
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Carbohydrate Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713617200

Insights into the Lattice Structure of Cellulose II From the High Resolution
CP/MAS Solid State 13C NMR Spectrum of Cellotetraose
Colin A. Fyfea; Peter J. Stephensona; Richard P. Veregina; Gordon K. Hamerb; Robert H. Marchessaultb

a Guelph-Waterloo Centre for Graduate Work in Chemistry, Guelph Campus, Department of
Chemistry, University of Guelph, Guelph, Ontario, Canada b Xerox Research Centre of Canada
Mississauga, Ontario, Canada

To cite this Article Fyfe, Colin A. , Stephenson, Peter J. , Veregin, Richard P. , Hamer, Gordon K. and Marchessault, Robert
H.(1984) 'Insights into the Lattice Structure of Cellulose II From the High Resolution CP/MAS Solid State 13C NMR
Spectrum of Cellotetraose', Journal of Carbohydrate Chemistry, 3: 4, 663 — 673
To link to this Article: DOI: 10.1080/07328308408057923
URL: http://dx.doi.org/10.1080/07328308408057923

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

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

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

http://www.informaworld.com/smpp/title~content=t713617200
http://dx.doi.org/10.1080/07328308408057923
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. CARBOHYDRATE CHEMISTRY, 3 ( 4 ) ,  663-673 (1984) 

INSIGHTS INTO THE LATTICE STRUCTURE OF CELLULOSE I1 FROM THE H I G H  

RESOLUTION CP/MAS SOLID STATE C NMR SPECTRUM OF CELLOTETRAOSE 

Col in  A. Fyfe*, Peter J. Stephenson and Richard P. Veregin 

Guelph-Waterloo Centre  f o r  Graduate Work i n  Chemistry, 
Guelph Campus, 

Department of Chemistry, Univers i ty  of Guelph, 
Guelph, Ontar io ,  Canada, N 1 G  2W1 

and 

Gordon K. Hamer and Robert H. Marchessaul t  

Xerox Research Centre  of Canada 
Miss i ssauga ,  Ontar io ,  Canada, L5K 2L1 

Received September 10 ,  1984 

ABSTRACT 

The chemical s h i f t s  and m u l t i p l i c i t i e s  of t h e  h i g h - r e s o l u t i o n  
1 3 C  CP/MAS NMR spectrum of c e l l u l o s e  I1 are q u i t e  d i a g n o s t i c  of 
t h e  l a t t i c e  s t r u c t u r e  of t h i s  polymorph. P a r t i c u l a r l y  impor tan t  
i s  t h e  chemical  s h i f t  of C-1 and i t s  clear s p l i t t i n g  i n t o  two 
l i n e s  of e q u a l  i n t e n s i t y .  S i m i l a r  chemical s h i f t s  and 
m u l t i p l i c i t i e s  are seen  i n  t h e  spectrum of c e l l o t e t r a o s e .  Thus 
c e l l o t e t r a o s e  i s  considered t o  be a good model f o r  t h e  l a t t i c e  
s t r u c t u r e  of t h e  polymer. A d e t a i l e d  i n v e s t i g a t i o n  of t h e  
m u l t i p l i c i t y  of t h e  C-1 resonance of c e l l o t e t r a o s e  shows t h a t  t h e  
two peaks are of equal  i n t e n s i t y  i n  t h i s  case a l s o .  Because of 
t h e  l i m i t e d  number of r e p e a t  u n i t s  i n  t h e  tetramer, t h i s  
o b s e r v a t i o n  i m p l i e s  t h a t  t h e  u n i t  ce l l  c o n t a i n s  two independent  
c h a i n s  r a t h e r  than  a 'double '  r e p e a t  u n i t .  T h i s  g i v e s  suppor t  f o r  
a s imilar  la t t ice  s t r u c t u r e ,  with two independent  c h a i n s ,  f o r  
c e l l u l o s e  I1 i t s e l f .  

Copyright 0 1984 by Marcel Dekker, Inc. 
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664 FYFE ET AL. 

