
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

The Structure of Cellulose by Conformational Analysis. 3. Crystalline and
Amorphous Structure of Cellulose I
A. Pizzia; N. Eatona

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

To cite this Article Pizzi, A. and Eaton, N.(1985) 'The Structure of Cellulose by Conformational Analysis. 3. Crystalline and
Amorphous Structure of Cellulose I', Journal of Macromolecular Science, Part A, 22: 2, 139 — 160
To link to this Article: DOI: 10.1080/00222338508063302
URL: http://dx.doi.org/10.1080/00222338508063302

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338508063302
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J .  MACROMOL. SC1.-CHEM., A22( 2), pp. 139-160 (1985) 

The Structure of Cellulose by Conformational 
Analysis. 3. Crystalline and Amorphous Structure 
of Cellulose I 

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  

The Meyer/Misch and related models were found to be the most 
energetically stable for the crystalline structure of cellulose I. 
The cellobioside structure is the monomer of cellulose I because 
structures having cellobiose as monomer have proven to be ener- 
getically much less  stable. The conformation of the monomers 
terminating the crystalline zone and initiating the amorphous zone 
have been accurately described. The cause and mechanism of 
termination of the crystalline zone have been identified and de- 
scribed. A few new considerations regarding the conformation 
and appearance of the amorphous zones in cellulose I, in which 
the chains a re  in helicoidal conformations, are  discussed. The 
predominance of van der  W a d s  and H-bond interactions in the 
crystalline zone have been confirmed, and the H-bond values, lo- 
cations, and distribution in the crystalline zone have been accu- 
rately mapped. 
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140 PIZZI AND EATON 

I N T R O D U C T I O N  

Conformational analysis studies of the structure of cellobiose, 
methyl-P-cellobioside and of a single-strand cellulose polymer chain 
have been carr ied out in the previous two parts of this study [l,  21. 
A few conformations of minimum total energy were identified in  the 
various cases. The helix conformations describing the amorphous re- 
gions of cellulose I (cellobioside model) and cellulose I1 (cellobiose 
model) were quantitatively described [ 1, 21. 

tion of the cellulose chain in the cellulose I crystalline network by 
taking into account inter- and intrachain van der  W a d s ,  H-bond, elec- 
trostatic, and torsional interactions. The energy minima obtained 
were afterwards also checked for improvements which could be ob- 
tained by deformation of the glucopyranose ring in the crystalline 
packing according to systems already reported [ 131. The exact posi- 
tion of the H bonds of the  minimum total energy network have also 
been pinpointed. A l l  the interactions between all atoms, included side- 
chains, have been taken into account according to the mathematical 
expressions described in the two previous art icles [ 1, 21, Comparison 
of the most accepted models for the structure of cellulose I crystallite 
have been made on a total minimum energy basis and the most likely 
structure determined. Comparison between structures based on cello- 
biose and methyl-P-cellobioside conformations as monomers have been 
carried out, and the energetically correct  monomer conformation and 
structure determined. 

This art icle deals with the total energy balance and the conforma- 

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

Single cellotetraose and methyl-P-cellotetraoside chains (4-glu- 
cose rings), were strained from the helicoidal conformations of mini- 
mum total energy optimized in the previous art icles [I, 21 to the "two- 
fold?' helix conformations which required, from their respective ( @,+) 
energy maps [l, 21, the minimum amount of energy for the rotation of 
both the intra- and intermonomers P-glucosidic linkages. 

Thus, 

1. The methyl-P-cellotetraoside (@,@) conformation (-49", -130") 
(-58",-171")(-49",-130") of minimum total energy = -1.39 kcal/ 
mol was strained into the energetically most favorable of the 
"twofold" helix (@,\k) conformations (-50",- 130")(-25",-155") 
(-50",- 130") of minimum total energy = +4.19 kkal/mol. Energy 
necessary for transformation = 5.58 kcal/mol (pe r  chain of 4 
glucose rings). 

(-16",- 138")(-O",- 161") of minimum total energy = - 1 kcal/mol 
2. The methyl-P-cellotetraoside (@,*) conformation (O",- 161") 
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STRUCTURE OF CELLULOSE. 3 14 1 

was strained into the energetically most favorable of the  "two- 
fold'' helix (@,@) conformations (-15°,-165")(-390,-141")(-15", 
- 165') of minimum total energy = +7 kcal/mol. Energy neces- 
sary for transformation = 8 kcal/mol (pe r  chain of 4 glucose 
rings). 

