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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishin  symposi  quickl  i  book form  Th
format of the Serie
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

"We must love them both, those whose opinions we share and those whose 
opinions we reject. For both have labored in the search for truth and both 
have helped us in the finding of it." 

CONTROVERSY HAS BEEN A CONSTANT IN THE STUDY OF CELLULOSE since 
it began in the middle of
of industrial use of cellulosic raw materials, and with advances in plant 
biology. The early controversies involved many hypotheses concerning the 
chemical nature of cellulose and culminated in the acceptance of the 
polymer hypothesis during the first decades of this century. More recent 
controversies have dealt with hypotheses concerning the physical structures 
of cellulose as well as the mechanisms of its biogenesis. 

The symposium upon which this book is based was an attempt to 
promote convergence among the structural hypotheses toward a useful 
paradigm. Such a model would be helpful to practitioners in other areas of 
cellulose science who are seeking to organize chemical or biological data 
concerning cellulose in relation to its structure. The symposium also sought 
to bring together reports from the leading laboratories active in structural 
studies on the many forms and complexes of cellulose. The objective was 
to incorporate discussion of new methodologies that have been applied to 
cellulose in the past decade and to include the most recent results based on 
more traditional methods of structural investigation. Furthermore, the 
organizers of the symposium wanted to include some presentations 
representative of the uses of structural studies to complement investigations 
of other aspects of cellulose. 

Another objective of the symposium, in addition to promoting further 
studies in the field, was to provide those in related fields with a sense of the 
origin of the controversies and the questions that remain open. 

In a review published in 1970, D. W. Jones wrote, "After extensive 
studies by many crystallographers over the last 50 years.. .many uncertain
ties remain about the crystal structures of the celluloses and their 
derivatives." Later in the same review he added, "When evidence from 
spectroscopy and stereochemistry is taken into account, the X-ray data 
from cellulose I, modest as they are, have not been shown to be consistent 
with any conventional crystal structure." The diversity of views represented 

—Saint Thomas Aquinas 

ix 
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in the chapters of this book suggests that the observations made by Jones 
remain valid today, though perhaps some convergence of views can be 
perceived. 

Investigators attempting to interpret the diffractometric data seek the 
simplest structure consistent with the data. On the other hand, neither recent 
spectroscopic results nor some of the earlier data concerning allomorphic 
transformation could be rationalized in terms of the simple structures that 
were fitted to the diffractometric data. Thus, to the extent that a structural 
model is to be used to organize and interpret patterns of behavior, the 
simple structural models are inadequate. Yet the diffractometric data have 
not provided a sufficient basis for refinement of a structural model with a 
larger number of internal degrees of freedom. The chapters in this book are 
at the leading edge of the effort to resolve the questions that remain in this 
area. 

Readers familiar wit  terminology
cellulose structures will note that, in many chapters, the commonly used 
polymorph has been replaced with allomorph. This term was suggested by 
A. D. French, who pointed out that this differentiation is more consistent 
with correct usage in crystallography. This usage has not been required of 
authors, however, so both forms occur in the book. 

The cooperation of many individuals has been central to completion of 
this volume. R . St. John Manley first suggested the symposium when he was 
program chairman for the Cellulose, Paper, and Textile Division. More 
recently, as chairman of the division, he supported publication of this 
volume in the ACS Symposium Series. The referees provided an important 
measure of refinement for the manuscripts beyond the initial drafts. A. D. 
French was willing to undertake a disproportionate share of the review 
process and provided helpful editorial assistance for a number of manu
scripts. The Institute of Paper Chemistry provided valuable assistance with 
respect to correspondence and preparation of a number of manuscripts not 
originating at the Institute; Grace Kessler was particularly helpful. Robin 
Giroux of the ACS Books Department provided support and helpful 
suggestions at many stages during the publication process. Finally, the 
authors, who invested time and effort in the preparation of the manuscripts, 
are the individuals without whom the publication would not be possible. I 
extend to all my deepest appreciation. 

R A J A I H. ATALLA 

Institute of Paper Chemistry 
Appleton, WI 

March 1987 
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Chapter 1 

Structures of Cellulose 

Rajai H. Atalla 

Institute of Paper Chemistry, Appleton, WI 54912 

An overview of studies of the structure of cellulose 
is presented and begins with a historical perspective, 
developed with particular emphasis on the early dif
fractometric studies. More recent studies are then 
described, and the key questions confronted in any 
analysis of diffractometri
central question
the assumption that the unit cells of cellulose belong 
to space group P21, and whether the twofold screw axis 
associated with this space group coincides with the 
molecular chain axes. The diversity of the interpre
tations which occur in the literature and in following 
chapters is noted. More recent spectroscopic investi
gations are then discussed, with emphasis on the 
degree to which they may provide additional infor
mation concerning structure. It is noted that 
although both Raman spectroscopy and CP-MAS 13C NMR 
cannot provide direct information concerning the posi
tions of molecules in the unit cells, they are sen
sitive to the values of the internal coordinates. 
Thus, they provide information complementary to the 
diffractometric data in that it serves to constrain 
the acceptable structural models to a smaller subset 
than that otherwise admissible on the basis of 
diffractometric observations alone. In this respect, 
the spectroscopic information complements the diffrac
tometric data in the same way as the assumptions con
cerning the symmetry of the unit cell. Furthermore, 
it appears that the structures suggested by the 
spectroscopic studies represent relatively small 
although significant departures from those derived on 
the basis of diffractometry alone. In anticipation of 
future directions in studies of celluloses, it is 
noted that multidisciplinary approaches, similar to 
some described in later chapters, hold great promise 
for future progress in understanding the structural 
diversity that is characteristic of cellulose. 

0097-6156/87/0340-0001 $06.00/0 
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2 THE STRUCTURES OF CELLULOSE 

Since the occurrence of c e l l u l o s e as a d i s t i n c t substance was f i r s t 
recognized by Anselme Payen i n 1842 the e v o l u t i o n of ideas concern
ing i t s structure has been c l o s e l y r e l a t e d to advances i n s t r u c t u r a l 
chemistry and i t s methodologies. The pattern of c l o s e r e l a t i o n con
tinues i n t o the present time and i s well r e f l e c t e d i n the f o l l o w i n g 
chapters which include c o n t r i b u t i o n s from most of the major lab o r a 
t o r i e s active i n the f i e l d . In t h i s chapter, we discuss the s t r u c 
t u r a l problem i n general and place those of the following chapters 
which are concerned with the problem i n perspective r e l a t i v e to 
recent developments i n the f i e l d , with p a r t i c u l a r emphasis on the 
past decade. 

The procedures for s t r u c t u r a l studies on c e l l u l o s e have much i n 
common with i n v e s t i g a t i o n s of s t r u c t u r e i n polymers i n general. In 
most instances d i f f r a c t o m e t r i c data are not s u f f i c i e n t for a s o l u 
t i o n of the s t r u c t u r e i n a manner analogous to that p o s s i b l e for 
lower molecular weight compounds which can be made to form s i n g l e 
c r y s t a l s . It becomes necessary  therefore  to complement d i f f r a c 
tometric data with s t r u c t u r a
c a r r i e d out on the monomer

Kakudo and Kasai have summarized the c e n t r a l problem w e l l (_1_): 
"There are generally l e s s than 100 independently observable d i f f r a c 
t i o n s for a l l layer l i n e s i n the x-ray diagram of a f i b r o u s polymer. 
This c l e a r l y imposes l i m i t a t i o n s on the p r e c i s i o n which can be 
achieved i n polymer s t r u c t u r e a n a l y s i s , e s p e c i a l l y i n comparison 
with the 2000 or more d i f f r a c t i o n s observable for ordinary s i n g l e 
c r y s t a l s . However, the molecular chains of the high polymer u s u a l l y 
possess some symmetry of t h e i r own, and i t i s o f t e n p o s s i b l e to 
devise a s t r u c t u r a l model of the molecular chain to i n t e r p r e t the 
f i b e r period i n terms of the chemical composition by comparison with 
s i m i l a r or homologous substances of known st r u c t u r e . S t r u c t u r a l 
information from methods other than x-ray d i f f r a c t i o n (e.g., i n f r a 
red and NMR spectroscopy) are a l s o sometimes h e l p f u l i n d e v i s i n g a 
s t r u c t u r a l model of the molecular chain. The majority of the s t r u c 
t u r a l analyses which have so f a r been performed are based on models 
derived i n t h i s way. This i s , of course, a t r i a l and e r r o r method". 
S i m i l a r perspectives have been presented by Arnott (2), Atkins (3_), 
and Tadokoro (4,_^). 

An acceptable f i t to the d i f f r a c t o m e t r i c data i s not the u l t i 
mate o b j e c t i v e , however. Rather i t i s the development of a model 
that possesses a s i g n i f i c a n t measure of v a l i d i t y as the b a s i s f o r 
organization, explanation and p r e d i c t i o n of experimental observa
t i o n s . With respect to t h i s c r i t e r i o n , the models of c e l l u l o s e 
which have been developed so f a r leave much to be desired, f o r t h e i r 
capacity to integrate and u n i f y the vast array of information con
cerning c e l l u l o s e i s l i m i t e d indeed. One of the o b j e c t i v e s of t h i s 
symposium i s to f a c i l i t a t e i d e n t i f i c a t i o n of points of departure for 
fu r t h e r studies i n search of models which are more u s e f u l . 

To help place the proceedings i n perspective we begin with a 
b r i e f h i s t o r i c a l review, and continue with a d i s c u s s i o n of recent 
c o n t r i b u t i o n s based on the key methodologies which have been used. 
The methodologies are i n three broad, complementary categories, 
which include d i f f r a c t o m e t r y , spectroscopy, and t h e o r e t i c a l model 
b u i l d i n g on the basis of conformational a n a l y s i s . Although, s i g n i 
f i c a n t s t r u c t u r a l information i s i n f e r r e d from patterns of chemical 
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1. ATALLA Structures of Cellulose 3 

r e a c t i o n s under a wide range of conditions, we l i m i t t h i s chapter to 
studies based on p h y s i c a l methods. 

In order to achieve greater c l a r i t y i n the following d i s c u s 
sion, i t i s well to note that questions of str u c t u r e a r i s e at three 
d i f f e r e n t l e v e l s . The f i r s t , that of the chemical s t r u c t u r e , 
r e f l e c t s the pattern of covalent bonding i n c e l l u l o s e molecules and 
i s generally well e s t a b l i s h e d . While the e v o l u t i o n of concepts at 
t h i s l e v e l i s of h i s t o r i c a l i n t e r e s t , i t i s not under d i s c u s s i o n i n 
these proceedings. The next l e v e l of structure i s that of the r e l a 
t i v e o r g a n i z a t i o n of the repeat u n i t s i n an i n d i v i d u a l molecule, 
under c o n s t r a i n t s of conformational energy considerations, as we l l 
as considerations of packing of the molecules i n a p a r t i c u l a r state 
of aggregation. This l e v e l of st r u c t u r e i s p a r t i c u l a r l y important 
i n spectroscopic studies wherein the energy l e v e l s between which 
t r a n s i t i o n s are observed are determined by the values of the i n t e r 
nal coordinates which define molecular conformations. The f i n a l 
l e v e l of structure i s that r e f l e c t i n g the arrangement of the mole
cules r e l a t i v e to each othe
whether i t be amorphous
t a l l i n e allomorphs which occur because of the polymorphy charac
t e r i s t i c of the c r y s t a l l i n i t y of c e l l u l o s e . This i s the l e v e l of 
str u c t u r e probed by d i f f r a c t o m e t r i c measurements which are inherent
l y most s e n s i t i v e to the three dimensional o r g a n i z a t i o n represented 
by a p a r t i c u l a r state of aggregation. 

H i s t o r i c a l Overview 

The e v o l u t i o n of ideas concerning the nature of c e l l u l o s e and 
the models of i t s chemical s t r u c t u r e have been described by Purves 
(6^) i n an e x c e l l e n t overview, beginning with the f i r s t observations 
by Payen and leading up to those which f i n a l l y won acceptance of the 
polymer hypothesis i n the decade immediately preceding the Second 
World War. Another valuable perspective i s presented by F l o r y (7) 
i n h i s general review of the e v o l u t i o n of the polymeric hypothesis, 
h i g h l i g h t i n g i n v e s t i g a t i o n s of the three common natural homopoly-
mers: starch, c e l l u l o s e , and n a t u r a l rubber. F i n a l l y , the f i r s t 
chapter i n the t r e a t i s e by Hermans (8) focuses on the p h y s i c a l chem
i c a l aspects of the ea r l y s t r u c t u r a l studies, i n an account which i s 
an e x c e l l e n t complement to the review by Purves with i t s emphasis on 
the c l a s s i c a l organic chemical phase i n the s t r u c t u r a l studies. 

Among more recent reviews of st r u c t u r e , those by Jones (90, 
and by Tonessen and E l l e f s e n (lOjJjO are the most comprehensive. 
Preston (12) and Frey-Wyssling (13) i n t h e i r respective t r e a t i s e s on 
plant c e l l w a l l s , have a l s o touched upon the problem of the s t r u c 
ture of c e l l u l o s e . The reader i s r e f e r r e d to these sources f o r 
comprehensive presentations of the range of proposals concerning the 
structur e s of c e l l u l o s e which have been under d i s c u s s i o n i n recent 
decades. A representative subset w i l l be presented here as a point 
of departure for fo l l o w i n g d i s c u s s i o n s . 

Quite early i n the x-ray d i f f r a c t o m e t r i c studies of c e l l u l o s e 
i t was recognized that i t s c r y s t a l l i n i t y i s polymorphic. It was 
est a b l i s h e d that native c e l l u l o s e , on the one hand, and both regen-
rated and mercerized c e l l u l o s e s , on the other, represent two 
d i s t i n c t c r y s t a l l o g r a p h i c allomorphs (14). L i t t l e has tr a n s p i r e d 
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4 THE STRUCTURES OF CELLULOSE 

since the e a r l y studies to change these perceptions. There has 
been, however, l i t t l e agreement regarding the s t r u c t u r e s of the two 
forms. For example, P e t i t p a s et a l . (15) have suggested on the 
b a s i s of extensive analyses of e l e c t r o n - d e n s i t y d i s t r i b u t i o n s from 
x-ray d i f f r a c t o m e t r i c measurements that chain conformations are 
d i f f e r e n t i n c e l l u l o s e s I and I I . In contrast, Norman (16) has 
i n t e r p r e t e d the r e s u l t s of h i s equally comprehensive x-ray d i f f r a c 
tometric studies i n terms of s i m i l a r conformations for the two a l l o 
morphs. 

At a more basic l e v e l than the comparison of c e l l u l o s e s I and 
I I , the stucture of the native form i t s e l f has remained i n question. 
Among recent s t u d i e s , for example, Blackwell and Gardner (17), i n 
t h e i r a n a l y s i s of the s t r u c t u r e of c e l l u l o s e from V a l o n i a v e n t r i -
cosa, assumed a l a t t i c e belonging to the ?2\ space group, with the 
twofold screw axis coincident with the molecular chain a x i s . Hebert 
and Muller (18), on the other hand, i n an e l e c t r o n d i f f r a c t o m e t r i c 
study of a number of c e l l u l o s e s i n c l u d i n g Valonia, confirmed the 
findings of e a r l i e r i n v e s t i g a t o r
of the odd order r e f l e c - t i o n
P2j, and concluded that the c e l l u l o s e u n i t c e l l s do not belong to 
that space group. 

Even when P2^ i s taken to be the appropriate space group, the 
question of chain p o l a r i t y remains. As noted by Jones (19), and by 
Howsmon and Sisson (20), the s t r u c t u r e i n i t i a l l y proposed by Meyer 
and Mark (21) assumed that the chains were p a r a l l e l i n p o l a r i t y . 
The structure l a t e r proposed by Meyer and Misch (22) was based on 
the reasoning that the r a p i d i t y of mercerization, and i t s occurrence 
without d i s s o l u t i o n required that the p o l a r i t y of the chains be the 
same i n both c e l l u l o s e s I and I I . It was reasoned f u r t h e r that r e 
generation of c e l l u l o s e from s o l u t i o n i s most l i k e l y to r e s u l t i n 
p r e c i p i t a t i o n i n an a n t i p a r a l l e l form, and that the s i m i l a r i t y be
tween x-ray d i f f r a c t i o n patterns of mercerized and regenerated c e l 
l u l o s e required that they have the same p o l a r i t y . It was thus i n f e r 
red that native c e l l u l o s e must a l s o have an a n t i p a r a l l e l s t r u c t u r e . 

Although the argument that regeneration i n the a n t i p a r a l l e l 
mode i s more probable was found i n v a l i d w i t h i n a decade of i t s f i r s t 
presentation (23), the r e l a t i v e o r g a n i z a t i o n of molecules suggested 
by Meyer and Misch remained the point of departure for most sub
sequent i n v e s t i g a t o r s . 

When the models i n c o r p o r a t i n g a n t i p a r a l l e l arrangement of the 
chains are extended to native c e l l u l o s e , they pose serious questions 
concerning proposed mechanisms f o r the biosynthesis of c e l l u l o s e . 
It i s d i f f i c u l t to e n v i s i o n a p l a u s i b l e mechanism for simultaneous 
synthesis and aggregation of a n t i p a r a l l e l chains. It i s perhaps for 
t h i s reason that more recent proposals of p a r a l l e l s t r u c t u r e s for 
native c e l l u l o s e have been embraced by i n v e s t i g a t o r s of the mecha
nism of b i o s y n t h e s i s . 

The c o n t r i b u t i o n of spectroscopy to the early studies of s t r u c 
ture was quite l i m i t e d . An important c o n t r i b u t i o n was made i n the 
studies by Liang and Marchessault (24-26) wherein measurements of 
dichroism i n i n f r a r e d absorption of o r i e n t e d specimens led to pro
posal of a p a r t i c u l a r hydrogen-bonding scheme. The d i f f e r e n c e s be
tween the spectra of c e l l u l o s e s I and II were explained i n terms of 
d i f f e r e n c e s i n the packing of molecular chains and associated 
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1. ATALLA Structures of Cellulose 5 

v a r i a t i o n s i n the hydrogen-bonding patterns. In another a p p l i c a 
t i o n , i n f r a r e d absorption measurements were used as the b a s i s of a 
c r y s t a l l i n i t y index by Nelson and O'Connor (27,28). 

More r e c e n t l y , a number of new s t r u c t u r e s e n s i t i v e techniques 
have been developed, and they have been applied to studies of c e l l u 
lose. These include Raman spectroscopy and S o l i d State ^ C Nuclear 
Magnetic Resonance, i n the experimental arena, and conformational 
energy c a l c u l a t i o n s i n the t h e o r e t i c a l domain. These are more 
recent c o n t r i b u t i o n s and are the subjects of subsequent sections i n 
t h i s chapter and l a t e r chapters i n these proceedings. 

D i f f r a c t o m e t r i c Studies 

As noted by Kakudo and Kasai, the primary d i f f i c u l t y i n s t r u c t u r a l 
studies on polymeric f i b e r s i s that the number of r e f l e c t i o n s 
u s u a l l y observed i n d i f f r a c t o m e t r i c studies are quite l i m i t e d . In 
the case of c e l l u l o s e i t i s generally d i f f i c u l t to obtain more than 
50 r e f l e c t i o n s . Consequentl
number of s t r u c t u r a l coordinate
adopting p l a u s i b l e assumptions concerning the s t r u c t u r e of the mono-
meric e n t i t y . The l i m i t e d s c a t t e r i n g data are then used to deter
mine the o r i e n t a t i o n of the monomer u n i t s with respect to each 
other. In the majority of d i f f r a c t o m e t r i c studies of c e l l u l o s e 
published so f a r , the monomeric e n t i t y has been chosen as the 
anhydroglucose u n i t . Thus, s t r u c t u r a l information from s i n g l e 
c r y s t a l s of glucose i s i m p l i c i t l y incorporated i n the analyses of 
the structure of c e l l u l o s e . The coordinates which are adjusted i n 
search of a f i t to the d i f f r a c t o m e t r i c data include those of the 
primary a l c o h o l group at C6, those of the g l y c o s i d i c linkage, and 
those d e f i n i n g the p o s i t i o n s of the chains r e l a t i v e to each other. 

In a d d i t i o n to s e l e c t i o n of the s t r u c t u r e of the monomer as the 
b a s i s for d e f i n i n g the i n t e r n a l coordinates of the repeat u n i t , the 
p o s s i b l e s t r u c t u r e s are usually f u r t h e r constrained by taking advan
tage of any symmetry possessed by the unit c e l l . The symmetry i s 
derived from the systematic absence of r e f l e c t i o n s which are f o r b i d 
den by the s e l e c t i o n rules for a p a r t i c u l a r space group. In the 
case of c e l l u l o s e , the s i m p l i f i c a t i o n usually introduced i s the 
a p p l i c a t i o n of the symmetry of space group P2i, which includes a 
twofold screw axis p a r a l l e l to the d i r e c t i o n of the chains. The 
v a l i d i t y of t h i s s i m p l i f i c a t i o n remains the subject of controversy, 
however, because the r e f l e c t i o n s which are disallowed under the 
s e l e c t i o n r u l e s of the space group are i n fact frequently observed. 
In most of the studies these r e f l e c t i o n s , which are usually weak 
r e l a t i v e to the other main r e f l e c t i o n s , are assumed to be n e g l i 
g i b l e . The controversy continues because the r e l a t i v e i n t e n s i t i e s 
can be influenced by experimental conditions such as the periods of 
exposure of the d i f f r a c t o m e t r i c p l a t e s . Furthermore, the disallowed 
r e f l e c t i o n s tend to be more intense i n e l e c t r o n d i f f r a c t o m e t r i c 
measurements than i n x-ray d i f f r a c t i o n measurements. Thus, more 
oft e n than not, i n v e s t i g a t o r s using e l e c t r o n d i f f r a c t i o n challenge 
the v a l i d i t y of the assumption of twofold screw axis symmetry. 

The key assumption with respect to symmetry, however, i s not 
the existence of the twofold screw axis as an element of the sym
metry of the u n i t c e l l , but rather the a d d i t i o n a l assumption that 
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t h i s axis coincides with the axis of the molecular chains of c e l l u 
lose. This l a t t e r assumption has, i m p l i c i t i n i t , a number of 
a d d i t i o n a l c o n s t r a i n t s on the p o s s i b l e s t r u c t u r e s which can be 
derived from the data. It requires that adjacent anhydroglucose 
u n i t s are r e l a t e d to each other by a r o t a t i o n of 180 degrees about 
the a x i s , accompanied by a t r a n s l a t i o n equivalent to h a l f the length 
of the unit c e l l i n that d i r e c t i o n ; i t i s i m p l i c i t , therefore, that 
adjacent anhydroglucose u n i t s are symmetrically equivalent and, 
correspondingly, that a l t e r n a t i n g g l y c o s i d i c linkages along the 
chain are symmetrically equivalent. 

If the assumption concerning coincidence of the twofold screw 
axis and the molecular chain axis were excluded for example by 
l o c a t i n g the twofold screw axis between the molecular chains though 
s t i l l p a r a l l e l to the chain axes, the d i f f r a c t o m e t r i c patterns would 
admit nonequivalence of a l t e r n a t e g l y c o s i d i c linkages along the 
molecular chain, as well as the nonequivalence of adjacent anhydro
glucose u n i t s . This p o s s i b i l i t y has been ignored  however  i n large 
part because i t require
dinates which have to b
Furthermore, i t excludes the p o s s i b i l i t y of a n t i p a r a l l e l alignment 
of chains i n the u n i t c e l l . 

The assumptions that the u n i t c e l l possesses the symmetry of 
space group P2\ and that the twofold axis i s coincident with the 
chain a x i s , do i n fact meet a c r i t e r i o n long honored i n s c i e n t i f i c 
s t u d i e s , namely, W i l l i a m of Ockham's p r i n c i p l e of economy, which 
requires that the most simple hypothesis consistent with obser
vations should always be adopted. C l e a r l y the s t r u c t u r e based on 
the anhydroglucose as the repeat unit i s the most simple s t r u c t u r e 
that accounts for the majority of the d i f f r a c t o m e t r i c data. 
Furthermore, the d i f f r a c t o m e t r i c data a v a i l a b l e are not s u f f i c i e n t 
to allow refinement of a s t r u c t u r e possessing many more degrees of 
freedom, as would be the case i f the twofold axis were not assumed 
coincident with the chain a x i s . 

The assumptions concerning the symmetry of the u n i t c e l l noted 
above have been the basis of recent refinements of the s t r u c t u r e of 
c e l l u l o s e I. In one such refinement (17) the forbidden r e f l e c t i o n s 
were simply assumed n e g l i g i b l e , and the i n t e n s i t y data from V a l o n i a 
c e l l u l o s e were used to a r r i v e at a f i n a l s t r u c t u r e . In another 
study, the inadequate informational content of the d i f f r a c t o m e t r i c 
data was complemented with analyses of l a t t i c e packing energies 
(29); the f i n a l s t r u c t u r e s were constrained to minimize the packing 
energy as well as optimizing the f i t to the d i f f r a c t o m e t r i c data. 
Here the assumptions i m p l i c i t i n the weighting of the p o t e n t i a l 
functions which are used i n the energy c a l c u l a t i o n s , f u r t h e r compli
cate the i n t e r p r e t a t i o n s . As noted by French, et a l . i n a sub
sequent chapter i n these proceedings, the structures derived i n 
these two studies, though both based on p a r a l l e l chain arrangements, 
are nevertheless very d i f f e r e n t c r y s t a l s t r u c t u r e s . When the same 
convention i s applied i n d e f i n i n g the axes of the c r y s t a l l a t t i c e , 
the s t r u c t u r e most favored i n one a n a l y s i s i s strongly r e j e c t e d i n 
the other. Furthermore, n e i t h e r of these i s strongly favored over 
yet a t h i r d , a n t i p a r a l l e l s t r u c t u r e (30). 

The s t r u c t u r e s of oligomers are another important source of 
relevant information c i t e d by Kakudo and Kasai. The i m p l i c a t i o n s of 
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the structures of the disaccharides have been considered by A t a l l a 
(31) and were the basis f o r reassessment of the second assumption 
concerning symmetry noted above. Structures with a l t e r n a t i n g non-
equivalent g l y c o s i d i c linkages were found more consi s t e n t with 
spectroscopic data (32). 

Studies of oligomers have been extended i n two chapters i n the 
present volume, with the comparisons made p r i m a r i l y with s t r u c t u r e s 
proposed for c e l l u l o s e I I . S a k t h i v e l , et a l . a p p l i e d the R i e t v e l d 
c r y s t a l s t r ucture method to c e l l o t e t r a o s e . Their r e s u l t s favor a 
p a r a l l e l arrangement of chains i n the uni t c e l l , with i n d i v i d u a l 
chains possessing near twofold screw axis symmetry. 

In a study of a number of oligomers, Henrissat, et^ a_l_. used a 
m u l t i d i s c i p l i n a r y approach to examine the matter of the v a l i d repeat 
u n i t . Their conformational analyses and NMR spectra were 
in t e r p r e t e d i n terms of nonequivalent g l y c o s i d i c linkages i n the 
i n d i v i d u a l chains, but the d i f f r a c t i o n data were found most con
s i s t e n t with an a n t i p a r a l l e l s t r u c t u r e

Spectroscopy 

Spectroscopic studies are use f u l i n s t r u c t u r a l i n v e s t i g a t i o n s be
cause they provide information which i s complementary to that de
r i v e d from d i f f r a c t o m e t r i c data. The information derived from 
spectra i s not d i r e c t l y r e l a t e d to the coordinates of molecules i n 
the unit c e l l . The spectra are, however, s e n s i t i v e to the values of 
i n t e r n a l coordinates which define molecular st r u c t u r e . Thus they 
provide a bas i s f o r t e s t i n g the degrees of equivalence of s t r u c 
tures. Very o f t e n also, s p e c i f i c s p e c t r a l features can be iden
t i f i e d with p a r t i c u l a r f u n c t i o n a l groups defined by d i s t i n c t i v e sets 
of i n t e r n a l coordinates. 

Two cl a s s e s of s p e c t r a l studies have been applied for the f i r s t 
time during the past decade as the bas i s of s t r u c t u r a l studies of 
c e l l u l o s e . These are Raman spectroscopy, and s o l i d s t a t e NMR 
using the CP/MAS technique. Both have r a i s e d questions concerning 
the assumptions about symmetry incorporated i n the d i f f r a c t o m e t r i c 
s t u d i e s . And while they cannot provide d i r e c t information con
cerning the st r u c t u r e s , they e s t a b l i s h c r i t e r i a that any st r u c t u r e 
must meet to be regarded as an adequate model. The information from 
spectroscopic studies represents one of the major portions of the 
phenomenology that any acceptable s t r u c t u r a l model must r a t i o n a l i z e . 

Although the new s p e c t r a l methods have also found a p p l i c a t i o n 
i n i n v e s t i g a t i o n s of s t r u c t u r a l changes induced by mechanical t r e a t 
ments or by treatments with s w e l l i n g agents, the following d i s c u s 
s i o n w i l l be l i m i t e d to studies which have focused on questions of 
str u c t u r e . The r e s u l t s of such studies have to be r a t i o n a l i z e d by 
any model derived from c r y s t a l l o g r a p h i c i n v e s t i g a t i o n s and thus 
provide t e s t s of consistency complementary to the d i f f r a c t o m e t r i c 
data, i n the sense set f o r t h by Kakudo and Kasai. 

Raman Spectroscopy. Raman spectroscopy i s the common a l t e r n a t i v e 
to i n f r a r e d spectroscopy f o r i n v e s t i g a t i n g molecular v i b r a t i o n a l 
states and v i b r a t i o n a l spectra. It has enjoyed a s i g n i f i c a n t re
v i v a l since the development of l a s e r sources for e x c i t a t i o n of the 
spectra. Its key advantage i n the present context i s that i t i s 
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pr i m a r i l y s e n s i t i v e to the s k e l e t a l v i b r a t i o n s of the c e l l u l o s e 
molecule, with the mode of packing i n the l a t t i c e having only secon
dary e f f e c t s . This feature i s a consequence of the dependence of 
Raman s p e c t r a l a c t i v i t y of molecular v i b r a t i o n s on changes i n the 
p o l a r i z a b i l i t y of v i b r a t i n g bond systems, rather than changes i n 
associated molecular d i p o l e s . The most intense c o n t r i b u t i o n s to the 
spectra are due to bond systems which are predominantly covalent i n 
character, with the more polar systems r e s u l t i n g i n much weaker 
bands. 

In the f i r s t d e t a i l e d comparison of the Raman spectra of 
c e l l u l o s e s I and I I , i t was concluded that the d i f f e r e n c e s between 
the spectra, p a r t i c u l a r l y i n the low frequency region, could not 
be accounted f o r i n terms of chains possessing the same confor
mation but packed d i f f e r e n t l y i n the d i f f e r e n t l a t t i c e s (33). As 
noted above, that had been the general i n t e r p r e t a t i o n of d i f f r a c -
tometric studies of the two most common allomorphs. The studies of 
the Raman spectra led to the proposal that two d i f f e r e n t stable con
formations of the c e l l u l o s
morphs. 

In order to e s t a b l i s h the d i f f e r e n c e s between the conforma
t i o n s , information from other sources was considered. The r e s u l t s 
of published conformational energy c a l c u l a t i o n s suggested two stable 
conformations f o r the g l y c o s i d i c linkages (34,35). These represent 
r e l a t i v e l y small left-handed and right-handed departures from the 
conformation of the g l y c o s i d i c linkage i n a twofold h e l i c a l s t r u c 
ture. They are well approximated, r e s p e c t i v e l y , by the experimen
t a l l y observed conformations of the g l y c o s i d i c linkages i n the 
c r y s t a l s t r u c t u r e s of the model disaccharides c e l l o b i o s e (36) and 
methyl-p-cellobioside (37). 

An a n a l y s i s of the v i b r a t i o n a l spectra i n the OH s t r e t c h i n g 
region for both the model disaccharides and for c e l l u l o s e s I and I I 
suggested that nonequivalent g l y c o s i d i c linkages a l t e r n a t e along the 
molecular chains (31). The s o l i d s t a t e l^C NMR spectra were found 
consistent with t h i s model (38), although a l t e r n a t i v e i n t e r p r e t a 
t i o n s are al s o p o s s i b l e . F i n a l l y the Raman spectra i n the methylene 
bending region i n d i c a t e d that the C6 carbons occur i n two nonequiva
lent environments i n c e l l u l o s e I but appear merged i n t o a s i n g l e set 
i n c e l l u l o s e II (39). 

The r e s u l t s of the spectroscopic studies were i n t e r p r e t e d i n 
terms of nonequivalence of adjacent anhydroglucose u n i t s i n the 
molecular chains, r e q u i r i n g the bas i c repeat unit of st r u c t u r e to be 
taken as the dimeric anhydrocellobiose u n i t . The d i f f e r e n c e between 
c e l l u l o s e I and II was associated with the locus of the nonequiva
lence. In c e l l u l o s e II i t was thought to be at the g l y c o s i d i c l i n k 
ages, while i n c e l l u l o s e I i t was taken to be centered at C6 and the 
adjacent segment of the pyranose r i n g s . 

To r e c o n c i l e the conclusions o u t l i n e d above with the req u i r e 
ments of chain packing, the proposal was made that c e l l u l o s e chains 
possess a l t e r n a t e left-handed and right-handed g l y c o s i d i c linkages 
i n sequence along the chain axes. The left-handed and right-handed 
linkages were envisioned as representing r e l a t i v e l y small departures 
of the di h e d r a l angles from those p r e v a i l i n g f o r a twofold h e l i x . 
The degree of departure from the parameters of a twofold h e l i x was 
seen as somewhat greater for c e l l u l o s e II than for c e l l u l o s e I. The 
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model i s discussed i n somewhat more d e t a i l i n the chapter by Wiley 
and A t a l l a , l a t e r i n t h i s volume. 

S o l i d State 1 3 C NMR Spectra. 
The second important spectroscopic method which has been applied i n 
i n v e s t i g a t i n g the s t r u c t u r e of c e l l u l o s e during the past decade i s 
high r e s o l u t i o n NMR of the s o l i d s t a t e based on the CP-MAS tech
nique. In t h i s technique, cross p o l a r i z a t i o n (CP) i s used to en
hance the l^C s i g n a l , high power proton decoupling to eliminate 
d i p o l a r couplings with protons, and magic angle spinning (MAS) of 
the sample about a p a r t i c u l a r axis r e l a t i v e to the f i e l d to e l i m i 
nate chemical s h i f t anisotropy. A p p l i c a t i o n of t h i s method r e s u l t s 
i n a c q u i s i t i o n of spectra of s u f f i c i e n t l y high r e s o l u t i o n so that 
chemically equivalent carbons which occur i n magnetically nonequiva-
le n t s i t e s can be d i s t i n g u i s h e d . 

Though the technique has been used by a number of d i f f e r e n t 
i n v e s t i g a t o r s (38,40-43)  we focus here on the studies by VanderHart 
and A t a l l a as representativ
(44,45). Some resonanc
carbons occur i n the spectra of a l l the c e l l u l o s e s i n v e s t i g a t e d . 

The spectra of high c r y s t a l l i n i t y samples of c e l l u l o s e I I 
showed c l e a r s p l i t t i n g s of the resonances associated with C4 and CI. 
These have been i n t e r p r e t e d as evidence of nonequivalent g l y c o s i d i c 
linkages along the molecular chains (38), though i t has also been 
suggested that the s p l i t t i n g s may be evidence for nonequivalent 
chains i n the u n i t c e l l (43). The l a t t e r argument leaves open the 
question as to why the resonances for carbons 2, 3, 5, and 6 do not 
d i s p l a y s i m i l a r s p l i t t i n g s . 

Perhaps the most s i g n i f i c a n t new information derived from the 
CP-MAS spectra i s that r e l a t i n g to the native c e l l u l o s e s . The spec
t r a reveal m u l t i p l i c i t i e s that cannot be i n t e r p r e t e d i n terms of a 
unique unit c e l l , even though they a r i s e from magnetically non-
equivalent s i t e s i n c r y s t a l l i n e domains. The narrow l i n e s observed 
have r e l a t i v e i n t e n s i t i e s which are ne i t h e r constant among the 
samples of d i f f e r e n t native c e l l u l o s e s , nor are they i n the r a t i o s 
of small whole numbers as would be expected i f they arose from d i f 
ferent s i t e s w i t h i n a r e l a t i v e l y small u n i t c e l l . VanderHart and 
A t a l l a proposed that native c e l l u l o s e s are composites of two 
d i s t i n c t c r y s t a l l i n e forms (44,45). 

Spectra of the two forms were resolved through l i n e a r com
b i n a t i o n of the spectra of native c e l l u l o s e s possessing the two 
forms i n d i f f e r e n t proportions. The two types were designated 
c e l l u l o s e s I a and Ig. The I a form was found to be dominant i n 
c e l l u l o s e s from lower plant forms and b a c t e r i a l c e l l u l o s e s , while 
the Ig form was found dominant i n c e l l u l o s e s from higher plants. 

In studies of the Raman spectra of d i f f e r e n t native c e l l u l o s e s , 
A t a l l a (32) concluded that the two forms I a and Ig c o n s i s t of molec
u l a r chains which have the same molecular conformation. In the 
chapter by Wiley and A t a l l a i n the present volume, evidence i s pre
sented to suggest that though the molecular conformations are the 
same, the hydrogen-bonding patterns d i f f e r i n the two forms. 

VanderHart and A t a l l a a l s o present a d d i t i o n a l 1 3 C NMR CP-MAS 
experiments i n a subsequent chapter. These provide strong evidence 
for the existence of the I a and Ig forms i n native c e l l u l o s e s , 
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p a r t i c u l a r l y those from the lower plants and b a c t e r i a l c e l l u l o s e . 
They do r a i s e , however, some questions about the e a r l i e r estimates 
of the amount of I a form i n the native c e l l u l o s e s from the higher 
plants. 

In yet another a p p l i c a t i o n of the CP-MAS l^C NMR spectroscopy 
i n studies of the st r u c t u r e of c e l l u l o s e s , H o r i i , et a l . have i n t r o 
duced c o r r e l a t i o n s between the chemical s h i f t s and d i h e d r a l angles 
as the basis of developing new s t r u c t u r a l information. In a sub
sequent chapter i n these proceedings they provide an overview of 
t h e i r studies c o r r e l a t i n g the chemical s h i f t s of s p e c i f i c carbons 
with the values of the d i h e d r a l angles about bonds i n v o l v i n g those 
carbons. By examining the values of chemical s h i f t s for monomeric 
and oligomeric compounds of known st r u c t u r e s , they have developed 
c o r r e l a t i o n s which may be app l i e d i n t r a n s l a t i n g the s p e c t r a l i n f o r 
mation i n a manner that i s complementary to the d i f f r a c t o m e t r i e 
s t u d i e s . 

M u l t i d i s c i p l i n a r y Studie

In a d d i t i o n to the studies o u t l i n e d above, with primary focus on 
dif f r a c t o m e t r y or on spectroscopy, there have been, r e c e n t l y , a 
number of studies which recognize at the outset the type of con
s t r a i n t s summarized by Kakudo and Kasai, and which begin with an 
integrated approach to the i n v e s t i g a t i o n of str u c t u r e . Perhaps the 
best i l l u s t r a t i o n of t h i s approach i s the work of Henrissat and 
coworkers noted e a r l i e r and o u t l i n e d i n a l a t e r chapter, focusing 
on oligomers c l e a r l y r e l a t e d to the st r u c t u r e of c e l l u l o s e I I . 

In the work of Henrisat, e_^ a l . , the x-ray d i f f ractome t r i e data 
of Poppleton and Mathieson (46) on e e l l o t e t r a o s e was complemented 
with s t r u c t u r a l data on other oligomers, with CP-MAS 1 3 C NMR spectros
copy, with conformational energy c a l c u l a t i o n s , and with molecular 
o r b i t a l c a l c u l a t i o n s to determine some of the favored conformations. 
The d i f f i c u l t y of the problem of the st r u c t u r e s of c e l l u l o s e i s 
perhaps best i l l u s t r a t e d by some of the remaining ambiguities c i t e d 
i n t h i s study. 

Yet another set of i n t e r d i s c i p l i n a r y studies are represented by 
the work of Hayashi and coworkers, wherein they attempt to shed 
l i g h t on the questions of r e v e r s i b i l i t y , or lack thereof, i n t r a n s 
formations between the allomorphs of c e l l u l o s e and i t s d e r i v a t i v e s . 
In a d d i t i o n to t h e i r d i f f r a c t o m e t r i c studies reported i n p r i o r 
p u b l i c a t i o n s , they add i n t h e i r c o n t r i b u t i o n to the present sym
posium analyses of the i n f r a r e d spectra as well as analyses of the 
CP-MAS l^C NMR spectra. Their t h e s i s i s not in c o n s i s t e n t with the 
proposals of A t a l l a and coworkers concerning d i f f e r e n c e s between the 
conformations of c e l l u l o s e s I and II. However, Hayashi and 
coworkers go beyond t h i s by proposing that the d i f f e r e n c e s i n con
formation can be preserved i n the course of heterogeneous d e r i v a t i -
z a t i o n r e a c t i o n s , and also i n the process of generating the other 
allomorphs of c e l l u l o s e , namely c e l l u l o s e s I I I and IV, from the two 
primary allomorphs I and I I . 

The adoption of m u l t i d i s c i p l i n a r y approaches i n the e f f o r t to 
shed l i g h t on the complex questions of structures i s l i k e l y to 
expand i n the future. The proceedings of t h i s symposium are c l e a r 
evidence both for the need and the value of such approaches. 
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Future D i r e c t i o n s 

The studies reviewed b r i e f l y above place the problem of the s t r u c 
tures of c e l l u l o s e i n a promising perspective. U n t i l the develop
ment of the new spectroscopic methods, the c r y s t a l l o g r a p h i c studies 
were undertaken with l i t t l e a d d i t i o n a l information from other 
sources, with the exception o f some of the conformational energy 
c a l c u l a t i o n s . These are u s e f u l , but they are s e n s i t i v e to the 
nature of the p o t e n t i a l functions used i n the c a l c u l a t i o n s and par
t i c u l a r l y to the manner i n which the d i f f e r e n t p o t e n t i a l functions 
are weighted. 

As noted e a r l i e r , the c r y s t a l l o g r a p h i c studies have sought the 
most simple model s t r u c t u r e c o n s i s t e n t with observations. C l e a r l y 
the structure based on the anhydroglucose as the repeat unit i s the 
most simple s t r u c t u r e that accounts for the majority of the d i f f r a c -
tometric data. Furthermore, the data a v a i l a b l e did not provide a 
b a s i s for introducing departure
suggestions for i t s r e v i s i o n

The new informatio
i n two key areas. The f i r s t i s r e l a t e d to the complexity of the 
s t r u c t u r e s of the native c e l l u l o s e s . The second i s that of the 
r e l a t i o n s h i p between the s t r u c t u r e s of c e l l u l o s e s I and I I . 

It has been known for some time that the more c r y s t a l l i n e 
native c e l l u l o s e s from algae and from Acetobacter xylinum produce 
d i f f r a c t i o n patterns that have many features i n common with those of 
the c r y s t a l l i n e c e l l u l o s e s from the higher plants, such as ramie, 
but that cannot be indexed as simply or on the b a s i s of the same 
unit c e l l . The new information from the CP-MAS l^C NMR spectra, 
together with that from the Raman spectra, suggests some bases for 
understanding these d i f f e r e n c e s , and d i r e c t i o n s for f u r t h e r explora
t i o n s . 

The key conclusion that i s relevant here i s that the native 
c e l l u l o s e s are composites of more than one c r y s t a l i n e form, but that 
the d i f f e r e n c e between the two forms l i e s not i n the molecular con
formation but i n the hydrogen bonding patterns. Thus, i t i s pos
s i b l e that the native c e l l u l o s e s have u n i t c e l l s with very s i m i l a r 
atomic coordinates for the heavy atoms, but with d i f f e r e n t coor
dinates f o r the hydrogens. The s i m i l a r i t i e s i n the heavy atom l o c a 
t i o n s could account for the many comonalities i n the d i f f r a c t i o n 
patterns, while the d i f f e r e n c e s i n the coordinates of the hydrogen 
atoms could be responsible for the d i f f e r e n c e s between the patterns. 
This would account f o r the greater incidence of nonallowed r e f l e c 
t i o n s i n the e l e c t r o n d i f f r a c t i o n patterns. 

It i s not c l e a r that a polymeric system with a composite s t r u c 
ture, such as the one proposed above, represents a t r a c t a b l e c r y s t a l 
lographic problem. However, any new i n s i g h t s concerning the 
discrepancies between the proposed simple s t r u c t u r e s and the obser
vations are important, for they may suggest departures i n new d i r e c 
t i o n s f o r i n v e s t i g a t i o n . A very s i g n i f i c a n t i m p l i c a t i o n of the 
proposal suggested above, to e x p l a i n the discrepancies between the 
d i f f r a c t i o n patterns, i s that the primary determining f a c t o r i n the 
s t r u c t u r e of the native c e l l u l o s e s may be the shape of the molecules 
rather than the hydrogen bonding pattern. The proposal c l e a r l y 
implies that more than one hydrogen bonding pattern i s c o n s i s t e n t 
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with the o r g a n i z a t i o n of the heavy atoms i n the molecular skeleton 
i n the unit c e l l . The proposal has a number of other i m p l i c a t i o n s 
for f u r t h e r i n v e s t i g a t i o n , d i s c u s s i o n of which i s beyond the scope 
of the present chapter. 

With respect to the comparison between c e l l u l o s e s I and I I , the 
s p e c t r a l data leave l i t t l e question that the molecular conformations 
are indeed d i f f e r e n t . The chapter by Wiley and A t a l l a sets f o r t h 
some of the evidence based on Raman spectroscopy. The v a l i d i t y of 
the t h e o r e t i c a l arguments developed i n support of the hypothesis 
that two d i s t i n c t conformations do indeed occur has been demon
st r a t e d through i t s a p p l i c a t i o n i n studies of model compounds. The 
most comprehensive i s a study of the v i b r a t i o n a l spectra of the 
i n o s i t o l s (47), wherein spectra of seven of the isomers were 
in v e s t i g a t e d and the e f f e c t s of conformational d i f f e r e n c e s accounted 
fo r . 

The hypothesis that conformational d i f f e r e n c e s occur i s a l s o 
supported by the d i f f e r e n c e s between the CP-MAS l^C M̂R spectra of 
c e l l u l o s e s I and I I . I
i n the chemical s h i f t s o
i n the degrees of s p l i t t i n g s of the CI and C4 resonances can be 
accounted for i n terms of s t r u c t u r e s adhering s t r i c t l y to the 
assumption that the twofold screw axes coincide with the axes of the 
molecular chains. 

The data a r i s i n g from both spectroscopic methods c l e a r l y point 
to the need to explore the degree to which the d i f f r a c t i o n data can 
be accounted f o r i n terms of st r u c t u r e s wherein the anhydrocello-
biose u n i t i s assumed to be the basic repeat unit i n the c r y s t a l l o -
graphic s t r u c t u r e . The spectroscopic studies and the conformational 
energy c a l c u l a t i o n s suggest that the departures from equivalence of 
the two anhydroglucose u n i t s need not be very large ones. This may 
indeed be the reason why the disallowed r e f l e c t i o n s appear to be 
weak i n the d i f f r a c t i o n patterns. On the other hand, the spectro
scopic evidence suggests that the nature of these minor departures 
from symmetric equivalence of adjacent anhydroglucose units may be 
the key to some of the anomalies encountered i n the s t r u c t u r a l 
s t u d i e s . 

It i s c l e a r that the new information developed from spectro
scopic and m u l t i d i s c i p l i n a r y studies provides a b a s i s f o r i n i 
t i a t i n g d i f f r a c t o m e t r i e studies with a d i f f e r e n t set of c o n s t r a i n t s 
than those used i n the past. The refinements are l i k e l y to be more 
complex, but the expectation i s that the s t r u c t u r e s thus derived 
w i l l more c l o s e l y approximate the molecular s t r u c t u r e of c e l l u l o s e . 
Such models may then provide more comprehensive r a t i o n a l i z a t i o n s of 
the phenomenology of c e l l u l o s e . 
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Chapter 2 

X-ray Diffraction Studies of Ramie Cellulose I 

A. D. French1, W. A. Roughead2, and D. P. Miller2 

1Southern Regional Research Center, U.S. Department of Agriculture, P.O. Box 19687, 
New Orleans, LA 70179 

2Department of Physics and Astronomy, Clemson University, Clemson, SC 29631 

Current fiber x-ray diffraction studies, including new 
calculations by the authors, are reviewed. Because of 
different convention
structure of nativ
structure describe  "up y
for Valonia corresponds to the "down" structure that 
was strongly rejected for ramie by Woodcock and Sarko. 
A variety of assumptions were tested, as were results 
from the different computer programs used for fiber 
diffraction. These results were compared with those 
from a computer program written for single crystal 
work, and the comparisons were satisfactory. A major 
reason for the differences in reported structures for 
celluloses comes from differences in the diffraction 
intensity data sets taken at the various institutions. 

C e l l u l o s e f i b e r s have been been studied with x-ray d i f f r a c t i o n 
since 1913 (1 ) . Over the past dozen years, a number of f u l l -
fledged studies of native c e l l u l o s e have been published, each 
without apparent f a u l t , but with c o n t r a d i c t o r y i n d i c a t i o n s of chain 
packing mode. At the same time, s p e c t r o s c o p i s t s have challenged 
some of the fundamental assumptions and apparently c l e a r r e s u l t s of 
the d i f f r a c t i o n s t u d i e s . 

This report i s part of an e f f o r t by se v e r a l f i b e r 
c r y s t a l l o g r a p h e r s to bett e r understand the v a r i a b l e outcome from 
these studies and s p e c i f i c a l l y to a s c e r t a i n that r e s u l t s are not 
dependent on the p a r t i c u l a r computer program used. R. Mi l l a n e at 
Purdue and A. Sarko at Syracuse are a l s o analyzing a data set 
obtained by Roughead and M i l l e r from d i f f r a c t i o n photographs taken 
by French (the RMF data) (2) i n order to l e a r n more about the 
methodology and about c e l l u l o s e i t s e l f . In t h i s report some 
r e s u l t s w i l l be discussed based on that data as w e l l as some 
comparative r e s u l t s based on other data s e t s . 

S e l e c t i o n of Ramie C e l l u l o s e f o r Study. Ramie c e l l u l o s e was 
selec t e d f o r study because i t i s h i g h l y oriented and f a i r l y 

0097-6156/87/0340-0015$06.50/0 
© 1987 American Chemical Society 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



16 THE STRUCTURES OF CELLULOSE 

c r y s t a l l i n e . Although ramie i s not as commercially important as 
cotton, cotton f i b e r s have a complicated extra l e v e l of s t r u c t u r e 
that decreases the amount of information a v a i l a b l e from a 
d i f f r a c t i o n study. I f t h i s f i b e r s t r u c t u r e i n cotton i s destroyed 
with a Waring blender (making x-ray f i b e r d i f f r a c t i o n impossible), 
an e l e c t r o n d i f f r a c t i o n p a t t e r n nearly i d e n t i c a l to that from ramie 
may be obtained ( 3 ) . In c o n t r a s t , e l e c t r o n d i f f r a c t i o n patterns 
(and x-ray patterns, too) from a l g a l and b a c t e r i a l c e l l u l o s e s 
d i f f e r from ramie and cotton, even though they a l l have the main 
features i n common. Infrared spectra from ramie and cotton are 
also s i m i l a r to each other and d i f f e r e n t from those of the a l g a l 
and b a c t e r i a l c e l l u l o s e s (4^. Thus, the s t r u c t u r e of ramie should 
a c c u r a t e l y resemble cotton at the molecular and c r y s t a l l i t e l e v e l s , 
while there i s some doubt as to whether such c l o s e s i m i l a r i t y 
a p p l i e s between the s t r u c t u r e s of a l g a l and cotton c e l l u l o s e s . 

Review of Previous Work 

Unit C e l l . Various worker
dimensions f o r the ramie u n i t c e l l . As shown i n Table I, however, 
the a_ and _b dimensions have ranges of about 0.07 A. (The a_ and t> 
dimensions of the MGW (Mann, Gonzalez and Wellard) and RMF c e l l s 
have been interchanged to conform to standard c r y s t a l l o g r a p h i c 
n o t a t i o n (7^) as discussed below.) 

Table I. Unit C e l l s f o r Ramie 

Authors Mann* Woodcock Roughead* 
Gonzalez Sarko M i l l e r 
Wellard French 
(MGW) (WS) (RMF) 

Dimension 

a 7.846 7.78 7.794 
b 8.171 8.20 8.248 
c 10.34 10.34 10.33 
Y 96.38 96.5 96.77 

* The a and b dimensions have been interchanged from 
the reported values f o r t h i s comparison. 

The base plane of the u n i t c e l l f o r c e l l u l o s e I i s o f t e n drawn 
with the o r i g i n of the axes placed i n the lower l e f t corner, with 
the x axis to the r i g h t and the y axis up and to the l e f t 
with monoclinic angle being obtuse. However, Sarko's group i n 
Syracuse has used standard c r y s t a l l o g r a p h i c convention, with the 
o r i g i n i n the upper l e f t , the y axis to the r i g h t , and the 
x axis down and to the l e f t . In both cases, the z a x i s i s 
toward the viewer i f the x and y axes are i n the plane of 
the paper. This paper uses the standard convention, shown i n 
Figure 1, as used i n Syracuse. The a, b, and c 
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Figure 1. Drawing of the c e l l u l o s e I u n i t c e l l , according to the 
standard c r y s t a l l o g r a p h i c convention i n r e f . 7, by B i l l Garner, 
Martin Marietta Corporation. 
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dimensions are the repeating distances along the x, y, and 
z axes, r e s p e c t i v e l y . 

Chain Conformation. From computer modeling studies of c e l l u l o s e 
(8), we know that the c e l l u l o s e molecule has l i m i t e d f l e x i b i l i t y . 
Only a few regular ( i n t e r n a l l y symmetric) conformations are allowed 
f o r c e l l u l o s e , a beta 1,4-linked glucan, and s t r u c t u r e s s i m i l a r to 
the t r a d i t i o n a l 2 - f o l d h e l i x are the only ones i n accord with the 
observed z a x i s spacing. Such chains resemble f l a t ribbons. 

C r y s t a l Structure. In the current models from x-ray d i f f r a c t i o n , a 
t o t a l of two c e l l u l o s e chains having atomic p o s i t i o n s c l o s e to 
those r e s u l t i n g from 2 - f o l d screw symmetry pass through each of the 
u n i t c e l l s . These chains are bound i n t o sheets by hydrogen bonding 
between the edges of the ribbons; there are no hydrogen bonds 
proposed to connect the sheets to each other (6,9-11). The 
remaining cohesiveness i s apparently provided by vander Waals 
a t t r a c t i o n . 

In order to form thes
rotated i n t o the t g p o s i t i o n , where i t forms both i n t r a - and 
inter-molecular hydrogen bonds. Although the t g 06 p o s i t i o n i s 
somewhat c o n t r o v e r s i a l because i t i s r a r e l y found i n s i n g l e c r y s t a l 
studies of smaller carbohydrates, i t has been reported i n a l l 
recent x-ray studies of c e l l u l o s e I. 

Packing Mode. The s t r u c t u r e s f o r native ramie c e l l u l o s e described 
by Woodcock and Sarko (6) (WS) and f o r Valonia c e l l u l o s e by Gardner 
and Blackwell (11) have been c a l l e d " p a r a l l e l - u p " , as opposed to 
"parallel-down" and to " a n t i p a r a l l e l " arrangements (11). However, 
t h e i r proposed s t r u c t u r e s used the d i f f e r e n t a x i a l conventions 
described above. I f both s t r u c t u r e s are described using the same 
convention, the packing i n one of the c e l l s i s p a r a l l e l - u p and and 
the other i s packed parallel-down. In other words, the p a r a l l e l - u p 
s t r u c t u r e p r e f e r r e d by Gardner and Blackwell corresponds to the 
parallel-down s t r u c t u r e s t r o n g l y r e j e c t e d by Woodcock and Sarko. 
Work by French (9) showed a small preference f o r an a n t i p a r a l l e l 
arrangement. I d e n t i c a l , hydrogen-bonded sheet s t r u c t u r e s can be 
formed i n each of these packing arrangements, but the between-sheet 
i n t e r a c t i o n s are d i f f e r e n t . 

C e l l Symmetry. For many years, i t was accepted that the c e l l u l o s e 
molecule embodied 2-f o l d screw symmetry (space group P 2 1 ) . Later, 
Honjo and Watanabe (12) showed e l e c t r o n d i f f r a c t i o n diagrams that 
i n d i c a t e that V a l o n i a c e l l u l o s e c r y s t a l l i z e s i n the PI space group 
that does not c o n t a i n symmetric chains. The u n i t c e l l a l s o 
contained 8 chains. Other d i f f r a c t i o n work showed the presence of 
f a i n t m eridional r e f l e c t i o n s on the odd l a y e r l i n e s that a l s o 
i n d i c a t e that the chains do not have exact 2-fold screw symmetry. 
While the v a l i d i t y of t h i s evidence has been accepted f o r V a l o n i a , 
i t has not been used i n s t r u c t u r a l studies because of the low 
i n t e n s i t i e s of the spots that i n d i c a t e the large c e l l and that 
break the symmetry. I t has been argued that the d e v i a t i o n s from 
symmetry must be r e l a t i v e l y small (11); assumptions regarding the 
c e l l s i z e have been necessary i n order f o r the needed computations 
to be manageable. 
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In Woodcock and Sarko's work on ramie (6) and i n unpublished 
work by French, the improvement i n f i t between observed and 
c a l c u l a t e d i n t e n s i t i e s was i n s i g n i f i c a n t when the model was allowed 
to deviate from 2-fold symmetry. On the other hand, s p l i t t i n g i n 
the nmr peaks and other s p e c t r a l evidence (13,14) has given strong 
i n d i c a t i o n that the molecules are not nearly as symmetric as 
thought. 

Given the above c o n t r a d i c t i o n s , questions of general i n t e r e s t 
regarding c e l l u l o s e s t r u c t u r e include: 

a. What i s the packing mode of the chains? Is the packing mode 
d i f f e r e n t i n c e l l u l o s e I and II? I f so, how i s the conversion 
effected? 

b. What i s the extent of d e v i a t i o n from a symmetric P2^ s t r u c t u r e ? 
c. What i s the nature of f i b r i l s ? Are they extended or folded; 

what i s the source of l e v e l i n g o f f degree of polymerization? 
Why i s i t d i f f e r e n t f o r c e l l u l o s e I and II? 

d. What i s the f i b r i l l a
r eactions? Which oxyge
such as c r o s s l i n k i n g a f a b r i c ? Is the hydrogen bonding scheme 
important i n determining the r e a c t i v i t y ? 

e. What i s the cause of d i f f e r e n c e s i n r e s u l t s among the other 
p h y s i c a l methods? What are the d i f f e r e n c e s among the various 
c e l l u l o s e s that cause d i f f e r e n c e s i n t h e i r IR and nmr spectra? 

Some other aspects are p r i m a r i l y of i n t e r e s t to f i b e r 
c r y s t a l l o g r a p h e r s : 

a. What i s the source of the s u b s t a n t i a l e r r o r remaining i n our 
studies? 

b. What i s the meaning of the temperature f a c t o r s that r e s u l t ? 

F iber x-ray d i f f r a c t i o n can be expected to provide at l e a s t 
some evidence r e l a t i v e to a l l the above questions. With the 
a v a i l a b l e r a t i o of data to parameters, however, some questions may 
w e l l remain unanswered. Samples of f a r higher c r y s t a l l i n i t y would 
be needed to accomplish a complete determination, and there i s some 
danger that such samples would not completely correspond to samples 
of more general i n t e r e s t . 

Computer Techniques 

Program D e s c r i p t i o n . In order to determine polymer c r y s t a l 
s t r u c t u r e s , each of the p a r t i c i p a t i n g i n s t i t u t i o n s uses computer 
programs that r e f l e c t d i f f e r e n t resources and a b i l i t i e s as w e l l as 
p h i l o s o p h i e s . Models to be used f o r c a l c u l a t i o n of i n t e n s i t i e s are 
constructed i n various ways, and each has a d i f f e r e n t strategy f o r 
f i n d i n g the best r e s u l t . Each of the methods has some unique 
a b i l i t i e s and some disadvantages. 

The SHELX program (15) i s used at Clemson U n i v e r s i t y . I t was 
designed for s i n g l e c r y s t a l studies and can s w i f t l y reach a good 
match between observed and c a l c u l a t e d data but has no 
stereochemical component i n the determination and was not designed 
to accommodate polymers which have the same molecule passing 
through many u n i t c e l l s . I t was s l i g h t l y modified for overlapped 
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i n t e n s i t i e s . S t a r t i n g models must be f a i r l y c l o s e , because there 
i s no searching based on o v e r a l l parameters of a polymer, such as 
chain r o t a t i o n or chain t r a n s l a t i o n . 

The program used at the Southern Regional Research Center 
(SRRC) was w r i t t e n f o r simple c e l l u l o s e s t r u c t u r e s (9) mostly by 
V. G. Murphy, now at Colorado State U n i v e r s i t y . I t q u i c k l y 
c a l c u l a t e s R values f o r changes i n v a r i a b l e s such as chain r o t a t i o n 
and chain t r a n s l a t i o n . Like SHELX, i t has no stereochemical 
component. Modeling i s based on the v i r t u a l - b o n d method (16), and 
r e l i e s on s u b s t i t u t i o n of d i f f e r e n t coordinate sets from s i n g l e -
c r y s t a l studies of model compounds such as c e l l o b i o s e i n order to 
provide f i n e i n t e r n a l adjustments of atomic coordinates. The SRRC 
program uses v a r i a t i o n space searching to f i n d the best combination 
of chain r o t a t i o n and t r a n s l a t i o n i n s t e a d of a l e a s t squares 
minimization. Because i n d i v i d u a l atomic p o s i t i o n s (except 06) are 
not v a r i e d d i r e c t l y by the program, such a simple program i s not 
w e l l - s u i t e d f o r determining s t r u c t u r e s with r e l a t i v e l y high r a t i o s 
of data to v a r i a b l e parameters
examining the e f f e c t s o
f u r n i s h i n g s t a r t i n g models f o r a more elaborate program. I t i s 
also very easy to prepare a new data s e t . 

At Syracuse and Purdue, the computer programs are h i g h l y 
s o p h i s t i c a t e d f o r study of polymers i n general. Both can combine 
d i f f r a c t i o n i n t e n s i t y c a l c u l a t i o n s and stereochemistry to optimize 
intermolecular i n t e r a c t i o n s f o r s t r u c t u r e s that simultaneously 
y i e l d a good f i t between the observed and c a l c u l a t e d d i f f r a c t i o n 
i n t e n s i t i e s . These studies u s u a l l y weight the d i f f r a c t i o n data and 
the stereochemical studies e q u a l l y . The PS-79 program used at 
Syracuse was w r i t t e n by Peter Zugenmaier and Tony Sarko (17). I t 
uses techniques designed f o r speed and implementation on a 
r e l a t i v e l y small computer. The modeling method allows v a r i a t i o n i n 
monomeric geometry through changes i n the distance between the 
linkage oxygen atoms. A l l the atomic p o s i t i o n s can be v a r i e d with 
c o n s t r a i n t s to accommodate stereochemical and x-ray data. 

The Linked Atom Least Squares (LALS) program (18,19) by Arnott 
and coauthors i s used at s e v e r a l i n s t i t u t i o n s , i n c l u d i n g Purdue, 
where i t was developed, and Case Western Reserve U n i v e r s i t y , where 
i t was used by Gardner and Blackwell. I t i s best implemented on a 
large computer; the C o n t r o l Data Corporation supercomputer at 
Purdue handles i t very r a p i d l y . S e t t i n g up a new model with LALS 
i s more complicated than with the other programs, but LALS appears 
to provide r e a l i s t i c molecular f l e x i b i l i t y . 

R F a c t o r s . Each program determines the extent of agreement between 
the observed and c a l c u l a t e d i n t e n s i t i e s (the R f a c t o r ) i n a 
s l i g h t l y d i f f e r e n t way. The exact method of c a l c u l a t i o n i s 
important i n the magnitude of R that i s a t t a i n e d , making i t 
d i f f i c u l t to compare r e s u l t s from d i f f e r e n t l a b o r a t o r i e s . While 
the minima i n these d i f f e r e n t R f a c t o r s u s u a l l y a r i s e from very 
s i m i l a r s t r u c t u r e s , each algorithm may, as seen below, i n d i c a t e a 
d i f f e r e n t preference among competing models. D i f f e r e n c e s i n the 
magnitude of R a r i s e from d i f f e r e n t methods f o r c a l c u l a t i n g the 
c o n t r i b u t i o n s from spots that are too weak to be observed but have 
a c a l c u l a t e d i n t e n s i t y greater than the threshold of observation. 
Such r e f l e c t i o n s are c a l l e d the unobserved data. Very minor 
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d i f f e r e n c e s r e s u l t from the technique used to supply the s c a t t e r i n g 
f a c t o r s to the c a l c u l a t i o n s . Two other sources of d i f f e r e n c e i n 
the magnitude of reported R values are the method used to sc a l e the 
observed i n t e n s i t i e s to the c a l c u l a t e d ones (scale f a c t o r ) , and the 
method f o r compensating f o r thermal motion and p o s i t i o n a l d i s o r d e r 
(temperature f a c t o r ) . 

The SRRC program c a l c u l a t e s 5 d i f f e r e n t R values, shown i n 
Table I I . They are: a simple R, (Robs), based on only r e f l e c t i o n s 
that are observed, an R f o r only the unobserved data (Runobs), 
t h e i r t o t a l ( R t o t ) , the weighted t o t a l R" (R"wt) and the u n i t - (or 
un-) weighted t o t a l R M (R"unwt). A weighted Rtot i s c a l c u l a t e d i n 
some other programs. By keeping the Robs and Runobs separate, the 
e f f e c t s of two somewhat independent sets of data may be observed. 
At SRRC the square roots of the observed and c a l c u l a t e d i n t e n s i t i e s 
are scaled to each other with a l e a s t squares f i t that incorporates 
an exponential term (9). This simultaneously produces a low 
magnitude of R", a scale f a c t o r  and a temperature f a c t o r  As 
shown i n Figure 2, coars
p o s i t i o n could be accomplishe
values are c a l c u l a t e d at f i n e increments of r o t a t i o n (Figure 3), 
however, the choice of type of R f a c t o r determines which chain 
r o t a t i o n s are chosen to represent the best s t r u c t u r e . 

Weighting Schemes. R"wt i s preferred by s t a t i s t i c i a n s because i t 
gives extra penalty to proposed st r u c t u r e s that have a few large 
discrepancies between observed and c a l c u l a t e d i n t e n s i t i e s instead 
of a normal d i s t r i b u t i o n of e r r o r s . This e f f e c t a r i s e s from the 
use of the square of the d i f f e r e n c e s . Also, the weighting 
increases R"wt h e a v i l y when the discrepancy pertains to the more 
acc u r a t e l y determined spots and penalizes l i g h t l y when the spots 
are poorly resolved. 

Only the RMF data set includes standard deviations f o r the 
i n t e n s i t y measurements. These values, d i v i d e d by the square root 
of the observed i n t e n s i t y and inverted, can be used to weight the R 
value c a l c u l a t i o n . For c e l l u l o s e I, which has a few dominant 
spots, t h i s i n e v i t a b l y r e s u l t s i n a large range of weights. Other 
weighting schemes can be adopted. For the Mann, Gonzalez and 
Wellard (20) (MGW) and the WS data s e t s , the 4th root of the 
i n t e n s i t y was used to give a small range i n weights that would 
p a r t i a l l y r e f l e c t the e r r o r s due to counting s t a t i s t i c s . The 
scheme f i n a l l y adopted f o r the RMF data used the r e c i p r o c a l s of the 
f r a c t i o n a l e r r o r , except that a c e i l i n g was set at 0.20 of the 
weight otherwise c a l c u l a t e d f o r the strongest r e f l e c t i o n . Such 
weightings t y p i c a l l y decrease the s e n s i t i v i t y of the R f a c t o r to 
v a r i a t i o n s i n the model. Also, the weighted R" i s u s u a l l y 
numerically smaller than the unit-weighted R" which, i n turn, i s 
smaller than Rtot. 

Comparison of Programs. The purpose of the comparison of the 
r e s u l t s derived through these 4 d i f f e r e n t computer programs i s to 
l e a r n to what extent r e s u l t s are independent of the computer 
program. There are a c t u a l l y two s i m i l a r questions. The f i r s t i s 
whether s i m i l a r R f a c t o r s w i l l r e s u l t from i d e n t i c a l input 
s t r u c t u r e s . The second considers the s i m i l a r i t y of s t r u c t u r e s 
s e l e c t e d as the f i n a l best model i n each program. At present, we 
can comment best on the f i r s t question. 
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Table I I , R FACTORS CALCULATED BY THE SRRC PROGRAM 

obs 
i d 1 ! 2 - 1 1 / 2 ) 

obs c a l c 
Z I 172 

obs 

R . * unobs 
1 ( I « l c " <lJiLhold» 

Z I 1/2 obs 

«To t a l R . + R , obs unobs 

R" * unwt 

R" *@ wt 

c a l c obs 
Z I obs 

Z w I obs 

Because of overlapped r e f l e c t i o n s , i t i s not p o s s i b l e to o b t a i n 
observed s t r u c t u r e f a c t o r s (F , ). In order to have a f a m i l i a r 

obs 
range f o r the c a l c u l a t e d R values, the values i n the c a l c u l a t i o n 

1/2 1/2 
were I . The I

c a l c term was c a l c u l a t e d by squaring the F
c a ^ c 

values of a composite r e f l e c t i o n , summing the squares, and 
c a l c u l a t i n g the square root of the sum. 
When considering r e f l e c t i o n s that have an i n t e n s i t y below 

1/2 1/2 
threshold, the c a l c u l a t i o n was performed with I a ^ c " * 0 b s

 t e r m s 

that had zero value i f the c a l c u l a t e d term was below threshold 
and a value of I 1 ^ ? - 2/3 ( l l { 2 . i f the c a l c u l a t e d term c a l c v Threshold 7 

was above threshold. This procedure was described by Gardner and 

Blackwell (11). 

Various weighting schemes were used. See the t e x t . 
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Figure 2. R f a c t o r s f o r parallel-down chains using RMF data. 06 
was i n the tg p o s i t i o n . A l l f i v e R f a c t o r s c a l c u l a t e d by the 
SRRC program are shown, c a l c u l a t e d at 10 increments of r o t a t i o n 
(0 to 180 ) of the corner (rows) and center (columns) chains. 
At each increment of r o t a t i o n , the s h i f t of the center chain 
along the z axis was v a r i e d i n 10 increments of 0.1 z (1.03 A) 
and the lowest R c a l c u l a t e d f o r any s h i f t i s reported. The 
minimum ( c i r c l e d ) f o r each R ( i n d i c a t i v e of the most l i k e l y 
s t ructure) occurs when both chains are rotated about 50°. 
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Robs 
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36. 36. 35. 34. 32. 31. '29. 29.) 30. 
35. 34. 34. 33. 31. n£ 29. 29. 2V 31. 
34. 33. 32. 31. 29. 28. 29/ 32. 
33. 32. 31. m. 29. 29. 29/ 32! 34. 
32. 31. 30.1 29. 29. 29/ *3l. 32.* 34. 36. 
32. 31. f29. 28. 29,/ 32. 34. 36. 38. 
31. 30. 29. J0. 32. 34. 36. 38. 39. 
31. 30. 29/ 32. 34. 36. 38. 40. 41. 
30. 30. l l . 32! 34. 36. 38. 39. 41. 43. 

R"vt 
30. 28. 26. 24. 22. 21. 20. 19. 19. 19. 19. 
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51. 49. 47.1 £457 45/ 46. 47. 48. 49. 51. 53. 
51. 48. 47. 46. 47. 48. 49. 51. 53. 55. 
51. 50. 48. 48. 48! 49. 50. 51. 53. 55. 58. 

Figure 3. R f a c t o r s f o r the same models as i n Figure 1, examined 
at increments of 2 . The minimum occurs i n d i f f e r e n t l o c a t i o n s , 
depending on which R i s chosen to s e l e c t the best model. On 
both Figure 1 and Figure 2, some f a c t o r s have sharper minima 
than others. 
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Table I I I shows that s i m i l a r r e s u l t s are furnished by each of 
the computer programs designed for modeling polymers (LALS, PS-79, 
SRRC), once a t t e n t i o n i s given to the matter of a x i a l convention. 
A l l of the programs y i e l d comparable c a l c u l a t e d R" f a c t o r s i f 
i d e n t i c a l atomic p o s i t i o n s and observed i n t e n s i t i e s are su p p l i e d . 
Preliminary c a l c u l a t i o n s by R. M i l l a n e at Purdue and A. Sarko at 
Syracuse, using the RMF data and LALS or PS-79, r e s p e c t i v e l y , 
produced R values s i m i l a r to those of the SRRC program. When the 
s i n g l e - c r y s t a l program, SHELX, was used to c a l c u l a t e R" based on 
f i x e d atomic p o s i t i o n s from the SRRC program, s i m i l a r r e s u l t s were 
also obtained. However, SHELX gave much lower R" values when r i g i d 
r e s t r a i n t s were relaxed, a l b e i t with some cost i n polymeric 
i n t e g r i t y (see below). 

Sources of V a r i a t i o n i n Results 

Monomeric Geometry. Previous work (21) showed that the o v e r a l l 
conclusions are not s u b s t a n t i a l l
coordinates f o r the glucos
have reexamined t h i s point since the WS and RMF data sets have 
become a v a i l a b l e f o r ramie c e l l u l o s e , along with the WS monomeric 
geometry that was i n t e r n a l l y adjusted to best agree with the WS 
d i f f r a c t i o n and stereochemical a n a l y s i s of ramie. 

As shown i n Table IV, each of the stereochemically reasonable 
models composed of d i f f e r e n t monomeric geometries gave s i m i l a r R 
f a c t o r s regardless of chain p o l a r i t y . The R values do d i f f e r 
s l i g h t l y , based on the d i f f e r e n t monomeric geometries used f o r the 
s t a r t i n g model. Because of the s e n s i t i v i t y of the R f a c t o r s to 
v a r i a t i o n s i n atomic coordinates, i t seems reasonable to use a 
model that can be r e f i n e d under i n f l u e n c e of the d i f f r a c t i o n data. 
C a l c u l a t i o n s at SRRC using the WS data showed that the Sarko-Muggli 
(averaged) monomeric geometry produced R values about 0.05 higher 
than the WS geometry which was r e f i n e d to best f i t the WS data. 
However, R values were not s i m i l a r l y improved when the WS geometry 
was used with the other data s e t s . 

Data Set. Wide v a r i a t i o n s (30 to 50 percent) i n the x-ray data 
c o l l e c t e d at d i f f e r e n t labs f o r Valonia were reported previously 
(9). These d i f f e r e n t data sets a f f e c t the r e s u l t s on such major 
questions such as s e l e c t i o n of chain p o l a r i t y . There are now three 
d i f f e r e n t data sets f o r ramie, and these are compared: 

D e t a i l s of C o l l e c t i o n 

a. MGW used scanning densitometry over the e n t i r e f l a t f i l m . 
Supplemental techniques were e n l i s t e d to obtai n absolute 
i n t e n s i t i e s and the i n t e n s i t i e s of four meridional r e f l e c t i o n s . 
They observed 29 spots (1960). The formulae of Cox and Shaw 
(23) were used to make the Lorentz [geometric] and p o l a r i z a t i o n 
(Lp) c o r r e c t i o n s . 

b. WS used l a y e r - l i n e scans and computer curve r e s o l u t i o n to f i n d 
34 measurable spots on a f l a t f i l m ( 6 ) . No meridional data 
were q u a n t i f i e d . (1979) The Lp c o r r e c t i o n s of C e l l a , Lee and 
Hughes (24) were used. 
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Table I I I . Comparisons of LALS, PS-79 and SHELX with the 
SRRC Program, Using the Same X-Ray Data and 
Models f o r Each Comparison 

Authors 

Gardner 
Blackwell 

French 
Murphy 

Woodcock 
Sarko 

Present 
Work 

Roughead 
M i l l e r 
French 

Program 

LALS 

SRRC 

PS-79 

SRRC 

SHELX 

Study 

Valon i a 
1974 

Ramie 
1979 

Above , 
Data, Model 

Ramie 
1983, F l e x i b l e 
Model 

R Factor (R"unwt) 

UP DOWN ANTI 

.180 .244 

.193 .338 .246 

.172 .289 .253 

.030^ .045*" 

Present 
Work 

SRRC Above 
Data, R i g i d 
Except 06 

.126^ .149° .137 c 

a. Gardner and B l a c k w e l l ^ observed only data, f i x e d temperature 
f a c t o r 

b. A lack of exact symmetry i n the Woodcock and Sarko 
model prevented exact match of the s t r u c t u r e at SRRC. 

c. R"wt values are reported here. 
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Table IV: Comparison of the E f f e c t of D i f f e r e n t 
Monomeric Geometries i n R i g i d Models 

RMF Data - SRRC Program 

Smallest R Values Found (06 tg) 

Monomeric 
Geometry Rtot R"wt R" 

Sarko-Muggli 
DOWN .42 .18 .28 
ANTI .39 .15 .26 

Non-Reducing UP .46 .18 .30 
Ce l l o b i o s e DOWN .45 .15 .30 

ANTI .47 .16 .29 

Methyl B e t a b UP .49 .18 .31 
Maltoside DOWN .44 .17 .29 

ANTI .48 .17 .28 

Woodcock- UP .45 .15 .30 
Sarko DOWN .41 .16 .28 

ANTI .46 .15 .28 

a. Reference 26. 
b. Reference 27. 
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c. RMF a l s o scanned the whole f i l m and used NASA image enhancement 
programs to smooth data ( 2 ) . They added a s o p h i s t i c a t e d 
background c o r r e c t i o n . A t o t a l o f 29 spots were resolved, 
i n c l u d i n g meridionals on the second to f i f t h l a y e r 
l i n e s (1983). The photographs were made with a precession 
camera, and standard Lp c o r r e c t i o n s f o r precession photography 
were modified f o r f i b e r s by M i l l e r . 

Table V. I n t e n s i t y Data Reported f o r 
Ramie, E q u a t o r i a l (Oth) Layer Line 

RMF* WS* MGW 

1.6 ** ** 
60.4 55.3 59.0 
53.0 

158.0 
4.0 30.8 9.5 
5.6 35.0 12.3 
** 37.8 7.1 

65.2 92.2 26.9 

* Data were scaled so that the most 
intense spot was 158 to match the 
strongest peak of MGW. 

** No comparable spot reported. 

In a d d i t i o n to the d i f f e r e n c e s i n the number of spots and the 
choices of M i l l e r i n d i c e s (compare the o r i g i n a l reports a f t e r 
c o r r e c t i n g f o r d i f f e r e n c e s i n c e l l conventions) the i n t e n s i t y 
values d i f f e r . An important example i s furnished by the e q u a t o r i a l 
l a y e r - l i n e data, shown i n Table V. The extent of v a r i a t i o n i n the 
measurement i s best assessed a f t e r remembering that the determined 
values are the i n t e n s i t i e s , whereas Table V reports t h e i r square 
ro o t s . These v a r i a t i o n s are s i m i l a r to those found f o r the Valonia 
data, and can be assumed to apply to other f i b e r d i f f r a c t i o n data 
from polysaccharides. 

C e r t a i n s t r u c t u r a l features a r i s e from a cursory a n a l y s i s of 
any of the data s e t s . Each of the 3 above data sets y i e l d s maps 
s i m i l a r to those i n Figures 2 and 3 that c l e a r l y show an area of 
optimal chain r o t a t i o n . (Because of the overlapped r e f l e c t i o n s , 
there i s a f a l s e minimum at about 140°, 140° that a l i g n s the chains 
along the shorter x a x i s . Chains rotated to the p o s i t i o n of 
the f a l s e minima have short interatomic distances.) With s i m i l a r 
c l a r i t y , the gg 06 p o s i t i o n i s eliminated by a l l of the above 
data s e t s , as exemplified i n Table X, below. 

The other two staggered 06 p o s i t i o n s , gt and tg, have 
d i f f e r e n t z coordinates but s i m i l a r x and y coordinates 
(9). The R f a c t o r s c a l c u l a t e d f o r models having 06 i n e i t h e r of 
these two p o s i t i o n s are s i m i l a r because much of the i n t e n s i t y i s on 
the equator, where the z coordinates have no e f f e c t . This 
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ambiguous r e s u l t i s independent of the packing mode as w e l l as 
which data set i s used. 

Table VI. Comparison of Structures A r i s i n g from 
D i f f e r e n t Data Sets 

Sarko - Muggli Residue Geometry, 06 t g 
SRRC Computer Program 

RMF 
UP 
| MGW 

DOWN 
RMF | MGW 

ANTI 
RMF | MGW 

Corner Chain 
Rotation (°) 

61 62 123 119 59 60 

Center Chain 
Rotation (°) 

Center Chain 
T r a n s l a t i o n 

( f r a c t i o n of c) 

.300 .280 .275 .275 .375 .360 

06 P o s i t i o n (°) 0 -3 10 -3 0 -3 

Table VI shows that the data sets do produce s l i g h t l y 
d i f f e r e n t s t r u c t u r e s . The SRRC program was used with the RMF and 
MGW data sets and the Sarko-Muggli (22) monomeric coordinates to 
determine the best values of chain r o t a t i o n , t r a n s l a t i o n and 06 
r o t a t i o n (06 was r e s t r i c t e d to the t g range of p o s i t i o n s ) f o r 
up, down and a n t i p a r a l l e l models. The scale f a c t o r s ranged between 
0.7 and 1.0. 

The s h i f t of the center chain i s d i f f i c u l t to a s c e r t a i n , as 
shown by Figure 4. One p a r t i c u l a r cause f o r the d i f f e r e n t values 
reported i s that the weighting schemes diminish the v a r i a t i o n i n 
the R value to p o s i t i o n of the center chain. Questions as to 
whether the weighting i s appropriate and whether the information i s 
present i n the data must both be considered. Since the strong and 
h e a v i l y weighted e q u a t o r i a l r e f l e c t i o n s of c e l l u l o s e I contain no 
information regarding the chain s h i f t (z coordinates), t h i s 
problem i s i n e v i t a b l e . 

The r e s u l t s from the three d i f f e r e n t data sets show (Table 
VII) that the conclusions regarding packing mode depend on which 
data set i s used. The MGW data set favors a n t i p a r a l l e l packing; 
the WS data c l e a r l y favors p a r a l l e l up, and the RMF data set shows 
a s l i g h t preference for the p a r a l l e l up over the a n t i p a r a l l e l mode. 
These r e s u l t s must be considered i n the context of the r e s t r i c t i o n s 
on 06 (only t g p o s i t i o n s were used) and the c o n s t r a i n t to P2^ 
symmetry. 
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RMF DATA PARALLEL UP WS RESIDUE 
.8 

"V— 
"V--

.125 .25 .375 .5 

Z - S h i f t 

Figure 4. R f a c t o r s (Rtot, R", and R Mwt) for 100 increments of 
s h i f t s of the center chain along the z axis (RMF data, p a r a l l e l 
up model, WS monomeric geometry). R Mwt, pre f e r r e d by s t a t i s 
t i c i a n s , provides l i t t l e i n d i c a t i o n of the best value of the 
s h i f t . 
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Table VII. 

X-ray Diffraction Studies of Ramie Cellulose I 

R Factors f o r Symmetrical Models With 06 t g * 

31 

Robs Runobs Rtot R"wt R"unw1 
Data Packing 
Set Mode 

MGW Up .208 .055 .264 .114 .186 
Down .198 .072 .270 .128 .194 
A n t i .181 .062 .242 .109 .168 

WS Up .142 .035 .177 .126 .172 
Down .246 .056 .302 .226 .293 
A n t i .201 .064 .293 .181 .244 

RMF Up 
Down 
A n t i .275 .124 .399 .162 .267 

*Monomeric geometry used was from Sarko and Muggli except 
f o r WS, which used WS geometry. The up-down notation 
matches standard n o t a t i o n . 

The three d i f f e r e n t data sets produce extreme d i f f e r e n c e s i n 
the temperature f a c t o r s (Table V I I I ) . This d i f f e r e n c e i s not 
c h a r a c t e r i s t i c of j u s t the SRRC program, as a s i m i l a r range f o r 
c e l l u l o s e i s i n the l i t e r a t u r e . The temperature f a c t o r (B) i s 
important because i t i n d i c a t e s systematic e r r o r i n the Lp 
c o r r e c t i o n or other aspect of data gathering and reduction, f o r at 
l e a s t two of the data s e t s . Negative temperature f a c t o r s , as found 
i n the WS data, t y p i c a l l y i n d i c a t e e i t h e r that a d d i t i o n a l atoms, 
such as water molecules, are needed i n the s t r u c t u r e , or, when that 
i s known to be i n c o r r e c t , that there i s a flaw i n some o v e r a l l 
aspect of i n t e n s i t y measurement, such as background c o r r e c t i o n . 
The root mean displacements (u) of the atoms are shown i n 
parentheses underneath,the p o s i t i v e values of the temperature 
f a c t g r (u = [B/(8 tt)] ). Although temperature f a c t o r s of 9 and 
23 A seem large compared to the values of 3 or 4 A found f o r 
c r y s t a l s of small organic molecules, the high values r e f l e c t 
a d d i t i o n a l d isorder i n the small and imperfect c r y s t a l l i t e s of 
polysaccharides. The expression of these u n c e r t a i n t i e s i n atomic 
p o s i t i o n i n terms of the mean displacement could diminish the 
o b j e c t i o n to the high B values. Such high values of B are 
frequently reported f o r studies of s i n g l e c r y s t a l s of p r o t e i n s . 
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Table V I I I . I s o t r o p i c Temperature Factors, B, and 
Mean Displacements ( i n parentheses), u, 
From D i f f e r e n t Data Sets 

SRRC Computer Program 

Data Set UP DOWN ANTI 

Mann 
Gonzalez 
We H a r d 

22.06 
(.53) 

23.09 
(.54) 

24.05 
(.55) 

Woodcock 
Sarko 

-4.33 -3.24 -2.92 

Roughead 
M i l l e r 
French 

(.35) (.35) (.33) 

T y p i c a l Organic 
Structure 

4.00 
(.22) 

Units of B are A . Units of u are A. 

