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1 CARBON-13 NPlR SPECTRA OF LIGNINS, 9. 
SPIN-LATTICE RELAXATION TIRES (T1) AND DETERflINATION 

O f  INTERUNIT LINKAGES I N  THREE HARWOOD LIGNINS 
(ALNUS GLUTINOSA, CORYLUS AUELLANUS AND ACER PSEUDOPLATANUS) 

2 Horst H. N i m r  and A iche l  Nemr 
Po lymer - Ins t i tu t  der Un ive rs i t a t  Karlsruhe, West Germany 

Peter Schmidt', Ch r i s t i an  Rargot, Bruno Schaub 
and Planfred Schlosser 

I n s t i t u t  de C h i m i e  Organique de Lausanne, Switzer land 

ABSTRACT 

The s p i n - l a t t i c e  re laxa t i on  t imes (T ) o f  the  twelve most 
abundant carbon atoms i n  acetylated m i l l e d  wood l i g n i n  (IIWL) f rom 
hazelnut (Corylus avel lanus) have been determined by the  progres- 
s i v e  s a t u r a t i o n  pu lse  Four ie r  transform (PSFT) technique. 
values below 0.5 s have been found f o r  t h e  a l i p h a t i c  carbon atoms 
i n  the C 3 CH3 carbon atoms i n  methoxy and a c e t y l  groups have T1 values ran- 
ging between 1 and 3 s. From these r e s u l t s  a q u a n t i t a t i v e  deter- 
minat ion o f  i n t e r u n i t  l inkages i n  l i g n i n  may be poss ib le  f r o m  car- 
bon-13 spec t ra  wi th  pulse i n t e r v a l  t imes of  a t  l e a s t  3 s. 

Furthermore, t he  carbon-13 NPlA spectra o f  th ree  ace ty la ted  
hardwood PlWLs, f r o m  black alder, hazelnut and mountain maple,have 
b8en recorded a t  90.7 RHz. f i v e  i n t a r u n i t  l inkages, G-04, 4,G- 
-b i s -04 ,  0-1, 0-0 and 0-5, have been t raced i n  each l i g n i n  and 
t h e i r  Prequences q u a l i t a t i v e l y  compared w i t h  each other. 

T1 

s i d e  chains, wh i le  subs t i t u ted  aromatic, carbonyl  and 

INTRODUCTION 

For a macromolecule l i k e  l i g n i n ,  having a non-regular, cross- 

l i n k e d  s t r u c t u r e  w i t h  some t e n  d iP feren t  k inds  o f  i n t e r u n i t  l i n -  

kages, carbon-13 NMR spectroscopy, i n  comparison w i t h  p ro ton  NAR, 

o f f e r s  fou r  bas ic  advantages: A f i v e f o l d  wider absorpt ion range 

a t  a given magnetic f i e l d ,  narrower l i n e  widths, due t o  longer  

spin-spin r e l a x a t i o n  times (Tq), l ack  o f  homonuclear coupl ing 
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372 NIMZ JIT AL. 

and h i g h e r  s e n s i t i v i t y  of carbon-13 n u c l e i  t owards  s u b s t i t u t i o n  

p a t t e r n s ,  l e a d i n g  t o  a much h i g h e r  d e g r e e  o f  s t r u c t u r a l  i n f o r -  

mat ion.  

However, a main drawback i n  r o u t i n e  carbon-13 NAR s p e c t r a  

of l i g n i n s  h a s  been  t h a t  t h e  s i g n a l  areas are  n o t  p r o p o r t i o n a l  

t o  t h e  ca rbon  c o n c e n t r a t i o n s ,  which i s  t h e  case i n  p r o t o n  NNR 

s p e c t r a .  Due t o  t h e  low gyromagne t i c  r a t i o  and n a t u r a l  abun- 

dancy  OP carbon-I3 n u c l e i ,  up t o  100,000 s p e c t r a  had t o  b e  accu- 