3. The cellotetraose ( a,*) conformation (32", 138" )(59" ,173" )(32", 
138") of minimum total energy = -2.226 kcal/mol was strained 
into the energetically most favorable of the tttwofoldtt helix 
(a,*) conformations (4Oo,14O0)( 21°,1590)(400,1400) of minimum 
total energy = +10.401 kcal/mol. Energy necessary for transfor- 
mation = 12.627 kcal/mol (pe r  chain of 4 glucose rings). 

Each of these fttwofoldt' helix conformations was then used to check 
the energy balance of the Meyer and Mark [3] , Meyer and Misch [4], 
and related models [5, 61 based on x-ray diffraction evidence. What 
was looked for was whether the energy decrease obtained by placing 
the most favorable tTtwofoldtt helix cellulose polymers in the crystal- 
line network of the model (and by minimizing by side-chains bond 
rotations the van der  Waals, H-bond, and electrostatic interactions be- 
tween the parallel cellulose chains) is greater than the energy increase 
due to the straining of the chain from the helicoidal conformation of 
minimum total energy. 

The "twofold" helix sequence of four glucose rings was replicated 
to  the apexes of the crystalline cell of Meyer and Misch ( a  = 8.35 A ;  
b = 7.9 A ;  p = 84') with the chains axes parallel to each other. First, 
the interaction of two cellotetraose-oside-like chains  parallel to each 
other in the x,y plane were minimized by rotation of the bonds of the 
side chains. Then the two lower chains in the same plane but shifted 
along the z-axis by 7.9 and according to P = 84" were added and the 
interactions in all the x,z planes along the y-axis were minimized. 
The central chain was  then inserted in the network and its interactions 
with the other four chains of the crystalline cell were minimized by 
both shifting the central chain along its axis and rotating the side 
chains around their bonds. 

In the case of the Meyer and Misch and related models [4-61, the 
central chain is antiparallel to the direction of the other four chains. 
To obtain the atom coordinates of this central chain (thus its relative 
position), the following technique was used. The equation of the plane 
containing the atoms C4, O(4-1') and C1' of the central 0-glucosidic 
linkage of the four glucose rings structure was obtained as well as the 
midpoint ( =  x1) of the straight line connecting C4 and Cl'. Following 
th i s ,  the vector through point x l ,  at right angles to this plane was  de- 
termined. Two points, & and XS, were arbitrari ly selected on this 
vector and the same computer program used for rotating bonds was 
used to rotate the whole four glucose rings chain around the X I ,  xz 
segment by 180". 

In this manner the position of the antiparallel central chain was 
obtained. The same total energy minimization process was also 
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144 PIZZI AND EATON 

carried out by shifting the chain along its axis and by rotating the side- 
chains groups around their bonds. The minimum total energies ob- 
tained, and their  van der  Waals, H-bond, and electrostatic contributions, 
are shown in Table 1 for  the Meyer/Mark, the Meyermisch ,  and re- 
lated models. 

Energy minimization by distortion of the glucopyranose ring [13] was 
also checked, but the minimum of energy obtained in the case of the five 
chains crystal was found to be considerably higher than that obtained 
without distortion of the ring and by H-bond stabilization, indicating that 
the crystal appears to prefer  stabilization by H-bond network rather 
than to distort the pryanose rings. This is in agreement with x-ray ana- 
lysis results. 

In Table 2 the  H-bond positions and values, at the  conformation of 
minimum total energy for the most favorable model, the Meyer/Misch- 
type of the cellotetraoside chain (-50",- 130")( -25", -  155")(-50",- 130"), 
as well as those of the respective unfavorable cellobiose model, a r e  
shown. The H-bond pattern of the former conformation, which is not 
only the most favorable but also the only one likely to exist in crystal- 
line form (see Discussion), is shown in Fig. 1 for two parallel chains in 
the x,y planes. In Fig. 2 the total network is shown. 