Some idea of the ultimate a b i l i t y of x-ray data to d i s t i n g u i s h 
among models can be obtained by s u b s t i t u t i n g c a l c u l a t e d data from 
one model f o r the observed data i n the program. This simulates 
having " p e r f e c t " data that a r i s e from one chain p o l a r i t y . The 
other models ( p a r a l l e l down and a n t i p a r a l l e l ) are then adjusted to 
produce the c a l c u l a t e d patterns that best match the c a l c u l a t e d 
i n t e n s i t i e s from the p a r a l l e l up model. Table IX shows that the 
number of r e f l e c t i o n s observed by RMF should be s u f f i c i e n t to 
provide a d i f f e r e n t i a t i o n among the models i f the data and chain 
models are accurate. 

Table IX. F i t of P a r a l l e l Down and A n t i p a r a l l e l 
Models to I n t e n s i t i e s Calculated from 
P a r a l l e l Up Model with 06 t g . 

Robs Runobs Rtot R"wt R"unwt 

P a r a l l e l .106 .098 .233 .088 .200 
Down 

A n t i - .075 .115 .230 .057 .160 
P a r a l l e l 
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06 P o s i t i o n . One of the major outstanding issues i s the exact 
p o s i t i o n of the primary a l c o h o l group. Because of the i n d i c a t i o n s 
of the lack of symmetry from the s p e c t r a l work (13-14), a new look 
at t h i s issue i s i n order. 

Models that must be examined include those where both the 
t g and gt p o s i t i o n s are present w i t h i n each chain, and 
those with corner chains having one 06 p o s i t i o n while the center 
chains have the other. A t h i r d v a r i a t i o n i s that each chain may 
have a l t e r n a t e deviations from, f o r example, pure gt 
conformations from one residue to the next. 

Table X. Change i n Distance to 06 Due to Chain Rotation* 
Distances are between corner chains i n a d i r e c t i o n 
e s s e n t i a l l y p a r a l l e l to the b a x i s . 

Chain Ato
Rotations P a i r (Angstroms) 
(Degrees) 

06=220° (gt) 06=210° (gt) 06=-3° (tg) 

69 06-02" 2.62 2.83 3.36 
06-03" ** ** 2.93 

65 06-02" 2.47 2.66 3.28 
06-03" ** ** 2.89 

63 06-02" 2.21 2.38 3.19 
06-03" ** ** 2.90 

61 06-02" 2.11 2.26 3.17 
06-03" ** ** 2.92 

59 06-02" 2.04 2.16 3.17 
06-03" ** ** 2.96 

* WS u n i t c e l l . Add 0.05 A to each distance for RMF c e l l . 

** Distance more than 3.49 A. 

The gt 06 p o s i t i o n was previously ruled out because of 
short contacts that occur when the chains are rotated i n t o the 61-
63 p o s i t i o n s that give the best R f a c t o r s (Table VI). The 
questioned i n t e r a c t i o n i s w i t h i n the sheets, where the chain 
centers are spaced apart by about 8.2 A (the u n i t c e l l b 
dimension). Table X shows that the chains need only be rotated 2 
from the p o s i t i o n s of lowest R i n order to provide s u f f i c i e n t (>2.6 
A) clearance. The h i s t o r i c Meyer-Misch c e l l has a dimension of 
8.35 A, providing even more clearance. Therefore, the u n i t c e l l 
dimensions are c r i t i c a l to such determinations. 
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Table XI. E f f e c t of 06 P o s i t i o n on R Value 

A l l Models Parallel-Down, Sarko-Muggli 
Geometry, SRRC Computer Program, RMF Data 

06 P o s i t i o n t g 

Type of R 

Rtot 
R"wt 
R"unwt 

gt gg gt, t g 
i n chain 

.415 .387 .556 .385 

.179 .149 .314 .148 

.283 .269 .421 .259 

The R f a c t o r s obtaine
containing a mixture of
Table XI were obtained f o r a mixed s t r u c t u r e . Note that s t r u c t u r e s 
with 06 i n the gg p o s i t i o n , as mentioned e a r l i e r , are c l e a r l y 
r u l e d out by high R values. 

Table XII. P a r a l l e l Down Models from 
Clemson U n i v e r s i t y 

Sarko-Muggli Residue, RMF Data 

Rtot Rw" 

A l l gt .4415 .0730 
A l l t g .4348 .0556 
gt t g i n chain .4747 .0525 
gt gt corner .4313 .0297 
t g t g center 

Corner gt gt gt gt gt tg gt tg gt tg tg tg 
Center gt tg tg gt gt tg tg tg tg gt tg gt 

R" .0416 .0469 .0525 .0545 .0655 .0684 

The most r e c e n t l y computed R values from Clemson (Table XII) 
i n d i c a t e that a lower f i g u r e can be obtained f o r a s t r u c t u r e that 
has the same 06 p o s i t i o n s w i t h i n i n d i v i d u a l chains but with 06 
p o s i t i o n s f o r the center chains being d i f f e r e n t from 06 p o s i t i o n s 
of the corner chains. However, i n the best model from Clemson, the 
polymer c o n t i n u i t y i s disrupted by about 0.2 A at the top of the 
u n i t c e l l due to l a c k of polymeric c o n s t r a i n t s i n the SHELX 
program. 

Although the R" values from SHELX are very low, the 
conventional R values computed with t h i s program are s t i l l q u i t e 
high, i n d i c a t i n g s u b s t a n t i a l e r r o r i n gathering the data rather 
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than the r e s u l t s of using a model with more v a r i a b l e s than can be 
supported by the data. 

Conclusions 

This work has shown that the v a r i a t i o n s i n c r y s t a l s t r u c t u r e s of 
c e l l u l o s e are not l i k e l y to a r i s e from the computer techniques 
used. When care was taken to make reasonable comparisons of 
r e s u l t s of the four programs studied, the r e s u l t s were e s s e n t i a l l y 
the same. The data i s the main f a c t o r i n determining which of the 
competing models i s s e l e c t e d as best. 

New work on c e l l u l o s e should draw upon some of the 
observations h e r e i n . Unit c e l l s should conform to c r y s t a l l o g r a p h i c 
convention. The temperature f a c t o r i s a valuable gauge of the 
v a l i d i t y of the data s e t . Perhaps some e l e c t r o n d i f f r a c t i o n 
studies of the hkO plane w i l l be able to give p r e c i s e values of the 
a and b dimensions to a i d i n the stereochemical analyses
I t i s of s u b s t a n t i a l valu
measurement of the i n t e n s i t
However, the use of e r r o r estimates f o r weighting the R 
c a l c u l a t i o n s must be used with c a u t i o n . The outstandingly low R"wt 
values obtained by the SHELX method must be r e c o n c i l e d with the 
s l i g h t l y non-polymeric r e s u l t . The LALS and PS-79 programs should 
be able to c l o s e l y d u p l i c a t e t h i s r e s u l t but have not yet done so. 

This study has i d e n t i f i e d a d i f f i c u l t y i n use of 
c r y s t a l l o g r a p h i c convention that r a i s e s the question as to whether 
the ramie and cotton c e l l u l o s e s have the same packing as the a l g a l 
and b a c t e r i a l c e l l u l o s e s . The s t r u c t u r e proposed by Woodcock and 
Sarko f o r ramie i s not the same p a r a l l e l - u p packing as proposed by 
Gardner and Blackwell f o r V a l o n i a . Work h e r e i n with simulated, 
" p e r f e c t " data i n d i c a t e s that d i s t i n c t i o n between the two p a r a l l e l 
models i s p o s s i b l e , at l e a s t with r i g i d models. I t w i l l be u s e f u l 
to repeat t h i s experiment with the f l e x i b l e modeling programs. 

The high Rtot values that are a s s o c i a t e d with the extremely 
low R"wt values obtained at Clemson i n d i c a t e that there i s s t i l l 
s u b s t a n t i a l e r r o r i n the data or that a d i f f e r e n t model f o r the 
u n i t c e l l i s needed, perhaps a l a r g e r one with more chains. The 
discontinuous c hain i s suggestive of two d i f f e r e n t linkages i n the 
chains, which may point the way towards models of the d i f f e r e n t 
chains i n 8-chain u n i t c e l l s . 

An i n d i c a t i o n of systematic e r r o r i n at l e a s t two of the 
c u r r e n t l y a v a i l a b l e data sets i s furnished by the various 
temperature f a c t o r s , as w e l l as the more random discrepancies i n 
the square roots of the i n t e n s i t i e s . 

The f a i l u r e of the present work to i d e n t i f y the c o r r e c t 
packing mode or 06 p o s i t i o n should not be taken as an i n d i c a t i o n of 
the f u t i l i t y of the f i b e r d i f f r a c t i o n experiment f o r native 
c e l l u l o s e . The use of c a l c u l a t e d data as an observed data set f o r 
f i t t i n g a l t e r n a t e models demonstrated that there i s s u f f i c i e n t 
d i f f e r e n c e between the models to permit a d i s t i n c t i o n . I f the 
maintenance of conventional stereochemistry by the LALS and PS-79 
programs prevents LALS and PS-79 from d i s c e r n i n g the c o r r e c t model, 
one must l a y the blame on the high e r r o r i n the data and redouble 
e f f o r t s to decrease i t . 
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Besides the issues tackled in the present study which f a l l 
within the traditional scope of cellulose structural studies, there 
are two remaining items that need to be incorporated in future 
work. 

The f i r s t is the re-determination of the data, with a higher 
degree of resolution of overlapping peaks together with 
cl a r i f i c a t i o n of the issue of the 8-chain vs. 2-chain unit c e l l . 
Because of the greater number of peaks reported by Woodcock and 
Sarko, along with less overlapping of the peaks, the indication for 
the parallel-up packing mode was stronger than the indications from 
the other studies. 

The second is the incorporation of some technique to 
compensate for the fact that cellulose crystallites are not 
i n f i n i t e . This fact modifies the intensities and should be 
included before fine distinctions can be made with confidence. A 
whole pattern f i t t i n g technique as proposed by Fraser et a l (25) 
may solve both problems
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Chapter 3 

Multidisciplinary Approaches to the Structures 
of Model Compounds for Cellulose II 
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The 3-dimensional structural features of macro-
molecules such as cellulose are often preserved in 
oligomeric mode
opportunity fo
through the occurrence of larger crystalline domains. 
We have been examining cellobiose, methyl β-D-cello-
bioside and cellotrioside, and cellotetraose using 
X-ray and electron diffraction, CP-MAS NMR spectro
scopy and computer modeling with the PCILO and MM2 
algorithmns. The geometry of the pyranose ring in 
oligomers was shown by modeling to vary with linkage 
conformation. Thus, selecting either the cellobiose 
or methyl β-D-cellobioside conformation alters the 
geometry of the ring selected by the program to have 
minimal energy. When these different ring geometries 
are incorporated in the molecular mechanics program, 
they influence, in turn, the conformational energy 
surface, even altering the relative levels of minima. 
X-ray and electron diffraction studies have 
established the packing similarity of both methyl 
β-D-cellotrioside and cellotetraose to cellulose II. 
Finally, we have examined proposals that correlate 
chemical shift data from 1 3C CP-MAS NMR spectroscopy 
with conformations and with differences in the charge 
distribution in the individual conformers. 
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3. HENRISSAT ET AL. Model Compounds for Cellulose II 39 

Introduction 

C h a r a c t e r i s t i c s of macromolecules are o f t e n preserved i n 
oligomeric model compounds. As one example, X-ray powder 
d i f f r a c t i o n patterns (1) and the i n f r a r e d spectra (2) of the 
c e l l o d e x t r i n s beginning with c e l l o t e t r a o s e are very s i m i l a r to 
those of c e l l u l o s e I I . Such a s i m i l a r i t y implies a cl o s e 
r e l a t i o n s h i p i n t h e i r molecular s t r u c t u r e s . While these model 
compounds should permit more accurate c h a r a c t e r i z a t i o n because of 
t h e i r macroscopic, s i n g l e - c r y s t a l domains (3), c e l l o d e x t r i n s form 
non-centrosymmetric c r y s t a l s and a n a l y s i s of t h e i r d i f f r a c t i o n 
data i s a serious challenge. 
Since s i n g l e - c r y s t a l d i f f r a c t i o n i s the only method that provides 
bond lengths, bond angles and the c h a r a c t e r i s t i c geometry, i t i s 
the ultimate s t r u c t u r a l method. On the other hand, polymer X-ray 
studies depend on a proposed model, and hence are not absolute. 
Therefore, i t i s important to r e f e r to s i n g l e c r y s t a l studies f o r 
data on which to base
st r u c t u r e s of c e l l o b i o s
been reported. We a l s o wish to know the d e t a i l e d s t r u c t u r e s of the 
higher oligomers, which are more analogous to c e l l u l o s e I I . A f t e r 
pioneering work on c e l l o t e t r a o s e (6,7), Poppleton and Gatehouse 
(8) proposed a l a r g e r , t r i c l i n i c u n i t c e l l , c ontaining 2 
molecules. The f u l l s t r u c t u r e i s not yet determined. 
Recently, new approaches such as molecular mechanics have been 
app l i e d to s t r u c t u r a l c h a r a c t e r i z a t i o n of native and regenerated 
c e l l u l o s e s . Among these, the most promising may be "magic angle 
spinning" f o r recording the NMR spectra of s o l i d c e l l u l o s e samples 
(9-17) and c e l l o d e x t r i n s (10,18-19). The c h a r a c t e r i s t i c s of 
spectra from c e l l u l o s e II were found to be very s i m i l a r to 
oligomers of DP > 4 (10,11). In a d d i t i o n , conclusions were drawn 
regarding the asymmetric u n i t i n the c r y s t a l l i n e region. 
Nevertheless, s e v e r a l p o i n t s are s t i l l obscure. 
The major aim of the present work was to c h a r a c t e r i z e c r y s t a l l i n e 
c e l l o d e x t r i n s using s e v e r a l methods i n order to reach a c o n s i s t e n t 
d e s c r i p t i o n o f the s t r u c t u r a l features and to e s t a b l i s h the 
w o r k a b i l i t y of each approach to the more complex case of 
c e l l u l o s e . 

M a t e r i a l s and Methods 

Nomenclature. The numbering of the atoms and t o r s i o n angles of 
i n t e r e s t f o r c e l l o b i o s e i s shown i n F i g . 1. Numbering proceeds 
from the nonreducing end (unprimed) to the reducing end (primed). 
The signs of the t o r s i o n angles agree with the r u l e s of the 
IUPAC-IUB Commission of Biochemical Nomenclature (20). 
The t o r s i o n angles of i n t e r e s t are defined as follows : 

$ : 0 {05 - CI - 01 - C4'} 
V : 0 {CI - 01 - C4'- C5'} 

The conformation of the primary hydroxyl group at C6 (y) i s 
r e f e r r e d to as e i t h e r gauche-trans , gauche-gauche or trans-gauche 
(21). In t h i s terminology, the t o r s i o n angle : Q {05 - C5 - C6}-
06 i s stated f i r s t , then the t o r s i o n angle 0{C4 - C5 - C6 - 06}. 
The u n i t c e l l dimensions of c e l l u l o s e I I , as determined from X-ray 
and e l e c t r o n d i f f r a c t i o n studies (22-25) on Rayon, F o r t i s a n , 
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Figure 1. Schematic representation of c e l l o b i o s e , along with 
the atom l a b e l i n g and the t o r s i o n a l angles of i n t e r e s t . 
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mercerized cotton and s i n g l e c r y s t a l s are : a = 8.01 , b = 9.04 , 
c = 10.36 R and y = 117.1°. Following the most accepted 
c r y s t a l l o g r a p h i c models (22, 24), the u n i t c e l l r equires two 
c e l l u l o s e chains packed with a n t i p a r a l l e l p o l a r i t y . 

Sample Preparation. C e l l o b i o s e was purchased from Fluka Company. 
Samples were d i s s o l v e d i n water and c r y s t a l l i z a t i o n r e s u l t e d from 
slow d i f f u s i o n o f ethanol. 
Methyl 3-D-cellobioside, a g i f t from Dr. M. Vincendon (Grenoble, 
France), was d i s s o l v e d i n hot methanol and c r y s t a l l i z e d by slowly 
c o o l i n g the s o l u t i o n . 
Hendeca-O-acetyl c e l l o t r i o s e and tetradeca-O-acetyl c e l l o t e t r a o s e 
were obtained by a c e t o l y s i s of cotton c e l l u l o s e according to 
Wolfrom et a l . (26) and were p u r i f i e d by preparative HPLC. Methyl 
deca-O-acetyl- 3 - D - c e l l o t r i o s i d e was prepared according to the 
method described by Takeo et a l . (27). Deacetylation of the 
a c e t y l a t e d sugars was achieved i n methanol containing c a t a l y t i c 
amounts of sodium methylate
t h e i r anomeric c o n f i g u r a t i o
s o l u t i o n C NMR. 

S o l i d State NMR. The samples under i n v e s t i g a t i o n were obtained 
from c r y s t a l s which were ground i n t o homogeneous powder. In each 
case, wide angle X-ray s c a t t e r i n g diagrams were recorded i n order 
to confirm the u n i t c e l l dimensions p r e v i o u s l y found. 
S o l i d s t a t e 1 3C NMR spectra were recorded at 50.3 MHz with a 
Bruker CXP-200 spectrometer equipped with a Doty probe. Proton 90° 
pulse widths were 4 us, and c r o s s - p o l a r i z a t i o n times were 1 ms. 
Matching conditions were checked with an adamantane standard. The 
magic angle was set by monitoring the 7 9 Br NMR spectrum of KBr 
(28) . Sample containers were made of aluminum oxide with Kel-F 
caps and were spun at 2.5-3.5 KHz. C h a r a c t e r i s t i c a l l y , 200-10000 
a c q u i s i t i o n s were obtained per spectrum, with r e c y c l e time of 4 s. 
A l l peaks i n the spectra were referenced to the peak of l i n e a r 
polyethylene (33.6 ppm). A small amount of polyethylene was added 
to each sample (29). 

Conformational A n a l y s i s C a l c u l a t i o n s . PCILP method : The standard 
v e r s i o n of the semiempirical quantum-chemical method (30, 31) 
adopted f o r the o p t i m i z a t i o n of the geometry according to 
Powell-Zangwill 1s (32, 33) algorithm through bond lengths, bond 
angles and t o r s i o n angles was a p p l i e d . (PCILO : Perturbative 
Configuration I n t e r a c t i o n with L o c a l i z e d O r b i t a l s ) . 
Force F i e l d method : MM2CARB i s the MM2 (Molecular Mechanics) 
Force F i e l d program (34) modified with the J e f f r e y - T a y l o r a c e t a l 
segment parameters (35) and intramolecular hydrogen bonding (36) . 
I t was u t i l i z e d , f o l l o w i n g the strategy o u t l i n e d by Tvaroska and 
Perez (37). To obtain b e t t e r agreement between c a l c u l a t e d C-0 bond 
lengths and those observed by X-ray or neutron d i f f r a c t i o n 
methods, the f o l l o w i n g e q u i l i b r i u m bond lengths f o r bond 
s t r e t c h i n g energy were used : Cl-05 from 1.396 to 1.422 S, 
Cl-01 from 1.380 to 1.388 8, C5-05 from 1.412 to 1.420 ft , and 
C4-01 from 1.388 to 1.415 &. 
" E m p i r i c a l " method; (PFOS : P o t e n t i a l Functions Oligosaccharide 
S t r u c t u r e s ) . The p o t e n t i a l energy i s c a l c u l a t e d by i n c l u d i n g the 
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p a r t i t i o n e d c o n t r i b u t i o n s a r i s i n g from the van der Waals, 
t o r s i o n a l and hydrogen bond c o n t r i b u t i o n s . The van der Waals 
i n t e r a c t i o n s are evaluated by using 6-12 p o t e n t i a l functions with 
the parameters proposed by Scott and Scheraga (38). A t h r e e - f o l d 
p o t e n t i a l i s used f o r r o t a t i o n about the aglycon bond 01-C4* with 
a b a r r i e r of 1.0 kcal/mol. For r o t a t i o n about g l y c o s i d i c bond 
Cl-01, the intramolecular mechanism responsible f o r exo-anomeric 
e f f e c t , i s taken i n t o account using the p o t e n t i a l f u n c t i o n 
proposed by Tvaroska (39); a t h r e e - f o l d r o t a t i o n a l b a r r i e r of 1.0 
kcal/mol i s a l s o included. Hydrogen bond energy i s computed by an 
em p i r i c a l expression : 

V H B = 33.14 (R - 2.55) (R - 3.05) 
where R i s the distance between oxygen atoms which should l i e 
between 2.55 and 3.05 A. No e l e c t r o s t a t i c i n t e r a c t i o n i s taken 
i n t o account. The energy map i s c a l c u l a t e d as a fu n c t i o n of $ and 
y at i n t e r v a l s of 5°. With respect to the r e l a t i v e energy 

minimum, iso-energy contours are drawn by i n t e r p o l a t i o n at 1 
kcal/mol increments
described i n terms of a
the number of residues per turn of the h e l i x and h being the 
t r a n s l a t i o n along the h e l i x a x i s . These parameters are c a l c u l a t e d 
f o l l o w i n g our algorithm reported p r e v i o u s l y (40) . 

D i f f r a c t i o n and r e l a t e d Methods. Methyl 8 - D - c e l l o t r i o s i d e was 
d i s s o l v e d i n water (10 mg.ml _ 1 ) . C r y s t a l l i z a t i o n i n t o hexagonal 
p l a t e l e t s was achieved by a slow d i f f u s i o n of ethanol. A c r y s t a l 
of dimensions ca. 0.5 x 0.5 x 0.1 mm was mounted on a Nonius CAD4 
di f f r a c t o m e t e r . The r a d i a t i o n was n i c k e l - f i l t e r e d Cu Ka. The 
u n i t - c e l l dimensions were obtained as p a r t of the alignment 
process on the d i f fractometer by a least-squares f i t to the 
s e t t i n g of 20 well-centered r e f l e x i o n s . The monoclinic space group 
P2 1 was assigned, based upon the systematic absences : 0 k 0, k ^ 
2n. 431C independent r e f l e x i o n s were measured, of which 616 were 
assigned zero weight as the net count of each was l e s s than 
1.99 (I) where a (I) i s the standard d e v i a t i o n estimated from 
counting s t a t i s t i c s . Because of the low value of the absorption 
c o e f f i c i e n t , no absorption c o r r e c t i o n was a p p l i e d . S c a t t e r i n g 
f a c t o r s were obtained from I n t e r n a t i o n a l Tables f o r X-ray 
c r y s t a l l o g r a p h y (41). The MULTAN computer program (42) was used 
f o r normalization and attempts to solve the s t r u c t u r e through 
d i r e c t methods. 
C r y s t a l l i z a t i o n of c e l l o t e t r a o s e from aqueous s o l u t i o n was done by 
slow d i f f f u s i o n of ethanol. C r y s t a l s t h i n enough f o r e l e c t r o n 
d i f f r a c t i o n were prepared by e p i t a x i a l c r y s t a l l i z a t i o n of 
c e l l o t e t r a o s e onto VaIonia m i c r o f i b r i l s i n a s o l u t i o n containing 
1% o f c e l l o t e t r a o s e i n a 3:2 mixture of ethanol i n water. 
C r y s t a l l i z a t i o n took place w i t h i n a few weeks, at room 
temperature. A shish-kebab type of s t r u c t u r e (43) was obtained 
from which l a m e l l a r fragments of c e l l o t e t r a o s e c r y s t a l s could be 
detached by mild s o n i c a t i o n . The fragments were mounted on 
carbon-coated g r i d s and were observed on a P h i l i p s EM 400T 
E l e c t r o n Microscope operating at 120 kV. A f u l l determination of 
the u n i t - c e l l parameters was achieved through a s e r i e s of t i l t 
experiments and subsequent a n a l y s i s of the r e s u l t i n g e l e c t r o n 
diffractograms (Roche, E.; unpublished data). 
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About 1 cm of h i g h l y c r y s t a l l i n e powdered c e l l o t e t r a o s e was used 
to obtain a neutron d i f f r a c t i o n p a t t e r n from the high r e s o l u t i o n 
D1A machine at the I n s t i t u t e Laue Langevin i n Grenoble. Since the 
ma t e r i a l could not be deuterated, the e f f e c t i v e absorption was 
important, as was the "incoherent" background s c a t t e r i n g . In 
order to obtain good s t a t i s t i c s i n the background region, only a 
s i n g l e powder pattern was c o l l e c t e d i n the whole of our a l l o c a t e d 
three days. We had hoped to be able to e x t r a c t at l e a s t 50 Bragg 
i n t e n s i t i e s from such a p a t t e r n by using a r e l a t i v e l y long 
wavelength of 3 A to spread out the lower orders over the whole 
angular range. However, most of the Bragg i n t e n s i t y goes i n t o s i x 
strong peaks, with the remainder a l l very small and ba r e l y above 
the background l e v e l . Furthermore, i t appears that the widths of 
the l i n e s may depend on the (h k 1) d i r e c t i o n i n the st r u c t u r e : 
near 2 0= 85°, neighboring l i n e s have very d i f f e r e n t widths. This 
e f f e c t , presumably due to d i r e c t i o n a l d i f f e r e n c e s i n short range 
c r y s t a l l i n e order, complicates the a p p l i c a t i o n of p r o f i l e 
refinement methods to

Linked-Atom-Least-Squares Procedure. Molecular models having 
standard bond lengths, bond angles and r i n g conformations (43) 
were generated using the linked-atom-least-squares method 
pr e v i o u s l y described (44). In the present a p p l i c a t i o n of t h i s 
method f o r n o n - h e l i c a l s t r u c t u r e s , the v a r i a b l e parameters 
include a l l the t o r s i o n angles and valence angles about 
g l y c o s i d i c linkages, and those d e f i n i n g the o r i e n t a t i o n s of 
ro t a t a b l e s u b s t i t u e n t s , notably the primary hydroxyl groups. For 
each molecule, two v a r i a b l e parameters, u and v define the p o i n t 
where the molecular axis i n t e r s e c t s the orthogonal 
c r y s t a l l o g r a p h i c plane of the u n i t c e l l ; a d d i t i o n a l parameters |i 
and define the o r i e n t a t i o n about, and r e l a t i v e t r a n s l a t i o n 
p a r a l l e l to that a x i s . Any or a l l of these parameters may be 
v a r i e d so as to minimize the f o l l o w i n g f u n c t i o n : 

Q = I Wm ( oFm - Fm ) 2 + S Z e. 
The f i r s t summation i s used to optimize agreement between observed 
s t r u c t u r e amplitudes, oFm, with those c a l c u l a t e d from the model, 
Fm a f t e r s c a l i n g by a f a c t o r 1/k. In c a l c u l a t i n g Fm, a l l atoms 
were assumed to v i b r a t e i s o t r o p i c a l l y and 4 A was assigned as 
the value of B i n the attenuation f a c t o r , exp(-Bsin OA 2 ) . 
Unit weights, Wm, were assigned to a l l measurable r e f l e c t i o n s 
w i t h i n a given r e s o l u t i o n sphere. The second term i s used to 
ensure the stereochemical a c c e p t a b i l i t y of the model by minimizing 
a quantity, Z e- t which approximates the non-bonded r e p u l s i o n 
energy. Th i s term i s a l s o used to optimize weak a t t r a c t i v e 
i n t e r a c t i o n s such as hydrogen bonds. The p r e c i s e formulation of 
e . and e m p i r i c a l constants employed i n i t s evalu a t i o n have 
been described elsewhere (44). The c a l c u l a t i o n s were performed on 
an EC-1045.01 machine, at the Computer Centre of the Slovak 
Academy of Sciences, B r a t i s l a v a , and on a Honeywell-Bull CII-HB68 
mainframe at the U n i v e r s i t y of Grenoble. The molecular drawings 
shown throughout t h i s a r t i c l e were obtained with the a i d of the 
PITMOS program (45). The perspective drawing of the three 
dimensional shape of the mirror image of the conformational 
energy w e l l of c e l l o b i o s e ( F i g . 2) was obtained with the CARTOLAB 
program (46). 
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Results and Discussion 

Conformational A n a l y s i s . Comparison of r e s u l t s shows that the 
lo c a t i o n s of the energy minima on the ( $ , ¥ ) map are almost 
independent of the func t i o n used f o r c a l c u l a t i n g energy, whereas 
the d i f f e r e n c e s i n energy l e v e l s o f the various minima are 
stro n g l y dependent on t h i s choice. The d i f f e r e n c e s are most 
pronounced i n the low-energy regions. This suggests that energy 
surfaces are valuable i n r e f i n i n g the p e r t i n e n t p o r t i o n of the map 
embodying "allowed" conformations, but r e l a t i v e energy values 
should be tr e a t e d with caution. 
Figure 2 shows the energy map f o r c e l l o b i o s e , as c a l c u l a t e d from 
PFOS method; the two deepest minima are i n d i c a t e d by arrows. These 
two minima correspond to c r y s t a l l i n e conformations found f o r 
c e l l o b i o s e (4) and methyl- 6-D-cellobioside (5) . For these models 
of the two stable conformations, an intramolecualr hydrogen bond 
of the type 03*...05 i s present  with 03 ,...05 distance of about 
2.60 A, compared to 2.7
We next studied the in f l u e n c
groups at C6 on the conformations at the g l y c o s i d i c j u n c t i o n . 
Because the trans-gauche ( t g ) p o s i t i o n of 06 seldom occurs, 
probably as the r e s u l t of r e p u l s i v e i n t e r a c t i o n between 04 and 06 
(21), we considered only the gauche-gauche ( gg ) and gauche-trans 
( gt ) conformers. The r o l e of the primary hydroxyl group d i f f e r s 
depending on whether i t i s on the reducing or the non-reducing 
residue. For values of $ and V corresponding to the c r y s t a l l i n e 
conformations of e i t h e r c e l l o b i o s e (4) or methyl 8-D-cello-
b i o s i d e (5), a gt o r i e n t a t i o n of the primary hydroxyl group of the 
non-reducing residue brings an 02-H...06 hydrogen bond. 
C r y s t a l l i n e methyl c e l l o b i o s i d e (5) has t h i s bond; c e l l o b i o s e does 
not. 
Previous work revealed that c e l l o b i o s e can e x i s t i n se v e r a l s t a b l e 
conformations. Conformers corresponding to the eigh t lowest minima 
(Fig. 2) were used as s t a r t i n g p o i n t s f o r c a l c u l a t i o n s with 
MM2CARB. Seven conformers r e s u l t e d ; t h e i r r e l a t i v e energies are 
given i n Table I. In Table II are sel e c t e d c h a r a c t e r i s t i c s of 

Table I. Relati v e energies (kcal/mol) of stable conformers 
f o r c e l l o b i o s e and methyl B-D-cellobioside c a l c u l a t e d by MM2CARB 
method with and without hydrogen bond energy ( V ) . 

Conformer c e l l o b i o s e methyl B-D-cellobioside 

without V, HB with V, HB without V, HB with V HB 
CI 
C2 
C3 
C4 
C5 
C6 
C7 

1.33 
0.00 
3.42 
1.52 
4.24 
6.39 
2.88 

0.93 
0.50 
0.00 
1.75 
2.11 
2.94 
2.24 

1.45 
0.00 
1.60 
2.20 
4.48 
2.69 
3.34 

0.84 
0.36 
0.00 
1.68 
2.09 
3.04 
1.67 
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methyl 6-D-cellobioside. Note (Table 1) that the i n c l u s i o n of 
hydrogen bonding energy (V ) changes the r e l a t i v e s t a b i l i t y of 
the conformers. 
Because a l l p o s s i b l e intramolecular hydrogen bonds were 
considered, i t i s of i n t e r e s t to compare the various patterns that 
r e s u l t e d from the three best conformations. The hydrogen bonding 
i n C2 corresponds to that of c r y s t a l l i n e of methyl 6-D-cello-
b i o s i d e , with 03'H...05 and 03'H...06 hydrogen bonds with 
interoxygen distances of about 2.77 and 2.80 A, r e s p e c t i v e l y . On 
the other hand, the CI conformation does not have an 03'H...05 
hydrogen bond. The interoxygen distance i s 3.0 A but the hydrogen 
atom on 03* i s not po s i t i o n e d favorably. Instead i t forms a bond 
to 06, the distance being 2.90 A. In the C3 conformer, 03'H...05 
and 06'H...06 were formed. 
The parameters i n Table II demonstrate an i n t e r a c t i o n between the 
r i n g geometry and the conformation around the g l y c o s i d i c and 
aglycon bonds. The c a l c u l a t e d bond lengths agree with the values 
observed i n the c r y s t a
f o r C5-05-C1 and C1-01-C4•
observed values and vary with $ and y . At the same time, the 
05-C1-01 bond angles vary from 101.2 to 109.5° and g l y c o s i d i c bond 
angles from 113 to 120°. These v a r i a t i o n s of i n t e r n a l geometry 
owing to changes i n linkage t o r s i o n angle are co n s i s t e n t with 
s t a t i s t i c a l a n a l y s i s of carbohydrate c r y s t a l s t r u c t u r e s (47,48). 
Dipole moments range from 3.4 to 6.0 D. 
When the t o r s i o n angles $ , y are i d e n t i c a l f o r a l l the p a i r s of 
glucose residues along the chain, the polymer chain assumes a 
regular h e l i c a l shape. From the geometrical parameters d e f i n i n g 
the repeat u n i t , i t i s p o s s i b l e to c a l c u l a t e , f o r each $ , y the 
values of the h e l i c a l parameters n, h. In turn, these values may 
be compared to those derived from X-ray d i f f r a c t i o n of or i e n t e d 
f i b r i l l a r m a t e r i a l which, i n the case of c e l l u l o s e chains are n = 
2 and h = 5.15 A. None of the st a b l e c e l l o b i o s e conformers as 
derived from e i t h e r energy minimization or c r y s t a l s t r u c t u r e 
e l u c i d a t i o n s can generate such a h e l i c a l s t r u c t u r e . 

Charge D e n s i t i e s - CP/MAS NMR Spectroscopy. Recent 1 3C NMR studies 
of s o l i d carbohydrates using the cross-polarization/magic angle 
spinning (CP/MAS) technique (15) demonstrates that NMR 
chemical s h i f t s of the CI, C4 and C6 carbon atoms are considerably 
d i s p l a c e d , up to 10 ppm, depending on the p a r t i c u l a r s t r u c t u r e . A 
r e l a t i o n of these s h i f t s to conformation would be valuable i n 
le a r n i n g whether a conformation i s re t a i n e d i n n o n - c r y s t a l l i n e or 
s o l u t i o n s t a t e s . 
A simple l i n e a r r e l a t i o n s h i p has been proposed between the 
chemical s h i f t f o r C6 and the t o r s i o n angle X about the 
ex o - c y c l i c C5-C6 bond. The chemical s h i f t s f e l l i n t o 3 groups of 
60-62 ppm, 62.5 ppm and 65.5-66.6 ppm f o r the gg, gt anf t g 
conformations (18). In a more s o p h i s t i c a t e d e m p i r i c a l observation, 
i t was proposed that chemical s h i f t s i n a s e r i e s of c l o s e l y 
r e l a t e d molecules are r e l a t e d to charge density (50,51). 
As a f i r s t step i n understanding the r e l a t i o n s h i p of chemical 
s h i f t to conformation, we c a l c u l a t e d charge d e n s i t i e s f o r a 
and 6-D-glucose, c e l l o b i o s e , and methyl 6-D-cellobioside, using 
the PCILO program. Charge d e n s i t i e s f o r C6 of a- and 6-D-glucose 
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were, r e s p e c t i v e l y , 0.1195 and 0.1173 ( gg ), 0.1189 and 0.1169 
( gt ), and 0.1182 and 0.1164 ( tg ). These values c o r r e l a t e w e l l 
with the observed chemical s h i f t s , above. 
Ca l c u l a t e d e l e c t r o n d e n s i t i e s on s e l e c t e d carbon and oxygen atoms 
of methyl B-D-cellobioside (in the c r y s t a l l i n e conformation) as a 
fu n c t i o n of conformation of the primary a l c o h o l groups are given 
i n Table I I I . The r e s u l t s f o r c e l l o b i o s e are s i m i l a r . While 
conformational change r e s u l t s i n changed d e n s i t y w i t h i n the 
glucose residue, there i s no e f f e c t on the other residue. However, 
the c o r r e l a t i o n of charge density and chemical s h i f t observed 
above f o r glucose i s not observed i n t h i s case. There are s e v e r a l 
p o s s i b l e explanations. Owing to the r a r i t y of tc[ conformations, 
the chemical s h i f t data i s i n s u f f i c i e n t . (The values reported are 
from c e l l u l o s e I, determined by f i b e r d i f f r a c t i o n , and may not be 
r e l i a b l e ) . A lso, chemical s h i f t should be a continuous f u n c t i o n of 
t o r s i o n a l angle. Therefore, the proposed l i n e a r r e l a t i o n s h i p 
cannot be c o r r e c t . Our understanding of a r e l a t i o n s h i p between 
e l e c t r o n density and chemica
more c a l c u l a t i o n s are needed
r o t a t i o n . Such attempts w i l l a l s o provide information on chemical 
s h i f t s of unstable conformers that cannot be i s o l a t e d . 

Packing features of known oligomers. X-ray data on c r y s t a l l i n e 
oligomers provides information about some features of the packing 
h a b i t s as w e l l as on molecular conformation. For a f u l l 
understanding of any packing arrangement, the energy between a 
reference molecule and a l l i t s neighbors i n the c r y s t a l i s 
evaluated, taking i n t o account the hydrogen bonds and the 
non-bonded i n t e r a c t i o n s (52). These c a l c u l a t i o n s use the same 
parameters as i n the conformational a n a l y s i s of s i n g l e molecules 
using the PFOS method. Contributions to the energy were broken 
down i n t o the pure, non-bonded p a r t and the intermolecular 
hydrogen bonding. 
The packing i n c r y s t a l s of c e l l o b i o s e i s very dense, each molecule 
i s surrounded by 10 neighbors that occur i n p a i r s ( F i g . 3a) . The 
strongest i n t e r a c t i o n s are c a l c u l a t e d f o r molecules r e l a t e d by 
pure t r a n s l a t i o n a l symmetry along the c r y s t a l l o g r a p h i c c a x i s 
(c = 5.091 A). The energy of p a i r i n g of p a r a l l e l molecules i s due 
only to van der Waals i n t e r a c t i o n s . The remaining packing energy 
a r i s e s from molecules r e l a t e d by symmetry operations about the 2^ 
a x i s , with appropriate t r a n s l a t i o n s along the a and/or c axes. In 
these instances, the intermolecular a s s o c i a t i o n s are obtained 
through van der Waals and hydrogen bonding c o n t r i b u t i o n s . 
Some of these same features are a l s o found i n methyl 6-D-cello
b i o s i d e , which a l s o c r y s t a l l i z e s i n the P2 space group, each 
molecule has 10 p a i r e d neighbors ( F i g . 3b). The strongest 
intermolecular p a i r i n g i s a l s o obtained f o r molecules r e l a t e d to 
each other by pure t r a n s l a t i o n along the c r y s t a l l o g r a p h i c c a x is 
(c = 4.496 £) . The p a i r i n g energy again a r i s e s from van der Waals 
f o r c e s . Other pure t r a n s l a t i o n a l operations, such as - a or - a -
c r e s u l t i n strong cohesive energy, provided by comparable 
magnitudes of van der Waals and hydrogen bonding. Here, the only 
i n t e r a c t i o n s along the 2^ axis ( b = 25.532 K) occur v i a the 
methanol molecule through hydrogen bonding with subsequent 
b r i d g i n g i n the disaccharide molecules. 
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Figure 3. Stereoscopic representations of the molecular 
surrounding found i n the c r y s t a l l i n e state of : 

a C e l l o b i o s e (4) 
b Methyl β-D-cellobioside (5). 
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Methyl β-D-cellotrioside. F i g . 4 shows a t y p i c a l hexagonal 
c r y s t a l l i n e p l a t e l e t of methyl β-D-cellotrioside, which upon 
reduction to powder gives r i s e to the d i f f r a c t i o n p a t t e r n of 
Figure 5. The u n i t c e l l data are i n Table IV. From the observed 

Table IV. C r y s t a l data f o r methyl β-D c e l l o t r i o s i d e . 

C19 H34 °16 Mr = 518.46 

a = 8.005 (2) A ; b = 76.403 (9) Κ ; c = 8.995 (2) A 

β = 116.39 (5) ° ; monoclinic ; Ρ 2 χ ; Ζ = 8 

den s i t y of 1.50 Mg.m
independent molecules. S o l v i n g a non-centrosymmetrical s t r u c t u r e 
with 140 non-hydrogen atoms from only 3694 r e f l e c t i o n s i s a 
formidable challenge. Preliminary attempts to resolve the 
s t r u c t u r e with conventional d i r e c t methods were unsuccessful ; 
the work i s s t i l l being pursued i n our laboratory. 
The c r y s t a l morphology ( F i g . 4) and the dimension of the u n i t c e l l 
b parameter of 76.403 A lead to the conclusions that : 

-the molecules are i n extended conformations and are placed 
p a r a l l e l to the b axes. In some respect, they form a pseudo-
chain s t r u c t u r e . 

-the base plane parameters ( a, c and β ) resemble those of 
c e l l u l o s e II and of c e l l o t e t r a o s e . 

F i g . 6 summarizes the p o s s i b l e molecular features i n terms of 
p a r a l l e l and a n t i p a r a l l e l arrangements compatible with the u n i t 
c e l l data f o r methyl β-D-cellotrioside. By analogy with the 
a n t i p a r a l l e l type of packing proposed f o r c e l l u l o s e II and f o r 
c e l l o t e t r a o s e , one would favor type d i n F i g . 6. 
Owing to i t s high c r y s t a l l i n i t y and the s i m i l a r i t y of i t s X-ray 
di f f r a c t o g r a m with that of c e l l o t e t r a o s e , methyl β-D-cellotrioside 
was used as a model f o r c e l l u l o s e II i n a study using C NMR 
spectroscopy. I t was thought that the aglyconic methyl group would 
a l s o be u s e f u l i n p r o v i d i n g information about the v a r i e t y of 
linkage conformations i n the s t r u c t u r e . F i g . 7 shows the spectra, 
along with some r e l a t e d oligomers. The spectra are s i m i l a r , 
e s p e c i a l l y the chemical s h i f t s f o r C4, which occur at lower f i e l d 
than i n the lower oligomers. The resonance a t t r i b u t e d to the C6 
n u c l e i gives r i s e to a s i n g l e broad peak centered at 64.2 ppm; 
three s i g n a l s appear a t 108.3, 106.0 and 104.0 ppm f o r the 3 CI 
atoms. 
At high f i e l d , the methyl groups produce two peaks, at 58.4 and 
56.7 ppm. This important observation s i g n i f i e s that there are two 
main magnetic environments, and th e r e f o r e , conformations, f o r the 
aglyconic moieties. Moreover, these two peaks are themselves 
composites of two or three peaks, c o n s i s t e n t with the large u n i t 
c e l l . This supports model d, which has both "head-to-head" and 
" h e a d - t o - t a i l " environments f o r the methyl groups. By comparing 

In The Structures of Cellulose; Atalla, R.; 
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Figure 4. T y p i c a l hexagonal c r y s t a l l i n e p l a t e l e t of methyl 
β-D-cellotrioside. 

Figure 5 . X-ray powder d i f f r a c t i o n pattern of methyl 
β-D-cellotrioside. 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



HENRISSAT ET AL. Model Compounds for Cellulose II 

© © 

© Θ 

© © 

© © 

© © 
Φ © 

© © 
© Φ 

Φ 

© 

© 

© © 

© 

© 
Φ 

Φ 

© 

Φ 

© 

© 

Figure 6. Schematic drawings of the p o s s i b l e molecular 
arrangements f o r c r y s t a l l i n e methyl 0 - D - c e l i o t r i o s i d e c o n s i s t e n t 
with a P2^ space group symmetry. The 4 independent molecules are 
numbered from 1 to 4; the arrows p o i n t towards the methyl 
groups. For obvious c r y s t a l l o g r a p h i c reasons the 2^ axis of 
symmetry cannot c o i n c i d a t e with any of the molecular a x i s . 
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£(ppm) 

Figure 7. CP/MAS 1 3 C NMR spectra of some c e l l u l o s e oligomers 
recorded at 50.36 MHz : a/ c e l l c b i o s e , b/ methyl β-D-cello
b i o s i d e , c/ c e l l o t e t r a o s e and d/ methyl β-D-cellotrioside. 
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t h i s spectrum with that of methyl β-D-cellobioside we could 
a t t r i b u t e the s i g n a l at 58.1 ppm to the aglyconic methyl group; 
the s i g n a l a t 51.6 ppm then a r i s e s from the methanol molecule that 
c o - c r y s t a l l i z e s with methyl β-D-cellobioside. 

C e l l o t e t r a o s e . Despite s e v e r a l years of steady e f f o r t , no s i n g l e 
c r y s t a l adequate f o r conventional X-ray c r y s t a l l o g r a p h y could be 
grown. F i g 8. shows a powder d i f f r a c t i o n photograph; the wide 
angle neutron d i f f r a c t o g r a m i s i n F i g . 9. C r y s t a l data are i n 
Table V. F i g . 10 shows both a l a m e l l a r fragment of c e l l o t e t r a o s e 

Table V. C r y s t a l data f o r c e l l o t e t r a o s e . 

C24 H41 °21 ' Μ Γ = 6 6 5 · 5 7 

a = 8.963 (3) A ; b

α = 94.98 (10) ° ; β = 89.34 (10) ° ; γ =116.13 (10) 0 

t r i c l i n i c ; PI ; Ζ = 2 

and the corresponding e l e c t r o n d i f f r a c t o g r a m . The base plane 
pattern has two-dimensional p i symmetry which i s c o n s i s t e n t with 
both t r i c l i n i c and monoclinic space groups. The f a c t that 
recording d i f f r a c t i o n data from the base plane required t i l t i n g 
the c r y s t a l by 9-11° i n d i c a t e d that the c o r r e c t choice was the 
t r i c l i n i c space group. For a c h i r a l molecule t h i s could only be 
PI. The u n i t c e l l parameters agreed with previous values (8). We 
a l s o confirmed that t h i s t r i c l i n i c c e l l f i t s the neutron data. 
Observed st r u c t u r e f a c t o r s were k i n d l y provided by Poppleton. We 
found that only 869 of 2951 measured r e f l e c t i o n s could be 
considered as "observed" (1/ σ (I) > 1.99). Since there are two 
tetramers per c e l l , determination of the s t r u c t u r e r e quires 
l o c a t i o n of 90 non-hydrogen atoms with only 869 observed 
r e f l e c t i o n s . Preliminary c a l c u l a t i o n s produced a negative 
temperature f a c t o r , i n d i c a t i n g an u n r e l i a b l e data set, as i f from 
a damaged c r y s t a l . The c r y s t a l used by Poppleton was only 0.01 mm 
t h i c k , and i t required 900 hours of exposure to a h i g h - i n t e n s i t y 
beam to record the data. Because the data were not l i k e l y to be 
accurate enough f o r conventional methods, we decided to atttempt 
to solve the s t r u c t u r e with one of the "Real-Space C r y s t a l 
Structure Resolution" procedures with the 70 r e f l e c t i o n s 
corresponding to 3 A r e s o l u t i o n . 
The Linked-Atom Least-Squares (LALS) procedure (44) was used to 
generate molecular models of c e l l o t e t r a o s e . The glucose residues 
were kept i n the standard hC1 conformation; a l l bond angles and 
bond lengths were f i x e d at standard values (43). The constrained 
model of the c r y s t a l s t r u c t u r e was optimized against both X-ray 
data and non-covalent interatomic i n t e r a c t i o n s , as described by 
Smith and Arnott (44). 
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Figure 8. X-ray powder d i f f r a c t i o n pattern of c e l l o t e t r a o s e . 
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Figure 9. Wide angle neutron powder di f f r a c t o g r a m of 
c e l l o t e t r a o s e . 
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Figure 10. E l e c t r o n micrograph of m i c r o c r y s t a l s of 
c e l l o t e t r a o s e . I n s e r t : corresponding e l e c t r o n d i f f r a c t i o n 
diagram properly o r i e n t e d . 
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The p r e l i m i n a r y molecular models were treated as r i g i d bodies and 
the r e l a t i v e o r i e n t a t i o n s about and t r a n s l a t i o n along the long 
c r y s t a l a x i s were v a r i e d i n increments. At each step, the 
magnitude of s t e r i c i n t e r f e r e n c e was c a l c u l a t e d . The values of 
packing parameters corresponding to l o c a l minima were used as 
s t a r t i n g points f o r refinement that v a r i e d some of the molecular 
and packing parameters along with the X-ray s c a l e f a c t o r . We 
concluded at t h i s stage that the s t r u c t u r e contains a n t i p a r a l l e l 
molecules. 
Further refinement v a r i e d molecular parameters such as t o r s i o n 
angles of the primary hydroxyl groups and the t o r s i o n and valence 
angles at the g l y c o s i d i c l i nkages. The f i n a l R was 0.21; the 
observed and c a l c u l a t e d s t r u c t u r e f a c t o r s are i n Table VI. Atomic 
coordinates are i n Table VII; l a b e l i n g of the atoms proceeds from 
the non-reducing residue ( a and e i n the f i r s t and second 
molecules, r e s p e c t i v e l y ) to the reducing residue ( d and h 
r e s p e c t i v e l y ) . 
Only the main feature
r e s o l u t i o n . The c h i e f on
two independent molecules i n the u n i t c e l l . F i g . 11 i s a 
stereoscopic drawing of the s t r u c t u r e , F i g . 12 shows the 
p r o j e c t i o n onto the a, b base plane. T h i s p r o j e c t i o n i s c o n s i s t e n t 
with the p l a t e l e t morphology of the c r y s t a l s shown i n F i g . 10. 
Because a l l glucose residues were t r e a t e d as r i g i d bodies i n the 
refinement, the v a r i a b l e linkage t o r s i o n angles and g l y c o s i d i c 
bond angles had to accomodate a l l v a r i a t i o n s required to produce 
the best s t r u c t u r e . They may therefore s u f f e r some l o s s of 
accuracy. A l l the ( Φ, Ψ) angles, however, f a l l i n t o the very 
low-energy region of the map (see F i g . 13). Going from residue to 
residue, φ and ψ were not s i m i l a r enough to suggest l o c a l 
pseudo-symmetry. The g l y c o s i d i c angles ranged from 117.2 to 
121.8 C. 
Distances between 03 and 05 on the preceding u n i t ranged from 2.47 
to 3.02 A, i n d i c a t i n g hydrogen bonding. Proceeding from the 
non-reducing end, distances spanning d i s a c c h a r i d e residues are 
10.43, 10.55 and 10.38 A (molecule 1) and 10.36, 10.48, and 
10.41 A (molecule 2). While there i s s c a t t e r i n the d i s t r i b u t i o n 
of φ and ψ, p a r t l y due to the low accuracy, some of the 
conformations are near the C l conformer (methyl β-D-cellobioside) 
and some are near C2 ( c e l l o b i o s e ) . 

Conclusion 

The m u l t i d i s c i p l i n a r y approaches described i n the present work are 
a l l aimed at d e s c r i b i n g , and understanding the s t r u c t u r a l 
features of c e l l u l o s e oligomers at a molecular l e v e l . Intimate 
d e t a i l s are indeed taken i n t o account i n the conformational 
a n a l y s i s c a l c u l a t i o n s . The u t i l i z a t i o n of h i g h l y parametrized 
molecular mechanics programs, i n c l u d i n g the c o n t r i b u t i o n of 
intramolecular hydrogen bonding to the t o t a l energy, produced 
conformations i n agreement with observed c r y s t a l s t r u c t u r e s . The 
very same method was a l s o very powerful i n demonstrating the 
i n t e r a c t i o n s between r i n g geometry and r o t a t i o n s about the 
g l y c o s i d i c and aglycon linkages. When the hydrogen bond i s 
considered, i t appears that the pyranose r i n g undergoes small 
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Table VI. Structure f a c t o r t a b l e f o r c e l l o t e t r a o s e at 3 A 
r e s o l u t i o n . 

h k 1 F - c a l c F-obs h k 1 F - c a l c F-obs 

0 0 2 41.03 19.56 1 -1 3 23.45 38.39 
1 0 0 12.12 14.28 -1 0 5 35.84 28.27 

-1 0 1 22.48 14.62 2 0 1 33.76 25.37 
0 0 3 28.67 20.42 1 -1 5 27.01 39.77 
0 1 0 127.23 101.05 1 -2 2 12.17 28.07 
1 -1 0 22.69 22.91 1 0 5 15.93 25.74 
0 -1 1 45.58 48.63 -2 0 2 23.48 23.81 
0 1 1 29.38 16.32 2 1 3 34.10 27.95 

-1 0 2 49.74 
0 -1 2 48.73 
1 -1 2 30.88 17.84 0 2 0 17.05 22.46 
0 1 2 19.88 27.46 -2 0 3 18.07 23.20 
0 0 4 30.80 34.60 2 -2 0 45.81 34.62 

-1 0 3 33.77 40.05 2 -2 1 42.48 32.61 
1 0 3 21.08 25.08 0 -2 2 21.73 31.18 
0 1 3 19.42 23.04 0 2 1 22.37 23.81 

-1 0 4 75.26 101.92 -2 1 4 14.20 22.05 
0 -1 4 30.20 32.20 -1 0 6 25.14 26.39 
1 0 4 91.85 97.10 1 -1 6 33.34 35.35 

-1 -1 1 52.42 43.09 1 -2 4 16.96 20.34 
2 -1 0 243.12 224.51 1 1 4 78.75 112.36 
2 -1 1 83.26 78.40 0 _2 3 24.16 42.68 
2 1 1 31.31 43.04 -2 2 2 34.27 40.22 
1 1 1 31.12 36.83 0 2 2 41.33 50.74 

-1 1 4 15.41 31.30 2 -2 3 29.25 28.65 
-1 -1 2 56.27 54.58 -1 -1 5 59.45 87.40 
0 1 4 31.47 34.21 -1 1 6 68.13 81.51 
2 -1 2 62.66 50.98 0 1 6 40.29 45.66 

-2 1 2 51.92 54.34 0 -2 4 14.84 30.40 
1 1 2 39.63 51.39 -1 2 4 52.79 64.98 
2 0 0 256.80 245.83 0 2 3 42.20 58.31 

-1 2 0 20.21 20.66 1 -2 5 57.56 56.06 
1 -2 1 21.00 25.12 -2 1 5 28.68 28.89 

-2 0 1 38.89 34.66 -2 0 5 20.49 21.60 
0 -1 5 21.25 34.86 -1 0 7 36.51 34.90 
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Table VII. F r a c t i o n a l coordinates of C and Ο atoms f o r 
ο 

c e l l o t e t r a o s e model obtained at 3 A 
r e s o l u t i o n . 

a-Cl 
a-01 
a-C2 
a-02 
a-C3 
a-03 
a-C4 
a-04 
a-C5 
a-05 
a-C6 
a-06 
b-Cl 
b-01 
b-C2 
b-02 
b-C3 
b-03 
b-C4 
b-C5 
b-05 
b-C6 
b-06 
c-Cl 
c-01 
c-C2 
c-02 
c-C3 
c-03 
c-C4 
c-C5 
c-05 
c-C6 
c-06 
d-Cl 
d-01 
d-C2 
d-02 
d-C3 
d-03 
d-C4 
d-C5 
d-05 
d-C6 
d-06 

0.0624 
-0.0243 
-0.0468 
-0.0767 
0.0350 
-0.0765 
0.0815 
0.1785 
0.1832 
0.0932 
0.2214 
0.0741 
0.0717 
0.1568 
0.1687 
0.1738 
0.0906 
0.1931 
0.0699 
-0.0206 
0.0658 
-0.0319 
-0.0047 
0.0701 
-0.0125 
-0.0286 
-0.0320 
0.0462 
-0.0580 
0.0653 
0.1579 
0.0743 
0.1678 
0.2222 
0.0209 
0.0931 
0.0242 
-0.0755 
-0.0366 
-0.0159 
0.0596 
0.0569 
0.1204 
0.1630 
0.2370 

0.4084 
0.3739 
0.2672 
0.0851 
0.3112 
0.1891 
0.5126 
0.5616 
0.6429 
0.5914 
0.8440 
0.8651 
0.4925 
0.5298 
0.6525 
0.8202 
0.6126 
0.7544 
0.4234 
0.2739 
0.3239 
0.0856 
0.0078 
0.4546 
0.4329 
0.2848 
0.1235 
0.3099 
0.1586 
0.4931 

6535 
6168 
8368 
9753 
6793 
7968 
7979 
8914 
6784 

0.7945 
0.5642 
0.4580 
0.5846 
0.3547 
0.3757 

-0.9037 
-0.8510 
-0.9534 
-0.9403 
-1.0134 
-1.0600 
-1.0241 
-1.0764 
-0.9709 
-0.9170 
-0.9766 

-0.6134 
-0.7057 
-0.6771 
-0.7683 
-0.8049 
-0.7960 
-0.7537 
-0.6967 
-0.7766 
-0.7298 
-0.4334 
-0.3798 
-0.4767 
-0.4538 
-0.5383 
-0.5798 
-0.5596 
-0.5122 
-0.4565 
-0.5287 
-0.4791 
-0.2070 
-0.1557 
-0.2568 
-0.2411 
-0.3159 
-0.3630 
-0.3290 
-0.2756 
-0.2228 
-0.2840 
-0.3412 

e-Cl 
e-01 
e-C2 
e-02 
e-C3 
e-03 
e-C4 
e-04 
e-C5 
e-05 
e-C6 

f-Ol 
f-C2 
f-02 
f-C3 
f-03 
f-C4 
f-C5 
f-05 
f-C6 
f-06 
g-Cl 
g-01 
g-C2 
g-02 
g-C3 
g-03 
g-C4 
g-C5 
g-05 
g-C6 
g-06 
h-Cl 
h-01 
h-C2 
h-02 
h-C3 
h-03 
h-C4 
h-C5 
h-05 
h-C6 
h-06 

0.5370 
0.5944 
0.5992 
0.5292 
0.5548 
0.6289 
0.6160 
0.5549 
0.5550 
0.6065 
0.6234 

0.5000 
0.5307 
0.6074 
0.5898 
0.5368 
0.5207 
0.5576 
0.4931 
0.4791 
0.3077 
0.5378 
.6127 
.5783 
.5071 
.5148 
.5694 

0.5780 
0.5395 
0.6085 
0.6124 
0.5230 
0.5775 
0.5081 
0.6044 
0.7217 
0.6632 
0.6705 
0.5456 
0.5194 
0.4604 
0.3921 
0.2414 

0.4817 
0.4398 
0.4067 
0.2092 
0.4662 
0.4108 
0.6764 
0.7298 
0.7400 
0.6800 
0.9497 

0.5000 
0.6391 
0.8210 
0.6400 
0.7490 
0.4420 
0.3177 
0.3243 
0.1155 
0.0227 
0.3450 
0.3303 
0.2381 
.0459 
.2663 
.1817 
.4732 

0.5702 
0.5379 
0.7792 
0.8576 
0.3976 
0.4129 
0.5657 
0.7304 
0.5464 
0.6950 
0.3604 
0.2014 
0.2320 
0.0144 
0.0203 

-0.4833 
-0.5375 
-0.4342 
-0.4440 
-0.3731 
-0.3275 
-0.3655 
-0.3117 
-0.4181 
-0.4733 
-0.4157 

-0.7735 
-0.6748 
-0.6945 
-0.6115 
-0.5710 
-0.5933 
-0.6404 
-0.6979 
-0.6273 
-0.6455 
-0.9522 
-1.0055 
-0.9073 
-0.9282 
-0.8459 
-0.8032 
-0.8269 
-0.8757 
-0.9311 
-0.8615 
-0.8918 
-1.1852 
-1.2382 
-1.1419 
-1.1656 
-1.0808 
-1.0392 
-1.0587 
-1.1061 
-1.1613 
-1.0888 
-1.0704 
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Figure 11. Stereoscopi
of c r y s t a l l i n e c e l l o t e t r a o s e . 

Figure 12. P r o j e c t i o n of the c e l l o t e t r a o s e s t r u c t u r e onto the 
a,b base plane. 
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Figure 13. C a l c u l a t e d and observed ( Φ , Ψ ) conformations of 
l i n e a r c e l l o d e x t r i n s . 

A : c a l c u l a t e d conformations from Molecular Mechanics l a b e l e d 
from 1 to 7 and r e f e r to conformers CI to C7 l i s t e d i n 
Table I I . 

Observed ( Φ , ψ) conformations : 

m : c e l l o b i o s e -73.3 -132.3 
methyl β-D-cellobioside -88.9 -160.7 

Ο : c e l l o t e t r a o s e , u n i t a to b; 1 -90 -141 
u n i t b to c; 2 -103 -138 
un i t c to d; 3 -68 -129 
u n i t e to f; 4 -80 -156 
u n i t f to g; 5 -94 -150 
u n i t g to h; 6 -83 -131 

The external contour corresponds to 10 kcal/mol expressed 
r e l a t i v e to the minimum. 
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d i s t o r s i o n s . The present r e s u l t s o f f e r a p i c t u r e which i s a 
compromise between the extreme d i s t o r s i o n s mentioned by Melberg 
and Rasmussen (53) on the one hand, and the lack of such 
d i s t o r s i o n s reported by P i z z i and Eaton (54) on the other hand. 
Conventional X-ray c r y s t a l l o g r a p h y on oligomers i s i n f a c t the 
ultimate method s i n c e , upon completion of a three-dimensional 
s t r u c t u r e , the coordinates of a l l the atoms i n a molecule are 
determined with a high accuracy. T h i s , simply, r e s u l t s from the 
f a c t that there i s u s u a l l y a f a r greater number of observables, 
i . e. d i f f r a c t i o n i n t e n s i t i e s , than parameters to be found. 
Unfortunately, such a s i t u a t i o n i s not found i n the case of 
c e l l u l o s e oligomers with a DP higher than two. Neither the three 
dimensional s t r u c t u r e of c e l l o t e t r a o s e , nor that of methyl B-D-
c e l l o t r i o s i d e have been solved and r e f i n e d to an acceptable 
accuracy. Nevertheless, c r u c i a l s t r u c t u r a l information has been 
gained since the a n t i p a r a l l e l o r i e n t a t i o n of c e l l o t e t r a o s e 
molecules has been determined  Also  our r e s u l t s s t r o n g l y suggest 
that s e v e r a l d i s t i n c t conformation
found i n the c e l l o t e t r a o s

1 3 
behaviour may e x p l a i n the s p l i t t i n g of the C NMR resonance of 
the CI atoms i s s t i l l not w e l l e s t a b l i s h e d . Whereas i t was w e l l 
known that c e l l o t e t r a o s e was a good model f o r c e l l u l o s e I I , we 
have c l e a r l y shown that methyl β-D-cellotrioside i s a l s o q u i t e an 
adequate model. Such an adequacy i s based on the s i m i l a r i t y 
between the high r e s o l u t i o n s o l i d state NMR spectra together with 
the dimensions o f the c r y s t a l u n i t c e l l . C r y s t a l s t r u c t u r e 
e l u c i d a t i o n of methyl β-D-cellotrioside represents quite a 
challenge, but at l e a s t , s i n g l e c r y s t a l s good enough f o r X-ray 
a n a l y s i s can be grown i n a reproducible manner, which i s not the 
case yet f o r c e l l o t e t r a o s e . The high r e s o l u t i o n s o l i d state 
spectrum of methyl β-D-cellotrioside e x h i b i t s a d i s t i n c t s p l i t t i n g 
of the CI atoms resonances and t h i s may r e f l e c t the occurence of 
d i s t i n c t conformations at the g l y c o s i d i c linkages. This very same 
spectrum a l s o shows how the methyl groups of methyl glycosides may 
be used as convenient probes i n e s t a b l i s h i n g gross s t r u c t u r a l 
f e a t u r e s . Nevertheless, drawing d e f i n i t e conclusions about any 
d i r e c t c o r r e l a t i o n between an observed s p l i t t i n g and known 
s t r u c t u r a l features as derived from X-ray i n v e s t i g a t i o n should be 
handled with caution. Whereas i t appears that the occurrence of 
s p l i t resonances r e f l e c t s conformational inhomogeneity (55), the 
converse i s not n e c e s s a r i l y t r ue. T h i s statement i s i l l u s t r a t e d 
by the methyl β-D-cellobioside case, f o r which two d i s t i n c t 
conformations of the C6 carbon atoms are observed i n the c r y s t a l 
s t r u c t u r e whereas only one resonance at 63.1 ppm can be assigned 
to the corresponding atoms i n t h e . 1 3 C CP /MAS NMR spectrum. Our 
c a l c u l a t i o n s , although s t i l l p r i m i t i v e , appear to explain such a 
behavior. 
Despite the lack of high accuracy, some c o n s i s t e n t features can be 
drawn from the study of c e l l u l o s e oligomers through our approach. 
The r e s u l t s i n d i c a t e c l e a r l y that the g l y c o s i d i c linkages i n 
c e l l u l o s e oligomers have d i f f e r e n t conformations. I t i s a l s o c l e a r 
that the g l y c o s i d i c linkage does not e x i s t i n a conformation 
c o n s i s t e n t with a "two-fold" h e l i x symmetry. These conclusions 
which are e s s e n t i a l l y reached through conformational a n a l y s i s 
c a l c u l a t i o n s are supported by the appearence of the s o l i d state 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



64 THE STRUCTURES OF CELLULOSE 

C NMR spectra of both c e l l o t e t r a o s e and methyl β-D-cello
t r i o s i d e , and c e l l u l o s e II as w e l l . Despite a large d i f f e r e n c e 
between the u n i t c e l l contents of methyl β-D-cellotrioside and 
c e l l o t e t r a o s e , t h e i r r e s p e c t i v e base plane dimensions, i . e . normal 
to the d i r e c t i o n p a r a l l e l to the molecular a x i s , are s t r i k i n g l y 
comparable ; t h i s must r e f l e c t strong packing h a b i t s , of not only 
long c e l l u l o s e chains but c e l l u l o s e - l i k e chains as c e l l o t e t r a o s e 
or methyl β-D-cellotrioside (at the e x c l u s i o n of metastable 
arrangements r e s u l t i n g from b i o s y n t h e t i c pathways and 
o r g a n i z a t i o n s ) . 
There has been considerable d i s c u s s i o n regarding the c r y s t a l 
s t r u c t u r e of c e l l u l o s e II and two models have been proposed; they 
both are based upon a monoclinic P2^ space group. In one, the 
u n i t c e l l i s postulated to contain two independent chains (22-24) 
(model A), while i n the other, the chain conformation i s thought 
to be such that a c e l l o b i o s y l u n i t does indeed c o n s t i t u t e the 
repeating u n i t (17) (model B)  In model A, the two-fold h e l i c a l 
conformation i s assumed
atoms) are conformationall
a x i s . Since the chains are loc a t e d on the c r y s t a l l o g r a p h i c axes of 
symmetry they may have d i f f e r e n t conformations. Model A has an 
a n t i p a r a l l e l arrangement, i n agreement with our f i n d i n g on 
c e l l o t e t r a o s e . Therefore, each atom i n a chain would have a 
d i f f e r e n t packing environment than the corresponding atom i n the 
neighboring chains. Can such features, i n v o l v i n g d i f f e r e n c e s i n 
distances greater than 3 A, e x p l a i n the s i g n i f i c a n t s p l i t t i n g of 
the CI resonances on the NMR spectra ? Why i s s i m i l a r s p l i t t i n g 
not observed f o r the other carbon atoms ? In model B, a 
c e l l o b i o s y l u n i t c o n s t i t u t e s the repeating u n i t (11), i n agreement 
with the r e s u l t s of conformational a n a l y s i s performed on i s o l a t e d 
molecules. Therefore, two p a i r s of g l y c o s i d i c t o r s i o n angles 
a l t e r n a t e along the polymer chain, thereby p r o v i d i n g a r a t i o n a l 
explanation f o r the observed s p l i t t i n g of the CI resonances. No 
longer can the macromolecular chain have a two-fold h e l i c a l 
symmetry and hence the coincidence between polymer a x i s and 
c r y s t a l l o g r a p h i c two-fold a x i s i s forbidden. To keep monoclinic 
symmetry, the c e l l u l o s e chains would have to be located between 
the c r y s t a l l o g r a p h i c axes; the chains are no longer independent 
and have to be i n a p a r a l l e l r e g i s t e r which i s not c o n s i s t e n t with 
the arrangement found f o r c e l l o t e t r a o s e and postulated f o r 
methyl- β-D c e l l o t r i o s i d e . The only way would be to consider the 
t r i c l i n i c space group, with two independent, a n t i p a r a l l e l 
chains t r a v e r s i n g the u n i t c e l l . T his would be c o n s i s t e n t with a l l 
the features d i s p l a y e d by the c e l l u l o s e oligomers. This would a l s o 
explain why the (0 0 1) r e f l e c t i o n i s not absent from the X-ray 
f i b e r d i f f r a c t i o n pattern of c e l l u l o s e II as i t should r e a l l y be 
i n a monoclinic P2^ space group. 

Addendum : Subsequent to the presentation of t h i s work, a repo r t 
by D.L. VanderHart ( J . Chem. Phys. (1986) 84, 1196) e s t a b l i s h e d a 
f i e l d dependency f o r 1 3 C NMR chemical s h i f t s of polyethylene i n the 
s o l i d s t a t e . At the 50.3 MHz frequency used i n the present work, 
the c o r r e c t value i s 32.9 ppm not 33.6 and hence a l l chemical 
s h i f t s should be decreased by 0.7 ppm from the values reported 
above. 
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Chapter 4 

Application of the Rietveld Crystal Structure 
Refinement Method to Cellotetraose 

A. Sakthivel1, A. D. French2, B. Eckhardt3,4, and R. A. Young3 

1School of Textile Engineering, Georgia Institute of Technology, Atlanta, GA 30332 
2Southern Regional Research Center, U.S. Department of Agriculture, P.O. Box 19687, 

New Orleans, LA 70179 
3School of Physics, Georgia Institute of Technology, Atlanta, GA 30332 

The Rietveld method of structure refinement from 
x-ray powder d i f f r a c t i o
cellotetraose, whic
similar to that of cellulose II. Unit cell dimensions 
were consistent with earlier work. The space group 
was shown to be P1 rather than P21. Models, r igid 
except for the positions of the 0(6) atoms, were used 
to test the effects on the calculated diffraction 
patterns of parallel and antiparallel packing modes, 
0(6) positions, and the presence of hydrogen atoms. 
The hydrogen atoms had a negligible effect on the 
calculated x-ray d i f f r a c t i o n pattern. The 
intensities of specific individual Bragg reflections 
were sufficiently affected by the 0(6) positions so 
that they may help to indicate those positions, even 
though the net effect on the overall pattern-fitting 
was small . Results from refinements of an 
antiparallel model against intensities calculated 
from a parallel model indicated that differentiation 
may be di f f icul t on the basis of x-ray powder 
diffraction patterns. Preliminary results based on 
simple models with tetramer symmetry close to 21 

suggested that the two tetramers in the unit cell are 
slightly inclined to the c axis. 

I t has l o n g been known t h a t c e l l o t e t r a o s e , the β 1 , ^ - l i n k e d 
t e t r a m e r of D-glucose, y i e l d s a powder d i f f r a c t i o n p a t t e r n 
e x h i b i t i n g more c r y s t a l l i n i t y but o t h e r w i s e s i m i l a r t o t h a t of 
c e l l u l o s e I I , t h e a l l o m o r p h r e s u l t i n g f r o m t r e a t m e n t of 
c e l l u l o s e I i n s t r o n g l y a l k a l i n e s o l u t i o n or from r e g e n e r a t i o n 
from s o l u t i o n . In the quest to o b t a i n s t r u c t u r a l i n f o r m a t i o n 
a p p l i c a b l e t o c e l l u l o s e I I , p r e v i o u s workers, u s i n g t i n y s i n g l e 
c r y s t a l s , e.g., 0.2 χ 0.1 χ 0.01 mm3 " u s u a l l y of poor q u a l i t y but 
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with w e l l developed (001) faces" (1_), suggested (2) that the space 
group of c e l l o t e t r a o s e was P1 and d e t e r m i n e d the u n i t c e l l of 
c e l l o t e t r a o s e a c c o r d i n g l y . F u r t h e r s i n g l e - c r y s t a l d i f f r a c t i o n 
work has, however, been thwarted by x - r a d i a t i o n damage occasioned 
by the l o n g exposures r e q u i r e d because of the s m a l l s i z e of the 
c r y s t a l s . 

R i e t v e i d r e f i n e m e n t (3>4) p e r m i t s s t r u c t u r a l study w i t h 
powder d i f f r a c t i o n data. The e n t i r e d i f f r a c t i o n p a t t e r n i s 
c a l c u l a t e d from a model c o n s i s t i n g of the u n i t c e l l p arameters, 
c r y s t a l l i t e s i z e ( l i n e w i d t h ) , proposed atomic p o s i t i o n s and 
t h e r m a l parameters. The v a l i d i t y of the proposed model i s 
measured by comparison of the observed and c a l c u l a t e d i n t e n s i t y at 
each step-scan increment, i n c l u d i n g background c o r r e c t i o n , and the 
model parameters are s y s t e m a t i c a l l y r e f i n e d i n order to provide 
the best agreement i n a l e a s t squares sense. 

In Immirzi ?s version (5), the molecule i s described i n terms 
of generalized coordinates so that the model can be r e f i n e d when 
the data are l i m i t e d an
t o the a n a l y s e s of f i b e
are kept r i g i d except f o r r o t a t i n g side groups. However, powder 
d i f f r a c t i o n data are l e s s l i k e l y t o be a f f e c t e d by e r r o r s i n 
c o l l e c t i o n , c o r r e c t i o n and reduction than f i b e r data. E r r o r s from 
preferred o r i e n t a t i o n produced i n sample preparation are possible, 
but can be tested f o r . 

Although the R i e t v e i d method has been used s u c c e s s f u l l y with 
h u n d r e d s o f m a t e r i a l s , i n c l u d i n g some p o l y m e r s s u c h as 
p o l y p r o p y l e n e (6), i t i s b e l i e v e d t h a t t h i s i s the f i r s t attempt 
to perform a thorough s t r u c t u r a l study of an oligosaccharide with 
powder x-ray d i f f r a c t i o n data. In t h i s paper, we describe some of 
the d e t a i l s of the R i e t v e i d method, as m o d i f i e d by I m m i r z i f o r 
polymers and f u r t h e r modified l o c a l l y , and discuss our assessments 
of v a r i o u s assumptions used i n such a study. A p r e l i m i n a r y 
s t r u c t u r a l r e s u l t i s als o presented. 

EXPERIMENTAL PROCEDURE 

The samples of c e l l o t e t r a o s e s t u d i e d h e r e i n were p r o v i d e d by 
Dr. F r e d P a r r i s h , S o u t h e r n R e g i o n a l Research Center, Dr. Ross 
Brown, U n i v e r s i t y of F l o r i d a , and Dr. John V e r c e l l o t t i , V-Labs, 
Co v i n g t o n , LA. They were made by h y d r o l y s i s of c e l l u l o s e i n 
hydrochloric a c i d and separated from the other r e s u l t i n g oligomers 
through column chromatography. 

The step-scanned, wide-angle d i f f r a c t i o n data were obtained 
( r e f l e c t i o n mode) with a standard Θ-2Θ x-ray powder dif f r a c t o m e t e r 
using a d i f f r a c t e d beam monochromator and CuKa r a d i a t i o n from a 
standard sealed-off x-ray tube. The scanning range was from 7° to 
43.40° 2Θ; no c l e a r l y r e c o g n i z a b l e peaks were observed beyond 
43.40°. The s t e p w i d t h was 0.04° and the c o u n t i n g t i m e was 250 
seconds per step. Since l i t t l e improvement i n the data r e s u l t e d 
from maintaining the specimen near l i q u i d nitrogen temperatures, 
a l l r e s u l t s r e p o r t e d here were o b t a i n e d from room temperature 
data. 

T h e a b s o r p t i o n f a c t o r e x p ( - u t ) ( e q u a l t o 
ïtransmitted^incident ? o r a normally incide n t beam) was measured 
as 76.4$. The wide-angle d i f f r a c t i o n pattern i s shown i n Figure 1. 
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S m a l l - a n g l e data were c o l l e c t e d w i t h a s m a l l angle x-ray 
d i f f r a c t o m e t e r equipped with a p o s i t i o n s e n s i t i v e detector placed 
25.0 cm away from the sample (transmission mode). The r e s u l t i s 
shown i n Figure 2. 

RIETVELD REFINEMENT METHOD 

Given the atomic p o s i t i o n s from a model, the i n t e n s i t y y^ at the 
i t n step i s 

* i = y i . b + Σ * i , H 

y i > H = G ( e r e H ) | F H | 2 P H T H ( L P ) i 

where 
^ = background at the i t n step 

Η ' = M i l l e r i n d i c e s h,k,l f o r a Bragg r e f l e c t i o n 
G ( e i ~ 6 H ) = Bragg

f u n c t i o
f o r more d e t a i l s ) 

Q± = s c a t t e r i n g angle at the i t n step 
F H = s t r u c t u r e f a c t o r 
P H = m u l t i p l i c i t y of Η 
(LP)j = Lorentz and p o l a r i z a t i o n f a c t o r at step i 
T H = e x p ( - P ( a H ) 2 ) , preferred o r i e n t a t i o n f u n c t i o n 
Ρ = preferred o r i e n t a t i o n parameter 
otH = acute angle between the preferred o r i e n t a t i o n 

d i r e c t i o n and the r e c i p r o c a l l a t t i c e vector f o r Η 

The background i n t e n s i t y (y^ fe) i s c a l c u l a t e d as 

Y i f b = b 1 + ( b 2 - b 1 ) ( 2 9 1 - 2 e i ) / (2θ 1-2θ 2) + b 3 * G(2e s-28 1) 

where 
20! and 2 θ 2 are the l i m i t s of the scanning range, 
G(26 3-20 i) i s a Pearson VII function with 3 r e f i n a b l e 
parameters, and 
b x ,b 2,b 3,20 3 are also parameters that are r e f i n e d . 
The equation given above f o r y i b i s e m p i r i c a l and a graphical 
representation of i t can be found i n reference 6. 
The s t r u c t u r e f a c t o r F H , i s c a l c u l a t e d as f o l l o w s : 

F H = I Mjfjexp{-2πi(hXj+kyj + lZj)}exp{-Bj(d H
9 t/2) 2} 

j = ranges from 1 to no. of atoms i n the unit c e l l 
Mj = s i t e occupancy (of the j t n atom s i t e ) 
f j = atomic s c a t t e r i n g f a c t o r f o r the j t n atom 
Xj , y j , Z j = f r a c t i o n a l coordinates of the atom j 
B ^ = temperature f a c t o r 
d H =2 sin0/X 
λ = wavelength of the r a d i a t i o n used 

The d i f f e r e n c e between the observed and c a l c u l a t e d patterns 
i s measured by the r e s i d u a l , 
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Figure 1. Wide angle x-ray powder d i f f r a c t i o n pattern of 
c e l l o t e t r a o s e at room temperature. CuK r a d i a t i o n . 
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Figure 2. Small-angle powder-diffraction pattern of c e l l o 
tetraose at room temperature (transmission mode). CuK r a d i a t i o n 
and a p o s i t i o n s e n s i t i v e detector at 25.0 cm from the sample 
were used. 
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χ 2 = Σ w i ( y i , o b s - y i , c a l c ) 2 ( 1 ) 

where the sum extends over a l l s c a t t e r i n g a n g l e s 2Θ at which a 
measurement of the d i f f r a c t e d i n t e n s i t y y^ o b s , was made. Wj i s a 
weight f a c t o r , u s u a l l y chosen to be 1/yi 0' b s. A minimum i n χ 2 i s 
sought. A n e c e s s a r y c o n d i t i o n f o r t e r m i n a t i o n of r e f i n e m e n t i s 
t h a t the g r a d i e n t of χ 2 w i t h r e s p e c t to each of the M r e f i n e d 
parameters, x k, has vanished. The r e s u l t i n g e q u a t i o n s are 
n o n l i n e a r i n the x k

f s and cannot be s o l v e d a n a l y t i c a l l y f o r the 
parameter s h i f t s dx k which w i l l m i n i m i z e χ 2. T h e r e f o r e , the 
c a l c u l a t e d i n t e n s i t i e s are expanded i n the x k*s and o n l y l i n e a r 
terms are kept. L e t t i n g b races denote m a t r i c e s and p a r e n t h e s e s 
denote vectors, one ends up wih an equation of the form 

{A} (dx) = b (2) 

from which, 

(dx) = {A}

The various q u a n t i t i e s are: 

- w i 5 y i , c a l c 6 v i , c a l c ... 
A j k = I (4) 

6xj 6x k 

w i 6 v i , c a l c ( v i , o b s ~ v i , c a l c ) 

6 X J 

dx k = x k
o l d - x k

n e w (6) 

This c l e a r l y shows several important features of the R i e t v e i d 
r e f i n e m e n t procedure. F i r s t l y , i t i n v o l v e s i n v e r s i o n of an M*M 
m a t r i x . Secondly, i t works o n l y i f the s t a r t i n g v a l u e s are 
already c l o s e to a minimum, because of the l i n e a r approximation i n 
the d e r i v a t i o n of e q u a t i o n (2). T h i r d l y , whatever minimum i s 
obtained, i t i s not n e c e s s a r i l y the global minimum one i s looking 
f o r but may be a l o c a l minimum, s i n c e the method i s a l o c a l one. 
F i n a l l y , because of f i n i t e w i d t h of every r e f l e c t i o n , the 
c a l c u l a t e d i n t e n s i t y at each s t e p c o n t a i n s c o n t r i b u t i o n s from 
s e v e r a l n e i g h b o r i n g r e f l e c t i o n s . In our case up to 45 p o s s i b l e 
r e f l e c t i o n s can contribute to the i n t e n s i t y c a l c u l a t e d at a s i n g l e 
point i n the d i f f r a c t i o n pattern. The program used for R i e t v e i d 
r e f i n e m e n t i n t h i s work i s an e x t e n s i v e l y m o d i f i e d v e r s i o n of 
REFIN (FORTRAN V), w r i t t e n by A. Immirzi (5). 

In order to assess the agreement between the c a l c u l a t e d and 
observed p a t t e r n , s e v e r a l numbers can be c a l c u l a t e d . Most 
commonly used are R w p and Rp. 
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1/2 

wp (7) 
obs 

and 

^ I y i , o b s ~ y i , c a l c l 
Rp = - (8) 

y i , o b s 

On a s t r i c t l y s t a t i s t i c a l b a s i s R w p i s the p r e f e r r e d i n d i c a t o r 
because i t s numerator i s the f u n c t i o n t h a t i s b e i n g m i n i m i z e d 
(equation 1). Note that these R values are normally l a r g e r than 
those reported for f i b e r and s i n g l e - c r y s t a l studies because they 
are based on the i n t e n s i t i e s at a l l s t e p s i n the p a t t e r n and not 
j u s t on i n d i v i d u a l l y observe

Another i n d i c a t o r
c o n v e n t i o n a l fR v a l u e  w i t h which some r e a d e r s w i l l be f a m i l i a r 
from the l i t e r a t u r e on s i n g l e c r y s t a l s t r u c t u r e refinement: 

Σ ( I i , " o b s " " I i , c a l c ) 

R B - (9) 
ί I i , " o b s " 

In i t s f o r m u l a t i o n , R B i s comparable to the c o n v e n t i o n a l 
R value based on i n t e n s i t i e s which, f o r a normal d i s t r i b u t i o n of 
errors, i s l a r g e r than the most quoted R value based on s t r u c t u r e 
f a c t o r s by a f a c t o r of /2. 

In equation 9, Iii 0 b S t i i s written with quotation marks because 
i t i s not a c t u a l l y observed d i r e c t l y . Rather, the t o t a l i n t e n s i t y 
observed f o r a set of overlapping r e f l e c t i o n s i s apportioned among 
the r e f l e c t i o n s i n the r a t i o s of the c a l c u l a t e d i n t e n s i t i e s (3fJ0. 
R B i s , t h e r e f o r e , b i a s e d i n f a v o r of the model b e i n g used. 
However, i t i s u s e f u l because i t i s r e l a t i v e l y i n s e n s i t i v e to 
features, such as p r o f i l e shape err o r s , which produce an i n f l a t i o n 
of Rp and R w p without c r y s t a l s t r u c t u r a l s i g n i f i c a n c e . 

COMPUTER MODEL BUILDING 

The molecular formula for c e l l o t e t r a o s e , the Β 1,4-linked tetramer 
of D-glucose, i s ^2^4^42^21 · S * n c e the c o n t r i b u t i o n s of the 
hydrogen atoms to the x-ray p a t t e r n may be s a f e l y d i s r e g a r d e d 
(Figure 3), s t r u c t u r a l determination c o n s i s t s of d e f i n i n g the x, 
y, and ζ coordinates (plus any thermal parameters) f o r each of the 
remaining 45 atoms i n each tetramer. Even though 910 data points 
were taken, no more than about 30 i n t e n s i t y "peaks" can be 
o b s e r v e d , most of w h i c h a r e c o m p o s i t e s of s e v e r a l B r a g g 
r e f l e c t i o n s . Therefore, only a very l i m i t e d number of parameters 
i n the model can be meaningfully r e f i n e d . 

The coordinates of the atoms i n the monomer were assumed to 
be known from s i n g l e c r y s t a l studies of glucose (7). Each monomer 
was t r e a t e d as a r i g i d body w i t h 3 degrees, each, of r o t a t i o n a l 
and t r a n s l a t i o n a l freedom. 
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The o r i g i n of the coordinate system (for example, c o i n c i d i n g 
w i t h the c e n t e r of the f i r s t monomer) can be f r e e l y chosen. The 
f i r s t monomer then has only 3 r o t a t i o n a l degrees of freedom. The 
o t h e r t h r e e monomers are d e s c r i b e d by 3 t r a n s l a t i o n a l and 3 
angular parameters, each. 

One parameter for each monomer describes the o r i e n t a t i o n of 
the oxygen of the p r i m a r y h y d r o x y l group (0(6) ) , w i t h r e s p e c t t o 
the C(4) - C(5) bond. 