INTRODUCTION 

Cel lu lose  (L), the  6-1,L-polymer of anhydroglucose e x i s t s  in 

s e v e r a l  polymorphic forms. s 2  The n a t u r a l l y  occurr ing  form is 

c e l l u l o s e  I ,  while  c e l l u l o s e  I1 is t h a t  u sua l ly  obtained by 

regenera t ion  from so lu t ion .  There has been cons iderable  

d iscuss ion  regard ing  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  XI and two 

models have been proposed.394 In one, t he  u n i t  ce l l  is pos tu la ted  

t o  conta in  two independent chains , l  while  i n  t h e  o t h e r ,  t h e  cha in  

conformation is thought t o  be such t h a t  a repea t  u n i t  conta in ing  

two monomer u n i t s  e ~ l s t s . ~  

obta ined ,  t h i s  problem cannot be solved by s ing le -c rys t a l  

d i f f r a c t i o n  techniques. 

Since s i n g l e  c r y s t a l s  cannot be 

Informatlon regard ing  the  s o l i d  s t a t e  s t r u c t u r e s  of t h e  

c e l l u l o s e  polymorphs has been obtained from 1 3 C  CP/MAS NMR spec- 

t r o ~ c o p y . ~ - ~  In t h e  case  of c e l l u l o s e  11, Atalla and co-workers 

noted a 'doublet '  s t r u c t u r e  f o r  t he  C-1 r e ~ o n a n c e . ~  'hey postu- 

l a t e d  t h a t  t h i s  i nd ica t ed  the  c e l l u l o s e  c h a i n c o n t a i n e d  an  alter- 

na t ion  of conformational ly  d i f f e r e n t  monomers and should be des- 

c r ibed  by a 'double '  r epea t  u n i t  conta in ing  two monomers. This  

observa t ion  of t h e  'doublet '  s t r u c t u r e  w a s  confirmed by Fyfe,  

Marchessault and co-workers. p7 'hey showed t h a t  t h e  

m u l t i p l i c i t i e s  of the  resonances due t o  C-1, and C-4 and t h e  

chemical s h i f t s  of C - I ,  C-4 and C-6 were p a r t i c u l a r l y  d i agnos t i c  

of the  c e l l u l o s e  I1 polymorph and r e f l e c t e d  the  u n i t  c e l l  

conf igura t ion  in a unique way. From a s tudy  of the  c e l l u l o s e  XI 
oligomers they f u r t h e r  showed t h a t  these  c h a r a c t e r i s t i c  s p e c t r a l  
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LATTICE STRUCTURE: OF CELLULOSE I1 665 

f ea tu res  are present  i n  t h e  spec t r a  of c e l l o t e t r a o s e  and h igher  

oligomers, and t h a t  these  oligomers are good models f o r  t h e  s t ruc -  

t u r e  of c e l l u l o s e  I1 i t s e l f .  

In t h e  present  work w e  show t h a t  a choice between t h e  two 

pos tu la ted  c r y s t a l  s t r u c t u r e s  f o r  c e l l u l o s e  I1 may be made from a 

de t a i l ed  cons idera t ion  of t he  13C CP/MAS NMR spectrum of 

ce l lo t e t r aose .  

RESULTS AND DISCUSSION - 
Figure 1 shows the  13C CP/MAS spec t r a  of c e l l u l o s e  11, ce l lo -  

t e t r a o s e  and c e l l o t r i o s e .  A s  can be seen ,  t he re  i s  a very c lose  

correspondence between t h e  spec t r a  of c e l l u l o s e  I1 i t s e l f  and 

c e l l o t e t r a o s e ,  and both a r e  q u i t e  d i f f e r e n t  from t h a t  of 

c e l l o t r i o s e .  The s m a l l  'doublet '  s p l i t t i n g  of C-4 seen in t h e  

c e l l u l o s e  spectrum is not observed i n  the  c e l l o t e t r a o s e  spectrum, 

although t h e  width of t h i s  resonance i n d i c a t e s  t he  presence of 

more than one s i g n a l  ( t h e  C-4 s i g n a l  due t o  the  reducing-end group 

must a l s o  be i n  t h i s  pos i t ion) .  

i d e n t i c a l .  In  p a r t i c u l a r ,  t h e  chemical s h i f t s  and the  l a r g e  

'doublet '  s p l i t t i n g  of C-1 a r e  i d e n t i c a l  i n  both cases.  There a r e  

two poss ib l e  reasons why two peaks may be observed i n  so l id - s t a t e  

NMR spec t r a ,  both due t o  e f f e c t s  of t he  c r y s t a l  l a t t i c e .  The u n i t  

cel l  might conta in  two c rys t a l log raph ica l ly  inequiva len t  si tes,  i n  

p r i n c i p l e  y i e ld ing  two s i g n a l s  f o r  each resonance (as  f o r  2,4- 

dinitrotoluene). 