Table 3 reports the variation of minimum energy obtained by varying 
the position of the central chain along its axis for both the Meyer/Misch 
and related conformations before minimization of the total energy by 
side-chain bonds rotations. Figure 3 shows the conformations of total 
minimum energy which are likely to occur at the upper and lower ends 
of the crystalline zones. Figure 4 shows one of the two most likely 
conformations, in  schematic form, of the amorphous region (see Dis- 
cussion). 

al angles of the side-chains bonds, the following convention was used. 
The position of 0" for the rotational angles of the side chains was 
assumed to be the position relative to their  glucose ring in which the 
atoms of the side chain present themselves after total energy minimi- 
zation of monomer and single cellulose chain (from Par t s  1 and 2 of 
this series). 

Where rotation of the side chain was not carried out during energy 
minimization, the 0" position is the one i n  which the atoms of the side 
chain present themselves, relative to their glucose ring, in  the x-ray 
crystallographic data already reported [7, 81. The rotation is always 
considered to be positive when, viewing along the bond toward i t s  re- 
lated glucose ring, the rotation is performed clockwise. The values of 
the rotation of the side-chains bonds corresponding to the position of 
minimum total energy of the crystal structure, which needed to be re- 
adjusted from those shown in Table 3, a re  shown in Fig. 2. 

It is important to note that only in a five chains crystal is the energy 
-20.246 (Table 1) between two chain parallel in the  x,y projection plane. 
If a crystal formed of more chains is considered, the decrease of 
energy gain will always be equal to that obtained when the two chains 

It must be noted that in order  to interpret the values of the rotation- 
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148 PIZZI AND EATON 

p/une X 

FIG. 1. Paral le l  chains in crystal  when chains a r e  limited to four 
glucose rings; position of all H bonds and rotational angles a r e  indi- 
cated. H-bonds of terminal par ts  not representative of H-bond pattern 
in the body of long chain, but only of finite cellotetraoside chains 
system. 
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FIG. 2. Five-chains crystal of finite cellotetraoside chains system. 
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150 PIZZI AND EATON 

TABLE 3. Total Energy Variation before Minimization Obtained by 
Shifting Central  Chain of Crystal  along its Axis 

1st stage of energy 
Without energy minimization minimization 

Y-axis shift Total energy Y-axis shift Total energy 
( A )  (kcal/mol) ( 8 , )  (kcal/mol) 

-2.9 +128.61 - - 
- 1.5 +306.69 - - 

0.0 +266.25 - - 
+l. 5 + 3 ~ .  sa - - 
+2.3 +50.91 - - 
+2.4 +44.18 - - 
+2.5 +42.27 +2.5 +2.751 
~2.6 +45.73 +2.6 +O. 785 
+2.7 +53.880 +2.7 + 1.42 
+2. a +64.723 - - 
+2.9 +78.96 +2.9 +6.871 
1-3.2 +128.37 - - 

have the angles whose values a r e  51 and -44" in Fig. 2 for  chains 
positioned parallel  to each other, Thus, the decrease of energy gain 
pas ses  f rom the -20.246 kcal/mol value to -16.417 kcal/mol, and this 
is the value which must be used fo r  energy calculations on crystals  
containing a number of parallel  chains l a r g e r  than 5. 

In Fig. 2 the four rotational angles are changed from Fig. 1 from 
+146"-+197", f rom +154"-+110", from +146"-+156", and from +154"- 
+124" (variation A" - +51", -44", +lo", -30" of Fig. 2). 

D I S C U S S I O N  

C o n f o r m a t i o n  of C r y s t a l l i n e  a n d  A m o r p h o u s  Z o n e s  

The resul ts  shown in Table 1 indicate that the Meyer/Misch [4] and 
related models [5, 61 appear to be the ones correct ly  describing the 
appearance of the crystall ine network of cellulose I. The crystall ine 
network formed by the five cellulose chains according to  M e y e r m i s c h  
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, I  
I ,  
I ,  
, I  - = :,P 
plane X 

FIG. 3. Top four glucose rings representing most probable confor- 
mation and H-bonds pattern of upper terminal section of crystalline 
zone before start of amorphous zone. (Bottom four glucose rings of 
lower terminal section of crystalline zone before s ta r t  of amorphous 
zone. ) 
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152 PIZZI AND EATON 

FIG. 4. Representation of one of the two most probable helix con- 
figurations of the amorphous zone of cellulose I chain (based on 
-49",-130" monomer). 