With t h i s s e l e c t i o n of parameters, the tetramer i s described 
i n terms of 25 parameters. S p e c i f i c a t i o n of i t s o r i e n t a t i o n with 
r e s p e c t to the u n i t c e l l r e q u i r e s another t h r e e a n g l e s . (In a 
s t r i c t l y mathematical sense, these three parameters are redundant. 
Hence, they are never r e f i n e d simultaneously with the o r i e n t a t i o n 
parameters of the monomers). Thus, the t o t a l number of parameters 
f o r the f i r s t t e t r a m e r i s 28. I t i s then easy t o d e s c r i b e many 
t e t r a m e r s per u n i t c e l l ; a l l one has t o do i s t o t a k e 28 
parameters for the f i r s t tetramer and 28 parameters plus three for 
the a d d i t i o n a l t r a n s l a t i o n a
a d d i t i o n a l t e t r a m e r
parameters. In most of our refinements, the number of parameters 
a c t u a l l y r e f i n e d i n any one c y c l e was l i m i t e d to about 20. 

Only β-cellotetraose has been modeled i n t h i s study. The 
c e l l o t e t r a o s e sample c o u l d a l s o be a m i x t u r e of a- and B-
c e l l o t e t r a o s e s or even a l l a. In the case of m i x t u r e s , the 
anomers may occur i n the same c r y s t a l s as i n the case of a-B 
maltose (8), or the powder sample may contain two types of s i m i l a r 
c r y s t a l s t h a t d i f f e r at the anomeric carbon. T h i s i s among the 
t o p i c s t h a t w i l l be examined d u r i n g the second phase of t h i s 
study. 

RESULTS AND DISCUSSION 

Space Group and Unit c e l l parameters. According to Poppleton and 
Mathieson (]_), the space group for c e l l o t e t r a o s e i s e i t h e r P1 and 

The f a i r l y s t r o n g 001 r e f l e c t i o n observed at 3.90° ( F i g u r e 
2) e l i m i n a t e s the P2 1 space group. S t a r t i n g from those i n the 
l i t e r a t u r e (2), the l a t t i c e parameters r e f i n e d to 

a = 8.98 A b = 8.01 A, c = 22.34A 

α = 9 4 . 3 1 ° Β = 89 .27° Ύ = 1 1 6 . 4 5 ° 

These parameters agree w e l l with the reported l a t t i c e parameters 
(2 ) , except f o r c, which i s s m a l l e r by 0.25A i n our study. The 
d e n s i t y c a l c u l a t e d from our parameters i s 1.55 g/cm 3, t h a t from 
(2) i s 1.52 g/cm 3 and the measured d e n s i t y i s r e p o r t e d (1_) t o be 
1.49 g/cm 3. 

The l a r g e , asymmetric (P1) u n i t c e l l p e r m i t s 338 p o s s i b l e 
r e f l e c t i o n s i n the angular range studied. Most peaks are composed 
of many unresolvable r e f l e c t i o n s . For instance, the major peaks 
at 12.3, 19 .9, 22.0, and 40 . 8 ° (to which 1T0, 1 10, 200, and 310, 
r e s p e c t i v e l y , are the major contributors) contain 6, 9, 10 and 40 
r e f l e c t i o n s , r e s p e c t i v e l y . In the R i e t v e i d method, the i n t e n s i t y 
at any point i n the c a l c u l a t e d d i f f r a c t i o n pattern i s the sum of 
c o n t r i b u t i o n s from n e i g h b o r i n g r e f l e c t i o n s . In the d i f f r a c t i o n 
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p a t t e r n s c a l c u l a t e d i n t h i s work, the range of i n f l u e n c e of any 
r e f l e c t i o n was l i m i t e d to twice the width of the p r o f i l e at h a l f 
the maximum height. 

Number of Tetramers per Unit C e l l . 

A: T r i a l s w i t h one t e t r a m e r per c e l l . We f i r s t t r i e d s e v e r a l 
models c o n t a i n i n g one t e t r a m e r per u n i t c e l l (of h a l f the c e l l 
volume f i n a l l y used), as proposed by Poppleton and Mathieson (1_). 
However, we could not produce the roughly equal i n t e n s i t i e s of the 
two very s t r o n g peaks at 20° and 22° a l o n g w i t h a s t r o n g one at 
12°. We therefore concluded that the number of tetramers per unit 
c e l l i s greater than one. 

B: T r i a l s w i t h two t e t r a m e r s per c e l l . As d e s c r i b e d by Gardner 
and B l a c k w e l l f o r c e l l u l o s e (9), two t e t r a m e r s can be packed i n 
the unit c e l l i n 3 ways: P a r a l l e l - u p  a n t i p a r a l l e l  and p a r a l l e l
down. In p a r a l l e l - u p
reducing ends of both th
nonreducing ends, and c o n v e r s e l y f o r the p a r a l l e l - d o w n models. 
A n t i p a r a l l e l models contain one "up" and one "down" tetramer. In 
t h e i r studies, Sarko and Muggli (1_0) have used a and b axes which 
are interchanged compared to ours, those i n the Blackwell-Gardner 
system, and those i n references (1,2). This r e s u l t s i n the c axis 
p o i n t i n g i n a d i r e c t i o n opposite to that i n the Blackwell-Gardner 
system. T h i s has caused some c o n f u s i o n i n t h a t a p a r a l l e l - u p 
model i n one system comes to be c a l l e d a p a r a l l e l - d o w n model i n 
the other system and vice versa. 

We have r e f i n e d several p a r a l l e l - u p and a n t i p a r a l l e l models 
against the d i f f r a c t i o n data and the best agreements between the 
c a l c u l a t e d and the experimental data are shown i n Figures 4 and 5. 
The ab and ac p r o j e c t i o n s of the corresponding models are shown i n 
Figures 6 and 7. 

The R values for the best models are given i n Table I. Since 

Table I. R values f o r the best a v a i l a b l e models 

Model R P Rwp RBragg 

P a r a l l e l - u p 0.1 41 0.190 0.185 

A n t i p a r a l l e l 0.171 0.226 0.235 

the R v a l u e s are f a i r l y low ( f o r x-ray R i e t v e i d r e f i n e m e n t ) , 
e s p e c i a l l y f o r the p a r a l l e l up model, we believe that the general 
f e a t u r e s of the models are c o r r e c t . B e f o r e a f i n a l model can be 
proposed, however, f a c t o r s such as the p a r a l l e l down model, the 
0(6) p o s i t i o n , the p o s s i b i l i t y of the α anomeric form, and the 
conformation angles between monomers i n the tetramers must be more 
thoroughly examined. The c a r t e s i a n and the f r a c t i o n a l coordinates 
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l't Α A 1*4 Α Λ Λ A A A 2*1 A A 24 A A A A i 
SCATTERMO ANGLE 

Figure 3. Calculated x-ray powder d i f f r a c t i o n patterns f o r 
models with or without the hydrogen atoms. The pattern f o r the 
model not i n c l u d i n g hydrogen i s shown i n the same f i e l d , and 
t h e i r d i f f e r e n c e i s shown i n the lower f i e l d . 

lO l'l 12 A 14 A 16 Λ A A 2(3 2*1 22 23 2*4 2^ 26 2*7 26̂  29 A 31 32 A 34 A A jV A 39 A 41 42 A 
SCATTERING ANGLE 

Figure 4. Calculated and observed patterns f o r the best p a r a l l e l 
model. The observed p a t t e r n i s shown by dots with v e r t i c a l 
e r r o r bars based on counting s t a t i s t i c s . The c a l c u l a t e d pattern 
i s shown by a continuous curve i n the same f i e l d and the 
d i f f e r e n c e between the observed and the c a l c u l a t e d patterns i s 
shown i n the lower f i e l d . R f o r t h i s model i s 0.19. 

wp 
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• 
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β' 91 ΐΌ l'i 12 13 14 Α 16 Λ IB 1*9 Α 21 22 23 24 2^ 26 2*7 28 29 3(5 31 3*2 33 3*4 Α 36 Z1? 38 3*9 *!θ 4*1 42 43 
SCATTERING ANGLE 

Figure 5. Calculated and observed patterns f o r the best a n t i -
p a r a l l e l model. The observed pattern i s shown by dots with 
v e r t i c a l bars based on counting s t a t i s t i c s . The c a l c u l a t e d 
pattern i s shown by a continuous curve i n the same f i e l d and the 
d i f f e r e n c e between the observed and the c a l c u l a t e d patterns i s 
shown i n the lower f i e l d . R f o r t h i s model i s 0.226. 

wp 

Figure 6. Best p a r a l l e l model obtained from R i e t v e i d refinement 
against observed pattern (R = 0.19). a) be p r o j e c t i o n and 
b) ab p r o j e c t i o n . A l l the cErbon and the oxygen atoms are 
shown for one corner and one c e n t r a l molecule only, i n the u n i t 
c e l l . Only the oxygen atoms are shown f o r other molecules. 
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of the bes t a v a i l a b l e p a r a l l e l - u p and a n t i p a r a l l e l models are 
given i n Tables II and I I I , r e s p e c t i v e l y . In a l l the models, the 
molecular axes of the tetramers are s l i g h t l y i n c l i n e d with respect 
t o the c a x i s . 

0(6) p o s i t i o n . 

The p o s i t i o n o f the 0(6) i s d e s c r i b e d by the c o n f o r m a t i o n of the 
C(6)-0(6) bond w i t h r e s p e c t t o the C(5)-0(5) and the C(4)-C(5) 
bonds. For example, i f the C(6)-0(6) bond i s t r a n s to C(5)-
0 ( 5 ) a n d g auche t o C ( 4 ) - C ( 5 ) , t h e n t h e p o s i t i o n o f 0(6) i s 
d e s c r i b e d as "tg". 

The p o s i t i o n of 0(6) atoms i n c e l l u l o s e s t r u c t u r e s i s at the 
center of several controversies. In an exploratory way, we have 
ex p l o i t e d the continuous dependence of the features of the powder 
d i f f r a c t i o n pattern on c r y s t a l s t r u c t u r a l d e t a i l s to i n v e s t i g a t e 
the s e n s i t i v i t y o f the d i f f r a c t i o n p a t t e r n t o changes i n 0(6) 
p o s i t i o n . In the wor
R W p v a l u e s are f o r compariso
observed p a t t e r n . The p o s i t i o n of 0(6) was f i x e d as gg,tg,gt by 
s p e c i f y i n g the t o r s i o n angle d e s c r i b i n g i t s p o s i t i o n as 0, -120, 
and 120°, r e s p e c t i v e l y . Also, the i n d i v i d u a l tetramers were close 
to having a 2 - f o l d screw symmetry. 

A: "tg" vs. "gt" models. A powder d i f f r a c t i o n pattern for a model 
w i t h a l l 0(6) atoms l o c a t e d i n the " t g " p o s i t i o n was c a l c u l a t e d . 
R w p was 0.20. This value i s s l i g h t l y higher than that of the best 
p a r a l l e l model because i n the best p a r a l l e l model the 0(6)'s are 
a l l p ositioned s l i g h t l y away from "tg". 

With a l l other parameters i n the model kept unchanged, a l l 
the 0(6) p o s i t i o n s were changed to "gt". R w p was 0.22, which 
i n d i c a t e s that the o v e r a l l change i n the pattern was small. 

The c a l c u l a t e d patterns for both the "tg" and the "gt" models 
are given i n Figure 8. The patterns are s i m i l a r but a noticeable 
d i f f e r e n c e o c c u r s i n the peaks a r i s i n g from the 004, 10*4 and 104 
r e f l e c t i o n s (at 15.9°, 19.1° and at 19 . 6 ° , r e s p e c t i v e l y ) . The 
s e n s i t i v i t y of the c a l c u l a t e d p a t t e r n to changes i n i n t e r n a l 
c o n f o r m a t i o n , such as the 0(6) p o s i t i o n , makes i t seem p r o b a b l e 
t h a t a s y s t e m a t i c study of the v a r i o u s 0(6) p o s i t o n s and other 
i n t e r n a l changes w i l l lead to lower R w p values. 

n g ^ vs "t g , gt, tg, g t " models. In the next model, the 0(6) 
c o n f o r m a t i o n s were t g , g t , t g , gt (from the n o n - r e d u c i n g t o the 
reducing end). Again, the o v e r a l l e f f e c t on the pattern was small 
( R W p = 0.22) but t h e r e were p e r c e p t i b l e changes i n non-zero "£" 
r e f l e c t i o n s ( F i g u r e 9), e.g., 002 has vanished. I t i s s m a l l but 
s i g n i f i c a n t changes such as t h i s that may u l t i m a t e l y lead to the 
cor r e c t model. 

C. " t g " vs "t g , gg, tg, gg" models. F i g u r e 10 shows that the v e r y 
strong 110 and 200 r e f l e c t i o n s have changed considerably from the 
"tg" model. R w p f o r t h i s model was 0.25. 

These computational experiments show that changes i n the 0(6) 
p o s i t i o n produce changes i n the r e f l e c t i o n s at small 2Θ which are 
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Figure 7. Best a n t i p a r a l l e
ment against observed patter
b) ab p r o j e c t i o n . A l l the carbon^and the oxygen atoms are 
shown f o r one corner and one c e n t r a l molecule only, i n the un i t 
c e l l . Only the oxygen atoms are shown f o r other molecules. 
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Figure 8. Calcu l a t e d d i f f r a c t i o n patterns with d i f f e r e n t C(6)-
0(6) conformations. The pattern f o r the " t g " model i s given 
by dots. The pattern f o r the "gt" model i s given by the con
tinuous curve. The d i f f e r e n c e i s shown i n the lower f i e l d . 
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T a b l e I I . F r a c t i o n a l and c a r t e s i a n c o o r d i n a t e s of the bes t 
p a r a l l e l model. S p e c i e s 1 i s oxygen and s p e c i e s 2 i s carbon. 
The f i r s t 45 atoms are i n the corner molecule and the r e s t are 
i n the c e n t e r molecule. In each t e t r a m e r the f i r s t t h r e e 
monomers c o n s i s t of 6 carbon atoms and 5 oxygen atoms and the 
monomer at the reducing end has 6 carbons and 6oxygens 

No. Species F r a c t i o n a l Coordinates Cartesian Coordinates 

1 1 -.121 .297 
2 2 -.001 .164 
3 2 -.095 .278 
4 2 -.024 .020 
5 2 .074 - .087 
6 2 .029 -.170 

I 2 .039 
-.060 

-.024 

9 1 .032 
10 1 .035 
11 1 .139 -.246 
12 1 .127 -.291 
1 ? 2 .013 -.153 
14 2 .108 - .266 
15 2 .029 -.014 
16 2 - .068 .093 
1I 2 - .016 .182 
18 2 -.019 .041 
19 1 .079 -.047 
20 1 - .032 - .116 
21 1 - .035 .237 
22 
2 ? \ -.125 

-.095 
.258 
.320 

24 2 .025 .187 
25 2 -.069 .301 
26 2 .002 .043 
2Z 2 .100 - .064 
28 2 .054 -.147 
29 2 .065 -.001 
30 1 - .035 .087 
31 1 .057 .139 
32 1 .061 - .213 
33 1 .165 -.223 
34 1 .152 -.268 
35 2 .039 -.130 

-.243 36 2 .133 
-.130 
-.243 

37 2 .055 .009 
38 2 -.042 .116 
39 2 .010 .205 
40 2 .006 .064 
41 1 .104 -.024 
42 1 - .006 -.093 
43 i -.009 .260 
44 1 -.099 .281 
45 1 .083 .162 

-.076 
-.008 
-.014 
-.060 
-.048 

.013 

.063 

.028 

.138 

.215 

.201 

.169 

.189 

.252 

.295 

.271 

.113 

.149 

.274 

.386 

.454 

.447 

.401 

.413 

.474 

.524 

.506 

.348 

.368 

.489 

.599 

.676 

.662 

.630 

.650 

.714 

.757 

.733 

.574 

.611 

.735 

.810 

-2.142 
-.587 

-1.841 
-.282 

.974 

2.123 
2.175 

.664 
1.916 

.314 
-.938 
-.787 
-.321 

.874 

.130 
-1.157 
-2.040 
-1.993 
-.440 

-1.693 
-.134 
1.122 
1 .010 

.586 
-.619 

.017 
1.302 
2.270 
2.322 

.811 
2.064 

.462 
-.790 
-.640 
-.174 
1.022 

.277 
-1.010 
-1.892 

.165 

2.123 
1.170 
1.987 
.142 

-.621 
-1.213 
-.172 

-1.757 
-2.082 
-1.092 
-1.905 
-.102 

.662 
1.300 
.296 

-.337 
-.832 
1.697 
1.845 
2.287 
1.334 
2.151 

.306 
-.457 

-1.050 
-.009 

.621 

.995 
-1.524 
-1.592 
-1.918 

-.927 
-1.740 

.062 

.826 
1.464 
.460 

-.172 
-.667 
1.861 
2.008 
1.160 

-1 .879 
.273 
.500 
,362 
.009 

-1 
-1 

.385 
1.417 

.780 
3.268 
4.892 
4.652 
3.783 
4.152 
5.521 
6.572 
6.098 
2.580 
3.186 
5.940 
8.415 

10.022 
9.795 
8.933 
9.285 

10.682 
11.712 
11.257 
7.702 
8.347 

11.077 
13.565 
15.189 
14.949 
14.077 
14.447 
15.817 
16.867 
16.393 
12.874 
13.481 
16.237 
18.012 
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Table I I . Continued 

No. Species F r a c t i o n a l Coordinates Cartesian Coordinates 

46 1 .576 -.003 .107 
^Z 2 .555 .266 .156 
48 2 .656 . 1 5 8 .148 
49 2 .566 .389 .105 
50 2 .462 .492 .120 
51 2 .511 .598 .181 
52 2 .512 .473 .229 
53 1 .616 
54 1 .509 
55 ί .490 
56 1 .396 .671 .198 
57 i .528 .900 .327 
58 2 .539 

.444 
.657 .383 

59 2 
.539 
.444 .765 .368 

60 2 .524 .503 .335 
61 2 .622 .404 .355 
62 2 .570 • 337 .418 
6 3 2 .572 .492 .462 
64 1 .474 • 5 Z 1 .437 
65 ί .585 .586 .280 
66 1 .590 .245 .314 
6Z 1 .679 .269 .440 
68 .563 .136 .569 
69 2 .541 .406 .618 
70 2 .643 .298 .609 

.567 71 2 .553 .529 

.609 

.567 
72 2 .449 .632 .582 
73 2 .498 .737 .643 
74 2 .499 .613 .691 
75 .603 .526 .672 
76 1 .496 .412 •5 1 3 

i .477 .763 .538 
78 1 .383 .810 .660 
79 \ .515 1.040 .788 
80 2 .526 .797 .845 
81 2 .431 .904 .830 
82 2 .511 .642 .797 
8 3 2 .609 .543 .817 
84 2 .557 .476 .879 
85 2 .559 .631 .924 
86 1 .461 .710 .899 
87 i .572 .725 .742 
88 .577 .385 .776 
89 ί .666 .408 .901 
90 1 .483 .552 .976 

5.183 
4.031 
5.325 
3.695 
2.398 
2.456 
2.912 

1.165 
1.539 
2.500 
1.261 
2.916 
4.145 
3.917 
3.387 
2.220 
3.168 
4.424 
5.143 
4.569 
3.417 
4.711 
3.082 
1.785 
1.843 
2.299 
3.540 
2.985 
1.570 

.551 
926 
887 
647 
303 
532 

. 3<r 
2.77 
1.607 
2.554 
3.810 
4.530 
2.371 

-.023 
1.905 
1 .130 
2.783 
3.518 
4.274 
3.383 

4.796 
6.437 
4.700 
5.470 
3.595 
2.888 
2.406 
3.516 
4.082 
4.188 
1.754 
1.922 
.975 

2.901 
2.127 
3.779 
4.515 
5.271 
4.380 
3.762 
2.944 
5.455 
5.794 
7.434 
5.696 
6.466 
4.592 
3.885 
".403 

513 
5.079 
5.184 
2.751 
2.919 
3.943 

2.458 
3.390 
3.275 
2 . 1 8 3 
2 .431 
3.747 
4.899 

4.063 
6.815 
8.216 
7.814 
7.243 
7.765 
9.190 

10.090 
9.482 
5.978 
6.937 
9.737 

12.689 
13.622 
13.506 
12.416 
12.662 
13.978 
15. 
14. 
11 . 
11 

130 
7b5 
271 
6Ο3 

14.294 
17.046 
18.447 
18.045 
17.475 
17.999 
19.421 
20.324 
19.713 
16.210 
17.168 
19.968 
21 .518 
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T a b l e I I I . F r a c t i o n a l and c a r t e s i a n c o o r d i n a t e s of the best 
a n t i p a r a l l e l model. S p e c i e s 1 i s oxygen and s p e c i e s 2 i s 
carbon. The f i r s t 45 atoms are i n the corner molecule and the 
r e s t are i n the c e n t e r molecule. In each t e t r a m e r the f i r s t 
t h r e e monomers c o n s i s t of 6 carbon atoms and 5 oxygen atoms 
and the monomer at the r e d u c i n g end has 6 carbons and 6 
oxygens 

No. Species F r a c t i o n a l Coordinates Cartesian Coordinates 

1 1 -.145 .249 -.089 -2.189 1 · 7 8 2 
2 2 -.015 .152 -.013 -.675 1.088 
3 2 -.123 .246 -.027 -1.980 1.759 
4 2 -.020 .005 -.062 -.192 .033 
5 2 .091 -.081 -.043 1.102 -.578 
6 2 .044 -.153 .019 .944 -1.095 
7 2 .036 -.006 .065 .346 -.044 
8 1 -.074 
9 1 .035 

.069 10 1 

.035 

.069 - .234 -.085 1.454 -1.675 
11 i .165 -.208 .040 2.217 -1.484 
12 1 .123 -.260 .149 2.029 -1.858 
1 ? 2 .007 -.108 .220 .447 -.769 
14 2 .102 -.223 .210 1.710 -1.592 
15 2 .025 .020 .170 .147 .146 
16 2 -.073 .130 .185 -1.119 .928 
1Z 2 -.023 .231 .247 -1.030 1.654 
18 2 -.028 .101 .295 -.610 .723 
19 1 .071 .009 .275 .606 

.016 
.064 

20 1 -.035 -.093 .116 
.606 
.016 -.661 

1.898 21 1 -.039 .265 .142 -1.297 
-.661 
1.898 

22 1 -.133 .311 .265 -2.300 2.221 
23 1 -.107 .395 .376 -2.363 2.824 
24 2 .012 .277 .450 -.881 1.983 
25 2 -.082 .389 .438 -2.122 2.780 
26 2 -.010 .124 .401 -.527 .887 
2Z 2 .088 .021 .418 .712 .152 
28 2 .041 -.049 .480 .539 -.348 
29 2 .050 .106 .526 .070 .756 
30 -.049 .189 .505 -1.113 1 .351 
31 1 .047 .209 .346 - .322 1.495 
32 1 .050 -.136 .376 .934 
33 .151 -.120 .499 1.781 -.861 

-1.024 34 1 .135 -.143 .611 1 .724 
-.861 

-1.024 
35 2 .020 .009 .682 .142 .066 
36 2 .114 -.106 .673 1 .404 -.757 
3Z 2 .037 .137 • 6?3 -.159 .981 
38 2 -.061 .247 .648 -1.425 1.763 
39 2 -.011 

-.016 
.348 .710 -1.335 2.489 

40 2 
-.011 
-.016 .218 .757 -.916 1.557 

41 1 .083 .126 .737 .300 
-.289 

.899 
42 1 -.023 .024 .578 

.300 
-.289 .174 

43 1 -.027 .382 .605 -1.603 2.732 
44 1 -.121 .427 .727 -2.605 3.056 

1

-.754 
-1.386 

-.897 
.522 
,451 

1.037 
3.490 
4.978 
4.846 
3.791 
4.053 
5.385 
6.517 
6.140 
2.632 
3.015 
5.713 
8.154 
9.885 
9.550 
8.880 
9.338 

10.759 
11.702 
11.153 
7.614 
8.479 

11.246 
13.749 
15.237 
15.105 
14.052 
14.314 
15.646 
16.778 
16.398 
12.891 
13.274 
15.972 
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Table I I I . Continued 

No. Species F r a c t i o n a l Coordinates Cartesian Coordinates 
45 1 .059 .326 .809 
46 1 .400 .969 .844 
?Z 2 .494 .762 .788 
48 2 .516 

.566 
.960 .802 

49 2 
.516 
.566 .690 .836 

50 2 .538 .493 .816 
51 2 .604 .485 

.574 
.754 

52 2 .540 
.485 
.574 .709 

5 ? 1 .576 .760 .733 
54 1 .488 .695 .891 
55 1 .625 
56 1 .555 
57 1 .718 
58 2 .606 .492 .553 
59 2 .592 .300 .562 
60 2 .538 .576 .604 
61 2 •? 5 Z .765 .589 
62 2 .478 .750 .527 

2 .538 .651 .479 
64 1 .512 .474 .499 
65 1 .628 .591 .657 
66 1 .474 .830 .633 
6Λ 1 .518 .933 .510 
68 1 • 353 .887 .382 
69 2 . 446 .681 .326 
70 2 .469 .879 .340 
71 2 .519 .608 .373 
72 2 .491 .411 .354 
73 2 .557 .403 .291 
74 2 .492 .493 

.678 
.247 

75 1 .529 
.493 
.678 .271 

76 1 .440 .614 
.354 

.429 
Π 1 .577 

.614 

.354 .395 
78 1 .507 .213 .270 
I9 1 .670 .229 .140 
80 2 .558 .411 .091 
81 2 .544 .219 .100 
82 2 .491 .494 .142 

S 2 .509 .683 .126 S 2 .431 .669 .065 
85 2 .491 .569 .017 
86 1 .464 .392 .037 
§Z 1 • 580 .510 .195 
88 
89 

1 .427 .749 .171 88 
89 1 .471 .852 .048 
90 1 .393 .532 -.034 

-.627 
.143 

1.718 
1.218 
2.628 
3.078 
3.698 
2.803 
2.470 
1.906 

3.688 
4.244 
2.783 
2.275 
1 .622 
2.518 
2.909 
3.532 
1 .300 
1.329 

.007 
1.580 
1 .081 
2.492 
2.940 
3.562 
2.666 
2.334 
1.769 
3.922 
3.797 
5.203 
3.552 
4.108 
2.647 
2.138 
1.486 
2.382 
2.773 
3.396 
1.164 
1.193 
1.633 

2.331 
6.925 
5.450 
6.865 
4.930 
3.523 
3.464 
4.103 
5.431 
4.969 

.518 

.148 

.115 

.466 
J62 

. 551 

.385 

.225 

.937 

.669 
344 
368 

.283 

.349 

.941 

.883 

.522 
4.850 
4.388 
2.531 
1.523 
1.637 
2.936 
1.567 

4.885 
4.781 
4.070 
2.804 
3.644 
5.355 
6.088 
3.806 

17.888 
18.324 
17.204 
17.398 
18.317 
17.997 
16.611 
15.555 
15.982 
19.538 

12.123 
12.444 
13.200 
12.753 
11.383 
10.375 
10.923 
14.400 
13.691 
10.889 
8.042 
6.924 
7.118 
8.035 
7.715 
6.331 
5.273 
5.700 
9.256 
8.675 
5.962 
3.062 
1.843 
2.164 
2.920 
2.471 
1.103 

.093 

.641 
4.118 
3.409 

.607 
-1.040 
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SCATTERING ANGLE 

Figure 9. Calculated d i f f r a c t i o n patterns f o r models with 
d i f f e r e n t C(6)-0(6) conformations. The pattern f o r the " t g " 
model i s given by dots. The pattern f o r the " t g , gt, tg, gt" 
model i s given by the continuous curve. The d i f f e r e n c e i s shown 
i n the lower f i e l d . 

SCATTERING ANGLE 

Figure 10. Calc u l a t e d d i f f r a c t i o n patterns with d i f f e r e n t 
C(6)-0(6) conformations. The pattern f o r the " t g " model i s 
given by dots. The pattern f o r the " t g , gg, t g , gg" model i s 
given by the continuous curve i n the same f i e l d . The d i f f e r e n c e 
i s shown i n the lower f i e l d . 
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Figure 11. Calculated d i f f r a c t i o n patterns f o r p a r a l l e l and 
a n t i p a r a l l e l models r e f i n e d against each other. The pattern f o r 
the p a r a l l e l models i s given by dots. The pattern f o r the 
a n t i p a r a l l e l model i s given by the continuous curve i n the same 
f i e l d . The d i f f e r e n c e i s shown i n the lower f i e l d . 
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p o t e n t i a l l y a n a l y z a b l e even though the R w p
f s f o r a l l of these 

models are f a i r l y close. 

Refinement of P a r a l l e l against A n t i p a r a l l e l Models. 

In an attempt t o l e a r n how much i n f o r m a t i o n r e g a r d i n g c h a i n 
p o l a r i t y i s a v a i l a b l e from powder d i f f r a c t i o n data such as ours, 
we r e f i n e d an a n t i p a r a l l e l model a g a i n s t i n t e n s i t i e s c a l c u l a t e d 
from a p a r a l l e l model. Next, we r e f i n e d the p a r a l l e l model 
against the i n t e n s i t i e s c a l c u l a t e d from t h a t a n t i p a r a l l e l mode. 
The R w p was o n l y 1 H% i n both cases. The s i m i l a r i t y of these two 
c a l c u l a t e d p a t t e r n s ( F i g u r e 11) u n d e r l i n e s the d i f f i c u l t y of 
choosing a model based on d i f f r a c t i o n data alone. Packing energy 
c a l c u l a t i o n s , along with spectroscopic data and hydrogen bonding 
p o s s i b i l i t i e s s h o u l d be u s e f u l i n making a f i n a l c h o i c e . In 
p a r t i c u l a r , p a c k i n g energy m i n i m i z a t i o n w i l l be h e l p f u l to 
e l i m i n a t e the poor contacts present i n the model proposed here

CONCLUSIONS 

X-ray powder d i f f r a c t i o n data i n d i c a t e t h a t the u n i t c e l l f o r 
c e l l o t e t r a o s e i s t r i c l i n i c (space group P1) with two tetramers per 
u n i t c e l l . Although t h e r e i s a s m a l l p r e f e r e n c e f o r a p a r a l l e l 
s t r u c t u r e at t h i s stage, s i m i l a r i t i e s between patterns c a l c u l a t e d 
for p a r a l l e l and a n t i p a r a l l e l models make i t d i f f i c u l t to choose 
one over the other. In a d d i t i o n t o the r a t h e r i n s e n s i t i v e 
R values, the d i f f e r e n c e s i n s p e c i f i c r e f l e c t i o n s i n the observed 
and the c a l c u l a t e d p a t t e r n s f o r d i f f e r e n t models may be used as 
c r i t e r i a i n s e l e c t i o n of a model. 

For f a i r l y c r y s t a l l i n e powders, such as c e l l o t e t r a o s e , the 
R i e t v e i d method seems to have a power comparable t o f i b e r 
d i f f r a c t i o n for a t y p i c a l c e l l u l o s e samples. Peak overlap i s even 
more s e v e r e , but the d a t a are known w i t h g r e a t e r c o n f i d e n c e 
because of l e s s probable error i n c o l l e c t i o n and c o r r e c t i o n of the 
data. T h e r e f o r e , i t i s l i k e l y to be a w o r t h w h i l e complement to 
the f i b e r method for highly c r y s t a l l i n e samples, even i f oriented 
samples are a v a i l a b l e . 
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Chapter 5 

Further Carbon-13 NMR Evidence for the Coexistence 
of Two Crystalline Forms in Native Celluloses 

D. L. VanderHart1 and Rajai H. Atalla2 

1National Bureau of Standards, Polymers Division, Gaithersburg, MD 20899 
2Institute of Paper Chemistry, Appleton, WI 54912 

The hypothesis that all native celluloses are 
composites of tw  crystallin  allomorphs  I d I
is further explore
techniques. Spectr
plant celluloses and the effects of acid hydrolysis 
and mechanical beating are investigated. No 
significant alteration of the Iα and Iβ ratios is 
seen upon hydrolysis of a cellulose from cotton 
linters. However, both beating and hydrolysis 
enhance the Iβ proportion in an algal cellulose 
obtained from Cladophora. Methods of enhancing the 
crystalline core resonances, based on proton 
rotating frame relaxation and carbon longitudinal 
relaxation, are used to verify that unit cell 
inequivalence rather than crystal surface chains 
determines the crystalline resonance profiles. These 
studies indicate that the C4 resonance region, from 
88-92 ppm in all native celluloses is a faithful 
monitor of the relative numbers of inequivalent sites 
within the cell(s). Also, the higher plant 
celluloses contain a much smaller fraction of the 
I α crystalline form than originally proposed. The 
possibility even exists that the higher plant 
celluloses represent the pure Ι β form. If this is 
true, then it follows from the C4 lineshape that 
this unit cell contains more than four 
non-equivalent anhydroglucose residues. 

Experiments based on weak 13C-13C spin 
exchange were also conducted in order to probe the 
spatial environment, within a 0.7-1.0nm radius, 
around carbons identified with individual multiplet 
components, which are assumed to belong exclusively 
to the I α or Iβ forms. It is expected that only 
those carbons belonging to that form will be able 
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to undergo spin-exchange during a time of 50-70s. 
The spectrum of such 'nearest neighbors' is isolated 
for three different multiplet lines in an algal 
cellulose and two lines in a higher plant cellulose. 
Results rule out the possibility that tertiary 
morphology can give rise to any multiplicity in 
these spectra. Moreover, the results strongly 
reinforce the hypothesis of polymorphy in the algal 
celluloses; however, no clear evidence for multiple 
crystalline forms in the higher plant cellulose is 
found by this method. The spin-exchange results 
raise a few minor questions about the details of the 
spectrum belonging to each allomorph. On the basis 
of all of these results, revised spectra for the 
Iα and Iβ allomorphs are presented. These represent minor departures from the previously published 
spectra. 

Finally, th
cellulose which
closely resembled the cotton hydrocellulose spectrum 
except that the resolution was much better in the 
former spectrum. A contrast in resolution is 
consistent with a difference in the average lateral 
dimensions for the crystallites; this difference is 
corroborated by electron microscopy. The close 
similarity of multiplet relative intensities in 
these two samples, in spite of their different 
crystallite surface-to-volume ratios verifies that 
surface resonances are not determining the apparent 
multiplet intensities, particularly, for the 88-92 
ppm region of the C4 resonance. 

In previous p u b l i c a t i o n s (1~3) we have proposed, p r i n c i p a l l y on 
the b a s i s of NMR evidence, that native c e l l u l o s e s are 
composites of two c r y s t a l l i n e forms occ u r r i n g i n d i f f e r e n t 
proportions. These allomorphic forms were designated I a and Ig. 
The '^C s o l i d - s t a t e spectra proposed f o r the I a and Ig 
allomorphs are shown i n Figure 1. Although these spectra contain 
n o n c r y s t a l l i n e resonance c o n t r i b u t i o n s , the c r y s t a l l i n e resonance 
p r o f i l e s can be d i s t i n g u i s h e d from the n o n c r y s t a l l i n e resonances 
due to the greater linewidth and lower t o t a l i n t e n s i t y of the 
l a t t e r resonances. The sharp features of the resonance p r o f i l e 
are the expression of the two c r y s t a l l i n e forms. 

The previous studies (1~3) suggested that the higher plant 
c e l l u l o s e s , l i k e cotton and ramie, were r i c h i n 1^ while the I a 

content was appreciable i f not dominant i n the a l g a l c e l l u l o s e s 
and the b a c t e r i a l c e l l u l o s e obtained from Acetobacter xylinum. In 
Figure 2 the considerable contrast between the spectra of cotton 
l i n t e r c e l l u l o s e , both dry (2A) and wet (2B), and a l g a l c e l l u l o s e 
(2C) from Valonia v e n t r i c o s a i s i l l u s t r a t e d . Because the l a t e r a l 
dimensions of the c r y s t a l l i t e s i n cotton are 3.5~5 nm (4-6) and i n 
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Valonia are approximately 12-20nm (7~9)» the chains i n the former 
c r y s t a l l i t e s w i l l have a l e s s defined array of nearest neighbors 
and be more subject to i n t e r f i b r i l l a r drying s t r e s s e s than the 
Valonia chains. Therefore, the c r y s t a l l i n e resonances i n spectrum 
2A are s i g n i f i c a n t l y broader than 2C. Wetting the c e l l u l o s e 
r e l i e v e s drying s t r e s s e s and sharpens the resonances (10-11) as 
shown i n 2B where the r e l a t i v e m u l t i p l e t i n t e n s i t i e s are seen 
more c l e a r l y . The very d i f f e r e n t m u l t i p l e t i n t e n s i t i e s are most 
obvious at CI and C4 i n spectra 2B and 2C. The postulate that 
m u l t i p l e c r y s t a l l i n e forms c o e x i s t i n a given c e l l u l o s e , arose 
from the extensive coincidence i n the m u l t i p l e t peak p o s i t i o n s 
and the v a r i a t i o n i n r e l a t i v e m u l t i p l e t i n t e n s i t i e s from c e l l u l o s e 
to c e l l u l o s e . Although other i n v e s t i g a t o r s have observed 
v a r i a t i o n s of u n i t c e l l parameters f o r the d i f f e r e n t native 
c e l l u l o s e s (12-13), d i f f e r e n c e s i n numbers of chains per u n i t c e l l 
(14-18), and d i f f e r e n c e s i n the -OH s t r e t c h i n g regions of IR 
spectra (19), the p o s s i b i l i t y that every native c e l l u l o s e may be 
polymorphic has only bee

Why an organism shoul
c r y s t a l l i n e c e l l u l o s e i s not obvious. Moreover, i f two 
c r y s t a l l i n e forms c o e x i s t , the morphological expressions of each 
form are not yet recognized, nor have e l e c t r o n d i f f r a c t i o n 
patterns from, say, i n d i v i d u a l Valonia f i b r i l s yet shown any 
obvious d i f f e r e n c e from f i b r i l to f i b r i l (20-21). Therefore, we 
thought i t d e s i r a b l e to examine f u r t h e r the evidence supporting 
the composite model since the hypothesis has important 
i m p l i c a t i o n s f o r both b i o s y n t h e t i c and morphological s t u d i e s . 

Background 

At the heart of the i n t e r p r e t a t i o n of the 1^C spectra i s the 
postulate that sharper m u l t i p l e t features associated with 
chemically e q u i l v a l e n t carbon atoms i n the c e l l u l o s e spectra are 
expressions of magnetically inequivalent s i t e s within the uni t 
c e l l s . I f t h i s " f i n e s t r u c t u r e " were due to some other cause, 
then the conclusion of multi p l e c r y s t a l l i n e forms would be c a l l e d 
i n t o serious question. The f a c t that the r a t i o s of m u l t i p l e t 
i n t e n s i t i e s f o r given resonances, such as that of C4 or CI, vary 
from sample to sample and r a r e l y have r a t i o s of small whole 
numbers, r e i n f o r c e s the c r y s t a l l i n e composite hypothesis. 

In order to e s t a b l i s h f u r t h e r the v a l i d i t y of the hypothesis 
i t i s necessary to exclude a l t e r n a t e explanations f o r the 
resonance m u l t i p l i c i t i e s . Two po s s i b l e explanations have been 
considered i n e a r l i e r papers and we repeat these here. 

The f i r s t a l t e r n a t e explanation was that the t e r t i a r y 
s t r u c t u r e , i . e . the natural assembly and interweaving pattern of 
the elementary f i b r i l s may give r i s e to small s h i f t s and or 
broadening because of a n i s o t r o p i c bulk magnetic s u s c e p t i b i l t y 
(ABMS) (22). This mechanism has been argued previously (23) to 
give r i s e to s h i f t s of the order of 0.1 ppm i n c e l l u l o s e ; however, 
t h i s c a l c u l a t i o n assumed that c e l l u l o s e possesses an ABMS tensor 
i d e n t i c a l to sucrose. One c h a r a c t e r i s t i c of ABMS s h i f t s 
o r i g i n a t i n g i n the t e r t i a r y s t r u c t u r e i s that a l l carbons within a 
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given monomer u n i t should be a f f e c t e d equally by t h i s 
p erturbation. With respect to t h i s measure, the experimental 
s p l i t t i n g s c e r t a i n l y dismiss the dominance of the ABMS mechanism 
since the lineshapes f o r , say, C l , C4, and C6 are each d i f f e r e n t 
(see Figure 2). However, the p o s s i b i l i t y that the f i n e s t r u c t u r e 
i s due to a combination of uni t c e l l inequivalence and ABMS 
e f f e c t s i s more d i f f i c u l t to dismiss and c e r t a i n r e s u l t s described 
herein bear d i r e c t l y on t h i s p o s s i b i l i t y . 

The second (and, i n our opinion, more l i k e l y ) a l t e r n a t e 
explanation i s that the surface l a y e r s of the c r y s t a l l i t e s may be 
well ordered, l i k e those i n the c r y s t a l i n t e r i o r , and therefore 
give r i s e to sharp resonance features which are present i n 
ad d i t i o n to m u l t i p l i c i t i e s a r i s i n g from inequivalence i n those 
u n i t c e l l s i n the i n t e r i o r of the c r y s t a l l i t e s . Since the shape 
and surface-to-volume r a t i o of native c e l l u l o s e c r y s t a l l i t e s vary, 
the observation that the r a t i o s of m u l t i p l e t i n t e n s i t i e s are often 
not whole numbers could the  b  explained  I  previou  report
have argued (3,23) tha
not contribute to the
evidence against a sharp surface resonance, the i n t e n s i t i e s of the 
C4 resonance m u l t i p l e t s i n Valonia v e n t r i c o s a are too large to be 
explained i n t h i s manner. The elementary f i b r i l s of Valonia have 
t y p i c a l l a t e r a l c r y s t a l dimensions of 12x20 nm, so that the outer 
u n i t c e l l l a y e r , assumed f o r s i m p l i c i t y to be a two-chain u n i t 
c e l l . c o n t a i n s about 20? of the t o t a l number of c r y s t a l chains. 
Since the l e a s t intense m u l t i p l e t l i n e represents at l e a s t 20? of 
that carbon 1s c r y s t a l l i n e lineshape i n t e n s i t y , one would have to 
postulate that both chains i n the u n i t c e l l on a l l l a t e r a l faces 
of the c r y s t a l l i t e contribute to the same sharp resonance 
fe a t u r e s . This i s u n l i k e l y . Moreover, i n the spectrum of Valonia 
the broad wings of C4 and C6 are found to comprise about 16-20? of 
t h e i r t o t a l i n t e n s i t y and are the most l i k e l y manifestations of 
surface chain resonances. Further evidence regarding t h i s 
i n t e r p r e t a t i o n was sought i n the present study. 

Our approach to i n v e s t i g a t i n g the multiple c r y s t a l l i n e form 
hypothesis i n native c e l l u l o s e s i s f o u r f o l d . F i r s t , 1^C spectra 
of a d d i t i o n a l native c e l l u l o s e s are examined and fu r t h e r 
v a r i a t i o n s are evaluated i n the l i g h t of the polymorphy 
hypothesis. Second, v a r i a t i o n s i n the r a t i o of I a to 1^ a r i s i n g 
from chemical or mechanical treatments are studied. The 
c r y s t a l l i n e forms may have d i f f e r e n t s e n s i t i v i t i e s to chemical 
attack or mechanical s t r e s s so that the I a to Ig r a t i o s could be 
a l t e r e d i n a given c e l l u l o s e . This approach requires an 
independent measurement of any changes i n surface-to-volume 
r a t i o s . 

In the t h i r d approach, we attempt to i s o l a t e or at l e a s t 
enhance those resonances a r i s i n g from the c r y s t a l l i n e i n t e r i o r . 
I f such resonances are enhanced or i s o l a t e d , then any resonances 
a r i s i n g from c r y s t a l l i n e surface l a y e r s are correspondingly 
reduced or suppressed. 

The fo u r t h and f i n a l approach i s to probe d i r e c t l y , v i a '^C 
NMR spin exchange techniques, the ̂ C resonances l y i n g i n the 
immediate neighborhood, ( i n t h i s case a sphere of radius 0.7-1.0 
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C2.3.5 C6 

I I I ι ' ' J I I I L 100 80 60 PPM 

Figure 1. O r i g i n a l l y proposed CP-MAS NMR spectra f o r the 
c r y s t a l l i n e allomorphs
the various carbon resonances
l i n e a r combination and  spectr  xylinu
c e l l u l o s e and a low-DP regenerated c e l l u l o s e I. Gaps i n the 
spectra appear where the f i r s t spinning sideband of polyethylene, 
the chemical s h i f t standard, occurred. 

C o t t o n 
L i n t e r s 

100 8 0 6 0 P P M 

Figure 2. 50 MHz CP-MAS 1 3 C spectra of cotton 1 i n t e r s (A: dry; B: 
wet) and Valonia v e n t r i c o s a (C). A l l spectra are normalized to the 
same t o t a l i n t e n s i t y . 
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nm) of the set of '̂ C n u c l e i g i v i n g r i s e to a p a r t i c u l a r m u l t i p l e t 
component. The idea i s that those n u c l e i i n the immediate 
neighborhood of, say, a CI resonance belonging s o l e l y to the 
I a c r y s t a l phase, w i l l a l s o belong p r i n c i p a l l y to the I a form. 
However, most of these neighboring ^ C n u c l e i w i l l not themselves 
be i n the CI p o s i t i o n since 1^C i s o t o p i c d i s t r i b u t i o n s at n a t u r a l 
abundance (1.1?) are quite random. In view of the 0.7-1.0 nm 
distance involved, several monomer u n i t s with t h e i r random 1^C 
s i t e occupation contribute to the CI neighbors. Thus, i f one 
could i s o l a t e the resonance p r o f i l e of the set of neighbors to the 
CI carbons of the I form, one would i d e n t i f y a l l of the carbon 
resonances associated with the I a u n i t c e l l provided that the u n i t 
c e l l i s not too l a r g e . Furthermore, the smaller the u n i t c e l l , 
the more f a i t h f u l l y these 'near-neighbor* m u l t i p l e t i n t e n s i t i e s 
would r e f l e c t the true m u l t i p l e t i n t e n s i t i e s f o r each carbon i n 
the I phase. On the other hand, i f ABMS broadening i s 
responsible f o r producing some m u l t i p l e t s p l i t t i n g  then the 
'near-neighbor' carbon
r e l a t i v e to the spectru

In t h i s report we present experimental evidence derived from 
these four approaches. In the end, the hypothesis that u n i t c e l l 
inequivalence alone causes the observed m u l t i p l i c i t y f o r 
chemically equivalent carbons i s supported. Therefore, the 
c r y s t a l l i n e composite hypothesis, although s l i g h t l y r e v i s e d , i s 
st r o n g l y supported, p a r t i c u l a r l y f o r the a l g a l c e l l u l o s e s . 

Experimental 

1 3 
JC spectra were obtained on a spectrometer which operates at a 

magnetic f i e l d of 4.7T (50 .3 MHz f o r carbon). 1^C magnetization 
was i n i t i a l l y generated by spin-lock c r o s s - p o l a r i z a t i o n (24,25) 
(CP). Magic-angle spinning (26,27) (MAS) speeds were i n the range 
of 3-4 KHz. The r o t a t i n g r f f i e l d strengths f o r both protons and 
carbons f e l l i n the range of 60-70 kHz f o r each nucleus, except 
for the Dante (28-30) pulses i n the 1^C spin exchange experiments. 
During the Dante pulses r o t a t i n g r f carbon f i e l d s of approximately 
10kHz i n strength were used i n order to suppress CP. CP times of 
1 ms were t y p i c a l . Decoupling periods of 52 ms were employed f o r 
s i g n a l observation. 

Pulse sequences have been described adequately i n the 
l i t e r a t u r e . In t h i s paper CP or CP-MAS spectra are those obtained 
v i a the usual spin-lock CP method (24,25). Spectra r e l a t i n g to 
the l o n g i t u d i n a l r e l a x a t i o n times f o r carbons (T^ c) were obtained 
v i a the method of Torchia (31). In these l a t t e r spectra, s i g n a l s 
obtained at longer times have enhanced c o n t r i b u t i o n s from those 
carbons with longer T ^ ' s . 

The 'Dante' i r r a d i a t i o n i s a 'comb' of equally spaced pulses 
each of which produces a nuclear nutation of only a few degrees 
(28,29) The object of the sequence i s to perturb the Zeeman 
population of a carbon l i n e at the r f c a r r i e r or separated from 
the r f c a r r i e r by the inverse of the time between pulses. In our 
case a comb of 50 pulses, 1 ys i n length and separated by 
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approximately 0.4 ms, was used to i n v e r t (to an extent of about 
60? of the o r i g i n a l s i g n a l amplitude) the m u l t i p l e t resonance 
centered on the r f c a r r i e r . The i n v e r s i o n of t h i s l i n e i s quite 
e f f i c i e n t , f i r s t , because the carbon resonance i s well defined due 
to the presence of proton decoupling during t h i s period and 
secondly, because the i n t r i n s i c T 2 of each frequency i s much 
greater than the apparent T 2 (deduced from linewidth of each 
m u l t i p l e t component). A more complete d e s c r i p t i o n of the DANTE 
sequence and i t s use i n s e l e c t i v e l y perturbing carbon spin 
populations, even those carbons with s i z e a b l e chemical s h i f t 
anisotropy, may be found i n Ref. 30. The Dante sequence i s 
inse r t e d at the beginning of the v a r i a b l e delay time i n Torchia's 
T ^ sequence ( 3 D . 

In t h i s paper, the spin exchange experiments, which 
employ the Dante sequence, are used to probe the resonance 
p r o f i l e of those carbons which l i e i n an 0.7-1.0 nm sphere 
surrounding the resonance perturbed by the Dante sequence  A 
d e t a i l e d d e s c r i p t i o n o
s p a t i a l extent of spi
f u n c t i o n of time are beyond the scope of t h i s paper. Such 
information may be found i n a forthcoming paper (32). In the 
present paper the Dante sequence w i l l be viewed as a method f o r 
very s e l e c t i v e l y perturbing the Zeeman spin population within a 
m u l t i p l e t . spin exchange i n c e l l u l o s e w i l l be looked upon 
simply as the mechanism whereby, over the course of the 50-70s 
mixing period s e l e c t e d f o r the r e s u l t s shown i n t h i s paper, the 
o r i g i n a l spin population disturbance, l o c a l i z e d to a given 
m u l t i p l e t l i n e i n the Dante preparation, spreads to other 
resonances belonging to carbons within 0.7-1.0 nm of the 
o r i g i n a l l y perturbed carbon s p i n s . The method whereby the s i g n a l s 
of these neighboring carbons are i s o l a t e d w i l l be i l l u s t r a t e d i n 
the r e s u l t s s e c t i o n . Further d e t a i l s on the v a l i d i t y of t h i s 
method of separation can a l s o be found elsewhere (32). 

A l l c e l l u l o s e samples were p u r i f i e d by Browning 1s method (33) 
f o r wood c e l l u l o s e . Sugar analyses of se v e r a l of the p u r i f i e d 
higher plant c e l l u l o s e s revealed a q u a l i t a t i v e c o r r e l a t i o n between 
the non-glucose pyranoses and the n o n - c r y s t a l l i n e content 
in d i c a t e d by the "^C CP-MAS spectra. The a l g a l c e l l u l o s e s and the 
b a c t e r i a l c e l l u l o s e had n e g l i g i b l e amounts of non-glucose sugars. 
With a few noted exceptions, a l l samples were e q u i l i b r a t e d with 
normal laboratory r e l a t i v e humidity which ranged between 35? and 
50?. 

Mechanical beating of an a l g a l c e l l u l o s e from Cladophora 
glomerata was c a r r i e d out f o r 5 hr i n a Waring blender at 1? and 
3? s o l i d s consistency. Beating was judged more e f f i c i e n t i n the 
l a t t e r case based on a greater r e t e n t i o n of water. 

Hydrolysis of the beaten Cladophora was c a r r i e d out i n 
b o i l i n g 4N HC1 f o r 44 hr; mass recovery was 22?. In another 
preparation, an unbeaten sample from a d i f f e r e n t s t r a i n of 
Cladophora glomerata, which was harvested from a d i f f e r e n t 
l o c a t i o n at a d i f f e r e n t time of year, was subjected to the same 
h y d r o l y s i s conditions; mass y i e l d was 12?. In the l a t t e r case, 
e l e c t r o n microscopic i n v e s t i g a t i o n (21) of sonicated and dispersed 
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f i b r i l s of the o r i g i n a l material and of the hydrolyzed material 
showed no s i g n i f i c a n t change i n c r o s s - s e c t i o n a l area. Thus, i t 
appears that the h y d r o l y s i s somehow managed to leave the cross 
s e c t i o n a l area of the remaining f i b r i l s unaffected despite the low 
mass y i e l d . 

The assignment of resonances to d i f f e r e n t carbons i n the 
anhydroglucose has been discussed p r e v i o u s l y (34,35); assignments 
are a l s o i n d i c a t e d i n Figure 1. The broad resonance features 
u p f i e l d from C4 and C6 are due to disorder (3,23,34-36). 
No n - c r y s t a l l i n e resonances associated with the other four carbons 
more strongly overlap t h e i r r e s pective c r y s t a l l i n e l i n e s ; 
t h erefore, the shape of the pure c r y s t a l l i n e resonance i s most 
obvious f o r the C4 and C6 carbons. 

Results 

Spectra of Several Native C e l l u l o s e s  In Figure 3 the CP-MAS 
spectra of several highe
a l s o contrasted to th
glomerata (bottom spectrum). In Figure 4, the spectra of two 
samples of b a c t e r i a l c e l l u l o s e from two d i f f e r e n t sources of 
Acetobacter xylinum, several a l g a l c e l l u l o s e s , and the 
Cladophora, beaten at 1% s o l i d s consistency, are shown. 

The spectra of the higher plant c e l l u l o s e s i n Figure 3 lack 
r e s o l u t i o n i n comparison with the a l g a l c e l l u l o s e spectrum. This 
poor r e s o l u t i o n i s most l i k e l y a t t r i b u t e d to the r e l a t i v e l y small 
l a t e r a l dimensions of the c r y s t a l l i n e f i b r i l s i n these m a t e r i a l s . 
This lack of r e s o l u t i o n i s gen e r a l l y c o r r e l a t e d with the i n t e n s i t y 
of the broad wings i n the C4 and C6 regions. These wings i n d i c a t e 
the amount of n o n - c r y s t a l l i n e and/or c r y s t a l - s u r f a c e residues. In 
Figure 3, the cactus spines and the Benares hemp e x h i b i t the 
greatest c r y s t a l l i n i t y , and, to the extent that the downfield 
p o r t i o n of the resonance at C4 can be recognized as c o n s i s t i n g of 
three overlapping peaks, the r e l a t i v e heights of the shoulders 
seem s i m i l a r to those f o r cotton (see Figure 2A) suggesting 
s i m i l a r I a to Ig r a t i o s . The appearance of a s i n g l e maximum i n 
c e r t a i n spectra at CI, for example that of Kenaf, i s more an 
i n d i c a t i o n of a l a r g e r n o n - c r y s t a l l i n e c o n t r i b u t i o n than a greater 
proportion of the I form. This i s reasonable since the c e n t r a l 
maximum i s rather broad. The lack of r e s o l u t i o n makes 
measurements of the apparent r a t i o s of I a to 1^ d i f f i c u l t . 

The lower four spectra i n Figure 4 represent four d i f f e r e n t 
a l g a l species, Cladophora glomerata, Valonia macrophysa, 
Rhizoclonium hieroglyphicum, and Valonia v e n t r i c o s a . These 
spectra are a l l quite s i m i l a r although Cladophora seems to have a 
s l i g h t l y l a r g e r p o r t i o n of I as judged by the l a r g e r downfield 
shoulder at C4 compared with the u p f i e l d shoulder (see Figure 1). 
The spectrum of Acetobacter at the top of the f i g u r e strongly 
resembles that of Cladophora c e l l u l o s e . The Acetobacter c e l l u l o s e 
contains a l a r g e r proportion of n o n - c r y s t a l l i n e material i n 
a d d i t i o n to having a s l i g h t l y higher proportion of the I a form 
according to the spectra of Figure 1. The greater proportion of 
n o n - c r y s t a l l i n e chains i n Acetobacter c e l l u l o s e i s con s i s t e n t with 
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Figure 4. 50 MHz CP-MAS spectra of b a c t e r i a l and a l g a l 
c e l l u l o s e s : A and B: two preparations of Acetobacter xylinum; C: 
Cladophora glomerata, beaten at 1? s o l i d s consistency, D: 
Cladophora glomerata, E: Valonia macrophysa, F: Rhizoclonium 
hieroglyphicum, and G: Valonia v e n t r i c o s a . 
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a greater surface to volume ratio for the latter since Acetobacter 
f i b r i l s are approximately 6 nm wide (37) whereas Cladophora 
f i b r i l s are about 20 nm wide (21). The Valonia, Cladophora, and 
Rhizoclonium algal spectra each exhibit non-crystalline resonance 
intensity in the C4 region of the order of 12-20? of the total C4 
intensity. The wings of the C4 and C6 resonances in spectrum 4A 
are more prominent and the crystalline carbon resonances are a bit 
sharper than in spectrum 4B because the sample in 4A had a higher 
level of hydration than in 4B. 

The spectra of Figure 4 are quite similar, although 
variations in the heights of the central CI peaks and the upfield 
and downfield shoulders of the C4 resonance are outside of 
experimental error. If the multiplet intensities arise from unit 
c e l l inequivalence alone, then these variations support the 
hypothesis of multiple crystalline forms in the algal and 
bacterial celluloses. 

Spectral Changes Resultin
Hydrolysis. The premis
explorations is that two crystalline forms may differ in their 
response to mechanical or chemical stresses. Thus, one might hope 
to alter the I a to 1̂  ratio in a given material after exposure to 
such stress. On the other hand, the demonstration of such changes 
would not, in i t s e l f , constitute a proof for polymorphy i f the 
multiplet structure in the NMR spectra had i t s origin, at least 
partially, in the tertiary morphology or the c r y s t a l l i t e surface 
layers. A complete argument would require that the effect of the 
applied stresses on these characteristics also be followed. 

Figure 5 shows the spectral changes accompanying acid 
hydrolysis of cotton 1 inters. The hydrocellulose which results 
from this 30-minute hydrolysis in 2.5N HC1 at 100C achieves the 
leveling-off DP and represents a mass fraction at least 90? of the 
original (38). Judging by the constant shape of the C4 
crystalline resonance (88-92 ppm), no change in the I a to 1̂  ratio 
has occurred as a result of hydrolysis. The bottom 
linear-combination spectrum gives proof that, within experimental 
error, the C4 (and C6) crystalline resonances are unchanged by the 
hydrolysis. This linear combination spectrum is very similar to a 
spectrum of ball-milled, decrystallized cellulose (3_) implying that 
hydrolysis has mainly attacked the 3-dimensionally disordered 
regions. Since the C4 crystalline resonance is unchanged upon 
hydrolysis, the corresponding reduction in intensity of the 
central feature of CI reflects a decrease in the underlying 
non-crystalline resonance rather than a change in the I a to 1̂  
ratio. 

Figure 6 shows spectra of five preparations of algal 
celluloses obtained from Cladophora: spectrum A is from the 
original purified cellulose, spectrum Β is that of the same 
cellulose beaten in a Waring Blender for 5 h while dispersed in 
water at 1? solids consistency, spectrum C is like Β except that 
the beating was carried out at 3? solids consistency, spectrum D 
is that of the beaten cellulose in spectrum Β following acid 
hydrolysis in 4N HC1 for 44 h at 100 C (22? mass recovery), and 
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Figure 5. E f f e c t of a c i
cotton l i n t e r s . A: O r i g i n a l m a t e r i a l , B: subjected to 2.5N HC1 f o r 
30 min, and C: a renormalized l i n e a r combination spectrum 
[4x(A~.72B)]. Spectrum A and Β are normalized to the same t o t a l 
i n t e n s i t y . 
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Figure 6. 1^C CP-MAS spectra, normalized to the same i n t e n s i t y , 
of various preparations of Cladophora c e l l u l o s e : A : o r i g i n a l , B: 
a f t e r beating i n a Waring Blender at 1? s o l i d s consistency, C: 
a f t e r beating i n a Waring Blender at 3? s o l i d s consistency, D: 
a f t e r a c i d h y d r o l y s i s (i»N HC1, 100C, 44h) of the beaten (1?) sample 
(22? mass recovery), E: a f t e r a c i d h y d r o l y s i s , as above, of an 
unbeaten second s t r a i n of Cladophora (12? mass recovery). 
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spectrum Ε is that of the second strain of Cladophora cellulose 
after purification and exposure only to the above acid hydrolysis 
(12? mass recovery). The spectrum of the purified cellulose of 
this second strain is not shown because i t is not significantly 
different from spectrum 6A. Judging by both measures of the 
I a content, i.e. the downfield shoulder of C4 (at 90.3 ppm) and 
the central multiplet feature of CI (at 105.5 ppm), the I content 
decreased noticeably as a result of beating at both 1% and 3% 
solids consistency. The degradation of resolution in Figure 6C 
probably results from a greater alteration of the tertiary 
morphology in the sample beaten at 3% solids consistency compared 
with the sample beaten at 1% solids consistency since the former 
sample retained more water. The strain on the f i b r i l s resulting 
from the drying of a disordered network would be expected to cause 
line broadening. Spectrum 6B suggests that some conversion of I a 

to Ig can be accomplished by mechanical stress since the 
non-crystalline spectral intensitie  simila  i  spectr
6A and 6B. However, mas
to monitor. Therefore
crystalline form via mechanical stress i s strongly suggested, the 
alternate possibility of a preferential mass loss of the I a form 
cannot be entirely dismissed. 

Scanning transmission electron micrographs of the materials 
corresponding to spectra 6A and 6B were also acquired. Even 
though resolution was insufficient for imaging the lateral 
dimensions of individual crystallites, these micrographs revealed 
that beating disrupts the f i b r i l l a r network. While the original 
lateral dimensions of most of the f i b r i l l a r aggregates were in the 
80-200 nm range, aggregates as small as 30 nm could be seen after 
beating, although the average lateral f i b r i l dimension was about 
100 nm. The disruption of tertiary structural organization was 
thus clear, yet the question of possible alterations of the 
lateral dimensions of individual crystallites remained unanswered 
because of insufficient resolution. 

The more dramatic spectral changes in Figure 6 are caused by 
strong acid hydrolysis, rather than beating. Spectra 6D and 6E 
appear to be "sharper-featured" (more crystalline) versions of the 
higher plant cellulose spectra (see Figures 2, 3 and 5). There is 
a dominant upfield shoulder at C4 compared to the downfield 
shoulder; the central component of CI is also greatly reduced. 
The hydrolysis, however, is harsh and a mass loss of 78-88? raises 
questions about the corresponding changes in lateral c r y s t a l l i t e 
dimensions. If the resonance multiplicity were due, in part, to 
surface chains, then changes in the lateral dimensions of the 
crystallites would affect the multiplet intensities. An electron 
microscopic investigation (21) of the lateral dimensions of 
sonicated and dispersed individual crystallites showed no 
significant difference between the celluloses corresponding to 
spectra 6A and 6E; the lateral dimensions average 20 nm in both 
cases. The narrower linewidths in spectrum 6E compared with 5A 
provide additional qualitative support that the average lateral 
dimensions of the crystallites in the hydrolyzed Cladophora 
cellulose are substantially greater than those in cotton linters 
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(3.5-5 nm) (4-6) and that the sampling of the c r y s t a l l i t e s i n the 
e l e c t r o n microscopic i n v e s t i g a t i o n i s representative of the whole 
m a t e r i a l . Thus, the s p e c t r a l d i f f e r e n c e s between Figures 6A and 
6E cannot a r i s e from changes i n the number of chains on the 
c r y s t a l surfaces. I t follows that the spectra of Figure 6 
strongly r e i n f o r c e the hypothesis that m u l t i p l e c r y s t a l l i n e forms 
co e x i s t i n Cladophora c e l l u l o s e . Furthermore, they suggest that 
the I a form i s more sus c e p t i b l e to h y d r o l y s i s than the I« form or 
the I a form, f o r morphological reasons, i s more exposed to the 
a c i d attack. 

Methods f o r Emphasizing Resonance In t e n s i t y from Carbons i n the 
C r y s t a l l i n e I n t e r i o r . The experiments described i n t h i s s e c t i o n 
explore f u r t h e r the p o s s i b i l i t y that ordered surface l a y e r s on 
c r y s t a l l i t e s might give r i s e to sharp resonances, although strong 
arguments to the contrary have already been given. I f one could 
suppress those resonances a r i s i n g from c r y s t a l l i t e surfaces  then 
one could i s o l a t e the resonanc
i n t e r i o r u n i t c e l l ( s ) an
c r y s t a l l i n e polymorphy. 

The key assumption i n the f o l l o w i n g experimental approaches 
i s that a chain at the c r y s t a l l i n e surface experiences l e s s 
well-defined, and, on average, weaker intermolecular p o t e n t i a l s 
than an i n t e r i o r c r y s t a l l i n e chain. Hence, the surface chain w i l l 
have a greater molecular m o b i l i t y and i t s spins w i l l undergo 
r e l a x a t i o n more e f f i c i e n t l y . 

I f one f u r t h e r assumes that each nucleus relaxes 
independently, then one can enhance resonances a r i s i n g from the 
c r y s t a l l i n e core by i s o l a t i n g those s i g n a l s corresponding to the 
most slowly r e l a x i n g s p i n s . Observation of ^C spins only need 
not l i m i t the study to r e l a x a t i o n c h a r a c t e r i s t i c s of carbons since 
the use of CP for '^C s i g n a l generation a l s o gives s i g n a l s 
pro p o r t i o n a l to proton p o l a r i z a t i o n l e v e l s (25). Thus, proton 
r e l a x a t i o n may a l s o be monitored i n d i r e c t l y . 

Two questions must be considered when attempting to i s o l a t e 
the c r y s t a l l i n e core 1^C spectrum. F i r s t , do both protons and 1^C 
n u c l e i r e l a x independently? Second, which r e l a x a t i o n parameter 
w i l l o f f e r the highest contrast between surface and i n t e r i o r 
resonances? 

Observations based on proton spin d i f f u s i o n . Protons, by v i r t u e 
of t h e i r 100? n a t u r a l abundance are s t r o n g l y coupled to one 
another by d i p o l a r coupling. This coupling gives r i s e to s p i n 
exchange which, i n turn r e s u l t s i n spin d i f f u s i o n (39) whereby 
magnetization i s transported i n a d i f f u s i o n - l i k e process. When 
protons are quantized along the s t a t i c f i e l d , a d i f f u s i o n constant 
of about 5 χ 1 0 " 1 2 cm 2/s i s appropriate f o r c e l l u l o s e (40); i n the 
presence of a strong, resonant proton r f f i e l d , the d i f f u s i o n 
constant i s halved. We f i n d that the l o n g i t u d i n a l and r o t a t i n g 
frame r e l a x a t i o n times ( Τ Ί

Η and T 1
 H ) in c e l l u l o s e are 

r e s p e c t i v e l y i n the ranges of 0.5-os and 15-120ms. Proton spin 
d i f f u s i o n w i l l thus maintain very uniform spin p o l a r i z a t i o n l e v e l s 
during a recovery so that monitoring 1^C spectra as a f u n c t i o n 
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of proton recovery time w i l l not reveal any contrast in intensity 
between surface and interior chains. On the other hand, times 
like 15-20ms, which are typical values for T1

 H in higher 
plant celluloses are comparable to times expected For 
magnetization transport across a cr y s t a l l i t e 3.5-5 nm in lateral 
dimension (42,43). Therefore, i f one obtains CP spectra using a 
fixed CP time applied at the end of a variable proton spin-locking 
time, the core crystalline resonances would be enhanced at longer 
spin-locking times. However, the spectra would never be entirely 
free of the surface resonances. (A superior experiment and one 
which we did not do because of i t s technical d i f f i c u l t y is to 
monitor the CP spectrum following a period of relaxation under 
multiple pulse (43,44). The multiple pulse irradiation 
simultaneously attenuates spin diffusion very strongly.) 

Figure 7 shows spectra of hydrocellulose obtained from cotton 
1 inters using a CP time of 0.5 ms. For spectrum A the spin 
locking time prior to CP was 0.01 ms while in spectrum Β i t was 25 
ms. The fA-Bf spectru
crystalline resonances
of the proton magnetization gradient between the surface and the 
interior of the cr y s t a l l i t e s . The existence of this gradient is 
confirmed by the preferential reduction of the broad resonances in 
Β relative to A. Most of the intensity in these broad resonances 
in the hydrocellulose, we believe, arises from crystal surface 
chains, although alternative interpretations have been proposed 
(36), namely, that a l l intensity in the wings of C4 and C6 arises 
from non-crystalline carbons. In support of our point of view, we 
note the contrast in shape between this difference spectrum in 
Figure 7 and that of Figure 5C, particularly in the C2,3,5 region. 
In cotton 1inters the C2,3,5 carbons in three-dimensionally 
disordered regions contribute to the single broad resonance; but 
these regions are attacked preferentially during hydrolysis. In 
the difference spectrum of Figure 7, the C2,3,5 resonance region 
has much more definition as one might expect from more ordered 
surface chains. The other difference spectrum at the bottom of 
Figure 7 indicates that there i s no further lineshape change 
occurring for spin-locking times longer than 15 ms. Stabilization 
of the lineshape by proton spin diffusion at about 15 ms is quite 
consistent with expectations (42) i f most of the disordered, more 
mobile material were on the surface of crystallites whose lateral 
dimensions were in the 3.5-5 nm range. Thus, under the 
assumption that the surface chain protons have shorter intrinsic 
T1

 H values than do the interior chain protons, these results 
indicate that the shape of the C4 resonance contains no sharper 
features (in the range from 88-92 ppm) associated with surface 
chains. Also, since the proton polarization is not expected to 
vary appreciably over dimensions of monomer units, the resonance 
profiles for each carbon in the difference spectrum arise from the 
same spatial regions. Therefore, the monomer units which give 
rise to the broad C4 resonance also produce a corresponding 
contribution to the central region of the CI resonance. 
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A s i m i l a r T-, p
n experiment was conducted on a l g a l c e l l u l o s e 

from Rhizoclonium. Figure 8 shows these r e s u l t s and the 
d i f f e r e n c e spectrum. Because the l a t e r a l c r y s t a l l i t e dimension i n 
Rhizoclonium i s 25-30 nm, the co n t r a s t , a f t e r an extended period 
of s p i n - l o c k i n g , between average proton magnetization at the 
surface and i n the c r y s t a l l i t e i n t e r i o r can become l a r g e r than i n 
h y d r o c e l l u l o s e , even though the apparent T^ H increases f i v e f o l d 
to about 100 ms. Nevertheless, no change i n the C4 lineshape i s 
observed as a f u n c t i o n of s p i n - l o c k i n g time. Again we conclude 
that surface resonances are not c o n t r i b u t i n g to the f i n e s t r u c t u r e 
at C4. In f a c t , none of the sharp resonances seem to change 
r e l a t i v e i n t e n s i t y with spin l o c k i n g times. The i m p l i c a t i o n i s 
that these sharp features are the expression of the true u n i t 
c e l l ( s ) . 

Observations based on l o n g i t u d i n a l r e l a x a t i o n with spin 
exchange. Depending on the type of native c e l l u l o s e  the 
l o n g i t u d i n a l r e l a x a t i o
50 MHz can become quit
c r y s t a l l i n e T ^ ' s are of the order of 200s (45) while i n the a l g a l 
c e l l u l o s e s we f i n d that corresponding T ^ ' s are c l o s e r to 1000s. 
Thus, the T ^ ' s i n these systems are s u f f i c i e n t l y long to allow 
some '^C- spin exchange to occur. 

The influence of spin exchange on T ^ i s non-existent 
when a l l carbons have the same i n t r i n s i c r e l a x a t i o n time. 
However, at 50MHz the tS values f o r the broad resonance of C6 are 
l e s s than Is and the T-j f o r the broad resonance of C4 i s about 
10-20s (45). A f r a c t i o n of f a s t e r r e l a x i n g i n t e n s i t y , comparable 
to that at C4, i s a l s o v i s i b l e i n the other resonances at CI and 
C2 ,3,5. I f one assumes that most of t h i s f a s t e r r e l a x a t i o n i s 
occurring at the c r y s t a l l i n e surface and i n 3-dimensional regions 
of d i s o r d e r , then, by 1^C spin exchange, c r y s t a l l i n e carbons about 
1 nm from the surface w i l l a l s o r e l a x more e f f i c i e n t l y . 
Therefore, the most slowly r e l a x i n g carbons i n a T-|C experiment 
w i l l be those associated with the c r y s t a l l i n e core. 

Figures 9 and 10 show spectra of cotton h y d r o c e l l u l o s e and 
c e l l u l o s e from Cladophora, r e s p e c t i v e l y , as a f u n c t i o n of delay 
time i n Torchia's T., method ( 3 D . At longer delay times, these 
spectra represent the 1^C n u c l e i not yet relaxed. The 
disappearance of the broad features and the s l i g h t sharpening of 
the c r y s t a l l i n e resonances are c o n s i s t e n t with an enhancement of 
the c r y s t a l l i n e core resonances since the most h i g h l y ordered 
chains should produce the sharpest resonances (22). 

Figure 9 r a i s e s an important question concerning c r y s t a l l i n e 
polymorphy i n the native c e l l u l o s e s . The hypothesis that higher 
plant c e l l u l o s e s l i k e cotton and ramie are c r y s t a l l i n e composites 
was suggested, i n part, by the outer doublet and the sharper 
c e n t r a l feature of the CI resonance i n spectrum 9A. However, 
comparison of spectra 9A and 9C shows the c e n t r a l peak at CI to be 
l e s s intense at 200s compared with 1 ms, while the shape of the 
c r y s t a l l i n e resonance at C4 remains constant. Since carbons C1-C5 
r e l a x at very nearly the same rates (32) i n a experiment, i t 
i s very l i k e l y that the s i g n a l s f o r each of these carbons i n 
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Figure 7. CP-MAS spectra of cotton h y d r o c e l l u l o s e f o l l o w i n g the 
two i n d i c a t e d periods of proton spi n l o c k i n g ; the CP time was 0.5 
ms. Spectrum Β i s renormalized to match the i n t e n s i t y i n A f o r 
the c r y s t a l l i n e C4 resonance; true t o t a l i n t e n s i t i e s are a l s o 
given. The d i f f e r e n c e spectrum, (A-B), shows the p r o f i l e of 
resonances with shorter T-j values. The lower lineshape i n v o l v i n g 
the spectrum (not shown) with a 15 ms proton spin lock, i n d i c a t e s 
that there are no fu r t h e r lineshape changes a f t e r 15 ms of spin 
l o c k i n g . 

Figure 8. CP-MAS spectra of the hi g h l y c r y s t a l l i n e a l g a l 
c e l l u l o s e , Rhizoclonium hieroglyphicum as a fun c t i o n of proton spin 
l o c k i n g time. 
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Figure 9. CP-MAS spectra of hy d r o c e l l u l o s e from cotton 1inters as 
a f u n c t i o n of the ind i c a t e d delay time i n a T* C experiment [Ref. 
31]. 
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Figure 10. CP-MAS spectra of Cladophora c e l l u l o s e as a fun c t i o n of 
the i n d i c a t e d delay times i n a T ^ experiment. T o t a l i n t e n s i t i e s 
are a l s o given. 
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spectrum 9C arise from the same spatial regions, Thus, the 
composite hypothesis would lead one to expect a smaller downfield 
shoulder at C4 than is observed in Figure 9C. The difference 
spectrum, A-C, is very similar to the difference spectrum in 
Figure 7 and shows that the change of shape at CI does not involve 
any particularly sharp component; in fact, the corresponding 
resonance change at C4 involves the broad upfield shoulder. 
Therefore, the lineshape change at CI is attributed to 
anhydroglucose residues in disordered regions, probably including 
the crystal surface. This leaves less of the central resonance 
intensity at CI which can be ascribed to the presence of the 
I phase. If there is an I a crystalline polymorph present, i t is 
of the order of 15? or less. 

Since we believe that spectrum 9C, in a l l regions except C6, 
possesses undistorted relative intensities whose dominant 
contributions arise from chains in the crystalline core, the 
following alternative interpretation must be considered: (a) The 
originally postulated (1-3
than a minor component
and the central component of CI are becoming comparable in 
intensity, the originally suggested spectrum of the 1̂  form may 
not be accurate (see Figure 1) since the intensity of the CI 
resonance in the I phase should be twice that of the downfield 
shoulder of C4. (c) Because of (b) the possibility exists that 
Figure 9C is the correct 1̂  lineshape (except in the C6 region), 
(d) If Figure 9C represents the true 1̂  lineshape, then the 
multiplet ratios of C4 require that the unit c e l l must contain 
more than four anhydroglucose units in order to generate these 
intensity profiles, (e) The C4 crystalline resonance (88-92 ppm) 
in spectrum 9A is a good indicator of the number of carbons at 
each magnetically distinct site in the unit c e l l . 

In contrast to the difference in the behavior of the CI and 
C4 lineshapes for cotton hydrocellulose in Figure 9, the changes 
in lineshape for Cladophora cellulose in Figure 10 are very minor. 
Since the cr y s t a l l i t e width in Cladophora cellulose is about 20 
nm (21), the intensity change related to crystal surface 
resonances is expected to be reduced. Thus, the principal changes 
between spectra 10A and 10C involve a slight sharpening of the 
resonances in spectrum 10C and a disappearance of the weak, broad 
C4 and C6 wings. A l l the celluloses represented in Figure 4 
showed similar T-jC behavior. Again, we interpret spectrum 10C as 
arising principally, from chains in the crystalline interior. In 
Figure 10 there is no anomalously fast decay associated with the 
sharp central feature of CI as there was in Figure 9. The overall 
decay of intensity for Cladophora cellulose during the 200s was 
32? compared with 77? for the hydrocellulose in Figure 9. Much of 
this difference in extent of decay can be explained by the larger 
crystallites in Cladophora cellulose, the associated reduction in 
the number of more mobile surface chains and the diminished 
opportunity for spin exchange with these surface chains. 

Figure 10 indicates that: (a) If two allomorphs coexist in 
the Cladophora cellulose, the T.,c behavior of both allomorphs is 
the same, (b) If the reduction of intensity in the T<C 
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experiments i s p r i n c i p a l l y due to ^C- spin exchange with 
surface chains, then the s t a b i l i t y of the lineshapes i n Figure 10 
suggests that the surface-to-volume r a t i o s , or the l a t e r a l 
dimensions of the I a and I g c r y s t a l l i t e s are comparable, (c) The 
resonance p r o f i l e s , e s p e c i a l l y f o r C4 (88-92 ppm), i n spectrum 10A 
give a good i n d i c a t i o n of the r e l a t i v e number of carbons at each 
of the magnetically inequivalent s i t e s i n the u n i t c e l l ( s ) . 

I s o l a t i o n of Spectra from Carbons Within 0.7-1.0 nm of a Carbon 
i n a Single M u l t i p l e t L ine. 1^C-^C spin exchange i s quite slow 
i n a n a t u r a l abundance sample when proton decoupling i s absent. 
The rate of exchange depends, among other things, on the inverse 
s i x t h power of the '^C-'^C in t e r n u c l e a r distance (39,46). At 
natu r a l abundance, these distances are s t a t i s t i c a l l y determined; 
moreover, the nearest 1^C neighbors to a given carbon, say CI, 
w i l l generally not be CI carbons. Because a more complete 
treatment of t h i s experiment and i t s i n t e r p r e t a t i o n w i l l appear 
elsewhere Ç32), we w i l

I s o l a t i o n of the spectr
follows: a) The Zeeman population of one l i n e within a m u l t i p l e t 
i s perturbed using the Dante (28,29) sequence, b) A f t e r the 
perturbation a 50s-70s mixing time follows during which 
magnetization changes occur due to both T ^ processes and ^C- ^C 
spin exchange, c) The spin exchange and the T-, e f f e c t s are 
monitored independently to i s o l a t e the 'near-neighbor f spectra 
associated only with those carbons which have undergone spin 
exchange as a r e s u l t of the o r i g i n a l p e r turbation. 

These 'near-neighbor* spectra a r i s e from carbons p r i m a r i l y 
l y i n g within a radius of 0.7-1.0 nm from the perturbed carbons 
(32). Such 'near-neighbor' spectra are a simultaneous t e s t of the 
al t e r n a t e explanations f o r the observed d i f f e r e n c e s i n native 
c e l l u l o s e spectra, namely, that some sharp s p e c t r a l features 
o r i g i n a t e from chains on c r y s t a l l i t e surfaces or that ABMS e f f e c t s 
give r i s e to sharp features because of s p e c i a l t e r t i a r y 
morphology. The choice of the perturbed l i n e i s based on the 
Iç and Ig spectra of Figure 1 such that the perturbed l i n e belongs 
e i t h e r to the I a or I g spectrum. For t h i s purpose, the CI and C4 
resonances are best since there i s s i g n i f i c a n t overlap elsewhere. 

Figure 11 i l l u s t r a t e s the a p p l i c a t i o n of t h i s technique to a 
sample of Rhizoclonium c e l l u l o s e . Spectrum 11A and 11B are 
d i f f e r e n t only i n that the low-level 'comb' of 1^C Dante pulses i s 
absent (11A) or present (11B). Proton decoupling was applied f o r 
20ms during the Dante sequence; t h i s decoupling was a l s o present 
i n the experiment without the Dante pulses i n order to make 
comparison between these two experiments most meaningful. 
The 3ms i n t e r v a l i n d i c a t e d i n Figure 11 r e f e r s to the 
period between the end of the Dante pulses and the beginninng of 
s i g n a l observation. Spectra 11C and 11D are p a i r s s i m i l a r to 11A 
and 11B except that the mixing time was 70s instead of 3ms. 
Spectra 11E-11G are each d i f f e r e n c e spectra based on spectra 
11A-11D. Spectrum H E represents the p r o f i l e of the o r i g i n a l 
population disturbance produced p r i n c i p a l l y at the c e n t r a l CI 
m u l t i p l e t i n Rhizoclonium c e l l u l o s e (an Ί ' perturbation - see 
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Figure 1). Spectrum 11F i s the 'near-neighbor' spectrum which 
a l s o includes a rather large peak corresponding to the CI s i t e s 
which have not yet exchanged. Figure 11G i s a more amp l i f i e d (x2) 
near-neighbor spectrum obtained by subtracting a p o r t i o n of 
spectrum H E from 11F i n order to decrease the i n t e n s i t y i n the 
c e n t r a l CI region and a l s o look for po s s i b l e 'near-neighbor' l i n e s 
corresponding to the outer wings of the CI resonance which are 
thought to belong to the I g allomorph. In other words, spectrum 
11G t e s t s whether the p r o f i l e of the CI resonance has changed as a 
r e s u l t of 1^C- 1^C spin exchange with other C l m u l t i p l e t s . The 
lack of wing i n t e n s i t y at CI argues against the suggeston of Cael, 
et a l . (47) that the c e n t r a l resonance of CI belongs to a u n i t 
c e l l possessing a 1:2:1 t r i p l e t . 

Several conclusions may be drawn from Figure 11. F i r s t , t h i s 
Dante sequence i s quite s e l e c t i v e . Spectrum H E shows that the 
population disturbance i s centered quite well on the c e n t r a l CI 
m u l t i p l e t . Second, the 'near-neighbor' spectrum ma  be i s o l a t e d 
(Spectrum 11F) and eve
m u l t i p l e t (spectrum 11G)
thought to be an Ί 1 perturbation (see Figure 1), the 
'near-neighbor' spectrum contains many c h a r a c t e r i s t i c s t y p i c a l of 
an I - r i c h spectrum, i . e . weak CI doublets, a strong downfield 
shoulder at C4, and a sharp maximum at the c o r r e c t p o s i t i o n f o r 
C6. The p r o f i l e of the C2,3,5 region deviates somewhat from the 
I a spectrum of Figure 1; however, t h i s region i n Figure 1 has a 
s u b s t a n t i a l n o n - c r y s t a l l i n e c o n t r i b u t i o n and a lower i n t r i n s i c 
r e s o l u t i o n which makes comparison more d i f f i c u l t . Q u a l i t a t i v e l y , 
the departure of the 'near-neighbor' spectrum (11G) from the 
parent spectrum (HA) supports the idea of c r y s t a l l i n e polymorphy. 
Fourth, from a q u a l i t a t i v e point of view, 1 3 c „ 1 3 Q spin exchange 
seems quite uniform i n the sense that the 'near-neighbor' spectra 
have i n t e n s i t i e s at C4 and C2,3,5 which are i n the r a t i o 1:3 with 
C6 being s l i g h t l y l e s s intense (80? of C4 i n t e n s i t y ) , as expected. 
Moreover, the t o t a l i n t e n s i t y i n spectrum 11F was found to be 90? 
of the t o t a l i n t e n s i t y i n spectrum H E which corresponds quite 
well with expectations based on the 15? decay over 70s of the 
c e n t r a l C l m u l t i p l e t due to T^ c processes (spectra H A and H C ) . 
This agreement ensures that the 'near-neighbor* spectrum i s not 
due to a change i n spectrometer c h a r a c t e r i s t i c s . The r a t i o of the 
CI i n t e n s i t y to the t o t a l i n t e n s i t y i n spectrum H F i n d i c a t e s that 
s l i g h t l y more than h a l f of the i n t e n s i t y at CI i n spectrum H E 
has, over 70s, made i t s way to other carbon s i t e s v i a 1^C- 1^C spin 
exchange. F i f t h , most of the m u l t i p l e t l i n e s seen i n the parent 
spectrum (HA) are a l s o seen i n the * near-neighbor * spectrum ( H F , 
H G ) . I t follows that ABMS e f f e c t s are probably i n s i g n i f i c a n t 
( t h i s i s shown more r i g o r o u s l y l a t e r ) . 