r e s u l t i n g  from t h i s  inequivalence might be too  small t o  be 

observed f o r  some resonances. A l t e rna te ly ,  t he  s i te  symmetry of 

t he  la t t ice  might be lower than the  molecular symmetry ( a s  f o r  t h e  

heptamethylbenzenium ion )8b  g iv ing  more than one s i g n a l  f o r  

resonances. This la t ter  e f f e c t  i s  ru led  out here  a s  t h e  c e l l u l o s e  

monomer has no symmetry. Unfortunately,  t h i s  by i t s e l f  does not 

d i s t i n g u i s h  between the  two poss ib le  u n i t  c e l l  s t r u c t u r e s  as t h e  

s i t e  inequivalence induced by the  c r y s t a l  packing could e x i s t  

e i t h e r  w i th in  a s i n g l e  chain o r  between chains.  I n  t h e  case of 

Otherwise, t he  two s p e c t r a  are 

However, t h e  13C chemical s h i f t  d i f f e rence  
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Figure 1. CP/MAS 1 3 C  NMR spectra of ce l lu lose  oligomers and of a 

low-dp ce l lu lose  I1 sample. A l l  spectra were recorded 

a t  22 .6  MHz using a l-ms contact t i m e  ~1 and a 1-6 

recycle delay t i m e  TZ. Signals labelled C-1' and C-4" 
a r i s e  from the reducing and non-reducing groups of 

ce l lo tr iose  respectively.  

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



LATTICE STRUCTURE OF CELLULOSE I1 667 

cellulose 11, it is not possible to distinguish between these two 
possibilities, but such a distinction may be made for cello- 

tetraose based on the relative intensities of the two signals. 

Before considering the relative intensities, however, care 
must be taken to ensure that the spectra are quantitatively 

reliable. 
solid materials using a combination of high power decoupling, 
magic angle spinning, and cross-polarization (CPIMAS). "he 

CP/MAS experiment, shown in Figure 2 ,  contains several variables 

which can affect the relative intensities of the different 
resonances. This may occur if different carbons in the system 

have different relaxation parameters or if the system is hetero- 
geneous in nature. In the experiment, the proton magnetization is 
'spin-locked' with a proton field HH. During the spin-lock period 

magnetization is transferred to the carbon spin system by subjec- 
ting the carbon spins to an RF field Hc, such that the Hartman- 

High resolution 13C NMR spectra can be obtained from 

90: H, 

H Decoupling 1 'H channel 

__I 
,-Con tact 

Time T,+ Acquisition Time 

Figure 2.  Schematic diagram of the cross-polarization 1 3 C  NMR 
experiment. 
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668 FYFE ET AL. 

Hahn c o n d i t i o n  HHyH = Hcyc i s  f u l f i l l e d .  

maximum s i g n a l  enhancement of y$yc = 4 .  

observed dur ing  t h e  a c q u i s i t i o n  t i m e  w i t h  high-power 'H d i p o l a r  

decoupl ing.  During t h e  ' sp in- locking '  per iod  r i ,  t h e  carbon 

magnet izat ion w i l l  grow w i t h  a c h a r a c t e r i s t i c  t i m e  c o n s t a n t  THC 

and then decay accord ing  t o  t h e  pro ton  T1 F u r t h e r ,  t h e  carbon 

magnet izat ion comes from t h e  pro ton  s p i n  system and t h e  

rees tab l i shment  of t h e  pro ton  magnet iza t ion  d u r i n g  t h e  d e l a y  t i m e  

TZ depends on t h e  pro ton  T i  r e l a x a t i o n  t i m e .  

t h e  l o c a l  H-C d i p o l a r  i n t e r a c t i o n s  and may be d i f f e r e n t  f o r  

d i f f e r e n t  carbons i n  t h e  system. In a d d i t i o n ,  a l though a s i n g l e  

set  of r e l a x a t i o n  times i s  def ined  f o r  a l l  pro tons  in a c r y s t a l ,  

any sample h e t e r o g e n e i t y  on a macroscopic l e v e l  can a g a i n  cause  

d i f E e r e n t i a 1  e f f e c t s  i n  t h e  13C spectrum. 

e f f e c t  on t h e  c e l l o t e t r a o s e  spectrum of changing t h e  c o n t a c t  t i m e ,  

r l ,  i n  t h e  experiment. The a b s o l u t e  s i g n a l  i n t e n s i t i e s  change, 

but  t h e r e  i s  no d i f f e r e n t i a t i o n  i n  t h e  r e l a t i v e  peak i n t e n s i t i e s .  