and others 14-61 fi ts  very well with energetic and x-ray data. The 
minimum of total energy was  foundofor a shift of the central anti- 
par$llel chain along its axis of 2.6 A ,  which compares well with the 
2.9 A value deduced by Meyer and Misch from their x-ray diffraction 
data [4] (see Tables 1 and 3 and Fig. 2).  After a few minor side- 
chains bond rotations, necessary to minimize the total energy ( see  
Fig. 2 and the Experimental section), the five chains network had 
energy much lower than the sum of the energy increases caused by 
straining into l'twofoldl' helix conformation the five chains i n  the 
crystal model. This clearly indicates that the formation of the 
crystal is, energetically, considerably more favorable for the cellu- 
lose chain than to remain in its amorphous helicoidal conformation. 

energetically justifies the existence of the cellulose I crystallites has 
considerably higher probability when the cellobioside structure, 
rather than cellobiose, i s  the monomer. This confirms what has al- 
ready been indicated by IR data [9], namely that methyl-p-cellobio- 
side is present as monomer in cellulose I. To grasp this point, it 
is easy to see from the values in Table 1 that in the case of cello- 
biose as monomer in the Meyer and Misch model, the formation of 
the five chains crystal  lowers the minimum of energy from a value of 
-2.226 X 5 = -11.13 kcal/mol for five chains in helicoidal, unstrained 
form, to  a value of -27.07 kcal/mol for a crystal  composed of five 
"bent-chains"; the energy advantage is thus 15.94 kcal/mol i n  favor 
of the crystal. In the case of cellobioside as monomer, the formation 
of the crystal  lowers the minimum of energy from a value of - 1.39 
X 5 = -6.95 kcal/mol to a value of -46.72 kcal/mol for the five chains 
crystal; the energy advantage is thus 39.77 kcal/mol, more than double 
that for  cellobiose. The formation of the crystal is then considerably 
more favorable when the cellobioside is the monomer. 

It is also of interest to note that the second conformation of the 
cellotetraoside (cellobioside monomer (O",-161")), which is also a 
favorite conformation for the amorphous region of cellulose I, can 
also form a crystallite, but not quite as easily as the chain based on 
the (-49",- 130") cellobioside monomer. A s  above, the formation of 
the five chains crystal lowers the energy level from a minimum of 

Also of considerable importance i s  the finding that the model which 

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



STRUCTURE OF CELLULOSE. 3 153 

-1 X 5 = - 5  kcal/mol to a minimum value of -37 kcal/mol. The pos- 
sibility of forming a crystal  i s  present, but is energetically less 
favorable. Thus, for chains with cellobioside (-49',-130") as mono- 
mer,  the energy balance favor of crystal  formation is 1.99 kcal/mol 
per  glucose ring (in a five chains crystal), while for chains with cello- 
bioside (O",- 161') as monomer it is 1.5 kcal/mol. 

For cellobiose the same value is only 0.8 kcal/mol. This means 
that the (-49",-130°) conformation i s  likely to fall in the crystalline 
pattern of cellulose I much more easily than the (O',-161") conforma- 
tion. It also explains the increase in the percentage crystallinity of 
cellulose I obtained when wood i s  heated. While it is likely that most 
of the monomers in the (-49",-130") conformation are already in the 
TTtwofoldT' helix crystal form, heating will cause partial redistribution 
in the type of conformations present in the amorphous region. Thus, 
a fraction of the amorphous (0",-161°) monomers i s  likely to rear -  
range directly to crystalline form o r  to a (-49",-130") conformation 
which then wil l  fall with more ease into the crystalline form. This 
observation has serious conceptual consequences. It means that the 
probability of finding a (-49",- 130") conformation in the amorphous 
regions is lower. This means that a high percentage of the amorphous 
regions a r e  composed of cellobioside monomers of (O",- 161") confor- 
mation connected by P-glucosidic linkages of (Cb',$"' = (-16',-138') [2], 
The helix formed by one of the two conformations i3 shown in Fig. 4. 

