.43 
8.40 
6.67 

5.50 

5.21 
4.71 

4.09 
3.85 

3.70 

3.47 

3.32 

9.67 
7.96 

7.39 
6.53 

5.66 

5.04 

4.84 

4.15 

3.89 

3.62 

Layer Line 0 
12.34 200 
10.44 110 
8.42 210 
6.69 310 
6.17 400 
5.76 020 
5.61 120 
5.44 410 
5.22 220 
4.72 320 
4.54 510 
4.21 420 
4.11 600 
3.87 610 
3.79 130 
3.75 520 
3.67 230 
3.48 330 
3.37 710 
3.35 620 
3.26 430 

Layer Line 1 
9.69 101 
8.01 201 
7.78 01 1 
7.42 111 
6.58 211 
6.49 30 1 
5.65 311 
5.32 40 1 
5.05 021 
4.95 121 
4.83 411 
4.68 221 
4.47 501 
4.31 321 
4.17 511 
3.91 421 
3.83 601 
3.64 611 
3.61 031 

2.5 
18.7 
24.5 
24.5 

7.1 
5.0 

12.0 
12.0 
23.1 
15.8 

2.2 
6.3 

14.1 
14.6 
14.7 
14.9 
15.0 
5.0 
4.0 
7.3 
6.3 

5.0 
2.5 
9.4 

11.1 

4.7 

27.3 

23.3 

4.0 
16.7 

7.6 
2.0 

8.8 

3.3 
18.6 
24.5 
29.2 
14.9 
8.6 

17.0 
20.4 
35.1 
16.0 
0.7 
5.0 

10.0 
3.2 

16.5 
14.9 
14.8 
4.2 
2.6 
4.4 
7.2 

4.6 
3.9 
8.5 

9.6 

10.8 

14.8 

15.5 

8.0 
10.0 

5.2 
1.6 

7.8 

diffraction fiber diagram (Figure la), the electron diffraction 
fiber diagram (Figure Ib), and the electron diffraction of a 
single crystal (Figure IC). The electron fiber diagram (Figure 
1b) confirms the absence of odd order 001 reflections and 
supports the 21 symmetry along the c axis. This is less clear 
in the x-ray fiber diagram shown in Figure l a  and the absence 
of an odd order reflection, such as 003, can be stated conclu- 
sively only after proper tilting of the specimen in the x-ray 
camera.23 The symmetry in the ab plane is best deduced from 
the single-crystal electron-diffraction diagram (Figure IC) 
which displays around 50 independent reflections in one 
quadrant symmetrically repeated in the three others. More- 
over, along both a* and b*, all odd order h O O  and OkO reflec- 
tions are absent whereas some of the even are present. These 
findings ascertain the presence of two orthogonal 21 axes along 
a and b. Consequently, the P212121 space group was chosen for 
CTA 11. 

Tables I and I1 present a list of spacings and structure fac- 
tors measured in the x-ray fiber diagram and the single-crystal 
electron-diffraction diagram. Following these measurements, 
a refinement of the unit cell gives: a = 24.68 8, b = 11.52 A, 
and c (chain axis) = 10.54 A. These parameters which differ 
only slightly from Dulmage’s datal0 give a set of calculated 
spacings which match closely the observed d spacings as seen 

3.52 

3.31 

3.15 

2.90 

5.26 
5.30 

4.79 

4.45 

4.16 

3.88 

3.74 

3.45 
3.29 

3.07 

2.90 

2.80 

3.57 131 

3.46 231 
3.34 701 8.4 
3.30 331 
3.21 711 
3.19 621 6.5 
3.11 431 
2.96 80 1 

2.89 721 
2.87 811 

3.53 521 7.4 

2.91 53 1 12.0 

Layer Line 2 
5.27 002 
5.15 102 3.2 
4.85 202 2.0 
4.79 012 13.4 
4.70 112 
4.47 212 14.9 
4.44 302 
4.14 312 3.7 
4.01 402 2.0 
3.89 022 9.2 
3.84 122 
3.78 412 10.0 
3.71 222 
3.60 502 3.7 
3.52 322 3.7 
3.44 512 13.8 
3.29 422 9.9 
3.24 602 
3.12 612 
3.10 032 
3.08 132 19.3 
3.05 522 
3.01 232 
2.93 702 5.5 
2.90 332 
2.84 712 
2.83 622 7.8 
2.77 432 