m u l a t e d  i n  p r e v i o u s  carbon-I3 MPlR s p e c t r a  of l i g n i n s 4 ' '  f o r  ob- 

t a i n i n g  r e a s o n a b l e  s i g n a l / n o i s a  (S/N) r a t i o s  a t  25.2 PIHz. T h i s  

means t h a t ,  a t  a t o t a l  r e c o r d i n g  time o f  a t  t h e  most 24 h o u r s ,  

pulse r e p e t i t i o n  times o f  less t h a n  1 s had t o  b e  a p p l i e d .  A t  

s u c h  s h o r t  p u l s e r e p e t i t i o n  times carbon-I3 n u c l e i  c a n n o t  relax 
q u a n t i t a t i v e l y  t o  t h e i r  Eoltzmann d i s t r i b u t i o n s ,  so t h a t  t h e i r  

S/N r a t i o s  become dependen t  on t h e i r  s p i n - l a t t i c e  r e l a x a t i o n  

times (T ). I n  o r d e r  t o  e l i m i n a t e  t h i s  i n f l u e n c e  o f  t h e  T, v a l u e s  

on t h e  S/N r a t i o s ,  p u l s e r e p e t i t i o n  times o f  a t  l e a s t  5 times T1 

h a v e  t o  be chosen.  Knowledge oP t h e  T v a l u e s  i s  t h e r e f o r e  ne- 

c e s s a r y  f o r  t h e  c h o i c e  of a p p r o p r i a t e  p u l s e r e p e t i t i o n  times, i f  

a q u a n t i t a t i v e  e v a l u a t i o n  of t h e  carbon-1 3 s p e c t r a  is i n t e n d e d .  

Depending on t h e  f a c t  t h a t  d i f f e r e n t  i n f l u e n c e s  c o n t r i b u t e  

1 

1 

t o  t h e  r e l a x a t i o n  of  carbon-13 n u c l e i ,  t h e i r  T v a l u e s  f a l l  i n  

a b r o a d  r ange .  As s p i n - l a t t i c e  r e l a x a t i o n  o c c u r s  m a i n l y  by 

d i p o l e - d i p o l e  (OD) i n t e r a c t i o n ,  c a r b o n  atoms w i t h  d i r e c t l y  bound 

hydrogen atoms have s h o r t e r  r e l a x a t i o n  times t h a n  q u a t e r n a r y  car- 

bon atoms. I n  small molecu le s  T v a l u e s  o f  carbon-13 n u c l e i  r a n g e  

between a b o u t  1 and 100  s, which means t h a t  at r e p e t i t i o n  times of  

5 T 

However, T v a l u e s  also depend on t h e  m o l e c u l a r  m o b i l i t y  i n  t h e  

sample  s o l u t i o n ,  c h a r a c t e r i z e d  by t h e  m o l e c u l a r  c o r r e l a t i o n  time 

rc, which is t h e  a v e r a g e  time o f  r e o r i e n t a t i o n  f o r  a m o l e c u l e  i n  
s o 1 u t i o n . v  o f  small  m o l e c u l e s  is i n  t h e  o r d e r  of p s ,  i n c r e a s i n g  

w i t h  t h e  v i s c o a i t y  o f  t h e  s o l u t i o n  and t h e  s i z e  o f  t h e  molecu le s .  

DD i n t e r a c t i o n  w i t h  s u r r o u n d i n g  f l u c t u a t i n g  m a g n e t i c  f i e l d s  ( " l a b  

t i C e " )  r e a c h e s  a maximum, when Tc is r e c i p r o c a l  t o  t h e  Larmor 

1 

1 

o n l y  a few hundred s p e c t r a  c a n  b e  g a t h e r e d  w i t h i n  24  hour s .  
1 