It is also of interest to note that when deformation of the glucQpyran- 
ose rings [13] is allowed, the minimum energy obtained was consider- 
ably less  favorable than that obtained by simple energy minimization 
through inter- and intramolecular H bonds without ring deformation, 
We observed, as expected, that while the van der  Waals energy some- 
t imes became (not in all cases)  slightly lower, the decrease o r  even 
loss  of the H-bond contribution, even after optimization of the rota- 
tional angles of the side chains, was so marked as to render the total 
energy balance not as favorable. The reasons for  this a r e  that: 

1. On deforming the ring, the decrease in the van der  Waal hard 
spheres overlaps improves the van der  Waals energy balance 
for  atoms which may be slightly too near each other. 

2. However, as many atoms in the undeformed system have dis- 
tances fairly near to the minima obtainable by the use of Buck- 
ingham o r  Lennard- Jones functions, distortion of the gluco- 
pyranose ring also causes a slight worsening of the van der  Waals 
energy balance. The combination of these two effects will give a 
total van der  Waals  energy balance sometimes slightly higher and 
sometimes slightly lower than that obtained without ring deforma- 
tion. 

this is reflected in the mathematical function used to describe i t  
El], small directional variations can cause a considerable decrease 
in the H-bond contribution to the total energy balance. This isdi- 

3. However, as the H-bond interactions are very directional, and 
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cates that, in general, a crystallite formed by chains with un- 
deformed, or  very little deformed, glucopyranose rings and 
stabilized by a strong interchain H-bond networks a re  energetic- 
ally more favorable for a model in which the rings are deformed 
and the H-bond network i s  weaker. This conclusion is also more 
in line with the finding of other author 's  x-ray analysis. 

We were somewhat surprised that the Meyer/Mark model [3] was  
not the one of highest probability. It is necessary to elaborate on this 
model. The Meyer/Mark model appears to be allowed and favorable 
when the total energy interactions of five parallel chains no longer 
than three glucose rings each a r e  considered. A s  the chains lengthen, 
the model becomes unfavorable. Thus, for chains of four or  more glu- 
cose rings, a noticeable increase in the value of the total minimum 
energy develops. 

This i s  due to "bumping" between groups of the central chain with 
groups of one or two of the other chains, which increases the value of 
the van der  Waals  interactions beyond reasonable limits. The inter- 
actions of the groups of atoms involved a re  not affected by bonds rota- 
tions (i.e., hydrogen atoms directly linked to the glucose ring) and the 
energy cannot, as a consequence, be lowered in this manner. We tried 
to eliminate this effect, first by movingJhe central chain along its 
axis in 0.1 8, intervals from +6 A to -6 A ,  but this did not solve the 
problem. Second, we tried to shift the central parallel chain slightly 
off-center i n  several  directions and again, in all the new positions, 
shifting the chain along i ts  axis. All  this, however, was to no avail. 
Third, we tr ied to improve the situation by allowing deformation of 
the glucopyranose rings involved, but this did little to improve the 
situation. 

Thus, the Meyer/Mark model is energetically favorable and stable 
for chains of up to three glucose rings length. For chains longer than 
three glucose rings, this model is energetically not possible. A solu- 
tion to the problem may be that the five parallel chains a r e  not in 
"twofold" helix conformation, but that the monomers a re  slightly rotated 
of a few degrees around the monomers connecting central P-glucosidic 
linkage. But this, of course, does not really correspond to the model 
derived by x-ray diffraction data. Furthermore, even in the case of 
chains of three glucose rings length, the total energy minimum i n  the 
Meyer/Mark model is found when the central chain is totally parallel 
to the other four chains (not shifted at all along the length of its axis). 
We do not want to say that the Meyer/Mark model is totally impossible 
(after all, the energy balance for three glucose rings chains i s  better 
than in the Meyer/Misch model), but that, notwithstanding all the modi- 
fications made, we have not been able to find a configuration in which 
this model is energetically stable. 
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C o n f o r m a t i o n  of C r v s t a l l i t e  E n d  G r o u D s  a n d  
M e c h a n i s m  of  C r y s i a l l i n e  t o  A m o r p h o b s  Z o n e  
T r a n s f o r m a t i o n  

A few important details in Fig. 1 must be pointed out and discussed. 
The relative positions and values of the  hydrogen bonds and the other 
interactions shown between the B,C rings and the B' ,C' rings are the 
ones present in the body of the cellulose I crystal  along its length, 
with the exception of the terminal glucose units of the crystal. The 
exact representation of the body of the crystal  will have the 084, H85 
atoms in similar position as the 040, H41 of the previous group to 
also form a 4.59 kcal/mol intrachain H bond. The 084, H85 are in 
the positions indicated in Fig. 1 only because four glucose-long chains 
were taken into consideration and the complete energy minimization 
for this chain length was carried out. The appearance of the two 
parallel chains in the body of the crystal  is then as shown in Fig. 5. 