5.6 

5.1 

10.7 

12.0 

5.1 
0.5 
7.7 

11.2 

7.8 
3.0 
8.2 

10.5 

7.2 
3.1 

11.5 
9.8 

16.5 

10.0 

8.1 

in Table I. From the volume of the unit cell and the density 
of 1.29 g/cm3, eight acetyl glucose residues must be present 
in the unit cell. These residues are related through the sym- 
metry of the space group which gives four equivalent positions 
in the unit cell. The choice is thus: either four chains with two 
acetyl glucose per repeat unit or two chains with four acetyl 
glucose per repeat unit. No valid argument supported this 
latter possibility and following Dulmage an arrangement with 
four acetyl cellobiose residues was selected. 

3. Definition of the  Chain. In the study with the oligomers 
of cellulose triacetate,l3J4 it was found that important, crys- 
tallographic information on the polymer could be deduced 
from the study of the trimer, cellotriose undecaacetate. 

In this molecule, the middle and nonreducing residues are 
approximately related through a 21 symmetry element with 
a translation axis of 5.28 A parallel to the chain axis. Within 
experimental error, this distance is exactly the “repeat dis- 
tance” for the polymer. Thus the central triacetyl glucose 
residue of cellotriose undecaacetate appears to be a good 
starting unit togenerate a model of CTA I1 chain with a two- 
fold screw axis, the location of this screw axis with respect to 
the chain being the same as in the trimer. This starting model 
has two advantages: all residues are geometrically equivalent 
and are linked in a regular conformation; it fits closely the 
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Table I1 
Crystallographic Data for CTA I1 Deduced from Single- 

Crystal Electron-Diffraction Diagram (Final Model) 

hkO F O  F C  hkO F O  FC 

200 3.8 2.4 120 11.0 17.5 
400 9.5 11.0 220 18.2 31.6 
600 14.1 11.6 320 17.3 16.5 
110 18.7 14.7 420 5.5 3.1 
210 22.4 20.2 520 14.5 14.2 
310 21.9 23.4 620 8.9 6.2 
410 11.0 13.2 720 7.1 7.1 
510 3.9 4.4 130 17.3 18.5 
610 18.7 3.9 230 16.7 19.1 
710 4.5 5.2 330 5.0 4.3 
020 5.5 7.9 430 6.3 9.4 

Ob 2 

\ 
CM3 

Figure 2. Atom numbering in acetyl cellobiose repeating unit and 
identification of the conformation angles used throughout the re- 
finement. 

actual crystalline geoinetry of the oligomers from which it is 
derived. Our approach differs from that of Zugenmaier and 
S a r k ~ ~ ~  who used standard carbohydrate bond lengths and 
angles to initiate the chain. In their approach, these values are 
modified throughout the energy refinement. In the present 
case, the selected bond length and angle values for the glucose 
residue are identical t o  those of the central residue of the tri- 
mer. These values are kept constant throughout the refine- 
ment which affects only the conformation angles cp, $, and T 
and the torsion angles of the acetyl groups (Figure 2). 

4. Conformational Analysis of the Isolated Chain. This 
analysis was performed using the virtual bond method which 
is particularly suitable to generate a polysaccharide chain of 
known repeat distance and h e l i ~ i t y . ~ ~  In this method, all the 
possible conformations are generated by rotation of the resi- 
dues around the virtual bond. If 6 is the angle of this rotation, 
one specific conformation is then simply defined by a given 
8 which can be related to the polysaccharide conformational 
angles rp, $, and T. Figure 3 shows the correlatione existing 
between 8, rp, 4, and T for a theoretical chain of cellulose tri- 
acetate built as described above and constrained within the 
unit cell. If T is to be kept below a maximum value of 120°,26 
part of the T curve in full line, cp and $ have the possibility of 
varying from -10' to +19' and from -25' to +E0, respec- 
tively. 

For each value of 8. an evaluation of the conformational 
energy of the chain was made. This energy is a sum of the 
nonbonded and electrostatic interactions between atoms of 

120 - 

116. 
I 1 - 30 0 30 

- e  
Figure 3. Correspondence between 8, T ,  p, and $. The vertical line 
indicates the final values of the model. The origin of 8 is arbitrary. 7 
is zero when H(1), C(l) ,  0', C(4) is cis. I t  is positive when rotation is 
clockwise when looking from C ( l ) ,  0 .  $is zero when C(l) ,  Of, C'(4), 
"(4) is cis. It is positive when rotation is clockwise when looking from 
0 ,  C(4). 