1 
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SPIN-LATPICE RELAXATION TIMES 373 

frequency of t he  carbon-I3 n u c l e i  which, a t  a magnetic f i e l d  of 

2.3 t e s l a  (T), i s  about 25 flHz. This means t h a t  T decreases w i t h  

decreasing m o b i l i t y  of t he  molecules i n  so lu t ion ,  approaching i t s  

lowest value a t  rc of about 104 s. Furthermore, i t  has been found 

by ESR spectroscopy6 t h a t  l i g n i n s  conta in  unpaired e lec t rons  a t  

concentrat ions of some 10’’ spins/g. Due t o  t h e i r  s t rong d ipo le  

moments, unpaired e lec t rons  p a r t i c i p a t e  s t rong ly  i n  DO i n t e r a c t i o n  

w i t h  carbon-I3 nuclei ,  causing a s i g n i f i c a n t  reduc t ion  i n  t h e i r  

T values. We may there fore  expect much sho r te r  s p i n - l a t t i c e  r e -  

l a x a t i o n  t imes fo r  the  carbon atoms i n  l i g n i n s  than f o r  those i n  

smal le r  molecules. 

1 

1 

Another important f a c t  i n  pursuing q u a n t i t a t i v e  carbon-I3 NRR 

spectroscopy of l i g n i n s  i s  the  recent a c c e s s i b i l i t y  of NflR spec- 

t rometers w i t h  h igher magnetic f i e l d s ,  which improve no t  on ly  the  

r e s o l u t i o n  of t he  s igna ls  bu t  a lso  t h e i r  i n t e n s i t i e s .  With such 

instruments, t h e  number of accumulated spec t ra  (scans) f o r  g e t t i n g  

appropr ia te  S/N r a t i o s  can be s i g n i f i c a n t l y  reduced and longer  

p u l s e r e p e t i t i o n  t imes can be used. 

The f i r s t  q u a n t i t a t i v e  determinat ion of 0-0-4 l i nkages  and 

t o t a l  hydroxy l  contents i n  l i g n i n s  by carbon-13 NPlR spectroscopy 

has been c a r r i e d  out recen t l y  by 0. Robert and 0. Gagnaire’, using 

pulsedelay t imes o f  11 s a t  62.9 PIHz. According t o  these authors , 
the  T1 values, measured by  the  inversion-recovery method, ranged 

between 0.1 and 2.8 s. 

8 

I n  t h e  present paper we are dea l ing  with t h e  determinat ion 

of t he  T values o f  the  carbon atoms i n  ace ty la ted  hazelnut PlWL 

by t h e  progressive sa tu ra t i on  pulse Four ie r  t ransform (PSFT) tech- 

nique. Furthermore, the  carbon-I3 NPlR spectra o f  t h ree  aca ty la ted  

hardwood NWLs, from hazelnut, b lack  a lder  and mountain maple, have 

been recorded a t  90.7 RHz. 

1 

EXPERIRENTAL 

M i l l e d  wood l i g n i n s  (RWLs) were obtained from hazelnut 

(Corylus avel lanus), b lack  a lder  (Alnus g lu t inosa)  and mountain 

maple (Acer pseudoplatanus) according t o  the  EJijrkman procedure 
9 
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374 NIMZ ET AL. 

33 
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.. 
I00 80 6 0  PPm 160 140 120 

FIGURE 1. Proton Noise Decoupled 90.7 P~HZ-~~C-PFT-N~~R Spectra 
o f  Acetylated M s  from Black Alder (Alnus g lu t inosa)  
(a), Hazelnut (Corylus avel lanus) (b) and Plountain 
i laple (Acer pseudoplatanus) (c). I n t e r n a l  Standard: TPlS 

and subsequently ace ty la ted  w i t h  pyr id ine /ace t ic  anhydride. 