In order to demonstrate c r y s t a l l i n e polymorphy more f u l l y , 
Figure 12 shows the r e s u l t s of three Rhizoclonium c e l l u l o s e 
experiments, l i k e those of Figure 11, i n which three d i f f e r e n t 
l i n e s were i n i t i a l l y perturbed. Spectrum 12A i s the parent 
spectrum ( l i k e spectrum H A ) . The remaining s i x spectra, i n 
p a i r s , c o n s i s t of p r o f i l e s of an o r i g i n a l population perturbation 
( l i k e spectrum H E ) caused by the Dante i n v e r s i o n followed by the 
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Figure 11. Spe c t r a l method f o r i s o l a t i n g the 'near-neighbor* 
spectrum of an I l i n e i n Rhizoclonium c e l l u l o s e . The number of 
scans i s 1200 f o r spectra A and B, 600 f o r C and D. See text f o r 
other d e t a i l s . 
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Figure 12. CP-MAS spectra of Rhizoclonium c e l l u l o s e associated 
with three d i f f e r e n t 'near-neighbor* experiments. 
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corresponding 'near-neighbor' spectrum. The 'near-neighbor 1 

spectra are l i k e those of spectrum 11G except that a n u l l i n the 
p o s i t i o n of the perturbed s i t e i s not sought; rather, an i n t e n s i t y 
comparable to the s i t e i n t e n s i t i e s at the neighboring s i t e s i s 
l e f t at the o r i g i n a l l y perturbed s i t e , i . e . an 'equilibrium* 
spectrum i s approximated. Spectra 12B and 12C as well as 12D and 
12E correspond to ' I g ' perturbations (see Figure 1) while spectra 
12F and 12G correspond to the ' Ι α ' perturbation of Figure 11. The 
Dante sequences used here are not i d e a l i n t h e i r a b i l i t y to s e l e c t 
a m u l t i p l e t l i n e ; there i s some perturbation of the adjacent l i n e 
as w e l l . This n o n - i d e a l i t y i s more apparent when the perturbed 
l i n e i s weaker than the adjacent l i n e as i s the case i n spectra 
12C and 12E. In s p i t e of t h i s n o n - i d e a l i t y , the 'near-neighbor' 
spectra r e s u l t i n g from these Ί β ' perturbations are very s i m i l a r 
to one another i n resonance p o s i t i o n and reasonably s i m i l a r i n 
i n t e n s i t y p r o f i l e s . These two 'near-neighbor' spectra a l s o show 
many features which i n d i c a t e that the 1^ content (see Figure 1) of 
each spectrum i s much highe
expected f o r a mixture
emphasized CI doublet, the dominant u p f i e l d shoulder of C4, and 
the f l a t t e r p r o f i l e f o r the C6 maximum are a l l c o n s i s t e n t with an 
Ιρ-rich spectrum. These spectra stand i n contrast to the 
previously discussed I a - r i c h spectrum (12G). The u p f i e l d p o r t i o n 
of the C2,3,5 resonances i n the 'near-neighbor' spectra a l s o 
follows expectations based on the spectra of Figure 1. The 
n o n - t r i v i a l c e n t r a l component of CI i n spectra 12C and 12E may be 
no accident since the r e s u l t s of Figure 9, as discussed e a r l i e r , 
may point to an I g spectrum which includes a weak c e n t r a l CI 
resonance. 

A number of conclusions follow from Figure 12. These are: a) 
Assuming that the pure I a and I g spectra are given i n Figure 1, an 
' Ι α ' or 'Ig' i n i t i a l p erturbation y i e l d s a 'near-neighbor' 
spectrum wnich i s r i c h e r , compared with the parent spectrum, i n 
the corresponding 'I ' or ' I g ' resonances. This i s i l l u s t r a t e d 
most c l e a r l y i n the C4 c r y s t a l l i n e resonance p r o f i l e s of the 
'near-neighbor' spectra, b) The two 'near-neighbor' spectra 
r e s u l t i n g from the I g perturbation are very s i m i l a r to one another 
i n d i c a t i n g that the i n t e n s i t i e s i n the 'near-neighbor' spectra are 
not very dependent on the l i n e which i s perturbed, c) The 
i n s i g n i f i c a n c e of ABMS s h i f t s i s indi c a t e d by the 'near-neighbor' 
spectrum, 12C. For i f i t i s postulated that ABMS s h i f t s appear i n 
d i s c r e t e bands (as opposed to a continuum) as a r e s u l t of 
well-defined f i b r i l patterns, and i f u n i t c e l l m u l t i p l i c i t y a l s o 
e x i s t s , then the resonance p r o f i l e f o r a given carbon i s the 
convolution of the two e f f e c t s . Since the o r i g i n of the ABMS 
e f f e c t s i s postulated to be the f i b r i l packing geometry, the 
dimensions involved are much l a r g e r than the u n i t c e l l . This 
implies that a l l s p e c t r a l l i n e s associated with u n i t c e l l 
inequivalence are, within any given u n i t c e l l , s h i f t e d to the same 
extent as a r e s u l t of ABMS e f f e c t s ; moreover, i f two outer bands 
e x i s t (e.g. f o r CI and C4) each outer band must belong to a 
d i f f e r e n t set of ABMS-shifted s i t e s . The f a c t that the 
'near-neighbor' spectrum, 12C, r e s u l t i n g from the perturbation of 
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one outer C4 band shows spin-exchange with both outer CI bands i s , 
therefore, a c o n t r a d i c t i o n of the o r i g i n a l postulate since spin 
exchange i s too slow to occur between f i b r i l s . So ABMS e f f e c t s 
and the importance of f i b r i l geometry are dismissed as a p o s s i b l e 
cause of any m u l t i p l e t character f o r a l l resonances, d) None of 
the minor resonances at CI or C4 are e x c l u s i v e l y due to surface 
chains because the c r y s t a l l i t e s i n Rhizoclonium c e l l u l o s e have 
l a t e r a l dimensions of the order of 25-30 nm; therefore,the t o t a l 
f r a c t i o n of surface chains i s l e s s than 13?, considering both 
chains i n a two chain u n i t c e l l at the c r y s t a l l i n e surface to be 
surface chains. No minor resonance at C4 or CI i s as small as 13? 
i n spectrum 12A. Moreover, the 'near-neighbor* spectra (12C and 
12E) r e s u l t i n g from the perturbation of minor resonances at C4 and 
CI i n d i c a t e s p a t i a l proximity with carbons resonating at s e v e r a l 
m u l t i p l e t l i n e s of the unperturbed carbons (CI or C4). These 
demonstrated p r o x i m i t i e s to carbons, i f by hypothesis located at a 
c r y s t a l surface, m u l t i p l i e s the number of resonances associated 
with c r y s t a l l i t e surfaces
the t o t a l i n t e n s i t y a t t r i b u t a b l
conclusion based on Figure 12 i s that the 'near-neighbor  spectra, 
while c e r t a i n l y becoming r i c h e r i n the spectrum of the allomorph 
to which the perturbed carbon was thought to belong, s t i l l r e t a i n 
a s i g n i f i c a n t c o n t r i b u t i o n from the spectrum of the other 
allomorph. Part of the explanation f o r t h i s l i e s i n the s l i g h t 
n o n - i d e a l i t y of the p e r t u r b a t i o n . However, judged by the pure 
I a and Ig spectra of Figure 1, the r a t i o s of I a and Ig i n the 
'near-neighbor' spectra (Figures 12C, 12E, and 12G) do not agree 
p a r t i c u l a r l y well with the apparent r a t i o s deduced from the 
perturbation p r o f i l e s (Figures 12B, 12D, and 12F). Thus, while 
c r y s t a l l i n e polymorphy i s strongly supported by the r e s u l t s , some 
d e t a i l s of the a c t u a l I a and Ig spectra of Figure 1 are c a l l e d 
i n t o question. For example, the absence of a c e n t r a l component at 
CI i n the Ig spectrum i s questioned. Also the absence of a weak 
downfield wing at C4 i n the Ig spectrum and the absence of a weak 
C4 u p f i e l d wing i n the I a spectrum are questioned. F i n a l l y , the 
s i n g l e t character of C6 i n the I spectrum i s a l s o questioned 
(see spectrum 12G). Admittedly, one of the o r i g i n a l c r i t e r i a we 
applied (1-3) i n p o s t u l a t i n g the I a and Ig spectra of Figure 1 was 
to minimize the number of magnetically inequivalent s i t e s within 
the spectrum of each allomorph. In f a c t the r e s u l t s of both 
Figures 9 and 12 suggest that the u n i t c e l l of each allomorph may 
contain more than two magnetically inequivalent s i t e s , hence, 
l a r g e r or l e s s symmetric u n i t c e l l s . 

With regard to the question of whether the higher plant 
c e l l u l o s e s contain only one c r y s t a l l i n e allomorph, namely, Ig, two 
^C spin exchange experiments were a l s o c a r r i e d out on 

h y d r o c e l l u l o s e from cotton l i n t e r s . Figure 13, which i s i n the 
same format as Figure 12, shows these r e s u l t s . For reasons of 
s e n s i t i v i t y , only a 50ms mixing time was used to generate the 
'near-neighbor' spectra. This shorter mixing time reduces only 
s l i g h t l y the s p h e r i c a l volume around the perturbed carbon probed 
by spin exchange. The two s i t e s of perturbation are the c e n t r a l 
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resonance of C4 (spectra 13B and 13C) and the central resonance of 
CI (spectra 13D and 13E). The central resonance of C4 is expected 
(see Figure 1) to belong equally to both the I a and Ig allomorphs. 
Therefore, the corresponding 'near-neighbor1 spectrum should give 
back both the In and any I a contributions at CI. In spectrum 13C, 
there is no indication of a central feature at CI although i t is 
d i f f i c u l t to get sufficiently good signal-to-noise to eliminate a 
weak central component at CI. On the other hand, the 
'near-neighbor1 spectrum (13E) from the perturbation of the 
central CI region consists of weaker resonances, compared with 
spectrum 13C; also the resonances seem rather broad and 
ill-defined. From Figure 9 we know that T ^ in the central CI 
region is shorter than for other crystalline resonances; 
therefore, spectrum 13E is weak. However, i f there were an 
I a component in the higher plant celluloses, then one might have 
expected some sharper resonance features associated with the 

allomorph in spectrum 13E  Because of the rather poor 
signal-to-noise, sharpe
identify. It is significant
spectrum, 13E, contains some intensity in the regions of the 
crystalline C4 and C6 carbons. The results of Figure 13 together 
with those of Figure 9 leave open the distinct possibility that 
the higher plant celluloses represent a single crystalline 
allomorph whose crystalline spectrum is very much like that of 
Figures 9C or 13C. Then i t would follow that the number of 
anhydroglucose units per unit c e l l i s larger than four, (more than 
two chains per unit cell) judging by the intensities of the 
multiplet at C4. At the same time the presence of a small 
I a fraction is s t i l l possible; however, i t is doubtful that there 
is enough of the I present to account fu l l y for the downfield 
wing of C4. Therefore, a unit c e l l with more than four 
inequivalent anhydroglucose units must be considered l i k e l y . 

Finally, the question arises as to the true spectrum for each 
allomorph in native cellulose. Figure 14 shows candidate spectra 
for the I a and Ig allomorphs based on linear combinations of the 
original and hydrolyzed Cladophora cellulose spectra of Figure 6A 
and 6E. These spectra are reproduced in spectra 14A and 14B. The 
latter spectrum strongly resembles the spectrum of the regenerated 
cellulose I which was originally used (1-3) as the Ig-rich 
spectrum for generating the I a and Ig spectra. The spectrum of 
the regenerated cellulose I had inferior resolution compared with 
14B, so i t was not used. Figure 14C is the I spectrum and 
Figures 14D and 14E are two candidates for the Ig spectrum. 
Spectrum 14D is based on the original idea (1-3) that the Ig 
resonance at CI is a doublet, whereas spectrum 14E considers the 
Ig spectrum to be that which duplicates the higher plant cellulose 
C4 and CI crystalline resonances (see the discussions of Figures 9 
and 13 above). 
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Hydrocellulose 

100 _  I I l _ 80 _

60 PPM 
Figure 13. CP-MAS spectra of hy d r o c e l l u l o s e from cotton 1 i n t e r s 
associated with two 'near-neighbor* spectra obtained a f t e r 50s of 
spin exchange. The format i s the same as i n Figure 12. 

Cladophora 

60 PPM 

Figure 14. Candidates f o r I a and Ig CP-MAS spectra based on the 
spectra of Cladophora (A) and a c i d hydrolyzed Cladophora (B) 
c e l l u l o s e s . Proportions of mixing f o r spectra C-E are ind i c a t e d i n 
the f i g u r e s f o r the l i n e a r combination spectra, which are f u r t h e r 
renormalized to give the same t o t a l i n t e n s i t i e s as i n A and B. 
Spectrum C i s the I spectrum; spectrum D and Ε are two candidates 
fo r the I R spectrum. 
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I f spectra 14C and 14D are the true spectra of the I a and I« 
allomorphs, then, judging by the C4 and C6 resonances, each of the 
two u n i t c e l l s contain only two equally-occupied magnetically 
inequivalent anhydroglucose s i t e s . On the other hand, i f spectrum 
14E i s the true I« spectrum, then the i n t e n s i t y r a t i o at C4 
implies a u n i t c e l l with at l e a s t three magnetically inequivalent 
s i t e s i n such a r a t i o as to require a u n i t c e l l with more than 
four anhydroglucose u n i t s . To e n t e r t a i n the notion of 
non-equivalent anhydroglucose u n i t s along any given chain (48-50) 
c e r t a i n l y seems appropriate i n t h i s context. The number of 
resonances i n the CI and C2,3,5 regions g e n e r a l l y support the 
foregoing comments about magnetic inequivalence; these resonances, 
however, are l e s s informative than the C4 and C6 resonances 
because the c r y s t a l l i n e and the n o n - c r y s t a l l i n e (or surface) 
carbon resonances at each s i t e overlap s t r o n g l y . One cannot 
e a s i l y improve the a n a l y s i s f o r the CI and C2,3,5 regions by 
i s o l a t i n g and subtracting the shape of the resonance which does 
not belong to the c r y s t a l
sample to sample i n th
because the r a t i o of surface chains to chains i n 
three-dimensionally disordered environments i s sample dependent. 

Summary 

The hypothesis (1-3) that a l l native c e l l u l o s e s are a composite of 
two c r y s t a l l i n e allomorphs, designated I a and Ig, has been f u r t h e r 
tested using 1^C s o l i d s tate NMR. In p a r t i c u l a r , two a l t e r n a t e 
o r i g i n s of sharp resonance features were considered i n a d d i t i o n 
to the usual o r i g i n , the c r y s t a l l i n e u n i t c e l l . The f i r s t source 
i s ordered l a y e r s on c r y s t a l surfaces; the second i s p o s s i b l e 
a n i s t r o p i c bulk magnetic s u s c e p t i b i l i t y (ABMS) s h i f t s associated 
with well defined f i b r i l patterns ( t e r t i a r y morphology). 

A survey of several native c e l l u l o s e s r e i n f o r c e d the 
s i m i l a r i t y of the higher plant c e l l u l o s e s to one another, although 
l i m i t s of r e s o l u t i o n and questions of chemical p u r i t y i n the 
c e l l u l o s e chains make comparison d i f f i c u l t and l e s s meaningful. A 
p a r a l l e l survey of NMR spectra from the more chemically pure a l g a l 
c e l l u l o s e s and the b a c t e r i a l c e l l u l o s e , Acetobacter xylinum, 
in d i c a t e d a general uniformity, a l b e i t these spectra were d i s t i n c t 
from the spectra of the higher plant c e l l u l o s e s . These a l g a l 
c e l l u l o s e spectra, however, showed small v a r i a t i o n s , outside of 
experimental e r r o r , which were taken as evidence f o r c r y s t a l l i n e 
polymorphy. 

Exposure of cotton 1 i n t e r s to a c i d h y d r o l y s i s d i d not a l t e r 
the I a to Ig r a t i o s , judging by the C4 resonance p r o f i l e . On the 
other hand, exposure of the a l g a l c e l l u l o s e from Cladophora to 
mechanical beating and/or strong a c i d h y d r o l y s i s caused changes i n 
the NMR spectra, which, i n the c r y s t a l l i n e composite model, would 
be i n t e r p r e t e d as enriching the Ig content of the spectra. Acid 
h y d r o l y s i s was more e f f e c t i v e than beating i n changing the 
apparent I a to Ig r a t i o . Whether the enrichment of the Ig content 
by beating was accomplished v i a a d i f f e r e n t i a l mass recovery or an 
a c t u a l conversion of one allomorph to the other i s not c l e a r . The 
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a c i d h y d r o l y s i s , on the other hand, was harsh and material 
recovery was only 12-22?. Therefore, the d i f f e r e n c e s i n r a t e s of 
h y d r o l y s i s between the I a and Ig allomorphs may not be l a r g e . I t 
i s p o s s i b l e that d i f f e r e n c e s i n h y d r o l y s i s r a t e s are r e l a t e d to 
morphology and the p h y s i c a l access of the a c i d to the c r y s t a l l i t e s 
rather than a greater inherent r e s i s t a n c e to h y d r o l y s i s of the Ig 
allomorph. However, an important observation i s that sonicated and 
dispersed i n d i v i d u a l c r y s t a l l i t e s from the extensively hydrolyzed 
c e l l u l o s e d i d not show, by e l e c t r o n microscopy, any reduction i n 
c r o s s - s e c t i o n a l area compared to the o r i g i n a l c e l l u l o s e 
c r y s t a l l i t e s ; therefore, s p e c t r a l changes r e s u l t e d from a 
s e l e c t i o n process rather than from an a l t e r a t i o n of the 
surface-to-volume r a t i o of c r y s t a l l i t e s . The NMR spectrum of the 
hydrolyzed a l g a l c e l l u l o s e strongly resembled the spectra of the 
higher plant c e l l u l o s e s , except f o r the much better r e s o l u t i o n i n 
the former spectrum. (The improved r e s o l u t i o n i s very c o n s i s t e n t 
with a much greater l a t e r a l c r y s t a l l i t e dimension.) The 
s i m i l a r i t y , except f o
spectra of the hydrolyze
plant c e l l u l o s e s (Figure 7B) i s strong evidence that ordered 
l a y e r s on c r y s t a l surfaces are not responsible f o r the m u l t i p l e t 
i n t e n s i t y patterns, p a r t i c u l a r l y at C4, i n the higher plant 
c e l l u l o s e spectra. Or, from a d i f f e r e n t perspective, the 
s i m i l a r i t y of these spectra supports the existence of a c r y s t a l 
s t r u c t u r e associated with the higher plant c e l l u l o s e s , i . e . , the 
small c r y s t a l l i t e width does not lead to a more s t a t i s t i c a l 
assembly of chains. 

A set of experiments aimed at enhancing the core c r y s t a l l i n e 
resonances over the c r y s t a l l i n e surface chain resonances was a l s o 
undertaken. The approaches, which u t i l i z e d T 1 p

H and T ^ r e l a x a t i o n 
behavior, were predicated on the existence of greater molecular 
m o b i l i t y (enhanced r e l a x a t i o n r a t e s ) f o r chains at the c r y s t a l 
surface r e l a t i v e to the c r y s t a l l i t e i n t e r i o r . Strong 
proton-proton spin exchange during T 1

 H r e l a x a t i o n b l u r s somewhat 
the d i f f e r e n c e s between surface chain and i n t e r i o r chain 
r e l a x a t i o n ; nevertheless, t h i s approach has the advantage that the 
^C CP spectra, taken as a fu n c t i o n of the T 1 p

H decay, have 
undistorted i n t e n s i t i e s over dimensions of monomer u n i t s . On the 
other hand, T ^ r e l a x a t i o n i s much more a fu n c t i o n of the 
i n d i v i d u a l carbons; 1^C- 1^C spin-exchange i s weak. Therefore one 
has an e x c e l l e n t opportunity to see d i f f e r e n t i a l e f f e c t s due to 
molecular m o b i l i t y v a r i a t i o n s . In t h i s case, i t i s not obvious 
that spectra should r e t a i n undistorted r e l a t i v e i n t e n s i t i e s . 
Fortunately, however, and probably due to a combination of weak 
^C-1^C spin exchange and the r e l a t i v e r i g i d i t y of the pyranose 

r i n g , the resonance p r o f i l e s of carbons C1-C5 seem to be 
undistorted, i . e . on average, the C1-C5 carbons i n the same 
s p a t i a l region give i d e n t i c a l c o n t r i b u t i o n s to the observed 
i n t e n s i t y during a T-j decay. The important conclusions of these 
r e l a x a t i o n experiments are the f o l l o w i n g : I f c r y s t a l surface 
chains are more mobile than i n t e r i o r chains so that the n u c l e i on 
the former chains r e l a x more e f f i c i e n t l y than t h e i r i n t e r i o r - c h a i n 
counterparts, then: a) the C4 c r y s t a l l i n e resonance p r o f i l e i s 
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unchanged (except for a slight sharpening of the multiplet lines) 
as one enhances the relative resonance contribution from the 
crystalline core. Therefore, C4 i s the best indicator of 
multiplicity related to the true crystalline unit c e l l ( s ) , i.e. 
surface-chain resonances do not make a significant contribution to 
the multiplet intensities there, b) The higher plant celluloses 
are seen to possess only a minimal I content (15? or less). In 
fact, the I content may be zero. If so, the true unit c e l l 
inequivalences, which are best expressed by the multiplet 
intensities within the C4 resonance profile, lead to a unit c e l l 
containing more than four anhydroglucose residues. Even with a 
15? contribution from the I form, i t is doubtful that the 
intensity of the downfield multiplet component of C4 could be 
ful l y accounted for. Therefore, the likelihood that the Ig 
crystalline form, which dominates the higher plant celluloses, has 
more than four anhydroglucose residues per unit c e l l i s very high, 
c) The algal celluloses display no discernible change in multiplet 
relative intensities i
that, within the assumptio
polymorph have equal average proximity to the cr y s t a l l i t e surface. 
Normally this would mean that the two polymorphs were either 
intimately mixed or that the average lateral dimensions of the 
crystallites were the same. The differential response to 
hydrolysis of Cladophora cellulose eliminates the intimate mixing 
hypothesis, leaving only the latter conclusion. 

A 13 c„13 c spin exchange experiment was conducted on both a 
highly crystalline algal cellulose (Rhizoclonium) and on 
hydrocellulose from cotton 1inters. This experiment probed the 
resonance profiles of 1^C nuclei within, roughly, a 0.7-1.0 nm 
sphere surrounding a properly chosen, single resonance within a 
given multiplet. Spin populations of lines belonging to either 
the I a or Ig crystalline phase were selectively perturbed and the 
'near-neighbor* spectra of those carbons involved in subsequent 
1^C-1^C spin-exchange events were monitored. Qualitatively, the 
I a perturbations in the algal cellulose gave rise to I a - r i c h 
'near-neighbor* spectra, compared with the original spectrum. 
Similarly, Ig perturbations yielded *near-neighbor* spectra which 
were *Ig-rich*. In this way different environments within the 
algal celluloses were clearly identified, thereby, strongly 
supporting the thesis of crystalline polymorphy in the algal 
celluloses. Some details about the originally proposed spectra 
are called into question by these results; nevertheless, the 
existence of crystalline polymorphy in the algal celluloses seems 
abundantly clear. On the other hand, the spin exchange 
experiments performed on cotton hydrocellulose failed to detect 
the presence of any I a crystalline form, but the signal-to-noise 
levels were not adequate for eliminating the possibility of a 
minor amount of the I a form. These results differ considerably 
from the suggestions offered by Cael, et al (47), who, in an 
attempt to rationalize x-ray structual work and NMR spectra, 
identified two NMR component spectra based on a 2-chain or an 
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8-chain unit c e l l . They argued that algal celluloses consist of 
pure 8~chain unit c e l l s , whereas higher plant celluloses, like 
ramie, are mixtures of 2~chain and 8-chain unit c e l l s . 

Finally, an attempt is made to isolate the true I a and I g 

spectra, based on the original and hydrolyzed samples of 
Cladophora cellulose. Whereas the I a spectrum is nearly identical 
to that originally proposed (1-3), the I g spectrum is ambiguous 
and two possible spectra are proposed. 

In contrast to the polymorphic algal and bacterial 
celluloses, which contain large fractions of the I a and I« 
polymorphs, the higher plant celluloses are dominated by the I g 

crystalline form with only a minor, i f any, I a component. The 
shape of the C4 resonance in the higher plant celluloses is 
evidence, especially i f no I component exists, of a unit c e l l 
containing more than four anhydroglucose residues. In view of 
these findings, the crystal structures of native cellulose based 
on Valonia cellulose should be reexamined  and assumptions about 
symmetry in the unit c e l
reconsidered. 
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Chapter 6 

Cross-Polarization-Magic Angle Spinning Carbon-13 
NMR Approach to the Structural Analysis of Cellulose 

F. Horii, A. Hirai, and R. Kitamaru 

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan 

CP/MAS 13C NMR approach has been described to 
characterize molecular chain conformations and crystal 
structures of native and regenerated cellulose samples 
in the dry and hydrate
chemical shifts
torsion angles Ф and ψ in the β-1,4-glycosidic linkage 
and χ about the exo-cyclic C5-C6 bond, respectively. 
On the other hand, the contributions of the crystalline 
and noncrystalline components to the CP/MAS 13C NMR 
results are critically analyzed in terms of the differ
ences in 13C chemical shifts and spin-lattice relaxa
tion times Τ1 and spectra of the respective components 
are recorded separately. Finally, the crystal struc
ture and molecular chain conformations characteristic 
for native and regenerated celluloses are discussed. 

C e l l u l o s e i s a macromolecule of D-glucoses which are joined by 
3 - l f 4 - g l y c o s i d i c linkages. Since each glucose residue adopts 
pr e f e r a b l y the r i g i d C conformation, the molecular chain 
conformation of c e l l u l o s e i s simply defined i n terms of t o r s i o n 
angles φ and ψ about Cl-0 and 0-C4 bonds i n the β-l,4-glycosidic 
linkage(see Figure 5). In a d d i t i o n , the o r i e n t a t i o n of the side 
CH20H group depends on the t o r s i o n angle χ about the e x o - c y c l i c C5-C6 
bond. Therefore, i f these t o r s i o n angles are known by an appropriate 
analyzing technique, we can d i r e c t l y describe the molecular chain 
conformation by using these parameters instead of average parameters 
such as radius of gy r a t i o n . 
^ This work i s a new approach to determine the t o r s i o n angles by 
^^C i s o t r o p i c chemical s h i f t s obtained by s o l i d - s t a t e h i g h - r e s o l u t i o n 
C NMR spectroscopy and to ch a r a c t e r i z e the complicated chain 

conformation of c e l l u l o s ^ i n the c r y s t a l l i n e and n o n c r y s t a l l i n e 
regions. However, the C chemical s h i f t s obtained i n the s o l i d 
state are a l s o i n f l u e n c e d by the interatomic c o n t r i b u t i o n , s o - c a l l e d 
packing e f f e c t , as well as hydrogen bonding. Therefore, we f i r s t 
show the r e l a t i o n s h i p s between C chemical s h i f t s and t o r s i o n angles 
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i n cases of monosaccharides and disaccharides r e l a t i n g to c e l l u l o s e 
and a l s o discuss the e f f e c t s of the packing and hydrogen bonding on 
the chemical s h i f t s . Ν ξ ^ » w e show that cross-polarization/magic 
angle spinning(CP/MAS) C NMR spectra of dry and hydrated c e l l u l o s e s 
contain the c o n t r i b u t i o n s of the c r y s t a l l i n e and n o n c r y s t a l l i n e 
components and that the spectra of bo^h components can be separately 
recorded by using the d i f f e r e n c e i n C s p i n - l a t t i c e r e l a x a t i o n time 
Τ . F i n a l l y , we discuss the molecular chain conformations and 
c r y s t a l s t r u c t u r e of c e l l u l o s e on the b a s i s of these r e s u l t s . 

Experimental 
Samples. C e l l u l o s e s , monosaccharides, and disaccharides used i n t h i s 
work were prepared by the methods described elsewhere(.1-.3). One part 
of each c e l l u l o s e sample was well d r i e d at 50 C under vacuum f o r 2-3 
days before and a f t e r packing i n a conventional MAS r o t o r . Another 
part of each d r i e d sample was exposed to atmospheres of d i f f e r e n t 
r e l a t i v e humidities at 20 C f o r a week  packed i n a MAS r o t o r with an 
O-ring s e a l which i s show
the same atmospheres f o
soaked i n deionized water at room temperature f o r 24 hr and then 
packed i n the r o t o r s . 

CP/MAS 1 3 C NMR Measurements. CP/MAS 1 3 C NMR experiments were 
performed at room temperature by a JEOL JNM-FX200 spectrometer 
equipped with a CP/MAS unit operating at 4.7 T. The Hartmanç-
Hahn^atched f i e l d strength γΒ^/2τ\ of 69 kHz was a p p l i e d to C 
and^H n u c l e i and the H r f strength was reduced to 54 kHz during 
H- C d i p o l a r decoupling. Pulse waiting time a f t e r the 

a c q u i s i t i o n o£ an FID was 10-15 s, which was at l e a s t more than 5 
times of the Η f o r each sample. Magic-angle spinning was 
c a r r i e d our at a rate of 3.2-3.5 kHz f o r both dry and hydrated 
samples. In order to keep water i n the r o t o r during sample 
spinning at such a high r a t e , we have developed a new r o t o r with 
an O-ring s e a l , which i s shown i n Figure 1, by modifying a 
conventional b u l l e t - t y p e r o t o r of p o l y ( c h l o r o t r i f l u o r o e t h y l e n e ) 
(4,_5). This type of r o t o r can be s t e a d i l y rotated without 
p r a c t i c a l l o s s of water f o r samples with any water content. Such 
Iji^gh performance i s so enough even f o r one-week measurements that 

C values, which are normally of the order of 10-1000 s f o j 3 

c r y s t a l l i n e components of polymers, are able to be obtained. C 
chemical s h i f t s r e l a t i v e to tetramethylsilane(Me^Si) were 
determined using a narrow c r y s t a l l i n e l i n e at 33.6 ppm of a small 
chip of l i n e a r polyethylene i n s e r t e d i n each sample. 

Results and Discussion 

1. 1 3 C Chemical S h i f t s - T o r s i o n Angles R e l a t i o n s h i p s . 

Figure 2 shows CP/MAS 1 3 C NMR spectra of a~D-glucose, 
a~D-glucose»H 20, and β-D-glucose c r y s t a l s together with the 
spectrum of D-glucose i n D 0(_2 ). Since a~ and β-anomers c o e x i s t 
i n s o l u t i o n , many resonance l i n e s corresponding to both anomers 
can be obs*erved(6). On the other hand, each c r y s t a l spectrum 
contains a group of resonance l i n e s corresponding to those of 
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(a) (b) 

Figure 1 Schematic diagrams of MAS r o t o r s . (a) conventional 
r o t o r ; (b)
(Reproduce
R e p u b l i c i i ) 

Figure 2 

70 60 
ppm from TMS 

13 
25 MHz CP/MAS and scalar-decoupled C NMR spectra of 
D-glucoses. A:0l-D-glucose c r y s t a l , B: a-D-
glucose^H^O c r y s t a l , C: D-glucose i n D^O s o l u t i o n , D: 
β-D-glucose. 
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e i t h e r anomer as shown by broken l i n e s i n Figure 2, where the 
re s p e c t i v e l i n e s of each c r y s t a l were assigned according to 
P f e f f e r et al(7#8). I t has therefore been found that each 
c r y s t a l i s composed of e i t h e r pure anomer. 

The C6 l i n e of the a~D-glucose c r y s t a l undergoes a large 
downfield s h i f t of 2.4-2.9 ppm i n comparison to C6 l i n e s of the 
α-D-glucose· H 20 as well as the β-D-glucose c r y s t a l and t h e i r 
s o l u t i o n . According to x-ray analyses(9~.11), the conformations of the 
CH OH groups about the C5-C6 bond are gauche-trans f o r the 
Ot-D-glucose and gauche-gauche f o r the a~D-glucose»H 0 and 
β-D-glucose, r e s p e c t i v e l y . Here, f o r example, gauche-trans i n d i c a t e s 
that the C6-06 bond i s gauche to the C5-05 bond and trans to the 
C4-C5 bond. I t i s , therefore, assumed that the large downfield s h i f t 
appearing i n the C6 l i n e of the a~D-glucose c r y s t a l i s c o r r e l a t e d to 
the gauche-trans conformation, while the chemical s h i f t s of the other 
c r y s t a l s i s c o r r e l a t e d to the gauche-gauche conformation. 

In order to v e r i f y t h i s assumption  the chemical s h i f t s of the 
C6 carbons of glucoses an
r i d e s are p l o t t e d i n Figur
the C5-C6 bonds which were obtained by x-ray c r y s t a l analyses(9-11). 
I t i s known from a recent survey(13) that the CH20H groups of 
low-molecular-weight glucosides p r e f e r a b l y adopt two conformations of 
gauche-gauche and gauche-trans. The o r i e n t a t i o n of the trans-gauche 
must be s t e r i c a l l y hindered due to the intramolecular i n t e r a c t i o n 
between two OH groups which are connected to the C4 and C6 carbons. 
Therefore, the r e s u l t of c e l l u l o s e I c r y s t a l which i s described l a t e r 
i s a l s o p l o t t e d , because t h i s i s the only one case of the 
trans-gauche conformation. In native c e l l u l o s e t h i s conformation may 
be p o s s i b l e owing to hydrogen bonds associated with the CH OH group. 
As seen i n Figure 3, the chemical s h i f t f o r t h i s unfavorable 
conformation i s very large compared to the values f o r the other 
conformations. As a r e s u l t , there seems to e x i s t a simple l i n e a r 
r e l a t i o n s h i p between the chemical s h i f t s and t o r s i o n angles χ, 
although the chemical s h i f t must be abruptly decreased f o r t o r s i o n 
angles close to 360 . According to these r e s u l t s , three p r e f e r r e d 
conformations, gauche-gauche, gauche-trans, and trans-gauche, are 
well c o r r e l a t e d to the chemical s h i f t s of 61-62 ppm, 62.7-64.5 ppm, 
and about 66 ppm, r e s p e c t i v e l y . ^ 

Figure 4 shows s i m i l a r r e l a t i o n s h i p s between C chemical s h i f t s 
of CI and C4 l i n e s and t o r s i o n angles φ and ψ i n d i f f e r e n t 
disaccharides containing β-l,4-glycosidic linkages, r e s p e c t i v e 
l y (3,12^). The chemical s h i f t s of the c r y s t a l l i n e components of 
c e l l u l o s e samples which are shown l a t e r are a l s o p l o t t e d against the 
corresponding φ and ψ values. In the c e l l u l o s e s two or three 
d i f f e r e n t chemical s h i f t s obtained are p l o t t e d against the same φ and 
ψ values except f o r ramie, because the s i n g l e values of φ and ψ have 
been reported by x-ray c r y s t a l analyses(14-17) i r r e s p e c t i v e of the 
observation of the m u l t i p l e chemical s h i f t s . Although the data are 
somewhat scattered, the chemical s h i f t s of CI and C4 carbons can be 
a l s o w e l l c o r r e l a t e d to the t o r s i o n angles φ and ψ, r e s p e c t i v e l y . 

The o r i g i n of the s c a t t e r i n g of the data seen i n Figures 3 a j ^ 4 
i s not c l e a r at present. However, as described i n Introduction, C 
chemical s h i f t s a l s o depend on the e f f e c t s of packing and hydrogen 
bonding. For example, the resonance l i n e of c e n t r a l CH 2 carbons of 
t r i c l i n i c n-C Η c r y s t a l s i s s h i f t e d about 1.3 ppm downfield 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 

http://9~.11


6. HORII ET AL. CP-MAS 13C NMR Approach to Cellulose 123 

Figure 3 C chemical s h i f t s of C6 carbons vs 
a: α-D-glucose, b 
d:|3-D-cellobiose, e 
g: c e l l u l o s e I. ο 
• :i3-glucose and β-glucose residues. (Reproduced from 
r e f . 3. Copyright 1984 American Chemcial Society 

t o r s i o n angles χ. 
a-D-glucose*H 20, c: β-D-glucose, 

a-D-lactose eH 20, f: β-D-lactose, 
α-glucose and α-glucose residues, 

-AO -20 0 20 
Ψ or Φ /degree 

Λ0 60 

13,. Figure 4 chemical s h i f t s 
angles φ and ψ. 

of CI and C4 carbons vs. t o r s i o n 
5-cellobiose, b: β-methyl 
c: a - l a c t o s e e H 0, d: β-lactose, e: 
f: c e l l u l o s e I ( R e f . l 6 ) , g: 

c e l l u l o s e I I ( R e f . l 5 ) , h: c e l l u l o s e I I ( R e f . l 7 ) . 
(Reproduced from r e f . 12. Copyright 1983 I n t e r n a t i o n a l 
Society of Magnetic Resonance.) 

cellobioside^CH^OH, 
c e l l u l o s e I ( R e f . l 4 ) , 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



124 THE STRUCTURES OF CELLULOSE 

compared to the corresponding l i n e s of η-paraffins with other c r y s t a l 
forms(18), although the moleclar chain conformations are almost the 
same i n these c r y s t a l s . Moreover, s i g n i f i c a n t downfield s h i f t s can 
be observed f o r carbons chemically bonded to hydroxyl groups which 
are forming hydrogen bonds, when the 0···0 distance i n the hydrogen 
bond i s l e s s than about 2.7 A(19,20). 

We have estimated these two e f f e c t s i n the case of c e l l u l o s e by 
comparing the C chemical s h i f t s i n the s o l i d state and the 
corresponding values i n s o l u t i o n f o r monosaccharides and disaccha
r i d e s r e l a t i n g to c e l l u l o s e ( _3) · Here, no comparison was made f o r 
carbons having conformational freedom to neglect the e f f e c t s of the 
d i f f e r e n c e s i n conformation between the two s t a t e s . As a r e s u l t , i t 
has been found that the d i f f e r e n c e Δδ i n chemical s h i f t between the 
s o l i d and d i s s o l v e d states ranges from -1.51 ppm to 2.43 ppm, being 
independent on the 0···0 distance(3). Although such an extent of Δδ 
i s thought as a r e s u l t of the superposed e f f e c t s of packing and 
hydrogen bonding, these e f f e c t s can be estimated to produce a 
downfield or u p f i e l d s h i f

2. Contributions from C r y s t a l l i n e and N o n c r y s t a l l i n e Regions. 
It has been widely accepted that c e l l u l o s e samples contain the 

n o n c r y s t a l l i n e component together with the c r y s t a l l i n e component 
regardless of the source of the samples, although the f r a c t i o n s of 
the components determined by one method are not always i n accord with 
those estimated by another technique. I t i s therefore very important 
to f i r s t examine the c o n t r i b u t i o n s from the two components to CP/MAS 
NMR r e s u l t s . 

Figure 5 shows 50 MHz CP/MAS C NMR spectra of cotton c e l l u l o s e 
with d i f f e r e n t water contents. As p r e v i o u s l y described f o r the dry 
sample shown i n Figure 5a(_l,_3)# the r e s p e c t i v e resonance l i n e s are 
assigned to C l , C4, and C6 carbons from the downfield side except f o r 
the c l u s t e r of resonances at 80-70 ppm which belong to C2, C3, and C5 
carbons(21-23). Of these resonances the C4 and C6 s p l i t i n t o two 
components, sharp downfield and broad u p f i e l d components. These 
sharp and broad components have been assigned to the c r y s t a l l i n e and 
n o n c r y s t a l l i n e components, r e s p e c t i v e l y , by comparing the f r a c t i o n s 
of the former component with the degrees of c r y s t a l l i n i t y determined 
by x-ray a n a l y s i s f o r samples with widely d i f f e r e n t c r y s t a l l i n i -
t i e s Q , ^ ) . Although such two components cannot be e x p l i c i t l y 
observed i n the CI l i n e , t h e i r existence w i l l become c l e a r l a t e r . 

As seen i n Figure 5(4), each resonance l i n e e v i d e n t l y narrows 
with i n c r e a s i n g water content, r e s u l t i n g i n c l e a r e r s p l i t t i n g i n t o 
the c r y s t a l l i n e and n o n c r y s t a l l i n e components of the C4 carbon. A 
s i m i l a r b e t t e r s p l i t t i n g i n t o the two components can be a l s o 
recognized i n the C6 l i n e as a r e s u l t of an u p f i e l d s h i f t of the 
n o n c r y s t a l l i n e l i n e . In a d d i t i o n , a f i n e s p l i t t i n g of the CI 
resonance i s more c l e a r l y observed with i n c r e a s i n g water content, 
although t h i s m u l t i p l i c i t y a r i s e s from both c r y s t a l l i n e and 
n o n c r y s t a l l i n e components as discussed l a t e r . S i m i l a r e f f e c t s of 
water on CP/MAS C spectra have a l s o been found f o r c e l l u l o s e ( 2 4 ) , 
(l-3 ) - 3-D-glucans(25) r and amylose(5,26). 

In order to know the c o n t r i b u t i o n s of the c r y s t a l l i n e and 
n o n c r y s t a l l i n e regions i n d e t a i l , we have measured C Τ values 
using a pulse sequence as developed by T o r c h i a ( 2 2 ) . As a r e s u l t , i t 
has been found that each resonance l i n e contains two components with 
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Figure 5 50 MHz CP/MAS 1 3 C NMR spectra of cotton c e l l u l o s e with 
d i f f e r e n t water contents. (a) 0%; (b) 4.2 %; (c) 8.4%; 
(d) 19.1%; (e) 161%. (Reproduced from Ref.4. Copyright 
1985 Academia R e p u b l i c i i S o c i a l i s t e Romania.) 
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Τ 1 s of 5-35 s and 109-131 s f o r the dry cotton and 7-18 s and 
107-170 s f o r the cotton soaked i n H^O, which correspond to the 
n o n c r y s t a l l i n e and c r y s t a l l i n e components, r e s p e c t i v e l y (3,4,28). 
Two Τ values have a l s o been obtained f o r c e l l u l o s e by Teeaar an 
Lippmaa(29), although t h e i r values f o r the c r y s t a l l i n e component 
are rather longer than ours. On the basis of these d i f f e r e n t Τ 
values, we have recorded the spectra of the c r y s t a l l i n e and 
n o n c r y s t a l l i n e components of c e l l u l o s e separately(3,4,28). 

Figure 6b shows the spectrum of the c r y s t a l l i n e component of 
cotton soaked i n H^Oiwater content=161%), which was obtained by 
Torchia's pulse sequence(27,28). The delay time between two ΤΓ/2 
pulses i n the pulse sequence was set to be 100 s. As i s c l e a r l y 
seen, the spectrum shown i n Figure 6b r e f l e c t s the components 
corresponding to the downfield sharp l i n e s of C4 and C6 carbons i n 
the whole spectrum shown i n Figure 6a. A s i m i l a r c r y s t a l l i n e 
spectrum was obtained by others(29) using almost the same technique. 
On the other hand, Figure 6c i n d i c a t e s the spectrum of the 
n o n c r y s t a l l i n e componen
by s u b t r a c t i n g the spectru
Figure 6b from the whole spectrum shown i n Figure 6a. This spectrum 
e v i d e n t l y corresponds to the components associated with the u p f i e l d 
broad resonances of C4 and C6 carbons. 

S i m i l a r recording of the r e s p e c t i v e spectra were p o s s i b l e f o r 
other native c e l l u l o s e s such as ramie, b a c t e r i a l , and v a l o n i a 
c e l l u l o s e s as well as regenerated c e l l u l o s e s . 

3. C r y s t a l Structure and Molecular Chain Conformation 
Figure 7 shows the spectra of the c r y s t a l l i n e components of 

cotton c e l l u l o s e s with the water contents of 0% and 161%, which were 
obtained by the method described i n the previous s e c t i o n ( 4 ) . The 
m u l t i p l e t of the CI resonance i s c l e a r l y seen i n these spectra; i n 
the dry s t a t e two nonequivalent l i n e s seem to c o n s t i t u t e t h i s 
resonance but they s p l i t i n t o one doublet and one small s i n g l e t 
centered at the doublet i n the hydrated form. Moreover, C4 and C6 
resonances tend to s p l i t i n t o a t r i p l e t and a doublet, r e s p e c t i v e l y . 
Almost the same spectra were obtained f o r ramie c e l l u l o s e i n both dry 
and hydrated forms. 

The c r y s t a l l i n e spectra of dry and hydrated b a c t e r i a l c e l l u l o s e s 
are shown i n Figure 8(30,3JJ. In t h i s case the e f f e c t of water i s 
a l s o prominent and both CI and C4 resonances s p l i t i n t o d i f f e r e n t 
types of t r i p l e t s from those of cotton and ramie c e l l u l o s e s . Almost 
the same features of spectra i n c l u d i n g CI and C4 f i n e s p l i t t i n g s have 
al s o been observed f o r v a l o n i a c e l l u l o s e . Although i t i s very 
d i f f i c u l t at present to determine whether such f i n e s p l i t t i n g s w ithin 
1-2 ppm are due to the d i f f e r e n c e i n t o r s i o n angles, packing, or 
hydrogen bonding, they are c l o s e l y associated with c r y s t a l l o g r a p h i c a l 
inequivalences of the glucose residues. I t i s therefore concluded 
that the c r y s t a l s t r u c t u r e of cotton and ramie c e l l u l o s e s i s 
d i f f e r e n t from that of b a c t e r i a l and v a l o n i a c e l l u l o s e s , contrary to 
the claim( JL4,16) that a l l native c e l l u l o s e s have the same c r y s t a l 
s t r u c t u r e , c e l l u l o s e I. 

A t a l l a and VanderHart(_32,_33) have proposed two c r y s t a l l i n e forms 
fo r c e l l u l o s e I, which they name I and Ιβ, to explai n the 
m u l t i p l i c i t i e s of CI and C4 l i n e s . Analogous to t h e i r work, Cael et 
al.(_34) have concluded that the spectra of d i f f e r e n t native 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



6. HORII ET AL. CP-MAS I3C NMR Approach to Cellulose 127 

C2,3,5 

ι 1 ι ι ι ι I ι ι ι ι I ι ι ι ι 1 ι ι ι ι I ι ι ι ι I ι ι ι ι I • ι ι ι I ι ι ι ι I ι t ι ι I ι ι ι ι I ι ι ι ι I t . . . I . . . . I . 
120 110 100 90 80 70 60 50 

ppm 
13. Figure 6 50 MHz CP/MAS C NMR spectra of cotton c e l l u l o s e with 

the water content of 161%. (a) whole spectrum, (b) 
c r y s t a l l i n e component, (c) n o n c r y s t a l l i n e component. 
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CP/MAS C NMR spectra of the c r y s t a l l i n e components of 
cotton c e l l u l o s e with the water contents of 0% (a) and 
161% (b). (Reproduced from Ref.4. Copyright 1985 Aca-
demia R e p u b l i c i i S o c i a l i s t e Romania.) 
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c e l l u l o s e s are l i n e a r combinations of two spectra. In contrast to 
the view of A t a l l a and VanderHart, however, they have a t t r i b u t e d 
these spectra to the resonances of the glucose residues i n the 
two-chain and eight-chain u n i t c e l l regions of c e l l u l o s e . According 
to t h e i r models, r e l a t i v e i n t e n s i t i e s i n the m u l t i p l e t s of CI and C4 
l i n e s can be c a l c u l a t e d ; f o r example, the predicted i n t e n s i t y r a t i o s 
i n the CI t r i p l e t are ( 1 - f ) : 2 f : ( l - f ) f o r the two-crystal model and 
(2-f• ) :2f 1 : ( 2 - f 1 ) f o r the t w o - u n i t - c e l l model, r e s p e c t i v e l y . Here, f 
and f 1 denote the f r a c t i o n s of the I a c r y s t a l and the eight-chain 
unit c e l l , r e s p e c t i v e l y . In an attempt to examine the v a l i d i t y of 
these models, we estimated the integrated i n t e n s i t y r a t i o s of the CI 
and C4 l i n e s by analyzing the m u l t i p l e t s i n terms of three Lorentzian 
curves by a computer(30). In t h i s a n a l y s i s such Lorentzian 
assumptions were most reasonable. As a r e s u l t , i t has been found 
that i n many cases the experimental r a t i o s are not i n accord with 
those predicted by e i t h e r model. Thus, a new model to f i t the 
experimental r e s u l t s should be constructed. I t should be here 
emphasized that f o r the d e t a i l e
c o n t r i b u t i o n from the n o n c r y s t a l l i n
p r e c i s e l y l i k e our case; t h i s c o n t r i b u t i o n was not considered i n the 
former two cases (32-34). 

Analogous to d i f f e r e n t f i n e s t r u c t u r e s i n CI and C4 resonances, 
the c r y s t a l l i n e l i n e s of C6 carbons e x h i b i t a doublet f o r cotton and 
ramie c e l l u l o s e s and a s i n g l e t f o r b a c t e r i a l and v a l o n i a c e l l u l o s e s , 
r e s p e c t i v e l y . However, since the spacing of the doublet i s as small 
as 0.2 ppm, the chemical s h i f t s of the C6 carbons are almost the 
same(about 66.4 ppm) f o r both groups of c e l l u l o s e . Such high s h i f t 
values seem to be well c o r r e l a t e d to the trans-gauche conformation, 
which agrees with the r e s u l t s of x-ray c r y s t a l analyses(14,16). 

Figure 9 shows the spectra of the c r y s t a l l i n e components 
obtained from cupra rayon with water contents of 0% and 158%(£). In 
t h i s case, although water a l s o s i g n i f i c a n t l y narrows each resonance 
l i n e , the features of the spectrum remain unchanged; the CI and C4 
resonances s p l i t i n t o doublets with equivalent i n t e n s i t i e s . This 
r e s u l t i s i n contrast to the case of native c e l l u l o s e , r e f l e c t i n g 
that the c r y s t a l s t r u c t u r e of regenerated c e l l u l o s e i s c e l l u l o s e 
II(15-17). In a d d i t i o n , the chemical s h i f t s of C6 carbons are 64.2 
ppm i n the dry and hydrated s t a t e s , whose values correspond to the 
gauche-trans conformation as i s seen i n Figure 3. This c o n f l i c t s 
with the r e s u l t of x-ray c r y s t a l analyses(3^5,17 ) : No l i n e with a 
higher chemical s h i f t corresponding to the trans-gauche conformation 
i s observed, while both gauche-trans and trans-gauche are assumed i n 
the x-ray analyses. Since the value of the C6 carbon has almost 
the same order as long values of the r i n g carbons(3,4,28), there 
i s no p o s s i b i l i t y of the r a p i d exchange between gauche-trans and 
trans-gauche conformations. I t i s d i f f i c u l t at present to f i n d the 
reason f o r the c o n f l i c t . 

Figure 10 shows the spectra of the n o n c r y s t a l l i n e components of 
cotton c e l l u l o s e with water contents of 0% and 161%(4). These 
spectra were obtained by subtracting the spectra of the c r y s t a l l i n e 
components from the corresponding whole spectra as shown i n Figure 6. 
I t i s c l e a r l y seen that the linewidths of the CI and C4 resonances 
become markedly narrower upon absorbing water, while holding the 
chemical s h i f t s unchanged. For instance, the h a l f - v a l u e widths of 
the CI resonance l i n e s are 60 Hz and 160 Hz, r e s p e c t i v e l y . Such a 
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Figure 8 CP/MAS C NMR spectra of the c r y s t a l l i n e components of 
b a c t e r i a l c e l l u l o s e with the water contents of 0% (a) 
and 133% (b). 
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13. CP/MAS NMR spectra of the c r y s t a l l i n e components of 
cupra rayon with the water contents of 0% (a) and 155% 
(b). (Reproduced from Ref.4. Copyright 1985 Academia 

R e p u b l i c i i S o c i a l i s t e Romania.) 
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marked d i f f e r e n c e i n linewidth cannot be p r i m a r i l y ascribed to the 
d i f f e r e n c e i n molecular m o b i l i t y of the two samples, because there i s 
some evidence that water does not s i g n i f i c a n t l y enhance the m o b i l i t y 
of the cej^ulose chains under these experimental c o n d i t i o n s . One i s 
that the C Τ values of the CI and C4 carbons do not g r e a t l y 
decrease with i n c r e a s i n g water content. Furthermore, the C6 
resonance l i n e a l s o becomes narrow only s l i g h t l y , though the C6 
carbon involved i n the methylol side group should be much more mobile 
than the backbone carbons i f water g r e a t l y enhances the molecular 
m o b i l i t y . Another strong evidence i n favor of the low molecular 
m o b i l i t y of c e l l u l o s e chains i n the hydrated st a t e i s obtained from 
the r e s u l t s of the measurements on rayon f i b e r s as described below. 
Therefore, the o r i g i n of such narrowing of the CI and C4 resonance 
l i n e s has to be sought elsewhere. 

The d i s t r i b u t i o n s i n t o r s i o n angles φ and ψ about the 
3"1,4-glycosidic linkage provide the most l i k e l y ^ x p l a n a t i o n of these 
narrowings. We have already described that the C chemical s h i f t s 
of the C l , C4 and C6 carbon
angles φ and ψ about th
C5-C6 bonds, r e s p e c t i v e l y . On the basis of these r e s u l t s , we have 
concluded(_3) that the d i s t r i b u t i o n s i n the t o r s i o n angles φ and ψ are 
r e l a t i v e l y narrow i n the dry native c e l l u l o s e , whereas they are broad 
i n the dry regenerated c e l l u l o s e . I t i s , therefore, p l a u s i b l e that 
such d i s t r i b u t i o n s are f u r t h e r narrowed by water i n the hydrated 
cotton. Thus i t can be assumed that the n o n c r y s t a l l i n e chains of 
cotton are i n the r e l a t i v e l y ordered st a t e i n the presence of water. 
However, the chains may undergo some d i s t o r t i o n upon drying and as a 
r e s u l t the t o r s i o n angles φ and ψ w i l l be d i s t r i b u t e d somewhat 
broader i n the dry sample. 

Figure 11 shows the spectra of the n o n c r y s t a l l i n e components of 
rayon f i b e r s with the water contents of 0% and 158%(4). In contrast 
to the case of cotton, the linewidths of the r e s p e c t i v e resonances do 
not remarkably decrease by the a d d i t i o n of water; f o r examples, the 
h a l f - v a l u e width of the CI resonance l i n e i s 205 Hz f o r the hydrated 
sample, whereas i t i s 256 Hz f o r the dry sample. As pointed out 
above, t h i s f a c t implies that the molecular m o b i l i t y of the 
n o n c r y s t a l l i n e chains does not g r e a t l y increase with the increase of 
water content. Moreover, the n o n c r y s t a l l i n e component of rayon does 
not undergo such a s i g n i f i c a n t change of d i s t r i b u t i o n s i n t o r s i o n 
angles φ and ψ as observed f o r cotton c e l l u l o s e , p o s s i b l y because the 
molecular conformation of t h i s component i s rather random i n the dry 
s t a t e . In other words, such a disordered conformation may hardly 
allow marked d i s t o r t i o n of the n o n c r y s t a l l i n e chains to be produced 
upon drying cupra rayon. 

Figure 12 shows schematic s t r u c t u r a l models of native and 
regenerated c e l l u l o s e samples, which have been proposed i n an attempt 
to e x p l a i n our observation(30, 31 ). Haigler et a l . (3J5) have r e c e n t l y 
found i n the incubation of Acetobacter xylinum i n the presence of a 
flu o r e s c e n t brightner that the nascent f i b r i l of b a c t e r i a l c e l l u l o s e 
i s composed of bundles of chains i n the t a c t o i d a l and n o n c r y s t a l l i n e 
phase. Furthermore, Kai(2§) has reported using s i m i l a r techniques 
that the c e l l u l o s e chains are not oriented at random i n the 
c r o s s - s e c t i o n of the nascent f i b r i l but are i n the form of 
monomolecular layer s corresponding to the (110) plane of c e l l u l o s e I. 
On the basis of these r e s u l t s , i t seems p l a u s i b l e to assume that 
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Figure 12 Schematic s t r u c t u r a l models of native and regenerated 
c e l l u l o s e samples. 
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native c e l l u l o s e s i n c l u d i n g cotton and ramie are c r y s t a l l i z e d from 
the ordered sta t e such as l i q u i d c r y s t a l . In that case the chains 
which remain as n o n c r y s t a l l i n e portions a f t e r c r y s t a l l i z a t i o n are 
also r e l a t i v e l y ordered as shown i n Figure 12. Such ordered 
n o n c r y s t a l l i n e chains w i l l undergo some d i s t o r t i o n upon drying but 
t h i s kind of d i s t o r t i o n must be relaxed by absorbing water again. 
This process i s thought to induce such narrowing of resonance l i n e s 
as shown i n Figure 10. On the other hand, the n o n c r y s t a l l i n e chains 
i n rayon f i b e r s must be considerably d i s o r i e n t e d because the f i b e r s 
are spun and c r y s t a l l i z e d from the s o l u t i o n where chains adopt the 
almost random conformation. Therefore, the n o n c r y s t a l l i n e sequences 
hardly undergo any change i n conformation when d r i e d or hydrated as 
shown i n Figure 12. Such a n o n c r y s t a l l i n e state i s thought to be 
r e f l e c t e d on the small change i n linewidth as seen Figure 11. 
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Chapter 7 

Possible Cause of Structural Irreversibility 
Between Cellulose I and Cellulose II Families 

Jisuke Hayashi1, Hiroshi Kon1, Mitsuo Takai1, Masahiro Hatano2, 
and Tsunenori Nozawa2 

1Department of Applied Chemistry, Faculty of Engineering, Hokkaido University, 
Sapporo 060, Japan 

2ChemicaI Research Institute of Nonaqueous Solution, Tohoku University, Katahira-cho, 
Sendai, Japan 

Transformations of allomorph  i  th  cellulos  fami
ly to allomorphs
rally thought to  propos
conformations of chain skeletons are the same within 
each family but different between the families, and 
that the difference in stabilities (through relief of 
a short contact between H1' and Η4) of the conforma
tions results in the irreversibility. In contrast, 
Blackwell et al. and Sarko et al. have proposed that 
the crystal structures of allomorphs in the cellulose 
I and II families are based on parallel and antiparal
l e l packing of chains, respectively, and the irrever
sibility results from the increase in entropy inherent 
in converting from parallel to antiparallel arrange
ments. IR and solid state 13C NMR spectra of the 
allomorphs were studied to investigate the proposals. 
In both spectral methods, the bands or signals that 
are related to chain conformation split into two peaks 
in the II family (II, IIII, IVII). This indicated 
"bent and twisted" form chain conformations within the 
unit cell which we ascribe to asymmetry within chains 
rather than two different chains. In spectra from 
members of the I family (I, III I, IV I), the same peak 
showed l i t t l e or no splitting, indicating a single, 
more symmetric chain conformation. Other bands that 
are related to chain packing could be similar between 
families but differed when the unit cell shapes were 
different. 

The transformation from cellulose I to II occurs easily, but the 
reverse transformation i s not readily accomplished. It had been 
thought that the i r r e v e r s i b i l i t y results from a large difference in 
thermodynamic sta b i l i t y between the crystal structures of cellulose 
I and II un t i l quite recently. 

In our previous papers (1, 2), we showed that the same i r r e 
v e r s i b i l i t y exists between allomorphs of the cellulose I family (I, 
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III! and IV!) and those of the cellulose II family (II, IIIn 
and IVn). The trasformations among allomorphs within each family 
occurred reversibly, but transformations between families were 
irreversible. For example, IVj could be made either directly from I 
or through I I I i , and was transformed into I by hydrolysis. Also, 
IVX can be converted into I H n and I V U through cellulose II. When 
I V U , derived from IVi or other members of the cellulose I family, 
was transformed into II by hydrolysis, i t could not be transformed 
back into a member of the cellulose I family. There is strong 
similarity between the x-ray patterns of IIIi and I H n and between 
those of IVj and I V n , but the meridional intensities are quite 
different ( 3 ) . The IR and 13C NMR spectra are clearly different and 
i t i s clear that IIIj , Ι Π Π , IVT and IV I X are distinct allomorphs. 

When cellulose trinitrate Ι τ (TNC Ι τ ) and triacetates Ι τ and 
Ι Ι τ (TAC Ij and II X) were prepared from allomorphs of the I family 
in the fibrous state under low-swelling conditions, they could be 
saponified into cellulose I  On the other hand  TNC Ι  TAC Ι
and TAC U n can be saponifie
esters of the I family wer
were transformed irreversibly into corresponded esters (for exam
ple, TAC Ij to TAC I n ) . They crossed the barrier of i r r e v e r s i b i l i 
ty and were saponified into cellulose II. 

The same phenomena were observed for soda celluloses. Na-
cellulose Ij prepared from the I family under conditions of low 
swelling (high temperature or with stretching) could be converted 
to cellulose I with hot water. Na-cellulose Ι τ τ prepared from 
cellulose II under the same conditions was converted to cellulose 
II (7-10). In ordinary mercerization of native cellulose a mixture 
of Na-cellulose Ι τ and Ι ι τ was obtained; both decomposed to cellu
lose II with cold water. Na-cellulose Ι τ was transformed irreversi
bly into Na-cellulose I T I . 

The allomorphs and derivatives prepared from cellulose I and 
II in solid state could be transformed into cellulose I and II, 
respectively. The memory phenomenon of the original crystal struc
ture should be due to a structural characteristic (chain conforma
tion, chain polarity or others) of an individual chain that i s 
common within each family and kept through the change of crystal 
structure. There were direct irreversible conversions between cor
responding cellulose esters, Na-cellulose and cellulose IV prepared 
from cellulose I and II just like that between I and II. According
ly, the structural characteristic should be the cause of the struc
tural i r r e v e r s i b i l i t y between the I and II families. 

In the 1970's ( 3 , Λ), we proposed that the chains in the 
cellulose I family have a "bent" form, which has an approximate 2i 
screw axis. The chains in the cellulose II family were proposed to 
be "bent and twisted"; they deviate substantially from a 2i axis. 
By keeping the conformation of the original member in a family, the 
allomorphs and derivatives can return to the original crystal 
structures. In the "bent" form the non-bonded distance between H1f 

and ΗΛ i s about 1.8 A for a wide range of rotations of glycosidic 
units about the 01-04 virtual bond. (Figure 4). This i s a short 
distance compared to the sum of the r a d i i of two hydrogen atoms 
(2.Λ A). On the other hand, in the "bend and twisted" form, the 
distance can be increased by the twisting. When the intramolecular 
hydrogen bonds that f i x the chain conformation are relaxed, the 
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twisting of the chain i s caused by a small drop in energy and the 
"bent" form i s changed to the "bent and twisted" form. In addition, 
the i r r e v e r s i b i l i t y between families should arise from the drop in 
energy that drives the twisting of the chains. 

Atalla and Van der Hart (11, 12) concluded, based on their 
Raman and 1 3C NMR spectra, that the molecules i n cellulose I and II 
have different conformations. Based on x-ray analyses, Sarko et a l . 
(13, H) and Blackwell et a l . (15, 16) both concluded that crystal 
structures of cellulose I and II were based on parallel and anti-
parallel packing, respectively, of chains that have similar back
bone conformations. Sarko (17) concluded that the allomorphs in the 
I and II families were based on parallel and antiparallel chains, 
respectively. The i r r e v e r s i b i l i t y may arise from the increase in 
entropy when parallel packing i s converted to antiparallel packing. 

In the present work, we tried to determine which proposal i s 
better using IR and solid state l 3C NMR. There are many papers on 
the spectra of cellulose I and II (12  18-24.)  however  there are 
few on the other allomorphs
ces in the OH stretchin
of IV-j- and IV I T . Chidambareswaran et a l . (25) reported IR spectra 
for several allomorphs, but their spectra lacked enough resolution 
for detailed discussion of chain conformation. The 13C NMR spectra 
of the other allomorphs have not been reported. 

Experimental 

Preparation of Cellulose Samples 

Native cellulose. Celluloses from purified Valonia ventricosa, 
Acetobacter xylinium, ramie and cotton linters were used. Pellicles 
of bacterial cellulose were grown under the conditions described by 
Colvin (26) for 4-8-96 hours. The bacterial medium was thoroughly 
washed away with d i s t i l l e d water and 1% NaOH aqueous solution. A 
membrane of bacterial cellulose having uniaxial orientation was 
prepared from a young p e l l i c l e by stretching to about twice the 
i n i t i a l length in a wet state and drying under tension. 

Cellulose II. Fortisan, ordinary viscose rayon, mercerized ramie, 
mercerized bacterial cellulose, and saponified triacetate film were 
used. A film having uniaxial orientation was prepared from saponi
fied triacetate film by stretching and drying under tension. 

Cellulose IIIi and IIIn · Native cellulose and cellulose II, des
cribed above, were treated with liquid ammonia for about 2 hours at 
about - 80°C. Gradual evaporation of ammonia was permitted in dry 
air at about - 15°C. 

Cellulose IV T and IVn. These allomorphs were prepared from IIIi 
and IIIn , respectively, by heating in glycerol at 260°C for 30 
min. 

Deuteration. The film samples were dried under vacuum in the pres
ence of P 20 5 for 2 days, deuterated in vapor of D20 (99-75%) for 1 
day, and then dried under vacuum in the presence of P 20 5 for 1 day. 
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X-ray Diffraction 

X-ray diffractograms were measured by reflection method with CuKa-
Samples of membrane were measured laying surface of membrane paral
l e l to the reflection plane. Other samples were measured as powders 
smaller than 60 mesh. 

IR Spectra 

IR spectra of the allomorphs were obtained with an A 202 spectro
meter manufactured by Japan Spectroscope Co. The infrared radiation 
was polarized with an AgCl plate polarizer. 

Solid-state 1 3C NMR Spectra 

Solid-state 1 3C NMR spectra were observed using the cross-polariza
tion/magic angle spinning technique on a Bruker CXP-300 spectro
meter operating at 7 T
power decoupling observatio
respectively. The magic-angle spinning frequency was in the range 
3460-3800 Hz. The spectra were also obtained with a JE0L FX60 
spectrometer operating at 59·8 mHz. 

Results and Discussion 

Infrared Spectra of Cellulose Allomorphs 

In order to compare IR spectra of allomorphs in detail, especially 
in the 900-1500 cm"1 region, highly crystalline samples are needed. 
Such samples of ΙΙΓτ, and IVi were prepared from Valonia cellulose. 
Attempts to transform Valonia cellulose I to II were d i f f i c u l t in 
general and gave only samples of low crystallinity. Viscose and 
saponified films of cellulose esters had cr y s t a l l i n i t y that was too 
low to yield high-resolution spectra. Bacterial cellulose membranes 
of suitable thickness were mercerized under stretching, giving 
relative highly crystalline cellulose II. From this, sample of 
IIIn and IV T I were made. 

Figures 1 and 2 show x-ray diffractograms of members of the 
cellulose I and II families, respectively. Diffractograms of each 
were typical, and indicated complete transformation and uniplanar 
orientation of (110) relative to the membrane surface. It was 
remarkable to retain this orientation of the mercerized bacterial 
cellulose and of the IIIn a n d I ^ I I prepared from i t . The crystal
l i n i t y of members of the cellulose II family were not high. But 
their IR spectra showed enough resolution for detailed discussion. 

Figure 3 shows IR spectra of OH stretching bands of the 
allomorphs. Arrows show OH stretching bands having strong dichroism 
parallel to the chain axes and correspond to 03f-05 intramolecular 
hydrogen bonds (27). The 0-H stretching band in a l l allomorphs in 
the II family was s p l i t into two. 

Figure 4 shows the chain conformations of cellulose I ("bent") 
and of cellulose II ("bent and twisted") proposed in our previous 
work (28) on the crystal structure of cellulose II. These models of 
cellulose I and II have one and two kinds of intrachain (03'-05) 
hydrogen bond, respectively. The number of 0-H stretching peaks in 
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J I I L 

10 15 20 25 

2 θ (deg.) 

Fig. 1 X-ray diffractograms of the allomorphs in cellulose I 
family by the reflection method (the reflection plane i s parallel 
to the membrane surface). A: I, valonia cellulose, B: IVX 

prepared from A through III I(C), C: III! prepared from valonia. 

2 θ (deg.) 

Fig. 2 X-ray diffractograms of the allomorphs in cellulose in II 
family by the reflection method. A: II, mercerized bacterial 
cellulose, Β: IV X I prepared from A through IIIn (C), C: u n 
prepared from A. The treatments were carried out under 
stretching. 
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the IR spectra found with parallel polarization corresponds to the 
number of types of intrachain hydrogen bonds. 

Table I. 0-H Stretching with Parallel 
of Cellulose Allomorphs 

Allomorph Frequency (cm-1 ) 
I 3345 

I I I i 3475 
IYi 3340 
II 3480 3440 

IIIi ι 3475 3440 
IVTJ : 24Z5 3440 

Mann and Marrinan (22) assigned the two bands of the OH stretching 
in II to the intrachai
results of Liang and Marchessaul
hydrogen bonds. They found that the dichroism of CH2 symmetric and 
antisymmetric stretching bands indicated a position (gt) for 06 
that i s not suited for formation of this hydrogen bond. Instead, an 
intermolecular hydrogen bond from 06" to 03 was proposed. We ob
served the following CH2 stretching bands. 

Table II. Symmetric CH2 Stretching (Parallel dichroism) 
of Cellulose Allomorphs 

Allomorph Frequency (cnr 1) Allomorph Frequency (cm - 1) 
I 2850 II 2850 

IIIi 2850 IIIn 2850 
IVi 2850 IVn 2860 

Table III. Antisymmetric CH2 Stretching (Perpendicular 
dichroism) of Cellulose Allomorphs 

Allomorph Frequency (cm - 1) Allomorph Frequency (cm-1) 
I 2940 II 2930 

n i i 2935 IIIn 2925 
IVi 2940 IVn 2935 

These results are consistent with a gt position for 06 in a l l 
allomorphs, with l i t t l e possibility of the 06T-02 hydrogen bond. 

There i s a large difference between the dimensions of the ab 
plane of the unit cells of II and IV I X. Therefore, intermolecular 
hydrogen bonds should be f a i r l y different between II and IV T I . 
However, OH stretching bands assigned to intrachain hydrogen bonds 
had almost the same frequency in II and IVi:t . Liang and Marches
sault's reliance on an inter-chain interaction to achieve a second 
kind of 03'-05 bond is not consistent with this spectral informa
tion, but i t can be explained by the two 03!-05 distances arising 
from our "bent and twisted" conformation. 
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Sarko and Muggli (13) and Gardner and Blackwell (15) both 
concluded that cellulose I had two intrachain hydrogen bonds, 03 1-
05 and 06T-02. Stipanovic and Sarko (H) and Kolpak and Blackwell 
(16) proposed structures of II in which the corner chains in the 
unit c e l l had 03'-05 and 06!-02 bonds and the center chain had only 
03!-05 bonds. According to their crystal models, there are chains 
having two kind of hydrogen bonds, 03f-05 and 06'-02 in both of 
cellulose I and II. If the two kinds of bonds are the cause of the 
two parallel OH stretching bands, the two bands should be observed 
in cellulose I. But a l l allomorphs in the cellulose I family showed 
only one of the bands. There i s the possibility that the splitting 
of the spectral bands might arise from two different chain confor
mations in the unit c e l l . But i f the chain conformation changes 
depend on the crystal structure, the frequencies of the two paral
l e l OH bands should change with crystal structures. The frequencies 
of allomorphs of the cellulose II family were almost the same in 
spite of their quite different crystal structure. If the chain 
conformation does not chang
would arise whether th
change into two kinds of chain conformation in equal amounts by 
mercerization or other transformation processes. This i s a pending 
problem. At least, however, the OH stretching bands assigned to the 
intrachain bonds showed common characteristics among allomorphs in 
each family. 

Marrinan and Mann (22) reported that there were two types of 
OH stretching bands in native cellulose; the difference appeared 
near 3250 cm"-1. However, no differences in the main bands of OH 
stretching are noticed now. Our IR spectra of valonia did not show 
essential differences with that of ramie shown by Liang through a l l 
range. It should not hinder the present discussion. 

Figure 5 shows IR spectra in the 0D stretching region. Only 
cellulose that i s amorphous or on surfaces of crystallites i s 
deuterated, so crystal packing should have slight influence on the 
0D band. In the I family, a main band of 0D stretching was at 2^80 
cm-1. The band showed dichroism parallel to the chain axis and was 
assigned to the intramolecular bond 03f(D)-05- In a l l allomorphs of 
the II family, the main band was at 25Λ5 cm"1 and exhibited paral
l e l band dichroism. Another parallel band was at 2560 cm""1 in II 
and IIIn although i t was not clear in IVn . The results of the 
0D bands suggested that the amorphous cellulose had conformations 
similar to the molecules in the crystallites. 

The main band of IIIi was at the same frequency as the main 
band in I or IVi, despite the corresponding band of OH being at 
higher frequency than that in I or IVi. It suggested that the shift 
to higher frequency of the OH band of IIIi had been effected with 
molecular packing in the cellulose II type of unit c e l l . 

Figure 6 shows the region from 900 to 1200 cm""1. The spectra 
showed common characteristics within each family. Two bands were 
assigned to stretching of the glucose ring for allomorphs in the 
cellulose I family. The bands were sharp and showed a weak 
perpendicular dichroism. 

The corresponding bands of the II family were s p l i t into two 
each although they were not well-separated. They also differed from 
those for the I family by showing strong parallel dichroism. One of 
the four bands was at 1090-1095 cm""1 and obscured separation of the 
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main band arising from ring stretching at about 1100 cm - 1 and the 
main band of C-C stretching at about 1065 cm""1. 

Table IV. Glucose Ring Stretching of Allomorphs 
in Cellulose I Family 

Allomorph Frequency (cm* -1) 
I 1120 1110 

ΙΠι 1120 1105 
IVi 1115 1105 

Table V. Glucose Ring Stretching of Allomorphs 
in Cellulose II Family 

Allomorph Frequency (cm""1) 
II 

IIIn 
IV T T 1120 1110 1105 1100 

For each allomorph in the I family, there were two sharp bands in 
the region of 1020 - 1070 cm""1 assigned to C-0 and C-C stretching. 

Table VI. C-0 and C-C Stretching of Allomorphs 
in Cellulose I Family 

Allomorph Frequency (cm" -1) 
I 1060 1035 

IIIi 1075 1030 
IVi 1060 1035 

As before, the two corresponding bands were s p l i t into four bands 
for the II family. 

Table VII. C-0 and C-C Stretching of Allomorphs 
in Cellulose II Family 

Allomorph Frequency (cm""1) 
II 1065 1060 1030 1020 

IIIn 1070 1065 1030 1020 
IVn 1065 1060 1035 1020 

Figure 7 shows the region from 1200 to 1500 cm""1 for the a l l o 
morphs. The unit cells of IVX and IVn are similar to that of I, 
and those of IIIi and I I I n are similar that of to II. Especially 
in this spectral region, there were common characteristics within 
these groups based on similarities of the c e l l as well as member
ship in the same family. Accordingly, there were similarities 
between I and IVi and between II and I I I n , although there were 
distinguishable differences. The IR spectra of I I I i , II a n d I H I I 
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Fig. 7 IR spectra of the allomorphs in 1200 to 1500 cm-1 

region. Arrow shows bands assigned to CH bending. 
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had a CH bending band at about 1370 cm-1 that showed strong absorp
tion compared with neighboring bands. However, the band for IIIi 
was single, while the band for IIIn consisted of two bands. The 
IR spectra for IVn showed some of the characteristics of I and 
IVi, but i t s CH bending band was s p l i t , similar to II. 

Generally, bands related to the chain conformation were singu
lar in the cellulose I family and doublets in the cellulose II 
family. This i s consistent with two chain conformations, i e . "bent" 
(I family) and "bent and twisted" (II family), that have one and 
two types of glycosidic linkage. If chain conformations were essen
t i a l l y the same in a l l allomorphs, the differing sets of character
i s t i c s common within the families would not be explicable. The 
differences in the IR spectra should result from differences in 
chain conformation and from chain packing. Even though the chain 
polarity is the same when the unit c e l l types are as different as I 
and IIIi ι the chain packing must be quite different. By the 
difference of the chain polarity between the families  the 
characteristics commo
explicable. 

The bands that showed common characteristics based on the unit 
c e l l types and gave important information on the intermolecular 
hydrogen bonds w i l l be discussed in another paper. 

High Resolution Solid-state 1 3 C NMR Spectra of the Allomorphs 

Atalla et a l . (12), Earl et a l . (18) and Horii et a l . (19) reported 
that the signals of C1 and C4 in solid-state 1 3C NMR spectra consist 
of two, three or more peaks for cellulose I and II. The chemical 
shifts of C1 peaks were at 105.2 and 107.0 ppm for I and 106.0 and 
108.3 ppm for II and the C4 peaks were 89·3 and 90.1 ppm for I and 
88.7 and 89.9 ppm for II (12). 

Figures 8 and 9 show solid state 1 3C NMR spectra of the a l l o 
morphs in the I family prepared from ramie and those in the II 
family prepared from Fortisan. The signal of C1 for III-,- and IV-,-
did not show enough resolution to s p l i t into peaks though there was 
a shoulder at about 105 ppm. For a l l allomorphs in the I family, 
the chemical shifts of the C1 signal ranged from 106.5 to 107.0 ppm 
and their half-widths were 250 Hz. The C1 signals for the II family 
were a l l s p l i t into two peaks at 106 and 108.5 ppm. The half-widths 
were 320, 330 and 290 Hz, for II, IIIn and IV T I, respectively. 
Larger widths were observed for the cellulose II family. The values 
of the chemical shift and half-width were averages of values mea
sured for the samples with the various origins, except for the 
Valonia and bacterial celluloses, which had substantially different 
values. 

Recently, we have obtained better NMR data for the allomorphs 
with a Bruker instrument at 200 MHz for protons. The C1 signal of 
IIIj seemed to be a singlet, but i t s profile was broadened unsymme-
t r i c a l l y to the lower ppm side and suggested additional weak peaks. 
The half-width was almost the same as that of cellulose I. The 
common characteristics related to half-width of the C1 signal 
within each families were clearly evident. 

The same phenomena were observed for signals from 0 4 · The 
chemical shifts for the I family were 89.3 to 90.0 ppm, with half-
widths of 180 (I), 200 (IIIi) and 200 (IVi). The chemical shifts of 
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C4 for the II family were 88.0 to 89-5 ppm with half-widths of 310 
(II), 320 (IIIn) and 320 (IVn). The half-width was controlled 
basically by the degree of separation of the two peaks s p l i t i n the 
C1 and C4 signals. The effect of the cry s t a l l i n i t y of samples on 
the half-width was small. The uniformity of half-widths within the 
families suggests that the signals of C1 and 0>J+ consist of two 
peaks even though they are observed as single peaks. The signals 
of C1 and C4 should reflect the symmetry at the glycosidic linkage. 
The splitting into two peaks agrees with the "bent and twisted" 
conformation proposed for cellulose II. The splitting for the I 
family suggested that the conformation i s not the simple "bent" 
model in the strictest sense, but, referring to the IR spectra, the 
degree of twisting may not be as large as in the II family. 

Dudley et a l . (29) suggested the observed doublets of C1 and 
C4 in cellulose II were due to independent chains in the unit c e l l . 
Cael et a l . (30) explained the 1 3C NMR spectrum of cellulose I with 
the eight-chain unit c e l l using Dudley's proposal  But the proposal 
could not explain the
allomorphs in each o
between IIIi and IIIn or IVi and IVn because their chain packing 
should be similar to each other. When the high resolution NMR 
spectra of these are measured the problem w i l l be more clear. 

The chemical shift of the signal from C6 was influenced by the 
unit c e l l type as well as the family. This is because 06 plays an 
important part in intermolecular hydrogen bonding. The range was 
from 66.3 to 67 ppm for I and IVi. Cellulose IIIi i s in the I 
family but i t s unit c e l l i s the II type; the shift for 06 was 6̂ .0 
ppm. For II and I I I n , "the shift was 63.5 to 6Λ.0 ppm. The shift of 
C6 in IVn, which i s in the cellulose II family but has a type I 
unit c e l l , has a value of 6^.5. ppm, which i s rather high for a 
member of the cellulose II family. The relation between chemical 
shift of the peak from C6 and the intermolecular hydrogen bonds 
w i l l be further discussed in another paper. 

The results were summarized in Table VIII. 

Table VIII. Similarity of 1 3C NMR Spectra of the Allomorphs 
Based on the Families or the Unit Cell Types 

Family Unit Cell Half--width (Hz) Chemical shift (ppm) 
type C1 CA C6 

I I I 250 180 67.0 
I I I I I I I 250 200 6Λ.0 

I V Ï I I 250 200 66.3 
I I I I I I 320 310 6Λ.0 

IIIn I I I I 330 320 63.5 
IVn I I I 290 320 6Λ.5 

By analogy with the IR spectra, the 1 3C NMR spectra showed that 
there were common differences based on the cellulose families at 
signals related to the chain conformation. The results were given a 
more reasonable interpretation through our hypothesis than the 
proposal of parallel and antiparallel chain systems. 
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Kai et a l . (31) have reported that nascent microfibrils of 
bacterial cellulose were transformed into cellulose II with 10""3% 
NaOH aq. Solution or 86 vol % acetone aq. solution. They examined 
them with electron microscopy and diffraction. The microfibrils 
transformed into II with the acetone solution did not show any 
morphological change, retained the microfibrillar state of the 
original material, and had uniformly thin width and long lengths. 
The result i s not consistent with a mechanism based on change from 
"parallel chain" to "antiparallel chains" during the transformation 
from I to II. 

In conclusion, we think that the cause of structural irrever
s i b i l i t y between the cellulose I and II families i s an irreversible 
transformation between the skeletal chain conformations in the 
families. Although we expect that further studies of cellulose 
w i l l provide clearer details of chain conformation, i t i s not 
l i k e l y that i t w i l l be possible to completely solve the structures 
on the basis of the limited amount of X-ray data available
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Chapter 8 

Raman Spectra of Celluloses 

James H. Wiley and Rajai H. Atalla 

Institute of Paper Chemistry, Appleton, WI 54912 

An investigation to study molecular orientation and 
polymorphy in cellulose fibers, and to further assign 
the bands in the vibrational spectrum of cellulose was 
conducted utilizing the Raman microprobe. The micro-
probe allows spectr
small as 1 micromete
potential of Raman spectroscopy as a tool for studying 
the structure of cellulose fibers. In the band assign
ment work, spectra were recorded from oriented fibers 
by varying the polarization of the incident light rela
tive to the fiber axis. Analysis of the band inten
sities revealed new information about the directional 
character of the vibrational displacements. This infor
mation was used in conjunction with the spectra of 
deuterated celluloses and normal coordinate analyses of 
cellulose model compounds to make assignments. 

Cellulose polymorphy was studied by comparing the 
spectra of Valonia, ramie, and mercerized ramie. It 
appears that the conformation of the cellulose backbone 
is the same in Valonia and ramie celluloses, but that 
the hydrogen bonding patterns are different. Mercerized 
cellulose and native celluloses differ in both their 
backbone conformations and hydrogen bonding patterns. 

Cellulose orientation in the plane perpendicular 
to the chain axis was studied by recording spectra of 
ramie cross sections with different polarizations of 
the incident light relative to the cell wall surface. 
The intensities are consistent with random cellulose 
orientation. It appears, however, that the sample pre
paration techniques can influence the cellulose orien
tation. Therefore, further studies will be necessary 
to understand the molecular orientation in cellulose 
fibers. 

Many questions about the molecular o r g a n i z a t i o n i n plant c e l l walls 
remain unanswered. A new instrument, the Raman microprobe, has 
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provided a novel method for i n v e s t i g a t i n g plant c e l l wall s t r u c t u r e . 
The objective i n t h i s work was to study the st r u c t u r e of the p r i n 
c i p a l c e l l w a l l component, c e l l u l o s e , using the Raman microprobe 1s 
unique c a p a b i l i t i e s . The i n v e s t i g a t i o n had two phases. In the 
f i r s t phase, the information made a c e s s i b l e by the microprobe was 
used to advance the assignment of the Raman spectrum of c e l l u l o s e . 
In the second phase, the microprobe was used to study molecular 
o r i e n t a t i o n and polymorphy i n c e l l u l o s e f i b e r s . The major r e s u l t s 
from both phases of t h i s i n v e s t i g a t i o n w i l l be discussed i n t h i s 
report. 

Background 

Raman Spectra o f C e l l u l o s e . In l a s e r e x c i t e d Raman spectroscopy, a 
sample i s exposed to monochromatic l i g h t , and the scattered l i g h t i s 
analyzed. The frequency of a small f r a c t i o n of the scattered l i g h t 
i s s h i f t e d r e l a t i v e to the e x c i t i n g l i g h t  The magnitude of the 
frequency s h i f t correspond
molecules i n the sample
information s i m i l a r to that provided by i n f r a r e d spectroscopy. 

Both Raman and i n f r a r e d spectroscopy y i e l d information about 
chemical f u n c t i o n a l i t y , molecular conformation, and hydrogen bond
ing. Raman spectroscopy, however, has some important advantages. 
Highly polar bond systems, which r e s u l t i n intense i n f r a r e d bands, 
have r e l a t i v e l y low p o l a r i z a b i l i t i e s and, hence, weak Raman i n t e n 
s i t i e s . Water, therefore has very weak Raman bands and does not 
i n t e r f e r e with the spectrum of c e l l u l o s e . In the Raman technique, 
c o n t r o l of the p o l a r i z a t i o n of the e x c i t i n g l i g h t coupled with anal
y s i s of the p o l a r i z a t i o n of the scattered l i g h t can f a c i l i t a t e as
signment of the spectra and provide information about molecular 
o r i e n t a t i o n . In i n f r a r e d spectra, the attenuation of the in c i d e n t 
beam i s measured. This means that any processes other than absorp
t i o n which cause attenuation of the in c i d e n t beam are problematic. 
Since the r e f r a c t i v e index of the sample w i l l o f t e n go through large 
excursions i n the neighborhood of absorption bands, the s c a t t e r i n g 
losses w i l l vary g r e a t l y with frequency over the i n f r a r e d region. 
The v a r i a t i o n s i n the r e f r a c t i v e index can cause anomalous features 
i n i n f r a r e d spectra. In Raman spectroscopy, r e f r a c t i v e index 
v a r i a t i o n s are not a problem, since the e x c i t a t i o n frequency i s f a r 
removed from any absorption bands. Therefore, i t i s e a s i e r to 
record Raman rather than i n f r a r e d spectra from samples such as 
c e l l u l o s e which s c a t t e r l i g h t s t r o n g l y . 