\ 
\ 

Figure 4. Definition of the conformation angles of the acetyl groups. 
x(2) = 0 when H(2) and CA(2) are eclipsed and also when C(2) and 
OA(2) are eclipsed. For x(3), the definition is similar with H(3) and 
CA(3) and C(3) and OA(3). x(5) = 0 when H(61) and H(5) are 
eclipsed. x(6) = 0 when H(61) and CA(6) are eclipsed and also C(6) 
and OA(6). x(2) is positive when rotation is clockwise when looking 
from C(2), O ( 2 ) .  Similar definition for x(3) and ~ ( 6 ) .  x ( 5 )  is positive 
when rotation is clockwise when looking from C(5), C(6). 

two contiguous residues. In the present study, the additional 
minor contribution to the energy due to the bond angle strain 
when T is varied was not included. Both the nonbonded and 
electrostatic interactions were calculated according to the 
procedure and parameters defined by Marchessault and 
Sundararajan.12 For the electrostatic energy evaluation, a set 
of atomic partial charges slightly different from those defined 
in ref 12 was computed using the PCILO meth0d.~~-30?~6 The 
values of these charges for each atom of a residue as defined 
in Figures 2 and 4 are given in Table 111. 

When 0 was varied, no acceptable energy minimum was 
observed despite a noticeable improvement when cp went from 
the negative values toward positive area. The lack of a suitable 
minimum resulted from close contacts between the atoms 
belonging to the acetyl group linked to C(6) and the rest of the 
molecule. Initially, this group as well as the acetyl groups at  
C(2) and C(3) were kept fixed as in the central residue of cel- 
lotriose undecaacetate while 6 was varied. The rotation of the 
acetyl groups themselves has thus to be considered in order 
to minimize the conformational energy. Such an approach was 
already followed by Panov and Zhbankov31 in their confor- 
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Table I11 
Partial Charges (as Fraction of the Electronic Charge) 

Assigned for the Atoms in Glucose Triacetate 

Atoms q; Atoms qL Atoms q; 

C(4) 0.125 CA(3) 0.33 CM(5) 0 
O(4) -0.215 O(3) -0.217 OA(5) -0.261 

C(1) 0.247 OA(3) -0.261 H(61) 0 
C(2) 0.101 CM(3) 0 H(62) 0 

CA(2) 0.330 O(5) -0.211 H(2) 0.001 
OA(2) -0.261 C(6) 0.131 H(3) 0.01 
CM(2) 0 O(6) -0.20 H(4) 0 

O(2) -0.211 C(5) 0.089 H(1) -0.025 

C(3) 0.127 CA(5) 0.33 H(5) 0.007 

mational analysis of cellulose triacetate. Our starting hy- 
pothesis however differed from theirs since they excluded the 
possibility of 21 symmetry along the polymer chain. Since this 
is our working hypothesis confirmed by the data on oligomers 
crystallography, their results cannot be applied here. 

The variations of the acetyl torsion angles ~ ( 2 1 ,  ~ ( 3 1 ,  ~ ( 5 1 ,  
and x(6) as defined in Figure 4 were then considered in the 
next step of the refinement. This implied the addition of new 
torsional energy terms to the sum of nonbonded and electro- 
static interaction energies already considered. Torsional 
energies defined by a function of the form U = UO( 1 + cos 3x) 
were calculated32 for ~ ( 2 1 ,  x(3), x(5), and ~ ( 6 ) .  A value of 1.5 
kcal/mol was assigned to UO for x(2), x(3), and ~ ( 6 )  whereas 
3.0 kcal/mol was used in the case of ~ ( 5 )  which involved the 
rotation of a larger number of atoms. The refinement was 
achieved through an iterative pr0cedure,3~ using a chain of 
four residues linked by conformational angles close to those 
observed in the central residue of the trimer, i.e., T = 118.9', 
cp =15.0°, and+ = -21.9'. In each of the four residues, the four 
torsion angles of the acetyl groups were varied independently 
and the energy of the central disaccharide was evaluated. A 
suitable energy minimum was found which corresponded to 
identical values for the torsion angles of the acetyl groups in 
each of the residues of the disaccharide considered. The values 
obtained were x(2) = +ZOO, ~ ( 3 )  = -15', x(5) = -60' (O(6) 
in the gg47 position) and x(6) = +25'. The first three values 
are equivalent to the starting model whereas x(6) varied 
markedly from its starting value of t-60'. 