Samples of acety la ted  l i g n i n s ,  ranging between 270 and 350 mg, 
were d isso lved in 3 ml acetone-d6/Dp0 (9:7) each, and t h e  so lu t -  

i ons  c l a r i f i e d  by  cent r i fugat ion .  T 

according t o  the  progressive sa tu ra tu ra t i on  pu lse  Four ie r  t rans- 

values w8re determined 1 
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SPIN-LATTICE RFLAXATION TIMES 375 

form (PSFT) technique”. 5000 scans each were accumulated w i t h  a 

B ruke r  WH 360 spectrometer a t  a 90’. T... sequence, with’i:= 0.51, 

1.01, 1.51, 2.01, 3.01, and 8.41 8 .  T o t a l  record ing  t ime f o r  each 

spectrum v a r i e d  between 0.7 and 11.7 hours. I n  order t o  ge t  T,YT2, 

powergated decouplinq of protons was app l ied  w i t h  12H decoupling 

power dur ing  pulsedelay and 6H dur ing  data aqu is i t i on ,  a t  an aqui- 

s i t i o n  t ime o f  0.41 s. T values were obtained as the  r e c i p r o c a l  

s lope o f  a semi logar i thmic p l o t  of (k I.;.) versus T, where I, i s  

the  s i g n a l  i n t e n s i t y  a t T =  8.41 S. Carbon-13 NMR spec t ra  o f  the  

ace ty la ted  mWLs, shown i n  Fig. 1, were obtained a t  pu l s4 in te rva l s  

( r e p e t i t i o n  t imes) o f  1.5 s and the  number o f  scans was about 

20,000 each, under otherwise i d e n t i c a l  condi t ions.  

1 

RESULTS AND DISCUSSION 

S p i n i a t t i c e  Relaxat ion Times (T 1 
The T values of t he  carbon atoms, corresponding t o  the  f i f -  

teen most prominent s igna ls  i n  the  carbon-13 spectrum o f  hazelnut 
1 

TABLE 1 

Spin- l -at t ice Relaxat ion Times (T1) o f  Carbon Atoms i n  Acetylated 
RuL from Hazelnut ( f o r  Nota t ion  of Carbon Atoms See Scheme 1) 

Carbon Atom PPm Sign.No. T1 ( 9 )  

carbony14 i n  prim. a c e t y l  groups 171.1 3 3.0 
carbony1-C i n  sec. a c e t y l  groups 170.4 3a 2.1 
Se-315 153.4 5 2.0 
Se-1 (a-OAc) 133.6 15 c 0.5 
C e d  120.2 19 co.5 
G - ~ ( U - O A C )  112.7 22 <0.5 
Se-2/6 105.3 24 C0.5 
C-1 i n  xy lan  101.0 24b co.5 
C 4  i n  0-0-4 81.4 29 co.5  
C - a i n  0-04 75.2 30 < 0.5 
C-4 i n  xy lan  73.1 31 a 1 .o 
C-3 i n  xy lan  71 -8 51b 0.5 
C- y i n  0 - 0 4  63.2 33 c o . 5  
OCH3 56.4 34 1.02 
CH3 i n  a c e t y l  20.6 40 2.1 
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R 

OR 

cg u n i t  

i n  l i g n i n  

2 3 ( g u a i a c y l ) :  R = OCH3, R 3: H 

( s y r i n g y l ) :  R2= R3= OCH3 

( p h y d r o x y - p h e n y l )  : R2= R3= H 

( a c e t y l a t e d ) :  R1= COCH3; e ( e t h e r i p i e d ) :  R1= R 
4 a-OAc: R = CqCH3; ar-OR: R4= R 

0-04: R4= R6= COCH3, R5= 04' 

u,B-bis-0-4: R4= C4', Us= 0-4' I ,  R6= CUCH3 

0-1: R4= R6= COCH3, R5= C-1' 

0-5: R4= C-4', R5= C-5', R6= COCH3 

0-0:  R = C - f ,  R5= C-Q', R6= C-a' 4 

Scheme 1: N o t a t i o n  o f  Carbon Atoms i n  Cg U n i t s  of L i g n i n s  

plUL acetate are l i s t e d  i n  T a b l e  1. As T v a l u e s  smaller t h a n  0.5 s 

c a n n o t  e x a c t l y  be d e t e r m i n e d  by t h e  PSFT method, t h e y  are i n d i c a -  

t e d  i n  T a b l e  1 by  T 1 C 0 * 5  9. The n o t a t i o n  o f  c a r b o n  atoms i n  Tab- 

les 1-3 is  c a r r i e d  o u t  a c c o r d i n g  t o  common nomenc la tu re  i n  l i g n i n  

chemistry" ,  as i n d i c a t e d  i n  Scheme 1. 

