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The Structure of Cellulose by Conformational 
Analysis. 2. The Cellulose Polymer Chain 

A. PIZZI and N. EATON 

National Timber Research Institute 
Council for Scientific and Industrial Research 
Pretoria, Republic of South Africa 

A B S T R A C T  

Conformational analysis studies on the tertiary structure of cello- 
tetraose, methyl-P-cellotetraoside, and single cellulose chains were 
carried out by using calculation of van der  Waal, H-bond, electro- 
static, and torsional energy interactions between the atoms and 
molecular groups in both the skeleton and side chains of the cellu- 
lose polymer. The B-glucosidic linkages connecting two monomers 
were proved to be i n  different ( ip",qo) conformations, with different 
rotational energy barr iers  and with afferent  H-bond shielding than 
the 0-glucosidic linkages within the cellobiose-like monomers. This 
confirms the anomalies in the hydrolytic behavior of cellulose re- 
ported by other authors. H-bonds and van der W a d ' s  forces were 
the predominant factors in the fixation of the most favored conforma- 
tions. The role of H-bonds is again predominant. Single cellulose 
chains, not in a crystalline network, were found to be in extended 
helicoidal conformations. These types of conformation a re  most 
probable for cellulose in solution and for the cellulose amorphous 
regions. The conformations most likely to form the crystalline and 
amorphous regions of native wood cellulose have been indicated 
pending further study of the crystalline network. Only two models 
for wood cellulose, namely the t'twofoldl' helix and oscillating "two- 
fold" helix symmetry, appear likely to satisfy the properties of cellu- 
lose and the energy balance deduced for single chains. 
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I N T R O D U C T I O N  

PIZZI AND EATON 

Conformational analysis studies of the s t ructure  of cellobiose and 
methyl-6-cellobioside were carr ied out in the previous par t  of this 
study [ 11. A few T'primary" conformations of minimum total energy 
have been identified. A s  cellobiose and methyl-P-cellobioside are 
considered to  be the s t ructural  monomer units of the cellulose poly- 
mer ,  it was thought important to study with the tool of conformational 
analysis what stable conformations are assumed by these monomers 
when linked by 0-glucosidic bonds to form the cellulose chain. 

necting glucose residues both ( i)  within a cellobiose-type monomer and 
(i i)  connecting two cellobiose monomers have the same  values of 
( @',Q0) rotational angles and are in the same  ( @ O p , q o )  conformation. 
This leads to the idea of a cellulose chain in which all  the P-glucosidic 
bonds have the same  ( @ O , q 0 )  conformation; thus, a cellulose chain com- 
posed of monomers of homogeneous configuration. This assumption, 
which has been readily accepted worldwide, is, however, only an 
assumption and not a proven fact. It was only based on studies [2] of 
the s t ructures  of cellobiose-type molecules; i.e., on studies of mole- 
cules formed only by two connected glucose residues at  the time when 
glucose itself was still considered the monomer unit of cellulose. Thus, 
i t  was then not deemed necessary to study the P-glucosidic bonds link- 
ing a unit of two glucose residues with the following and preceeding 
monomer units. This was also considered unnecessary as the confor- 
mational study undertaken was based on the determination of the most 
stable conformation by using only van d e r  Waal' s interactions and 
only taking into account the atoms of the glucose rings. 

When van d e r  Waal' s interactions and the atoms of glucose rings 
only are considered, the conformational analysis resul ts  have been in- 
terpreted as indicating that cellulose is a polymer chain of homogene- 
ous conformation. However, the dual minima found in the work of Rees 
and Skerrett  a lso suggest the possibility of a polymer chain in inhomo- 
geneous conformation. It has  also been shown, in Part 1 of this study 
[ 11 , that H-bonds between side-chains o r  groups are predominant in 
"fixing" cellobiose-like s t ructures  in the most favored conformations 
of minimum total energy. The H-bonds strength and location within 
the cellobiose-like monomer are very likely to differ from those of 
the H-bonds around the glucosidic bonds linking two cellobiose-like 
monomers following each other. Thus, i t  is also very likely that the 
( @',*') values of the conformation of minimum total energy of a cello- 
biose molecule will be greatly different from the ( Go,qo) values of the 
conformation of minimum total energy of the P-glucosidic bond connect- 
ing two cellobiose-like s t ructures  following each other along the cellu- 
lose chain. 