I t  is known that acetyl groups linked to the C(6) position 
are rather mobile. This means that the minimum energy found 
must be surrounded with a more or less large area of almost 
equivalent favorable energy when x(5) and x(6) are varied. 

The energy of the central disaccharide described as above 
was then computed for each x(5) and x ( 6 )  rotation. In each 
of the residues x(5) and x(6) were kept the same (Le., related 
by 21 symmetry) and for each set of ~ ( 5 1 ,  ~ ( 6 )  values, x(2) and 
x(3) were adjusted to give the energy minimum. An energy 
contour map as a function of x(5) and x(6) was then obtained. 
Most of the values of x(5) and x(6) lead to energetically for- 
bidden conformations. I t  is only in the area shown in Figure 
5 that a suitable minimum area could be obtained. The main 
feature of this map is the shape of the minimum which occurs 
as a narrow elongated area where x(5) = -60' (gg position for 
O(6)) while x(6) varies from A = +25', the absolute minimum, 
to B = -30°, a secondary minimum of almost the same energy. 
A map such as shown in Figure 5 demonstrates the flexibility 
of x(6) which can change by 55" without affecting the con- 
formational energy drastically. If x(6) takes the value of +60° 
as in the central residue of the trimer, an unaceptable energy 
value results. 

In the next step of the refinement, the conformation of the 
chain was slightly altered by changing 0. Maps similar to the 
one shown in Figure 5 were obtained with minimum energies 
located a t  about the same values for ~ ( 5 )  and ~ ( 6 ) .  

The foregoing energy calculations allow definition of an 

.\b 

c 
0 .Y5 - 60 

Figure 5. Conformational energy of a hexacetyl cellobiose residue 
(kcal/mol) taken from a CTA I1 chain having 21 symmetry, as a 
function of x(5) and ~ ( 6 ) .  Points A and B indicate the two energy 
minima. The adjacent stars correspond to position obtained after the 
refinement for the C(6) acetyl group exterior and interior to the pair 
of chains. 

"average" minimum energy chain which can be now tested in 
a packing study and evaluated against observed x-ray inten- 
sities. The chain consists of glucose residues having bond 
lengths and angles as in the central residue of cellotriose un- 
decaacetate. These residues are connected with the confor- 
mational angles T = 118.9', cp = 15.0°, + = -21.9'. The acetyl 
groups are defined by ~ ( 2 )  = +20', ~ ( 3 )  = -15', x(5) = -60°, 
and x(6) = +25'. In further refinements, T will be allowed to  
vary from 117 to 120°, x(2) and x(3) from -25' to +25', x(5) 
from -85' to -45', and x(6) from -50' to +40'. x values 
taken out of these ranges would lead to intrachain close con- 
tacts. 

5. Chain Packing Analysis. The four chains of cellulose 
triacetate can be arranged in two ways inside the unit cell. In 
the first case, the chain can be disposed on the 21 axis parallel 
to the c direction, giving two sets of independent chains per 
cell. This type of packing involves ribbons of chains with 
parallel axes. This would certainly give a crystalline mor- 
phology different from the lozenges observed for the single 
crystals. Moreover, in the course of the refinement, it  was 
found that such an arrangement gave poor agreement between 
calculated and observed x-ray intensities. Consequently this 
type of packing was rejected and the 21 unit cell axes were 
placed between the chains as proposed by Dulmage.lo The 
polymer chains are thus related in pairs and there are two 
antiparallel pairs of chains per unit cell. Such unusual packing 
was never proposed before for other polysaccharide crystals 
but was already encountered a t  least in one case in the field 
of synthetic polymers, for poly(pentamethy1ene sulfide).35 

When projected on the ab plane, two parameters are suf- 
ficient to define the projection of a pair of chains as shown in 
Figure 6a. The minimum energy chain defined above is ini- 
tially disposed on a 21 axis of the unit cell parallel to c. I t  is 
then rotated through an angle a and translated through a 



Vol. 11, No. 1, January-February 1978 Crystalline Structure of Cellulose Triacetate I1 91 

a 

31d>0 
O L  -10 0 10 ( 1  

a b 

Figure 6. (a) Definition of the parameters used for the packing of a 
pair of CTA I1 chains viewed in projection on the ab plane. (b) Energy 
of packing as a function, of the two parameters a and 1. 

distance 1 along a. The second chain is then generated through 
the 21 symmetry. The packing energy of the pair was calcu- 
lated by summing all the nonbonded energy interactions be- 
tween the atoms of the two chains. Because of the large 
number of pairs of atoms, only the repulsion energies were 
included for and simple functions were used as 
follows: 12,3637 

where d ,  is the distance between atoms i and j ,  d l J o  is an 
empirical cutoff distance, and wlJ is a weight for a given type 
of interaction. 