S i m i l a r l y ,  t h e r e  i s  no change i n  r e l a t i v e  peak i n t e n s i t i e s  w i t h  

v a r i a t i o n  i n  t h e  d e l a y  t i m e  TL of t h e  experiment  (F igure  4 ) .  Most 

i m p o r t a n t l y ,  t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  two s i g n a l s  i n  t h e  C- 

1 resonance a r e  1:l i n  a l l  of t h e  s p e c t r a .  As i n d i c a t e d  above, 

t h i s  does not d i f f e r e n t i a t e  between t h e  two p o s s i b l e  mechanisms 

f o r  t h e  m u l t i p l i c i t y  i n  t h e  case of c e l l u l o s e  11, but  does i n  t h e  

case  of c e l l o t e t r a o s e  due t o  t h e  much smaller c h a i n  length .  The 

two p o s s i b l e  models f o r  t h e  c e l l o t e t r a o s e  u n i t  cel l  c o n f i g u r a t i o n  

a r e  represented  s c h e m a t i c a l l y  i n  F igure  5. Since t h e  C-1 

resonance of t h e  reducing end group i s  c l e a r l y  s e p a r a t e d  from 

those  of t h e  r e s t  of t h e  cha in ,  t h e  model wi th  i n e q u i v a l e n t  sites 

w i t h i n  t h e  chain (F igure  5A)  should g i v e  two s i g n a l s  f o r  t h e  C-1 

resonance i n  t h e  r a t i o  of 2 : l .  I n  c o n t r a s t ,  t h e  model where t h e  

i n e q u i v a l e n t  s i tes r e s i d e  w i t h i n  t w o  i n e q u i v a l e n t  cha ins  (F igure  

5 B )  should a l s o  y i e l d  t w o  s i g n a l s  f o r  t h e  C-1 resonance ,  bu t  now 

i n  t h e  r a t i o  of 1:l (Simi la r  e f f e c t s  w i l l  be seen  i n  t h e  s p e c t r a  

of h igher  o l igomers ,  a l though t h e  d i f f e r e n c e  decreases wi th  in-  

c r e a s i n g  cha in  l e n g t h ) .  The exper imenta l  r e s u l t s  c l e a r l y  f a v o a r  a 

This  g i v e s  rise t o  a 

The 1 3 C  s i g n a l  i s  then 

P '  

THC i s  a f f e c t e d  by 

Figure  3 shows t h e  

----__ 
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LATTICE STRUCTURE OF CELLULOSE I1 669 

CONTACT 

t 

02 MS 

Figure 3.  CP/MAS 1 3 C  NMR spectra of cellotetraose obtained a t  

22.6 MHz using a variable contact t i m e  ~ 1 ,  and a 1-s 
recycle delay t i m e  TZ. A l l  spectra were plotted with 

-20Hz linebroadening. 
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DELAY 
TIME 

5s 

I s  

Figure  4 .  CP/MAS 1 3 C  NMR s p e c t r a  of c e l l o t e t r a o s e  obta ined  a t  

50.3 MHz us ing  a v a r i a b l e  r e c y c l e  d e l a y  t i m e  rp , and a 

l-ms c o n t a c t  t i m e  ~ 1 .  

-40Hz l inebroadening .  

All s p e c t r a  were p l o t t e d  wi th  

model f o r  t h e  c e l l o t e t r a o s e  c r y s t a l  s t r u c t u r e  which c o n t a i n s  two 

c r y s t a l l o g r a p h i c a l l y  i n e q u i v a l e n t  cha ins  per  u n i t  ce l l .  

However, a t h i r d  p o s s i b i l i t y  e x i s t s ,  n o t  d i s c u s s e d  t o  t h i s  

p o i n t ,  which i s  a composite of t h e  two models. Thus ,  a 1:l 
doublet  f o r  C-1 w i l l  r e s u l t  from two c h a i n s  i f  they  c o n t a i n  

between them e q u a l  amounts of t h e  two r e p e a t  u n i t  types .  

could be a n  ordered  s t r u c t u r e  i n  which t h e  two c h a i n s  m i r r o r  each 

o t h e r  as i n  Figilre 5C where t h e  two r e p e a t  u n i t  t y p e s  s t i l l  a l ter-  

n a t e  (as i n  Figure  5 A ) ,  but  could a l s o  r e s u l t  from a random d i s -  

t r i b u t i o n  of t h e  trro types  over  a l l  t h e  cha ins .  I f  t h e s e  were two 

c r y s t a l l o g r a p h i c a l l y  independent  cha ins  in a d d i t i o n ,  a s  suggested 

This 
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,........ ..................... 
A ;  

i 0-0-0-63: 
I _ _ _ _ _ _  ....................... 