of the most stable minima of total energy, and thus with the most energy 
stable (@',q0) conformation, of the 0-glucosidic linkages connecting two 
cellobiose-like monomer units. Cellobiose-cellobiose, cellobioside- 

In the past  [2] it has  been assumed that the 6-glucosidic bonds con- 

The study presented in this article is concerned with the identification 
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STRUCTURE OF CELLULOSE. 2 107 

cellobioside, and also mixed sequences such as cellobioside-cellobiose 
and cellobiose-cellobioside linking modes of identical and different 
monomer conformations were studied. The results obtained can give 
a good idea of the tert iary structure of the cellulose polymer chain. 

E X P E R I M E N T A L  

The computer program as well as the formulas used to compute 
the various contributions to the conformational energy were the same 
presented in Par t  1 of this study [l]. Again, all the atoms of the cello- 
tetraose-type molecules examined were taken into consideration. The 
coordinates for the atoms of cellotetraose-type structures had to be 
generated mathematically. The coordinates for  the first and second 
cellobiose-type monomers (in the conformations of minimum energy) 
along the length of the cellulose chain had to  be generated from the 
coordinates of cellobiose-type structures at  the conformation of mini- 
mum total energy obtained during the first part of this study. 

The P-glucosidic bonds, interatomic and bond distances, and angles 
were maintained consistent to what was obtained for cellobiose-type 
structure, by rotation, from x-ray diffraction studies. A mathematical 
system to obtain the coordinates of the second cellobiose-type mono- 
mer  from the first, which were representative of the structure of 
cellotetraose-/-oside-like molecules, had to be developed [3]. The 
mathematical system used for the purpose was as follows: 

T r a n s f o r m a t i o n  by  R o t a t i o n  a n d  T r a n s l a t i o n  

We consider the following problem: Given the points P = (x1 ,yl + I , ) ,  

Q = (m ,yz ,ZZ ), P' = (x1',y1*,z1'), Q' = (xz ',yz ' ,ZZ '1  with respect to 
the XYZ orthogonal coordinate system such that the Euclidean distance 
between P and Q is equal to that between P' and Q ' .  Find a transforma- 
tion which transforms P to P' and Q to Q'. 

The sought after rotation is: 
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108 PIZZI AND EATON 

ZZ - z1 0 x1 - xz :. xz - x1 0 r o  2 2  - z1 1 
with 

1 

r = [(xz - x1)' + (z2 - z l ) z ~ z  

and 
1 

r '  = [(at - x1')' + (zzl - z1t)2]2 
R and R' = [(xz - XI)' + (yz - y1)' + (ZZ - ZI)'] = 

I - 

[ ( & '  - xl')2 + (yz'  - y1'Y + (zz' - Z1')"If 
respectively. 

T h e  C o m p l e t e  T r a n s f o r m a t i o n  

Let (x,y,z) be any given point with respect to the X Y Z  system. Sup- 
pose that i t  becomes (x' ,y'  ,z' ) under the complete transformation, 
then (x' ,y' ,z' ) is obtained as follows: 

o r  equivalently 

[i ; ;,li = T r o t  
x - x1 
Y - Y l  
z - z1 

This rotation formula is the one we used. To conclude, the formulas 
used for  coordinates transformation 

(Xl,Yl,Zl) - (x1 ' , Y l '  ,z1' 

( xz ,Yz 1zz 1 - ( xz ' , yz ' , zz ' ) 
are shown in Table 1. The proof and procedure used to obtain such for- 
mulas have already been reported [3]. 