1 

T a b l e  1 shows t h a t  ca rbon  atoms i n  l i g n i n  d i r e c t l y  l i n k e d  t o  

hydrogen atoms have  r e l a x a t i o n  times s h o r t e r  t h a n  0.5 s w i t h  o n l y  

two e x c e p t i o n s ,  t h e  me thy l  ca rbon  atoms i n  methoxy and a c e t y l  

g roups ,  a p p e a r i n g  a t  56.4 and 20.6 ppm, r e s p e c t i v e l y .  T h i s  can  b e  

a t t r i b u t e d  t o  t h e  h i g h e r  m o b i l i t y  of t h e  c a r b o n  atoms i n  t e r m i n a l  

me thy l  g roups ,  c a u s i n g  a less  e f f e c t i v e  OD i n t e r a c t i o n  w i t h  t h e  

"lattice". The same a p p l i e s  for t h e  s i g n a l s  a t  71.8 and 73.1 ppm, 

which are a s s i g n e d  t o  c a r b o n  atoms 3 and 4 i n  o l i g o m e r i c  x y l a n s ,  

hav ing  a h i g h e r  m o l e c u l a r  m o b i l i t y ,  due t o  t h e i r  l o w e r  m o l e c u l a r  

weight .  

Q u a t e r n a r y  c a r b o n  atoms i n  s u b s t i t u t e d  aromatic r i n g s ,  0.9. 

Se-3/5, or i n  c a r b o n y l  g roups  have  T1 v a l u e s  l o n g e r  t h a n  0.5 s. 

An e x c e p t i o n  is Se-1, g i v i n g  a s i g n a l  a t  133.6 ppm, which a g a i n  

c a n  b e  e x p l a i n e d  by assuming r educed  m o b i l i t y ,  due t o  t h e i r  pre- 

f e r r e d  r o t a t i o n  o f  t h e  s y r i n g y l  r e s i d u e  a b o u t  t h e  C-14-4 a x i s  

( a n i s o t r o p i c  m o l e c u l a r  m o b i l i t y ) .  
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SPIN-LATTICE RELAXATION TIMES 377 

As t h e  a l i p h a t i c  ca rbon  atoms i n  t h e  C3 s i d e  c h a i n s  o f  the 

C u n i t s  i n  l i g n i n  have T v a l u e s  below 0.5 s, p u l s e r e p e t i t i o n  

times o f  o n l y  3 s are r e q u i r e d  f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  

of i n t e r u n i t  l i n k a g e s  i n  l i g n i n .  T h i s  means t h a t  some 20.000 

s p e c t r a  can  b e  g a t h e r e d  w i t h i n  20 hours .  T a k i n g  i n t o  a c c o u n t  t h e  

e l i m i n a t i o n  o f  t h e  n u c l e a r  Overhause r  e f f e c t  (NOE) on t h e  S/N 

r a t i o  by g a t e d  decoupling’, abou t  500 mg o f  a l i g n i n  sample are 

needed f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  main i n t e r u n i t  

l i n k a g e s  i n  l i g n i n  w i t h  a 360 MHz s p e c t r o m e t e r .  T h i s  amount has  

t o  be  i n c r e a s e d  t o  about 2 g, i f  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  

OP q u a t e r n a r y  aromatic and c a r b o n y l  c a r b o n  atoms is i n t e n d e d .  