............................. 
0 :  

! o-o-o--o~ 

j 0-0-0-63 I 
,. ......................... 1 

: 0-O-O-~  ; 
............................. 

Figure 5 .  Two p o s s i b l e  models f o r  t h e  c e l l o t e t r a o s e  u n i t  cel l .  

(A) Model w i t h  i n e q u i v a l e n t  sites w i t h i n  a single 

chain.  (B) Model w i t h  two i n e q u i v a l e n t  cha ins .  

(C) Model w i t h  i n e q u i v a l e n t  cha ins  where t h e r e  are a l s o  

two d i f f e r e n t  monomer u n i t s  w i t h i n  t h e  cha ins .  I n  (B) 
and (C) t h e  cha ins  may be p a r a l l e l  o r  a n t i - p a r a l l e l .  

Closed and open circles r e p r e s e n t  monomer u n i t s  i n  t h e  

i n e q u i v a l e n t  sites. Cross-hatched circles r e p r e s e n t  

t h e  reducing-end group which g i v e s  rise t o  a s e p a r a t e  

resonance f o r  C-1 in t h e  1 3 C  CPIMAS NMR spectrum. 

by X-Ray d a t a , l l  a m u l t i p l i c i t y  of f o u r  would be expec ted ,  but  i t  

i s  p o s s i b l e  t h a t  t h e  e f fec t  of c h a i n  inequiva lence  may be small  

and not  be observed. From t h e  NMR evidence a l o n e  i t  is not  

p o s s i b l e  t o  r u l e  o u t  t h i s  model. 

Thus, u s i n g  1 3 C  CP/MAS NMR it i s  p o s s i b l e  t o  e l i m i n a t e  some 

p o s s i b l e  s t r u c t u r e s  f o r  c e l l o t e t r a o s e .  The c l o s e  correspondence 

between t h e  1 3 C  CP/MAS s p e c t r a  of c e l l o t e t r a o s e  and c e l l u l o s e  11 

i n d i c a t e s  c l e a r l y  t h a t  c e l l o t e t r a o s e  i s  a sound model f o r  t h e  
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c e l l u l o s e  I1 s t r u c t u r e  and e x t r a p o l a t i o n  of t h e  r e s u l t s  of a 

s i n g l e - c r y s t a l  X-ray determined s t r u c t u r e  of c e l l o t e t r a o s e  t o  t h e  

c e l l u l o s e  I1 case is j u s t i f i a b l e .  

EXPERIMENTAL 

1 3 C  CP/MAS NMR s p e c t r a  were obta ined  a t  22.6 MHz u s i n g  a 

Bruker CXP-100 spec t rometer  and a t  50.3 MHz u s i n g  a Bruker CXP-200 

spec t rometer  with pro ton  d i p o l a r  decoupl ing f i e l d s  of approxi-  

mately 1 5  Gauss. C e l l o t e t r a o s e  w a s  p repared  accord ing  t o  t h e  

method of Whis t le r1"  by u s i n g  d i r e c t  a c i d  h y d r o l y s i s  of Whatman 

c e l l u l o s e  powder fol lowed by chromatographic  s e p a r a t i o n  on carbon- 

C e l i t e  columns u s i n g  ethanol-water  e l u a n t s .  The samples were then  

f reeze-dr ied .  Improvements i n  sample c r y s t a l l i n i t y  were achieved 

by adding a few drops  of water t o  t h e  material. C e l l u l o s e  11 of 

low dp w a s  prepared accord ing  t o  A t a l l a 4  ly d i s s o l v i n g  Avicel  

c e l l u l o s e  powder i n  85% H3P04 at room temperature  and 

p r e c i p i t a t i n g  t h e  f i l t e r e d  a c i d  s o l u t i o n  in a 10-fold e x c e s s  of 

water a f t e r  11 days.  The samples were c h a r a c t e r i z e d  by mel t ing  

p o i n t  and h igh  r e s o l u t i o n  13C NMR. 
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