The angles rotated which influence the minimum of total energy are 
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TABLE 1. Formulas to Generate New Coordinates 

Suppose (xl ,yl ,z1)  - ( x l l , y l l , z l l )  
(xz ,yz ,z2) - ( x z  ' , Y l '  , Z I T )  

with distance XI% = distance X I ' X Z  ' 

Given (x,y,z) we require coordinates of (x ' , y ' , z ' )  such that x to 
XI,% i s  the same as x' to X I '  ,% ' 

Then 

Where 

0 xz' - X I '  2 2  ' - z1' 
r' 0 I A =  [:.' - % '  0 zz' - 2 1 '  

P R '  0 

ZZ - z1 0 X I  - xz 
c = l  r O  ] 

x2 - x 1  0 z2 - 2 1  
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the ones shown in Fig. 1, namely the @" and qo of the P-glucosidic 
linkage and angle 3 ' )  4 ' ,  5 ' ,  and 6'. (Not to be confused with angles 
3, 4, 5, and 6 shown in P a r t  1 of this study.) The groups which were 
rotated by these angles a r e  the ones which contribute to the fixation 
of the 0-glucosidic linkage connecting the two cellobiose-like mono- 
m e r s  in its position of minimum total energy. Only the groups which 
a r e  not fixed by significant H-bonding within each monomer could be 
rotated to determine the conformation of minimum energy around the 
linkage of the two monomer units. The conventions used to determine 
the 0" position were equal to those used in the first part  of this study, 
namely the Ramachandran [ 11 convention for  @ O , q "  and the x-ray 
crystallographic original position relative to the glucose ring for  3' , 
4 ' ,  5',  and 6' , fqr ease of computation. 

Both 20" increments and 1" increments maps were computed; the 
20" increments maps over a 360" range. Thus, for  all the combina- 
tions, 104,976 conformations for  each monomer-monomer combina- 
tion were computed. Only "primary" conformations of minimum total 
energy were obtained for  the P-glucosidic linkage connecting the two 
cellobiose-type monomer units. The energy values and the a", q", 3' ,  
4' , 5 ' ,  6' rotational angles defining the conformations of minimum 
energy obtained are shown in Table 2 for  homogeneous conformation 
monomers. 

The H-bond contributions and locations are shown in Table 3. The 
20" increments and 1" increments energy maps are shown in Figs. 2 
and 3 and the planar projections of the molecules are shown in Figs. 
4 and 5. Combinations of different ( @',q0) conformations of the same 
monomer, which may be important to the structure of native wood 
cellulose, a r e  shown in Tables 4 and 5 and Figs. 6, 7, 8, and 9. Com- 
binations of different monomers as, for  example, cellobiose followed 
by methyl- P-cellobioside, although likely to be of low significance, 
were also computed and are shown in Tables 6 and 7. 

In the determination of the conformations of minimum total energy 
a first experiment was carr ied out by computing the (@",*.") conforma- 
tion without changing the position of the side-chains relative to their  
glucose ring found by x-ray diffraction. The ( @",@") conformations 
found in this case are shown in Table 8. After this, al l  the following 
experiments were carr ied out by rotating all  the possible groups which 
do not help in fixing the intramolecular conformation of the cellobiose 
and methyl- 0-cellobioside monomers forming the cellotetraose-oside 
structures.  

R E S U L T S  

Table 2a shows the (@",q0) conformations and corresponding total 
energy minima for the 6-glucosidic linkages between two identical 
monomers (same type, same internal conformation). These were ob- 
tained by fixing the conformation of the two monomers forming the 
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FIG. 2. ( @",9") total energy map outline fo r  cellotetraoses com- 
posed of (56",178") duplicated o r  (32",138") duplicated conformations 
(Table 2a), o r  of the 180") 179") duplicated conformation (Table 2a). 

cellotetraose-oside in the internal ( @",*") conformations of minimum 
total energy determined for  them in the f i r s t  par t  of this  study. No 
chemical group which is involved in H-bonds stabilizing the ( @ " , ~ " )  
conformation within each monomer was allowed to  stabilize the ( @",q0) 
conformation of the glucosidic linkage connecting the two monomers. 
A s  can be seen in these cases (Table 2a), the ( @",9") conformation of 
the linkage connecting the monomer is very different from the confor- 
mation of the s imi l a r  linkage connecting the two glucose residues with- 
in each monomer. By far the most predominant H-bond stabilizing the 
intermonomers linkage, is the 03H( 03)- - -05' formed by the annular 
oxygen. 