Raman Microprobe. A recent innovation i n Raman spectroscopy was 
the development of the Raman microprobe. The microprobe i s a 
s p e c i a l l y designed o p t i c a l microscope coupled with a conventional 
Raman spectrometer. The microscope performs two key functions. It 
focuses the e x c i t i n g l i g h t on the sample down to a diameter of one 
micrometer; then i t gathers the scattered l i g h t and transmits i t to 
the entrance s l i t of the spectrometer. Since the microprobe 
acquires spectra from such small domains, the s t r u c t u r a l hetero
geneity of the domains i s g r e a t l y reduced r e l a t i v e to the domains 
examined i n conventional Raman spectroscopy. The microprobe makes 
i t p o s s i b l e to i d e n t i f y the morphological features from which 
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spectra are recorded so that o r i e n t a t i o n , composition, and s t r u c t u r e 
can be studied as a f u n c t i o n of morphology. 

The s p e c i a l a t t r i b u t e s of the microprobe make new information 
a v a i l a b l e . This i n v e s t i g a t i o n u t i l i z e d the a b i l i t y of the micro-
probe to record spectra from morphologically homogeneous domains, 
using p o l a r i z e d l i g h t to derive new information for a s s i g n i n g the 
Raman spectrum of c e l l u l o s e . These assignments along with other 
s p e c t r a l information obtained with the microprobe were then used to 
study polymorphy wit h i n the c e l l u l o s e I family and c e l l u l o s e o r i e n 
t a t i o n as a f u n c t i o n of morphology. 

Band Assignments. In order for Raman spectroscopy to provide s t r u c 
t u r a l information, the assignment of the spectra must be understood. 
The large number of v i b r a t i o n a l degrees of freedom and low symmetry 
possessed by the c e l l u l o s e molecule have made i n t e r p r e t a t i o n of the 
spectrum d i f f i c u l t . Given the complexity of the problem, a s e r i e s 
of d e t a i l e d normal coordinate analyses of model compounds were con
ducted i n our laborator
v i b r a t i o n a l spectrum of
that, except for the i n t e r n a l v i b r a t i o n s of the methylene groups, 
the modes below 1500 cm""* are de l o c a l i z e d motions which are not ade
quately described by the group frequency approximation i n which 
modes are assumed to be l o c a l i z e d w i t h i n c e r t a i n chemical groups i n 
the molecule. 

Polymorphy. The two major allomorphs of c e l l u l o s e , c e l l u l o s e I and 
c e l l u l o s e I I , have been studied e x t e n s i v e l y . The question of poly
morphy wi t h i n the c e l l u l o s e I (native c e l l u l o s e ) family has not 
received as much at t e n t i o n . Evidence has been reported, however, 
that the s t r u c t u r e of native c e l l u l o s e v a r i e s depending on the 
source. Early x-ray studies of cotton, ramie, l i n e n , a l g a l c e l l u 
lose, and b a c t e r i a l c e l l u l o s e detected s i g n i f i c a n t d i f f e r e n c e s i n 
the u n i t c e l l parameters (9_). Based on e l e c t r o n diffractograms, 
Honjo and Watanabe (10) and others (11-13) concluded that the u n i t 
c e l l of a l g a l c e l l u l o s e i s l a r g e r and has lower symmetry than the 
commonly accepted c e l l f o r c e l l u l o s e I. Marrinan and Mann (14-15) 
and l a t e r Liang and Marchessault (16) observed that the i n f r a r e d 
spectra of a l g a l and b a c t e r i a l c e l l u l o s e d i f f e r from the spectra of 
ramie. 

More r e c e n t l y , A t a l l a and VanderHart (17-18) have studied the 
s o l i d - s t a t e l^C M̂R spectra of several forms of native c e l l u l o s e . 
They concluded that native c e l l u l o s e s appear to be composites of 
two d i s t i n c t c r y s t a l l i n e forms of c e l l u l o s e c a l l e d I a and Ig. The 
proportions of I a and Ig i n the composite v a r i e s depending on the 
source of the c e l l u l o s e . In a l g a l and b a c t e r i a l c e l l u l o s e , the I a 

form dominates, whereas the Ig form dominates i n ramie, cotton, and 
wood pulp. These r e s u l t s are consistent with the data from d i f f r a c -
tometry and i n f r a r e d spectroscopy i n that a l g a l and b a c t e r i a l c e l l u 
lose are s i m i l a r to each other but d i f f e r e n t from other native 
c e l l u l o s e s . 

The s t r u c t u r a l d i f f e r e n c e s between I a and Ig are not understood 
yet. A t a l l a (18) compared the Raman spectra of various native c e l 
l u l o s e s with d i f f e r e n t I a to Ig r a t i o s . He a l s o compared the native 
c e l l u l o s e spectra with the spectrum of c e l l u l o s e I I . The spectra of 
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the native c e l l u l o s e s are a l l s i m i l a r to each other i n the region 
most s e n s i t i v e to c e l l u l o s e conformation. The spectrum of c e l l u l o s e 
I I i s quite d i f f e r e n t i n t h i s region. Therefore A t a l l a concluded 
that c e l l u l o s e s I a and Ig have s i m i l a r conformations but are packed 
i n d i f f e r e n t l a t t i c e s . In c e l l u l o s e I I , both the conformation and 
l a t t i c e are d i f f e r e n t from that of c e l l u l o s e I. 

Other workers (19-20) have i n t e r p r e t e d these d i f f e r e n c e s i n the 
NMR spectra and other data i n a l t e r n a t i v e ways. They b e l i e v e that 
c e l l u l o s e s I and I I have the same s k e l e t a l conformation but are 
packed i n d i f f e r e n t l a t t i c e s . In t h i s theory, the d i f f e r e n c e s 
w i t h i n the c e l l u l o s e I family are derived from the s i z e of the u n i t 
c e l l s . V a l o n i a contains a l a r g e r 8 chain unit c e l l , whereas ramie 
contains a mixture of the 8 chain u n i t c e l l and the smaller Meyer 
and Misch unit c e l l . Therefore the i n t e r p r e t a t i o n of the NMR 
spectra remains c o n t r o v e r s i a l . 

O r i e n t a t i o n . The o r i e n t a t i o n of the c e l l u l o s e chain axis i n a 
number of d i f f e r e n t f i b e r
l e s s i s known about the c e l l u l o s
d i c u l a r to the chain a x i s . The o r i e n t a t i o n i n t h i s plane i s deter
mined by the l a t e r a l arrangement of the m i c r o f i b r i l s r e l a t i v e to 
each other. In a l g a l c e l l u l o s e s , the evidence from x-ray and 
e l e c t r o n d i f f r a c t i o n i n d i c a t e s that the m i c r o f i b r i l s are arranged 
nonrandomly i n the plane perpendicular to the chain axis (21-29). 
Preston (22) proposed the model shown i n Figure 1 to e x p l a i n h i s x-
ray data. There are two d i f f e r e n t o r i e n t a t i o n s of the m i c r o f i b r i l s . 
The 002 planes i n one set of m i c r o f i b r i l s are approximately perpen
d i c u l a r to the 002 planes i n the second set. In both sets of micro
f i b r i l s , the 101 planes are oriented p a r a l l e l to the c e l l w all 
surface ( r e f e r to Figure 1). Preston's model has been confirmed i n 
more recent studies (29). In the remainder of t h i s report, the type 
of o r i e n t a t i o n shown i n Figure 1 w i l l be r e f e r r e d to as a l t e r n a t i n g 
o r i e n t a t i o n . 

D i r e c t measurements of c e l l u l o s e o r i e n t a t i o n i n f i b e r s have 
y i e l d e d c o n f l i c t i n g r e s u l t s . Evidence from x-ray d i f f r a c t i o n 
studies of wood samples suggested that the c e l l u l o s e c r y s t a l l i t e s 
are arranged randomly i n the plane perpendicular to the f i b e r 
a x i s (30-33). Raman spectroscopic studies of cotton f i b e r s d r i e d 
under tension, however, demonstrated that the methine C-H bonds are 
o r i e n t e d p r e f e r e n t i a l l y perpendicular to the surface of the c e l l 
w a l l (34). Since the C-H bonds are perpendicular to the 002 plane, 
the o r i e n t a t i o n suggested by the Raman evidence d i f f e r s from the 
a l t e r n a t i n g o r i e n t a t i o n i n a l g a l c e l l u l o s e s . 

Overview of Experimental Method 

In the spectra of nonrandomly or i e n t e d polymers, the i n t e n s i t y and 
p o l a r i z a t i o n of the Raman sca t t e r e d l i g h t are dependent on the 
p o l a r i z a t i o n of the e x c i t i n g l i g h t r e l a t i v e to the o r i e n t a t i o n of 
the molecules (35). If the o r i e n t a t i o n of the molecules i s known, 
comparison of spectra recorded with d i f f e r e n t p o l a r i z a t i o n s of the 
e x c i t i n g l i g h t y i e l d s u s e f u l information about the d i r e c t i o n a l i t y of 
the v i b r a t i o n a l motions. Conversely, information about molecular 
o r i e n t a t i o n can be gained i f the d i r e c t i o n a l i t y of the v i b r a t i o n s i s 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



8. WILEY AND ATALLA Raman Spectra of Celluloses 155 

known. In the present work, the major technique employed i n the 
experiments was to compare spectra recorded with d i f f e r e n t p o l a r i z a 
t i o n s of the in c i d e n t l a s e r beam r e l a t i v e to the morphology of the 
samples. 

In a l l spectra recorded, precautions were taken to avoid compli
cations associated with the dichroism inherent i n the o p t i c s of the 
microscope and the monochromator. F i r s t , a p o l a r i z a t i o n scrambler 
was i n s e r t e d i n the path of the Raman scattered l i g h t at the coupl
ing between the microscope and the monochromator. Second, we d i d 
not change the p o l a r i z a t i o n of the incide n t l i g h t d i r e c t l y but 
instead used a r o t a t i n g stage to ro t a t e the sample r e l a t i v e to the 
plane of p o l a r i z a t i o n of the incide n t l i g h t . 

Two c l a s s e s of experiments were conducted. In both sets of 
experiments, f i b e r s i n which the c e l l u l o s e chains are oriented 
p a r a l l e l to the f i b e r axis were used. In the f i r s t c l a s s of e x p e r i 
ments, the plane of p o l a r i z a t i o n of the incide n t l i g h t was changed 
r e l a t i v e to the axis of th  f i b e r  b  r o t a t i n  th  f i b e r d th
o p t i c a l axis of the microscop
the band i n t e n s i t i e s on
studied to determine the d i r e c t i o n a l character of the v i b r a t i o n a l 
motions. This information was used to advance the assignment of the 
Raman spectrum of c e l l u l o s e . Spectra from Valonia, ramie, and mer
c e r i z e d ramie f i b e r s , which have d i f f e r e n t allomorphic compositions, 
were compared to study the s t r u c t u r a l d i f f e r e n c e s between the a l l o 
morphs. 

In the second c l a s s of experiments, spectra were recorded from 
ramie f i b e r c r o s s - s e c t i o n s . The plane of p o l a r i z a t i o n of the i n c i 
dent l i g h t was changed r e l a t i v e to plane of the c e l l w a l l by r o t a t 
ing the c r o s s - s e c t i o n s around the o p t i c a l axis of the microscope 
axis (see Figure 2b). The information from these spectra was used 
to study the o r i e n t a t i o n of the c e l l u l o s e i n the plane perpendicular 
to the chain a x i s . 

Results and D i s c u s s i o n 

Assignment of the V i b r a t i o n a l Spectrum o f C e l l u l o s e . Sets of 
spectra i n which the o r i e n t a t i o n of the e l e c t r i c vector of the i n c i 
dent l i g h t was v a r i e d i n 15 degree increments r e l a t i v e to the f i b e r 
axis were recorded. Figure 3 shows the set recorded from a f i b r i l 
l a r aggregate of Valonia macrophysa c e l l u l o s e . Scanning e l e c t r o n 
micrographs showed that the aggregates are hi g h l y oriented bundles 
of f i b r i l s . Therefore, the c e l l u l o s e chains are p a r a l l e l to the 
axis of the bundle. A set of spectra recorded from a ramie f i b e r i s 
shown i n Figure 4. In ramie, the c e l l u l o s e chains are als o approxi
mately p a r a l l e l to the f i b e r a x i s (21-22). 

From the figure s i t i s c l e a r that the band i n t e n s i t i e s are 
strongly dependent on the p o l a r i z a t i o n of the l i g h t . The i n t e n 
s i t i e s are r e l a t e d to the o r i e n t a t i o n of the e l e c t r i c vector by the 
fo l l o w i n g equation: 

I = a + b (cos 20) + c ( c o s 4 e ) (1) 

where a, b, and c are constants r e l a t e d to s c a t t e r i n g a c t i v i t i e s , 
and θ i s the angle between the e l e c t r i c vector of the incide n t l i g h t 
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Figure 1. The c e l l u l o s
to the chain axis found i n a l g a l c e l l u l o s e s . 

(a) 

Figure 2. Microprobe experiments i n which the p o l a r i z a t i o n of 
the e x c i t i n g l i g h t was v a r i e d r e l a t i v e to the geometry 
of the samples. 
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Figure 3. P o l a r i z e d Raman spectra from a f i b r i l l a r aggregate of 
Valoni a c e l l u l o s e . The angle between the e l e c t r i c 
vector and the chain axis was v a r i e d from 0° to 90°. 
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and the f i b e r a x i s . Equation 1 was derived by f o l l o w i n g Snyder's 
treatment (35) and assuming that the c e l l u l o s e chains are p a r a l l e l 
to the f i b e r a x i s , and that the chains are oriented randomly around 
t h e i r axes. Equation 1 was f i t t e d to the data i n Figure 3 and 4 by 
a l i n e a r regression technique. Equation 1 adequately described the 
observed data for bands which were w e l l resolved. An example of the 
f i t which could be achieved by t h i s a n a l y s i s i s shown i n Figure 5, 
where the observed and predicted peak heights are p l o t t e d against θ 
for the intense band at 1095 cm"" 1. Bands which were weak and/or 
poorly resolved could not be f i t t e d as w e l l . 

Based on the number and l o c a t i o n of the maxima and minima i n the 
i n t e n s i t y vs. θ curves, the bands i n the Raman spectrum of native 
c e l l u l o s e were d i v i d e d i n t o four categories. Table 1 summarizes the 
band c l a s s i f i c a t i o n s for those bands which were resolved well enough 
to be analyzed. The c l a s s i f i c a t i o n s provide information about the 
d i r e c t i o n a l character of the v i b r a t i o n s . The four categories are 
described as follows: 

1) AQ bands are mos
vector i s p a r a l l e l to the c e l l u l o s e chain a x i s . There
fore, the maximum change i n p o l a r i z a b i l i t y associated 
with the v i b r a t i o n s i s p a r a l l e l to the chain a x i s . The 
i n t e n s i t y vs. θ curves contain a s i n g l e maximum and 
minimum. 

2 ) A 9 0 bands are most intense when the i n c i d e n t e l e c t r i c 
vector i s perpendicular to the chain a x i s . The maximum 
change p o l a r i z a b i l i t y i s perpendicular to the chain 
axis. These bands also e x h i b i t a s i n g l e maximum and 
minimum i n the i n t e n s i t y vs. θ curves. 

3) Bg bands are most intense when the inc i d e n t e l e c t r i c 
vector i s p a r a l l e l to the chain a x i s . As was the case 
with A Q bands, the maximum change i n p o l a r i z a b i l i t y i s 
p a r a l l e l to the chain a x i s . In the i n t e n s i t y vs. θ 
curves, however, these bands e x h i b i t two maxima and a 
s i n g l e minimum. The m u l t i p l e maxima may r e s u l t from 
a c c i d e n t a l l y degenerate modes which have maxima at 0 
and 90° or from modes i n which some of elements of the 
p o l a r i z a b i l i t y decrease during the v i b r a t i o n . 

4) B 9 Q bands are most intense when the inc i d e n t e l e c t r i c 
vector i s perpendicular to the chain a x i s . The maximum 
change i n p o l a r i z a b i l i t y i s perpendicular to the chain 
a x i s . These bands also e x h i b i t two maxima and a s i n g l e 
minima i n the i n t e n s i t y vs. p o l a r i z a t i o n curves. 

As a supplement to the i n t e n s i t y work, the nature of the v i b r a 
t i o n s was also studied by recording spectra from deuterated c e l l u 
l oses. By comparing the spectrum of f u l l y deuterated c e l l u l o s e 
with that of normal c e l l u l o s e , the v i b r a t i o n s i n v o l v i n g the hydrogen 
atoms can be separated from the pure s k e l e t a l motions. Figure 6 i s 
the spectrum of carbon-deuterated b a c t e r i a l c e l l u l o s e . This sample 
was k i n d l y provided by Dr. H. L. C r e s p i . It was prepared by growing 
Acetobacter xylinum i n deuterated growth media (36). The r e s i d u a l 
i n t e n s i t y i n the 0-H and C-H s t r e t c h i n g regions i n d i c a t e s that the 
c e l l u l o s e i s not f u l l y deuterated. We a l s o recorded Raman spectra 
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Figure 5. The dependence of i n t e n s i t y on the p o l a r i z a t i o n of the 
inc i d e n t l i g h t f o r the band at 1095 cnf * i n the 
spectra of Valonia. 
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Table 1. Summary of i n t e n s i t y maxima, deuteration s e n s i t i v i t i e s , 
and band assignments for the Raman spectra of Valonia 
and ramie 

Band 
Frequency 3 I n t e n s i t y 

(cm" 1) C l a s s i - Deuteration 
V a l o n i a Ramie f i c a t i o n S e n s i t i v i t y Assignment 

331 331 A Q weak heavy atom bending, some 
344 344 B ? 11 heavy atom s t r e t c h i n g 
381 380 B ? 1 1 " 

437 437 B ? 

459 458 B Q 

520 519 A 9 0 "

913 910 B 0 ? HCC and HCO bending at C6 
968 969 B 9 0 ? heavy atom (CC and CO) 
997 995 A Q ? s t r e t c h i n g 
1034 1035 A Q ? 

1057 1057 A Q ? 

1095 1095 A Q weak 
1118 1117 B 0 

1123 1121 A Q " " 

1152 1151 B ? ? heavy atom s t r e t c h i n g 
plus HCC and HCO bending 

1279 1275 A Q ? HCC and HCO bending 
1292 1291 ? ? 
1334 1331 A Q strong 
1337 1337 A Q " HCC, HCO, and HOC bending 
1378 1378 B ? 

1406 1407 A ^ " " 

1455 1456 B 9 0
 11 HCH and HOC bending 

1477 1475 A 9 0 

2868 2866 B 9 0
 11 C-H and CH2 s t r e t c h i n g 

2885 2889 B 9 0 

2941 2943 B ? " " 
2965 2963 B 0 

3291 3286 B Q 11 0-H s t r e t c h i n g 
3334 3335 ? 0 " " 
3261 3363 ? 0 

3395 3402 B Q 

aOnly the bands resolved i n both the Valonia and ramie are included 
i n the table. 
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of oriented samples of p a r t i a l l y deuterated c e l l u l o s e with the e l e c 
t r i c vector both p a r a l l e l and perpendicular to the chain a x i s . 
Based on these studies, the deuteration s e n s i t i v i t y for several of 
the bands was determined. This information i s a l s o l i s t e d i n Table 
I. 

Based on the i n t e n s i t y s t u d i e s , deuterated c e l l u l o s e spectra, 
and normal coordinate analyses of model compounds (7_-&), the a s s i g n 
ment of the bands i n the v i b r a t i o n a l spectrum of c e l l u l o s e was 
advanced. The information i s summarized i n Table 1. A d e t a i l e d 
d i s c u s s i o n of the band assignments i s beyond the scope of t h i s 
report and w i l l be given elsewhere (37). A b r i e f overview of the 
assignments w i l l be given here. The frequency region between 600 
and 250 cm""1 i s dominated by bending motions of the c e l l u l o s e 
skeleton. These are complex modes which are very d e l o c a l i z e d and 
o f t e n involve motion at the g l y c o s i d i c linkage. The frequencies, 
e s p e c i a l l y between 400 and 300 cm"1, are s e n s i t i v e to the confor
mation of the anhydroglucose residues about the linkage (8)  In the 
modes between 900 and 120
dominant. This region contain
ween 1200 and 1500 cm"1 involve methylene, methine, and hydroxyl 
bending motions. Although the modes i n t h i s region are generally 
d e l o c a l i z e d motions, the HCH bending motion i s i s o l a t e d and behaves 
as a group mode. In the regions between 2700 and 3000 cm"1 and 3200 
and 3500 cm"1, the C-H and 0-H s t r e t c h i n g motions occur. These 
motions behave as pure group v i b r a t i o n s . Although the assignments 
do not provide a complete d e s c r i p t i o n of the v i b r a t i o n a l motions, 
they serve to increase our understanding of the c e l l u l o s e v i b r a 
t i o n a l spectrum. 

Polymorphy. C e l l u l o s e polymorphy w i t h i n the c e l l u l o s e I family was 
studied by comparing the Raman spectra of Valonia and ramie c e l l u 
lose. S o l i d state NMR spectra i n d i c a t e that the I a form predomi
nates i n Valonia while the Ig form predominates i n ramie (17-18). 
The c e l l u l o s e I spectra were a l s o compared with spectra of c e l l u l o s e 
I I recorded from a mercerized ramie f i b e r . Figures 7 and 8 show the 
Raman spectra of these three c e l l u l o s e s . Spectra were recorded with 
the e l e c t r i c vector of the i n c i d e n t l i g h t p a r a l l e l and perpendicular 
to the chain a x i s . These spectra can be d i v i d e d i n t o two regions. 
The region below 1600 cm"1 (Figure 7) i s most s e n s i t i v e to the con
formation of the c e l l u l o s e backbone ( e s p e c i a l l y below 700 cm" 1). 
The higher frequency region, above 2700 cm"1 (Figure 8), i s more 
s e n s i t i v e to hydrogen bonding. 

In the low frequency region (Figure 7), there are only minor 
d i f f e r e n c e s between the spectra of native ramie and Valonia. The 
peaks i n the Valonia spectra are narrower and b e t t e r resolved. The 
reason for t h i s i s probably the l a r g e r s i z e of the c r y s t a l l i t e s i n 
Valonia c e l l u l o s e (38-39). When the c r y s t a l l i t e s are l a r g e r , the 
environment of the molecules i s more homogeneous. Therefore, the 
v i b r a t i o n a l energy of the molecules i s more uniform, r e s u l t i n g i n 
narrower bands. 

The most s i g n i f i c a n t d i f f e r e n c e between the two native c e l l u l o s e 
spectra i n the low frequency region i s that the i n t e n s i t y of the 
peak at 913 cm"1 i s greater i n the ramie spectra. This peak i s 
also more intense i n the spectrum of b a c t e r i a l c e l l u l o s e than i n the 
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300 700 1100 1500 1900 2300 2700 3100 3500 

Figure 6. Raman spectrum o f deuterated b a c t e r i a l c e l l u l o s e . 

Valonia 

mercerized ramie 

300 500 700 900 1100 1300 1500 
cm' 1 

Figure 7. Comparison of the Raman spectra from V a l o n i a , ramie, 
and mercerized ramie (low frequency r e g i o n ) . Spectra 
were recorded with the e l e c t r i c vector at both 0° and 
90°. 
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Va l o n i a spectra. Since b a c t e r i a l c e l l u l o s e has approximately the 
same I a to Ig r a t i o as Valonia (17-18), the i n t e n s i t y of t h i s peak 
does not appear to be r e l a t e d to~~structural d i f f e r e n c e s between I a 

and Ig. Instead, the i n t e n s i t y of t h i s peak appears to be i n v e r s e l y 
c o r r e l a t e d with the s i z e of the c r y s t a l l i t e s . It i s very weak i n 
the spectra of Valonia which has very large c r y s t a l l i t e s , but i t i s 
stronger i n the spectra of ramie and b a c t e r i a l c e l l u l o s e which both 
have smaller c r y s t a l l i t e s (38-39). 

The d i f f e r e n c e s between the spectra of ramie and Valonia are 
quite small compared to the d i f f e r e n c e s between native c e l l u l o s e and 
c e l l u l o s e II (see Figure 7). In the spectra of ramie and Valonia, 
the d i f f e r e n t peak widths and r e l a t i v e i n t e n s i t i e s can be a t t r i b u t e d 
to the d i f f e r e n c e i n the c r y s t a l l i t e s i z e s . In the spectrum of 
c e l l u l o s e I I , however, the frequency and number of peaks i s s i g n i f i 
c a n t l y d i f f e r e n t . In previous p u b l i c a t i o n s , the d i f f e r e n c e s between 
the spectra of c e l l u l o s e s I and II have been i n t e r p r e t e d as evidence 
f o r d i f f e r e n t conformations i n c e l l u l o s e s I and II (40-41)  The 
s p e c t r a l d i f f e r e n c e s whic
are not observed i n the spectr
and Valonia have d i f f e r e n t I a to Ιβ r a t i o s , i t would appear that 
c e l l u l o s e s I a and Ig must have s i m i l a r molecular conformations. 

In the C-H s t r e t c h i n g region (Figure 8, 2700-3000 cm"*1), the 
primary d i f f e r e n c e between the spectra of ramie and Va Ionia i s the 
broadness of the peaks. The peaks i n the ramie spectra are broader 
as was the case i n the low frequency region presumably due to the 
smaller c r y s t a l l i t e s i z e . In the spectra of mercerized ramie, the 
C-H s t r e t c h i n g region d i f f e r s s l i g h t l y from that i n the native c e l 
l u l o s e s but the d i f f e r e n c e s are not as large as those i n the low 
frequency region. 

In the 0-H s t r e t c h i n g region (3200-3600 cm" 1), however, s i g n i f i 
cant d i f f e r e n c e s are observed between a l l three c e l l u l o s e s . These 
d i f f e r e n c e s are most prominent i n the spectra recorded with the 
e l e c t r i c vector p a r a l l e l to the f i b e r axis (Figure 8a-c). The f r e 
quency as well as the broadness of the peaks v a r i e s i n t h i s region. 
The spectra of Valonia c e l l u l o s e have a peak at 3231 cm"1 that i s 
not observed i n the ramie spectra. The spectra of native ramie on 
the other hand, have a peak at 3429 cm"1 that i s not observed i n 
Valonia. The spectrum of mercerized ramie recorded with the e l e c 
t r i c vector p a r a l l e l has two sharp peaks at frequencies above those 
observed i n the native c e l l u l o s e s . The d i f f e r e n c e s i n the 0-H 
region between Valonia, ramie, and mercerized ramie suggest that the 
hydrogen bonding patterns are d i f f e r e n t i n each of these c e l l u l o s e s . 
In summary, the Raman spectra i n d i c a t e that c e l l u l o s e s I a and Ig 
e x h i b i t d i f f e r e n t hydrogen bonding patterns but have s i m i l a r molecu
l a r conformations. C e l l u l o s e s I and II have d i f f e r e n t molecular 
conformations as w e l l as d i f f e r e n t hydrogen bonding patterns. 

C e l l u l o s e O r i e n t a t i o n . The o r i e n t a t i o n of the c e l l u l o s e molecules 
i n the plane perpendicular to the chain axis was studied by using 
the microprobe to record spectra of ramie f i b e r cross s e c t i o n s . 
Figure 9 shows spectra recorded with the e l e c t r i c vector of the 
e x c i t i n g l i g h t t a n g e n t i a l , perpendicular, and at 45° to the c e l l 
w a l l surface. If the c e l l u l o s e o r i e n t a t i o n i n the plane perpen
d i c u l a r to the f i b e r axis i s a n i s o t r o p i c , then the i n t e n s i t i e s 
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Figure 9. P o l a r i z e d Raman spectra of a ramie cross s e c t i o n . The 
angle between the e l e c t r i c vector and the c e l l w a l l 
surface was v a r i e d from 0° to 90°. 
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should d i f f e r i n the c r o s s - s e c t i o n spectra recorded with d i f f e r e n t 
o r i e n t a t i o n s of the i n c i d e n t e l e c t r i c vector. With the exception of 
the peaks at 1095 and 1123 cm""1, the r e l a t i v e peak i n t e n s i t i e s i n 
the c r o s s - s e c t i o n spectra d i d not vary noticeably as the p o l a r i z a 
t i o n of the i n c i d e n t l i g h t was changed (see Figure 9). The insen-
s i t i v i t y of the majority of the bands to the o r i e n t a t i o n of i n c i d e n t 
e l e c t r i c vector i s not c o n s i s t e n t with e i t h e r a p r e f e r e n t i a l o r i e n 
t a t i o n of the methines perpendicular to the c e l l w all surface or the 
a l t e r n a t i n g type of o r i e n t a t i o n found i n a l g a l c e l l u l o s e s . 

The v a r i a t i o n i n the r e l a t i v e i n t e n s i t i e s of the 1095 and 1123 
cm"1 bands between the 0° and 45° spectra suggests anisotropy i n the 
c e l l u l o s e o r i e n t a t i o n . Table I shows that these peaks are s k e l e t a l 
s t r e t c h i n g modes that are most intense when the e l e c t r i c vector of 
the incident l i g h t i s p a r a l l e l to the chain a x i s . Since the 1095 
cm"1 peak i s very s e n s i t i v e to the o r i e n t a t i o n of the i n c i d e n t 
e l e c t r i c vector r e l a t i v e to the chain a x i s , the i n t e n s i t y v a r i a t i o n 
suggests that the plane of s e c t i o n i n g was not exactly perpendicular 
to the c e l l u l o s e chain axe
to the plane of s e c t i o n i n g

If the c e l l u l o s e i s o r i e n t e d randomly i n the plane perpendicular 
to the chain a x i s , then the band i n t e n s i t i e s would be the same 
regardless of whether the i n c i d e n t e l e c t r i c vector was p a r a l l e l , 
perpendicular, or 45° to the c e l l w a l l surface. The c r o s s - s e c t i o n 
spectra, therefore, are c o n s i s t e n t with random c e l l u l o s e o r i e n t a t i o n 
i n the plane perpendicular to the chain a x i s . These r e s u l t s con
f l i c t with our e a r l i e r spectra of tension d r i e d cotton f i b e r s (34) 
that i n d i c a t e d the methines were ori e n t e d p r e f e r e n t i a l l y perpen
d i c u l a r to the c e l l w all surface. More recent spectra of cotton 
f i b e r s have shown that i f the f i b e r s are not d r i e d under tension, 
the methine o r i e n t a t i o n i s random i n the plane perpendicular to the 
chain a x i s . Therefore, i t appears the c e l l u l o s e o r i e n t a t i o n can be 
influenced by the sample preparation methods. Since microtoming 
exerts large forces on the f i b e r s , i t i s a l s o p o s s i b l e that the 
c e l l u l o s e o r i e n t a t i o n could have been disrupted during the prepara
t i o n of the c r o s s - s e c t i o n s . Further experiments w i l l be necessary 
to understand the f a c t o r s which influence the c e l l u l o s e o r i e n t a t i o n . 

Conclusions 

Based on the number and l o c a t i o n of the maxima and minima i n the 
r e l a t i o n s h i p between the band i n t e n s i t i e s and the p o l a r i z a t i o n of 
the i n c i d e n t l i g h t r e l a t i v e to the chain a x i s , the bands i n the 
Raman spectrum o f c e l l u l o s e could be d i v i d e d i n t o four groups. The 
about the d i r e c t i o n of the v i b r a t i o n a l motions i n c e l l u l o s e . The 
d i r e c t i o n s of the v i b r a t i o n s are such that the major change i n 
p o l a r i z a b i l i t y associated with the motions i s e i t h e r p a r a l l e l or 
perpendicular to the chain a x i s . Raman spectra recorded from deu
terated c e l l u l o s e s allowed the v i b r a t i o n a l modes i n v o l v i n g C-H and 
0-H motions to be i d e n t i f i e d . These spectra demonstrated that most 
of the modes are complex coupled v i b r a t i o n s . Normal coordinate anal 
yses of c e l l u l o s e model compounds were done to determine the types 
of motion most l i k e l y to occur i n each region of the spectrum. The 
c a l c u l a t i o n s a l s o suggested that the v i b r a t i o n a l motions are very 
complex. The information from the normal coordinate c a l c u l a t i o n s , 
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i n t e n s i t y s tudies, and spectra of deuterated c e l l u l o s e s was used to 
advance the assignment of the c e l l u l o s e v i b r a t i o n a l spectrum. 

Comparison of the Raman spectra of Valonia, ramie, and mer
c e r i z e d ramie i n d i c a t e s that the conformation of the c e l l u l o s e back
bone i s s i m i l a r i n Va Ionia and native ramie but d i f f e r e n t i n 
mercerized ramie. The hydrogen bonding patterns, however, are d i f 
ferent i n Valonia and native ramie as w e l l as i n mercerized ramie. 

Spectra recorded from ramie c r o s s - s e c t i o n s suggest that the 
c e l l u l o s e i s orie n t e d randomly i n the plane perpendicular to the 
chain axis. It appears, however, that the sample preparation 
methods can infl u e n c e the c e l l u l o s e o r i e n t a t i o n . Therefore, f u r t h e r 
studies w i l l be necessary to ch a r a c t e r i z e the molecular o r i e n t a t i o n 
i n c e l l u l o s e f i b e r s . 
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Chapter 9 

Crystalline Alkali-Cellulose Complexes 
as Intermediates During Mercerization 

Anatole Sarko, Hisao Nishimura1, and Takeshi Okano2 

Department of Chemistry and Cellulose Research Institute, College of Environmental 
Science and Forestry, State University of New York, Syracuse, NY 13210 

During a controlled mercerization of ramie cellulose, 
the cellulose I crystal structure is irreversibly con
verted to cellulos
alkali-cellulose complexes
three of the complexes -- Na-celluloses I, IIB, and IV 
-- are providing information on the characteristics of 
the interactions between cellulose and the Na+ ions, on 
the forces operating in the formation of these struc
tures, and on the likely mechanism of the conversion. 
Although the formation of secondary bonds between Na+ 

ions and the hydroxyl groups of cellulose must be an 
important driving force in the formation of crystalline 
complexes, the hydrophobic attractions between cellu
lose chains appear to be at least as important. The 
transformation of the parallel-chain structure of cel
lulose I to an antiparallel one takes place already 
during the initial conversion step, from cellulose I to 
Na-cellulose I. 

I t was observed i n e a r l i e r studies of c o n t r o l l e d a l k a l i - m e r c e r i z a t i o n 
of ramie c e l l u l o s e that the c r y s t a l s t r u c t u r e of nati v e c e l l u l o s e i s 
transformed to c e l l u l o s e I I through a s e r i e s of c r y s t a l l i n e a l k a l i -
c e l l u l o s e complexes (1,2). The r e l a t i o n s h i p s between these "Na-
c e l l u l o s e s " and t h e i r pathways of transformation are i l l u s t r a t e d i n 
F i g . 1. I t has fur t h e r been observed that a l l of the transformations 
are c r y s t a l - t o - c r y s t a l phase changes, not i n v o l v i n g intermediate 
amorphous phases. A l l of the experimental evidence has suggested 
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University of Tokyo, Bunkyu, Tokyo, Japan 
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that the f i r s t conversion step — from c e l l u l o s e I to N a - c e l l u l o s e I 
— i s apparently the step i n which a transformation of the p a r a l l e l -
chain p o l a r i t y to the a n t i p a r a l l e l one takes place. 

As shown by the x-ray d i f f r a c t i o n diagrams reproduced i n F i g . 2, 
the Na-celluloses e x h i b i t a r e l a t i v e l y high degree of c r y s t a l l i n i t y 
and e x c e l l e n t c r y s t a l l i n e o r i e n t a t i o n . In view of t h i s , f u r t h e r 
d e l i n e a t i o n of the transformations and the mechanism of mercerization 
were attempted through the c r y s t a l s t r u c t u r e a n a l y s i s of three of the 
complexes: Na-cel l u l o s e s I, IIB, and IV. A l l analyses have now been 
nearly completed, and a preliminary account of the r e s u l t s i s given 
below. The d e t a i l e d d e s c r i p t i o n s of the c r y s t a l s t r u c t u r e s w i l l be 
published separately a f t e r the completion of the s t u d i e s . 

Experimental 

The methods of sample preparation, the c h a r a c t e r i s t i c s and the proba
ble composition of a l l of the complexes  and the procedures f o r 
obtaining x-ray f i b e r d i f f r a c t i o
described i n d e t a i l (1,2)
y s i s followed i n these studies are i d e n t i c a l to those used i n p r e v i 
ous analyses concerned with the s t r u c t u r e s of c e l l u l o s e s and other 
polysaccharides ( c f . , i n p a r t i c u l a r , r e f s . 3-5). In a l l cases, both 
stereochemical and c r y s t a l l o g r a p h i c s t r u c t u r e refinements were c a r 
r i e d out i n p a r a l l e l . The refinement of both the chain conformation 
and the chain packing were conducted with completely f l e x i b l e chain 
models, using computational procedures that allow any desired s t r u c 
t u r a l parameter to be made a r e f i n a b l e v a r i a b l e (3). The p o s i t i o n s 
of the solvent and the complexing molecules i n the u n i t c e l l were 
e x p l i c i t l y considered, whenever warranted (5). Further d e t a i l s of 
the a n a l y s i s and the refinement procedures w i l l be given i n reports 
dealing with the i n d i v i d u a l c r y s t a l s t r u c t u r e s . 

Results 

Na-cellulos e I. The s t r u c t u r e of the N a - c e l l u l o s e I complex, 
although not as c r y s t a l l i n e as that of c e l l u l o s e I, obviously shows 
an equally good f i b r o u s o r i e n t a t i o n ( c f . F i g . 2A). The c r y s t a l 
s t r u c t u r e i s described by a l a r g e , four-chain u n i t c e l l , shown i n 
F i g . 3. I t contains 8 Na and 0H~ p a i r s of ions and probably 16 mol
ecules of water. The chain conformation i s marked by features common 
to a l l c r y s t a l l i n e c e l l u l o s e polymorphs: an approximately 10.3 Â 
f i b e r repeat, a r i b b o n - l i k e , twofold h e l i c a l molecular shape, and the 
f a m i l i a r 0 ( 3 ) — 0 ( 5 ' ) and 0 ( 6 ) — 0 ( 2 ' ) intramolecular hydrogen bonds. 
The c h a r a c t e r i s t i c s of the chain packing are i n accord with t h i s 
chain conformation, showing a stacking i n t o sheets along two d i r e c 
t i o n s . The presence of NaOH and water i n the c r y s t a l s t r u c t u r e , how
ever, obviously contributes to considerable d i f f e r e n c e s between the 
s t r u c t u r e s of N a - c e l l u l o s e I and c e l l u l o s e I. 

The major d i f f e r e n c e between these two c r y s t a l s t r u c t u r e s 
resides i n the chain packing p o l a r i t y . As expected from the conver
s i o n studies and the i r r e v e r s i b i l i t y of the c e l l u l o s e I to Na-
c e l l u l o s e I transformation, the c r y s t a l s t r u c t u r e of N a - c e l l u l o s e I 
i s based on a n t i p a r a l l e l chains ( c f . F i g . 3). Because of the pres
ence of N a + ions, which apparently form secondary bonds with the e e l -
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C E L L U L O S E M N o - C E L L 

Να-CELL. 
Ill 

Γ 
I 

Na-CELL 

*\l Na-CELL. 
IIB 

Na-CELL. 
IV 

I I CELLULOSE 

NaOH NaOH Wash Dry 

F i g . 1. Transformation pathways between c e l l u l o s e and Na-
c e l l u l o s e c r y s t a l s t r u c t u r e s . (Reproduced with permission from 
réf. 1. Copyright 1986 John Wiley & Sons, Inc.) 

F i g . 2. X-ray f i b e r d i f f r a c t i o n diagrams of: (A) N a - c e l l u l o s e I, 
(B) Na-cellulose IIB, and (C) Na - c e l l u l o s e IV. ( F i b e r axis i s 
v e r t i c a l ) . 

Να-Cell I 

F i g . 3. The u n i t c e l l of N a - c e l l u l o s e I i n x-y p r o j e c t i o n : a_ = 
8.83, b = 25.28, c ( f i b e r a xis) = 10.29 %. The c e l l u l o s e chains 
are shown i n + o u t l i n e only, and f i l l e d c i r c l e s i n d i c a t e the p o s i 
ti o n s of Na ions. Secondary and hydrogen bonds are shown by 
dashed l i n e s . 
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l u l o s e hydroxyl groups, a l l of the i n t e r c h a i n hydrogen bonds that 
o r d i n a r i l y s t a b i l i z e the c e l l u l o s e I s t r u c t u r e have been broken. As 
a r e s u l t , distances between chains i n the t> d i r e c t i o n of the u n i t 
c e l l have increased and intermolecular hydrogen bonds are not pres
ent. Nonetheless, the chains are s t i l l arranged i n s h e e t - l i k e s t r u c 
tures, both along the a_ and b dimensions of the u n i t c e l l . I t 
appears that these s h e e t - l i k e formations r e s u l t from the r i b b o n l i k e 
conformation of the c e l l u l o s e molecule and, as discussed l a t e r , 
hydrophobic a t t r a c t i o n s . 

N a - c e l l u l o se IIB. When N a - c e l l u l o s e I i s allowed to absorb more 
NaOH, a considerably d i f f e r e n t c r y s t a l s t r u c t u r e r e s u l t s ( c f . F i g . 
4). The chain conformation departs from 2^ symmetry and forms, 
instead, a t h r e e f o l d h e l i x . The h e l i c e s pack a n t i p a r a l l e l i n a hex
agonal fashion, with a r e l a t i v e l y l a r g e separation distance. The 
u n i t c e l l contains more than 60% of n o n - c e l l u l o s e c o n s t i t u e n t s — 
NaOH and water — surrounding each h e l i x with a l i q u i d - l i k e s t r u c
ture. The presence o
r e s u l t s i n the formatio
l o s e hydroxyIs and the ions, f o r c i n g a s c i s s i o n of the remaining 
intramolecular hydrogen bonds that are present i n the N a - c e l l u l o s e I 
s t r u c t u r e . 

The t h r e e f o l d h e l i c e s of c e l l u l o s e are c h i r a l , i . e . , t h e i r l e f t -
and righthanded conformations are not i d e n t i c a l . I t i s not yet known 
whether the s t r u c t u r e of N a - c e l l u l o s e IIB i s c h a r a c t e r i z e d by one 
p a r t i c u l a r h e l i x handedness, as both conformations are s t a b l e and of 
not very d i f f e r e n t conformational energy. The x-ray d i f f r a c t i o n d i a 
gram ( c f . F i g . 2B) i s r i c h i n d e t a i l and i t should be p o s s i b l e to 
determine the handedness of the N a - c e l l u l o s e IIB h e l i x from a 
d e t a i l e d x-ray refinement. 

Na-cellulose IV. A f t e r a l l of the a l k a l i has been washed from the 
N a - c e l l u l o s e IIB complex, but p r i o r to i t s drying, an x-ray d i f f r a c 
t i o n diagram very s i m i l a r to that of c e l l u l o s e I I i s obtained ( c f . 
F i g . 2C). The c r y s t a l s t r u c t u r e of t h i s intermediate — N a - c e l l u l o s e 
IV — i s based on a two-chain, monoclinic u n i t c e l l that i s indeed 
very s i m i l a r to that of c e l l u l o s e I I ( c f . F i g . 5). The s i m i l a r i t i e s 
extend to an a n t i p a r a l l e l chain packing and a hydrogen-bonded sheet 
s t r u c t u r e (6); the d i f f e r e n c e s a r i s e from the presence of two water 
molecules i n the u n i t c e l l . The water molecules are s i t u a t e d i n 
c r y s t a l l o g r a p h i c a l l y defined p o s i t i o n s , w i t h i n the sheets composed of 
corner chains, i . e . , between chains of l i k e p o l a r i t y . As a conse
quence, they p a r t i c i p a t e i n the hydrogen bonding l i n k i n g the chains 
i n the b d i r e c t i o n of the u n i t c e l l . In so doing, they lengthen the 
b-axis r e l a t i v e to c e l l u l o s e I I . Although the o v e r a l l pattern of 
hydrogen bonds i n N a - c e l l u l o s e IV d i f f e r s l i t t l e from that i n c e l l u 
l o s e I I , there are some s i g n i f i c a n t d i f f e r e n c e s (6). For example, 
because the water molecules d i s r u p t the 0 ( 3 ) — 0 ( 6 ) intermolecular 
hydrogen bonds between the corner chains, the normally tg conforma
t i o n of the corner chain 0(6) hydroxyls i s changed to gt_ i n Na-
c e l l u l o s e IV. This ev i d e n t l y allows the formation of a maximum num
ber of hydrogen bonds, as each water molecule takes part i n four 
hydrogen bonds. The center chains, not having any water molecules 
present w i t h i n the sheet, r e t a i n the gt_ 0(6) conformations and the 
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b 

F i g . 4. The u n i t c e l l
= b = 14.94, c ( f i b e r a x i s ) = 15.39 Α, γ = 120°. The u n i t c e l l 
i s assumed to be f i l l e d with NaOH and water. (Also see caption of 
F i g . 3). (Reproduced with permission from r e f . 13. Copyright 1985 
Gordon & Breach.) 

Ma-Ce11 IU 

F i g . 5. The u n i t c e l l of N a - c e l l u l o s e IV i n x-y p r o j e c t i o n : a_ -
9.57, b = 8.72, c ( f i b e r a x i s ) = 10.35 Α, γ = 122°. The p o s i 
tions of water molecules are i n d i c a t e d by f i l l e d c i r c l e s . (Also 
see caption of F i g . 3). 
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intermolecular hydrogen bonds that are c h a r a c t e r i s t i c of c e l l u l o s e 
I I . 

D iscussion 

From the point of view of the mechanism of mercerization, the f e a 
tures of these c r y s t a l s t r u c t u r e s and t h e i r i n t e r l i n k i n g transforma
tions support our present understanding of the process. For example, 
i t i s known from previous studies that the conversion of c e l l u l o s e I 
to N a - c e l l u l o s e I begins i n amorphous regions of the former, and pro
ceeds i n i t i a l l y by converting both such regions as w e l l as the small 
c r y s t a l l i t e s (7,8). The amorphous or poorly c r y s t a l l i n e regions of 
c e l l u l o s e I are of the order of 30-40 % i n l a t e r a l dimensions, as 
i n d i c a t e d by c r y s t a l l i t e s i z e measurements (7). Therefore, a consid
erable amount of c e l l u l o s e I m a t e r i a l can be converted to Na-
c e l l u l o s e I before the l a r g e r c r y s t a l l i t e s are attacked. The conver
s i o n thus proceeds f o r the most part i n the presence of c r y s t a l l i t e s 
of c e l l u l o s e I that may exer
uct that forms. The t h r e e f o l
be a more st a b l e s t r u c t u r e r e l a t i v e to N a - c e l l u l o s e I, but i t appar
e n t l y i s not formed i n the presence of unconverted c e l l u l o s e I. The 
i n i t i a l conversion to an alkali-complexed c e l l u l o s e may, consequent
l y , be c o n t r o l l e d by some features of the sheet-oriented c r y s t a l l i n e 
c e l l u l o s e s . 

The a n t i p a r a l l e l s t r u c t u r e of N a - c e l l u l o s e I i s a l s o not sur
p r i s i n g . I t i s now w e l l understood that a c e l l u l o s e f i b e r i s com
posed of a large number of m i c r o f i b r i l s that are e s s e n t i a l l y s i n g l e 
c r y s t a l s i n cross s e c t i o n . The m i c r o f i b r i l s of c e l l u l o s e I are 
p a r a l l e l - c h a i n s i n g l e c r y s t a l s whose formation i s d i r e c t e d by b i o l o 
g i c a l processes (9). The aggregation of m i c r o f i b r i l s i n t o a f i b e r , 
however, i s most l i k e l y a s t a t i s t i c a l l y random process, r e s u l t i n g i n 
a f i b e r morphology that i s marked by roughly equal numbers of "up" 
and "down" po i n t i n g m i c r o f i b r i l s . The majority of the non
c r y s t a l l i n e or amorphous regions i n a c e l l u l o s e I f i b e r may, there
f o r e , be thought of as i n t e r f a c i a l regions between m i c r o f i b r i l s that 
are randomly p o i n t i n g i n two d i r e c t i o n s ( c f . F i g . 4 i n r e f . 2). A 
supply of a n t i p a r a l l e l - o r i e n t e d chains i s thus r e a d i l y a v a i l a b l e , 
leading to an a n t i p a r a l l e l - c h a i n c r y s t a l s t r u c t u r e with l i t t l e e f f o r t 
i n l a t e r a l rearrangement of chains. The presence of hydrogen-bond 
breaking NaOH i n considerable quantity c e r t a i n l y f a c i l i t a t e s l a t e r a l 
segmental motion and the r e s u l t i n g transformation to N a - c e l l u l o s e I . 
These processes and the above-described f i b e r morphology are schemat
i c a l l y i l l u s t r a t e d i n F i g . 6. 

Once a l l vestiges of an i n t e r c h a i n hydrogen-bonded c e l l u l o s e 
s t r u c t u r e have disappeared and the NaOH supply i s s u f f i c i e n t l y l a r g e , 
the more s t a b l e t h r e e f o l d h e l i c a l N a - c e l l u l o s e IIB s t r u c t u r e forms 
qu i c k l y and e a s i l y . As reference to any conformational energy map of 
c e l l u l o s e shows ( c f . , for example, F i g . 2 of r e f . 10), both l e f t - and 
righthanded t h r e e f o l d h e l i c a l conformations of an i s o l a t e d c e l l u l o s e 
chain are w i t h i n the allowed region of c e l l u l o s e conformations. They 
are not within the minimum energy regions surrounding the twofold 
h e l i c a l chain because of the absence of intramolecular hydrogen 
bonds. By providing a f i e l d of e l e c t r o s t a t i c a t t r a c t i o n from the 
surrounding Na + ions and the probable formation of many secondary 
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Large and well 
ordered crystal 

Small and disordered 
crystals 

Up crystal Down crystal 

Θ 
Θ Θ © Θ \ 

Θ 

Up crystal Θ 
^ NaOH 

Down crystal Θ 
No-cellulose I 

F i g . 6. Probable conversion of the c e l l u l o s e I c r y s t a l s t r u c t u r e 
to that of Na- c e l l u l o s e I by the a c t i o n of NaOH. C r y s t a l l i t e s 
are i n d i c a t e d by boxed-in areas and chains by c i r c l e s ; + i n d i 
cates "up" and - i n d i c a t e s "down" chain d i r e c t i o n s . The N a + ions 
are denoted by f i l l e d c i r c l e s . (Reproduced by permission from 
r e f . 8. Copyright 1987 John Wiley & Sons, Inc.) 

C e l l I Μα-Cell I 

Να-Cell I I Μα-Cell IU C e l l I I 

F i g . 7. A comparison of the u n i t c e l l s of c e l l u l o s e s I and I I , 
and Na-c e l l u l o s e s I, IIB, and IV, drawn roughly to s c a l e . Arrows 
i n d i c a t e the probable d i r e c t i o n s of hydrophobic a t t r a c t i o n s . 
F i l l e d c i r c l e s i n d i c a t e the p o s i t i o n s of N a + ions or water mol
ecules. Secondary and hydrogen bonds are shown by dashed l i n e s . 
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bonds between the l a t t e r and the hydroxyl groups of each glucose 
residue, such a conformation could become a very s t a b l e one- I t s 
s t a b i l i t y i s probably not decreased s i g n i f i c a n t l y by the l i q u i d - l i k e 
surroundings of the c e l l u l o s e h e l i x i n N a - c e l l u l o s e IIB r e l a t i v e to a 
st r u c t u r e i n which a l l Na + ions would be i n c r y s t a l l o g r a p h i c a l l y 
defined p o s i t i o n s . 

Removing the NaOH from the s t r u c t u r e through washing with water 
removes the energy-lowering e l e c t r o s t a t i c f i e l d . This r e s u l t s i n a 
conversion of the s t r u c t u r e to the only energy-lowering one that i s 
a v a i l a b l e to i t — a twofold h e l i c a l , i n t e r c h a i n hydrogen-bonded 
sheet s t r u c t u r e . Because c e l l u l o s e I I i s the most s t a b l e c e l l u l o s e 
polymorph (10), i t i s not s u r p r i s i n g that the conversion product of 
Na-c e l l u l o s e IIB approaches i t a f t e r washing. I t i s somewhat sur
p r i s i n g that a hydrated s t r u c t u r e forms at a l l , as i t i s unstable and 
converts r e a d i l y to c e l l u l o s e I I upon drying. Nonetheless, i t does 
form and i t s s t r u c t u r a l features suggest the presence of hydrophobic 
a t t r a c t i o n s that may have a bearing on a l l twofold h e l i c a l c e l l u l o s e 
s t r u c t u r e s . 

For example, i n t e r c h a i
the s i n g l e dominant force i n the c r y s t a l l i z a t i o n of c e l l u l o s e s and 
Na - c e l l u l o s e s . Therefore, i t might be expected that i n N a - c e l l u l o s e s 
I and IV the N a + ions and the water molecules, r e s p e c t i v e l y , would 
occupy p o s i t i o n s between the hydrogen-bonded sheets. Instead, they 
d i s r u p t the hydrogen bonds w i t h i n the sheets, l e a v i n g i n t e r - s h e e t 
contacts along the 020 (and 110, r e s p e c t i v e l y ) d i r e c t i o n s unchanged. 
Because there are no hydrogen bonds present i n these planes, i t i s 
very probable that hydrophobic a t t r a c t i o n s operate along these d i r e c 
t i o n s , between the hydrogen-bonded sheets. Comparing the st r u c t u r e s 
of c e l l u l o s e s I and I I , and N a - c e l l u l o s e s I and IV, as shown i n F i g . 
7, reveals a common form of stacking of chains i n a l l of these s t r u c 
tures — strongly suggestive of hydrophobic a t t r a c t i o n s . Other c e l 
l u l o s e polymorphs, e.g., c e l l u l o s e s III-p I V j , and I V J J (not shown 
here), a l s o conform to such chain stacking (11,12). Therefore, i t i s 
very probable that the aggregation of c e l l u l o s e chains i n t o various 
c r y s t a l l i n e s t r u c t u r e s may p r i m a r i l y be governed by hydrophobic 
a t t r a c t i v e f o r c e s . The only exception seems to be N a - c e l l u l o s e IIB 
where the strong i n t e r a c t i o n between c e l l u l o s e and the Na ions 
appears to override any other f o r c e s , with the consequence that the 
c e l l u l o s e chain adopts an unusual conformation. 
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Chapter 10 

Solid-State Carbon-13 NMR and Wide-Angle 
X-ray Scattering Study of Cellulose Disordering 

by Alkali Treatment 

B. Philipp, J. Kunze, and H.-P. Fink 

Academy of Sciences of the German Democratic Republic, Institute of Polymer 
Chemistry "Erich Correns," 1530 Teltow-Seehof, German Democratic Republic 

High resolution solid state 13C NMR spectroscopy supplemented by 
WAXS measurements prove
tural changes of cellulos
transitions (1). The 13C-CP/MAS-NMR spectra are sensitive to 
changes in chain conformation and packing density as well as to spe
cific changes in the chemical environment of the different OH-groups 
of the anhydroglucose units. In our previous work in this field we 
discussed 13C solid state NMR spectra of alkali cellulose and its 
dependence on NaOH concentration, experimentally obtained by us for 
the first time (2). Furthermore, we discussed the spectra of 
various samples of regenerated cellulose differing in supermolecular 
order (3). Quite recently, Kamide (4,5) in a more detailed 13C NMR 
study on cellulose and its alkalization process correlated the 
changes in the 13C NMR spectrum to a selective weakening or even 
destruction of the Η-bonds in the cellulose moiety. 

The following contribution summarizes some 13C NMR and WAXS 
results of a s t i l l preliminary kind comparing the "disordering 
effects" obtained by aqueous and ethanolic NaOH solutions, and by 
aqueous guanidonium hydroxide to that achieved by ball-milling of 
cellulose samples. 

Experimental 

As s t a r t i n g materials we mainly used an acetate grade scoured and 
bleached cotton l i n t e r s (DP i n cuprammonium s o l u t i o n ~ 1500) and a 
c e l l u l o s e powder prepared from l i n t e r s by h y d r o l y s i s to DP ~ 150 and 
a subsequent mechanical d i s i n t e g r a t i o n . In the experiments with 
guanidonium hydroxide these samples were a l s o employed a f t e r pre
vious m e r c e r i z a t i o n with 18% by weight aqueous NaOH. For comparison 
a l s o l i n t e r s and viscose staple f i b r e before and a f t e r b a l l - m i l l i n g 
as well as a l i n t e r s sample d e c r y s t a l l i z e d by N2O4-treatment 
according to (6) were included i n our work. 

A l k a l i n e treatment was performed with an excess of steeping 
lye at room temperature, employing aqueous as we l l as eth a n o l i c 
(ethanol:water = 70:30% by weight) s o l u t i o n s of NaOH up to 30% by 
weight. Treatment with guanidonium hydroxide was accomplished i n 
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a l l experiments with an aqueous s o l u t i o n of about 50% by weight. 
A f t e r f i l t e r i n g o f f the excess of lye, samples were n e u t r a l i z e d with 
aqueous or e t h a n o l i c a c e t i c a c i d , washed with water or ethanol and 
d r i e d at 25°C. In some s e r i e s the lye was washed out with water or 
ethanol without a d d i t i o n of a c e t i c a c i d . The procedure applied i n 
each s e r i e s i s i n d i c a t e d i n the tables or i n the captions to 
f i g u r e s . 

The 1 3C-CP/MAS-NMR-spectra of the NaOH-treated and of a l l the 
regenerated samples were r e g i s t e r e d at room temperature with a home-
b u i l t spectrometer at 15.087 MHz and with a f i e l d of 1.5 mT f o r 
d i p o l a r decoupling (_7_) · Frequency for sample r o t a t i o n was about 2 
kHz, the repeat time 2 s (with b a c k f l i p pulse) and the duration of 
c r o s s - p o l a r i z a t i o n 1.5 ms. The assignment of the s i g n a l s to the 
d i f f e r e n t C-atoms of the anhydroglucose unit was based on experience 
of our own and on relevant data published i n (SO. The MAS technique 
proved to be a p p l i c a b l e to the rather highly swollen samples of Na-
c e l l u l o s e without serious problems (2_)  while the g e l - l i k e s t r u c t u r e 
of guanidonium c e l l u l o s
method. With regard to
on the rather numerous and r e l i a b l e data already published [comp. 
(18)] i n d i c a t i n g that no s i g n i f i c a n t d i f f e r e n c e s between regions of 
d i f f e r e n t p h y s i c a l s t r u c t u r e are to be expected. Generally the 
spectra were taken with about 5000 scans. With several samples 
a l k a l i z e d i n the ethanol system only 2000 scans could be performed 
r e s u l t i n g i n a lower s i g n a l to noise r a t i o s t i l l s u f f i c i e n t for 
d e r i v i n g r e l i a b l y the information subsequently discussed. 

WAXS patterns of the a l k a l i z e d and the regenerated samples were 
obtained by the technique described i n (9_) · Evaluation was per
formed with regard to l a t t i c e type, i n some cases a l s o with regard 
to degree of c r y s t a l l i n i t y and average l a t e r a l c r y s t a l dimensions 
(10). 
Results 

In Figure 1 the ^ 3C spectra of l i n t e r s and viscose s t a p l e f i b r e are 
shown i n the o r i g i n a l state, a f t e r d e c r y s t a l l i z a t i o n by b a l l - m i l l 
ing, and a f t e r subsequently b o i l i n g the m i l l e d samples i n water. 
S i g n i f i c a n t changes i n the spectrum due to d e c r y s t a l l i z a t i o n are 
v i s i b l e mainly i n the C - l and C-6 regions at ~ 105 ppm and 60 ppm, 
r e s p e c t i v e l y , and i n the C-4 region at ~ 85 ppm. In the f i r s t two 
regions mentioned a s i g n a l broadening occurs, while at 85 ppm l i n e s 
present i n the spectrum of the o r i g i n a l sample disappear or are 
smeared out to a broad s i g n a l of low amplitude a f t e r m i l l i n g . By 
b o i l i n g the d e c r y s t a l l i z e d samples i n water, these changes i n the 
l^C spectrum are only p a r t i a l l y reversed. These r e s u l t s are gener
a l l y confirmed by our experiments employing viscose staple f i b r e 
(Figure l b ) . As a l s o i n d i c a t e d i n Figure lb the spectrum of the 
N2O4 pretreated staple f i b r e resembles c l o s e l y that d e c r y s t a l l i z e d 
by b a l l - m i l l i n g . In a v i s u a l e v a u l a t i o n of the WAXS patterns no 
i n d i c a t i o n of p e r s i s t i n g c r y s t a l l i n e peaks could be recognized a f t e r 
our b a l l - m i l l i n g procedure (13). 

Figure 2 gives a comparison of the NMR spectra of a l k a l i - t r e a t e d 
samples a f t e r steeping with aqueous NaOH (Spectra 2a) (2_), or 
e t h a n o l i c NaOH (ethanol:water = 70:30% by weight) (Spectra 2b) p r i o r 
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76 

Β 

A 

Figure l a . 

Figure lb. 

CP/MAS- 1 3C-NMR-spectr
various treatment
to TMS = 0)

A - b a l l m i l l e d 
Β - b a l l m i l l e d and b o i l e d i n water 
C - o r i g i n a l state ( o r i g i n a l sample without treatment 

fo r comparison) 

CP/MAS-13c-NMR-spectra of viscose staple f i b r e a f t e r 
various treatments. 

A - b a l l m i l l e d 
Β - b a l l m i l l e d and b o i l e d i n water 
C - o r i g i n a l s t a t e ( o r i g i n a l sample without treatment 

fo r comparison) 
D - treated with N2O4 
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Figure 2b. CP/MAS- 1 3C-NMR-spectra of hydrolyzed cotton l i n t e r s 
powder a f t e r treatment with e t h a n o l i c NaOH. 
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to regneration. As a general tendency, a broadening and f l a t t e n i n g 
out of a l l the l i n e s as well as a s h i f t i n g of the s i g n a l s (Table I) 
can be observed at a s u f f i c i e n t l y high lye concentration. Also a 
s i g n i f i c a n t i n fluence of the r e a c t i o n medium becomes c l e a r l y v i s i b l e 
from these spectra: The l i n e - s h i f t i n g and the broadening of the 
C - l , C-4 and C-6 l i n e s begin at a much lower NaOH concentration with 
the NaOH-solution i n ethanol as compared to the aqueous system. The 
spectrum recorded a f t e r steeping with 12% by weight e t h a n o l i c lye i s 
very s i m i l a r to that obtained a f t e r a c t i o n of a 24% by weight 
aqueous lye. 

Table I. Line 
(ppm 

P o s i t i o n s of 
r e l a t i v e to 

C e l l u l o s e A f t e r 
TMS = 0) 

A l k a l i Treatment 

Aqueous medium 

9% NaOH 
12% by 
15% weight 106 85 76/74 62 

Eth a n o l i c medium 

4% NaOH 107 90 77/74 67 
8% by 106 — 77 (66) 

12% weight 104 — 77 — 

At lower NaOH-concentration the l i n e s h i f t i n g i n the C - l , C-4 
and the C-6 region due to i n t e r a c t i o n with NaOH are d i f f e r e n t and 
even opposite i n d i r e c t i o n a f t e r treatment with aqueous and with 
e t h a n o l i c lye, r e s p e c t i v e l y . 

With respect to changes i n the WAXS pattern i t can be concluded 
from our previous work (11) that i n an aqueous system the c e l l u l o s e 
I pattern of l i n t e r s c e l l u l o s e i s p e r s i s t i n g up to 10% NaOH i n the 
lye, and l a t t i c e transformation to Na-cellulose i s completed at 
about 15% NaOH i n the steeping lye, with a rather high degree of 
c r y s t a l l i n e order p r e v a i l i n g during the t r a n s i t i o n . In the ethano
l i c system, on the other hand, the c e l l u l o s e I d i f f r a c t i o n pattern 
could be detected i n the concentration range up to 8% NaOH only 
(comp. Table I I ) , and even at a steeping lye concentration i n the 
range between 4 and 8% NaOH a decrease of order was i n d i c a t e d i n the 
X-ray diffractogram. At s t i l l higher a l k a l i concentration the 
diff r a c t o g r a m mostly revealed a poor st a t e of order, some samples 
showing a f a i n t pattern of a l k a l i c e l l u l o s e . 

The l^C NMR-spectra of l i n t e r s c e l l u l o s e regenerated a f t e r 
treatment with e t h a n o l i c s o l u t i o n s of NaOH are reproduced i n Figure 
3 and compared to that of a sample steeped with 12% aqueous NaOH and 
subsequently regenerated. The corresponding spectra of samples 
treated with 12% et h a n o l i c and with aqueous NaOH show large d i f 
ferences, e s p e c i a l l y i n the C-4 region. Even a NaOH concentration 
as low as 2% i n the et h a n o l i c system leads to s i g n i f i c a n t d i f f e r 
ences between the l i n e p o s i t i o n s of the o r i g i n a l , the a l k a l i - t r e a t e d 
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Figure 3. CP/MAS- 1 3C-NMR-spectra of hydrolyzed cotton l i n t e r s 
powder a f t e r a l k a l i treatment and n e u t r a l i z a t i o n , 
resp., regeneration to c e l l u l o s e . 

4, 8, and 12% - treatment with e t h a n o l i c s o l u t i o n of 
NaOH 

12% aqu. - treatment with aqueous s o l u t i o n of NaOH f o r 
comparison 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



184 THE STRUCTURES OF CELLULOSE 

and the regenerated sample, p o i n t i n g to a s t r u c t u r a l changes, 
although the WAXS pattern i n a l l three cases c l e a r l y i n d i c a t e d a 
c e l l u l o s e I l a t t i c e without a s i g n i f i c a n t d i f f e r e n c e i n super-
molecular order. Samples regenerated a f t e r treatment with e t h a n o l i c 
NaOH s o l u t i o n s of higher concentration consisted of a more or l e s s 
w e l l ordered c e l l u l o s e I I , the q u a l i t a t i v e e v a l u a t i o n of the WAXS 
patterns being summarized i n Table I I . Comparing the 1 3 C NMR 
spectra of the two regenerated samples previously treated with 16% 
eth a n o l i c and 18% aqueous NaOH, r e s p e c t i v e l y , we f i n d the general 
features of the c e l l u l o s e I I spectrum i n both cases with minor d i f 
ferences i n the C-4 and C-2, 3, 5 region. 

Table I I . Summary of WAXS-Results on C e l l u l o s e Samples Treated 
with a NaOH/Ethanol/Water System 

NaOH-Conc. 
by Weight 

A l k a l i z e d 
Samples, 
wet state 

Samples Regenerated Samples Regenerated 

2 C e l l . I C e l l . I C e l l . I 

4 C e l l . I C e l l . I C e l l . I 

8 Low order, 
two broad 
i n t e r f e r e n c e s 

Low order, 
two broad 
i n t e r f e r e n c e s 

C e l l . I I 

12 Low order, 
two broad 
i n t e r f e r e n c e s 

L i q u i d l i k e 
low order 

C e l l . I I 

16 Low order, 
two broad 
i n t e r f e r e n c e s 

Low order, 
two broad 
i n t e r f e r e n c e s 

C e l l . I I 

Our r e s u l t s obtained on s t r u c t u r a l changes of hydrolyzed cotton 
l i n t e r s powder by treatment with aqueous guanidonium hydroxide are 
reported i n d e t a i l i n (12) and therefore s h a l l be only b r i e f l y sum
marized here. The WAXS patterns of a l l the alkal y z e d and the regen
erated samples c l o s e l y resemble the d i f f r a c t o g r a m of an amorphous 
c e l l u l o s e by v i s u a l i n s p e c t i o n , although a r a d i a l e l e c t r o n d e n s i t y 
d i s t r i b u t i o n derived from X-ray s c a t t e r i n g according to (13) s t i l l 
r eveals some r e s i d u a l supermolecular order. 

The 1 3 C NMR spectra of the guanidonium hydroxide treated with 
subsequently regenerated samples are d i f f e r e n t from those of the 
s t a r t i n g m a t e r i a l predominantly i n the C - l , C-4, and C-6 region, 
e s p e c i a l l y with regard to the narrow part i n the C-4 region at 88 
ppm (Figure 4). The i n t e n s i t y of t h i s narrow l i n e nearly disappears 
a f t e r guanidonium hydroxide treatment, but i s recovered a f t e r r e -
c r y s t a l l i z a t i o n by b o i l i n g of the regenerated sample i n water. 
S t r u c t u a l d i f f e r e n c e s between the o r i g i n a l and the mercerized 
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l i n t e r s c e l l u l o s e powder are obviously p e r s i s t i n g during the guani
donium hydroxide treatment and the subsequent procedure of regnera-
t i o n , as to be seen from i n t e n s i t y and l i n e width of the d i f f e r e n t 
samples i n the C-4 region (comp. Figure 4a with 4b) . 

D i s c u s s i o n and Conclusions 

As already discussed i n our previous work (14) on the bas i s of model 
co n s i d e r a t i o n of A t a l l a (15) and of Hayashi (16), conformational 
changes at the g l y c o s i d i c linkage between C - l and C-4 of the c e l l u 
lose chain can be assumed to be the predominant cause of s t r u t u r a l 
changes i n the t r a n s i t i o n 

c e l l u l o s e I ̂  V N a - c e l l u l o s e > c e l l u l o s e I I 

of native l i n t e r s c e l l u l o s e , the f i r s t step being p a r t i a l l y rever
s i b l e at an a l k a l i concentration w i t h i n the t r a n s i t i o n range  Be
sides t h i s , s e l e c t i v e i n t e r a c t i o n
NaOH and H2O have to be
or break down of the Η-bonds of the c e l l u l o s e moiety. Based on t h i s 
general reasoning and on model l^C NMR-spectra recently c a l c u l a t e d 
by Kamide (50 the fol l o w i n g q u a l i t a t i v e i n t e r p r e t a t i o n of our l^C 
NMR and WAXS r e s u l t s presented here may be proposed: As revealed by 
the t o t a l or p a r t i a l disappearence of the narrow part of the l i n e at 
89 ppm, the s i g n a l broadening i n the C - l , C -4 , and C-6 region and 
the changes i n the WAXS pattern, the i n t e r a c t i o n between c e l l u l o s e 
and NaOH ( i n aqueous as we l l as i n e t h a n o l i c s o l u t i o n ) and al s o with 
aqueous guanidonium hydroxide r e s u l t s i n a lowering o f super-
molecular order due to l e s s dense packing of the chains and/or 
coexistence of d i f f e r e n t conformational stages. On regeneration, 
t h i s decrease of supermolecular order i s only p a r t i a l l y reversed, 
depending on kind of a l k a l i treatment and procedure of regeneration. 
The supermolecular order of the regenerated samples can be increased 
by b o i l i n g i n water, as shown e s p e c i a l l y f o r c e l l u l o s e treated with 
guanidonium hydroxide. 

Comparing the two r e a c t i o n media H2O and EtOH, NMR and X-ray 
data reveal an onset of t h i s e f f e c t of d i s o r d e r i n g at a much lower 
NaOH concentration i n the case of EtOH as compared to H2O. Accord
ing to the NMR spectra, the st r u c t u r e of the a l k a l i z e d samples "12% 
NaOH i n EtOH," "24% NaOH i n H 2 0" and an amorphous sample obtained by 
b a l l - m i l l i n g are very s i m i l a r . In the concentration range up to 8% 
NaOH i n EtOH only a p a r t i a l d i s o r d e r i n g occurs as shown by the s t i l l 
r a ther small and d i s t i n c t NMR l i n e s . With the aqueous system, on 
the other hand, no s t r u c t u r a l changes at a l l are detectable from the 
l ^ c spectra i n t h i s range of NaOH concentration. This d i f f e r e n t e f 
fe c t of NaOH on c e l l u l o s e at a given lye concentration i n an aqueous 
medium at one hand, i n an et h a n o l i c one at the other may be con
nected with a d i f f e r e n c e i n component d i s t r i b u t i o n as shown r e c e n t l y 
i n (17) for the system cellullose/NaOH/isopropanol/R^O. R e f e r r i n g 
to the model NMR spectra of c e l l u l o s e c a l c u l a t e d by Kamide (40, a 
p r e f e r e n t i a l persistence of the O 3 H . . . . 0 1 5 H-bond might be assumed 
from a comparison of the l i n e p o s i t i o n s f o r C - l and C-4 for the 
Na0H/Et0H/H20-system up to 8% by weight NaOH. Some information on 
the s i t e of the NaOH-coordination i n the abovementioned system may 
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Figure 4a. CP/MAS-^C-NMR-spectr
powder a f t e r treatment with guanidonium hydroxide and 
n e u t r a l i z a t i o n , resp., regeneration. 

A - regenerated 
Β - regenerated and b o i l e d i n water 
C - o r i g i n a l state ( o r i g i n a l sample without treatment 

for comparison) 

7 

/ 
A 

106 87 63 

7 
106 / Ϊ 6 2 

Figure 4b. CP/MAS-^C-NMR spectra of mercerized hydrolyzed cot
ton l i n t e r s powder a f t e r treatment with guanidonium 
hydroxide and n e u t r a l i z a t i o n , resp., regeneration. 

A - regenerated 
Β - regenerated and b o i l e d i n water 
C - o r i g i n a l s t a t e ( o r i g i n a l sample without treatment 

f o r comparison) 
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be derived from a comparison of our experimental l^C data with 
c a l c u l a t e d spectra (5^) of a l k a l i c e l l u l o s e . From the p o s i t i o n of 
the C-6 s i g n a l a p r e f e r e n t i a l c o o r d i n a t i o n of Na + at OH-6 might be 
concluded. 

F i n a l l y , from a methodological point of view i t may be stressed 
that the combination of 13C-CP/MAS-NMR-spec trome tr y and WAXS again 
proved to be a very u s e f u l t o o l i n e l u c i d a t i n g s o l i d state s t r u c 
t u r a l changes i n ce l l u o s e . Both methods are supplementing each 
other i n s o f a r , as WAXS provides information on the i n t e g r a l s t a t i c 
supermolecular s t r u c t u r e of the sample, while ^ C s o l i d state NMR 
spectroscopy reveals d e t a i l s of s t r u c t u r a l changes at s p e c i f i c s i t e s 
and a d d i t i o n a l l y can provide information of s t r u c t u r a l dynamics by 
r e l a x a t i o n measurements. So f a r , t h i s combination has been ap p l i e d 
to the c r y s t a l l i n e part of the c e l l u l o s e s t r ucture mainly, but - as 
shown by t h i s c o n t r i b u t i o n and by some of our work now i n progress -
i t also o f f e r s good chances to gain a deeper i n s i g h t i n t o the amor
phous part of the stru c t u r e and i t s relevance for macroscopic prop
e r t i e s of c e l l u l o s e . 
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Chapter 11 

Polymorphic and Morphological Aspects 
of Recrystallized Cellulose as a Function 

of Molecular Weight 

I. Quenin and H. Chanzy 

Centre de Recherches sur les Macromolécules Végétales, Centre National de la 
Recherche Scientifique, B.P. 68, 38402 Saint Martin d'Hères Cedex, France 

The polymorphis d morpholog f cellulos
precipitated fro
slow diffusion o  vapors,  investigated,
functions of the temperature of recrystallization and 
the degree of polymerization(DP) of the material to 
be recrystallized. At temperatures around 90°C, low 
DP cellulose crystallized almost exclusively as 
cellulose IVII, whereas higher DP material was found 
in the form of cellulose II. Substantial differences 
were also found in the morphologies of the various 
samples: with cellulose II, rod-like crystals were 
obtained with low DP material while a crystalline 
fibrillar gel precipitated when high DP samples were 
recrystallized. In all cases, cellulose IVII was 
obtained as a granular precipitate. 

The c r y s t a l l i z a t i o n behaviour of polysaccharides i s inf l u e n c e d 
not only by t h e i r chain conformation but a l s o by the mu l t i p l e 
p o s s i b i l i t i e s of i n t e r and i n t r a molecular hydrogen bonding (1,2). 
This m u l t i p l i c i t y , i n p a r t i c u l a r , explains why se v e r a l polymorphic 
forms can be obtained when d i f f e r e n t c r y s t a l l i z a t i o n c o nditions are 
sel e c t e d f o r a given specimen. 

A survey o f the various parameters which have a r o l e i n 
d i r e c t i n g the c r y s t a l l i z a t i o n o f a given polysaccharide toward one 
or another polymorph, presents the temperature of c r y s t a l l i z a t i o n 
as being the most i n f l u e n t i a l : polysaccharides such as c e l l u l o s e 
(3), mannan (4), dextran (5,6), e t c . are p a r t i c u l a r l y s e n s i t i v e 
to changes i n c r y s t a l l i z a t i o n temperatures as they y i e l d completely 
d i f f e r e n t c r y s t a l s at low or high temperature. 

In other instances, i t i s the solvent o f c r y s t a l l i z a t i o n which 
plays a d e c i s i v e r o l e i n o r i e n t i n g the c r y s t a l l i z a t i o n toward one 
or the other polymorph. Such solvent dependant c r y s t a l l i z a t i o n i s 
wel l documented i n the case of amy lose (7) where minute changes 
i n s o l v e n t / p r e c i p i t a n t r a t i o have a dramatic effe c t on s h i f t i n g the 
r e c r y s t a l l i z e d amylose among three polymorps: amylose A,Β and V. 
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A f i n a l and unexpected polymorphism parameter i s found i n the 
molecular weight of the sample to be c r y s t a l l i z e d . This i s i n 
p a r t i c u l a r described i n the case of mannan and glucomannan 
polymers(4,8) where c r y s t a l s of mannan I are us u a l l y obtained with 
low degree of polymerization (DP) m a t e r i a l , whereas only mannan II 
i s found when higher DP are r e c r y s t a l l i z e d . 

The present study deals with the polymorphism of c e l l u l o s e 
r e c r y s t a l l i z e d from s o l u t i o n . In p a r t i c u l a r , the i n t e r e s t i s 
focussed on the various parameters which are capable of o r i e n t i n g 
the c r y s t a l l i z a t i o n toward c e l l u l o s e II or o s l l u l o s e I V J J / T N E 

s o - c a l l e d low and high temperature c e l l u l o s e polymorphs. These two 
polymorphs have not only a d i f f e r e n t c r y s t a l l i n e arrangement but 
al s o a d i f f e r e n t morphology as c e l l u l o s e II occurs as a g e l - l i k e 
p r e c i p i t a t e whereas c e l l u l o s e ι ν

Ι Χ ^ s rather more granular. 
R e c r y s t a l l i z e d c e l l u l o s e i s of great i n d u s t r i a l i n t e r e s t . For t h i s 
reason, i t seems important to know whether other parameters, such 
as the molecular weight of the c r y s t a l l i z i n g c e l l u l o s e  may a l s o 
play a r o l e i n d i r e c t i n
c e l l u l o s e I V ^ at a give
g o a l i n mind, a s e r i e s of c e l l u l o s e samples of various molecular 
weights were c r y s t a l l i z e d from s o l u t i o n at d i f f e r e n t temperatures. 
The morphology and st r u c t u r e of the c r y s t a l l i n e p r e c i p i t a t e were 
i n v e s t i g a t e d by X-ray d i f f r a c t i o n , e l e c t r o n microscopy and e l e c t r o n 
d i f f r a c t i o n . 

Experimental 

C e l l u l o s e Samples. 4 d i f f e r e n t c e l l u l o s e samples were s e l e c t e d f o r 
the experiments : a) bleached Egyptian Menoufi cotton (DP 2000), 
k i n d l y provided by Dr. R. Hagège, I n s t i t u t T e x t i l e de France, b) 
Cotton l i n t e r s (DP 600), c) m i c r o c r y s t a l l i n e c e l l u l o s e A v i c e l pH 
101 (DP 120), d) m i c r o c r y s t a l l i n e c e l l u l o s e from rayon (DP 34), a 
g i f t from Dr. G. Raynor, FMC corp. 

Solutions Preparation. An amine oxide-based c e l l u l o s e solvent 
which was s t i l l l i q u i d at room temperature was s e l e c t e d . As 
described e a r l i e r (9) , i t consisted i n a mixture of 22 % N-Methyl 
morpholine N-oxide (MMNO), 65 % N-N-dimethyl ethanolamine N-oxide 
(DMEAO) and 13 % H O (W/W) . 5 mgs of c e l l u l o s e to which were added 
5 mgs of η-propyl g a l l a t e , a c e l l u l o s e s t a b i l i z e r (10) were 
d i s s o l v e d i n lOcc of c e l l u l o s e solvent at 120°C with s t i r r i n g . 
D i s s o l u t i o n took place i n 15 minutes, following which the s o l u t i o n s 
were allowed to c o o l . They were then stored i n a d e s s i c a t o r . 

C e l l u l o s e C r y s t a l l i z a t i o n . For c r y s t a l l i z a t i o n below 100°C, the 
s o l u t i o n s were poured i n t o p e t r i dishes and p o s i t i o n e d i n s i d e a 
closed v e s s e l containing an excess of water. The v e s s e l was then 
f i t t e d i n t o a temperature c o n t r o l l e d o i l bath and brought to the 
c r y s t a l l i z a t i o n temperature. C r y s t a l l i z a t i o n of c e l l u l o s e r e s u l t e d 
from the d i f f u s i o n of water i n t o the s o l u t i o n . C r y s t a l l i z a t i o n was 
complete w i t h i n a few minutes at 90°C whereas se v e r a l days were 
necessary at room temperature. For c r y s t a l l i z a t i o n between 100°C 
and 120°C, a s i m i l a r p r i n c i p l e was used except that a t h i c k - w a l l 
sealed g l a s s v e s s e l was used to prevent water vapor from escaping. 
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Sample Preparation. A f t e r c r y s t a l l i z a t i o n , the s o l u t i o n s were 
cooled and the f l o c c u l e n t c r y s t a l s were washed and recovered by 
successive c e n t r i f u g a t i o n and r e d i s p e r s i o n i n water and f i n a l l y i n 
ethanol. 

Part of the c r y s t a l s were allowed to dry and were then 
i n s e r t e d i n t o t h i n wall c a p i l l a r i e s f o r X-ray d i f f r a c t i o n studies 
which were made using a Wahrus f l a t - f i l m camera mounted on a 
Siemens K r i s t a l l o f l e x X-ray generator. 

For e l e c t r o n microscopy, drops of c r y s t a l suspended i n ethanol 
were allowed to dry on carbon coated e l e c t r o n microscopy g r i d s . The 
g r i d s were e i t h e r used as such f o r e l e c t r o n d i f f r a c t i o n or a f t e r 
W/Ta shadowing f o r imaging. The e l e c t r o n microscopy and e l e c t r o n 
d i f f r a c t i o n experiments were performed with a P h i l i p s EM 400 Τ 
e l e c t r o n microscope operated at 80 KV f o r imaging and 120 KV f o r 
d i f f r a c t i o n . 

Results 

When the various c r y s t a l l i n
a n a l y s i s , i t became evident that the r a t i o of c e l l u l o s e 
I V j j / c e l l u l o s e II could be c o r r e l a t e d not only with the temperature 
of c r y s t a l l i z a t i o n , but a l s o with the molecular weight of the 
s t a r t i n g m a t e r i a l . This i s p a r t i c u l a r l y w e l l i l l u s t r a t e d i n Figure 
1 by comparing the X-ray diagram of two d i f f e r e n t specimens 
prepared at 90 °C. In Figure IA, corresponding to the cotton 
c e l l u l o s e s o l u t i o n , the p r e c i p i t a t e has a w e l l defined d i f f r a c t i o n 
l i n e at 0.72 nm ( c e l l u l o s e II) but only a very weak one at 0.56 nm 
( c e l l u l o s e IV ) . On the other hand, as seen i n Figure IB, when 
m i c r o c r y s t a l l i n e oe l l u l o s e from rayon i s r e c r y s t a l l i z e d under 
i d e n t i c a l c o n d i t i o n s , the p r e c i p i t a t e d i s p l a y s a large excess of 
c e l l u l o s e I V ^ and only a minor c e l l u l o s e II component. 

From the work o f Stipanovic and Sarko on c e l l u l o s e II (11) and 
that of Gardiner and Sarko (12) on c e l l u l o s e IV, i t can be deduced 
that the i n t e n s i t y of the l i n e s at 0.72nm f o r œ l l u l o s e II i s 
between 1/2 to 1/3 of that at 0.56 nm f o r c e l l u l o s e IV . By taking 
t h i s i n t o account, an estimate of the percentage of c e l l u l o s e II 
and œ l l u l o s e IV can be evaluated by recording a r a d i a l t r a c i n g 
of the X-ray patterns and comparing the c o r r e c t i n t e n s i t i e s of the 
l i n e s at 0.56nm and 0.72 nm. Such estimated c e l l u l o s e I I / c e l l u l o s e 
I V I I c o m P ° s : ' - t ^ o n s a r e summarized i n Table I, as a function of the 
temperature of c r y s t a l l i z a t i o n and f o r the 4 i n v e s t i g a t e d samples. 
These r e s u l t s i n d i c a t e a c l e a r - c u t tendency f o r low DP c e l l u l o s e to 
y i e l d a s u b s t a n t i a l amount of c e l l u l o s e I V ^ even at temperatures 
as low as 50°C. For c e l l u l o s e of higher DP, t h i s i s not the case 
and, i t i s only at 90°C and above that c e l l u l o s e IV can be 
detected. 

At the u l t r a s t r u c t u r a l l e v e l , s u b s t a n t i a l d i f f e r e n c e s can be 
recorded when comparing the samples of various molecular weight. As 
seen i n Table I, when temperatures of c r y s t a l l i z a t i o n below 50°C 
were used, a l l the samples c r y s t a l l i z e d as the pure c e l l u l o s e II 
polymorph. An examination with the e l e c t r o n microscope reveals that 
the low DP ma t e r i a l occurred as an assembly of r o d - l i k e elements, 
each rod having a length between a micron and h a l f micron and a 
width o f the order of 100 nm. With higher DP samples, a g e l - l i k e 
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Table I. Polymorph Composition as Function of C e l l u l o s e DP 
and Temperature of C r y s t a l l i z a t i o n 

Temperature of 
c r y s t a l l i z a t i o n DP 34 DP 120 DP 600 DP 1200 

22 eC 1004 c e l l II 100% c e l l II 100% c e l l II 100% c e l l II 

50°C 90% c e l l II 100% c e l l II 100% c e l l II 100% c e l l II 
10% c e l l IV 

90°C 25% c e l l II 70% c e l l II 90% c e l l II 90% c e l l II 
75% c e l l I V i i 30% c e l l IVτι 10% c e l l IV 10% c e l l I V T T 

120°C 20% c e l l II 40% c e l l II 40% c e l l I I 50% c e l l II 
80 % c e l l l V 60% c e l l IV* I I 60% c e l l IV 50% c e l l l V 

p r e c i p i t a t e c o n s i s t i n g i
was obtained. These two morphologies are shown i n Figures 2A and 2B 
which are p r i n t e d at the same magni f i c a t i o n f o r comparison. 