Another important point explained by conformational analysis is the 
mechanism, hence the monomer structure, terminating the cellulose I 
crystallite and starting the amorphous region, and vice versa. The 
first question that should be asked is: Why does a crystalline region 
terminate and an amorphous region s t a r t ?  The answer can be found 
in the interaction between the C39, 040, H 4 1  group of ring B with the 
048, H49 group of ring C (Figs. 1, 2,  and 3). The 040,  H49 H-bond is 
very strong and imparts rigidity and continuity to the structure, main- 
taining it in its crystalline form (Fig. 1). However, the minimum of 
total energy of the ABA'B' rings system, i f  taken by itself, is not that 
presented in Fig. 1, but that presented in Fig. 3. In Fig. 3 the 04 ,  H49 
H-bond does not exist. However, the sum of the H-bonds values be- 
tween the A, B, A ' ,  and B' rings is - 10.45 kcal/mol for  the combina- 
tions in Fig. 3, while it is only -8.2 kcal/mol for  the combinations in 
Fig. 1. Thus, the combination in Fig. 3, when taken as isolated from 

FIG. 5. Schematic representation of the position of the stronger H 
bonds between two parallel chains of indefinite length in the body of 
the crystal. 
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the rest of the molecule, is the more  favorable one (by 0.55 kcal/mol 
pe r  each glucose ring). The combination in Fig. 1 is, however, the 
most favored overall  along the length of the polymer. 

This means that rotation around the C36, C39 bond may be quite 
easy and the conformation in Fig. 1 can, with some ease, transform 
itself in the situation in Fig. 3, which is more energetically favorable 
for the isolate ABA'B' rings system. After this has happened, rota- 
tion is possible around the C47, 0 4 8  bond to the position shown in Fig. 
3 with the lo s s  of 0.24 + 0.18 = 0.42 kcal/mol (see figures), and the 
localized gain to  the CDC'C' r ings system is 0.87 kcal/mol by H-bonds 
pattera rearrangements. 

Thus, the conditions for  termination of the crystalline region are 
the rotations of the bonds C36, C39 and C47, 0 4 8  (or of one of them) 
from the positions of Fig. 1 to the positions of Fig. 3. This will not 
happen often, of course,  as the overall  energy balance of the chains 
in the crystal  region is more  favorable fo r  the H-bonds combinations 
shown in Fig. 5 and in Fig. 1 (for the BCB' C' rings system), but 
statistically, it will happen when the "localizedf' better energy balance 
conditions shown in Fig. 3 occur. The monomers involved lose the 
rigidity due to the 040,  H49 H-bond which pegs them in the crystalline 
form, and the possibility of an amorphous region start ing are consider- 
ably enhanced, Thus the ABA' B' and the CDC'D' rings system shown 
in Fig. 3 are most probably the conformations presented by the upper 
and lower terminal r ings of the crystall ine region before the start of 
the helicoidal amorphous regions. The actual amorphous region s t a r t s  
with the 0 6 ,  H7 group in the position shown in both Figs. 1 and 3. 

C r y s t a l s  of  M o r e  T h a n  F i v e  C h a i n s  

It is interesting to  discuss  the cases of crystalline zones of more  
than five chains from the point of view of their  energy balance. In a 
five-chain crystal  the values of the interactions are as follows: 

+ 4 . 2  - 2 8 . 6  + 4 . 2  - - - - - _  _ _  .._*__ _ _ _ _ _ ^ _  ~. 
/Y 

-0.63\, , ' - 0 . 6 3  / 
I \ 

, 
'\ + 4  .2  ,' 