However, rotation of some of the groups forming weak H-bonds 
within each monomer (see Part 1) can form strong H-bonds to further 
stabilize the conformation of the linkage connecting the two monomers. 
The (@",*") conformation usually does not change much by rotation of 
these groups (see Tables 2a and 2b), indicating the inherent stability 
of the conformations of minimum energy of the intermonomer link 
which have been determined. The value of the total energy minima are 
consistently lower. This  was done to show that rotations of the groups 
from their  crystallographically determined positions relative to their  
glucose ring are possible and sometimes energetically advantageous. 
This will be of importance later when determining which is the more  
energetically favored cellulose model. 

In Tables 3a and 3b all the contributing intramolecular H-bonds in 
a single chain are listed and their  energy contributions given. 

A s  it is likely that in cellulose the cellobiose ( o r  cellobioside) 
monomers in each single chain are not all in the same  internal con- 
figuration, combinations of the various monomer conformations were 
also investigated. In Tables 4 and 5 the relevant data for  cellobiose- 
cellobiose and cellobioside-cellobioside combinations are reported. 
In Tables 6 and 7 the relevant data of most of the cellobiose-cellobi- 
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FIG. 4. Plane projections of duplicated ( 3 2 " ,  138") cellobiose confor- 
mations. Only the H-bonds formed around the central interconnecting 
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cellobiose conformations, showing extended helical conformations. Al l  
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TABLE 5. H-Bonds Distribution and Values in the Cellotetraoxides 
by the Mixed Conformations Shown in Table 4 

1st Methyl-P-cellobioside - 2nd Methyl- P-cellobioside 

H-bonds (rings 2-3; Fig, 1) 
Combination no. 
(Table 4) Atoms groups kcal/mol Contribution (%) 

1 

2 

3 

03H(03j  - -05' 

03H(03)- - -05' 

OS'H(O6' )- - -03C3 

Total contribution 

06H( 06)---02'C2' 

06'H(O6' )- - -03C3 
Oz'H(02' )- - -06C6 

Total contribution 

03H(03)- - -05' 

03H(03)- - -05' 

02'H(02' )- - -06C6 

03H(03)- - -06'C6' 

Total contribution 

02'H(02' )- - -06C6 

0 6 H ( 0 6 j  - -02'C2' 
Total contribution 

03H(03)- - -05' 

9 03H(03)- - -05' 

-2.625 

-2.606 

-2.12 1 

-4.727 

-4.076 

- 1.083 

-0.046 

-5.205 

-2.633 

-2.633 

- 5.130 
-0.318 

- 5.448 

-5.401 

-0.041 

100 

55 

45 
100 

78 

21 
1 

100 
- 

100 

100 

94 

6 

100 
- 

99 

1 
- 5.443 

-2.630 

-2.701 

100 

100 

100 
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Yo 
FIG. 7. Total energy maps of a l l  mixed cellobioside confirmations 

such as (0",-161")-(-49",-130") having a total angular shift = -229" at 
the interconnecting P-glucosidic linkage (Table 4, Column 11). 

-52 

FIG. 8. 1" increments total energy map of (0",-161")-(168",177") 
cellotetraoside. Similar minimum arrangements a r e  shown by all the 
combinations having total angular shift of -229" of the central inter- 
connecting P-glucosidic linkage (valid for  Tables 2a and 4; not valid 
for  Table 2b). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



126 PIZZI AND EATON 

FIG. 9. Plane projections of one mixed cellobioside sequence of par- 
ticular interest. (-49" ,- 130" )- (O", - 16 1" ) and (0" ,- 16 lo)- (-49" ,- 130") 
describing the possible mixed sequences (-49",- 130")-(O",- 161")- 
( 49" ,- 130") and ( 0" ,- 161 ")- (-49" ,- 130")- ( 0" ,- 16 1 "). 
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oside and cellobioside-cellobiose combinations a r e  reported. From 
Table 4 it is noticeable that the most usual Go and *" angle is again 
-229" (only cellobioside residues were used for  this as the understand- 
ing of the structure of cellulose I i s  our stated aim). This also com- 
pares well with the value of 232 to 233" obtained for cellotetraose 
(Tables 2a and 2b). The difference in total sign -299 and +232" for 
cellobioside and cellobiose, respectively, indicates only that the two 
helix are one right-handed and the other left-handed. The 03H( 03) 
- - _  05 H-bond i s  again the favorite, although not in all cases (Table 