9 1 

Carbon-13 S p e c t r a  o f  A c e t y l a t e d  mWLs from Black  Alder ,  Haze lnu t  

and maple 

The t h r e e  s p e c t r a ,  shown i n  Fig.  1 ,  are o n l y  o f  q u a l i t a t i v e  

c h a r a c t e r ,  due t o  t h e  fac t  t h a t  t h e y  were r e c o r d e d  f r o m  o n l y  some 

200 mg samples  a t  p u l s e i n t e r v a l  times o f  l ess  t h a n  5 T, (5. EXPE- 
IIIENTAL). I n  comparison t o  ear l ie r  hardwood l i g n i n  s p e c t r a ’ ” ,  a 

h i g h e r  r e s o l u t i o n  of  s i g n a l s  i s  a c h i e v e d  a t  a carbon-13 r e s o n a n c e  

o f  90.7 PlHz (360 MHz f o r  p r o t o n s ) .  The a s s ignmen t  o f  s i g n a l s  iS 

g i v e n  i n  T a b l e  2.1’4’5 

I n  F ig .  1, c a r b o n y l  ca rbon  atoms g i v e  t h e  s i g n a l s  3, 3a and 

3b f o r  pr imary ,  s e c o n d a r y  and p h e n o l i c  a c e t y l  g roups ,  r e s p e c t i v e l y .  

Very i n t e r e s t i n g l y ,  s i g n a l  3b is ‘split by a b o u t  0.3 ppm, which 

may be  a t t r i b u t e d  t o  d i f f e i e n t  c h e m i c a l  v i c i n i t i e s  for a c e t y l  

g roups  i n  a c e t y l a t e d  g u a i a c y l  and s y r i n g y l  u n i t s .  However, quan- 

t i t a t i v e  v a l u e s  o f  t h e s e  g roups  can  o n l y  b e  o b t a i n e d  f r o m  carbon- 

13 s p e c t r a  r e c o r d e d  a t  p u l s U i n t e r v a l s  o f  a b o u t  15 s, r e q u i r i n g  
7 some 2 g samples  f o r  a b o u t  5000 s c a n s  ( c f .  ). 

The r a t i o  o f  a c e t y l a t s d  t o  e t h e r i f i e d  g u a i a c y l  r e s i d u e s  

(Ga/Ge) c a n  b e  a p p r o x i m a t e l y  e s t i m a t e d  from t h e  areas o f  s i g n a l s  

10 and 19, b e c a u s e  t h e s e  s i g n a l s  e a c h  c o r r e s p o n d  t o  o n l y  one ca r -  

bon atom, 5 and 6, r e s p e c t i v e l y ,  i n  a c e t y l a t e d  or e t h e r i f i e d  gua- 

i a c y l  r e s i d u e s  ( c f .  T a b l e  2). T h i s  r a t i o  is a b o u t  1:3 f o r  a l d e r  
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378 NIMZ ET AL. 

TABLE 2 

ppm Values, Re la t i ve  Areas and Assignments of Signals i n  Figure 1 

+ Assignment 
Rel. Signa l  Areas 

PPm Alder Hazelnut maple 
Sign. 

NO. 
3 171.3-170.9 1.24 0.97 0.92 primary acetoxy-CO 

3a 
3b 
5 
6 
7 
8 

11 
13 
14 
15 
16 
17 
18 
19 
20 
22 

22a 
23 
24 

24a 
24b 
26 
28 
29 

29a 
29b 
3Oa 
30b 
30 

31a 
31 

31 b 
31 c 

32 
32a 
32b 

33 
34 
35 
35a 

40 

1 70 -9-1 70.2 
169.7-169.2 
154 .0-152 8 
151.8-151.3 

149.4 
149 -0-1 48.0 

159.6 
156.4 

1 36 1-1 35 9 
135.8-133.4 
132.6-131m8 
129.5-128.6 
123 .&I 23.2 
1 20.6-1 1 9 .9 
1 1 8 .5-118.2 
1 13 0-1 12.5 
I 1  1 .&I 11.5 
1 07 0-1 06.0 
1 05 -9-1 04 6 
104.3-1 03.6 
101 . 1-1 00.9 