The packing energy of the pair of chains as a function of the 
packing parameters (I: and 1 is shown in Figure 6b. The curve 
delineates a zone of positive energy (below) and a zone of zero 
energy (above) for which all atom pair distances are greater 
than the cutoff distances. The packing situations corre- 
sponding to points on the curve or immediately below indicate 
the closest possible packing. 

The packing of the pairs of chains in the unit cell necessi- 
tates the introduction of two new parameters which are de- 
fined in Figure 7. Here /3 is the rotation of the whole pair 
around its 21 symmetry axis whereas t corresponds to the 
translation along the unit cell parameter c ,  indicating the 
relative shift of two antiparallel pairs of chains. Interpair 
energy is then calculated as for the intrapair energy. For each 
acceptable a and 1 value, sets of /3 and t which give a packing 
energy of reasonable value are determined. A complete ex- 
ploration of the energy map when these parameters are varied 
shows that a suitable minimum energy can be found exclu- 
sively for values of 1 between 3.40 and 3.75 A, a between 0 and 
lo", p between 17 and1 25O, and t = -0 .2~ .  

The best packing situation is shown in projection in Figure 
7 where the various angles and translations have their opti- 
mum values. When the CTA I1 chain is slightly modified in 
further refinement, only minor adjustments are applied to the 
packing parameters wlhich will remain essentially as in Figure 
7. 

6. Structure Refinement from X-Ray and Electron- 
Diffraction Data. Throughout the structure refinement from 
diffraction data, the classical reliability factor 

R = ZIFo - F,[/ZF, 

was minimized, where F ,  and F ,  correspond to observed and 
calculated structure amplitudes. 

The problem of overlapping intensities in the x-ray fiber 
diagram was solved differently for equatorial and nonequa- 
torial reflections. For nonequatorial data, when two or more 
reflections were superimposed the corresponding calculated 
structure factor was evaluated as follows: 

F,, = [ (F,i)2]1'2 

Figure 7. Packing of the pair of CTA I1 chains inside the unit cell. 
Definition of parameters p and t .  The figure corresponds to the pro- 
jection of the final packing. 

Since x-ray and electron intensities for equatorial reflections 
are closely matched, overlapping x-ray intensities were de- 
composed according to electron intensities. This approach 
seems to be more accurate than the curve decomposition 
treatment used by Hindeleh and Johnson.3s In their study of 
CTA 11, the decomposition of the overlap of (320) and (220) 
reflections led to the intensity of (320) twice as strong as that 
of (220). The electron-diffraction data in Table I1 show that 
(320) has lower intensity than (220). 

In order to define an electron-diffraction R factor, structure 
factors were also calculated from electron-diffraction inten- 
sities. The treatment of Vainshtein was applied39 assuming 
quasi-kinematical scattering, as recently justified by D ~ r s e t ' ~  
for thin organic crystals. Atomic scattering factors used 
throughout the calculation were those defined by Doyle and 
Turner.40 An isotropic temperature factor of zero was chosen 
for the electron-diffraction intensities and a value of 10 for 
x-ray intensities. 

The refinement consisted in minimizing the R factor as a 
function of the conformation and packing variables. Due to 
the large number of variables involved, the SIMPLEX method41 
was adapted for the refinement. As usually found with this 
type of program, false minima are often encountered. For this 
reason, sets of value for the structure variables were input in 
the refinement program which had to converge toward the 
same minimum. A minimum which was not obtained persis- 
tently was discarded. 

With the electron-structure factor, the refinement con- 
cerned only the ab projection of the structure. The refinement 
converged toward the same molecular structure whether the 
hydrogen atoms were present or not. In order to limit the 
computing time, they were consequently omitted in subse- 
quent calculations. A first approach to this refinement in- 
volved six independant conformation and packing variables 
defined above: 0 , 1 ,  a,  p, x ( 5 ) ,  and ~ ( 6 ) .  For x-ray diffraction 
data which involved the three-dimensional structure, t was 
added as a seventh variable in the SIMPLEX procedure. 