With X-ray a n a l y s i s , i t i s not p o s s i b l e to d i f f e r e n t i a t e 
betwen the samples i n Figures 2A and 2B. This i s seen i n the i n s e r t 
i n 2C which could correspond to e i t h e r sample. With the e l e c t r o n 
d i f f r a c t i o n technique, however, a s u b s t a n t i a l d i f f e r e n c e i s found 
when the d i f f r a c t i o n diagrams are analyzed i n term of t h e i r 
o r i e n t a t i o n with respect to o r i e n t e d fragments of the p r e c i p i t a t e . 
This p o i n t i s i l l u s t r a t e d by comparing Figures 3A and 3B. In Figure 
3A, a s e l e c t e d assembly of p a r a l l e l r o d - l i k e elements, y i e l d s an 
o r i e n t e d e l e c t r o n d i f f r a c t o g r a m where the (110) r e f l e c t i o n of 
c e l l u l o s e II i s aligned with the axes of the rods. Other features 
of the diagram i n d i c a t e that the (110) i n t e r f e r e n c e i s d i r e c t e d 
perpendicular with respect to the rod d i r e c t i o n while (020) i s at a 
s l i g h t angle o f f the (110) r e f l e c t i o n . Such o r i e n t a t i o n s i n d i c a t e 
that i n the rods, the chain axes are perpendicular to the rod axis 
and the rods c o n s i s t i n elongated c e l l u l o s e c r y s t a l s with (110) as 
the growth plane as observed before i n a connected study (14). In 
Figure 3B the o r i e n t a t i o n i s d e c i s i v e l y d i f f e r e n t as a bundle of 
o r i e n t e d g e l g i v e s a c e l l u l o s e II f i b e r diagram with the c e l l u l o s e 
chain axis aligned with the axis of the strands c o n s t i t u t i n g the 
o r i e n t e d s t r u c t u r e . 

When the samples c r y s t a l l i z e d at higher temperature are 
examined, the presence of c e l l u l o s e IV can be v i s u a l i z e d as i t 
occurs i n the form of a granular m a t e r i a l mixed or not with the 
c e l l u l o s e II p r e c i p i t a t e . This i s well i l l u s t r a t e d i n Figure 4A, 
corresponding to the specimen of d i s s o l v e d A v i c e l , r e c r y s t a l l i z e d 
at 90°C. In t h i s Figure, the i n s e r t e d X-ray diagram denotes the 
presence of about 30 % of c e l l u l o s e Ι ν

ι τ ' loc a t e d i n s e v e r a l 
aggregates (see arrows), whereas the main part of the p r e c i p i t a t e 
i s made of intertwined r o d - l i k e œllulose II c r y s t a l s s i m i l a r to 
what was seen i n Figure 2A. 

The i n d i c e s r e f e r to the u n i t c e l l of c e l l u l o s e I I , as defined by 
Kolpak and Blackwell (13). 
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Figure 1. X-ray diagram of c e l l u l o s e c r y s t a l s r e c r y s t a l l i z e d 
at 9C°C. IA from cotton c e l l u l o s e (DP 2000) s o l u t i o n . IB from 
m i c r o c r y s t a l l i n e c e l l u l o s e (DP 34) s o l u t i o n . 

Figure 2. E l e c t r o n micrographs of c r y s t a l s of c e l l u l o s e II 
prepared at 50°C, a f t e r shadowing with W/Ta. 2A Sample from 
m i c r o c r y s t a l l i n e c e l l u l o s e (DP 34) s o l u t i o n . 2B Sample from 
cotton c e l l u l o s e (DP 2000) s o l u t i o n . 2C X-ray diagram, 
i d e n t i c a l f o r e i t h e r samples. 
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Figure 3. Low dose e l e c t r o n micrographs and s e l e c t e d area 
e l e c t r o n d i f f r a c t i o n diagram of 3A samples as i n Figure 2A. 
3B sample as i n Figure 2B. In both Figures, the d i f f r a c t i o n 
diagrams are p r i n t e d with c o r r e c t o r i e n t a t i o n with respect to 
the images. 
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Figure 4. E l e c t r o n micrographs of c r y s t a l s of c e l l u l o s e 
prepared at 90°C a f t e r shadowing with W/Ta. 4A from A v i c e l (DP 
120) c e l l u l o s e s o l u t i o n : the str u c t u r e c o n s i s t s of r o d - l i k e 
elements together with granular aggregates (arrows). In s e r t : 
corresponding X-ray diagram. 4B from m i c r o c r y s t a l l i n e 
c e l l u l o s e (DP 34)so l u t i o n . I n s e r t : corresponding e l e c t r o n 
d i f f r a c t i o n diagram. 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



196 THE STRUCTURES OF CELLULOSE 

In Figure 4B, obtained from DP 34 material c r y s t a l l i z e d a l s o 
at 90°C, the amount of c e l l u l o s e IV i s much l a r g e r as described 
above i n Table I. In f a c t the e l e c t r o n microscopy study reveals 
large areas where only a granular p r e c i p i t a t e i s present. These 
areas c o n s i s t e x c l u s i v e l y of c e l l u l o s e IV-J-J a s denoted by the 
i n s e r t e d e l e c t r o n d i f f r a c t i o n diagram i n Figure 4B. 

Discussion 

This study presents several aspects of i n t e r e s t regarding the 
morphology of r e c r y s t a l l i z e d c e l l u l o s e and i t s r e c r y s t a l l i z e d form. 
F i r s t , i n agreement with e a r l i e r reports by A t a l l a et a l . (15, 16), 
i t i s confirmed that the c r y s t a l l i n e polymorphism of c e l l u l o s e may 
be in f l u e n c e d by the molecular weight of the r e c r y s t a l l i z e d sample. 
Thi s i s p a r t i c u l a r l y w e l l demonstrated i n t h i s system when 
temperatures of r e c r y s t a l l i z a t i o n around 100°C are s e l e c t e d . At 
those temperatures, the r a t i o of c e l l u l o s e IV to c e l l u l o s e I I 
appears to be i n v e r s e l
c e l l u l o s e samples unde
to come forward with a conclusive explanation f o r such behavior. I t 
was shown by Maeda et a l . (17) that chain aggregates formed i n 
s o l u t i o n p r i o r to c r y s t a l l i z a t i o n when c e l l u l o s e c r y s t a l l i z e d i n 
the form of œ l l u l o s e I I . The s t a b i l i t y of such a pre-associated 
s t r u c t u r e depends on the number of hydrogen bonds connecting the 
c e l l u l o s e chains together. This i s why, i n our opinion, such 
aggregates are more stable when higher molecular weights are used. 
On the other hand, when the temperature of c r y s t a l l i z a t i o n i s high 
or when low DP m a t e r i a l i s choosen, the pre-associated aggregates 
are l e s s t i g h t l y i n t e r l o c k e d and consequently l e s s s t a b l e . This 
should lead to a d i f f e r e n t c r y s t a l l i z a t i o n p a t t e r n , where 
i n d i v i d u a l chains instead of aggregated bundles, would enter the 
growing c r y s t a l s i n the c e l l u l o s e IV mode. Such a concept, which 
needs to be f u r t h e r substantiated, could well e x p l a i n the occurence 
of c e l l u l o s e IV or that of c e l l u l o s e II when the c r y s t a l l i z a t i o n 
parameters are v a r i e d . 

A s i m i l a r i t y can be e s t a b l i s h e d between the polymorphism of 
mannan and that of c e l l u l o s e , as with both polysaccharides, one 
observes a molecular weight i n f l u e n c e on the polymorphism, even 
though t h i s i n f l u e n c e i s more pronounced i n the case of mannan than 
i n the case of œ l l u l o s e . I t was shown that with mannan and 
glucomannan polymers, the mannan I str u c t u r e was obtained more 
e a s i l y with low molecular weight m a t e r i a l , whereas mannan II 
corresponded to higher molecular weight (4,8). A close resemblance 
e x i s t s thus between the c r y s t a l l i z a t i o n of c e l l u l o s e I V ^ and 
mannan I as with both polymers, the c r y s t a l l i z a t i o n phenomena 
appear to be d i r e c t e d by r e l a t e d parameters. S i m i l a r l y , the 
c r y s t a l l i z a t i o n behavior of mannan II and c e l l u l o s e II appear to be 
a l s o c o r r e l a t e d . 

The resemblance between c e l l u l o s e and mannan c r y s t a l s i s not 
l i m i t e d to t h e i r s u s c e p t i b i l i t y toward molecular weight or 
c r y s t a l l i z a t i o n temperature m o d i f i c a t i o n s . Even morphological 
features are s i m i l a r : mannan I and c e l l u l o s e IV occur e i t h e r as 
p l a t e l e t c r y s t a l s ( 18,19) when f r a c t i o n a t e d polymers are used, or 
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granular m a t e r i a l with u n f r a c t i o n a t e d polymer( see Figure 4B and 
r e f 4); mannan II and c e l l u l o s e II take the shape of e i t h e r a 
f i b r i l l a r g e l or elongated r o d - l i k e c r y s t a l s , depending a l s o on 
t h e i r molecular weight (Figure2B and r e f . 4). For both polymers, 
such a d i f f e r e n c e i n morphology r e f l e c t s c e r t a i n l y the dynamics of 
the o r g a n i z a t i o n of the i n t e r - c h a i n hydrogen bonds outside or 
w ithin the growing c r y s t a l s . With mannan or c e l l u l o s e , the d e t a i l s 
and the k i n e t i c s of t h e i r c r y s t a l formation are at present unknown. 
I t should however deserve f u r t h e r a t t e n t i o n as the aforementioned 
s h i f t from granular to f i b r i l l a r g e l - l i k e s t r u c t u r e s can have a 
dramatic importance f o r mannan or c e l l u l o s e - b a s e d products. 

A f i n a l i n t e r e s t i n g aspect of the present study i s the change 
i n morphology occurring with c e l l u l o s e II when one goes from low to 
high DP m a t e r i a l . With low molecular weight c e l l u l o s e , the c r y s t a l s 
occur as r o d - l i k e elements, where the c e l l u l o s e chains are at 90° 
with respect to the rod a x i s . On the other hand, with high 
molecular weight, the c e l l u l o s  II c r y s t a l  f i b r i l l a  i  natur
as they are elongated alon
i n morphology, associate
remarkable and must c e r t a i n l y be connected with the i m p o s s i b i l i t y 
f o r c e l l u l o s e to c r y s t a l l i z e as regular chain folded c r y s t a l s (20). 
In an e a r l i e r study on c e l l u l o s e II c r y s t a l s ( 1 4 ) , i t was shown that 
the growth h a b i t f o r low DP c e l l u l o s e c r y s t a l s was i s the form of 
long f l a t ribbons when the c r y s t a l l i z a t i o n conditions were 
optimized. In normal cases, low DP c e l l u l o s e gave ne e d l e - l i k e or 
rod l i k e c r y s t a l l i n e elements. The present study confirms t h i s 
behavior which seems to be p e r s i s t e n t with a l l c e l l u l o s e 
c r y s t a l l i z a t i o n systems. The case of high DP c e l l u l o s e 
c r y s t a l l i z a t i o n y i e l d i n g a f i b r i l l a r g e l - l i k e p r e c i p i t a t e i s not 
new as i t was reported e a r l i e r by Manley (21). Here however, our 
e l e c t r o n d i f f r a c t i o n r e s u l t s prove that the chain axes of c e l l u l o s e 
are indeed o r i e n t e d along the f i b r i l l a r a x i s of the p r e c i p i t a t e . 

I f one attempts to r a t i o n a l i z e such d r a s t i c changes i n the 
growth ha b i t of c e l l u l o s e II c r y s t a l s , when the molecular weight i s 
increased, i t i s p o s s i b l e to bring forward the following arguments 
: i n a l l cases, i t seems that the c r y s t a l l i z a t i o n parameters i n 
c e l l u l o s e are governed by the semi r i g i d i t y of the c e l l u l o s e chain 
and the strong in f l u e n c e played by the intermolecular hydrogen 
bonds. In p a r t i c u l a r , the f a c t that the c e l l u l o s e chains are semi 
r i g i d i s l i k e l y to hinder the formation of r e g u l a r chain folde d 
c r y s t a l s (22). The growth of the c e l l u l o s e c r y s t a l s i s envisaged 
as being a two step phenomenon(17). In the f i r s t step, a bundle of 
c e l l u l o s e chain i s formed with the chains associated i n a p a r a l l e l 
fashion through m u l t i p l e hydrogen bonds leading to the 
c r y s t a l l i z a t i o n nucleus. I f only short chains are used, the next 
step i s to incorporate s i m i l a r elements i n a l a t e r a l fashion, 
leading to ribbon or r o d - l i k e morphology growing perpendicular to 
the chain d i r e c t i o n i n a t y p i c a l polymer s i n g l e c r y s t a l fashion. 
When higher DP c e l l u l o s e i s used, the bundle of chains c o n s t i t u t i n g 
the primary c r y s t a l l i z a t i o n nucleus w i l l tend to associate f u r t h e r 
as they are kept i n c l o s e v i c i n i t y , due to the inherent semi 
r i g i d i t y of the c e l l u l o s e chains. This leads to a second step where 
the growth i s l o n g i t u d i n a l i n s t e a d o f l a t e r a l . The s t r u c t u r e 
becomes f i b r i l l a r and i s based on long and narrow elements having 
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roughly the diameter of the i n i t i a l nucleus. Such c r y s t a l s are 
t y p i c a l polymer f i b r i l l a r c r y s t a l s , extended along the chain a x i s 
and narrow i n a perpendi- c u l a r d i r e c t i o n . At present, the 
occurrence or not of chain f o l d i n g i n these f i b r i l l a r c r y s t a l s 
remains to be demonstrated. 
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Chapter 12 

X-ray Studies of the Structure of Cellulose Complexes 

John Blackwell, David Kurz, Mao-Yao Su, and David M. Lee 

Department of Macromolecular Science, Case Western Reserve University, 
Cleveland, OH 44106-2699 

X-ray methods have been used to investigate the 
structures of crystalline complexes of cellulose I 
and II with diamines. The structures of three 
complexes: rami
enediamine and
complexed with hydrazine, have been refined by 
linked atom least squares methods. Interaction 
with the low molecular weight specimens disrupts 
both the hydrogen bonding and hydrophobic forces 
between the cellulose chains. The results show 
that in all three cases the cellulose chains re
arrange from quarter stagger to zero staggered (in 
register) packing. The complexes consist of a 
series of sheets of chains separated by hydrogen 
bonded complexing molecules. The parallel-I -
antiparallel-II chain polarity is maintained in the 
complexes of the two forms of cellulose. 

The existence of c r y s t a l l i n e complexes of c e l l u l o s e and c e r t a i n 
low molecular weight compounds has been known since the 1930*s, 
and several studies of t h e i r s t r u c t u r e s by X-ray methods have 
been reported since that time (1-6)· These st r u c t u r e s are of 
current relevance i n view of the renewed i n t e r e s t i n organic 
solvents f o r c e l l u l o s e : i n the l a s t 15 years s e v e r a l new solvent 
systems have been reported, i n c l u d i n g dimethylsulfoxide-para-
formaldehyde 07), N-methylmorpholine-N-oxide (8), hydrazine at 
elevated temperature and pressure ( 9), and l i t h i u m c h l o r i d e -
dimethylacetamide (10). Analysis of the str u c t u r e of c e l l u l o s e 
solvent complexes provides a d e t a i l e d molecule model f o r the 
polymer solvent i n t e r a c t i o n . This paper describes our analyses 
of the stru c t u r e s of c e l l u l o s e complexed with ethylenediamine, 
hydrazine, and 1,3-propylenediamine. 

0097-6156/87/0340-0199$06.00/0 
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Our present i n v e s t i g a t i o n s of the s t r u c t u r e of c e l l u l o s e 
complexes has been made po s s i b l e by the increased knowledge of 
the s t r u c t u r e s of the uncomplexed forms i n the l a s t ten years. 
Figure 1 shows the r e f i n e d s t r u c t u r e of c e l l u l o s e I derived by 
Gardner and Blackwell (11) , based on the X-ray i n t e n s i t y data f o r 
f i b e r s drawn from the c e l l w a l l of the sea alga Valonia v e n t r i -
cosa. This m a t e r i a l has a monoclinic u n i t c e l l with dimensions j i 
= 16.34Â, b = 15.72Â, c = 10.38À ( f i b e r a x i s ) , and Ύ = 97.0°, 
containing disaccharide sections of eight chains (as f i r s t pro
posed by Honjo and Watanabe (_1_2). However, o n l y a few weak 
r e f l e c t i o n s are seen with odd h and/or k i n d i c e s (the r e s t are 
absent) and hence a two chain u n i t c e l l with the a and _b dimen
sions reduced by h a l f can be used as an adequate approximation to 
the f u l l s t r u c t u r e . This two chain u n i t c e l l i s the Meyer and 
Misch (13) u n i t c e l l observed f o r other native c e l l u l o s e s , and i t 
seems l i k e l y that the extra r e f l e c t i o n s (with odd h and/or k) are 
not seen f o r these due to the lower c r y s t a l l i n i t y and c r y s t a l l i t e 
s i z e . For V a l o n i a c e l l u l o s e
absent and the space grou
formation f o r the chain i n the c r y s t a l l i n e regions. 

In the a n a l y s i s of the s t r u c t u r e of c e l l u l o s e I, the most 
important feature to be determined was the p o l a r i t y of adjacent 
chains, i . e . do the chains i n the two chain c e l l have the same 
( p a r a l l e l ) or opposite ( a n t i p a r a l l e l ) sense? Both kinds of model 
were s e t up and r e f i n e d u s i n g the l i n k e d atom l e a s t squares 
(LALS) routines (14) to obtain the best agreement between the 
observed and c a l c u l a t e d X-ray i n t e n s i t i e s . The best model f o r 
c e l l u l o s e I was found to be an array of p a r a l l e l chains, as can 
be seen i n Figure 1: the best a n t i p a r a l l e l model could be re
j e c t e d at a s i g n i f i c a n c e l e v e l of 0.005%, i . e . , the p a r a l l e l 
model i s preferred by 200 to 1. The two chains have the same 
basic conformation, r i g h t down to the tg o r i e n t a t i o n s of the 
pendant-CH^OH groups, and are staggered by 0.265^, consistent 
with the approximate quarter stagger f i r s t proposed by Meyer and 
Mark ( L 5 ) . Each g l u c o s e r e s i d u e i s i n v o l v e d i n two i n t r a 
m o l e c u l a r hydrogen bonds: 0 3 , - Η · · · 0 5 , as f i r s t proposed by 
Hermans £t a l . (1_6) from study of space f i l l i n g models and 
02-Η···06', which was suggested to account f o r the dichroism of 
the 0-H s t r e t c h i n g modes i n the p o l a r i z e d i n f r a r e d spectra (17, 
18). The c e l l u l o s e c h a i n i n e v i t a b l y has a r e l a t i v e l y s t i f f 
extended conformation due to the $-(1,4)- linkages, and these 
intramolecular bonds on both sides of the g l y c o s i d i c linkage 
f u r t h e r s t a b i l i z e the conformation. The chains are l i n k e d i n 
sheets by 06-Η···03 intermolecular bonds along the _b a x i s . How
ever, there i s no intermolecular bonding along the ab diagonals 
nor along the a_ a x i s , and the s t r u c t u r e must be s t a b i l i z e d i n 
these d i r e c t i o n s by hydrophobic f o r c e s , e.g. between the faces of 
the glucose r i n g s . Figure 2 shows the s t r u c t u r e of c e l l u l o s e I I , 
which was determined i n a s i m i l a r manner based on the i n t e n s i t y 
data f o r F o r t i s a n rayon (19). The u n i t c e l l i s monoclinic with 
dimensions a = 8.01Â, _b = 9.04Â, £ = 10.36À ( f i b e r a x i s ) , and Ύ = 
117.1°; the space group i s approximately P2^ and the c e l l con
tai n s disaccharide repeats of two chains. In t h i s case the best 
agreement between observed and c a l c u l a t e d X-ray i n t e n s i t i e s was 
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Figure 1. Structure of c e l l u l o s e I [11]: (a) ac p r o j e c t i o n ; 
(b) ab p r o j e c t i o n . 
(Reprinted with permission from r e f . 11. Copyright 1974 John 
Wiley & Sons.) 
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b 

Figure 2. Structure of c e l l u l o s e I I [19]: (a) ac p r o j e c t i o n ; 
(b) ab p r o j e c t i o n . 
(Reprinted with permission from r e f . 19. Copyright 1976 American 
Chemical Society.) 
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obtained f o r an a n t i p a r a l l e l chain model. The best contending 
models with p a r a l l e l chains gave i n f e r i o r agreement and were also 
found to be stereochemically unacceptable; c o n s t r a i n i n g the 
models to avoid such "bad contacts" took them fu r t h e r out of con
s i d e r a t i o n . In the s t r u c t u r e as shown i n Figure 2b, the corner 
chains have a conformation s i m i l a r to that i n c e l l u l o s e I, with 
two intramolecular hydrogen bonds (03*-Η···05 and 02-Η···06 τ) and 
l i n k e d along the _b axis by an 06-Η···03 ! intermolecular bond. 
The center chains have opposite sense and are staggered r e l a t i v e 
to the c o r n e r c h a i n s by 0.18c^ ( t h e ĉ  a x i s s e p a r a t i o n of the 
g l y c o s i d i c oxygens). These chains have the 03 !-Η···05 i n t r a 
molecular bond, but the -Ch^OH group i s i n the gt conformation so 
that the second intramolecular bond i s not p o s s i b l e . In t h i s 
case, the -CH^OH groups are bonded 06-Η···02 along the _b a x i s , 
and the 02-H groups form a f u r t h e r intermolecular bond 02-H»-»02 f 

along the long ab diagonal. This extra intermolecular bond may 
account f o r the higher s t a b i l i t y of c e l l u l o s e II as compared to 
c e l l u l o s e I. The p a r a l l e l - I - a n t i p a r a l l e l - I
obtained i n independen

The above r e s u l t s have obvious i m p l i c a t i o n s f o r the biosyn
t h e s i s of c e l l u l o s e m i c r o f i b r i l s . The p a r a l l e l chain structure 
of c e l l u l o s e I r u l e s out any k i n d of r e g u l a r l y f o l d e d c h a i n 
s t r u c t u r e , and reveals the m i c r o f i b r i l s to be extended chain 
polymer s i n g l e c r y s t a l s , which leads to optimum t e n s i l e proper
t i e s . Work by Brown and co-workers (22) on the mechanism of 
biosynthesis points to synthesis of arrays of c e l l u l o s e chains 
from banks of enzyme complexes on the c e l l w a l l . These complexes 
produce a bundle of chains with the same sense, which c r y s t a l l i z e 
almost immediately afterwards to form c e l l u l o s e I m i c r o f i b r i l s ; 
there i s no opportunity to rearrange to form a more st a b l e a n t i -
p a r a l l e l c e l l u l o s e II s t r u c t u r e . E l e c t r o n microscopy by Hieta et_ 
a l . (23) confirms the p a r a l l e l sense of c e l l u l o s e chains w i t h i n 
the i n d i v i d u a l m i c r o f i b r i l s : s t a i n s r e a c t i v e at the reducing end 
of the c e l l u l o s e molecule s t a i n only one end of the m i c r o f i b r i l . 

The perceived d i f f i c u l t y with the p a r a l l e l - I : a n t i p a r a l l e l - I I 
model concerns the I I I conversion by M e r c e r i z a t i o n . Reversal 
of chain p o l a r i t y i s r e l a t i v e l y easy to understand during regen
e r a t i o n v i a complete d i s s o l u t i o n , but l e s s so where c e l l u l o s e I 
i s simply swollen i n c a u s t i c soda. One p o s s i b l e mechanism would 
involve regular chain f o l d i n g , but t h i s i s i n c o n s i s t e n t with the 
mechanical p r o p e r t i e s of Mercerized cotton. I t i s important to 
note however that the s w e l l i n g involves f i b r i l s which themselves 
are bundles of many m i c r o f i b r i l s . The chains w i t h i n an i n d i 
v i d u a l m i c r o f i b r i l w i l l have the same sense, but the c o t t o n 
m a c r o f i b r i l probably c o n s i s t s of a 50/50 mixture of up and down 
m i c r o f i b r i l s . E l e c t r o n microscopy by W i l l i s o n and Brown (24) on 
the c e l l walls of Glaucocystis show a winding of m i c r o f i b r i l s 
around the c e l l . A s i m i l a r mechanism f o r cotton would lead to 
equal numbers of up and down chains that are packaged i n t o micro
f i b r i l s i n which a l l the chains have the same sense. Hence the 
mechanism f o r M e r c e r i z a t i o n probably involves rearrangement of 
extended chains. On s w e l l i n g , the chains are separated and lose 
t r a c k of t h e i r p r e v i o u s n e i g h b o r s . Then on removal of the 
sw e l l i n g agent the chains are more l i k e l y to reunite with a n t i -
p a r a l l e l neighbors due to the higher s t a b i l i t y of c e l l u l o s e I I . 
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At t h i s p o i n t the major f e a t u r e s of the s t r u c t u r e s of 
c e l l u l o s e I and I I can be considered to be solved. Nevertheless, 
questions remain, e s p e c i a l l y as regards the d i f f e r e n c e s between 
the i n f r a r e d , Raman, and s o l i d state NMR spectra obtained f o r 
d i f f e r e n t native c e l l u l o s e s , a l l of which appear to have the 
c r y s t a l s t r u c t u r e s shown i n Figure 1. This has been a furth e r 
m o t i v a t i o n f o r our a n a l y s e s of the s t r u c t u r e s of c e l l u l o s e 
solvent complexes, which are described below. 

Experimental 

M a t e r i a l s . D e l i g n i f i e d n a tive ramie f i b e r s were obtained from 
Dr. R.V. A l l i s o n of U.S.D.A., B e l l e Glade, FL. M e r c e r i z e d 
specimens were prepared by r e p e a t e d s o a k i n g s i n 22% aqueous 
sodium hydroxide s o l u t i o n s separated by thorough washings i n 
water u n t i l no more than a trace of r e s i d u a l c e l l u l o s e I could be 
detected i n the X-ray p a t t e r n  F o r t i s a n rayon f i b e r s were the 
g i f t of Dr. L. Laniev
of ethylenediamine an
Kodak Co., 1,2- and 1,3- propylenediamine from F i s h e r S c i e n t i f i c 
Co. These reagents were d r i e d using molecular s i e v e s . 

Complex Formation 

C e l l u l o s e complexes were prepared by soaking the taut f i b e r s i n 
the i n d i v i d u a l l i q u i d complexing agents f o r 1 - 3 6 hours followed 
by vacuum drying. The soaking time was that necessary to remove 
a l l traces of the uncomplexed c e l l u l o s e i n the X-ray pattern. 
Ethylene and propylenediamine contents were determined by e l e c 
t r i c a l analyses performed by G a l b r a i t h L a b o ratories, K n o x v i l l e , 
TN. H y d r a z i n e c o n t e n t s were determined by a d d i t i o n of the 
specimen to 0.1N h y d r o c h l o r i c a c i d followed by potentiometric 
t i t r a t i o n against 0.1N sodium hydroxide s o l u t i o n . 

X-ray D i f f r a c t i o n 

Wide angle X-ray d i f f r a c t i o n patterns were recorded on Kodak No 
Screen X-ray f i l m using n i c k e l f i l t e r e d CuKa r a d i a t i o n and a 
Searle t o r o i d a l focusing camera. The d-spacings were c a l i b r a t e d 
with sodium f l u o r i d e . The i n t e n s i t i e s of the X-ray r e f l e c t i o n s 
were determined from an x-y g r i d of o p t i c a l d ensity obtained 
using a scanning o p t i c a l densitometer. These data were corrected 
f o r background and f o r the Lorentz and p o l a r i z a t i o n e f f e c t s . 
Overlapped i n t e n s i t i e s were aportioned i n the r a t i o of the c a l 
culated i n t e n s i t i e s . Unobserved r e f l e c t i o n s , i . e . predicted 
r e f l e c t i o n s too weak to be detected, were assigned an i n t e n s i t y 
of one-half the background (threshold) but included i n the data 
only when the c a l c u l a t e d i n t e n s i t y exceeded the background. The 
atomic coordinates f o r the c e l l u l o s e chain were based on those 
used by Kolpak and Blackwell (19) i n t h e i r refinement of the 
str u c t u r e of c e l l u l o s e I I , with minor adjustments i n the glyco
s i d i c t o r s i o n angles to f i t the s l i g h t l y d i f f e r e n t f i b e r repeats. 
The N-N bond l e n g t h i n h y d r a z i n e was s e t at 1.44Â as i n the 
c r y s t a l s t r u c t u r e determined by C o l l i n and Lipscomb (25); the 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



12. BLACKWELL ET AL. X-ray Studies of Cellulose Complexes 205 

bond lengths and angles i n theylenediamine were those used by 
Yokozuki and Kushita (26) f o r gas d i f f r a c t i o n studies; the s t r u c 
ture of 1,3 diaminopropane was based on that f o r trimethylene 
diamonium hydrochloride due to Hirokawa ejt al· (27 ). 

Results and Discussion 

The u n i t c e l l s determined i n t h i s and other l a b o r a t o r i e s f o r 
c e l l u l o s e I and II complexes with ehtylenediamine and hydrazine 
are l i s t e d i n tables 1 and 2. Table 3 shows our u n i t c e l l s f o r 
the 1,2- and 1,3- diaminopropane complexes f o r which there have 
been no previous proposals. 

As can be seen i n table 2, a number of u n i t c e l l s have been 
proposed f o r c e l l u l o s e I-hydrazine complexes over the years. 
Some of t h i s d i v e r s i t y i s almost c e r t a i n l y due to poor q u a l i t y 
data, which can be indexed i n d i f f e r e n t ways. Nevertheless, 
v i s u a l comparison shows that our patterns are s i g n i f i c a n t l y d i f 
f erent from those publishe
the f a c t that we used hydrazin
as compared to up to 40% i n e a r l i e r work. So f a r we have pre
pared three d i f f e r e n t c e l l u l o s e II-hydrazine complexes, two f o r 
F o r t i s a n ( d e s i g n a t e d A and B) and one f o r M e r c e r i z e d ramie. 
There may be some r a t i o n a l e f o r t h i s : complex A has only been 
obtained using anhydrous hydrazine, and the F o r t i s a n and Mercer
ized ramie have d i f f e r e n t morphologies. However, i t seems l i k e l y 
that a l l three complexes can be formed by both specimens once the 
preparation conditions are better understood. 

We are i n v e s t i g a t i n g the s t r u c t u r e s of these complexes using 
the refinement methods applied to c e l l u l o s e s I and I I , as des
cribed above. In the next sections we describe the r e s u l t s of 
these analyses f o r three complexes: ramie c e l l u l o s e I-ethylene-
diamine [(28), ramie c e l l u l o s e 1-1,3-propanediamine (29), and 
F o r t i s a n c e l l u l o s e II-hydrazine A, which are the most c r y s t a l l i n e 
complexes prepared to date. 

Ramie C e l l u l o s e I-Ethylenediamine 

Some 39 independent r e f l e c t i o n s are observed i n the f i b e r diagram 
of ramie c e l l u l o s e I-ethylenediamine complex, and there are a 
f u r t h e r 36 that are predicted w i t h i n the range of these data, but 
which are too weak to detect. Elemental a n a l y s i s i n d i c a t e s the 
presence of one ethylenediamine per glucose residue and density 
considerations require disaccharide u n i t s of two chains per u n i t 
c e l l . 

The major features of the i n t e n s i t y data are determined by 
the c e l l u l o s e chains themselves. Refinements omitting the com-
plexing molecules show that the s t r u c t u r e c o n s i s t s of stacks of 
chains along the _b a x i s , and that these are " i n r e g i s t e r " , i . e . 
there i s zero stagger. This i s also apparent from the f a c t that 
very few r e f l e c t i o n s with odd h i n d i c e s are detected, i n d i c a t i n g 
that we are dealing with e s s e n t i a l l y a one chain s t r u c t u r e , i . e . 
the two chains along the _b a x i s , together with t h e i r associated 
ethylenediamines, have approximately the same s t r u c t u r e . 
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Table 1 

Proposed Unit C e l l s f o r C e l l u l o s e Ethylenediamlne Complexes 

a (A) b (Â) c (Â) Ref. 

C e l l u l o s e I 12.16 13.1 10.3 * 
135.2 1 

(Ramie) * 
C e l l u l o s e I 12.2 12.3 10.3 137.0 6 
(Cotton) 
C e l l u l o s e I 12.37 9.52 10.35 117.8 28 
(Ramie) 
C e l l u l o s e II 12.81 18.27 10.34 118.0 28 
(Regenerated) 
C e l l u l o s e II 13.42 8.41 10.34 119.1 28 
(Mercerized) 
* 
Acute angle used i n th

Table 2 

Proposed Unit C e l l s f o r C e l l u l o s e Hydrazine Complexes 

a (Â) b (Â) c (Â) γο Ref. 

C e l l u l o s e I 10.9 10.9 10.3 * 
127.7 1 

(Ramie) 
C e l l u l o s e I 9.1 8.1 10.38 114.7 3 
(Ramie) * 
C e l l u l o s e I 9.68 9.96 10.3 125.2 6 
(Cotton) 
C e l l u l o s e I 9.19 16.39 10.37 97.4 30 
(Ramie) 
C e l l u l o s e II A 9.37 19.88 10.39 120.0 30 
(Fo r t i s a n ) 
C e l l u l o s e II Β 8.84 23.76 10.38 120.0 30 
(Fo r t i s a n ) 
C e l l u l o s e II 9.48 15.39 10.37 96.4 30 
(Mercerized Ramie) 

Acute angle used i n the o r i g i n a l paper. 

Table 3 

Proposed Unit C e l l s f o r C e l l u l o s e Diaminopropane Complexes 

a (Â) b (A) c (A) γο 

Ramie 1,2- 4.72 11.55 10.38 92.8 
diaminopropane 
Ramie 1,3- 4.54 12.22 10.38 90.0 
diaminopropane 
F o r t i s a n 1,2- 4.61 22.95 10.38 90.7 
diaminopropane 
F o r t i s a n 1,3- 4.57 23.90 10.38 93.1 
diaminopropane 
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The ethylenediamine molecules must be hydrogen bonded to the 
c e l l u l o s e c h a i n s (why e l s e would the complexes form and be 
s t a b l e ? ) . Since a l l N-H and 0-H groups are required to form 
donor bonds, i t i s c l e a r from the stereochemistry of any possible 
model that each hydroxyl of the glucose residue must be l i n k e d to 
a nitrogen v i a a donor or acceptor bond. For convenience we 
attached the ethylenediamine molecule at 03-H by a hydrogen bond 
with an 0··.Ν distance of 2.8A, and proceeded by t r e a t i n g t h i s as 
a f l e x i b l e side chain. Models were set up i n which the ethylene 
diamine^ had three p o s s i b l e conformations, corresponding to trans, 
gauche and gauche f o r the c e n t r a l t o r s i o n angle. For complete
ness, we als o considered both p a r a l l e l and a n t i p a r a l l e l packing 
of the two chains i n the u n i t c e l l . 

The a n t i p a r a l l e l models gave s i g n i f i c a n t l y worse agreement 
with the observed i n t e n s i t y data than did the p a r a l l e l chain 
models and hence could be r e j e c t e d . The (native) c e l l u l o s e I 
s t r u c t u r e has p a r a l l e l chain d th  comple  b  restored t
the o r i g i n a l form simpl
therefore that complex
p o l a r i t y . S i m i l a r l y , models with d i f f e r e n t conformations f o r the 
ethylenediamine could als o be ruled out. Beyond t h i s , the re
finement led to four models that could not be d i s t i n g u i s h e d on 
the basis of X-ray agreement, but of these, only one model had 
a l l the 0-H and N-H groups hydrogen bonded, and t h i s i s selected 
as the f i n a l s t r u c t u r e . 

The r e f i n e d s t r u c t u r e f o r ramie c e l l u l o s e I-ethylenediamine 
complex i s shown i n Figure 3 and had a c r y s t a l l o g r a p h i c r e s i d u a l 
of R" = 0.189. As can be seen i n the ac p r o j e c t i o n (Figure 3b) 
the two ethylenediamine molecules have s l i g h t l y d i f f e r e n t p o s i 
tions and conformations, which accounts f o r the two chain u n i t 
c e l l . C o n s t r a i n i n g the r e f i n e m e n t to g i v e a s t r u c t u r e w i t h 
i d e n t i c a l conformations f o r the complexing molecules led to R" = 
0.223, and such a model can be r e j e c t e d at the 0.005% s i g n i f i c a n t 
l e v e l . 

Comparison of the s t r u c t u r e of t h i s complex with that of the 
o r i g i n a l c e l l u l o s e I shows the extent of the rearrangement that 
has occurred. The chains have s h i f t e d from a quarter staggered 
arrangement to form stacks i n r e g i s t e r , i . e . with zero stagger. 
Thus the i n t e r a c t i o n with ethylenediamine not only breaks the hy
drogen bonding network i n the o r i g i n a l s t r u c t u r e but a l s o a f f e c t s 
the hydrophobic forces between the "surfaces" of the r i b b o n l i k e 
chains. The s t r u c t u r e of the complex i s very s i m i l a r to that of 
c h i t i n i n which the chains are a l s o stacked i n r e g i s t e r to form 
sheets. Within each stack the chains have approximately the same 
separation of 4.7Â and have a s i m i l a r i n c l i n a t i o n to the stacking 
plane. In β-chitin, a l l the chains have the same sense, and the 
sheets can be separated to include water, leading to the forma
t i o n of c r y s t a l l i n e hydrates that are analogous to the present 
c e l l u l o s e I-ethylenediamine complex. In the l a t t e r s t r u c t u r e , 
the ethylenediamine molecules f i t i n channels between the mole
cules that e x i s t i n a zero staggered s t r u c t u r e but not i n the 
case of quarter stagger. 
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a 

Figure 3. Structure of Ramie c e l l u l o s e I - ethylenediamine 
complex [30]: (a) 010 p r o j e c t i o n ; (b) ab p r o j e c t i o n . 
(Reprinted with permission from r e f . 30. Copyright 1984 John 
Wiley & Sons.) 
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Ramie C e l l u l o s e 1-1,3-diaminopropane Complex 

209 

The ramie c e l l u l o s e I-1,3-diaminopropane complex str u c t u r e i s the 
most c r y s t a l l i n e of the diaminopropane complexes so f a r examined, 
and has a ( m e t r i c a l l y ) orthorhombic unit c e l l that can contain 
only one chain which d i c t a t e s a p a r a l l e l chain s t r u c t u r e . E l e 
mental a n a l y s i s and density measurements point to one molecule of 
1,3-diaminopropane per glucose residue. Refinement proceeded i n 
a manner s i m i l a r to that described above f o r the ethylenediamine 
complex, based on i n t e n s i t y data f o r 24 observed and 12 unob
served r e f l e c t i o n s . 

If the c e l l u l o s e chain i s assumed to have the same backbone 
conformation as i n the ethylenediamine complex, then the s t r u c 
ture i s defined by nine p o t e n t i a l l y r e f i n a b l e parameters. The 
approximate chain o r i e n t a t i o n was r e f i n e d f i r s t before the e t h y l -
enediamines were added. Thereafter C-N sections were attached by 
hydrogen bonds at two of the three hydroxyls ( i . e  1,3-diamino
propane omitting the c e n t r a
p o s s i b i l i t y of a "bent
bonded to hydroxyl on the same chain, and pointed to a s t r u c t u r e 
i n which the 1,3-diaminopropanes are bonded between c h a i n s , 
e i t h e r along the _b axis or the ab diagonals. 

Twelve d i f f e r e n t p o s s i b l e packing models were r e f i n e d sepa
r a t e l y , leading to s t r u c t u r e s with R" values between 0.147 and 
0.194. These were not s t a t i s t i c a l l y d i s t i n g u i s h a b l e , nor were 
any of them completely hydrogen bonded. Note that the r e q u i r e 
ment that a l l the 0-H and N-H groups must be hydrogen bonded 
becomes more severe as the s i z e of the diamine molecule i s i n 
creased. Of the 12 models, the one which came c l o s e s t to being 
completely hydrogen bonded was that with the lowest R", f o r which 
the only defect was that 06-H d i d not form a donor bond. How
ever, the -CH OH o r i e n t a t i o n was not f a r from the o r i g i n a l tg 
p o s i t i o n i n tne parent native c e l l u l o s e , and i n c o r p o r a t i o n of a 
c o n s t r a i n t to require the formation of an 06-H-·-02 hydrogen bond 
led to an acceptable hydrogen bonding network. This f i n a l s t r u c 
ture i s shown i n Figure 4. 

The one-chain u n i t c e l l p rescribes an unstaggered array of 
p a r a l l e l chains and thus the rearrangement from the o r i g i n a l 
c e l l u l o s e I s t r u c t u r e that has occurred i s very s i m i l a r to that 
which occurs on formation of the ethylenediamine complex. A one 
chain u n i t c e l l i s also seen f o r the 1,2-diaminopropane complex, 
and t h i s s t r u c t u r e appears to be s i m i l a r , except f o r minor modi
f i c a t i o n s of the a_ and _b dimensions. 

F o r t i s a n C e l l u l o s e II-Hydrazine Complex A 

This s t r u c t u r e presents more d i f f i c u l t problems than those 
treated above. Some 26 r e f l e c t i o n s are observed, but these are 
indexed by a four-chain u n i t c e l l , and t h i s i s i n s u f f i c i e n t data 
to allow f o r refinement of the number of parameters necessary to 
define such a s t r u c t u r e . However, 22 of these r e f l e c t i o n s can be 
indexed by a two-chain c e l l and we opted to work with t h i s as an 
approximation to the f u l l s t r u c t u r e . T i t r a t i o n showed that the 
hydrazine content was close to one molecule per glucose residue. 
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Figure 4. Structure of Ramie c e l l u l o s e I-1,3-diaminopropane 
complex: (a) _bc p r o j e c t i o n ; (b) ab p r o j e c t i o n showing only 
h a l f a repeat. 
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This being a complex of c e l l u l o s e I I , one would expect these two 
chains to be a n t i p a r a l l e l . We did consider p a r a l l e l chain models 
but these always gave i n f e r i o r agreement with the i n t e n s i t y data 
and could be ruled out. 

I n t e n s i t y c a l c u l a t i o n s q u i c k l y showed that the axes of the 
two chains pass through the o r i g i n and 0.0,0.5 i n the ab pro
j e c t i o n . The hydrazines (N-N) were attached by hydrogen bonds at 
02 and t h e i r p o s i t i o n and the -CH^OH o r i e n t a t i o n s were r e f i n e d , 
s t a r t i n g with the l a t t e r groups i n combinations of three stag
gered p o s i t i o n s (gt, tg and gg). Of the r e s u l t i n g nine models, 
a l l but f o u r were r e j e c t e d i n t h a t they were unable to form 
hydrogen bonds f o r a l l the 0-H and N-H groups. The remaining 
four, however, were s t a t i s t i c a l l y u ndistinguishable i n terms of 
t h e i r X-ray agreement. The model with the lowest r e s i d u a l , R" = 
0.207, i s shown i n Figure 5. The major features of the s t r u c t u r e 
are the same as i n the other acceptable models. I t can be seen 
that the chains are arranged i n stacks with the same sense  and 
successive stacks are
are not i d e n t i c a l , bu
c e l l u l o s e I complexes described above. The g l y c o s i d i c oxygens of 
the a n t i p a r a l l e l chains are a l s o approximately i n r e g i s t e r and 
t h i s has the e f f e c t that the Ch^OH groups on adjacent chains are 
opposite each other. Thus there i s a channel between the chains 
(between 02 and 03 on adjacent residues) and t h i s i s occupied by 
the hydrazine molecules. This c e l l u l o s e II complex has a very 
s i m i l a r s t r u c t u r e to that of α - c h i t i n , which a l s o has a n t i p a r a l 
l e l chains. In the l a t t e r the chains are i n r e g i s t e r along both 
the a and b axes, and the "channels" are occupied by the -NHCOCH^ 
substituent groups. 

Conclusions 

For a l l three complexes described above, the e f f e c t of the com-
plexing agent i s to break the intermolecular hydrogen bonds and 
to rearrange the chains from quarter stagger to i n r e g i s t e r pack
ing . These major features can be determined r e l a t i v e l y e a s i l y 
from the X-ray i n t e n s i t y data, which depend l a r g e l y on the chains 
themselves. Thereafter the p o s i t i o n s of the complexing molecules 
are more d i f f i c u l t to determine. In each case we have found what 
appears to be reasonable s t r u c t u r e i n terms of X-ray agreement, 
stereochemical c o n s t r a i n t s , and the requirement that a l l of the 
0-H and N-H groups should be hydrogen bonded. Nevertheless, some 
competing arrangements cannot be ruled out, e s p e c i a l l y f o r the 
F o r t i s a n c e l l u l o s e II-hydrazine complex A. This ambiguity may 
r e f l e c t the f a c t that there may be some v a r i e t y i n the p o s i t i o n s 
of the complexing molecules i n the bulk complex, and a l s o there 
are complications due to absorption of water molecules. 
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b-sin? 

Figure 5. Structure of F o r t i s a n c e l l u l o s e II - hydrazine 
complex A [28]: (a) 100 p r o j e c t i o n ; (b) ab p r o j e c t i o n . 
(Reprinted with permission from r e f . 28. Copyright 1983 ν 
Wiley & Sons.) 
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Chapter 13 

Cellulose Textile Materials Studied by Using Fourier 
Transform Infrared Photoacoustic Spectroscopy 

Charles Q. Yang1, Randall R. Bresee2, William G. Fateley1, and Theresa A. Perenich3 

1Department of Chemistry, Kansas State University, Manhattan, KS 66506 
2Department of Clothing, Textile, and Interior Design, Kansas State University, 
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3Department of Clothing, Textile, Furnishing and Interiors, University of Georgia, 

Athens, GA 30602 

A variety of cellulos
sized cotton yarn
fabrics were studied with fourier transform 
infrared photoacoustic spectroscopy (FT-IR/PAS) in 
our laboratory. The distribution of chemical 
additives into cotton yarns and fabrics was 
determined using FT-IR/PAS. It is concluded that 
FT-IR/PAS is a non-destructive and information-rich 
analytical technique which is uniquely suitable to 
the near-surface characterization of a variety of 
cellulose textile materials. The fundamentals of 
FT-IR/PAS are also reviewed. 

I n f r a r e d s p e c t r o s c o p y i s p r o b a b l y one of t h e most w i d e l y u s e d 
instrumental methods by c e l l u l o s e chemists f o r i n v e s t i g a t i n g p h y s i c a l 
and chemical p r o p e r t i e s . The f i r s t i n f r a r e d a b s o r p t i o n spectrum of 
c o t t o n c e l l u l o s e was published by Rowen et. a l . i n 19̂ 7 [J_]. During 
the f o l l o w i n g decade, i n f r a r e d spectroscopy was e x t e n s i v e l y a p p l i e d 
to the a n a l y s i s of c e l l u l o s e t e x t i l e s using sampling techniques such 
as mineral o i l mulls [2-5] or f i l m s cast on glass plates [6-7] . F or 
many y e a r s , d i s p e r s i v e i n f r a r e d s p e c t r o s c o p y has been applied to 
study c h a r a c t e r i s t i c s of c e l l u l o s e t e x t i l e m a t e r i a l s such as the 
c e l l u l o s e m o l e c u l a r o r i e n t a t i o n , hydrogen bonding, degradation and 
de c o m p o s i t i o n p r o c e s s e s , and c h e m i c a l m o d i f i c a t i o n o f c o t t o n 
c e l l u l o s e [8-10] . The most commonly used s a m p l i n g technique f o r 
obtaining i n f r a r e d absorption spectra of c e l l u l o s e t e x t i l e m a t e r i a l s 
i s the potassium bromide (KBr) p e l l e t method. T h i s technique f i r s t 
was introduced to c e l l u l o s e a n a l y s i s i n 1 957 [ ν Π , m o d i f i e d l a t e r 
[12] , and has become a routine and v e r s a t i l e procedure for obtaining 
i n f r a r e d spectra of t e x t i l e s f o r both q u a l i t a t i v e and q u a n t i t a t i v e 
a n a l y s i s purposes [j_3]. Attenuated t o t a l r e f l e c t a n c e (ATR) also has 
been used to obtain i n f r a r e d absorption spectra of c e l l u l o s e t e x t i l e 
m a t e r i a l s [Jjl] . Even though the ATR technique can be used to study 
the surface c h e m i s t r y of t e x t i l e m a t e r i a l s , t h i s t e c h n i q u e o f t e n 
s u f f e r s from the poor contact between samples and r e f l e c t i o n c r y s t a l s 
[15]. An a l t e r n a t i v e approach of sample p r e p a r a t i o n f o r i n f r a r e d 
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transmission measurements of c e l l u l o s e was also reported [ V6 ]. Other 
sampling techniques such as preparing a t h i n layer of p a r a l l e l f i b e r s 
sandwiched between two plates of window materials also have been used 
to obtain i n f r a r e d spectra of t e x t i l e m a t e r i a l s [17-19], but these 
t e c h n i q u e s u s u a l l y r e q u i r e a high degree of s k i l l and patience to 
obtain spectra of high q u a l i t y . 

F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y (FT-IR) has been 
developing r a p i d l y and has become more important i n the f i e l d of 
a n a l y t i c a l spectroscopy during the past decade. I t recently has been 
i n t r o d u c e d t o c e l l u l o s e r e s e a r c h f o r t h e i d e n t i f i c a t i o n and 
q u a n t i t a t i v e a n a l y s i s of f i n i s h i n g agents on c e l l u l o s e t e x t i l e s 
[20,21]. With the assistance of a large capacity data system, FT-IR 
s p e c t r o m e t e r s have v a r i o u s advantages over d i s p e r s i v e i n f r a r e d 
s p e c t r o m e t e r s . The m u l t i p l e x i n g advantage makes i t p o s s i b l e to 
measure a l l f r e q u e n c i e s simultaneously, so i n f r a r e d spectra can be 
c o l l e c t e d at a much f a s t e r speed and the s i g n a l - t o - n o i s e (S/N) r a t i o 
f o r a g i v e n r e s o l u t i o n can be improved by i n c r e a s i n g the number of 
scan. The throughput advantag
energy to reach the detector
r a t i o r e s u l t s . A l s o , the use o f a He-Ne l a s e r i n t e r f e r o m e t e r t o 
r e f e r e n c e the p o s i t i o n of a moving m i r r o r g r e a t l y i n c r e a s e s the 
accuracy of frequency determination, allowing s p e c t r a l s u b t r a c t i o n to 
become p r a c t i c a l f o r i d e n t i f y i n g chemical species i n a mixture [22]. 

Although u l t r a v i o l e t and v i s i b l e photaocoustic spectroscopy has 
been used by a n a l y t i c a l chemists to i n v e s t i g a t e s o l i d samples f o r 
many years, the photoacoustic technique was a p p l i e d t o the i n f r a r e d 
r e g i o n o n l y when p h o t o a c o u s t i c d e t e c t i o n was combined w i t h an 
interferometer and a large capacity data system i n the l a t e 1 970s. 
S i n c e then, FT-IR/PAS has a t t r a c t e d considerable i n t e r e s t due to i t s 
many advantages [ 2 3 - 2 5 ] . The high o p t i c a l t h r o u g h p u t and t h e 
m u l t i p l e x i n g c h a r a c t e r i s t i c s made FT-IR/PAS a r o u t i n e a n a l y t i c a l 
technique for q u a l i t a t i v e a n a l y s i s with a d e s i r a b l e S/N r a t i o . 

A t y p i c a l FT-IR/PAS experiment i s i l l u s t r a t e d i n Figures 1 and 
2. IR r a d i a t i o n passing through an interferometer i s modulated by a 
moving m i r r o r . The modulated IR beam i s then focused onto a sample 
which i s sealed i n s i d e a s m a l l volume c e l l ( F i g u r e 1 ) . T h i s PAS 
sample c e l l has an o p t i c a l window f o r t r a n s m i t t i n g IR r a d i a t i o n i n 
the region of i n t e r e s t , e.g., a KBr window f o r mid-infrared r a d i a t i o n 
or a p o l y e t h y l e n e window f o r f a r - i n f r a r e d r a d i a t i o n (Figure 2). The 
PAS c e l l a l s o c o n t a i n s a s e n s i t i v e microphone f o r p h o t o a c o u s t i c 
s i g n a l d e t e c t i o n ( F i g u r e 2 ) . An i n f r a r e d transparent gas such as 
helium i s used to f i l l the PAS c e l l to carry p h o t o a c o u s t i c s i g n a l s . 
The IR r a d i a t i o n absorbed by the sample i s converted to heat by a 
r a d i a t i o n l e s s t r a n s f e r p r o c e s s . When the heat propogates t o the 
sample s u r f a c e and t r a n s f e r s at the sample-gas i n t e r f a c e i n t o the 
surrounding gas, pressure v a r i a t i o n s of the gas are generated because 
the i n t e n s i t y of the IR r a d i a t i o n i s modulated by the interferometer 
at an audio frequency region. T h i s photoacoustic s i g n a l i s d e t e c t e d 
by the microphone, and p r e a m p l i f i e d i n the PAS sample c e l l u n i t 
(Figure 2). The e l e c t r i c s i g n a l i s subsequently F o u r i e r - t r a n s f o r m e d 
by the data system to y i e l d a s i n g l e beam FT-IR/PAS spectrum (Figure 
1). Carbon black i s normally used as a r e f e r e n c e m a t e r i a l because 
a l l IR r a d i a t i o n can be absorbed by carbon black and converted to 
photoacoustic s i g n a l s . 
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Figure 2. Schematic of a photoacoustic sample c e l l u n i t . 
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From the above PAS s i g n a l g e n e r a t i o n sequence, i t can be seen 
that opaque materials or highly s c a t t e r i n g samples can be measured 
u s i n g FT-IR/PAS without sample preparation and the sample i n t e g r i t y 
i s m a i n t a i n e d d u r i n g the e x p e r i m e n t . T h i s i s i m p o s s i b l e f o r 
c o n v e n t i o n a l i n f r a r e d sampling techniques. D i f f i c u l t i e s due to poor 
c o n t a c t between samples and r e f l e c t i o n e l e m e n t s common t o ATR 
e x p e r i m e n t s i s no l o n g e r a p r o b l e m f o r FT-IR/PAS b e c a u s e 
photoacoustic s i g n a l s are d i r e c t l y detected by a microphone w i t h o u t 
using any r e f l e c t i o n elements and photodetector. For thermally thick 
samples, i . e . , when sample t h i c k n e s s i s g r e a t e r t h a n t h e r m a l 
d i f f u s i o n l e n g t h , only the heat generated within the f i r s t thermal 
d i f f u s i o n length can propogate to the heat t r a n s f e r surface and cause 
p h o t o a c o u s t i c s i g n a l s . Consequently, FT-IR/PAS can be used to study 
the c h e m i s t r y of s o l i d s u r f a c e l a y e r s . T h i s i s a n o t h e r m a j o r 
advantage of FT-IR/PAS over conventional i n f r a r e d techniques. The 
thermal d i f f u s i o n l e n g t h (y ) i n cm can be c a l c u l a t e d as f o l l o w s 
[26]; 3 

y - ( - ^ - )
S pCU) 

Whierj* k _ j s t h e s a m p l e ' s t h e r m a l c o n d u c t i v i t y i n 
cal*cm -s -°C , ρ i s the sample's d e n s i t y i n g-cm , c i s the 
s a m p l e ' s s p e c i f i c h e a t i n CJL I · g -°C and ω i s the a n g u l a r 
modulation frequency i n radian-s . The angular modulation frequency 
ω can be c a l c u l a t e d from the modulation frequency f i n Hertz, as the 
f o l l o w i n g : 

ω = 2*f (2) 

f = vel-v (3) 

where v e l i s the o p t i c a l v e l o c i t y of an interferometer in^m-s 1 and 
ν i s the f r e q u e n c y of IR r a d i a t i o n i n wavenumbers (cm ). In a 
G enzel d e s i g n interferometer, which was used in our experiments, the 
o p t i c a l v e l o c i t y i s equivalent to four times the mirror v e l o c i t y . 

By c o m b i n i n g E q u a t i o n s 1-3, i t can be seen t h a t thermal 
d i f f u s i o n length i s i n v e r s e l y p r o p o r t i o n a l to the square r o o t of the 
p r o d u c t o f o p t i c a l v e l o c i t y and wavenumber of IR r a d i a t i o n . 
Therefore, thermal d i f f u s i o n l e n g t h can be v a r i e d by changing the 
o p t i c a l v e l o c i t y of the i n t e r f e r o m e t e r . For o p t i c a l l y opaque and 
thermally thick samples, i . e . , when both o p t i c a l p e n e t r a t i o n l e n g t h 
and thermal d i f f u s i o n length are smaller than the sample thickness, 
the PAS e f f e c t i v e sampling depth can be changed by applying d i f f e r e n t 
m i r r o r v e l o c i t i e s i f the o p t i c a l penetration length i s greater than 
the thermal d i f f u s i o n length. Therefore, sample surface l a y e r s w i t h 
d i f f e r e n t thicknesses can be examined by PAS, and the penetration of 
c h e m i c a l a d d i t i v e s i n the s u r f a c e l a y e r s o f c e l l u l o s e t e x t i l e 
m a t erials can be i n v e s t i g a t e d by t h i s depth p r o f i l i n g technique [27]. 
T h i s i n f o r m a t i o n i s of i n t e r e s t i n t e x t i l e r e s e a r c h , b u t i t i s 
d i f f i c u l t to obtain by other non-destructive a n a l y t i c a l techniques. 

A v a r i e t y of c e l l u l o s e t e x t i l e m a t e r i a l s were studied u s i n g FT-
IR/PAS i n our l a b o r a t o r y . The d i s t r i b u t i o n of s i z i n g agents and 
f i n i s h i n g agents i n cotton yarns and f a b r i c s was determined. The 
r e s u l t s of these i n v e s t i g a t i o n s are presented here. 
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Experimental 

An IBM IR-98 sp e c t r o m e t e r was used for a l l FT-IR/PAS measurements. 
The photoacoustic c e l l used was b u i l t ^ a t Ames Laboratory. Resolution 
f o r a l l PAS measurements was 8 cm , and no smoothing f u n c t i o n was 
used. Helium p a s s i n g through a l i q u i d n i t r o g e n t r a p was used t o 
purge the sample chamber and as conducting gas i n s i d e the PAS c e l l . 
Carbon black was used as a reference m a t e r i a l . O p t i c a l v e l o c i t i e s 
c o r r e s p o n d i n g to various mirror v e l o c i t i e s of the interferometer are 
presented in Table I. 

Table I. Scan V e l o c i t y of IBM IR-98 FT-IR Spectrometer 

Mirror O p t i c a l Mirror O p t i c a l 
V e l o c i t y V e l o c i t y V e l o c i t y V e l o c i t y V e l o c i t y V e l o c i t y 

(cm* s ) 
0 0.059 
1 0.070 0.280 6 0.166 0.665 
2 0.083 0.333 7 0.198 0.791 
3 0.099 0.396 8 0.236 0.9^1 
4 0.118 0.470 9 0.280 1.119 

The cotton yarns s i z e d with various polymeric s i z i n g agents were 
p r o v i d e d by S o u t h e r n R e g i o n a l Research Center, U.S. Department of 
A g r i c u l t u r e . These yarns had been s i z e d on a laboratory s i n g l e - e n d -
s l a s h e r . P o r t i o n s of the s i z e d yarns also had been subjected to a 
d e s i z i n g process i n v o l v i n g a b o i l - o f f with 0.5% sodium hydroxide. 

The c o t t o n f a b r i c s were treated using conventional padding and 
foam-finishing techniques by United Merchants and Manufacturers. The 
two f i n i s h i n g agents used have the tradenames of V a l r e z 248 and 
Valrez ULF. Valrez 248 i s dimethyloldihydroxyethyleneurea (DMDHEU) 
with the following s t r u c t u r e : 

Ο 

, ι 
H O - C H o - N >J-CH 2 -OH 

ι ι 
H O - C - C - O H 

The hydroxymethyl groups i n DMDHEU were m e t h y l a t e d t o form V a l r e z 
ULF. 

F i b e r s with a c e l l u l o s e t r i a c e t a t e c o r e and a c e l l u l o s e s k i n 
were pr e p a r e d by p a r t i a l l y s a p o n i f y i n g c e l l u l o s e t r i a c e t a t e f i b e r s 
f o l l o w i n g a conventional procedure by the use of a hot, strong sodium 
h y d r o x i d e s o l u t i o n [ 2 8 ] . To determine the thicknesses of the s k i n 
and the core, the f i b e r s were dyed w i t h C. I . D i r e c t Green 26 so 
c e l l u l o s e was dyed more deeply than t r i a c e t a t e . Thickness of the 
c e l l u l o s e s k i n was measured by o p t i c a l microscopy a f t e r f i b e r c r o s s 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



13. YANG ET AL. Cellulose Textile Materials and FTIR Spectroscopy 219 

s e c t i o n s were prepared from the dyed f i b e r s . The f i b e r s were found 
to have diameter of a p p r o x i m a t e l y 18 ym and s k i n t h i c k n e s s e s of 
approximately 2 ym. 

Results and Discussion 

Near S u r f a c e A n a l y s i s . A c e l l u l o s e f i b e r , a c e l l u l o s e t r i a c e t a t e 
f i b e r and a f i b e r with a c e l l u l o s e s k i n and a t r i a c e t a t e c o r e were 
s t u d i e d using FT-IR/PAS (Figure 3). The s p e c t r a l c h a r a c t e r i s t i c s of 
both the c e l l u l o s e and the c e l l u l o s e t r i a c e t a t e f i b e r s ( F i g u r e s 3A 
and 3 B ) are revealed in the spectrum of the c e l l u l o s e s k i n - c e l l u l o s e 
t r i a c e t a t e core f i b e r (Figure 3 θ Λ where the s t r o n g hydrogen-bonded 
OH s t r e t c h i n g peak around 3300 cm i s due to the c e l l u l o s e s k i n , and 
the s t r o n g c a r b o n y l s t r e t c h i n g peak at 1730 cm i s due t o t h e 
c e l l u l o s e t r i a c e t a t e u n d e r n e a t h the s k i n . S i n c e the thermal 
d i f f u s i o n length of c e l l u l o s e at scan v e l o c i t y 0 i s approximately 4-
12 urn i n the mid i n f r a r e d frequency range (4000-400 cm )  which i s 
l a r g e r than the s k i n thicknes
the c e l l u l o s e t r i a c e t a t e
the i n t e n s i t y of the c a r b o n y l peak at 173.9 c m r e l a t i v e t o the 
i n t e n s i t y of the s t r o n g e s t peak at 1045 cm i n the spectrum of the 
skin-core sample (Figure 3C) i s lower than t h a t i n the spectrum of 
p u r e c e l l u l o s e t r i a c e t a t e ( F i g u r e 3 B ) , because l e s s c e l l u l o s e 
t r i a c e t a t e was detected by PAS i n the skin-core sample. 

In the t e x t i l e industry, s i z i n g agents are generally a p p l i e d to 
warp yarns to i n c r e a s e t h e i r a b r a s i o n r e s i s t a n c e d u r i n g weaving. 
A f t e r weaving i s completed, s i z i n g agents are removed through a 
d e s i z i n g process to obtain desired yarn p r o p e r t i e s . In our research, 
a pure c o t t o n yarn and a cotton yarn s i z e d with a polyurethane were 
examined by^PAS at v e l o c i t y 0 (Figures 4A and 4B). An i n t e n s e peak 
at 1730 cm observed in Figure 4B was due to the carbonyl s t r e t c h i n g 
of the polyurethane s i z i n g agent. The s i z e d c o t t o n yarn was then 
ground i n t o a powder to pass a 40-mesh screen and re-examined by FT-
IR/PAS at v e l o c i t y 0 (Figure 4C). I t can be seen that the i n t e n s i t y 
of the c a r b o n y l peak of the powder sample (Figure 4C) was g r e a t l y 
reduced compared w i t h t h a t of the whole y a r n sample ( F i g u r e 4B). 
S i n c e p h o t o a c o u s t i c s i g n a l s are generated only from the substances 
within one thermal d i f f u s i o n length thickness, the i n f r a r e d spectrum 
of the s i z e d y a r n ( F i g u r e 4B) provides information of the chemical 
composition of the substances w i t h i n a few microns s u r f a c e l a y e r . 
Upon g r i n d i n g the sample, however, the surface layer and the bulk 
were mixed and averaged. Because the diameter of the cotton y a r n i s 
a p p r o x i m a t e l y 350 ym, the amount of substances within a few microns 
surface layer i s very small compared to the amount of s u b s t a n c e s i n 
the bulk; t h e r e f o r e , the i n f r a r e d spectrum of the powder sample 
(Figure 4C) represents mainly the chemical composition of the b u l k . 
The o b s e r v a t i o n that the carbonyl peak f o r the yarn sample i n Figure 
4B was much more intense than the same peak f o r the powder sample i n 
F i g u r e 4C demonstrates a h i g h e r c o n c e n t r a t i o n of the polyurethane 
s i z i n g agent i n the surface layer of the yarn than i n the bulk. T h i s 
s u g g e s t s t h a t t h e s i z i n g p r o c e s s d i d not r e s u l t i n u n i f o r m 
d i s t r i b u t i o n of the polyurethane s i z i n g agent i n t o the yarn b u l k . 
S i n c e the weaving performance of s i z e d yarns i s g r e a t l y a f f e c t e d by 
s i z e p e n e t r a t i o n , FT-IR/PAS appears to be a v a l u a b l e t o o l f o r 
studying s i z i n g processes. 
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Figure 3. The photoacoustic i n f r a r e d spectra of (A) a c e l l u l o s e 
f i b e r ; (B) a c e l l u l o s e t r i a c e t a t e f i b e r ; (C) a f i b e r w i t h 
c e l l u l o s e s k i n and c e l l u l o s e t r i a c e t a t e core. 
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Figure 4. The photoacoustic i n f r a r e d s p e c t r a of (A) a c o t t o n 
y a r n ; (B) a c o t t o n yarn s i z e d w i t h a p o l y u r e t h a n e ; (C) the 
corresponding powder from the si z e d yarn. 
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A f t e r a p o r t i o n of the s i z e d c o t t o n y a r n underwent a d e s i z i n g 
p r o c e s s , the d e s i z e d y a r n and a c o r r e s p o n d i n g powder sample were 
examined by FT-IR/PAS ( F i g u r e 5 ) . Compared w i t h t h e i n f r a r e d 
spectrum of the s i z e d yarn (Figure MB), the carbonyl peak i n t e n s i t y 
i n the spectrum of the desized yarn (Figure 5A) was g r e a t l y r e d uced 
as a r e s u l t of the d e s i z i n g p r o c e s s , i n d i c a t i n g t h a t most of the 
s i z i n g agent was removed from t h e s u r f a c e l a y e r o f t h e y a r n . 
However, the c o n c e n t r a t i o n of the s i z i n g agent i n the bulk of the 
desized yarn i s s t i l l r e l a t i v e l y high as demonstrated by a r e l a t i v e l y 
i n t e n s e c a r b o n y l peak i n the spectrum of the powder sample (Figure 
5B). This i n d i c a t e s that the s i z i n g agent i n the s u r f a c e l a y e r of 
the s i z e d yarn was removed through the d e s i z i n g process, but most of 
the s i z i n g agent i n the y a r n i n t e r i o r s t i l l r e m a i n e d . S i n c e 
i n c o m p l e t e s i z i n g agent removal d u r i n g d e s i z i n g r e s u l t s i n many 
problems such as nonuniform dyeing, FT-IR/PAS appears to be s u i t a b l e 
f o r studying the e f f e c t i v e n e s s of d e s i z i n g processes. 

I n f r a r e d spectroscopy t r a d i t i o n a l l y has been a p p l i e d t o study 
t e x t i l e samples by g r i n d i n
g r i n d i n g , the s u r f a c e l a y e
approach cannot be used t o i n v e s t i g a t e the chemistry of the near-
s u r f a c e of t e x t i l e m a t e r i a l s . The c a p a b i l i t y o f n e a r s u r f a c e 
c h a r a c t e r i z a t i o n i s considered to be one of the major advantages of 
FT-IR/PAS over the t r a d i t i o n a l t r a n s m i s s i o n technique. 

A p p l i c a t i o n s of the S p e c t r a l S u b t r a c t i o n Technique. Based on the 
a d v a n t a g e o f p r e c i s i o n wavenumber measurement p r o v i d e d by 
c o m p u t e r i z e d FT-IR i n s t r u m e n t a t i o n , the a b s o r b a n c e - s u b t r a c t i o n 
technique has become a p r a c t i c a l method i n a n a l y s i s of multicomponent 
m i x t u r e s [ 2 2 ] . I t was a l s o found i n t h i s research that d i f f e r e n c e 
p h o t o a c o u s t i c s p e c t r o s c o p y can be u s e d t o d i s t i n g u i s h s m a l l 
d i f f e r e n c e s between two samples. By comparing the PAS s p e c t r a of 
t r e a t e d and untreated m a t e r i a l s , the common s p e c t r a l f e a t u r e s can be 
c a n c e l l e d o u t . The r e m a i n i n g bands can be i n t e r p r e t e d i n terms of 
the near-surface chemical species due to the treatment. 

For example, when the PAS spectrum of an untreated cotton yarn 
(Figure 6B) was s u b t r a c t e d from the spectrum of the p o l y u r e t h a n e -
s i z e d c o t t o n y a r n ( F i g u r e 6A), most of the s p e c t r a l features of the 
polyurethane s i z i n g agent appeared i n the d i f f e r e n c e spectrum (Figure 
6C). Even though no o b v i o u s d i f f e r e n c e s between these two spectra 
(Figures 6A and 6B) cou^d be o b s e r v e ^ i n the CH s t r e t c h i n g r e g i o n , 
two bands at 29^0 cm and 2872 cm due to the polyurethane s i z i n g 
agent are r e v e a l e d i n the d i f f e r e n c e spectrum ( F i g u r e 6C). T h i s 
example demonstrates that the near-surface a n a l y s i s s e n s i t i v i t y using 
FT-IR/PAS can be improved s i g n i f i c a n t l y by a p p l y i n g the s p e c t r a l 
s u b t r a c t i o n technique. The molecular species i n the surface l a y e r of 
the chemically t r e a t e d c e l l u l o s e t e x t i l e s can be i d e n t i f i e d by t h i s 
t e c h n i q u e even though no major d i f f e r e n c e s are observed between the 
s p e c t r a of t r e a t e d and untreated samples. 

Determination of the U n i f o r m i t y of Chemical A d d i t i v e s i n C e l l u l o s e . 
An i n t e n s e peak at 1 730 cm was a l s o observed i n the i n f r a r e d 
spectrum of a cotton yarn s i z e d w i t h a p o l y a c r y l a t e s i z i n g agent. 
This peak was due to the carbonyl groups of the p o l y a c r y l a t e . I t was 
a l s o observed that the carbonyl peak i n t e n s i t y i n the spectrum of the 
powder sample was lower than that i n the spectrum of the yarn sample, 
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i n d i c a t i n g a higher concentration of the p o l y a c r y l a t e i n the s u r f a c e 
l a y e r of the s i z e d yarn than i n the bulk. - 1 

The i n t e n s i t i e s o f t h e c a r b o n y l peak (1730 cm ) of the 
p o l y u r e t h a n e - s i z e d y a r n and the p o l y a c r y l a t e - s i z e d y a r n and the 
c o r r e s p o n d i n g powder samples are summarized i n T a b l e I I . The 
carbonyl^peak i n t e n s i t y was normalized against the peak i n t e n s i t y at 
1 430 cm . The carbonyl peak i n t e n s i t y r a t i o of the yarn sample to 
the c o r r e s p o n d i n g powder sample i s used as a s e m i q u a n t i t a t i v e 
measurement of the degree of penetration of the s i z i n g agent, since 
b e t t e r p e n e t r a t i o n would r e s u l t i n s m a l l e r d i f f e r e n c e s i n 
c o n c e n t r a t i o n of the s i z i n g agent between the surface layer and the 
bulk so that the i n t e n s i t y r a t i o would be closer to unity. I t can be 
s e e n f r o m T a b l e II t h a t the p o l y u r e t h a n e s i z i n g agent was more 
c o n c e n t r a t e d i n the s u r f a c e l a y e r w i t h a g r e a t e r c a r b o n y l peak 
i n t e n s i t y r a t i o (1.48), while the p o l y a c r y l a t e s i z i n g agent i s more 
homogeneously d i s t r i b u t e d between the surface and the i n t e r i o r which 
r e s u l t e d i n a smaller carbonyl peak i n t e n s i t y r a t i o (1.14)

Table I I . The Carbonyl Peak (1730 cm ) I n t e n s i t i e s of the Sized 
Cotton Yarns and the Corresponding Powders 

S i z i n g Agent Carbonyl Peak I n t e n s i t y I n t e n s i t y Ratio 
Applied ( A r b i t r a r y Unit) (yarn/powder) 

Yarn Powder 
Polyurethane 0.87 0.59 1.48 
P o l y a c r y l a t e 1.27 1.11 1.14 

The amount of s i z i n g agents removed by d e s i z i n g can a l s o be 
measured s e m i q u a n t i t a t i v e l y u s i n g FT-IR/PAS. The c a r b o n y l peak 
i n t e n s i t i e s of the s i z e d and d e s i z e d yarns and the c o r r e s p o n d i n g 
powder s a m p l e s a r e p r e s e n t e d i n T a b l e I I I . The c a r b o n y l peak 
i n t e n s i t y r a t i o (desized/sized) for the p o l y u r e t h a n e - s i z e d y a r n i s 
0.25. T h i s i n d i c a t e s that most of the polyurethane s i z i n g agent was 
removed from the yarn near-surface by d e s i z i n g . More p o l y a c r y l a t e 
s i z i n g agent remained i n the y a r n s u r f a c e layer a f t e r d e s i z i n g as 
d e m o n s t r a t e d by a g r e a t e r c a r b o n y l p e a k i n t e n s i t y r a t i o 
( d e s i z e d / s i z e d ) o f 0.50. I t c o u l d a l s o be c o n c l u d e d t h a t the 
d e s i z i n g process removed more s i z i n g agents from the s u r f a c e l a y e r 
t h a n f r o m t h e b u l k , because the c a r b o n y l peak i n t e n s i t y r a t i o 
( d e s i z e d / s i z e d ) f o r the powder samples i s 0.76 f o r both d e s i z e d 
y a r n s . T h i s i n d i c a t e s that most of the s i z i n g agents s t i l l remained 
i n the i n t e r i o r a f t e r the d e s i z i n g process. I t should be pointed out 
that i t i s reasonable to perform semiquantitative measurements of the 
amount of the s i z i n g agents removed through d e s i z i n g by comparing the 
carbonyl peak i n t e n s i t i e s of the s i z e d and the desized yarns, because 
the s i z e d and desized yarns have s i m i l a r yarn diameters and s u r f a c e 
m o r p h o l o g i e s and the p o s s i b l e e f f e c t on p h o t o a c o u s t i c s i g n a l 
amplitude due to d i f f e r e n c e s i n t h e i r surface m o r p h o l o g i e s and y a r n 
diameters i s very small. 
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Table I I I . Carbonyl Peak I n t e n s i t i e s of the Sized Cotton Yarns 

S i z i n g Agent Sample Type Carbonyl Peak In t e n s i t y I n t e n s i t y Ratio 
( A r b i t r a r y Unit) (desized/sized) 

Sized Desized 
Polyurethane yarn 0.87 0.22 0.25 
Polyurethane powder 0.59 0.45 0.76 
P o l y a c r y l a t e yarn 1.27 0.64 0.50 
P o l y a c r y l a t e powder 1.11 0.84 0.76 

The d i s t r i b u t i o n of the f i n i s h i n g agents a p p l i e d t o c o t t o n 
f a b r i c s u s i n g c o n v e n t i o n a l padding and foam f i n i s h i n g techniques 
(FFT) was a l s o i n v e s t i g a t e d w i t h FT-IR/PAS. The f o a m - f i n i s h i n g 
t e c h n i q u e was developed i n the 1970s f o r the purpose of reducing 
energy cost [29]. The e s s e n t i a
i n s t e a d of water as th
system, up to 75% of the water i n the f i n i s h i n g f o r m u l a t i o n i s 
r e p l a c e d by a i r , thereby e l i m i n a t i n g 75% of the energy needed to 
remove the water i n the f i n a l evaporation process. I t was also found 
t h a t w r i n k l e recovery of the treated cotton f a b r i c was improved as a 
r e s u l t of FFT [31 ,32]. 

Two types of f i n i s h i n g agents (Valrez 248 and Valrez ULF) were 
used t o t r e a t c o t t o n f a b r i c s w i th c o n v e n t i o n a l padding^ and foam 
f i n i s h i n g techniques. An intense carbonyl peak at 1720 cm observed 
i n the i n f r a r e d spectrum of the V a l r e z 2 4 8 - t r e a t e d c o t t o n f a b r i c 
( F i g u r e 7B) i s due to the f i n i s h i n g agent. T h i s c a r b o n y l peak 
i n t e n s i t y was used to measure the amount of f i n i s h i n g agents a p p l i e d 
t o the f a b r i c s . The c o t t o n f a b r i c s t r e a t e d with Valrez 248 using 
c o n v e n t i o n a l p a d d i n g and f o a m - f i n i s h i n g t e c h n i q u e s and t h e 
c o r r e s p o n d i n g powder samples were examined by FT-IR/PAS (Figures 8 
and 9). I t can be seen that the carbonyl peak i n t e n s i t y was reduced 
more d r a m a t i c a l l y upon g r i n d i n g the conventionally f i n i s h e d cotton 
f a b r i c than the f o a m - f i n i s h e d f a b r i c . T h i s i n d i c a t e s t h a t t h e 
f i n i s h i n g agent ( V a l r e z 248) was more uniformly d i s t r i b u t e d i n the 
f o a m - f i n i s h e d c o t t o n f a b r i c than i n the c o n v e n t i o n a l l y f i n i s h e d 
f a b r i c . The carbonyl peak (1720 cm ) i n t e n s i t y of various f i n i s h e d 
cotton f a b r i c s and the corresponding powder samples are summarized in 
T a b l e IV. The c a r b o n y l peak i n t e n s i t y was normalized against the 
peak i n t e n s i t y at 1430 cm , which r e p r e s e n t s the CH b e n d i n g i n 
c e l l u l o s e m o l e c u l e s . T h e c a r b o n y l peak i n t e n s i t y r a t i o 
(powder/fabric) i s used as a s e m i q u a n t i t a t i v e measurement of the 
u n i f o r m i t y of the f i n i s h i n g agents i n the f a b r i c s , because better 
u n i f o r m i t y of a f i n i s h i n g agent would r e s u l t i n a c a r b o n y l peak 
i n t e n s i t y r a t i o c l o s e r t o u n i t y . I t can be observed from the data 
presented in Table IV that the FFT treatment of c o t t o n f a b r i c s w i t h 
b o t h V a l r e z 248 and V a l r e z ULF gave b e t t e r u n i f o r m i t y of the 
f i n i s h i n g agent with the carbonyl peak i n t e n s i t y r a t i o s of 0.92 and 
0.91 r e s p e c t i v e l y . The c o t t o n f a b r i c s treated with a conventional 
padding technique show poor uniformity f o r both f i n i s h agents w i t h 
the c a r b o n y l peak i n t e n s i t y r a t i o s of 0.57 and 0.58 r e s p e c t i v e l y . 
This FT-IR/PAS e x a m i n a t i o n e x p l a i n s the o b s e r v a t i o n t h a t w r i n k l e 
r e c o v e r y angle was g e n e r a l l y h i g h e r f o r the f o a m - f i n i s h e d cotton 
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f a b r i c s than f o r the c o n v e n t i o n a l f i n i s h e d f a b r i c s [29 ^ 3 2 ^ 3 3 ] , 
because a b e t t e r u n i f o r m i t y of the f i n i s h i n g agents throughout the 
cotton f a b r i c s would allow more f i b e r s to be c r o s s l i n k e d , thereby 
improving the wrinkle recovery p r o p e r t i e s . 

Table IV. Carbonyl Peak I n t e n s i t i e s of the Treated Cotton F a b r i c s 

F i n i s h i n g 
Agent 

F i n i s h i n g 
Technique 

Carbonyl Peak In t e n s i t y 
( A r b i t r a r y Unit) 

Carbonyl Peak 
Intensity Ratio 

F a b r i c Powder (Powder/Fabric) 

Valrez 
248 

conventional 
padding 

1.14 0.65 0.57 

Valrez 
248 

foam f i n i s h i n

Valrez 
ULF 

conventional 
padding 

1.11 0.64 0.58 

Valrez 
ULF foam f i n i s h i n g 0.80 0.88 0.91 

W i t h t h e e x t e n s i v e use o f c h e m i c a l a d d i t i v e s on t e x t i l e 
m a t e r i a l s , the i d e n t i f i c a t i o n and c h a r a c t e r i z a t i o n o f c h e m i c a l 
a d d i t i v e s such as s i z i n g agents and f i n i s h i n g agents are of great 
importance i n d e t e r m i n i n g the p r o p e r t i e s of t e x t i l e m a t e r i a l s . 
V a r i o u s a n a l y t i c a l t e c h n i q u e s such as s o l v e n t e x t r a c t i o n of the 
f i n i s h i n g agent from t e x t i l e m a t e r i a l s f o l l o w e d by a ATR i n f r a r e d 
s p e c t r o s c o p y measurement [33], and i n f r a r e d transmission measurement 
u s i n g ground m a t e r i a l p r e s s e d i n a KBr p e l l e t [ 3 4 ] have been 
d e v e l o p e d t o i d e n t i f y the chemical a d d i t i v e s i n t e x t i l e m a t e r i a l s . 
These techniques are b u l k - a n a l y s i s methods and cannot be used t o 
examine the d i s t r i b u t i o n of chemical a d d i t i v e s i n t e x t i l e s . However, 
the r e s u l t s of our study show that FT-IR p h o t o a c o u s t i c s p e c t r o s c o p y 
p r o v i d e s a c o n v e n i e n t t e c h n i q u e to determine the penetration and 
u n i f o r m i t y of s i z i n g a g e n t s and f i n i s h i n g a g e n t s i n t e x t i l e 
m a t e r i a l s . T h i s has been accomplished by measuring the PAS spectra 
of the t e x t i l e materials and the corresponding powder samples. 

FT-IR/PAS Depth P r o f i l i n g . The penetration of chemical a d d i t i v e s i n 
c e l l u l o s e t e x t i l e m a t e r i a l s can a l s o be i n v e s t i g a t e d u s i n g a FT-
IR/PAS d e p t h p r o f i l i n g t e c h n i q u e by a p p l y i n g d i f f e r e n t o p t i c a l 
v e l o c i t i e s . As d i s c u s s e d above, t h e r m a l d i f f u s i o n l e n g t h i s 
i n v e r s e l y p r o p o r t i o n a l to the square root of the product of o p t i c a l 
v e l o c i t y and wavenumber of IR r a d i a t i o n , so PAS sampling depth varies 
as i n t e r f e r o m e t e r scan v e l o c i t y changes. S i n c e most c e l l u l o s e 
t e x t i l e materials are o p t i c a l l y opaque and t h e r m a l l y t h i c k , and i n 
most cases the o p t i c a l penetration length i s greater than the thermal 
d i f f u s i o n length, the PAS sampling depth can be v a r i e d by changing 
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the interferometer mirror v e l o c i t y . Therefore, sample surface l a y e r s 
with d i f f e r e n t thicknesses can be examined. 

The p o l y u r e t h a n e - s i ζ e d c o t t o n yarns d i s c u s s e d above were 
examined with FT-IR/PAS using d i f f e r e n t mirror v e l o c i t i e s . The r a t i o 
o f the peak i n t e n s i t y at 1730 cm to the peak i n t e n s i t y at 1430 
cm , d 1 7 3 0 - ) / ( Ι Ί c m - 1 ) t i s ^ D l o t t e d against o p t i c a l v e l o c i t y 
( F i g u r e ίο;. Tne peaK at 1*430 cm i s regarded as a reference peak 
since i t represents the C-H bending of the c e l l u l o s e i n c o t t o n y a r n . 
The peak i n t e n s i t y r a t i o , ( I 1 7 Q 0 1 c m - 1 ^ ' i s c o n s i d e r e d t o 

be a s e m i - q u a n t i t a t i v e measurement of the amount of p o l y u r e t h a n e 
s i z i n g agent compared t o the amount of c e l l u l o s e w i t h i n the PAS 
sampling depth. I t can be observed from Figure 10 that the i n t e n s i t y 
r a t i o , (I — ) / ( I - η-̂ η increases as the o p t i c a l v e l o c i t y 
i s increased. T̂ e"" t h e r m a l ^ a i F P u s i o n l e n g t h of c o t t o n at 1 730 cm 
fo r the o p t i c a l v e l o c i t i e s a p plied i s presented i n Table V. I t _sjiows 
that when the o p t i c a l v e l o c i t y i s i n c r e a s e d from 0.235 cm-s to 
1.119 cm-s , the thermal d i f f u s i o n length i s decreased from 6.1 ym 
t o 2 . 8 ym . An i n c r e a s
( I 1 7 3 0 cm-1 1430 cm-1
concentrated polyurexnane s i z i n g agent was d e t e c t e d i n a t h i n n e r 
surface l a y e r . 