The results i n  Table 8 (see Experimental) show that the ( +o ,qo) 
conformations of minimum energy change considerably if the side- 
chains a re  not taken into consideration in the energy calculations. 
They indicate that the contribution of the side-chains to both the mini- 
mization of the potential energy and the optimization of the (%",*") 
values is paramount in any model describing the configuration of the 
cellulose chain. It also shows that the results obtained by Rees and 
Skerrett for  ( %' ,*') with van der  Waals functions only for cellobiose 
are indeed very similar to what we have found with their  same ap- 
proximation (cellobiose, Table 8) but using the total energy instead of 
van der  Waals  energy only. 

To balance the energy of a chain, the total energy minima of each 
glucosidic linkage in the chain, both intra- and intermonomers link- 
ages, must be summed. Thus, for the (-49",-130") cellobioside con- 
formation in a cellotetraoside residue, the total energy minima wi l l  
be -0.607 + 1.264 - 0.607 = +O. 050 kcal/mol (Part 1; this article, 
Table 2a): The most favorable, thus most probable, energy balance 
can be taken as -0.607 (+0.27) - 0.719 - 0.607 (+0.27) = -1.392 kcal/ 
mol (Table 2b) for the most energetically stable conformation. Thus, 
for a cellobioside-like monomer within the body of an uninterrupted 
chain sequence, the balance of energy, for  a (-49",-130") conforma- 
tion, wil l  be -0.607 (+0.27) - 0.718 = -1.055 kcal/mol. 

By straining two cellotetraoside parallel molecules into "twofold" 
helix symmetry, from a (-49")- 130") conformation, with the minimum 
waste of energy, i t  i s  possible to calculate that the energy shifts to a 
value of +4.19 kcal/mol for each cellotetraoside. The calculation is 
done from the values i n  the energy maps of both the monomer and 
intermonomers linkage (Part 1, Figs. 2 and 3, and this article, Figs. 
2 and 3) (observe in the energy maps the minimum difference in 
energy given by the distance between the straight line where "twofold" 
helix symmetries lie and energy minimum). The value of +4.19 kcal/ 
mol indicates that straining the molecule into a l'twofold" helix con- 
formation causes a minimum loss of energy per  each chain of 4.19 - 
( -  1.392) = 5.582 kcal/mol. Thus, crystalline packing will occur only 
if by combining the two cellotetraoside chains, the gain i n  total energy 
obtained is higher than the 5.582 + 5.582 = 11.164 kcal/mol loss in- 
curred in forcing each molecule into a"twofo1d" helix symmetry. Due 
to the low energy gain required, it is fair  to assume that a cellulose 
chain formed of (-49",- 130") cellobioside-like monomers i s  indeed 
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STRUCTURE OF CELLULOSE. 2 13 1 

likely to form a crystalline network. Conversely, the (0",-161") pri-  
mary  conformation has  an energy balance for  cellotetraoside of +O. 04 
- 1.109 + 0.04 = - 1.029 kcal/mol. Forcing the cellotetraoside into 
bent-chain symmetry,  the energy lo s s  is approximately 11 to 12 kcal/ 
mol pe r  chain. Thus, a total energy gain well above 20 kcal/mol is 
needed to pack in a crystalline network two cellotetraosides in (O",- 
161") conformation strained into a bent-chain. The energy gain re- 
quired appears to be too high to be satisfied by the interchains H- 
bonds that can be formed. Consequently, a chain originally formed by 
monomers in (O",-161") conformation is quite likely not to  be present 
in crystalline cellulose, but is probably the most likely component of 
the amorphous regions. The same  reasoning also applies to the 
secondary conformation, 

If mixed conformations do exist  such as (0",-161") followed by 
(-49",-130") o r  vice versa, the (+",qro) and energy values of the (0", 
-161") - (-49",-130") and of the (-49",-130") - (0°,-161") sequences 
may sometimes be different. This  is due to the different side-chains 
available for  contribution to the intermonomer glucosidic linkage. 
Thus,  both types of combinations were investigated (see Tables 4, 5, 
6, and 7; Figs. 6, 7, 8, and 9). 