86.4 
83.0-81 08 
81 06-81.2 
80.5-80.4 
80.1-79.9 
78.0-77 .O 
76 1-75 8 
75.6-74.5 
73 3-73 0 

72.4 
71.8 
70.8 
66.1 
64.7 
64.3 

63.4-62.9 
56.4 

55.555.1 
51 01 

21.1-20.1 

1.22 0.98 0.83 
0.05 
1.43 0.89 1.16 
0.19 
0.10 

0.06 
0.00 
0.13 
0.30 0.02 

0.19 
0.56 
0.31 

0.24 
0.04 
1.42 
0.41 
0.21 
0.03 

0.67 

0.57 
0.18 1.67 

0.72 
0.23 0.81 

0.80 
1.16 3.00 
0.03 0.27 

0.07 
0.21 0.15 

0.91 0.62 0.82 
0.26 0.08 
0.18 0.04 

0.24 0.46 0.37 

0.38 0.74 0.26 
1.10 0.77 0.54 

0.10 0.23 0.17 
0.35 0.50 0.25 
0.31 0.20 0.08 

0.09 0.12 
0.48 0.40 0.46 
2.01 1.71 1.45 
6.00 4.23 4.80 

0.06 
0.80 0.17 0.36 

6.53 4.89 4.72 

secondary acotoxy-CO 
phenol ic acetoxy-CO 
S-3/5, Ga-3(a-OR) 
GE&(CC-OAC), Ge-4 
Ce-3 ( q - O R  ) 
G 0-3 & - O A  c ) 
Ga-4, G a - l ( a - O R )  
Se-4,Sa-I , G e l  ,all(a-OAc) 
Ge-)(O-OR), Se-1 (+OR) 
Se-l(s-0Ac) 
Ce-I (4-OAc) 
Sa-4, C-1' i n  0-5, H-2/6 
Ga-5 
Ge-6 
Gad, G ~ - s ( ~ ~ ~ - o A c )  
C-Z(a-OAC) 
C-2 (*-OR ) 
~a-2/6 
Sa-2/6 

C-1 i n  xy lan  
C-o( i n  B 4  
c - 4 0  i n  akfi-bis-04 
c-0 in 0-04 

C-0 i n  0-04 

C-a i n  0-1 
C+ i n  0-0-4 
C 4  i n  xy lan  
C - r  i n  0-0 
C-3 i n  xylan 
C-2 i n  xylan 
C-#@ i n  0-5 
C-r i n  0-1 
C-y i n  &,0-bia-0-4 
C - l f n  0-0-4 
OCH3 
C-Q i n  0-0 
C-0  i n  0-5 and 0-1 
CH, i n  a c e t y l  

+ F o r  no ta t i on  o f  carbon atoms see Scheme 1 
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SPIN-LATTICE RELAXATION TIMES 379 

and maple, corresponding t o  25% f ree  phenol ic groups i n  the  non- 

ace ty la ted  M U S ,  which cons t i t u tes  a reasonable value. The r e l i a -  

b i l i t y  of t h i s  number must, however, be caut ioned by the  f a c t  t h a t  

the  spectra were recorded a t  pulse r e p e t i t i o n  t i m e s  lower than 5 

T1, a t  low s i g n a l  i n t e n s i t i e s  and no eleminat ion of t he  NQE. 

Sim i la r l y ,  ace ty la ted  and e t h s r i f i e d  s y r i n g y l  u n i t s  (Sa and 

se) are i n d i c a t e d  by s igna ls  23 and 24. I n  t h i s  case, however, 
s i g n a l  23 i s  except iona l l y  broad and t h e  assignment of s i g n a l  24a 

i s  s t i l l  unknown. 