I t  was found that the parameters having the most effect on 
R were the angles x ( 5 )  and x (6 )  which define the position of 
the acetyl groups linked t o  C(6). These angles when varied 
control 25% of the total scattering material and their proper 
position is critical in order to obtain a suitable R. Moreover 
as seen above (Figure 5) two sets of acetyl torsional angles gave 
suitable minimization of the conformational energy of these 
acetyl groups. For this reason, it was decided also to study the 
case where one acetyl residue would have its C(6) acetyl group 
in the neighborhood of position A whereas the next residue 
on the chain would have its C(6) acetyl group close to position 
B. This slackens the 21 symmetry of the chain only for these 
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Figure 8. Different possibilities for the packing of the pair of CTA 
I1 chains, according to the conformations of the C(6) acetate: (a and 
b) the chain has 21 symmetry along its backbone; (c and d) the interior 
and the exterior C(6) acetyl groups are in different conformation. A 
and B refer to conformations defined in Figure 5. 

groups and introduces two more variables ~ ' ( 5 )  and ~ ' ( 6 )  as 
defined in Figure 2. The rest of the chain however was kept 
under rigorous 21 symmetry even though this is not required 
by the crystallography since the chains are not positioned on 
privileged axes of the crystal. The 21 symmetry along the chain 
has several advantages: it gives the most regular shape to the 
chain and also leads to an easier packing of the CTA chains 
into pairs as shown in Figure 6. Furthermore, such a symmetry 
for the chain was already suggested in the crystal structure 
of cellotriose undecaacetate.l4 

Four cases are considered to initiate the refinement corre- 
sponding to the two positions available to the C(6) acetyl 
groups in the primed and unprimed residue. These starting 
positions are shown in Figures 8a and 8b which correspond to 
symmetrical positions of the acetate: the CTA I1 chain is as- 
signed the 21 symmetry, and both acetates are either in con- 
formation A or conformation B. On the contrary, in Figures 
8c and 8d, the primed and unprimed residues have different 
conformations for the acetate linked to C(6). 

Upon refinement, situations such as shown in Figures 8b 
and 8d did not yield an R factor below 0.38. On the contrary, 
cases such as shown in Figures 8a and 8c could refine to R 
values close to 0.30 with x-ray data and 0.26 with electron- 
diffraction data. In both Figures 8a and 8c, the C(6) acetate 
group interior to the pair of chains is in the conformation B. 
The two figures differ in the exterior C(6) acetate which is in 
the conformation B in Figure 8a and conformation A in Figure 
8 C .  

7. Fourier Refinement of the Acetate Group Linked 
to C(6). A choice between the arrangements of Figures 8a and 
8c was attempted through a Fourier refinement. This type of 
refinement, adapted from the NRC program of Ahmed,42 uses 
the observed structure factor amplitudes obtained from the 
single-crystal electron-diffraction diagram and part of the 
molecule common to Figures 8a, 8b, 8c, and 8d. In the present 
case, the refinement involved, without restriction, the 45 F ,  
corresponding to all the hhO reflexions with d spacings greater 
than 2 8,. Due to the small number of reflections considered, 
the precise location of the projection of the 72 atoms of the 
acetyl cellobiose was not expected but rather an overall shape 
of the projection of the molecule a t  2 8, resolution. In principle, 
this should be enough to establish the positions of the C(6) 
acetates. 

An electron potential map was thus created in Figure 9b 
from the part of the molecule shown in Figure 9a, where both 
acetyl groups were removed (removal of CA(6), OA(6), CM(6), 

d 

e r  -i f 

Figure 9. Electrostatic potential map obtained through a Fourier 
synthesis using electron-diffraction data of a single-crystal pattern. 
9b corresponds to the part of the molecule shown in 9a (arrow points 
toward the interior C(6) acetyl group which is clearly revealed). 9d 
is obtained from 9c and 9f from 9e. 

CA'(6), OA'(6), CM'(6)). In Figure 9b a zone of positive po- 
tential occurs (arrow) which clearly outlines the position of 
the C(6) acetate interior to the pair of chains. This acetyl 
group has the conformation B as deduced above when mini- 
mizing the R factor in the x-ray and electron-data refinement. 
Since the other acetyl group was not as well resolved, a further 
electron potential map was generated using a larger number 
of atoms of the CTA I1 molecule. 