It must be noticed that in the (-49",-130") - (-49",-130") configu- 
ration a strong 02' H( 02' )- - -06 H-bond as theorized by other authors 
can indeed be formed. However, the H-bonds and van d e r  Waals forces  
pattern reported in the tables give better stabilization in a single chain. 
We have already found, in the third par t  of this study, that the situation 
is reversed in bent-chain packing in a crystalline network, thus con- 
firming the resul ts  obtained by x-ray analysis. 

D I S C U S S I O N  

The resul ts  shown indicate clearly that the glycosidic linkages in 
cellulose have different conformations. It is certain that even when 
the glycosidic linkages within each monomer have the same  confor- 
mation, they differ from the glycosidic linkages connecting two mono- 
m e r s  with each other. Thus, it appears that the cellulose chain, at 
least in the amorphous regions, is composed of monomers which have 
different internal conformations. Thus, cellulose is likely to be a chain 
of heterogeneous conformation. The difference in the morphology of 
the glycosidic linkages along the chain is certainly one of the reasons,  
possibly the main reason, f o r  the differences in susceptibility to 
hydrolytic attack of different regions of cellulose. In this respect the 
conformational analysis strongly confirms the indications already ob- 
tained by Raman spectroscopy [4-71. 

It is also clear that in chains composed of cellobiose o r  cellobioside 
monomers,  the glycosidic linkage does not exist  in a conformation con- 
sistent with "twofold" helix symmetry. This  statement is certainly 
valid fo r  isolated cellulose chains which are not combined with other 
chains to  form a crystalline network. In the case of a chain in a 
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132 PIZZI AND EATON 

crystalline network, the same  might also apply. Cellobioside-based 
chains correspond to a right-handed departure f rom the twofold 
helix line while cellobiose-based chains correspond to a left-handed 
departure from this line. Considering the differences in sign of 
and 9' which represent  this  fact, the helix s t ructures  formed by the 
two monomers are amazingly s imi l a r  (see Table 2a and Figs. 4 and 5). 

These findings do not preclude the existence of a t'twofold'' helix 
conformation in the crystall ine portion of cellulose. They only indi- 
cate that i f  the fttwofoldtl helix conformation of cellulose is correct ,  
at least for  isolated chains, the glycosidic linkages will not be in the 
conformation of most favorable potential energy. This means that 
to  the increase in potential energy caused by shifting the glycosidic 
linkage from one of the conformations of minimum energy to a "two- 
fold" helix symmetry must correspond an at least equivalent o r  
greater  decrease in potential energy due to interactions between 
parallel  chains in the packing of the crystall ine network ( see  Results). 
This  is probable as the H-bonds which appear to contribute strongly 
and predominantly to the minimization of the potential energy of the 
chain are also the main type of connection between parallel  chains. 
If and when this happens, the pattern of H-bonding surrounding the 
glycosidic linkages will not change much from that obtained fo r  the 
various conformations of minimum energy. Certainly the weaker H- 
bonds might disappear and the s t ronger  ones may weaken, but the 
higher s t e r i c  hindrance of a conformation in relation to a less steri- 
cally hindered one will not disappear. 

difference in steric hindrance between conformations with different 
H-bonds "casing," will contribute to the differences in the rate  of 
hydrolytic attack of the different zones in the cellulose chain. 

Of the s i x  conformations of minimum energy for  the monomers 
( three for  cellobiose, three for  cellobioside), the four "primary" 
conformations are by far the most  likely to exist. Thus, a cellobio- 
side-based chain not in "twofold" helix symmetry can be formed of 
( i )  monomers all  in one pr imary conformation only and ( i i)  monomers 
of both types of pr imary conformation forming regular  o r  random se- 
quences. The quantity of the two monomers in the sequence may well 
be very different. Occasional monomers having a "secondary" mini- 
mum energy conformation may also be present. 