-4: ,- 1 - 4  
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which gives an energy minimum of -46.72 kcal/mol (Table 1) (the 
+4.2 values are the minimum of energy of the polymers strained into 
"twofald helix"), thus of -2.336 kcal/mol for each glucose ring. It is 
easy to see from this that the crystal  can grow more easily in one 
direction than the other. Thus, for a crystal  of eight chains, such as 
I and 11: 

J 
Total minimum = -126.44 kcal/mol 
Minimum per  each glucose ring = -3 .95 kcal/mol 

Total minimum = - 77.24 kcal/mol 
Minimum per each glucose ring = -2.41 kcal/mol 
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This indicates (i) that it is energetically favorable for the crystal 
to grow in size in any of the two possible directions (x or  z)  and, (ii) 
that it is more favorable for the crystal  to grow along direction x 
than along direction Z. This means that the crystalline zones of ele- 
mentary and subelementary microfibrils a r e  most likely to have a dis- 
tinctly rectangular section with the longer side of the section along the 
x-axis. This does not exclude growth of the crystal along the z-axis. 
It only means that there will be greater growth along the x-axis than 
the z-axis, and that the xz-section of the crystallite has no (or very 
little) likelihood to be square-like. 

R e l a t i v e  C o m b i n a t i o n  of  A m o r p h o u s  a n d  C r y s t a l l i n e  
R e g i o n s  

A last point of interest from this conformational analysis study is  
the appearance of the combination of amorphous and crystalline regions 
in cellulose I. The percentage crystallinity of wood cellulose varies 
between 50% and 60% [lo].  At 50% crystallinity this means that i f the  
cellulose crystallites a r e  200 8, [ll], the amorphous region which will 
contain an equal amount of glucose residues will have a shorter length 
due to its helix configuration. 

Thus, for a 200-8, long crystallite, each chain in the crystal wil l  
contain 39 glucose residues. An amorphous chain of 39 glucose resi- 
dues, if formed of cellobioside monomer of (-49",- 130") conformation 
(the helix of which presents a 360" rotation o r  step every 7.5 monomers 
= 15 glucose rings), will have a length along the helix axis of approxi- 
mately 153 A. In Fig. 4 this helix is shown for a total 360" rotation (15 
glucose rings). This means that the amorphous region will present 
slightly more than 2$ X 360" steps between two consecutive crystallites. 
For  60% crystallinity the average number of glucose residues i n  the 
amorphous zone will be approximately 31 and the length of the amor- 
phous zone will be approximately 122 8,. These values for lengths will 
be different i f  the helix with cellobioside monomer (Oo,- 161") conforma- 
tion i s  present. 

C O N C L U S I O N S  

From the results of this conformational analysis study, in which all 
the possible interactions between all possible atoms were taken into 
consideration, it appears that cellulose I i s  composed of amorphous 
zones in which the cellulose chains have a helicoidal configuration and 
crystalline zones. The crystalline zones a r e  better described by the 
Meyer/Misch and related models in which a central antiparallel chain 
shift of 2.6 A along its axis is present in the cryatallographic cell than 
by models in which the central chain is parallel to the others. The 
Meyer/Mark model, however, cannot be completely discarded. 
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When all the interactions a re  taken into consideration, these latter 
models are energetically valid for chains of up to three glucose resi- 
dues each, but a r e  energetically impossible for  longer chains due t o ,  
71bumpingql of atoms where no decrease by bond rotation of the unwanted 
interaction i s  possible. 

The cellobioside structure, rather than cellobiose, is the monomer 
present throughout cellulose I. No H bonds are present between over- 
imposed chains along the z-axis. The helixes in the amorphous zones 
can be each formed of a single type of conformation o r  a mixture of 
different helixes with each formed by monomers in a single conforma- 
tion, o r  of helixes formed by a mixture of monomers in different con- 
formations. The P-glucosidic linkages a r e  at least similar every second 
one along the chain; two consecutive 0-glucosidic linkages a r e  never in 
the same a,* configuration. What was found by this conformational ana- 
lysis i s  consistent with IR and x-ray diffraction data on the  nature of 
cellulose. 

While in the Meyer/Misch-type model no H bonding of any signifi- 
cance i s  present between the central chain and the others in the Meyer/ 
Mark model, when this model is allowed, H bonding of the order  of 15 
kcal/mol (for four glucose chains) is present between the central chains 
and the others (Frey-Wissling modification) [12]. 
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