Table V. Thermal D i f f u s i o n Length of Cotton at 1730 cm 

V e l o c i t y O p t i c a l V e l o c i t y Thermal D i f f u s i o n Length 
(cm»s ) (ym) 

0 0.235 6.1 
3 0.396 4.7 
6 0.665 3.6 
9 1.119 2.8 

I t can be seen from the spectrum of the^ p o l y u r e t h a n e s i z i n g 
agent ( F i g u r e 6D) t h a t the peak at 1246 cm i s the second most 
i n t e n s e peak i n the s p e c t r a . By comparing of the spectra of the 
s i z e d yarn ( F i g u r e 6A) and the pure c o t t o n y a r n ( F i g u r e 6B), one 
observes t h a t a weak peak at 1 246 cm i n the spectrum of the s i z e d 
y a r n ( F i g u r e 6A) i s due to the p o l y u r e t h a n e s i z i n g a g e n t . The 
i n f r a r e d s p e c t r a of the polyurethane-sized cotton yarn c o l l e c t e d at 
v e l o c i t i e s 0, 3, 6 and 9 are shown i n F i g u r e 11. The peak at 1246 
cm i s almost i n v i s i b l e i n the spectrum c o l l e c t e d at v e l o c i t y 0 
( F i g u r e 11A); however, i t s i n t e n s i t y i n c r e a s e s as the o p t i c a l 
v e l o c i t y i s i n c r e a s e d from v e l o c i t y 0 t o v e l o c i t y 9 (Figures 11A-
11D). This r e s u l t i s consistent with the o b s e r v a t i o n t h a t the peak 
i n t e n s i t y r a t i o , d 1 7 3 0 1 ) / ( 1 1 u*Q c m - 3 ) » w a s i n c r e a s e d by 
in c r e a s i n g the o p t i c a l véxocity. Both otrservations i n d i c a t e a higher 
concentration of the polyurethane s i z i n g agent on the near-surface of 
the yarn than i n i t s i n t e r i o r . 

The p o l y a c r y l a t e - s i z e d c o t t o n yarn was a l s o examined u s i n g 
d i f f e r e n t o p t i c a l v e l o c i t i e s , and the peak i n t e n s i t y r a t i o , 
( I 1 7 3 0 c m - 1 ) / ( I 1 4 3 0 cm-1 } 9 i s P l o t t e d a g a i n s t o p t i c a l v e l o c i t y 
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c/) 
L j 0.80 1 1 1 1 1 1 i 1 i i " 

z 0 0.50 1-00 

O P T I C A L V E L O C I T Y ( c m / s e c ) 

Figure 10 . The p h o t o a c o u s t i c i n f r a r e d peak i n t e n s i t y r a t i o , 
(I )/(I ), of the polyurethane-sized cotton yarn 
v s l 7 o p t i c a l v e l o c ? ? y C o f 1 the interferometer. 
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1400 1300 1200 

WAVENUMBERS ( C M * 1 ) 

F i g u r e 1 1 . T h e p h o t o a c o u s t i c i n f r a r e d s p e c t r a o f t h e 
polyurethane-sized cotton yarn c o l l e c t e d at (A) v e l o c i t y 0; (B) 
v e l o c i t y 3; (C) v e l o c i t y 6; (D) v e l o c i t y 9; (E) FT-IR/PAS 
spectrum of the polyurethane s i z i n g agent. 

OPTICAL VELOCITY (cm/sec) 

F i g u r e 12. The p h o t o a c o u s t i c i n f r a r e d peak i n t e n s i t y r a t i o , 
( I i 7 ^ n om i ) / ( I i i n n nm o f t n e P o i y a c r y l a t e - s i z e d cotton yarn 
v s ! ' o p t i c a l v e l o c i t y of'the interferometer. 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



230 THE STRUCTURES OF CELLULOSE 

( F i g u r e 12). I t i s a l s o f o u n d t h a t t h e peak i n t e n s i t y r a t i o 
i n c r e a s e s when o p t i c a l v e l o c i t y i s increased. However, the slope of 
t h e c u r v e i n F i g u r e 12 i s much s m a l l e r t h a n t h a t f o r t h e 
p o l y u r a t h a n e - s i z e d yarn (Figure 10), i n d i c a t i n g that the d i f f e r e n c e 
i n concentration of the po l y a c r y l a t e s i z i n g agent between the near-
s u r f a c e and the i n t e r i o r i s smaller than that of the polyurethane-
s i z e d yarn. T h i s observation i s consistent with the observation that 
t h e p o l y a c r y l a t e s i z i n g agent had b e t t e r p e n e t r a t i o n than the 
polyurethane s i z i n g agent. 

The above examples demonstrate that FT-IR/PAS depth p r o f i l i n g 
p r o v i d e s a n o n - d e s t r u c t i v e and c o n v e n i e n t method t o i n v e s t i g a t e 
d i f f e r e n c e s i n concentration of chemical a d d i t i v e s between the near-
surface and the i n t e r i o r of c e l l u l o s e t e x t i l e m a t e r i a l s so t h a t the 
p e n e t r a t i o n and u n i f o r m i t y of these chemical a d d i t i v e s can be 
elu c i d a t e d . T h i s i s considered to be another advantage of FT-IR/PAS 
over conventional i n f r a r e d sampling techniques. Even though v a r i a b l e 
angle ATR was s u c c e s s f u l l y used to depth p r o f i l e deformable samples 
[ 3 5 ] , FT-IR/PAS d e t e c t
als o eliminates problem
and r e f l e c t i o n c r y s t a l s , which i s common i n ATR experiments. 

In summary, the a p p l i c a t i o n s o f FT-IR/PAS t o s t u d i e s o f 
c e l l u l o s e t e x t i l e m a t e r i a l s d i s c u s s e d above demonstrate that FT-
IR/PAS has v a r i o u s advantages over the c o n v e n t i o n a l t r a n s m i s s i o n 
t e c h n i q u e s . Some d i s a d v a n t a g e s o f FT-IR/PAS s h o u l d a l s o be 
mentioned, however. Due to the high noise l e v e l i n PAS experiments, 
a s l o w s c a n v e l o c i t y and a l a r g e number of scans u s u a l l y are 
n e c e s s a r y t o o b t a i n d e s i r a b l e S/N r a t i o . C o n s e q u e n t l y , a PAS 
experiment i s more time-consuming than c o n v e n t i o n a l transmission 
techniques. Water vapor i n the PAS c e l l g i v e s i n t e n s e water bands 
w h i c h m i g h t s e r i o u s l y i n t e r f e r e w i t h s p e c t r a l o b s e r v a t i o n . 
Therefore, samples must be kept dry and the helium used as a c a r r i e r 
s h o u l d be p r e - d r i e d . S i n c e sample morphology and possibly f i b e r 
diameter may a f f e c t p h o t o a c o u s t i c s i g n a l a m p l i t u d e , q u a n t i t a t i v e 
a n a l y s i s u s i n g FT-IR i s s t i l l d i f f i c u l t when dealing with samples 
with d i f f e r e n t surface morphology or diam e t e r . In s p i t e of these 
d i f f i c u l t i e s , however, FT-IR photoacoustic spectroscopy appears to 
have great p o t e n t i a l to become an important i n s t r u m e n t a l t e c h n i q u e 
f o r examining t e x t i l e m a t e r i a l s . 
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Chapter 14 

Fractal Analysis of Cotton Cellulose as Characterized 
by Small-Angle X-ray Scattering 

J. S. Lin1, Ming-Ya Tang2, and John F. Fellers2 

1National Center for Small Angle Scattering Research, Oak Ridge National Laboratory, 
Oak Ridge, TN 37830 

2Materials Science & Engineering, University of Tennessee, Knoxville, TN 37996-2200 

Complete small-angle x-ray scattering (SAXS) curves 
are reported and
fractal theories y
eleven cotton cellulose samples. The scattering 
source is identified as voids in a sol id matrix. 
The void volume fraction ranges from 0.7% to 3.4% 
in the various cotton samples and is 17% in 
Valonia. Modifications such as dewaxing, scouring, 
and bleaching improve the packing efficiency within 
aggregates, and additionally increase the void 
fract ion. NaOH mercerization and NH3 treatment 
destroy the packing efficiency s l ight ly and 
decrease the void fract ion. Two types of power-law 
decay were observed for the SAXS intensity I(s) . 
Hydrocellulose II and Valonia follow Porod's 
inverse fourth power law. Conventional SAXS 
analysis then determines the average pore sizes to 
be 8.5 nm and 12.5 nm, and specif ic inner surfaces 
of 15.3 and 45.2 m2/cm3, respectively. The other 
ten cotton samples follow a power law decay with 
the exponent ranging from -2.7 to -2 .1 . The non
-integer exponent is referred to as the Hausdorff 
dimension and suggests a fractal structure for the 
microcrystal l i tes constituting the ce l lulose . The 
compliance of Hydrocellulose II and Valonia to 
Porod's law carries with it a model structure of a 
three dimensional void bounded by a smooth two 
dimensional surface. The other samples that have 
their fractal or Hausdorff dimension less than the 
Euclidian dimension implies there is a unit of 
measure small enough to sense discontinuit ies of 
the structure. The Hausdorff dimensions measured 
here suggest that native cellulose is a cluster 
aggregate of microcrystall ites modified by 
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subsequent rearrangement. Such s p e c u l a t i o n s may 
s t i m u l a t e some new i n s i g h t t o the growth mechanism 
of c o t t o n . 

S t r u c t u r e 
In the l a s t s i x t y y e a r s , the morphology o f c e l l u l o s e has r e c e i v e d 
much a t t e n t i o n but has remaining u n r e s o l v e d f e a t u r e s . C e l l u l o s e 
i s a l i n e a r polymer composed of anhydroglucose u n i t s j o i n e d by 1-
4 β-Glycosidic bonds. I t forms the p r i n c i p a l c o n s t i t u e n t o f 
p l a n t c e l l w a l l s where i t o c c u r s as t h i n threads of i n d e f i n i t e 
l e n g t h c a l l e d m i c r o f i b r i l s . In width, m i c r o f i b r i l s vary from 7 
to 30 nm, depending upon the source of the c e l l u l o s e ( 1 ) . I t i s 
g e n e r a l l y agreed t h a t c o t t o n c e l l u l o s e i s arranged i n t h i n 
f i b r i l s forming the r a t h e r i r r e g u l a r o u t e r or primary c e l l w a l l , 
and the h i g h l y ordered inner o r secondary w a l l o f the hollow 
t u b u l a r s t r u c t u r e of the c o t t o n f i b e r ( 2 )

The e x i s t e n c e of a
c o n c l u s i v e l y by wide-angl
d i f f r a c t i o n s t u d i e s ( 3 ) . The d i f f r a c t i o n p a t t e r n s e x h i b i t 
reasonably w e l l - d e f i n e d r e f l e c t i o n s f o r which u n i t c e l l s have 
been d e f i n e d . There are f o u r b a s i c r e c o g n i z e d c r y s t a l l i n e 
m o d i f i c a t i o n s , namely, c e l l u l o s e I, I I , I I I and IV. By the WAXD 
method as proposed by Hermans (4,5) i t has been found t h a t n a t i v e 
c e l l u l o s e s o f d i f f e r e n t b i o l o g i c a l o r i g i n vary i n c r y s t a l l i n i t y 
over wide l i m i t s , from 40% i n b a c t e r i a l c e l l u l o s e t o 60% i n 
c o t t o n c e l l u l o s e and 70% i n V a l o n i a c e l l u l o s e . 

The f i n e s t r u c t u r e o f c e l l u l o s e i s g e n e r a l l y i n t e r p r e t e d i n 
terms of a two-phase c r y s t a l l i n e - a m o r p h o u s model ( 6 ) . A c c o r d i n g 
to t h i s concept c e l l u l o s e m i c r o f i b r i l s are regarded as assemblies 
o f c r y s t a l l i n e and amorphous r e g i o n s . However, i n c o n t r a s t t o 
most s y n t h e t i c s e m i c r y s t a l l i n e polymers, n a t i v e o r regenerated 
c e l l u l o s e f i b e r s do not show a m e r i d i o n a l s m a l l - a n g l e x-ray o r 
neutron r e f l e c t i o n (7-27), although i n some s p e c i a l cases a very 
weak long spacing r e f l e c t i o n c o u l d be d e t e c t e d f o r regenerated 
c e l l u l o s e (12,13,24,27). T h i s o b s e r v a t i o n i s e x p l a i n e d by the 
assumption *(T3,25y~that the d i f f e r e n c e of e l e c t r o n d e n s i t y 
between the "amorphous" and " c r y s t a l l i n e " r e g i o n s i s too weak t o 
g i v e r i s e t o a d i s c r e t e s m a l l - a n g l e r e f l e c t i o n , but the 
d i s t i n c t i o n i n c h a i n order i s r e a l i n the sense t h a t i t i s the 
b a s i s f o r s e l e c t i v i t y with r e s p e c t t o chemical d e g r a d a t i o n . 

Meanwhile the d i f f u s e s m a l l - a n g l e x-ray s c a t t e r i n g o f c o t t o n 
has been i n t e r p r e t e d as e i t h e r due to m i c r o f i b r i l s having 
n e g l i g i b l e i n t e r p a r t i c u l a r i n t e r f e r e n c e (7-10, 22,25,26) o r due 
to a " d i l u t e " system of m i c r o v o i d s o r pores i n a dense system 
(12, 14-19). The f i r s t view i s a p p a r e n t l y supported by the 
o b s e r v a t i o n of Haase e t a l . (21,22) and Heyn (7-10, 26) t h a t the 
s m a l l e s t dimension r e v e a l e d from the d i f f u s e s c a t t e r i n g agrees 
with the r e s u l t s o f the l i n e width a n a l y s i s of WAXD and t h a t o f 
e l e c t r o n microscopy s t u d i e s . However t h i s a n a l y s i s i s dependent 
on the range of s c a t t e r i n g angles ( 2 Θ ) , i . e . a d i f f e r e n t s (s = 4π 
sine/λ, λ = wavelength) range w i l l lead t o a d i f f e r e n t v a lue o f 
f i b r i l d iameters. The second view i s supported by S t a t t o n 
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(12,18,19), Hermans et a l . (14-16), and Kratky and Sekora (17) 
who found t h a t the mass d e n s i t y can be s a t i s f a c t o r i l y c o r r e l a t e d 
with the s c a t t e r i n g i n v a r i a n t measurement. Here again the 
d e t e r m i n a t i o n of v o i d s i z e i s dependent on the range of 
s c a t t e r i n g angles. Thus one has t o extend the range of 
s c a t t e r i n g angles as f a r as p o s s i b l e . T h i s c o n t r o v e r s y can be 
p a r t i a l l y overcome by a p p l y i n g the technique c a l l e d c o n t r a s t 
v a r i a t i o n (28). C o n t r a s t v a r i a t i o n can be o b t a i n e d by changing 
the e l e c t r o n d e n s i t y of one of the phases s i n c e SAXS i n t e n s i t y i s 
p r o p o r t i o n a l to the square of the d i f f e r e n c e between the mean 
s c a t t e r i n g d e n s i t y (number of e l e c t r o n s per u n i t volume) o f each 
phase i n the s c a t t e r i n g system. 
I m p l i c a t i o n s of S t r u c t u r e from the Growth Process 
C o n s i d e r i n g the c o t t o n growth process may help d i s p e l ambiguity 
about the s t r u c t u r e of c o t t o n  The growth of c o t t o n can be 
c o n s i d e r e d as a d e p o s i t i o
Many o b j e c t s grow by rando
c l u s t e r s , i n c l u d i n g soot and smoke (29), d r o p l e t n u c l e a t i o n and 
growth (30), and c o l l o i d s . The r e s u l t a n t s t r u c t u r e s are 
c h a r a c t e r i z e d by t h e i r tenuous, c h a i n l i k e s t r u c t u r e . However, 
o n l y r e c e n t l y has i t been r e a l i z e d t h a t there i s a geometric 
f e a t u r e which c h a r a c t e r i z e s many o b j e c t s generated by 
i r r e v e r s i b l e growth: they seem to be s c a l e - i n v a r i a n t f r a c t a l s . 
The s u b j e c t of f r a c t a l s i s t r e a t e d i n c o n s i d e r a b l e d e t a i l i n the 
l i t e r a t u r e (31,32). F r a c t a l o b j e c t s are c h a r a c t e r i z e d by the 
s c a l e dependence of t h e i r t o t a l mass when a c h a r a c t e r i s t i c l e n g t h 
s c a l e i s used t o examine the f r a c t a l . That i s 

[ M a s s l j o t a l - (Length)D, (1) 
where D, the f r a c t a l or Hausdorff dimension i s l e s s than d, the 
E u c l i d i a n dimension of space, and i s u s u a l l y n o n - i n t e g r a l . A l s o 
the p o i n t to p o i n t d e n s i t y c o r r e l a t i o n f u n c t i o n c ( x ) w i t h i n a 
f r a c t a l m a t e r i a l has a power-law b e h a v i o r : 

c ( x ) = < P m ( r ) · r p m ( r + x) > - l / r d " D ( 2 ) 

Thus, changing a l l length s c a l e s m u l t i p l i e s c(x) by a c o n s t a n t ; 
t h i s means (33) the o b j e c t " l o o k s " the same on any l e n g t h s c a l e . 

The i d e a t h a t d i s o r d e r l y growth can lead to s c a l e i n v a r i a n c e 
was f i r s t p o i n t e d out by Witten and Sander (33) who were 
attempting to e x p l a i n e a r l i e r o b s e r v a t i o n s of F o r r e s t and Witten 
(34) of smoke aggregates. Computer s i m u l a t i o n s (33, 35-38) have 
a l s o suggested t h a t the r e s u l t a n t s t r u c t u r e s e x h i b i t s c a l e 
i n v a r i a n c e and can be d e s c r i b e d as f r a c t a l s . Two g e n e r a l c l a s s e s 
of i r r e v e r s i b l e a g g r e g a t i o n have emerged from the s i m u l a t i o n s . 
The f i r s t of these c l a s s e s i n v o l v e s c l u s t e r f o r m a t i o n by the 
s u c c e s s i v e a d d i t i o n of s i n g l e randomly walking ( d i f f u s i o n ) 
p a r t i c l e s onto a seed p a r t i c l e r e p r e s e n t i n g a n u c l e a t i o n c e n t e r 
at a f i x e d p o i n t (33,35) ( d i f f u s i o n - l i m i t e d a g g r e g a t i o n , DLA) and 
the r e s u l t a n t s t r u c t u r e has D « 1.7 (d = 2) and 2.5 (d = 3). 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



236 THE STRUCTURES OF CELLULOSE 

C e r t a i n r e a l systems seem t o be d e s c r i b e d by DLA, n o t a b l y 
e l e c t r o d e p o s i t i o n on a sharp p o i n t (39) and d i e l e c t r i c breakdown 
(33,40). The second c l a s s i n v o l v e s c l u s t e r f o r m a t i o n by the 
homogeneous aggregation o f a c o l l e c t i o n of two c l u s t e r s o f 
comparable s i z e (37,38) ( c l u s t e r - c l u s t e r a g g r e g a t i o n , CA) and the 
r e s u l t a n t aggregate has a more open s t r u c t u r e and lower f r a c t a l 
dimension, D 1.4 ( d = 2) and 1.8 (d = 3 ) . Real smoke (34) and 
c o l l o i d s (41) seem to have D = 1.8; t h i s i s a s a t i s f y i n g 
v e r i f i c a t i o n o f the model. A process t h a t has not, however, been 
in c l u d e d i n the s i m u l a t i o n s i s rearrangement w i t h i n the c l u s t e r s . 
T h i s would lead to denser s t r u c t u r e s with h i g h e r Hausdorff 
dimensions (42). 

More r e c e n t l y , s c a t t e r i n g techniques (SAXS, Small Angle 
Neutron S c a t t e r i n g (SANS) and l i g h t s c a t t e r i n g ) were employed to 
c h a r a c t e r i z e the f r a c t a l s t r u c t u r e of aggragates o f s i l i c a 
p a r t i c l e s (42-44) and g o l d c o l l o i d s (45). They r e p o r t e d a power 
law decay o f the s c a t t e r i n g i n t e n s i t y I ( s ) over some range o f 
s c a t t e r i n g v e c t o r , s: 

I (s) ~ s-D. (3) 
Schaefer e t a l . (42, 43) r e p o r t e d t h a t the f r a c t a l dimension of 
s i l i c a aggregates i s 2.12 + 0.05, independent o f the stage of 
aggregation except at the e a r l y phase o f growth. Sinha e t a l . 
(44) r e p o r t e d t h a t the f r a c t a l dimension o f resuspended C a b - o - s i l 
aggregates was 2.52 + 0.05 f o r samples pressed i n t o d i f f e r e n t 
d e n s i t i e s r a n g i n g from 0.05 gm/cm3 t o 0.2 gm/cm3- Weitz and 
Huang (45) r e p o r t e d a f r a c t a l dimension of 1.75 f o r aqueous gold 
c o l l o i d s . Thus the a p p l i c a t i o n of f r a c t a l concepts i n v o l v i n g 
aggregation growth processes may p r o v i d e some new i n s i g h t i n t o 
c o t t o n s t r u c t u r e . 

In the pre s e n t paper we extend the range o f s c a t t e r i n g 
angles as f a r as f i v e degrees and combine SAXS measurement with 
wide-angle x-ray d i f f r a c t i o n measurements. We r e p o r t what we 
b e l i e v e t o be the f i r s t complete SAXS curves f o r c o t t o n and 
V a l o n i a c e l l u l o s e . We a l s o demonstrate how the f r a c t a l concept 
can be a p p l i e d t o e x p l a i n the m i c r o c r y s t a l 1 i t e s t r u c t u r e i n 
c e l l u l o s e . 
M a t e r i a l s 
Eleven c o t t o n c e l l u l o s e s and one of V a l o n i a were s t u d i e d . Among 
the twelve samples, the f i r s t nine c o t t o n samples are i n a 
randomly o r i e n t e d f i b r i l s t a t e ( c o t t o n s l i v e r ) , EHC I and 
H y d r o c e l l u l o s e II are powders, and V a l o n i a i s i n membrane p i e c e s . 
They are l i s t e d and d e s c r i b e d below. 
Cotton C e l l u l o s e . Three c l a s s e s of c o t t o n c e l l u l o s e were 
s t u d i e d . They are 

Greige Cotton S e r i e s : G r e i g e Cotton 
Dewaxed G r e i g e Cotton 
Scoured G r e i g e Cotton 
Scoured and Bleached G r e i g e Cotton 
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Absorbent Cotton S e r i e s : Absorbent Cotton 
NaOH Me r c e r i z e d Absorbent Cotton 
NH3 Treated Absorbent Cotton, NH3 

removed at room temperature 
NH3 Treated Absorbent Cotton, NH3 

removed a t 95°C 
NH3 T r e a t e d Absorbent Cotton, 

sample immediately immersed i n 
H2O a f t e r NH3 treatment 

EHC I, c o t t o n c e l l u l o s e 
Hydrolyzed i n HC51 u n t i l the 
optimal c r y s t a l l i n i t y was 
obtain e d 

Hydrolyzed Cotton S e r i e s : 

H y d r o c e l l u l o s e I I , c o t t o n t r e a t e d 
with NaOH f o r m e r c e r i z a t i o n and 
then hydrolyzedwith HCJl t o 
pr o v i d e a h i g h l y c r y s t a l l i n e 

V a l o n i a V e n t r i c o s a C e l l u l o s e . T h i s i s a u n i c e l l u l a r a l g a , the 
v e s i c l e s of which may reach a volume as l a r g e as 30 c c . V a l o n i a 
v e n t r i c o s a was gathered o f f the e a s t e r n c o a s t of F l o r i d a . B efore 
use i t was s t o r e d i n i c e - c o l d , o r i g i n a l sea water f o r 11 months, 
a f t e r which i t was cleaned and scoured i n b o i l i n g 2% NaOH wi t h 
0.5% Prechem 70 under Argon f o r 1 hour. I t was kept r e f r i g e r a t e d 
i n water, with a small amount of c h l o r o f o r m added t o prevent 
growth o f b a c t e r i a . I t was a i r - d r i e d a t 100°C f o r 3 hours. 
SAXS Sample P r e p a r a t i o n 
The samples were vacuum d r i e d a t room temperature f o r 12 hours 
b e f o r e SAXS measurement. Iodine embedded c o t t o n was prepared 
a c c o r d i n g t o the i o d i n e s o r p t i o n t e s t procedure proposed by 
Nelson e t a l . (46). Soaking with g l y c e r i n e was c a r r i e d out at 
room temperature f o r 24 hours. 
Small-Angle X-Ray S c a t t e r i n g 
Small-angle x-ray s c a t t e r i n g experiments were performed on the 10 
meter SAXS f a c i l i t y at the Na t i o n a l Center f o r Small Angle 
S c a t t e r i n g Research at the Oak Ridge N a t i o n a l Laboratory ( 4 7 ) . 
T h i s instrument c o n s i s t s of a r o t a t i n g anode x-ray source, 
p i n h o l e c o l l i m a t i o n , a two dimensional p o s i t i o n - s e n s i t i v e 
p r o p o r t i o n a l counter (48), and a mini-computer system f o r data 
a c q u i s i t i o n and a n a l y s i s . The system was c o n s t r u c t e d i n such a 
way t h a t a change i n the angular range can be achieved by 
lengt h e n i n g or s h o r t e n i n g the aluminum beam path between the 
sample chamber and the d e t e c t o r . Three sample t o d e t e c t o r 
d i s t a n c e s , namely 5 meters ( l o n g geometry, 2 θ = 1 t o 20 mrad), 2 
meters ( s h o r t geometry, 2 θ = 3 to 45 mrad) and 1 meter ( u l t r a 
s h o r t geometry, 2 θ = 5 to 90 mrad) were used and i t was found 
the combination of 5 meter and 1 meter beam paths was s u f f i c i e n t 
to o b t a i n the complete SAXS i n t e n s i t y d i s t r i b u t i o n c urve. A l l 
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measurements were c a r r i e d out at room temperature under vacuum 
(< 15 urn Hg). CuKa r a d i a t i o n (λ = 0.54 nm) was used. 

The raw s c a t t e r i n g d a t a were f i r s t c o r r e c t e d f o r 
instrumental background and dark c u r r e n t counts and then 
c o r r e c t e d f o r non-uniform d e t e c t o r e f f i c i e n c y at each d e t e c t o r 
channel element. Then the s e n s i t i v i t y c o r r e c t e d d a t a were 
p l o t t e d as a two-dimensional contour p l o t with contour l e v e l s 
i n c r e a s i n g by a f a c t o r o f 2 from the outermost one. Lupolen 23/7 
was used as a c a l i b r a t i o n standard t o determine the a b s o l u t e SAXS 
i n t e n s i t y (49,50). 
Wide-Anqle X-Ray D i f f r a c t i o n 
Wide-angle x-ray d i f f r a c t i o n (WAXD) measurements were performed 
with a Rigaku x-ray d i f f r a c t o m e t e r i n the t r a n s m i s s i o n mode. CuKa 
r a d i a t i o n was obtained by u s i n g a N i - f i l t e r and d e t e c t e d by a 
s c i n t i l l a t i o n counter and a pul s e h e i g h t d i s c r i m i n a t o r  For the 
scan over 2 θ = 5° to 13°
s u b t r a c t e d from the measure
R e s u l t s 
SAXS from Cotton Samples 
The two-dimensional i s o i n t e n s i t y contour p l o t s of the n a t i v e 
G r e i g e c o t t o n , H y d r o c e l l u l o s e II and V a l o n i a v e n t r i c o s a are shown 
i n F i g u r e s 1,2 and 3 r e s p e c t i v e l y . The s p h e r i c a l l y symmetrical 
p a t t e r n s are the r e s u l t of randomly o r i e n t e d f i b r i l s or powder 
samples. By c o n v e r t i n g the r a d i a l l y averaged i n t e n s i t y v a l u e s 
i n t o a b s o l u t e u n i t s (namely, e l e c t r o n u n i t s , eu/nm^), the 
i n t e n s i t y (I) data o b t a i n e d from d i f f e r e n t sample t o d e t e c t o r 
d i s t a n c e s L can be superimposed, as shown i n F i g u r e 4 f o r n a t i v e 
G r e i g e c o t t o n . F i g u r e 5 p l o t s the log I versus log s f o r n a t i v e 
G r e i g e c o t t o n , H y d r o c e l l u l o s e I I , and V a l o n i a and F i g u r e 6 i s a 
G u i n i e r p l o t (51) of the t h r e e samples. The s c a t t e r i n g i n t e n s i t y 
curves of a l l of the c o t t o n samples and EHC I are q u a l i t a t i v e l y 
s i m i l a r t o t h a t of G r e i g e c o t t o n . 
SAXS from G l y c e r i n e Soaked and Iodine Embedded Samples 
The e l e c t r o n d e n s i t y c o n t r a s t i n c o t t o n was v a r i e d by two ways: 
d e c r e a s i n g i t by f i l l i n g the pores and v o i d s with g l y c e r i n e and 
i n c r e a s i n g i t by p u t t i n g i o d i n e i n t o the s o l i d phase. The 
r e s u l t i n g two-dimensional i s o i n t e n s i t y contour p l o t s are shown i n 
F i g u r e 7. The log I versus l o g s p l o t s f o r g l y c e r i n e soaked, 
scoured, and bleached G r e i g e c o t t o n and f o r i o d i n e embedded 
c o t t o n are shown i n F i g u r e s 8 and 9, r e s p e c t i v e l y . 
WAXD from Cotton Samples 
The s c a t t e r i n g i n t e n s i t y curves i n the 2 θ range of 5° t o 13° f o r 
some of the c o t t o n samples are shown i n F i g u r e 10. The o r d e r of 
the curves i n F i g u r e 10 does not correspond to the o r d e r of the 
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F i g u r e 1. Two dimensional i s o i n t e n s i t y contour p l o t s of G r e i g e 
c o t t o n . 
(A) L = 5 m, P 0 = 1.8 χ 1 0 6 cps; 
(B) L = 2 m, P 0 = 2.5 χ 1 0 6 cps; 
(C) L = 1 m, P 0 = 2.5 χ 1 0 6 c p s . 

F i g u r e 2. Two dimensional i s o i n t e n s i t y contour p l o t s of 
H y d r o c e l l u l o s e II powder. 
(A) L = 5 m, P 0 = 1.8 χ 1 0 6 cps; 
(B) L = 1 m, P 0 = 2.5 χ 10 6 cps. 
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F i g u r e 3. Two dimensional i s o i n t e n s i t y contour p l o t s of V a l o n i a , 
(A) L = 5 m, P 0 = 1.8 χ 1 0 6 cps; 
(B) L = 1 m, P 0 = 2.5 χ 10^ cps. 

s (nm" 1 ) 

F i g u r e 4. S u p e r p o s i t i o n of s c a t t e r i n g i n t e n s i t y data of n a t i v e 
Greige c o t t o n obtained at d i f f e r e n t sample to d e t e c t o r 
d i s t a n c e s . 
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Ι Ο " 2 ΙΟ" 1 10° ΙΟ1 

s (nm - 1 ) 

F i g u r e 5. Log I (s) versus log s p l o t s f o r n a t i v e Greige c o t t o n , 
H y d r o c e l u l o s e I I , and V a l o n i a . 

F i g u r e 6. G u i n i e r p l o t s f o r n a t i v e G r e i g e c o t t o n , H y d r o c e l l u l o s e 
I I , and V a l o n i a . 
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2θ ( m r a d ) 

(A) 

F i g u r e 7. Two dimensional i s o i n t e n s i t y contour p l o t s of (A) 
i o d i n e embedded c o t t o n (NH3 t r e a t e d absorbent c o t t o n 
with NH3 removal at 9 5°C), and (B) g l y c e r i n e soaked, 
scoured an
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F i g u r e 8. Comparison of the s c a t t e r i n g i n t e n s i t y of o r i g i n a l and 
g l y c e r i n e soaked, scoured and bleached Greige c o t t o n . 
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F i g u r e 9 · Comparison of the s c a t t e r i n g i n t e n s i t y of o r i g i n a l and 
i o d i n e embedded c o t t o n (NH3 t r e a t e d absorbent c o t t o n 
with NH3 removal at 95°C) 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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F i g u r e 10. WAXD dat a of c o t t o n samples i n the 2Θ range of 5° t o 
13°. 
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magnitude of the r e a l s c a t t e r i n g i n t e n s i t y . ECH I and 
H y d r o c e l l u l o s e II are put on t h i s p l o t as the two extremes f o r 
comparing the e f f e c t of c e l l u l o s e c r y s t a l l i n e forms on the shape 
o f the i n t e n s i t y c u r v e s . 
D i s c u s s i o n 
S c a t t e r i n g Source 
The q u e s t i o n of whether SAXS a r i s e s from the m i c r o f i b r i l l a r 
s t r u c t u r e (7-10,22,25-26) o f c o t t o n or from m i c r o v o i d s (12,14-19) 
d i s p e r s e d through the c o t t o n i s approached here by the use o f 
s c a t t e r i n g c o n t r a s t experiments. Wadsworth and Cuculo (52) 
i n d i c a t e d t h a t i o d i n e p e n e t r a t e s both the amorphous and 
c r y s t a l l i n e r e g i o n s of c e l l u l o s e . By comparing the s c a t t e r i n g 
i n t e n s i t y of c o t t o n and i o d i n e embedded c o t t o n (see F i g u r e 9 ) , i t 
i s c l e a r t h a t the s c a t t e r i n g i s caused by the c o n t r a s t between 
the s o l i d phase i n c o t t o
o f the former s h i f t s up
l o g s p l o t , the s l i g h t d i s c r e p a n c y at the t a i l p a r t may be due t o 
the s w e l l i n g of the c e l l u l o s e caused by i o d i n e s o r p t i o n ( 5 3 ) . 

The s c a t t e r i n g behavior of g l y c e r i n e soaked c o t t o n i s 
r e l a t i v e l y more d i f f i c u l t t o e x p l a i n . By t h e o r e t i c a l 
c a l c u l a t i o n , i f the g l y c e r i n e f i l l s the v o i d s c o m p l e t e l y then the 
i n t e n s i t y should drop t o 1/14.5 of t h a t o f the u n f i l l e d c o t t o n . 
However, t h i s i s t r u e o n l y f o r the f i r s t two d a t a p o i n t s . Three 
reasons are proposed f o r t h i s o b s e r v a t i o n : ( i ) o n l y b i g p o r e s , 
whose s i z e s exceed the lower r e s o l u t i o n l i m i t o f the SAXS 
instrument, are f i l l e d w i t h g l y c e r i n e ; ( i i ) some pores may be 
i s o l a t e d and t h e r e f o r e are not a c c e s s i b l e t o g l y c e r i n e ; ( i i i ) 
g l y c e r i n e a c t s as a s w e l l i n g agent t o c e l l u l o s e and causes a 
change i n m i c r o s t r u c t u r e . Nonetheless, combining the r e s u l t s 
from the i o d i n e embedded sample and the g l y c e r i n e soaked sample, 
the c o n c l u s i o n t h a t the s c a t t e r i n g a r i s e s from c o n t r a s t i n the 
e l e c t r o n d e n s i t y between c e l l u l o s e and d i s p e r s e d m i c r o v o i d s i n 
the c e l l u l o s e i s s t r o n g l y supported. 

Power Law Behavior 
I t i s observed i n F i g u r e s 5 and 10 t h a t the s c a t t e r i n g i n t e n s i t y 
curves of the c e l l u l o s e samples c o n t i n u o u s l y decrease from 2 θ = 
0° to about 6 ° . The short-range atomic s t r u c t u r e i n the sample 
becomes s i g n i f i c a n t when 2 θ i s g r e a t e r than about 4 ° . In most 
samples the i n t e n s i t y f i r s t f a l l s and i s then n e a r l y c o n s t a n t 
between 2 0 = 6 ° and 7 ° . When 2 θ i s g r e a t e r than 9 ° , the 
i n t e n s i t y s t a r t s t o i n c r e a s e a g a i n and the change o f i t s shape 
with c r y s t a l l i n e form can be c l e a r l y seen. 

Two types of power law behavior are observed. For 
H y d r o c e l l u l o s e II and V a l o n i a , I ( s ) i s p r o p o r t i o n a l t o s 
a c c o r d i n g to Porod's i n v e r s e f o u r t h power law (54) f o r a wide 
i n t e r v a l of s. For the o t h e r t e n c o t t o n samples, the i n t e n s i t y 
i s p r o p o r t i o n a l t o s with exponents l e s s n e g a t i v e than -4. These 
two cases w i l l be d i s c u s s e d s e p a r a t e l y . 

In The Structures of Cellulose; Atalla, R.; 
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Porod's Inverse Fourth Power Law. The theory of s m a l l - a n g l e 
s c a t t e r i n g by i s o t r o p i c two-phase systems with w e l l d e f i n e d 
smooth phase boundaries p r e d i c t s a decrease of the i n t e n s i t y 
p r o p o r t i o n a l t o s ~ 4 at l a r g e values of s. T h i s i s known as 
Porod's law (54), 

l i m I (s) = k p / s 4 ( 4 ) 

S -+ oo 

where k p i s known as the Porod c o n s t a n t . 
By a l e a s t - s q u a r e s f i t i t i s found t h a t f o r H y d r o c e l l u l o s e 

II the i n t e n s i t y I i s p r o p o r t i o n a l t o s-(3-93 + 0.02) o v e r s = 0.4 t o 1.1 nnpl and f o r V a l o n i a I i s p r o p o r t i o n a l t o s - ( 4 - 0 7 ± 
0.02) o v e r s = 0.26 t o 2.2 nm"1. The s l i g h t d e v i a t i o n of the 
exponent from -4 may be the r e s u l t o f a d e n s i t y t r a n s i t i o n of 
f i n i t e width between th
the phases (55), or of th
power-law dimension d i s t r i b u t i o n (56), or simply due to 
experimental e r r o r s . A t o m i c - s c a l e d e n s i t y f l u c t u a t i o n s can 
account f o r the l a r g e d e v i a t i o n from Porod's law at the o u t e r 
p a r t of the s c a t t e r i n g curve. Values f o r the Porod c o n s t a n t of 
H y d r o c e l l u l o s e II and V a l o n i a are g i v e n i n Table I. 

Table I. Estimated S t r u c t u r a l Parameters f o r 
H y d r o c e l l u l o s e II and V a l o n i a 

Sample kp Rmin* I** s / v 2 

H y d r o c e l l u l o s e 
II 

V a l o n i a 

(eu/nm 7) 
22800 + 200 

(nm) 
8.8 

(nm) 
8.5 

(m^/cm3) 
15.3 H y d r o c e l l u l o s e 

II 
V a l o n i a 67400 + 800 13.5 12.5 45.2 

Kmin = 3 . 5 / s m i n 

**H = 8ïïQ/k p 

D e v i a t i o n From Porod's Law. Except f o r V a l o n i a and 
H y d r o c e l l u l o s e II the i n t e n s i t y of the o t h e r ten c o t t o n samples 
decreases with s with a non-integer exponent. Values of the 
exponent f o r the v a r i o u s samples are g i v e n i n Table I I . Note 
they range from -2.7 t o -2.1. 

Non-integer exponential behavior has been observed by P e r r e t 
and Ruland (57,58) f o r carbon f i b e r s . By pr e p a r i n g a p l o t of 
I - s 3 versus "s* " ( s l i t c o l l i m a t i o n system), they o b t a i n e d a l i n e a r 
r e l a t i o n 

I ( s ) = k p - s " 3 + b - s " 1 (5) 

and suggested the b * s ~ l term i s d i r e c t l y r e l a t e d to the 
f l u c t u a t i o n i n the e l e c t r o n d e n s i t y i n the 00H d i r e c t i o n of the 
carbonaceous m a t e r i a l . In another paper (55), Ruland suggested 
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Table I I . Power Law Parameters f o r 
C e l l u l o s e Samples 

s Range f o r Slope o f I*s 
Power Law Power Law F i t v s . s 2 p l o t 

Sample Exponent (nm" 1) (eu/nm 4) 
Greige Cotton -2.13 + 0.02 
Dewaxed Greige 

Cotton -2.24 + 0.02 
Scoured Greige 

Cotton -2.48 + 0.02 
Sco & Ble 

Greige Cotton -2.52 + 0.01 
Absorbent Cotton -2.72 + 0.03 
NaOH Me r c e r i z e d -.244 + 0.02 
NH3 removed 

at R.T. -2.73 
NH3 removed 

at 90OC -2.54 + 0.03 
H2O immersed -2.50 + 0.03 
EHC I -2.48 + 0.02 
H y d r o c e l l u l o s e II -3.93 + 0.02 
V a l o n i a -4.07 + 0.02 

0.54 t o 2.0 
0.50 t o 3.2 
0.47 to 3.1 
0.40 t o 3.2 
0.60 t o 2.8 2950 + 50 
0.47 to 3.1 3080 + 90 

0.60 t o 2.5 2270 + 60 
0.57 t o 2.8 2760 + 90 
0.67 to 2.9 
0.40 to 1.1 
0.26 t o 2.2 

t h a t d e n s i t y f l u c t u a t i o n s w i t h i n the phases produce p o s i t i v e 
d e v i a t i o n s from Porod's law and can be d e t e c t e d by I - s 4 versus s 2 

p l o t s . Such a p l o t i s shown i n F i g u r e 11 f o r the absorbent 
c o t t o n s e r i e s and the s l o p e s determined from t h i s p l o t are g i v e n 
i n Table I I . If Ruland's proposal (55) i s t r u e i n the case o f 
c o t t o n c e l l u l o s e , then we should observe a c o r r e l a t i o n between 
the value of the slope of the I * s 4 versus s 2 p l o t and the degree 
of d i s o r d e r of c o t t o n ; t h a t i s , the h i g h e r the d i s o r d e r , the 
higher the value of the s l o p e . I t i s w e l l known t h a t NaOH 
m e r c e r i z a t i o n and the l i q u i d amonia treatment i n c r e a s e the degree 
of d i s o r d e r i n c o t t o n (3,59). However, the v a r i a t i o n of s l o p e s 
with these samples does not f o l l o w the c o r r e l a t i o n t h a t Ruland 
proposed (55,57,58). Thus, f l u c t u a t i o n s i n the dense phase 
cannot e x p l a i n the d e v i a t i o n from Porod's law s a t i s f a c t o r i l y . A 
d i f f e r e n t model w i l l be proposed i n a l a t e r s e c t i o n to e x p l a i n 
t h i s d e v i a t i o n . 
I n v a r i a n t and Void F r a c t i o n 
The general t h e o r y developed by Porod (54) as w e l l as by Debye 
and Buche (60) s t a r t s from the f a c t t h a t the small angle 
s c a t t e r i n g depends o n l y on v a r i a t i o n s of the e l e c t r o n d e n s i t y . 
The i n t e n s i t y i s determined by the mean s c a t t e r i n g power of the 
system which i s g i v e n the d e s i g n a t i o n η 2 o r mean square e l e c t r o n 
d e n s i t y f l u c t u a t i o n . For a two-phase system of volume V with 
volume f r a c t i o n s x\ and x 2 and with the r e s p e c t i v e e l e c t r o n 
d e n s i t i e s p\ and p 2 , i t can be shown t h a t 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, O.C. 20036 In The Structures of Cellulose; Atalla, R.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



248 THE STRUCTURES OF CELLULOSE 

F i g u r e 11. I · s 4 versus s^ p l o t s f o r absorbent c o t t o n s e r i e s . 
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( P l - p 2 ) · χ χ · x 2 ( 6 ) 

A d d i t i o n a l l y , Porod (54) d e r i v e d an i n t e g r a l over a l l s c a t t e r i n g 
space, the s o - c a l l e d i n v a r i a n t , which i s d i r e c t l y r e l a t e d t o the 
mean square f l u c t u a t i o n of e l e c t r o n d e n s i t y , i r r e s p e c t i v e of the 
geometrical f e a t u r e s of the s t r u c t u r e , 

The i n v a r i a n t v a l u e
pores f o r c e l l u l o s e sample
G r e i g e c o t t o n s e r i e s , dewaxing f o l l o w e d by s c o u r i n g and 
b l e a c h i n g , i n c r e a s e s the pore volume f r a c t i o n a t each s t e p , but 
has no s i g n i f i c a n t i n f l u e n c e on the shape of the SAXS c u r v e . For 
the absorbent c o t t o n s e r i e s , m e r c e r i z a t i o n treatment w i t h e i t h e r 
sodium hydroxide o r l i q u i d ammonia decreases the pore volume 
f r a c t i o n to a s i m i l a r l e v e l . The c o n d i t i o n s f o r ammonia removal 
e s s e n t i a l l y do not a f f e c t the pore volume f r a c t i o n . However, 
hydr o l y z e d c o t t o n c e l l u l o s e has a much higher pore volume 
f r a c t i o n than the o t h e r c o t t o n samples. The e f f e c t s due t o the 
chemical process of h y d r o l y z i n g need f u r t h e r study. 

/ ~ [ I ( s ) d V s ] / ( 2 T T ) 3 = η 2 ν (7) 

For an i s o t r o p i c s c a t t e r i n g system, Eq. (6) reduces t o 

/ ^ [ 4 ï ï s 2 - I ( s ) d s ] / ( 2 ï ï ) 3 = n 2 V ( 8 ) 

Table I I I . I n v a r i a n t and Pore Volume F r a c t i o n 
i n C e l l u l o s e Samples 

Sample I n v a r i a n t 
Pore V o l . 

F r a c . 

EHCI 
H y d r o c e l l u l o s e II 
V a l o n i a 

G r e i g e Cotton 
Dewaxed Gr e i g e Cotton 
Scoured G r e i g e Cotton 
Sco & Gle Greige Cotton 
Absorbent Cotton 
NaOH M e r c e r i z e d 
NH3 Removed at R. T. 
NH3 Removed at 95°C 
Η 2 0 Immersed 

(eu/nmô) 
1790 
1960 
2490 
2530 
2620 
1780 
1790 
1620 
1900 
3680 
7730 

33490 

0.76 
0.83 
1.06 
1.12 
1.12 
0.76 
0.76 
0.69 
0.81 
1.58 
3.37 

17.02 

m 

The estimated u n c e r t a i n t y i n the d e t e r m i n a t i o n o f the 
i n v a r i a n t i s about f i v e p e r c e n t . The e r r o r i n v o l v e s the 
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e s t i m a t i o n o f sample t h i c k n e s s , d e t e r m i n a t i o n o f i n c i d e n t x-ray 
power, d e n s i t y , and s t a t i s t i c a l e r r o r i n d e t e c t o r c o u n t s . A l s o 
s i n c e some of the pore s i z e s are b i g g e r than can be measured with 
the ORNL 10m SAXS instrument, the i n v a r i a n t and the v o i d volume 
f r a c t i o n are c o n s i d e r e d t o be underestimated. 
Pore S i z e 
Two methods are employed t o e v a l u a t e the s i z e o f pores i n samples 
which f o l l o w Porod's law. The f i r s t i s a rough e s t i m a t e o f the 
average pore dimension R ob t a i n e d from s m i * n , the s m a l l e s t value 
of s a t which Porod's law s c a t t e r i n g i s observed. U s u a l l y one 
expects s m i n -R>> 1. As a c o n s e r v a t i v e e s t i m a t e , s m j n -R> 3.5 
can be assumed (54, 61). The average dimension o f the pores must 
then be at l e a s t 3.5/s m i- n. 

The second method i n v o l v e s the c a l c u l a t i o n o f the so c a l l e d 
average chord l e n g t h I (62)

Ï=Q ïïQ/k
T h i s I i s a measure of the s i z e of the inho m o g e n e i t i e s . Q i s the 
i n v a r i a n t and k p i s Porod's c o n s t a n t . Due to the r e s o l u t i o n 
l i m i t , the c a l c u l a t e d i n v a r i a n t Q i s underestimated and thus i i s 
underestimated i n t h i s study. Table I compares the pore 
dimensions i n H y d r o c e l l u l o s e II and V a l o n i a . I t appears t h a t the 
s i z e s determined by the two methods are comparable. The pores i n 
V a l o n i a are much bi g g e r than those i n H y d r o c e l l u l o s e I I . I t i s 
reasonable to p o s t u l a t e t h a t the pores i n the o t h e r c o t t o n 
samples are about the same as those i n H y d r o c e l l u l o s e . 

S p e c i f i c Inner Surface 
The s p e c i f i c i n n e r s u r f a c e i s d e f i n e d as the r a t i o o f the ar e a o f 
the phase i n t e r f a c e S to the volume occupied by the d i s p e r s e 
phase V 2. When i t can be v e r i f i e d e x p e r i m e n t a l l y t h a t the 
i n t e n s i t y o f a two-phase s c a t t e r i n g system f o l l o w s the i n v e r s e 
f o r t h power law, the s p e c i f i c inner s u r f a c e can be ob t a i n e d 
(54,62): 

S / V 2 = 4 x± · x2/l ( 1 0 ) 

The values f o r H y d r o c e l l u l o s e II and V a l o n i a are l i s t e d i n Table 
I. S ince Q i s underestimated, the c a l c u l a t e d s p e c i f i c i n n e r 
s u r f a c e tends to be ove r e s t i m a t e d . The t y p i c a l s u r f a c e area o f 
c o t t o n determined by s o r p t i o n o f n i t r o g e n and argon ranges 
between 0.3 to 1.9 m2/g ( 3 ) . The value determined by SAXS i s 
f i v e t o ten time g r e a t e r than the l a t t e r . T h i s i s reas o n a b l e 
s i n c e SAXS can d e t e c t the i n a c c e s s i b l e pore s u r f a c e too. 
Aggregate F r a c t a l s i n Cotton 
The p r o p e r t y o f s c a l e - i n v a r i a n c e i m p l i e s the power-law form f o r 
the d e n s i t y - d e n s i t y c o r r e l a t i o n f u n c t i o n : 
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c ( x ) = < P m U ) . r p m ( r + x) > - l / r d D ( 2 ) 

The e l e c t r o n d e n s i t y - e l e c t r o n d e n s i t y c o r r e l a t i o n f u n c t i o n should 
have a s i m i l a r form: 

p e l ( r ) ~ 1 / r d " D 

and leads t o a power-law dependence f o r the s c a t t e r i n g i n t e n s i t y 
which i s the F o u r i e r t r a n s f o r m o f p e ^ 2 ( r ) : 

K s ) = rjf t P e J l
2 ( r ) ] 

~ / r D - V r - s d V s ( 1 2 ) 
- s " D 

The l o g I versus log s curves o f the Gr e i g e c o t t o n s e r i e s , 
absorbent c o t t o n s e r i e s , and EHC I have the same o v e r a l l shape as 
the s c a t t e r i n g curve shown i n F i g u r e 4. The v a l u e s of the 
exponents are between -2.12 + 0.02 to -2.73 + 0.03 over the range 
0.5 nm-1 < s < 3 ηπτ*. Below s = 0.5 nm~l, the s l o p e becomes 
more n e g a t i v e . T h i s r e g i o n c h a r a c t e r i z e s the pore s t r u c t u r e and 
approaches Porod's law I ( s ) - s - 4 r a t h e r than G u i n i e r ' s 
approximation. The G u i n i e r treatment i n F i g u r e 6 c l e a r l y 
i n d i c a t e s t h e r e i s no simple s t r a i g h t l i n e r e l a t i o n s h i p , and 
r e v e a l s t h e r e i s no simple c h a r a c t e r i s t i c l e ngth s c a l e d e d u c i b l e 
from the data . S c a t t e r i n g curves of t h i s kind have t r a d i t i o n a l l y 
been analyzed as s c a t t e r i n g from p a r t i c l e s with a d i s t r i b u t i o n o f 
s i z e s . T h i s approach can be used t o r e p r e s e n t the pre s e n t d a t a , 
but the parameters d e r i v e d i n t h i s f a s h i o n depend on the range o f 
s c a t t e r i n g angles and t h e i r r e l a t i o n s h i p t o the p h y s i c a l 
s t r u c t u r e i s dubious. Instead, we argue t h a t the power law 
beh a v i o r f o r I (s) i s an i n d i c a t i o n o f the f r a c t a l s t r u c t u r e o f 
c e l l u l o s e m i c r o c r y s t a l l i n e aggregates. The power-law decay o f 
the SAXS i n t e n s i t y over the range 0.5 nm -1 < s <3 nm - 1 suggests 
the s c a t t e r s are f r a c t a l s over 0.3 nm> s -1 > 2 nm. 0.3 nm i s 
about the s i z e of one c e l l u l o s e monomer, 2 nm i s the s i z e o f 
m i c r o c r y s t a l l i t e s as measured by l i n e width a n a l y s i s o f WAXD 
(21,22) and e l e c t r o n microscopy (26). We interprète the be h a v i o r 
i n t h i s range t o mean t h a t w h i l e c e l l u l o s e monomer u n i t s form 
m i c r o c r y s t a l l i t e s with t h e i r usual 3 dimensional o r d e r , the 
m i c r o c r y s t a l l i t e s form aggregated f r a c t a l s of Hausdorff 
dimension < 3. 

Computer s i m u l a t i o n s which may mimic a g g r e g a t i o n p r o c e s s e s 
i n 3 d space y i e l d v alues of D « 2.5 f o r DLA and D = 1.8 f o r CA 
(33, 35-38). C l e a r l y n e i t h e r the DLA or CA model d e s c r i b e s the 
c o t t o n c e l l u l o s e system. A p o s s i b i l i t y t h a t so f a r has not been 
i n c l u d e d i n the s i m u l a t i o n s i s t h a t the aggregates might 
r e s t r u c t u r e a f t e r f o r m a t i o n . Schaefer e t a l . (42,43) suggested 
t h a t a d d i t i o n a l attachments w i l l lead t o an i n c r e a s e d D so 
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r e s t r u c t u r i n g may e x p l a i n D > 1.8 f o r CA i n 3 d space. Another 
view has been expressed by Vi c s e k and Family (63). They e x p l o r e 
the p r o p e r t i e s of a c l u s t e r s i z e d i s t r i b u t i o n f u n c t i o n and 
d i s c u s s the r e l a t i o n s h i p between D and the moments of the 
d i s t r i b u t i o n f u n c t i o n . The mechanisms of ag g r e g a t i o n p r o c e s s e s 
w i l l c o n t i n u e to be of i n t e r e s t t o those s t u d y i n g a v a r i e t y o f 
p h y s i c a l p r o c e s s e s . 

The fundamental a s s e r t i o n we make here r e g a r d i n g the f r a c t a l 
nature o f c e l l u l o s e m i c r o c r y s t a l l i n e aggregates i s s p e c u l a t i v e . 
We view the well e s t a b l i s h e d microporous and m i c r o f i b r i l l a r 
c h a r a c t e r of c e l l u l o s e c o t t o n f i b e r s t o support our f r a c t a l 
i n t e r p r e t a t i o n . The behavior o f the SAXS s c a t t e r i n g f u n c t i o n i s 
c o n s i s t e n t with t h i s f r a c t a l i n t e r p r e t a t i o n and does not conform 
t o the usual G u i n i e r and Porod methods of a n a l y s i s . We hope the 
appoach used i n t h i s study i s s u f f i c i e n t l y p r o v o c a t i v e to 
s t i m u l a t e the t h i n k i n g o f o t h e r r e s e a r c h e r s r e g a r d i n g the growth 
process of c o t t o n c e l l u l o s e  whether i t be v i a a g g r e g a t i o n o f 
m i c r o c r y s t a l l i t e s f o l l o w e
p r o c e s s . 
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Chapter 15 

Chemical Characterization of Cellulose 

Noelie R. Bertoniere1 and S. Haig Zeronian2 

1Southern Regional Research Center, P.O. Box 19687, New Orleans, LA 70179 
2University of California—Davis, Davis, CA 95616 

Crystallinity, accessibility, and the nature of microstructural 
features of cellulose have long been targets for clarification 
because they hold the key to understanding the course of chemical 
reactions that occur i
preparation of regenerate
details of physical performance o  the products o  suc  processes. 
Crystallinity and accessibility measurements are generally based 
on assessments of opposites: (a) high degrees of order in 
arrangement and hydrogen bonding of cellulose molecules and (b) 
incomplete or lack of order in molecular arrangement and hydrogen 
bonding. It is the precise relationship of crystalline order to 
accessiblity (disorder) that raises questions concerning the 
interface between the two. Studies in this area and the 
development and application of new methods of measurement of 
microstructural detail constitute the promise for greater 
appreciation and understanding of the structure of cellulose and 
the basis for development of improvements and new products based 
on cellulose chemistry. 

Crystallinity Determinations 

Many methods have been developed for studying the degree of 
cr y s t a l l i n i t y , or order, of cellulose. The most useful chemical 
techniques for estimating them are based on chemical reaction and 
sorption. Warwicker and co-workers (1,2) have assembled the 
results of workers who used various techniques for determining the 
cr y s t a l l i n i t y of different celluloses. Seme of the data is 
presented in Table I. In this table, the "chemical non-swelling" 
data, also reported by Warwicker and co-workers, are emitted since 
they do not appear to measure the internal disordered structure of 
the fibers. When reviewing the table i t should be remembered that 
the various techniques do not measure the same type or level of 
disorder. The chemical reaction and sorption methods determine 
the fraction of the cellulose which i s not readily accessible to 
the reagents. In seme instances, the surface of the crystalline 
or ordered regions i s included as part of the disordered fraction; 

0097-6156/87/0340-0255$06.00/0 
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256 THE STRUCTURES OF CELLULOSE 

especially in the case of the great majority of sorption 
techniques. 

Table I. Average Ordered Fraction Present in Celluloses Determined 
by Various Techniques a 

Mercerized Wood Regenerated 
Technique Cotton Cotton Pulp Cellulose 

Physical 

X-ray diffraction 0.73 0.51 0.60 0.35 
Density 0.64 0.36 0.50 0.35 

Chemical Reaction 

Acid Hydrolysis 0.90 0.80 0.86 0.72 
Formylation 0.79 0.65 0.69 0.37 
Periodate Oxidation 
CMA 

0.92 0.90 0.92 0.80 Periodate Oxidation 
CMA 0.73 

Sorption 

Deuteration 0.58 0.41 0.45 0.28 
Moisture Regain 

Sorption Ratio 0.58 0.38 0.51 0.23 
Hailwood Horrobin 0.67 0.50 0.55 0.35 

Iodine Sorption 0.87 0.68 0.73 0.48 

Approximate average values from published literature (1,2). 

CMA = Chemical Microstructural Analysis; based on avai l a b i l i t y 
of 0(3)H (5). 

It w i l l be observed that the moisture regain and deuteration 
determinations yi e l d lower values for degree of order than the 
chemical reaction techniques. As w i l l be discussed later Zeronian 
et a l . (3) have demonstrated i t i s feasible to use the moisture 
regain technique in a manner which w i l l permit differentiation 
between sorption on c r y s t a l l i t e surfaces and sorption in the 
disordered regions of the cellulose. When allowance was made for 
the sorption on the c r y s t a l l i t e surfaces they found the degree of 
order for cotton and mercerized cotton was similar to those found 
by the acid hydrolysis technique. 

In most celluloses the c r y s t a l l i t e s are neither perfect nor 
large, thus their degree of c r y s t a l l i n i t y may be underestimated by 
physical methods. It i s feasible that in seme regenerated 
celluloses there are seme very small c r y s t a l l i t e s present which 
are not being measured by the x-ray or density methods. This may 
be in part the reason that the discrepancy between the physical 
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and chemical estimates of c r y s t a l l i n i t y are larger for regenerated 
cellulose than for native cellulose. The low value for the 
degree of order of regenerated cellulose by the formylation method 
w i l l be discussed below. 

It should be noted that average values are given in Table I. 
Especially in the case of x-ray determinations, estimates of 
cr y s t a l l i n i t y w i l l depend strongly on the calculation methods 
which have been reviewed by Tripp (4). Thus using Warwicker1s 
data, the standard error and coefficient of variation (%) for 
cr y s t a l l i n i t y of cotton by x-ray determinations are 2.5 and 15, 
respectively, and by acid hydrolysis are only 1.1 and 5.9, 
respectively. The various chemical reaction and sorption 
techniques w i l l now be discussed in more de t a i l . 

Chemical Reaction 

These techniques are based  th  premis  that  reaction
occur preferentially i
Thus, i n i t i a l l y , i t i s
regions and extends later to the ordered regions. 

Acid Hydrolysis. This procedure has been used heavily. The 
sample is hydrolyzed at elevated temperatures using aqueous 
mineral acids. Chain cleavage occurs and the products of this 
heterogeneous reaction are glucose, soluble oligosaccharides and 
an insoluble residue termed hydrocellulose. The weight of the 
hydrocellulose i s plotted against reaction time. The plot can be 
resolved into two components (Figure 1). Extrapolation of the 
data at the slower rate to zero time permits an estimate to be 
made of the ordered fraction of the sample. 

The estimates of degree of order by this technique may be 
high for two reasons. It i s feasible that crystallization occurs 
in the disordered regions due to chain cleavage permitting 
realignment of the cellulose chains, Also, the assumption that 
hydrolysis of the cry s t a l l i t e s proceeds at the same rate during 
the early stages of hydrolysis, when disordered material i s 
present, may be incorrect. From the work of Sharpies (7) i t 
appears the acid hydrolysis of the cr y s t a l l i t e s occurs at their 
ends rather than their lateral surfaces. Consequently, the 
degradation of the cry s t a l l i t e s may not start u n t i l the disordered 
material is eliminated. Rowland and Roberts (8) estimated that 
the amount of disordered regions in desized, scoured, and bleached 
cotton fibers before hydrolysis was 1.6 times the values measured 
in the conventional manner. 

Formylation. The formylation method i s based on the determination 
of the ratio of the extent of esterification of cellulose by 
formic acid after a given length of time, to that of soluble 
starch for the same length of time. It i s assumed that the starch 
is completely accessible to the reagent; thus a measure of the 
accessible fraction of the cellulose can be calculated (9,10). By 
extrapolating the plot of this ratio against time to zero time, 
the i n i t i a l accessible fraction of the sample can be determined 
{9) . The complément of this value i s the ordered fraction. Other 
workers have ar b i t r a r i l y measured accessibilities after 16 hrs 
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esterification (10-12). However, much closer agreement with the 
acid hydrolysis values i s obtained i f the i n i t i a l ordered fraction 
is obtained. Nickerson's estimates of the i n i t i a l non-accessible 
fractions of cotton, mercerized cotton and viscose rayon are 0.91-
0. 92, 0.85-0.86, and 0.70-0.72, respectively {9). Advantages of 
this method are: the reaction i s auto catalytic; the formic acid 
molecule is small, polar and water miscible; the reagent i s a 
relatively strong swelling agent for cellulose but does not 
penetrate the ordered regions (9). A disadvantage i s some chain 
scission may occur (10) and result in crystallization. 

Periodate Oxidation. This method i s based on the preferential 
oxidation of the disordered regions of cellulose by sodium 
metaperiodate (12,13). Conditions are selected so that the 
reaction is confined as far as possible to the Malaprade course 
resulting in the formation of 2,3 dialdehyde units. The course of 
the reaction i s followed by measuring oxidant consumption from the 
amount of periodate consumed
consumption against time
material can be calculated in a manner analogous to that used with 
the acid hydrolysis method. 

Chemical Microstructural Analysis (CMA). This chemical technique 
provides information concerning hydrogen bonding of hydroxyl 
groups on accessible surfaces in the microstructure of cellulose. 
A chemical agent from a simple reaction leaves a tag on accessible 
hydroxyl groups and the tag is identified and located through a 
series of chemical operations and gas-liquid chromatography (14-
17). To be tagged the hydroxyl group must l i e on a surface 
accessible to the reagent and i t must be available for reaction, 
1. e., i t must be free of involvement in a donor hydrogen bond. 

CMA involves five steps(14,16,18): a) reaction of cellulose 
with N, N-diethylaziridinium chloride [DAC, Figure 2], b) total 
hydrolysis of the DEAE-cellulose to glucose and DEAE-glucoses, c) 
fermentation to remove the unmodified glucose, d) s i l y l a t i o n of 
the DEAE-glucoses, and e) gas-liquid chromatographic analysis. 
The chemical analyses identify the locations of the DEAE tags in 
the glucose units (19) and the locations of the DEAE-glucoses in 
the cellulose chains (20). A typical chrcmatogram for a sample of 
mature cotton from a capillary column i s illustrated in Figure 3. 
Quantitation involves the sum of alpha- and beta-ancmers of DEAE-
glucoses to be recorded as mg of DEAE-glucose per g of i n i t i a l 
DEAE-cellulosic substrate. 

CMA i s conducted under controlled conditions of reaction for 
which the following rate expressions are applicable: 

The rate of substitution (S) at a particular hydroxyl group 
(indicated by subscripts) is a function of the rate constant (k) 
for that hydroxyl group, the activity of the reagent (R), and the 
activity of the available hydroxyl group. 

dSy'dt = k 9[0(2)H)l [R] 
dSi/dt = k^[0(3)H)]^[R] 
dS^/dt = k£[0(6)H)]*[R] 

(1) 
(2) 
(3) 
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ο I I I I I L 
0 5

Figure 1· Relation between residue weight and time of 
hydrolysis at lOCPc with 6 M HC1 for cotton linters {5,6). 

C H 2 O H JJ Cv H 2 ο 

OH C H 2 OH 
OH 

C H 3 C H 2 C H 3 C H 2 C H 2 

Ν C H 2 C H 2 C I * X N ' I CI " 

C H 3 C H 2 C H 3 C H 2 ^ C H 2 

Na + O H -
C H 3 C H 2 ^ ^CH 2 CH3 

C H 3 C H 2 s ^ C H 2 

Na+CI" C H 3 C H 2 

Figure 2. Reaction of cellulose to low degree of substitution 
of Ν,Ν-diethylaminoethyl groups occurs in aqueous solution of 
Ν,Ν-diethylaziridinium chloride generated from 2-
chlor oethyldiethyl amine · 
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Equations 2 and 3 are divided by equation _1 to generate 
expressions that state the relationships of rates as follows: 

dS./dS9 = k-[0(3)H] A 9[0(2)H1 (4) 
dSjî/dS* = k^[0(6)H]^A2[0(2)H]^ (5) 

When accessibilities to the reagent and a v a i l a b i l i t i e s for 
reaction with the reagent of the three hydroxyl groups are equal 
as i s the case for a completely disordered sample of cellulose, 
the activity expressions in equations A and 5 cancel out to yield 
new expressions, 

dS-/dS9 = k-A 9 (6) 
dSj?/dS~ = kj/k* (7) 

which state that the ratio of substitution at hydroxyl groups is a 
measure of the relative rate constants for the hydroxyl groups

The relative rate constant
determined by measurement
a sample of completely disordered cellulose (21). The resulting 
rate constants characterize available hydroxyl groups in any solid 
crystalline cellulose for which the reaction is conducted under 
identical conditions. 

Equations 4̂  and 5 are rearranged as follows: 

[0(3) H]/[0(2) HI = k 9(dSJA.(dS 9) (8) 
[0(6) H]*/[0(2) H]* = k ^ d S ^ A g i d S p (9) 

Equations S and 9 define the relative a v a i l a b i l i t i e s of the 
designated hydroxyl groups. The sole additional data required to 
determine relative a v a i l a b i l i t i e s of the hydroxyl groups of an 
"unknown" sample of cellulose are the distributions of 
substituents (dS^dS^/dS^) resulting from the reaction of DAC with 
that sample of cellulose. 

Because relative a v a i l a b i l i t i e s of 0(2)H are always highest 
in native cellulose and because x-ray diffraction data are 
interpreted to indicate that an 0(2)H on an accessible surface i s 
free of encumbering donor hydrogen bonds (15), a v a i l a b i l i t i e s of 
0(3)H and 0(6)H are stated relative to that of 0(2)H (i.e., as in 
expressions 3 and 9). Selected data are presented in Table II. 
In actual CMA studies of the relative a v a i l a b i l i t i e s of 0(2)H, 
0(3) H and 0(6)H, there has been no evidence of the restriction of 
reactivity of 0(2)H by involvement in a hydrogen bond. The 
measured avail a b i l i t y of 0(2)H serves, therefore, as a suitable 
basis for indexing a v a i l a b i l i t i e s of 0(3)H and 0(6)H. From actual 
measurements on crystalline celluloses, relative a v a i l a b i l i t i e s of 
0(3)H have ranged downwards frcm 0.9 to as low as 0.05(20,22), 
suggesting a limiting value of zero for this a v a i l a b i l i t y on a 
perfectly ordered crystalline surface. 

In preceding studies, (15,16,17,20) the measured relative 
a v a i l a b i l i t y of 0(6)H to 0(2)H decreased from about 0.8 to 0.55 as 
c r y s t a l l i n i t y increased, suggesting a limiting ratio of 0.50, that 
i s , half of the 0(6) H are restrained in hydrogen bonds. Accepting 
0.00 and 0.50 as the lower limiting values of a v a i l a b i l i t i e s of 
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Table II. Relative A v a i l a b i l i t i e s of Hydroxyl Groups in Selected 
Celluloses (5) 

Cellulose [0(3)H] /[0(2)H] [0(6)H] /[0(2)H] 
Substrate a a a 

Native cotton 0.27 0.82 
Mercerized cotton 
EHC-Ia 

0.79 0.86 Mercerized cotton 
EHC-Ia 0.28 0.55 
EHC-Ii a 0.23, 

1.00° 
0.74 
1.00° Disordered cellulose 

0.23, 
1.00° 

0.74 
1.00° 

a Exemplar hyrocelluloses, selected for their uniquely highly 
ordered structures. 

By definition. 

0(3)H and 0(6)H, respectively, data from relative a v a i l a b i l i t i e s 
of 0(3)H and 0(6)H may be converted to percentage of disruption of 
perfection of hydrogen bonding in cellulose I with the following 
expressions: 

Disruption of 0(3)H bonding = [0(3)H] /[0(2)H ]100 (10) 
a a 

{[0(6)H] /[0(2)H] - 0.5}100 (11) 
Disruption of 0(6)H bonding = 

0.5 

In recent studies (18,23) CMA was applied to the cotton 
fiber during i t s period of development in the cotton b o l l . 
Results show the formation of a highly ordered structure of 
cellulose during deposition of the secondary wall and the 
disruption of the high degree of order at the time of b o l l opening 
and desiccation and collapse of the fiber. 

The methodology of CMA i s straightforward and superficially 
simple but requirements for control of a multitude of chemical 
steps in the analysis impose severe demands for precision and 
reproducibility of results. Nevertheless, there i s at present no 
alternate measurement or series of measurements that provide 
detailed information concerning the sites of chemical reactions, 
the types of accessible surfaces, and the order of hydrogen 
bonding that characterize the cotton fiber and are pertinent to 
the chemical modification and finishing of cotton cellulose. 

Sorption 

Deuteration. When cellulose i s treated with saturated deuterium 
oxide vapor at roan temperature, the easily accessible hydroxyl 
groups exchange rapidly, and a less accessible component exchanges 
more slowly. Other hydroxyl groups do not exchange. The easily 
accessible hydroxyl groups have been equated with the amorphous 
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fraction of cellulose and include hydroxyl groups on c r y s t a l l i t e 
surfaces. The extent of deuteration and therefore c r y s t a l l i n i t y , has 
been estimated by infrared methods (24) and gravimetrically (25). 

Moisture Regain. The advantage of this method i s that water vapor 
normally does not penetrate well-defined c r y s t a l l i t e s of cellulose 
(26). Thus the amount of moisture adsorbed by a sample after 
conditioning at a specific relative vapor pressure and temperature 
can be used to estimate i t s accessibility and degree of order. In 
one method using water sorption (27), the fraction of amorphous 
material (F ) has been calculated from the sorption ratio (SR) of 
the sample uSing the equation 

F = SR/2.60 (12) am 
SR i s defined as the moisture regain of the sample (g per 100 g 
dry cellulose) at a given relative vapor pressure (RVP) and 
temperature divided by th
same conditions. The SR
the temperature and RVP over a wide range of conditions. Equation 
12 was derived by Valentine (27) by correlating the fraction of 
amorphous material for a series of cellulose samples, as measured 
by Mann and Marrinan (24), using their deuteration technique, with 
the sorption ratios of the fibers. An objection to the use of 
this equation for estimations of c r y s t a l l i n i t y i s that the surface 
of the crystalline regions i s accessible to Ĥ O and Ό^Ο vapor. 
Thus, the estimates of F include the surface of the c r y s t a l l i t e s 
as part of the amorphousiégions of the samples. 

Jeffries (25) made a similar study. He defined crystalline 
regions as those regions which are hydrogen bonded in a manner 
sufficiently regular and ordered to give an infrared hydroxyl-
stretching band containing well defined characteristic peaks. 
Amorphous regions were defined as those in which the hydrogen-
bonding i s not regular and gives a broad featureless hydroxyl 
stretching band. He noted that by this definition the amorphous 
regions contain a certain amount of material that is crystalline 
to x-ray diffraction and may be the cellulose lying in the 
surfaces of c r y s t a l l i t e s . Jeffries related the percent amorphous 
fraction (A) to the percent moisture regain (S) at 60% RVP and 
30 C by equation 13. 

A = 5.795 + 5.416 S (13) 

Zeronian and co-workers (3) proposed that a better estimate 
of the fraction of amorphous material (F) in a cellulose sample 
can be obtained from i t s moisture regain (M ) i f the moisture 
regain of the microcrystalline cellulose produced from hydrolysis 
(M ) and the moisture regain of amorphous cellulose (M ) are taken 
in?o consideration by using equation 14. The preparation of the 
microcrystalline cellulose i s c r i t i c a l in order for i t to be used 
as a reasonable facsimile of the crystalline regions present in 
the fiber (3). 

F = (Ms - Mc)/(Ma - Mc) (14) 
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The regains are a l l measured at the same RVP and temperature. 
From F a measure of the disordered cellulose can be obtained which 
does not include crystalline surfaces. The accessibility of the 
sample (Ag) is given by the following equation: 

A g = Mg/Ma (15) 

Comparison of the values for F and A for a cellulosic sample then 
w i l l yield an estimate of the contriBution of the disordered (or 
amorphous) regions relative to that of c r y s t a l l i t e surfaces 
towards the accessibility of the sample. The fraction of 
crystalline material (X) i s given in equation 16. 

X = 1 - F (16) 

Zeronian and co-workers obtained X values for cotton and 
mercerized cotton (Table III) which agree well with the values for 
fraction of ordered materia
method (Table I ) . F an

Table III. Fraction of Amorphous Material (F), Fraction of 
Crystalline Material (X) and Accessibility (A ) of 
Cotton and Mercerized Cotton Calculated from Water 
Sorption Data (3) 

Sample F a X* A C 

s 

Cotton 0.090 0.91 0.37 
Mercerized cotton 0.21 0.79 0.52 

3 F = (M - M )/(M - M ) v s c " * a c' 
where M , M , and M are the moncmolecular moisture regains of 
the sample, cits microcrystalline counterpart, and amorphous 
cellulose, respectively. 

b X = 1 - F 
C A = M M s s 7 a 

Hailwood and Horrobin (28) developed an equation for water 
sorption of cellulose based on a solution theory. It permits the 
calculation of the fraction of the sample inaccessible to water 
vapor. However, Hailwood and Horrobin assumed in the development 
of their equation that an ideal solid solution of polymer, 
hydrated polymer and water i s formed. This assumption has been 
questioned in the general discussion following the presentation of 
their paper and also by McLaren and Rowen (29). 
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Iodine Sorption. In this technique the amount of iodine absorbed 
by the sample frcm an iodine/potassium iodide solution i s 
measured. The method has been questioned by several researchers. 
For example, as the sample weight increases the equilibrium 
concentration of iodine in the solution f a l l s and so does the 
amount of iodine absorbed by the sample (12). Other problems with 
the methods have been reviewed by Wadsworth and Cuculo (30). 

Bromine Sorption. The measurement of accessibility by sorption of 
bromine frcm bromine water has been suggested (31). Bromine 
sorption appears to be Langmuirian. By measuring the number of 
moles of anhydroglucose units per mole of bromine at saturation 
the percent accessibility of the sample can be calculated. The 
non-accessible fractions of the Paymaster, Amsark, Pima, Heath, 
Bradley and Moores cotton fibers were determined to be 0.78, 0.73, 
0.80, 0.77 and 0.46, respectively. 

Leveling-off Degree of Polymerizatio

When cellulose i s hydrolyzed at elevated temperatures with aqueous 
mineral acid not only does i t lose weight but the degree of 
polymerization (DP) of the residue f a l l s rapidly i n i t i a l l y and 
then attains a relatively constant value which is called the 
leveling-off degree of polymerization (LODP) (Figure 4). 

Battista (33) has provided a comprehensive review of early 
work in this area. The LODP can be multiplied by the length of an 
anhydroglucose unit to give a measure of the length of the 
crys t a l l i t e s present in the cellulose (34-36). However, i t has 
been suggested that during hydrolysis of cotton, crystallization 
of the cellulose can take place (36,37). Thus i t i s possible that 
c r y s t a l l i t e lengths determined from the LODP measurements cannot 
be used as absolute values. Nevertheless, they remain of value 
for placing celluloses of differing c r y s t a l l i t e length in relative 
order and can yi e l d insights into the effect of various treatments 
on the fine structure and lateral order distribution of celluloses 
(j.,10,38). The dissolving pulp industry uses LODP determinations 
to establish whether pulp mercerization has occurred during 
purification processes. 

LODP can be determined by subjecting a sample to a 15 minute 
hydrolysis at the boil in 2.5 M HC1 and measuring the DP of the 
residue. Any intracrystalline swelling of a cellulose appears to 
result in a lowering of i t s LODP. For example, after cotton has 
been treated with 5M LiOH, NaOH and KQH at 21 C or 0 C, the KOH-
treated sample has a lower LODP then either the LiOH- or NaOH-
treated material (39,̂ 40) The LODP values of theosamples are 
lowered more by the treatments at 0°C than at 21 C. 

The effect of the swelling depends not only on the reagent 
but on the cellulose. For example, the LODP of Pima S-5 cotton 
before and after mercerization i s 168 and 87, respectively whereas 
the LODP of Deltapine Smooth Leaf cotton before and after 
mercerization i s 153 and 62, respectively (41). The large f a l l in 
LODP after mercerization i s noteworthy and needs to be borne in 
mind when attempts are made to elucidate the supramolecular 
structure of celluloses. 
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It has been suggested that the order in cellulose can best be 
represented by a distribution curve (42). The lateral order 
distribution (LOD) of the ordered regions of a cellulose can be 
determined by studying the effect of progressively increasing the 
concentration or temperature of a swelling agent, such as aqueous 
sodium hydroxide, on a property of the cellulose such as i t s LODP. 
The transition range can be determined in terms of other 
properties such as moisture regain and formylation accessibility 
as well (9). The LOD is obtained by plotting the slope of the 
curve, relating the cellulose property to the a l k a l i 
concentration, against a l k a l i concentration. The greater the 
perfection of the crystalline material in the fiber the higher 
w i l l be the a l k a l i concentration at the peak of the LOD curve. 
Also, the broader the range of degree of perfection of the ordered 
fraction in the sample, the wider w i l l be the LOD curve. 

Pore Structure 

In early investigation
used solute exclusion of a series of polyethylene glycols to 
obtain accessibilities for cotton and rayon fibers. Stone and 
Scallan (44) and Stone et a l . (45) conducted static measurements 
with oligomeric sugars and series of dextrans to characterize the 
distributions of pore sizes in wood pulps and celluloses. A 
column chromatographic technique based on size exclusion was 
subsequently developed by Martin and Rowland (46,47). Columns 
have been prepared from amorphous (48), chopped (49) and whole 
fiber (50,j>l) cottons. The solutes that have been used as 
"molecular probes" are series of sugars (glucose, maltose, 
raffinose, and stachyose), ethylene glycols (degree of 
polymerization = 1 through 6), and glymes (degree of 
polymerization 1 through 4). Chromatographic results are obtained 
in terms of elution volume for each specific solute V , total void 
volume for the column V (elution volume of a high molecular 
weight solute such as Dextran T-40, molecular weight 40,000, which 
is totally excluded frcm the internal pore structure), the total 
column volume V , and the weight (dry basis) of material in the 
column W. Calculated results are expressed as accessible internal 
volume V\ (ml/g), specific gel volume V (ml/g) and total internal 
water V (ml/g). These terms (per g dr^ cellulose) were defined 
by the following equations (52). 

V. = (V - V )/W (17) 
Vn = " V o ' ^ ( 1 8 ) 

\ = V g 0 e ° 2 9 ( 1 9 ) 

The specific volume occupied by the so l i d cellulose in the water-
wet fiber (required to calculated V , Equation 19) was taken as 
0.629 ml/g which corresponds to a density of 1.59 g/fail (53,54). 
The relationship between V. and molecular weight i s linear for the 
sugars but curvilinear for xboth the ethylene glycols and the 
glymes (50). Within a homologous series molecular weight i s an 
indicator of relative molecular size. When comparing different 
series i t i s desirable to do so on a molecular size basis. A plot 
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of V. versus molecular diameter (55,56) for purified and caustic 
mercerized cotton batting i s presented in Figure 5 for each series 
of molecular probes. Each series of solutes should provide 
similar, but not identical, information on the pore structure of 
the treated cottons. From such plots the internal volume 
accessible to molecules of specified molecular size can be 
calculated. An estimate of internal volume that i s accessible to 
the water molecule (VJ was obtained from the extrapolated value 
of V\ at 2 A. Extrapolation of these least squares lines to V\ = 
0 gives an estimate of the permeability limit (M ), which i s 
defined as the minimum size of solute that w i l l Be completely 
excluded frcm permeating the gel structure. Changes in reflect 
the changes occurring in the small pores whereas changes in M 
provide a sensitive measure of the extent to which the large pores 
in the cel l u l o s i c composition have been expanded or contracted. 
Data are assembled in Table IV from Figure 5 for the cotton and 
mercerized cotton purified battings

Table IV. Internal Volume Accessible to Water (VJ and 
Permeability Limits (M ) of Cotton and Mercerized Cotton 
(50) x 

Ethylene Glymes 
Sample Sugars Glycols 

V 2, ml/g 

Cotton 0.305 0.290 0.248 
Mercerized 0.575 0.535 0.490 
Cotton 

M , A 
χ 

Cotton 35.9 34.6 38.9 
Mercerized 34.7 31.6 39.9 
Cotton 

Differences among the results for the three series of solutes 
reflect differences in the a b i l i t i e s of these different molecular 
probes to discriminate among the various pores. The sugars are 
relatively s t i f f and bulky molecules which are similar to 
cellulose i t s e l f in hydrophilicity. In contrast the ethylene 
glycols are more flexible, slender molecules containing ether 
oxygens along with hydroxyl groups. While these molecules might 
be expected to have greater penetrating power because of their 
f l e x i b i l i t y and capability of tighter c o i l i n g , they would compete 
less successfully for internal bound water and would find a 
smaller fraction of the internal water available as solvent. The 
glymes contain only ether structures. 

The principal value of this measurement i s i t s a b i l i t y to 
provide information on the distribution of accessible pores in 
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water swollen cellulosic fibers over a c r i t i c a l size range. The 
technique i s limited by the lack of a v a i l a b i l i t y of a wide variety 
of series of water soluble solutes for use as molecular probes. 
Like CMA, the technique demands precision and reproducibility but 
provides information that i s pertinent to the chemical 
modification of cotton. 
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Chapter 16 

Physical Structure and Alkaline Degradation 
of Hydrocellulose 

Victor M. Gentile, Leland R. Schroeder, and Rajai H. Atalla 

Institute of Paper Chemistry, Appleton, WI 54912 

Degradations of fibrous cotton hydrocellulose and an 
amorphous hydrocellulose were conducted in oxygen-free 
1.0M NaOH at 60 and 80°C  Th  physical structur f 
the fibrous hydrocellulos
altered, while th
partial recrystallization into the cellulose II form 
and some loss of amorphous material through degrada
tion. Endwise depolymerization (peeling) and forma
tion of stable carboxylic acid endgroups (chemical 
stopping) were more rapid and extensive with the 
amorphous substrate. Both peeling and chemical stop
ping were inhibited by the more highly ordered physical 
structure of the fibrous hydrocellulose and the 
majority of degrading molecules terminated to stable 
inaccessible reducing endgroups, that is, by physical 
stopping. In contrast, chemical stopping was the domi
nant stabilization mechanism in the amorphous hydro-
cellulose. The rate of chemical stopping relative to 
peeling increased with temperature for both substrates. 
In addition, random chain cleavage, normally believed 
to be important only at much higher temperatures, was 
detected in the amorphous hydrocellulose. 

A l k a l i n e degradation of c e l l u l o s e occurs by random cleavage of 
g l y c o s i d i c linkages and by stepwise e l i m i n a t i o n of monomer uni t s 
from the reducing end (peeling) (_1_,2). These reactions occur i n 
competition with another r e a c t i o n which s t a b i l i z e s c e l l u l o s e against 
a l k a l i n e degradation by converting the reducing endgroup to an 
a l k a l i - s t a b l e , c a r b o x y l i c a c i d endgroup (chemical stopping). 

Though the major a l k a l i n e r e a c t i o n s of c e l l u l o s e have been r e l a 
t i v e l y w e ll defined, the r o l e of c e l l u l o s e p h y s i c a l structure i n 
those reactions has not been c l e a r l y e s t a b l i s h e d . C e l l u l o s e mole
cules have been reported to undergo p h y s i c a l stopping of the p e e l i n g 
r e a c t i o n when a molecule i s peeled back to a c r y s t a l l i n e region i n 
the c e l l u l o s e s t r u c t u r e , with the r e s u l t that the reducing endgroup 

0097-6156/87/0340-0272$06.00/0 
© 1987 American Chemical Society 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



16. GENTILE ET AL. Alkaline Degradation of Hydrocellulose 273 

becomes i n a c c e s s i b l e to the a l k a l i n e medium (3^-5)· It i s a l s o 
reported that for native c e l l u l o s e the rate of p e e l i n g r e l a t i v e to 
chemical stopping i s higher than for mercerized c e l l u l o s e (3^_6-_8). 
Furthermore, random chain cleavage occurs more r a p i d l y i n mercerized 
c e l l u l o s e than i n native c e l l u l o s e (6). These findings suggest that 
both molecular a c c e s s i b i l i t y and conformation ( i . e . , c e l l u l o s e I or 
II) i n f l u e n c e the s u s c e p t i b i l i t y of c e l l u l o s e molecules to a l k a l i n e 
r e a c t i o n s . However, separating the d i f f e r e n t e f f e c t s of p h y s i c a l 
s t r u c t u r e from the inherent r e a c t i v i t y of the c e l l u l o s e molecule ( i n 
an a l k a l i n e environment) i s made d i f f i c u l t by i t s l i m i t e d s o l u b i l i t y 
i n a l k a l i n e s o l u t i o n s . 