These observations lead to  the conclusion that not only one most 
favored "twofoldtt helix conformation of cellulose may exist ,  but in- 
stead several  types. (i) The "twofoldTt helix symmetry is not the posi- 
tion of minimum energy of the glucosidic bonds, and stabilization is 
achieved through chains packing in a network. (ii) The different con- 
formations of minimum, once forced into a "twofoldtt helix symmetry,  
will partly conserve their  different H-bonds casing around the glyco- 
sidic linkage, thus remaining different even if all are in tttwofoldtt 
helix symmetry,  several  types of "twofold" helix conformations may 
exist. The difference is in the H-bond pattern within each monomer 
and not in the H-bond pattern around the glycoside linkage connecting 

Again the heterogenity of the glycosidic linkages, and therefore the 
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two monomers, The la t ter  might show differences but these are less 
likely and of very much lower frequency. Thus, just taking into ac- 
count the primary conformations of minimum energy of cellobioside 
for  cellulose I, we may well have "twofold" helix conformations re- 
taining the H-bond casing of (i) the minimum conformation (O",- 161") 
only, (ii) the minimum conformation ( -49", -  130") only, and (iii) a 
variety of bent-chain conformations in which the (O",-161") and ( -49" ,  
-130" j are in regular o r  random sequence and in different abundance. 

Thus, it may well not be correct  to talk about a tttwofold't helix 
conformation. The problem is: Which tFtwofoldtt helix conformation ? 
It  is possible that only one o r  two of them o r  that several  "twofold" 
helix conformations do exist, However, it is likely that one type of 
packing is energetically more favorable than all the others and thus 
only one type of "twofoldvt helix conformation may exist in the crystal- 
line zones of cellulose. It is also likely that only one conformation 
s t ra in  into a "twofold" helix symmetry is so energetically favorable 
as to allow formation of a crystalline network. 

chains formed by the various conformations. It must be pointed out 
that the same chain can be described as a function of two helixes. That 
is, the helix is formed by the total (+",*") shift and the helix is formed 
by the shift of the chain from ribbonlike planarity. Thus, the mole- 
cules formed by the duplicated cellobioside conformation (O",- 161") 
(see Table 2a) has the first helix in which the number of monomers 
with a 360" rotation is 360"/[-161"+(-229")] = 0.92 monomers and 
the second helix, which is given by deviation from planarity, in which 
the number of monomers needed to have a 360" rotation is 360"/[+19"+ 
( -49")]  = 12 monomers ( 2 4  glucose rings, thus 124 b).  

To give an idea of the shape and tightness of these helixes, the tight- 
er  helix, that of the cellobiose (56",178") conformation, is shown in 
Fig. 4. As can be seen, this is an extended helix even if it is the tight- 
est of them all. Thus, the helix given by a conformation such as the 
cellobioside (O",-161") is indeed very extended and not easily notice- 
able when short-chain residues a r e  depicted (see Fig. 5). 

It is possible that, in contrast to the pressure of a "twofold" helix 
symmetry,  monomers of different helicoidal conformations are com- 
bined in such a way as to give a chain nearly flat in which the mean 
planes of the glucose rings in the sequence shift from the ribbonlike 
planarity of the bent-chain symmetry (of, say, a maximum of 30 to 40"). 
By combining conformations of total -no with conformations of total +no 
( s e e  tables) per  monomer, o r  simply monomers of total -no with inter-  
monomer glycosidic linkages of total +no in prearranged o r  random se- 
quences, this may well be possible. 

crystallite packing, producing further stabilization. The interchain 
H-bonds could, however, be weaker than those formed by a "twofold" 
helix conformation. The important point is: Would the energy balance 
of a chain like this,  which is composed of a more stable sequence but 
is less stabilized by the interchain H-bonds than the "twofold" helix 

It is interesting to see,  from Table 2a, the period of the helix of the 

A chain of this type could still form some interchain H-bonds in the 
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structure,  be more  o r  less favorable than "twofold" helix s t ructures  
composed of a less stable sequence, but stabilized considerably more 
by interchain H-bonds ? 

At this stage it is not possible to answer such a question. The ef- 
fect on the total energy balance of chains packing in a crystalline net- 
work will be computed and discussed in the next and last ar t ic le  of 
this series. We feel, however, that the chances of the existence of 
this type of s t ructure  may be good only fo r  chain zones of short  length 
and the likelihood of this conformation mixture explaining the struc- 
t u re  of all  crystall ine cellulose are fairly remote. 