This second map is shown in Figure 9d. I t  derives from the 
part of the molecule drawn in Figure 9c, where only the inte- 
rior C(6) acetate is well positioned. Here again, it is not pos- 
sible to locate the exterior C(6) acetate with certitude. This 
uncertainty was not relieved even when fixed positions were 
given for this acetate group. This is illustrated in Figures 9e 
and 9f where the conformation A was imposed for the exterior 
C(6) acetate (Figure 9e). The resulting map (Figure 9f) did not 
confirm such hypothesis. Similar negative results were ob- 
tained when other conformations were also given to this acetyl 
group. Further improvements in the refinement were also 
sought, using difference Fourier analysis. This method how- 
ever was unsuccesful in bringing newer details in the calcu- 
lated maps. The failure of the Fourier refinement to give 
clearly the shape of the CTA I1 molecule in the region of the 
C(6) acetate may be due to two reasons: (a) there are not 
enough diffraction data to give a significant Fourier refine- 
ment; (b) the C(6) acetyl group considered does not have a 
fixed conformation but assumes rather a statistical or disor- 
dered position in going from one acetyl cellobiose to the next 
(some of these groups are in conformation B and some in 
conformation A, or even intermediate conformations). 

I t  may be recalled here that the single crystals and the an- 
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Table IV 
Fractional Atomic Coordinates for one Acetyl Cellobiose 

Residue (Final Model of CTA 11) 

Atom xla y lb  2lc 

0 0.362 -0.083 0.405 
C(4) 0.385 -0.133 0.517 
C(1) 0.393 -0.096 0.789 
C(2) 0.445 -0.082 0.704 
O(2) 0.475 0.012 0.758 
CA(2) 0.529 -0,010 0.779 
OA(2) 0.550 -0.093 0.747 
CM(2) 0.550 0.098 0.848 
C(3) 0.430 -0.051 0.570 
O(3) 0.478 -0.078 0.496 
CM3) 0.500 0.015 0.434 
OA(3) 0.480 0.109 0.426 
CM(3) 0.556 -0.017 0.382 
C(5) 0.337 -0.135 0.613 
O(5) 0.360 -0.180 0.731 
C(6) 0.293 -0.212 0.576 
O(6) 0.312 -0.317 0.528 
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CAW 0.287 -0.416 0.571 
OA(6) 0.250 -0.407 0.637 
CM(6) 0.310 -0.516 0.507 
0' 0.410 -0.134 0.905 
C'(4) 0.386 -0.084 1.017 
C'(1) 0.378 -0.121 1.289 
C'(2) 0.327 -0.135 1.204 
W(2) 0.296 -0.229 1.258 
CA'(2) 0.243 -0.206 1.279 
OA'(2) 0.221 -0.124 1.247 
CM'(2) 0.221 -0.315 1.348 
CY31 0.342 -0.166 1.069 
O'(3) 0.293 -0.139 0.995 
CA'(3) 0.271 -0.232 0.934 
OA'(3) 0.291 -0.326 0.926 
CM'(3) 0.215 -0.199 0.882 
C'(5) 0.434 -0.082 1.113 
W(5) 0.411 -0.036 1.231 
C'(6) 0.479 -0.005 1.076 
OY6) 0.460 0.091 1.009 
CA(6) 0.427 0.167 1.073 
OA'(6) 0.420 0.152 1.179 
CM'(6) 0.414 0.264 0.992 

nealing of the fibers of CTA I1 were made a t  250 "C. At  such 
temperature, one may expect extensive mobility of a flexible 
group such as a C(6) acetate. This hypothesis is supported by 
the fact that intensities of some reflections such as for instance 
Ism and 1610 could never be simultaneously adjusted with the 
same model. Their adjustment could only occur when a sta- 
tistical distribution of the C(6) acetyl group was considered. 
Despite this finding and in order to limit the number of in- 
dependent variables in the SIMPLEX refinement program, it 
was decided to avoid the statistical hypothesis in the present 
work. 

The choice between the models shown in Figures 8a and 8c 
was made on the basis of packing energy considerations. Only 
in the model presented in Figure 8c could most of the poor 
contacts be avoided, especially by small rotations of the ace- 
tate groups linked to C(2) and C(3). After several cycles of 
refinement, the final model when tested against diffraction 
data yielded a reliability factor of 0.30 with x-ray data and 0.26 
with electron-diffraction data. The list of the calculated 
structure factors F, obtained with our final model is presented 
in Tables I and I1 for x-ray and electron data. 