In the present study, the r o l e of c e l l u l o s e p h y s i c a l s t r u c t u r e 
i n a l k a l i n e reactions was i n v e s t i g a t e d by comparing the a l k a l i n e 
degradation of h i g h l y c r y s t a l l i n e ( c e l l u l o s e I) f i b r o u s h y d r o c e i l u -
lose with that of amorphous ( n o n c r y s t a l l i n e ) h y d r o c e l l u l o s e . The 
amorphous substrate was taken as a c e l l u l o s e model the r e a c t i v i t y of 
which would most c l o s e l y approximate that of a l k a l i - s o l u b l e c e l l u
lose. The a v a i l a b l i t y o
r e a c t i v i t y of c e l l u l o s e
more highly ordered s t r u c t u r e of the f i b r o u s h y d r o c e l l u l o s e . 

Results and D i s c u s s i o n 

Experimental Approach. The experimental study was a comparison of 
the a l k a l i n e degradations of fi b r o u s and amorphous h y d r o c e l l u l o s e s 
i n oxygen-free 1.0M NaOH, at 60 and 80°C. The fi b r o u s h y d r o c e l l u -
lose was predominantly c r y s t a l l i n e ( c e l l u l o s e I) and therefore 
served as a substrate which would undergo a l k a l i n e reactions with 
s i g n i f i c a n t p h y s i c a l s t r u c t u r e e f f e c t s . In contrast, the amorphous 
hy d r o c e l l u l o s e was n o n c r y s t a l l i n e (9,10). Thus, i t was a substrate 
which would experience s u b s t a n t i a l l y l e s s s t r u c t u r a l c o n s t r a i n t 
during i t s a l k a l i n e r e a c t i o n s . 

The fibrous h y d r o c e l l u l o s e was prepared by mild a c i d h y d r o l y s i s 
of cotton f i b e r s to provide s u f f i c i e n t numbers of reducing end-
groups for peeling and stopping to occur at measurable ra t e s . The 
amorphous h y d r o c e l l u l o s e was prepared by d i s s o l v i n g the fibrous 
h y d r o c e l l u l o s e i n the dimethylsulfoxide-paraform-aldehyde (DMSO-PF) 
solvent (9-12) and then regenerating the h y d r o c e l l u l o s e with a 
sodium methoxide-isopropoxide s o l u t i o n (9,10). Both h y d r o c e l l u l o s e s 
were f r e e z e - d r i e d during preparation and a f t e r degradation to mini
mize drying-induced s t r u c t u r a l changes. Thus, s t r u c t u r a l changes 
caused by the a l k a l i n e medium and the degradation reactions could be 
detected more r e a d i l y . 

Data on endgroup contents and number-average degrees of poly
merization (DP n) for the h y d r o c e l l u l o s e substrates are presented i n 
Table I. The h y d r o c e l l u l o s e s have s i m i l a r numbers of c a r b o x y l i c 
a c i d endgroups formed during p u r i f i c a t i o n of the cotton f i b e r s . But 
only the amorphous h y d r o c e l l u l o s e contained no i n a c c e s s i b l e reducing 
endgroups, demonstrating the capacity of the d i s s o l u t i o n / r e g e n e r a 
t i o n process to enhance a c c e s s i b i l i t y (9,10). On the other hand, 
the t o t a l reducing endgroup content of the amorphous h y d r o c e l l u l o s e 
was greater than that of the f i b r o u s h y d r o c e l l u l o s e . This, together 
with the lower DP n of the amorphous substrate, i n d i c a t e s that some 
chain cleavage occurred during regeneration. The chain cleavage was 
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apparently r e l a t e d to the scale-αρ of the process, since no cleavage 
was detected when r e l a t i v e l y small samples (< 2 g) were regenerated 
($0. For t h i s reason, i n comparisons of the peeling and stopping 
reactions of the two substrates, r e a c t i o n rates were corrected f o r 
the d i f f e r e n t a c c e s s i b l e ( r e a c t i v e ) reducing endgroup contents. 

Table I. Endgroup a and DP n^ Data for Hydrocellulose Substrates 

Fibrous Amorphous 
Hydrocellulose Hydrocellulose 

Carboxylic a c i d endgroups 1.09 χ 10"^ 1.02 χ 10"^ 
Acc e s s i b l e reducing endgroups 1.13 χ 10"^ 3.42 χ 10"^ 
Inaccessible reducing endgroups 0.15 χ 10"^ 0 
T o t a l reducing endgroups 1.28 χ 10"" ̂  3.42 χ 10"^ 
DP n 422 225 

aEndgroup values expresse
^ C a l c u l a t e d from the t o t a l endgroups content"*. 

During the course of the a l k a l i n e degradations, both p h y s i c a l 
and chemical s t r u c t u r e s of the hy d r o c e l l u l o s e s were monitored. 
Hydroxyl a c c e s s i b i l i t y (13) was determined as a p r a c t i c a l measure of 
the f r a c t i o n of molecules a c c e s s i b l e to the a l k a l i n e medium. The 
c r y s t a l l i n e s t r u c t u r e was ch a r a c t e r i z e d by x-ray d i f f r a c t i o n (14). 
In a d d i t i o n . Raman (15) and s o l i d - s t a t e carbon-13 nuclear magnetic 
resonance (^C-NMR) (16,17) spectra were u t i l i z e d to assess confor
mational changes. Y i e l d l o s s was determined g r a v i m e t r i c a l l y and 
taken as a measure of anhydroglucose u n i t s l o s t due to peeling. The 
chemical stopping r e a c t i o n was monitored by measuring c a r b o x y l i c 
a c i d endgroup formation, using methylene blue absorption values 
(10). The r e a c t i v e species f o r both peeling and stopping, that i s , 
the a c c e s s i b l e reducing endgroups, were detected by s e l e c t i v e reduc
t i o n with t r i t i u m - l a b e l e d sodium borohydride (9,10). Inaccessible 
(nonreactive) reducing endgroups were also detected by reduction 
with sodium borohydride-^H a f t e r they were made a c c e s s i b l e v i a the 
previously discussed regeneration technique (9^. It was therefore 
p o s s i b l e to detect the s o - c a l l e d " p h y s i c a l stopping 1' of the peeling 
r e a c t i o n as evidenced i n the formation of i n a c c e s s i b l e or unreactive 
reducing endgroups. 

The p h y s i c a l structure data together with the a l k a l i n e r e a c t i o n 
data permitted evaluation of the e f f e c t s of p h y s i c a l s t r u c t u r e on 
a l k a l i n e degradation of c e l l u l o s e . 

A l k a l i n e Degradations - Change i n P h y s i c a l Structure. The hydroxyl 
a c c e s s i b i l i t y of the fibrous h y d r o c e l l u l o s e was i n i t i a l l y 51.4 ± 
0.8%. In contrast, the amorphous substrate had an a c c e s s i b i l i t y of 
99.2 ± 1.0%. Exposure of the fibrous h y d r o c e l l u l o s e to the a l k a l i n e 
media caused the a c c e s s i b i l i t y to decrease s l i g h t l y to 50.7 ± 1.0% 
and 49.1 ± 1.2% at 60 and 80°C, r e s p e c t i v e l y , but a c c e s s i b i l i t y d i d 
not change s i g n i f i c a n t l y during the r e a c t i o n periods (0-168 h r ) . 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



16. GENTILE ET AL. Alkaline Degradation of Hydrocellulose 275 

The a c c e s s i b i l i t y of the amorphous h y d r o c e l l u l o s e , however, d i d 
de c l i n e , both upon exposure to the a l k a l i n e media and during the 
re a c t i o n periods (Figure 1). This i n d i c a t e s both r e c r y s t a l l i z a t i o n 
and s e l e c t i v e removal of amorphous m a t e r i a l . 

X-ray diffractograms of the fib r o u s h y d r o c e l l u l o s e (Figure 2) 
e x h i b i t the c h a r a c t e r i s t i c 002, 101, and 101 r e f l e c t i o n s of the c e l 
l u l o s e I c r y s t a l l i n e l a t t i c e (14,18). The sharply defined peaks 
i n d i c a t e a high degree of c r y s t a l l i n i t y . Although there appears to 
be a s l i g h t increase i n peak i n t e n s i t y i n the diffractogram of the 
zero-time sample r e l a t i v e to that of the i n i t i a l substrate, no f u r 
ther change i s evident i n the di f f r a c t o g r a m of the 48-hour sample. 
Thus, x-ray d i f f r a c t i o n confirms that the fibrous h y d r o c e l l u l o s e 
does not undergo s i g n i f i c a n t change i n p h y s i c a l s t r u c t u r e during 
degradation. 

The d i f f u s e diffractogram of the i n i t i a l amorphous substrate 
(Figure 3) i s i n d i c a t i v e of n o n c r y s t a l l i n e c e l l u l o s e (19). The d i f -
fractogram of the zero-time sample exhibits_ja set of weak r e f l e c 
t i o n s corresponding to th
II c r y s t a l l i n e l a t t i c e (14,18)
r e l a t i v e l y low degree of c r y s t a l l i n i t y . Since the di f f r a c t o g r a m of 
the 48-hour sample d i s p l a y s s l i g h t l y more intense r e f l e c t i o n s , a 
small increase i n the c e l l u l o s e II content occurred during the reac
t i o n period. This i s consistent with the hydroxyl a c c e s s i b i l i t y 
data. 

Raman spectra of the fib r o u s h y d r o c e l l u l o s e i n the conformation 
s e n s i t i v e 250 to 650 cm"* region have r e l a t i v e l y intense c e l l u l o s e I 
bands (Figure 4), i n d i c a t i n g that the molecules are predominantly i n 
the c e l l u l o s e I conformation (15). This i s best demonstrated by the 
intense band at 378 cm"*. The lack of s i g i f i c a n t d i f f e r e n c e s i n the 
spectra of the i n i t i a l substrate, zero-time sample, and 48-hour 
sample confirm that no s i g n i f i c a n t changes i n p h y s i c a l structure 
occurred during degradation. 

In contrast, the same region i n the Raman spectrum of the i n i 
t i a l amorphous substrate e x h i b i t s broad bands (Figure 5) i n d i c a t i v e 
of i r r e g u l a r sequences of conformations along the c e l l u l o s e chains 
(15). The emergence of a band at 355 cm"* i n the spectrum of the 
zero-time sample i n d i c a t e s the presence of the c e l l u l o s e I I a l l o 
morph. The a d d i t i o n a l , small increase i n band i n t e n s i t y i n the 
spectrum of the 48-hour sample again demonstrates a fu r t h e r s l i g h t 
increase i n c e l l u l o s e I I content during degradation. 

The s o l i d - s t a t e *̂ C-NMR spectra of the fibrous h y d r o c e l l u l o s e 
a l s o demonstrate the predominance of the c e l l u l o s e I allomorph 
(Figure 6). A l l three spectra contain the sharp resonances asso
c i a t e d with the c e l l u l o s e I conformation and the broader C-4 and C-6 
resonances i n d i c a t i v e of regions of three-dimensional disorder and 
c r y s t a l l i t e surfaces (16,17). The r e l a t i v e i n t e n s i t i e s of the sharp 
and broad resonances of the three spectra are s i m i l a r , again demon
s t r a t i n g the lack of change i n p h y s i c a l structure during degrada-
t ion. 

In comparison, the *^C-NMR spectrum of the i n i t i a l amorphous 
subsrate e x h i b i t s only broad resonances (Figure 7) c h a r a c t e r i s t i c 
of regions of three-dimensional d i s o r d e r (16,17). The progressive 
appearance of sharper resonances i n the spectra of the zero-time 
and 48-hour samples i n d i c a t e s i n c r e a s i n g conformational order. 
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100 r 

Figure 1. Hydroxyl a c c e s s i b i l i t y of the amorphous h y d r o c e l l u l o s e 
during degradation i n 1.0M NaOH. 
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Figure 2. X-ray diffractograms of the fibrous h y d r o c e l l u l o s e 
during degradation i n 1.0M NaOH at 80°C. 
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Figure 7. S o l i d - s t a t e *^C-NMR spectra of the amorphous hydro
c e l l u l o s e during degradation i n 1.0M NaOH at 80°C. 
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Resonance l o c a t i o n s and m u l t i p l i c i t i e s are c h a r a c t e r i s t i c of the 
c e l l u l o s e I I allomorph, confirming the r e s u l t s of x-ray d i f f r a c t i o n 
and Raman spectroscopy. 

The absence of change i n the p h y s i c a l s t r u c t u r e of the f i b r o u s 
h y d r o c e l l u l o s e during degradation suggests three a l t e r n a t i v e 
hypotheses. F i r s t , s e l e c t i v e degradation of amorphous c e l l u l o s e 
could have occurred but to an extent not detectable by the methods 
applied. Second, removal of amorphous ma t e r i a l could have been 
accompanied by a comparable amount of d e c r y s t a l l i z a t i o n of c e l l u l o s e 
I domains. F i n a l l y , c e l l u l o s e removed during degradation may have 
display e d p a r t i a l c e l l u l o s e I character. This would involve mole
cules i n s l i g h t l y d i s t o r t e d c e l l u l o s e I domains ( t i l t e d or twisted 
segments of elementary f i b r i l ) and at c r y s t a l l i t e surfaces (20), 
since removal of e i t h e r would not r e s u l t i n detectable changes i n 
p h y s i c a l s t r u c t u r e . A l k a l i n e r e a c t i o n data presented i n the follow
ing s e c t i o n tend to support the l a t t e r hypothesis. 

The increase i n c e l l u l o s  I I characte d decreas  i  a c c e s s i
b i l i t y of the amorphous
medium and during the r e a c t i o
r e c r y s t a l l i z a t i o n . However, s e l e c t i v e removal of amorphous c e l l u 
lose may have occurred simultaneously. This a d d i t i o n a l p o s s i b i l i t y 
i s consistent with the a l k a l i n e r e a c t i o n data. 

P e e l i n g and Stopping Reactions. The y i e l d loss during a l k a l i n e 
degradation was more rap i d and extensive for the amorphous hydro
c e l l u l o s e than f o r the f i b r o u s h y d r o c e l l u l o s e , at both 60 and 80°C 
(Figure 8). However, the e v o l u t i o n of y i e l d l o s s with time was d i f 
ferent at 60 and 80°C. While at 60°C y i e l d loss occurred throughout 
the time i n t e r v a l studied (168 h r ) , the y i e l d of both substrates 
l e v e l e d o f f a f t e r ca. 48 hours at 80°C. While small amounts of 
p e c t i c m aterial are probably l o s t during the degradations, such 
losses are i n s i g n i f i c a n t r e l a t i v e to y i e l d losses due to p e e l i n g 
(10). 

D i r e c t comparison of y i e l d data f o r the two substrates i s not 
p o s s i b l e due to the d i f f e r e n c e s i n i n i t i a l a c c e s s i b l e reducing end-
group contents (Table I ) . The k i n e t i c model used by Haas, et a l . 
(50 was therefore employed to provide a b a s i s for comparison of re
a c t i o n rates of molecules w i t h i n the two substrates. This model i n 
corporates pseudo-first-order rate expressions for peeling (Equation 
1), chemical stopping (Equation 2), and p h y s i c a l stopping (Equation 
4); our notation d i f f e r s from that of Haas, et a l . In a l l three 
rate expressions, the r e a c t i o n rates are r e l a t e d to the number of 
a c c e s s i b l e reducing endgroups by p s e u d o - f i r s t - o r d e r rate c o e f f i 
c i e n t s . Thus, the rate c o e f f i c i e n t s r e f l e c t the r e a c t i v i t i e s of 
a c c e s s i b l e reducing endgroups occupying d i f f e r e n t s t r u c t u r a l 
environments. 

Since the y i e l d losses were predominantly due to peeling 
(10), the pseudo-first-order rate expression for peeling can be 
w r i t t e n : 

a [ Y x ] / d t = k p[ARE t] (1) 

where [ Y \ ] = Y i e l d l o s s , as mole f r a c t i o n of t o t a l monomer 
un i t s at zero-time 
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Figure 8. Hydrocellulose y i e l d during degradation i n 1.0M NaOH. 
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t = Time, hr 
kp = Rate c o e f f i c i e n t for peeling, hr"* 

[ARE tJ = A c c e s s i b l e reducing endgroup content at time " t , " 
as mole f r a c t i o n of t o t a l monomer u n i t s at zero-time 

The d e r i v a t i v e i n Equation 1 was evaluated at s e l e c t e d r e a c t i o n 
times from the slopes of p l o t s of y i e l d l o s s versus r e a c t i o n time. 
Values of kp, c a l c u l a t e d from Equation 1, are l i s t e d i n Table I I . 

Table I I . Rate C o e f f i c i e n t s for P e e l i n g 3 

Reaction 
Time, hr 

60° C 80°C Reaction 
Time, hr Fibrous Amorphous Fibrous Amorphous 

0 4.13 6.16 27.9 40.4 
2 3.28 5.52 8.91 13.6 
4 2.74 

48 0.48 
96 0.38 0.53 0.60 0.14 

a k p , h r " l . 

In a l l cases, kp decreased with r e a c t i o n time. Thus, the acces
s i b l e reducing endgroups i n both h y d r o c e l l u l o s e s were more r e a c t i v e 
i n i t i a l l y , apparently due to t h e i r l o c a t i o n i n l e s s ordered regions 
of the respective p h y s i c a l s t r u c t u r e s . As the l e s s ordered m a t e r i a l 
was removed, the a c c e s s i b l e reducing endgroups occupied i n c r e a s i n g l y 
ordered regions of the s t r u c t u r e s and were therefore l e s s r e a c t i v e . 

The higher kp values for the amorphous h y d r o c e l l u l o s e throughout 
the 60°C r e a c t i o n and during the i n i t i a l period of the 80°C r e a c t i o n 
i n d i c a t e that the a c c e s s i b l e reducing endgroups were more r e a c t i v e 
than those i n the f i b r o u s h y d r o c e l l u l o s e . This c o i n c i d e s with the 
periods during which the a c c e s s i b i l i t y decreased (Figure 1), 
suggesting that s e l e c t i v e removal (peeling) of amorphous m a t e r i a l 
did occur. Thus, the l e s s ordered environment occupied by the 
degrading molecules i n the amorphous h y d r o c e l l u l o s e c l e a r l y rendered 
them more su s c e p t i b l e to p e e l i n g . 

During the l a t e r period of the 80°C r e a c t i o n , the amorphous 
hy d r o c e l l u l o s e e x h i b i t e d a lower value of kp than the f i b r o u s hydro
c e l l u l o s e . Since t h i s corresponds to the period during which the 
hydroxyl a c c e s s i b i l i t y of the amorphous h y d r o c e l l u l o s e l e v e l e d - o f f 
(Figure 1), i t appears that the population of degradable chains with 
a c c e s s i b l e reducing endgroups had been depleted. Consequently, 
pe e l i n g was probably o c c u r r i n g c l o s e to c e l l u l o s e I I domains where 
i t was s i g n i f i c a n t l y i n h i b i t e d . In c o n t r a s t , p e e l i n g progressed 
more slowly toward the c e l l u l o s e I domains of the f i b r o u s hydro
c e l l u l o s e , for example, i n s l i g h t l y d i s t o r t e d c e l l u l o s e I domains, 
but was also strongly i n h i b i t e d at the faces of more perfect c e l l u 
lose I c r y s t a l l i t e s . The degree of i n h i b i t i o n of p e e l i n g i s e v i 
denced by the convergence of 60 and 80°C kp values f o r both 
substrates at longer r e a c t i o n times. 
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In the case of chemical stopping, the rate of formation of car
b o x y l i c a c i d endgroups i s al s o p r o p o r t i o n a l to the number of 
a c c e s s i b l e reducing endgroups. The ps e u d o - f i r s t - o r d e r rate 
expression i s given by: 

[AE]/dt = k c s [ A R E t ] (2) 

where [AE] = Carboxylic a c i d endgroup content, as mole f r a c t i o n 
of t o t a l monomer uni t s at zero-time 

k c s = Rate c o e f f i c i e n t for chemical stopping, hr"* 

Carboxylic a c i d endgroup contents were f i r s t c o rrected for 
losses of c a r b o x y l i c aci d groups associated with p e c t i c m a t e r i a l 
l o s t during the reactions (10). Values of k c s were then deter
mined at s p e c i f i c time i n t e r v a l s by the same g r a p h i c a l procedure as 
o u t l i n e d for k p; the values of k c s are given i n Table I I I . 

Table I I I . Rate C o e f f i c i e n t

Reaction 60°C 80°C 
time, hr Fibrous Amorphous Fibrous Amorphous 

0 0.0142 0.0302 0.106 0.262 
2 0.0112 0.0271 0.0338 0.107 
4 0.0094 0.0204 0.0305 0.0808 

48 0.0015 0.0057 0.0119 0.0225 
96 0.0010 0.0055 0.0073 0.0205 

* k c s , h r - l . 

The rate c o e f f i c i e n t s for chemical stopping decreased with time 
f o r both substrates i n a pattern s i m i l a r to that for peeling. Thus, 
as the a c c e s s i b l e reducing endgroups occupied p r o g r e s s i v e l y more 
ordered regions of the s t r u c t u r e s , t h e i r r e a c t i v i t y toward chemical 
stopping also decreased. 

The amorphous h y d r o c e l l u l o s e e x h i b i t e d higher values of k c s 

throughout both the 60 and 80°C r e a c t i o n s . During the ea r l y period 
of the 80°C r e a c t i o n and throughout the 60°C r e a c t i o n , when the rate 
c o e f f i c i e n t for peeling was higher f o r the amorphous substrate 
(Table I I ) , i t s higher k c s value can be p r i m a r i l y a t t r i b u t e d to the 
r e a c t i o n occurring i n l e s s ordered regions of the st r u c t u r e . How
ever, t h i s could not account for the behavior i n the l a t e r period of 
the 80°C r e a c t i o n s , where pe e l i n g was apparently hindered to s i m i l a r 
extents by the c r y s t a l l i n e regions of both s t r u c t u r e s . Therefore, 
i t i s concluded that the c e l l u l o s e II domains i n the amorphous sub
s t r a t e did not i n h i b i t chemical stopping as d r a s t i c a l l y as the 
c e l l u l o s e I domains i n the fi b r o u s substrate. 

Further c l a r i f i c a t i o n of these d i f f e r e n c e s i s provided by com
paring the r e l a t i v e rates of peeling and chemical stopping f o r the 
two substrates. Average values of k p / k c s (Table IV) were c a l c u l a t e d 
using Equation 3, derived by d i v i d i n g Equation 1 by Equation 2. 
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d[Yi]/d[AE] = k p / k c s ( 3) 

The r e l a t i v e rates of peeling and chemical stopping were higher 
for the fibrous h y d r o c e l l u l o s e throughout the r e a c t i o n s . For the 
amorphous substrate, the values of kp/k c s were lower at the outset, 
and decreased s u b s t a n t i a l l y , at longer r e a c t i o n times. Since k p / k c s 

remained constant throughout the fi b r o u s h y d r o c e l l u l o s e r e a c t i o n s , 
the r e l a t i v e r e a c t i v i t y of i t s a c c e s s i b l e reducing endgroups toward 
both reactions appears not to change as the reactions progress from 
regions of lower order to regions of higher order. This i s c o n s i s 
tent with the l e s s ordered regions e x h i b i t i n g some c e l l u l o s e I 
character; reference here i s to s l i g h t l y d i s t o r t e d c e l l u l o s e I 
domains and c r y s t a l l i t e surfaces (20). In the l a t e r periods of the 
amorphous h y d r o c e l l u l o s e r e a c t i o n s , however, peeling was i n h i b i t e d 
much more than chemical stopping. This i s consistent with the 
e a r l i e r proposal that c e l l u l o s e II domains do not hinder chemical 
stopping as e f f e c t i v e l y as c e l l u l o s e I domains  while both c r y s t a l
l i n e forms are highly r e s i s t a n
presence of the c r y s t a l l i n
of peeling along a c e l l u l o s e molecule, while both the degree of 
s t r u c t u r a l order and the p a r t i c u l a r molecular conformation d i c t a t e 
the r e a c t i v i t y of an a c c e s s i b l e reducing endgroup toward chemical 
stopping. 

Table IV. R e l a t i v e Rates of Peeling and Chemical Stopping 

Reaction k p / k c s 

Fibrous 60°C (0-168 hr) 291 
Fibrous 80°C (0-96 hr) 264 
Amorphous 60°C (0-48 hr) 204 

(48-168 hr) 84 
Amorphous 80°C (0-4 hr) 154 

(4-96 hr) 23 

These findings are consi s t e n t with r e s u l t s of comparative a l k a 
l i n e degradation studies of native ( c e l l u l o s e I) and mercerized 
( c e l l u l o s e II) c e l l u l o s e (3^ 6^8). in a d d i t i o n , decreases i n k p / k c s 

f o r both substrates with i n c r e a s i n g temperature are i n agreement 
with the higher a c t i v a t i o n energy reported for chemical stopping 
versus peeling i n h y d r o c e l l u l o s e (5). 

In a d d i t i o n to undergoing chemical stopping r e a c t i o n s , c e l l u l o s e 
molecules also are thought to terminate i n reducing endgroups which 
are p h y s i c a l l y incapable of re a c t i n g due to t h e i r i n a c c e s s b i l i t y to 
the a l k a l i n e medium (3_-_5) · T h e term " p h y s i c a l stopping" has been 
used to c h a r a c t e r i z e the formation of i n a c c e s s i b l e reducing 
endgroups (nonreactive) on molecules which previously contained 
a c c e s s i b l e ( r e a c t i v e ) reducing endgroups. The ps e u d o - f i r s t - o r d e r 
rate expression f o r p h y s i c a l stopping i s wri t t e n : 

d[IRE]/dt = k p s [ A R E t ] (4) 
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where [IRE] = Inaccessible reducing endgroup content, as mole 
f r a c t i o n of t o t a l monomer uni t s at zero-time 

k p S = Ps u d o - f i r s t - o r d e r rate c o e f f i c i e n t for p h y s i c a l 
stopping 

Although p h y s i c a l stopping i s not a chemical r e a c t i o n , per se, 
k p S values determined using Equation 4 may be compared to k c s 

values, providing a measure of the r e l a t i v e importance of the two 
modes of stopping. Furthermore, comparison of kp S values f o r two 
substrates gives an i n d i c a t i o n of the r e l a t i v e extent of s t r u c t u r a l 
hindrance to peeling. 

In both the 60 and 80°C r e a c t i o n s , the fibrous h y d r o c e l l u l o s e 
e x h i b i t e d higher k p s values than the amorphous h y d r o c e l l u l o s e (Table 
V). This appears to be due to the involvement o f more molecules i n 
c r y s t a l l i n e domains of the fib r o u s substrate. The greater i n h i b i 
t i o n of chemical stopping by c e l l u l o s e I than c e l l u l o s e II domains 
may also have contributed to t h i s e f f e c t by allowing more molecules 
i n the fibrous h y d r o c e l l u l o s
endgroup would be i n a c c e s s i b l e

Table V. Rate C o e f f i c i e n t s for P h y s i c a l Stopping 3 

Reaction 60° C 80° C 
Time, hr Fibrous Amorphous Fibrous Amorphous 

0 0.0410 0.0142 0.363 0.154 
2 0.0218 0.0137 0.0812 0.0700 
4 0.0157 0.0132 0.0543 0.0195 

48 0.0032 0.0021 0 0 
96 0.0028 0.0019 0 0 

3 k p s , h r - l . 

At 80°C and for longer r e a c t i o n times, both h y d r o c e l l u l o s e s 
ceased ph y s i c a l stopping. This may be an i n d i c a t i o n that each phy
s i c a l s t r u cture has some maximum number of p o t e n t i a l p h y s i c a l 
stopping s i t e s . As a consequence, i n a c c e s s i b l e reducing endgroups 
could become a c c e s s i b l e as adjacent molecules are removed by 
peeling, g i v i n g r i s e to a steady state d i s t r i b u t i o n of a c c e s s i b l e 
and i n a c e s s i b l e reducing endgroups. 

Except f o r the l a t e r period of the 80°C r e a c t i o n s , the fi b r o u s 
h y d r o c e l l u l o s e e x h i b i t e d a higher value of k p S (Table V) than k c s 

(Table IV). Consequently the degradation of a majority of the mole
cules i n the fi b r o u s h y d r o c e l l u l o s e was terminated by p h y s i c a l 
rather than chemical stopping processes. In contrast, chemical 
stopping was the dominant mechanism of s t a b i l i z a t i o n i n the 
amorphous h y d r o c e l l u l o s e . 

Random Chain Cleavage Reaction. In a d d i t i o n to peeling, c e l l u l o s e 
i s also reported to undergo random cleavage of g l y c o s i d i c linkages 
i n a l k a l i n e media (Ĵ ,2). This r e a c t i o n r e s u l t s i n the formation of 

In The Structures of Cellulose; Atalla, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



16. GENTILE ET AL. Alkaline Degradation of Hydrocellulose 287 

one reducing and one nonreducing endgroup. Since reducing endgroups 
can also be involved i n pe e l i n g and stopping r e a c t i o n s , i t i s not 
po s s i b l e to monitor d i r e c t l y t h e i r formation due to random chain 
cleavage. However, the rate of chain cleavage can be ch a r a c t e r i z e d 
by monitoring increases i n the t o t a l number of endgroups. Accurate 
c h a r a c t e r i z a t i o n of the r e a c t i o n does require that no other changes 
i n the t o t a l number of endgroups occur, as for example, from lo s s of 
molecules by complete peeling or d i s s o l u t i o n . 

During degradation of the fi b r o u s h y d r o c e l l u l o s e , no changes i n 
t o t a l endgroup content were detected (Table VI). This i s cons i s t e n t 
with r e s u l t s of previous studies (6,7) i n which chain cleavage was 
found to be important i n native c e l l u l o s e only above 100°C. 

Table VI. T o t a l Endgroup Contents 3 of Hydrocelluloses 

Reaction 
Time, hr 

60°C 80°C Reaction 
Time, hr Fibrous 

0 1.94 4.13 1.88 4.51 
2 1.94 3.57 1.90 4.28 
4 1.92 3.44 1.96 4.35 
8 2.04 3.52 1.96 4.44 

24 1.95 3.59 1.89 4.96 
48 1.92 3.65 1.89 5.05 
96 1.86 3.76 1.90 5.35 

168 1.89 4.09 — — 

3Expressed as 10 3 χ mole f r a c t i o n of t o t a l monomer uni t s at zero-
t ime. 

In contrast, the amorphous h y d r o c e l l u l o s e underwent i n i t i a l 
d e c l i n e i n t o t a l endgroup content (Table VI) which may be a t t r i b u t e d 
to complete peelin g and/or d i s s o l u t i o n of low DP molecules. A f t e r 
the i n i t i a l periods, t o t a l endgroup contents increased gradually at 
both 60 and 80°C, i n d i c a t i n g that random chain cleavage occurred. 
Random chain cleavage must a l s o have occurred during the i n i t i a l 
periods but was probably masked by the more s u b s t a n t i a l negative 
e f f e c t s of complete peelin g or d i s s o l u t i o n on the t o t a l endgroup 
contents. 

The amorphous substrate s u f f e r e d the most ra p i d d e c l i n e i n 
hydroxyl a c c e s s i b i l i t y (Figure 1) during the same periods i n which 
t o t a l endgroup losses occurred. This i n d i c a t e s that complete p e e l 
ing or d i s s o l u t i o n p r i m a r i l y involved molecules e x i s t i n g e n t i r e l y 
w i t h i n amorphous regions and became i n s i g n i f i c a n t once the majority 
of highly a c c e s s i b l e chains had been removed or chemically s t a b i 
l i z e d . Further support i s thus provided for the hypothesis that 
s e l e c t i v e peeling of amorphous ma t e r i a l contributes to the higher 
rate c o e f f i c i e n t of peeling i n the case of the amorphous h y d r o c e l l u 
lose (Table I I ) . The comparative lack of s i m i l a r losses from the 
fib r o u s substrate suggests that the large majority of molecules were 
embedded to some extent i n c r y s t a l l i n e regions. 
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Because endgroup losses occurred simultaneously with random 
chain cleavage during the i n i t i a l periods, a n a l y s i s of the t o t a l 
endgroup data for k i n e t i c s of chain cleavage was confined to the 
l a t e r r e a c t i o n periods. Since the t o t a l number of monomer u n i t s , or 
y i e l d , i s e s s e n t i a l l y equal to the number of g l y c o s i d i c linkages, 
the pseudo-first-order rate expression f o r random chain cleavage can 
be w r i t t e n as: 

d[TE]/dt = k c c [ Y t ] (5) 

where [TE] = T o t a l endgroup content, as mole f r a c t i o n 
of t o t a l monomer un i t s at zero-time 

k c c = Rate c o e f f i c i e n t f o r random chain cleavage, hr"* 
[Y t] = Y i e l d , as mole f r a c t i o n of t o t a l monomer u n i t s at 

time " t " 

Rate c o e f f i c i e n t s for random chain cleavage i n the 60°C amor
phous h y d r o c e l l u l o s e r e a c t i o
hours (Table V I I ) . At 80°C
r a p i d l y between 2 and 48 hours, with a more gradual d e c l i n e up to 96 
hours. This r e f l e c t s the more rap i d d e c l i n e i n a c c e s s i b i l i t y of the 
amorphous hy d r o c e l l u l o s e at 80°C (Figure 1). Thus, random chain 
cleavage appears to be i n h i b i t e d by the l a r g e r c e l l u l o s e I I f r a c t i o n 
that formed i n the amorphous substrate at 80°C. 

Table VII. Rate C o e f f i c i e n t s 3 f o r Random Chain Cleavage 

Reaction 60°C 80° C 
Time, hr Fibrous Amorphous Fibrous Amorphous 

0 0 ND 0 ND 
2 0 ND 0 5.78 χ ΙΟ" 5 

8 0 8.42 χ 10" 6 0 5.31 χ 10~ 5 

48 0 8.38 χ 10' 6 0 0.82 χ ΙΟ" 5 

96 0 8.34 χ 10" 6 0 0.49 χ ΙΟ" 5 

168 0 7.53 χ 1(T 6 — — 
a k c c , h r - l . 
ND = Rate c o e f f i c i e n t s not determined due to simultaneous complete 

peeling or d i s s o l u t i o n 

The absence of chain cleavage i n the fibrous h y d r o c e l l u l o s e 
suggests that i t s disordered regions were more hi g h l y s t r u c t u r e d 
than the corresponding regions of the amorphous h y d r o c e l l u l o s e . 
This i s consistent with the r e s u l t s of a previous study (6^ i n 
which mercerized c e l l u l o s e was found to be more s u s c e p t i b l e to 
random chain cleavage than native c e l l u l o s e . Another i m p l i c a t i o n 
i s that the disordered regions associated with the two c r y s t a l l i n e 
polymorphs d i s p l a y d i f f e r e n t degrees of s t r u c t u r a l order, g i v i n g 
r i s e to d i f f e r e n c e s i n r e a c t i v i t y . Thus, i n a d d i t i o n to molecular 
m o b i l i t y and a c c e s s i b i l i t y , the p a r t i c u l a r molecular conformation 
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appears to influence s u s c e p t i b i l i t y to the random chain cleavage 
r e a c t i o n . 

Conclusions 

A l k a l i n e peeling and chemical stopping occur more r a p i d l y i n the 
amorphous regions of amorphous h y d r o c e l l u l o s e than i n the disordered 
regions of fibrous h y d r o c e l l u l o s e . In a d d i t i o n , random chain 
cleavage at 60 and 80°C occurs only i n amorphous h y d r o c e l l u l o s e . 
Therefore, i t i s proposed that the disordered regions of the f i b r o u s 
hydrocelluose c o n s i s t of less r e a c t i v e molecules at c r y s t a l l i t e 
surfaces and i n s l i g h t l y d i s t o r t e d c r y s t a l l i n e domains, as pre
v i o u s l y suggested (20). 

Pee l i n g i s i n h i b i t e d to s i m i l a r extents by the c r y s t a l l i n e order 
of both c e l l u l o s e I and II allomorphs, while chemical stopping i s 
s i g n i f i c a n t l y more i n h i b i t e d i n the c e l l u l o s e I allomorph. This i s 
consis t e n t with the higher r a t i o of the rate of chemical stopping to 
that of peeling t y p i c a l l
parison to native c e l l u l o s

P h y s i c a l stopping, that i s , formation of i n a c c e s s i b l e reducing 
endgroups, occurs when peeling of molecular chains reaches the 
c r y s t a l l i n e domains i n both c e l l u l o s e I and I I . The r e l a t i v e rates 
of p h y s i c a l and chemical stopping are d i c t a t e d by the number of 
molecules involved i n c r y s t a l l i n e domains. In a previous study (5^), 
c e l l u l o s e molecules were reported to maintain constant r e a c t i v i t y 
toward peeling and chemical stopping unless p h y s i c a l stopping 
occurred. However, the r e s u l t s of the present study i n d i c a t e that 
r e a c t i v i t y diminishes gradually as reactions approach more h i g h l y 
ordered regions of p h y s i c a l s t r u c t u r e . Simultaneously, abrupt 
p h y s i c a l stopping can occur. 

The rate of chemical stopping increases with temperature r e l a 
t i v e to peeling i n both f i b r o u s and amorphous h y d r o c e l l u l o s e . This 
observation i s consistent with previous findings ( 5_). 

Experimental 

C e l l u l o s e Substrates. Raw cotton f i b e r cut i n ca. 0.25 inch lengths 
was p u r i f i e d by e x t r a c t i o n with chloroform, 95% ethanol, b o i l i n g 1% 
(w/w) sodium hydroxide (oxygenfree), and diethylene triamine-
pentaacetic a c i d (0.15% w/v, pH 9) (10). Fibrous h y d r o c e l l u l o s e was 
prepared by t r e a t i n g the p u r i f i e d f i b e r s (60 g) with 0.1M hydroch
l o r i c a c i d (6L) at 40°C f o r 20 hours, washing with d i s t i l l e d water 
( u n t i l n e u t r a l ) , and then freeze-drying. Amorphous h y d r o c e l l u l o s e 
was prepared by dropwise a d d i t i o n of a DMSO-PF s o l u t i o n of the 
fibrous h y d r o c e l l u l o s e (0.2%, w/v, cellulose/DMSO, 3.5L) to 0.2M 
sodium methoxide-isopropoxide s o l u t i o n (1:1, v/v, methanol:isopro-
panol, 14L) (9,10). The r e s u l t i n g p r e c i p i t a t e was washed with 0.2M 
sodium methoxide-isopropoxide, methanol ( u n t i l n e u t r a l ) , 0.1M 
hy d r o c h l o r i c a c i d , and d i s t i l l e d water ( u n t i l n e u t r a l ) , and then 
f r e e z e - d r i e d . Both the fi b r o u s and amorphous h y d r o c e l l u l o s e s were 
fu r t h e r d r i e d i n vacuo over phosphorus pentoxide to constant weight. 

Degradation Procedure. A l k a l i n e degradations were conducted i n 316 
s t a i n l e s s s t e e l laboratory d i g e s t e r s (10). Hydrocellulose substrate 
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(400 mg) and oxygen-free 1.0M sodium hydroxide (40 mL) were sealed 
i n the r e a c t i o n vessels under nitrogen, and the vessels were rotated 
end-over-end at ca. 3 rpm i n a constant temperature o i l bath. The 
r e a c t i o n mixtures were maintained at 60 or 80°C f o r the s p e c i f i e d 
time i n t e r v a l , cooled to 20°C, and n e u t r a l i z e d with 1.0M hydro
c h l o r i c a c i d . Zero-time samples were prepared by l i m i t i n g the time 
at the r e a c t i o n temperature to ca. one minute. Degraded h y d r o c e l l u -
lo s e was washed with 0.1M h y d r o c h l o r i c a c i d and d i s t i l l e d water 
( u n t i l n e u t r a l ) , and then f r e e z e - d r i e d . Y i e l d was determined a f t e r 
f u r t h e r drying i n vacuo over phosphorus pentoxide to constant 
weight. 

A n a l y t i c a l Methods. Carboxylic a c i d endgroup contents were deter
mined by methylene blue absorption using TAPPI Standard Method T237 
su-63 with minor mo d i f i c a t i o n s (10). A c c e s s i b l e reducing endgroups 
were detected by reduction with sodium borohydride-^H, and t o t a l 
reducing endgroups were determined s i m i l a r l y a f t e r regenerating the 
c e l l u l o s e from the DMSO-P
endgroup contents were c a l c u l a t e
endgroup contents. 

C e l l u l o s e hydroxyl a c c e s s i b i l i t y was measured by the deuteration 
method of Rouselle and Nelson (13), but the deuteration time ( i n 
l i q u i d D2O) was extended to 12 hours (10). X-ray diffractograms 
were c o l l e c t e d on a Norelco d i f f r a c t o m e t e r , using n i c k e l - f i l t e r e d , 
CuKct r a d i a t i o n . Raman spectra were acquired with a Jobin Yvon 
Ramanor Spectrometer, u t i l i z i n g the 5145 Â l i n e of an argon l a s e r 
operated, at 100 mw, as the e x c i t i n g source. S o l i d - s t a t e l^C-NMR 
spectra were obtained on a General E l e c t r i c S-100 instrument 
employing the combined techniques (16,17) of proton-carbon cross 
p o l a r i z a t i o n , high power proton decoupling, and magic-angle sample 
spinning. 
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Chapter 17 

Intra- and Intermolecular Hydrogen Bonds in Native, 
Mercerized, and Regenerated Celluloses 
Reflection in Patterns of Solubility and Reactivity 

A. Isogai1, A. Ishizu1, J. Nakano1, and Rajai H. Atalla2 

1Department of Forest Products, Faculty of Agriculture, University of Tokyo, 
Bunkyo-ku, Tokyo 113, Japan 

2Institute of Paper Chemistry, Appleton, WI 54912 

An unusual patter
related polysaccharide
has been observed, and interpreted in terms of distinc
tive hydrogen bonding patterns. In particular, i t was 
found that only native and mercerized cellulose dissolve 
in this system, while regenerated celluloses, glucoman-
nan, xylan, starch, pectin and curdlan are insoluble. 
The pattern for the celluloses has been correlated with 
relative reactivities of hydroxyl groups in etherifica-
tion reactions in different environments, and with 
results of solid state 13C NMR studies on the celluloses 
and related oligosaccharides and polysaccharides. They 
suggest that the solvent system acts at particular 
sites involving cooperative hydrogen bonding incorpora
ting, among others, the primary hydroxyl group at C6 
and the linkage oxygen. 

Our proposal has the key implication that regenerated 
and mercerized celluloses have different patterns of 
intermolecular hydrogen bonding, even though they may 
have similar heavy atom lattices. This is analogous to 
what has been proposed as the key difference between 
the Iα and Iß forms of native cellulose. Taken 
together these findings suggest that the organization 
and packing of the heavy atom lattices in celluloses 
are dominated by the shapes of the molecules in their 
different conformations, and that more than one stable 
pattern of intermolecular hydrogen bonding is con
sistent with each heavy atom lattice. 

The supermolecular structures of cellulose have been investigated 
extensively by many techniques including x-ray and electron diffrac-
tometry, electron microscopy, IR and Raman spectroscopy, broad-line 
proton NMR and solid-state l̂ C-NMR. Nevertheless, many questions 
remain concerning the solid-state structures. 

0097-6156/87/0340-0292$06.00/0 
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During our studies on c e l l u l o s e chemistry U_-_5), we have en
countered an unusual pattern of s o l u b i l i t i e s of various c e l l u l o s e s 
and r e l a t e d polysaccharides i n one of the nonaqueous c e l l u l o s e 
solvent systems we i n v e s t i g a t e d , the S02-diethylamine(DEA)-dimethyl-
sulfoxide(DMSO) system. In t h i s paper, we propose an i n t e r p r e t a t i o n 
of t h i s pattern i n terms of i n t r a - and intermolecular hydrogen bonds 
i n native, mercerized and regenerated c e l l u l o s e s . We also consider 
p a r a l l e l s with the r e l a t i v e r e a c t i v i t i e s of hydroxyl groups i n g l u 
cose residues of c e l l u l o s e toward e t h e r i f i c a t i o n , under basic con
d i t i o n s , and the data from s o l i d - s t a t e l^C-NMR reported by A t a l l a 
and others (6^9). 

Experimental 

Sample Preparations. The native c e l l u l o s e s used were A v i c e l , cotton 
l i n t e r s and ramie. Degrees of polymerization of A v i c e l and the cot
ton l i n t e r s determined by the copperethylenediamine v i s c o s i t y method 
(10) were 250 and 1360, r e s p e c t i v e l y
pared from these c e l l u l o s e
t a i n i n g 1% NaBH under a nitro g e n atmosphere for 20 hrs at room 
temperature. The samples were washed on a 1G2 glass f i l t e r with 
large amounts of water, d i l u t e a c e t i c a c i d , large amounts of water 
again and, f i n a l l y , acetone. They were d r i e d at 40°C i n vacuo for 1 
day. Regenerated samples were prepared from native c e l l u l o s e s by 
d i s s o l v i n g i n cadoxene (11), and regenerating by dropwise a d d i t i o n 
to d i l u t e a c e t i c a c i d . The regenerated c e l l u l o s e was f i l t e r e d and 
washed with large amounts of water. Half of each sample was washed 
with acetone and d r i e d at 40°C i n vacuo f o r 1 day, and the other 
h a l f was subjected to l y o p h i l i z a t i o n followed by drying at 40°C i n 
vacuo for 1 day. 

Amylose and starch, both derived from potato, were commercial 
samples. Glucomannan and xylan were i s o l a t e d from spruce and beech 
h o l o c e l l u l o s e s , r e s p e c t i v e l y , and p u r i f i e d by the usual method (12). 
P e c t i n was i s o l a t e d and p u r i f i e d from the midrib of Nic o t i a n a taba-
cum and kind l y provided by Dr. Shigeru Eda at The Central Research 
I n s t i t u t e , Japan Tobacco Inc. (5^)· 

The s o l u b i l i t y of the polysaccharides was tested by d i s p e r s i n g 
lg o f a dri e d sample i n 42 ml DMSO, and then adding the SO2/DMSO 
s o l u t i o n containing 1.19 g of SO2 (4.09 ml of 0.291 g S02/ml DMSO 
sol u t i o n ) and 1.92 mo DEA, i n t h i s order at room temperature. 
Successful d i s s o l u t i o n was judged by v i s u a l examination a f t e r 
s t i r r i n g for 1 day. 

Results and Discussion 

1. S o l u b i l i t i e s of c e l l u l o s e s and other polysaccharides 
i n the SO2-DEA-DMSO system 

In our previous work on the dérivâtizations of c e l l u l o s e U_-J>), we 
have found the SO2-DEA-DMSO system to be the most e f f e c t i v e non
aqueous c e l l u l o s e solvent medium for the preparation of highly 
s u b s t i t u t e d c e l l u l o s e ethers. The s o l u b i l i t i e s of various c e l l u -
l o s i c samples and other polysaccharides i n t h i s nonaqueous solvent 
3ystem were tested i n the course of the i n v e s t i g a t i o n s . As shown i n 
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Table I, native c e l l u l o s e s such as ramie, cotton l i n t e r s and A v i c e l , 
both before and a f t e r m e r c e r i z a t i o n d i s s o l v e d completely i n t h i s 
solvent system. More recently we have e s t a b l i s h e d that h i g h l y 
c r y s t a l l i n e a l g a l c e l l u l o s e s are also r e a d i l y d i s s o l v e d i n t h i s 
system. 

Table I. S o l u b i l i t i e s of Various Polysaccharides i n 
S 0 2-diethylamine - D M S 0 System 

Soluble Native c e l l u l o s e s (ramie, l i n t e r , A v i c e l ) 
Mercerized c e l l u l o s e s (ramie, l i n t e r , A v i c e l ) 

Insoluble Amylose, st a r c h , glucomannan, xylan, p e c t i n 
Regenerated c e l l u l o s e (ramie, l i n t e r , A v i c e l ) 

In sharp contrast, regenerate
ramie, cotton l i n t e r s an
d e c r y s t a l l i z a t i o n by b a l l - m i l l i n g . Furthermore, amylose, s t a r c h , 
glucomannan, xylan and p e c t i n were a l s o found to be i n s o l u b l e i n 
t h i s system. Our f i n d i n g concerning regenerated samples consistent 
with the report by Yamazaki and Nakao (13) that commercially 
a v a i l a b l e rayons, even with DPv as low as 300, are in s o l u b l e i n a l l 
S02~amine-organic solvent systems. Hie patterns of s o l u b i l i t y , or 
lack thereof, are curious because regenerated c e l l u l o s e s generally 
have lower c r y s t a l l i n i t i e s than native ones. Moreover, the other 
polysaccharides so f a r examined have lower molecular weights and 
c r y s t a l l i n i t i e s than native c e l l u l o s e s . In ad d i t i o n , amylose and 
starch are soluble i n DMSO alone above 60°C. A l l the c e l l u l o s e 
samples and the polysaccharides used i n t h i s work are soluble i n 
other nonaqueous c e l l u l o s e solvent systems such as paraformaldehyde-
DMSO (14), L i C l - dimethylacetamide (15), N-methylmorpholine N-oxide 
(16) (containing small amounts of water) and others. Thus, the 
i n s o l u b i l i t y of regenerated c e l l u l o s e s was observed only for the 
S02~amine systems. We believ e that the d i f f e r e n c e s i n s o l u b i l i t y 
reported i n Table I may r e f l e c t d i f f e r e n t patterns of i n t r a - and 
intermolecular hydrogen bonding i n d i f f e r e n t c e l l u l o s e s . 

In the previous work i n which ^H- and l^C-NMR w e r e used (17), 
the d i s s o l u t i o n of c e l l u l o s e i n the SO2-DEA-DMSO system has been 
explained i n terms of complex formation between the -OH of c e l l u 
lose, and SO2 and DEA, as shown i n Figure 1. The pattern of s o l u 
b i l i t i e s noted e a r l i e r suggests that the complex formation r e a c t i o n 
i n Figure 1 i s s p e c i f i c to p a r t i c u l a r i n t r a - and/or intermolecular 
hydrogen bonding patterns p e c u l i a r to native and mercerized c e l l u 
l oses. 

The d i s s o l u t i o n c h a r a c t e r i s t i c s of native, mercerized and r e 
generated c e l l u l o s e s , and t h e i r i n t e r p r e t a t i o n i n terms of hydrogen 
bonding d i f f e r e n c e s , point to some i n t e r e s t i n g r e l a t i o n s h i p s . 
Native and mercerized c e l l u l o s e s would seem to have some common 
hydrogen bonding patterns, although they have d i f f e r e n t x-ray 
d i f f r a c t i o n patterns. On the other hand, mercerized and regenerated 
c e l l u l o s e s would d i f f e r from each other with respect to i n t e r 
molecular hydrogen bonds, although they have the same x-ray pattern. 
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Recently, VanderHart and A t a l l a (18) proposed,on the basis of 
CP-MAS l 3 C NMR of d i f f e r e n t c e l l u l o s e samples, that a l l native 
c e l l u l o s e are composites of two c r y s t a l l i n e m o d i f i c a t i o n s , c e l l ΐ α 

and Ig, even though they have s i m i l a r x-ray patterns. These have 
been i n t e r p r e t e d i n terms of s i m i l a r heavy atom l a t t i c e s with d i f 
ferent hydrogen bonding patterns (19,20). Thus, i t may well be that 
mercerized and regenerated c e l l u l o s e s d i f f e r i n the same way and can 
have d i f f e r e n t intermolecular hydrogen bonding patterns, which 
r e s u l t i n d i f f e r e n c e s i n t h e i r s o l u b i l i t y i n the SO2-DEA-DMSO 
system. 

2. Relative r e a c t i v i t i e s of hydroxyl groups i n glucose residues 
of c e l l u l o s e toward e t h e r i f i c a t i o n s under basic conditions 

We have previously reported studies on the d i s t r i b u t i o n of s u b s t i 
tuents i n p a r t i a l l y e t h e r i f i e d c e l l u l o s e s which were prepared from 
heterogeneous a l k a l i c e l l u l o s e and from homogeneous nonaqueous c e l
l u l o s e s o l u t i o n s (21). I
c e l l u l o s e ethers such a
prepared from SO2-DEA-DMSO so l u t i o n s of c e l l u l o s e by additions of 
powdered NaOH as a base. 

When the nonaqueous c e l l u l o s e solvent was used as a medium, the 
order of r e a c t i v i t i e s was 6-OH>2-OH~3-OH. This order i s s i m i l a r to 
observations i n the case of simple a l c o h o l s . Thus, although the 
primary hydroxyl group 6-OH has the highest r e a c t i v i t y , and the 
secondary hydroxyl groups 2-OH and 3-OH have almost equal reac
t i v i t i e s , the d i f f e r e n c e of r e a c t i v i t i e s between 6-OH, 2-OH and 3-OH 
i s small. On the other hand, when heterogeneous a l k a l i c e l l u l o s e 
systems were used, where c e l l u l o s e was swollen i n aqueous a l k a l i 
rather than being i n s o l u t i o n , the order of r e a c t i v i t y was 
2-OH>6-OH>>3-OH at a l l concentrations of aqueous a l k a l i (22). This 
order i s not consistent with the pattern for lower molecular weight 
compounds and suggests c o n s i d e r a t i o n of e f f e c t s of i n t r a - and i n t e r 
molecular hydrogen bonds which may remain even i n swollen a l k a l i 
c e l l u l o s e . The secondary hydroxyl group 2-OH has a higher reac
t i v i t y than the primary a l c o h o l 6-OH, and there i s a remarkable d i f 
ference i n r e a c t i v i t i e s between the secondary alcohols 2-OH and 
3- OH. These r e s u l t s suggest that some of the intramolecular hydro
gen bonds between the 3-OH groups and 0-5 i n the adjacent anhydro
glucose residues, known to occur i n native c e l l u l o s e s , are retained 
even i n swollen a l k a l i c e l l u l o s e , and thus have an e f f e c t on the 
e t h e r i f i c a t i o n process. 

The r e s i s t a n c e to d i s r u p t i o n by a l k a l i also suggests some strong 
intermolecular hydrogen bonds i n c e l l u l o s e . Such strong hydrogen 
bonds may well be the key to r e t e n t i o n of the f i b e r form of a l k a l i 
c e l l u l o s e at a l l concentrations of a l k a l i . In the case of most 
polymers, swelling and d i s s o l u t i o n i n solvents proceed i n sequence. 
That i s , f i r s t the a c c e s s i b l e parts are swollen by a solvent and 
t h i s i s followed by d i s s o l u t i o n . However, i n the case of c e l l u l o s e 
i n aqueous a l k a l i , although i t i s swollen and undergoes a l a t t i c e 
transformation, i t does not d i s s o l v e . If the hydroxyl groups are 
solvated with aqueous a l k a l i and i f a l l i n t r a - and intermolecular 
hydrogen bonds are cleaved, c e l l u l o s e f i b e r s cannot be expected to 
keep t h e i r form nor to form a new l a t t i c e . This suggests that 
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some of the strong intermolecular hydrogen bonds i n native c e l l u l o s e 
may survive i n swollen a l k a l i c e l l u l o s e s and contribute to the 
d e f i n i t i o n of the new l a t t i c e . Such a proposal seems a p l a u s i b l e 
a l t e r n a t i v e to that of Na + s t a b i l i z a t i o n of the l a t t i c e . 

It has been proposed that i n a l k a l i c e l l u l o s e , a l k a l i (NaOH) and 
water bridge the c e l l u l o s e molecules (23). However, i t does not 
seem l i k e l y that a l l d i r e c t intermolecular hydrogen bonds i n a l k a l i 
c e l l u l o s e are disrupted, inasmuch as the fibrous morphology i s 
retained. A d d i t i o n a l l y , there have not been any reports of any 
p r e c i p i t a t e s of complexes between oligomers and a l k a l i i n aqueous 
s o l u t i o n s . 

There has been another proposal that plane-structures c o n s i s t i n g 
of c e l l u l o s e molecules i n the 101 plane of native c e l l u l o s e are held 
together by hydrophobic i n t e r a c t i o n s even i n the presence of a l k a l i , 
and that h y d r o p h i l i c surfaces of the 101 plane-structures are 
solvated with a l k a l i and water (24). However, i f such planar s t r u c 
tures were solvated with aqueous a l k a l i  they would be expected to 
r e s u l t i n the formation
us more l i k e l y that som
molecular hydrogen bonds of native c e l l u l o s e survive even i n a l k a l i 
c e l l u l o s e . On the other hand, since some hydrogen bonds are cleaved 
by NaOH and water which penetrate i n t o the c r y s t a l l i n e l a t t i c e of 
c e l l u l o s e , new l a t t i c e planes can be formed as, for example, i n Na-
C e l l u l o s e I or other soda c e l l u l o s e s . 

In assessing the s t a b i l i t y of intermolecular hydrogen bonds, the 
pattern of chemical r e a c t i v i t y of the hydroxyl groups may be an 
i n d i c a t o r . On the bas i s of the r e s u l t s of r e l a t i v e r e a c t i v i t i e s of 
the hydroxyl groups i n the anhydroglucose residues, the more stable 
intermolecular hydrogen bonds of c e l l u l o s e appear l i k e l y to involve 
6-OH, because i t o f t e n shows lower r e a c t i v i t y for e t h e r i f i c a t i o n s 
than the 2-OH. 

3. S o l i d - s t a t e 13C-NMR data of various c e l l u l o s e samples 

l^C-NMR s p e c t r a l s h i f t s for c e l l u l o s e and some oligomers are sum
marized i n Figure 2 (6_-_9). H o r i i et_ a_l. (9^) discussed the chemical 
s h i f t s of C-6 carbons, and proposed that the d i f f e r e n c e between 
C e l l u l o s e I and C e l l u l o s e I I i s caused by conformational d i f f e r e n c e s 
at the 6-OH groups. The s h i f t s i n the c r y s t a l l i n e parts of C e l l u 
lose I were assigned to t-g conformations (ca. 66 ppm f o r C-6), and 
those for C e l l u l o s e II and the amorphous parts of a l l c e l l u l o s e s to 
g-t conformations (ca. 63 ppm fo r C-6). 

In contrast, chemical s h i f t s of the C-4 carbons change l a r g e l y 
depending on whether c e l l u l o s e i s i n a s o l i d state or i n s o l u t i o n 
(Figure 2). H o r i i et^ al_. (25) suggested that t h i s change i n the 
chemical s h i f t of C-4 i s al s o caused by conformational d i f f e r e n c e . 
However, such a high downfield s h i f t of C-4 carbons (Δ = ca. 10 ppm) 
seems u n l i k e l y to a r i s e from a comformational d i f f e r e n c e alone. 
Changes i n chemical s h i f t s of carbons i n low molecular sugars, which 
have been reported by H o r i i et a l . (9^), were explained mainly i n 
terms of changes i n s h i e l d i n g due to d i f f e r e n t hydrogen bonding pat
terns associated with d i f f e r e n t conformations. 

The s o l i d - s t a t e l^c-NMR spectra of curdlan, amylose and c h i t i n 
have also been reported (26), and generally C - l and C-4, or C-3 i n 
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Figure 1. D i s s o l u t i o n mechanism of c e l l u l o s e i n SO2-amine-DMSO 
systems. 

CI C4 C6 

Cellulose soin. 
Cellobiose soin. 
Cellobiose cryst 
Amorphous c e l l . 
Cellopentaose 
Mercerized c e l l . 
Regenerated c e l l 
L i nter c e l l . 

110 100 90 80 70 60 
ppm 

Figure 2. l^C-chemical s h i f t s of carbon i n various c e l l u l o s e 
samples. 
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the case of curdlan, have high chemical s h i f t s i n t h e i r s o l i d states 
i n comparison with s h i f t s i n s o l u t i o n . Table II shows the d i f f e r 
ence (Δ) between the chemical s h i f t s i n the s o l i d state and i n s o l u 
t i o n for the above glucans as well as c e l l u l o s e . The table shows 
that Δ for C - l carbons ranges from 1.0 to 3.0 ppm. In the case of 
amylose and c h i t i n A's for C-4, and i n the case of curdlan Δ for 
C-3, are only s l i g h t l y higher (4.1-4.5 ppm). On the other hand, 
c e l l u l o s e has a much la r g e r Δ of 10 ppm for C-4. This excep
t i o n a l l y high chemical s h i f t for C-4 suggests a s p e c i a l d i f f e r e n c e 
for s o l i d - s t a t e s t r u c t u r e s of c e l l u l o s e s . 

Table I I . Difference (Δ, ppm) of 1 3C-Chemical S h i f t s 
Between S o l i d and S o l u t i o n States 

A, ppm 
Sample Linkages C - l C-3 C-4 

Curdlan (l-3)-3-D-gluca
Amylose ( 1 -4) -ot-D-g lucan 2.3 4.5 
C h i t i n (l-4)-3-D-2-

acetamido-2-deoxy-
glucan 2.3 4.1 

C e l l u l o s e (l-4)-$-D-glucan 3.0 10.0 

We propose here a p o s s i b l e explanation for the high value of the 
chemical s h i f t s of C-4 i n c r y s t a l l i n e c e l l u l o s e , namely, as repre
sented i n Figure 3, an e x c e p t i o n a l l y strong intermolecular hydrogen 
bond between a 6-OH and a g l y c o s i d i c linkage oxygen atom. We specu
l a t e that i t i s the 6-OH of an adjacent chain because of the anoma
lo u s l y low r e a c t i v i t y of the primary hydroxyls i n soda c e l l u l o s e s . 
S t a b i l i z a t i o n of such an intermolecular hydrogen bond can be f a c i l i 
t ated by a t r a n s f e r of e l e c t r o n density to the g l y c o s i d i c oxygen 
atom from the C-4 carbon. T h i s , i n turn, can reduce the s h i e l d i n g 
at C-4 and r e s u l t i n the downfield s h i f t of i t s resonance. E l e c t r o n 
density at C - l i s c l e a r l y too low for i t to make a s i g n i f i c a n t 
c o n t r i b u t i o n because of i t s anomeric character; t h i s i s r e f l e c t e d i n 
i t s downfield s h i f t beyond 100 ppm. Strong intermolecular hydrogen 
bonds s t a b i l i z e d by the s h i f t of e l e c t r o n density could be r e s i s t a n t 
to cleavage even i n concentrated aqueous a l k a l i , and thus s t a b i l i z e 
the morphology of the f i b e r . 

D i s c u s s i o n 

The r e s u l t s discussed i n the previous sections suggest one property 
common to native and mercerized c e l l u l o s e s which i s not shared by 
regenerated c e l l u l o s e s . That i s t h e i r s o l u b i l i t y i n the S02-amine-
DMSO system. On the other hand, mercerized c e l l u l o s e and regener
ated c e l l u l o s e possess very s i m i l a r x-ray d i f f r a c t i o n patterns, 
though t h e i r response to the solvent system i s not the same. These 
patterns suggest d i f f e r e n c e s between mercerized and regenerated 
c e l l u l o s e s analogous to the d i f f e r e n c e s between I a and Ig, among the 
components of native c e l l u l o s e s . Thus i t i s proposed that, although 
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C e l l - ( O H ) 3 + DMSO 

C e l l -

3S0 2 + 3Et 2NR 

JN 

E t 

Figure 3. Possible intermolecular hydrogen bond i n c e l l u l o s e . 
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mercerized and regenerated c e l l u l o s e s possess the same or very s i m i 
l a r heavy atom l a t t i c e s , the patterns of hydrogen bonding developed 
during regeneration are unli k e those which r e s u l t from merceriza
t i o n . Furthermore, i t appears that the system of hydrogen bonds 
that i s the s p e c i f i c s i t e of attack of the S02-amine-DMS0 system i s 
not formed during the regeneration of c e l l u l o s e from s o l u t i o n . 

Whether the hydrogen bond of the primary hydroxyl to the glyco
s i d i c linkage oxygen i s a part of t h i s system remains an open 
question, since the unusually high downfield s h i f t of the l^C-NMR 
resonance of C-4 also occurs i n regenerated c e l l u l o s e . It seems 
more l i k e l y that t h i s hydrogen bond i s part of a system of hydrogen 
bonds that act i n concert and r e s u l t i n a cooperative s t a b i l i z a t i o n 
of the system for native and mercerized c e l l u l o s e s . Thus, while the 
C-6 hydroxyl hydrogen bond to the g l y c o s i d i c linkage may be formed 
i n regeneration, the other components of the cooperative hydrogen 
bond system do not occur. If the a c t i o n of the SO2-amine-DMSO 
solvent i s p a r t i c u l a r l y attuned to the cooperative hydrogen bonding 
e f f e c t , i t s i n a b i l i t y t
the other polysaccharide

The proposal we make here i s a spe c u l a t i v e one. We b e l i e v e i t 
valuable to present i t , however, p a r t i c u l a r l y i n view of the d i f f e r 
ences i n hydrogen bonding patterns of the I a and Ig c e l l u l o s e s 
alluded to above. The im p l i c a t i o n s of our proposal are quite 
important i n the context of s t r u c t u r a l studies on c e l l u l o s e i n 
general, f o r i t follows from the proposal that the packing of the 
heavy atom l a t t i c e i s determined p r i m a r i l y by the shape of the mole
cules i n t h e i r d i f f e r e n t conformations and that more than one sta b l e 
pattern of hydrogen bonding i s po s s i b l e for each of the heavy atom 
l a t t i c e s . 
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c r y s t a l l i n i t y 

determinations, 255-257 
c r y s t a l l i t e length, 265 
c r y s t a l l i z a t i o n i n molecular weight 

study, 190 
c r y s t a l s 

e l e c t r o n micrographs, 195f 
two-step growth p a t t e r n , 197 

d e s c r i p t i o n , 119,234 
deuterated, 142 
d i f f r a c t o m e t r i c s t u d i e s , 5-7 
d i s s o l u t i o n , 294,297f 
e f f e c t of a c i d h y d r o l y s i s , 113-114 
e f f e c t o f complexing agent, 211 
e s t e r s , i r r e v e r s i b l e 

conversions, 136 
e t h e r i f i c a t i o n s , 295-296 
f a m i l i e s , chain conformation, 148 
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C e l l u l o s e — C o n t i n u e d 
f i b e r 

composition, 174 
photoacoustic i n f r a r e d 

s p e c t r a , 220f 
f i r s t recognized, 2 
form y l a t i o n , 257-258 
frame r e l a x a t i o n times, 100 
g l y c o s i d i c linkage treatment, 185 
hydrogen bonds, 197,299f 
hydroxyl a c c e s s i b i l i t y 

measurement, 290 
l a t e r a l order d i s t r i b u t i o n , 266 
l i n e p o s i t i o n s a f t e r a l k a l i 

treatment, l 8 0 t 
low and high temperature 

polymorphs, 190 
mercerized, hydrogen bonds, 292-300 
m i c r o c r y s t a l l i t e s , 251 
m i c r o f i b r i l s , b i o s y n t h e s i s
m o b i l i t y of c r y s t a l chains
morphology o f 

r e c r y s t a l l i z e d , 196-198 
NMR spectra of 

a l k a l i - t r e a t e d , 179-185 
oligomers 
CP-MAS, 54f 
s t r u c t u r e s , 58-65 

organic s o l v e n t s , 199 
o r i e n t a t i o n , 164-167 
p a r a l l e l chains, 200 
p a r a l l e l - u p models, 75 
polymorphy, 161-164,196 
pore volume f r a c t i o n , 249t 
preparation i n CP-MAS carbon-13 NMR 

study, 130 
r e c r y s t a l l i z e d 

polymorphic and morphological 
aspects, 189-198 

X-ray diagram, 193f 
regenerated, hydrogen bonds, 292-300 
resemblance to mannan 

c r y s t a l s , 196-197 
r e s i s t a n c e to d i s r u p t i o n by 

a l k a l i , 295 
SAXS source, 245 
s o l i d - s t a t e carbon-13 NMR 

spect r a , 296-298 
s o l i d - s t a t e s t r u c t u r a l changes, 187 
s o l u b i l i t i e s i n SO -DEA-DMS0 

system, 293-295 
spectroscopy, 7-10 
spectrum of f u l l y deuterated, 158 
s t r u c t u r a l models, 2,132f 
s t r u c t u r e 

d e s c r i p t i o n , 1-12,234-235 
determination d i f f i c u l t i e s , 2 
future d i r e c t i o n s , 11-12 
m u l t i d i s c i p l i n a r y s t u d i e s , 10 
questions o f general i n t e r e s t , 19 
Valonia v e n t r i c o s a , 4 

tetramer packing, 75 

C e l l u l o s e — C o n t i n u e d 
t e x t i l e m a t e r i a l s 

chemical a d d i t i v e examination, 230 
FT-IR-PAS, 214-230 

t h r e e f o l d h e l i c e s , 172 
transformation to c e l l u l o s e I I , 135 
transformation to N a - c e l l u l o s e , 171f 
treatment with aqueous guanidonium 

hydroxide, 185 
uni f o r m i t y o f chemical 

a d d i t i v e s , 221-226 
u n i t c e l l symmetry, 5 
v i b r a t i o n a l spectrum, 155-161 
X-ray d i f f r a c t i o n s t u d i e s , 15 

C e l l u l o s e I 
base plane o f the u n i t c e l l , 16 
chain geometry, 136 
chemical stopping i n a l k a l i n e 

d i f f e r e n c e from c e l l u l o s e I I , 296 
d i f f e r e n c e from N a - c e l l u l o s e I , 170 
i n t r a c h a i n hydrogen bonds, 142 
nonequivalent g l y c o s i d i c l i n k a g e s , 8 
p a r a l l e l packing, 137 
pee l i n g i n h i b i t i o n , 289 
p o l a r i t y of adjacent chains, 200 
Raman spectroscopy, 8 
refinements o f s t r u c t u r e s , 6 
spectrum, 111 
s t r u c t u r a l i r r e v e r s i b i l i t y , 135-149 
s t r u c t u r e , 200,201f 
u n i t c e l l , I6,17f 
See a l s o Native c e l l u l o s e 

C e l l u l o s e 1-1 , 3-diaminopropane 
complex, s t r u c t u r e , 210f 

C e l l u l o s e I-ethylenediamine complex, 
s t r u c t u r e , 207,208f 

C e l l u l o s e I I 
c e l l o t e t r a o s e s i m i l a r i t y , 68 
chain conformation, 148 
chain geometry, 136 
chemical stopping i n a l k a l i n e 

degradation, 284-285 
conversion product of Na- c e l l u l o s e 

IIB, 176 
c r y s t a l s t r u c t u r e , 64 
c r y s t a l s , e l e c t r o n micrographs, 1 9 3 f 
d i f f e r e n c e s from native 

c e l l u l o s e , 164 
d i f f r a c t i o n , 191 
e f f e c t of degree o f polymerization 

on morphology, 197 
famil y , p a r a l l e l dichroism, 142-144 
models, 63 
p e e l i n g i n h i b i t i o n , 289 
preparation i n i r r e v e r s i b i l i t y 

study, 137 
Raman sp e c t r a , 154 
spectra of high c r y s t a l l i n i t y 

samples, 9 
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C e l l u l o s e I I — C o n t i n u e d 
s t a b i l i t y compared with c e l l u l o s e 

I , 203 
s t r u c t u r a l d i f f e r e n c e to c e l l u l o s e 

I , 8 
s t r u c t u r e , 38-65,202f 
u n i t c e l l , 200-203 

C e l l u l o s e II-hydrazine complex A, 212f 
C e l l u l o s e I I I 

preparation i n i r r e v e r s i b i l i t y 
study, 137 

u n i t c e l l , 148 
C e l l u l o s e IV 

preparation i n i r r e v e r s i b i l i t y 
study, 137 

X-ray d i f f r a c t i o n , 191,192 
Ce1lulose-d iaminopropane complexes, 

u n i t c e l l s , 206t 
Ce1lulose-e thylened iamine complex

u n i t c e l l s , 206t 
Ce1lulose-hydrazine complexes

c e l l s , 206t 
C e l l u l o s e t r i a c e t a t e , f i b e r s , s p e c t r a l 

c h a r a c t e r i s t i c s , 219 
Ce l l u l o s e t r i n i t r a t e I , sa p o n i f i e d 

i n t o c e l l u l o s e I , 136 
Chain axes, c e l l u l o s e I I , 192 
Chain cleavage 

p s e u d o - f i r s t - o r d e r rate 
expression, 288 

rate c o e f f i c i e n t s , 288t 
Chain conformation 

c e l l u l o s e , I40f,l46 
c e l l u l o s e I , 4,138-141,200 
c e l l u l o s e I-ethylenediamine 

complex, 205 
c e l l u l o s e I I , 4,138-141,148,200-203 
c e l l u l o s e II-hydrazine complex, 211 
Na-cellulose I , 170 
ramie c e l l u l o s e , 18 
u n i t c e l l , 142 
use o f carbon - 1 3 NMR spe c t r a , 178 

Chain packing 
Na-ce l l u l o s e IV, 172 
p o l a r i t y o f c e l l u l o s e I and 

Na-cellu l o s e I , 170-172 
Chain p o l a r i t y 

c e l l u l o s e , 4 
transformation from c e l l u l o s e I to 

Na - c e l l u l o s e , 170 
Chain s t a c k i n g , c e l l u l o s e , 176 
Chemical m i c r o s t r u c t u r a l a n a l y s i s , 

d e s c r i p t i o n , 258-262 
Chemical s h i f t s 

allomorphs, 146-148 
c e l l u l o s e , dependence on packing and 

hydrogen bonding, 122-124 
c r y s t a l l i n e c e l l u l o s e , 298 
See a l s o Carbon-13 chemical s h i f t s 

Chemical stopping 
a l k a l i n e degradation o f 

hy d r o c e l l u l o s e , 284-286 

Chemical stopping—Continued 
rate c o e f f i c i e n t s , 284t 

C h i t i n 
c e l l u l o s e I I complex s i m i l a r i t y , 211 
s t r u c t u r e , 207 

Cladophora c e l l u l o s e 
allomorphs, 105-106,116 
carbon-13 NMR spe c t r a , 97-99,104f,111 
candidates f o r CP-MAS spec t r a , 112f 
changes i n lineshape, 105 
h y d r o l y s i s , 115 
mu l t i p l e c r y s t a l l i n e forms, 100 
See a l s o Cladophora glomerata 

Cladophora glomerata 
beating o f a l g a l c e l l u l o s e , 94 
spec t r a , 95-97 
See a l s o Cladophora c e l l u l o s e 

C o e f f i c i e n t o f v a r i a t i o n , 

data, 4-7,21-25 
Conformational a n a l y s i s , c e l l u l o s e I I 

s t r u c t u r a l study, 41-42,45-47 
Conformations, c e l l u l o s e s I and 

I I , 137 
Contrast v a r i a t i o n , technique, 235 
Cotton 

a c c e s s i b i l i t y , 264t 
aggregate f r a c t a l s , 250-252 
perm e a b i l i t y l i m i t s , 267t 
SAXS, 234 
s t r u c t u r a l s i m i l a r i t y to ramie, 16 
thermal d i f f u s i o n l e n g t h , 227t 
volume a c c e s s i b l e to water, 267t 
See a l s o Greige cotton 

Cotton c e l l u l o s e 
aggregate s t r u c t u r e , 251-252 
CP-MAS carbon-13 NMR 

spect r a , 124,125f,127f,131f 
growth process, 235 
SAXS, 236-238 
spectra 

c r y s t a l l i n e components, 126-133 
n o n c r y s t a l l i n e components, 128-130 

use, 214 
WAXD, 238-245 

Cotton f a b r i c s 
carbonyl peak i n t e n s i t i e s , 226t 
d i s t r i b u t i o n o f the f i n i s h i n g 

agents, 224 
f i n i s h i n g agents, 224 
wrink l e recovery p r o p e r t i e s , 224-226 

Cotton f i b e r 
chemical m i c r o s t r u c t u r a l 

a n a l y s i s , 262 
me thine o r i e n t a t i o n , 166 
Raman spec t r a , 154 

Cotton h y d r o c e l l u l o s e 
CP-MAS spectra, 103f 
spectra as fu n c t i o n o f delay 

time, 102 
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Cotton l i n t e r s 
carbon-13 NMR spe c t r a , 92f,179-185 
c e l l u l o s e I WAXS p a t t e r n , 182 
s p e c t r a l changes accompanying a c i d 

h y d r o l y s i s , 97 
Cotton yarn 

carbonyl peak a f t e r 
s i z i n g , 223t,224t 

depth o f s i z i n g agent 
examined, 226-230 

photoacoustic i n f r a r e d 
s p e c t r a , 220f,222f,225f,228f,229f 

s i z i n g agent d e t e c t i o n , 219-221 
Cross p o l a r i z a t i o n (CP), use i n NMR 

st u d i e s , 9 
Cross-polarization-magic angle 

spinning (CP-MAS) 
c e l l u l o s e oligomers, 54f 
c e l l u l o s e I , I47f 
c e l l u l o s e I I , 47-48,I48
c r y s t a l l i n e allomorphs, 92
measurements, 120 
native c e l l u l o s e s , 95-97 
s t r u c t u r a l a n a l y s i s o f 

c e l l u l o s e , 119-133 
s o l i d carbohydrates, 47 
See a l s o Magic angle spinning 

(MAS) 
C r y s t a l s t r u c t u r e 

c e l l u l o s e , 18,126 -133 
native c e l l u l o s e , 126 
ramie c e l l u l o s e , 126 
regenerated c e l l u l o s e , 128 
Ri e t v e i d method, 68-86 

C r y s t a l l i n e a l k a l i - c e l l u l o s e 
complexes, mercerization 
intermediates, 169-171 

C r y s t a l l i n e c e l l u l o s e , chemical 
s h i f t s , 298 

C r y s t a l l i n e regions, d e f i n i t i o n , 263 
C r y s t a l l i z a t i o n 

e f f e c t o f temperature, 189 
measurement methods, 257 

Cupra rayon, CP-MAS NMR 
spectra, 128,129f , 1 3 1 f 

Curdlan, carbon - 1 3 NMR 
spect r a , 296-298 

D 

Dante i r r a d i a t i o n , d e s c r i p t i o n , 93-94 
Degree of poly m e r i z a t i o n 

e f f e c t on c e l l u l o s e morphology, 197 
hy d r o c e l l u l o s e , 273-274 
native c e l l u l o s e s , 293,294t 
r e l a t i o n s h i p to h y d r o c e l l u l o s e 

weight a f t e r h y d r o l y s i s , 268f 
Depth p r o f i l i n g technique, 

FT-IR-PAS, 226-230 

Desizing 
e f f e c t i v e n e s s , 223 
FT-IR-PAS, 221 

Deuteration, c e l l u l o s e 
samples, 137-138 

Dichroism, complications, 155 
D i f f r a c t o m e t r i e s t u d i e s , 

c e l l u l o s e , 5-7 
Dime t h y l o I d ihyd roxye thyleneu rea, 

s t r u c t u r e , 218 
Dipola r c o u p l i n g , protons, 100 
Disaccharides 

carbon-13 chemical s h i f t s , 124 
chemical s h i f t s and t o r s i o n 

angles, 122 
preparation i n CP-MAS carbon-13 

NMR study, 130 
st r u c t u r e s , 7 

Ε 

E l e c t r o n d e n s i t y 
methyl 0-D-cellobioside i n c r y s t a l 

conformation, 49t 
r e l a t i o n s h i p to chemical s h i f t , 48 

E l e c t r o n micrographs, c e l l u l o s e 
c r y s t a l s , 193f,195f 

Endgroups 
a c c e s s i b i l i t y i n a l k a l i n e 

treatment, 283 
a l k a l i n e degradation o f 

hy d r o c e l l u l o s e s , 287 
a n a l y t i c a l determination, 290 

E q u a t o r i a l l a y e r l i n e , X-ray 
d i f f r a c t i o n data, 28t 

E t h e r i f i c a t i o n s , c e l l u l o s e , 295-296 

F 

F i b r i l s , a l g a l s p e c i e s , 95-97 
Foam f i n i s h i n g techniques, 

d e s c r i p t i o n , 224 
Formylation, c e l l u l o s e , 257-258 
F o r t i s a n c e l l u l o s e II-hydrazine 

complex A, s t r u c t u r e , 209 
Fou r i e r transform i n f r a r e d 

spectrometer, 216f 
Fou r i e r transform i n f r a r e d 

photoacoustic spectroscopy 
(FT-IR-PAS) 

advantages, 215 
depth p r o f i l i n g , 226-230 
disadvantages, 230 
procedure i n t e x t i l e m a t e r i a l 

study, 218-219 
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F o u r i e r transform i n f r a r e d 
photoacoustic spectroscopy 
( FT-IR-PAS) —Con t i n u e d 

scheme o f operation, 215 
See a l s o Photoacoustic spectroscopy 

F r a c t a l a n a l y s i s , c o tton 
c e l l u l o s e , 233-252 

F r a c t a l s 
c e l l u l o s e aggregates, 252 
c h a r a c t e r i z a t i o n , 235 

G 

Gl a u c o c y s t i s , m i c r o f i b r i l s , 203 
Glucans, carbon - 1 3 chemical 

s h i f t s , 298t 
Glucomannan polymers, molecula

i n f l u e n c e on polymorphism
/3-D-Glucose 

carbon - 1 3 NMR spec t r a , 121f 
charge d e n s i t i e s , 47-48 

Glucose r i n g s t r e t c h i n g , allomorphs of 
c e l l u l o s e , I44t 

0-1,4-Glycosidic linkage 
c e l l u l o s e chains, 8-9 
cleavage i n a l k a l i n e media, 286-289 
d i s t r i b u t i o n s i n t o r s i o n angles, 130 
st a b l e conformations, 8 
symmetry, 148 

Gold c o l l o i d s , f r a c t a l s t r u c t u r e , 236 
Greige cotton 

Gu i n i e r p l o t s , 241f 
i s o i n t e n s i t y contour 

p l o t s , 239f,242f 
s c a t t e r i n g i n t e n s i t y data, 240f 
See a l s o Cotton 

Guanidonium hydroxide treatment, 
c e l l u l o s e , 184-185 

H 

Hausdorff dimension, 235 
Higher p l a n t c e l l u l o s e s 

allomorphs, 116 
CP-MAS sp e c t r a , 96f 
s i m i l a r i t y , 113 

Hydrocellulose 
a l k a l i n e degradation, 280f 
amorphous and f i b r o u s 

s t r u c t u r e s , 274-281 
carbon-13 NMR spectra during 

degradation, 279f 
c e l l u l o s e I I character, 281 
CP-MAS spec t r a , 104f,112f 
degree o f po l y m e r i z a t i o n , 273-274 
e f f e c t of p h y s i c a l s t r u c t u r e on 

a l k a l i n e degradation, 272-290 

H y d r o c e l l u l o s e — C o n t i n u e d 
f i b r o u s and amorphous p e e l i n g , 285 
f i b r o u s changes during 

treatment, 281 
hydroxyl a c c e s s i b i l i t y during 

degradation, 276f 
l o n g i t u d i n a l r e l a x a t i o n time, 102 
preparation i n a l k a l i n e degradation 

study, 273 
Raman sp e c t r a , 275,278f 
random chain cleavage, 288 
spe c t r a , 101 
X-ray d i f f r a c t o g r a m s , 275,277f 

Hydrocellulose I I 
Guini e r p l o t s , 241f 
i s o i n t e n s i t y contour p l o t s , 239f 
s c a t t e r i n g i n t e n s i t y i n SAXS, 245 
s p e c i f i c inner surface, 250 

c e l l u l o s e , 138-141,292-300 
d i f f e r e n c e s among l a t t i c e 

packings, 300 
u n i t c e l l , 11-12 

Hydr o l y s i s 
Cladophora glomerata, 94-95 
r e l a t i o n s h i p between residue weight 

and time, 259t 
See a l s o Acid h y d r o l y s i s 

Hydroxyl a c c e s s i b i l i t y 
a l k a l i n e degradation, 274,287 
h y d r o c e l l u l o s e during a l k a l i n e 

degradation, 276f 
See a l s o A c c e s s i b i l i t y 

Hydroxyl groups 
a v a i l a b i l i t i e s i n c e l l u l o s e , 262t 
hydrogen bonding 

information, 258-262 
r e a c t i v i t y i n glucose residues o f 

c e l l u l o s e , 295-296 

I 

Incident l i g h t , plane o f p o l a r i z a t i o n 
i n Raman sp e c t r a , 155 

Infrared spectroscopy, i n f r a r e d 
absorption spectrum, 214 

I n o s i t o l s , v i b r a t i o n a l s p e c t r a , 12 
I n t e n s i t y r a t i o s , t w o - u n i t - c e l l 

model, 128 
In v a r i a n t values, c e l l u l o s e , 247-249 
Iodine s o r p t i o n , measurement o f 

a c c e s s i b i l i t y , 265 
IR s p e c t r a , 138,l40f,l43f 

L 

L a t e r a l order d i s t r i b u t i o n , 
c e l l u l o s e , 266 
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L e v e l i n g - o f f degree o f 
pol y m e r i z a t i o n , 265-266 

Linked-Atom Least-Squares (LALS) 
program 

c e l l o t e t r a o s e , 55-58 
molecular model generation, 43 
use, 20,26t 
X-ray i n t e n s i t i e s , 200 

M 

Magic angle spinning (MAS) 
diagrams o f r o t o r s , 121f 
speeds i n nat i v e c e l l u l o s e study, 93 
use, 39 
See a l s o Cross-polarization-magi

angle spinning (CP-MAS
Mannan, polymorphism, 196 
M e r c e r i z a t i o n 

c r y s t a l l i n e a l k a l i - c e l l u l o s e 
complexes as 
intermediates, 169-171 

e f f e c t on pore volume f r a c t i o n , 249 
mechanism, 202-203 
transformations, 174 

Mercerized c e l l u l o s e 
hydrogen bonding p a t t e r n s , 294 
random chain cleavage, 288 
s i m i l a r i t y to regenerated 

c e l l u l o s e , 298 
Mercerized cotton 

a c c e s s i b i l i t y , 264t 
c r y s t a l l i n e f r a c t i o n , 264 
permeab i l i t y l i m i t s , 267t 
volume a c c e s s i b l e to water, 267t 

Mercerized ramie 
conformation, 167 
Raman spectra, I62f,l64 

Methyl /3-D-cellobioside 
charge d e n s i t i e s , 47-48 
c r y s t a l l i n e s t a t e , 50f 
packing i n c r y s t a l s , 48 
r e l a t i v e energies o f s t a b l e 

conformers, 45t 
Methyl /3-D-cellotrioside 

c r y s t a l data, 51t 
c r y s t a l s t r u c t u r e , 53f ,63 
d i f f r a c t i o n methods, 42-43 
d i f f r a c t i o n p a t t e r n , 51 
hexagonal c r y s t a l l i n e p l a t e l e t , 52f 
model f o r c e l l u l o s e I I , 51 
s t r u c t u r e , 63 
X-ray d i f f r a c t i o n , 52f 

Meyer-Misch c e l l , 33 
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