These two models proposed in this  article all  explain the pronounced 
swelling and s t r e s s  anisotropy, low extensibility, high strength, density 
characterist ics,  and birifrigence of cellulose. All two models agree 
with ( i )  the distribution of fragments of different DP obtained in cut- 
ting experiments by Muggli and Muhlethaler [17, 181, (ii) the theory 
of chain dislocation of Muhlethaler 1191, and (iii) the theory of Row- 
lands and Roberts [20, 2 11. The subelementary and elementary fibrils  
are thus continuous plainly extended o r  extended helicoidal chains of 
nearly perfect crystallinity in which the amorphous regions are of simi- 
lar shape and morphology to the more crystalline ones, but with a lower 
frequency of interchain H-bonding which renders  them more susceptible 
to hydrolytic attack. Thus, the ideas of Kitaigorodskii and Tsvankin 
[27, 281 of the amorphous region of cellulose, namely of a phase homo- 
geneous with the crystall ine regions, but of poorer tridimensional 
o rde r  in which the cellulose chains are arranged in the regularly re- 
curr ing nodes of the latt ice but display a cer ta in  shift ( sma l l )  with 
respect to these nodes, a lso agree with the two models which are pos- 
sible according to this conformational analysis. They are also consis- 
tent with a cer ta in  periodicity found along the cellulose network fo r  
crystalline and noncrystalline regions are proposed by Hess [29] and 
with x-ray crystallography data f rom several  authors [ 13, 16, 30, 311. 

and others [ l l ,  121 has been severely cri t icized as regards electron 
microscope analysis of anatomical features [22], mechanical proper- 
ties [23, 241, degree of polymerization tests [17], and staining tech- 
niques [25, 261. While it may be possible by stabilization due to dis- 
tortion of the pyranose rings as advocated by Melberg and Rasmussen 
[32], it is definitely not possible with an undistorted pyranose ring and 
H-bond stabilization especially due to severe geometrical problems 
ar is ing at  the folding points. However, even by distortion of the pyran- 
ose  rings, it is energetically less stable than the other advocated con- 
formations and thus its existence is quite unlikely. 

The folded chain s t ructure  proposed by Manley [8, 91, Bittiger [ lo] ,  

C O N C L U S I O N S  

1. H-bonds are the predominant stabilizing and fixing force of the 
s t ructure  of cellulose. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



STRUCTURE OF CELLULOSE. 2 135 

2. The P-glucosidic linkage within a cellobiose-like monomer always 
has a different conformation than the P-glucosidic linkages that con- 
nect the monomer to the preceeding and following monomers along 
the cellulose chain. 

3. Different monomer and monomer-connecting conformations have 
different stability and different H-bond "casing." This and the pre- 
ceeding point a re  important contributing causes to the differences 
in the rate of hydrolytic attack observed in different cellulose re- 
gions. 

do not exist in yltwofoldl' helix symmetry but a re  in extended-helix 
symmetry. 

5. Only two models of cellulose can be proposed that are stable as re- 
gards their potential energy. Folded-chain symmetry is energenti- 
cally very unstable and is definitely not present in the structure of 
Cellulose I. The two models possible are:  
(if A "forced" "twofold" helix symmetry in which the loss of ener- 

getic stability due to ( @o,@o) rotation from the conformations 
of minimum energy is compensated for by equivalent o r  greater 
gains in energetic stability through strong H-bonding between 
parallel chains. In this respect not only one but several T%wo- 
fold" helix conformations may be possible due to the differences 
in H-bond "casing" around the glycosidic linkages along the 
chain. Such differences can also account for crystalline and 
noncrystalline regions. 

(ii) An "imperfect" "twofold'' helix symmetry in which the mean 
planes of the glucose rings following each other in the chain 
sequence can form moderate angles (oscillate) around the 
"planarity" of a proper "twofold'' helix model. Here, too, dif- 
ferent conformations of the glycosidic linkages a re  present. 

We do not favor any of the two models presented over the other, al- 
though a ''twofold" helix model also appears to us to be the most likely 
to exist in the crystalline region of cellulose. The subject of the last 
article of this series,  in which conformational analysis of the crystallo- 
graphic networks proposed wil l  be carried out, wil l  help to decide 
which of the three models is really the most probable. 

4. Isolated cellulose chains, which are not in a crystalline network, 
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