Description of the Structure 
A list of the final atomic coordinates is presented in Table 

IV. These coordinates yield the three-dimensional picture of 
the chain shown in Figure 10. The final conformational and 

Figure 10. Perspective view along the fiber axis of a CTA I1 chain as 
drawn by the ORTEP program.M 

.? 

. .  

F.,"... __."- ._l_l.i.._. I.._. lstructure. 1nsert:Single 
crystal of CTA I1 properly oriented with respect to the projection. 

packing parameters are: (Y = 6.07 I%, 1 = 3.58 A, B = 20.50°, t 
= 0.19"C; cp = 15.4", fi = 22.3', T = 119.Io, ~ ( 2 )  = & S o ,  ~ ( 3 )  
= O.Oo, ~ ( 5 )  = -73.7" (gg conformation), x(6) = 24.4', ~'(5) 
= -83.4' (gg conformation), ~'(6) = -45.4". 

The packing of the chains in the crystal is shown in pro- 
jection in Figure 11 which shows also the electron micrograph 
of a single crystal properly oriented with respect to the mol- 
ecule arrangement. In Figure 11, one sees that the (110) growth 
planes of the crystal are indeed parallel t o  the direction of the 
highest atomic densities, as expected. The occurrence of (210) 
and (310) as twinning planesS0 may also be explained since 
these directions intersect the structure without encountering 
too many atoms. 

The projection such as the one shown in Figure 11 may be 
compared with the one presented earlier by Dulmage.lo The 
gross features are the same; the structure consists of pairs of 
parallel CTA I1 chains connected through the 21 screw axis 
positioned outside of the chains. In the unit cell there are two 
pairs of chains, the pairs being antiparallel with respect to one 
another. This is consistent with the reversible solid state 
transformation CTA I1 f cellulose 11, since in the cellulose I1 
crystals there are also chains of different p o l a r i t i e ~ . ~ ~ ~  At a 
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finer scale, our final model differs however from the one of 
Dulmage. This is true for the sugar residues which in our work 
displays a somewhat different ring geometry. The important 
difference, however, is found in the location of the acetyl 
groups which are positioned in noticeably changed confor- 
mations from the ones proposed by Dulmage. 

Another test of the validity of our study was to evaluate the 
number of short contacts which could not be avoided through 
the refinement. Within a CTA I1 chain, one short contact 
occurs in the distance O’(6) O(2) which has the value of 2.83 
A. This may be explained by the imprecision which exists in 
defining the glucose ring geometry. This geometry is the one 
defined in the crystal of the trimer14 for the central residue. 
It may differ from it slightly and only a small shift of the atoms 
will lift the short contact. In the present work, it was decided 
to keep the sugar residue as such. Allowing the deformation 
of the ring would certainly improve the short contact situation 
as well as the reliability factor. 

Between the chains, a short contact of 3.0 8, is found be- 
tween CM’(6) and CM’(3) of the corner and central chains. 
Such contact involves a C(6) acetyl group which may have a 
statistical position as seen above. This again was not consid- 
ered to be a serious disadvantage of the proposed model. 

Conclusions 
The combined results of conformational, packing, and x-ray 

and electron-diffraction analysis on CTA I1 point out that its 
crystalline structure is based on antiparallel pairs of parallel 
chains. When tested against x-ray data, the proposed structure 
gives a reliability factor of 0.30 and its projection a factor of 
0.26 when using electron-diffraction informations from a 
single crystal. Another feature of the proposed structure is its 
absence of forbidden contacts. 

The knowledge of the CTA I1 crystalline structure could be 
further improved in several ways, allowing the C(6) acetyl 
group to occupy statistical conformation or using more ad- 
vanced refinement techniques such as the one described re- 
cently by Zugenmaier and S a r k ~ . ~ ~  The best approach would 
be however to try to obtain more diffraction information. In 
this respect, the electron-diffraction technique applied to 
single crystals should be investigated further since so far only 
the hkO reflexion intensities have been collected and used for 
the refinement. If the rest or part of the rest of the Ewald 
sphere could also be explored, up to several hundred diffrac- 
tion informations could be used for the refinement. 
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