The r a t i o  o? s y r i n g y l  t o  gua iacy l  units (S/G) i n  hardwood 

l i g n i n s  i s  bes t  r e f l e c t e d  by s igna ls  23 p l u s  24, assigned t o  car- 

bon atoms 2 and 6 i n  s y r i n g y l  u n i t s  (5-2/6), and s igna ls  22 p lus  

22a, caused by  carbon atom 2 i n  gua iacy l  units (G-2). Recently, 

D. Robert and D. Gagnaira" have determined t h e  S/C r a t i o  i n  

hardwood l i g n i n s  from the  s p l i t t i n g  o f  t h e  methoxy s i g n a l  i n  the  

carbon-13 NPlR spectra. However, we were unable t o  f i n d  the  same 

s p l i t t i n g  i n  our spectra. On t h e  other hand, methoxy carbon atoms 

show longer  T, values than unsubst i tu ted  aromatic carbon atoms 

( c f .  Table I), r e q u i r i n g  longer p u k s r e p e t i t i o n  t imes Por quanti- 

t a t i v e  analysis. 

The s igna ls  between 51.1 and 86.4 ppm i n  Fig. 1, assigned to 

t h e  a l i p h a t i c  carbon atoms i n  the  C3 s ide  chains, i n d i c a t e  f i v e  

i n t e r u n i t  l i nkages  i n  t h e  th ree  hardwood l i 9 n i n S  (Cf.  Table 3)* 

According t o  t h e i r  s i g n a l  areas, shown i n  Table 3, 0-0-4 u n i t s  

c o n s t i t u t e  by f a r  t he  most abundant i n t e r u n i t  l inkages. I n  accor- 

dance w i t h  e a r l i e r  resul ts ' ,  t h e  predominance o f  0-0-4 s t ruc tu res  

i s  p a r t i c u l a r l y  h igh  i n  hardwood l i g n i n s  and l e s s  s i g n i f i c a n t  i n  

softwood l i g n i n s .  D. Robert and D. Gagnaire' Pound 0.59-0.65 

8-04 s t ruc tu res  per Cg u n i t  i n  b i r c h  l i g n i n  by q u a n t i t a t i v e  car- 

bon-I3 NPlR spectroscopy. 

D isc re te  s igna ls  are also given by  0-Q as w e l l  as 0-5 s t ruc-  

tures, though t h e  s igna ls  o f  the  l a t t e r  are t o o  weak f o r  a deter- 

minat ion of t h e i r  areas. They are i n d i c a t e d  i n  Table 3 by + signs, 

While minus s igns  (-) i n d i c a t e  t h e  abscence o f  a s ignal .  
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380 NIMZ ET AL. 

TABLE 3 - 
Relat i ve  S igna l  Areas i n  Fig. 1 of Carbon Atoms a, 0 and y For 
t h e  F i ve  Nost Abundant I n t e r u n i t  Linkages i n  L i g n i n  

Interunit Sign. I n teg ra ted  S igna l  Areas 
No. Alder Hazelnut maple 

0-0-4 4 74.5-75.6 30 1.10 0.77 0.54 
0 79-9-8106 29 1.36 0.74 0.82 
8 62.9-63.4 53 2.01 1.71 1.45 

Linkage PPm 

q,R-bis-O-4 u 
0 80.7 29 see C - 0  i n  0 - 0 4  

0-1 

r 64.3 32b 0.48 0.40 0.46 

d 75.8-76.1 30b 0.24 0.46 0.37 
0 51.1-51.2 35a 0.06 + + r 64.7 32a 0.09 0.12 + 

0 4  o( 86.4-86.6 26 0.03 + 0.07 
R 55.0-55.7 35 0.80 0.17 0.36 
d" 72.4 31 0.10 0.23 0.17 

R-5 ac 88.6 25 - - - 
r 66.1 32 + + + 
0 51.1 35a see C - 0  i n  0-1 

I n  0(,0-bis-O4 l i nkages  carbon atoms *and 0 g ive  t h e  same 

s i g n a l  a t  80.7 ppm over lapping w i t h  the  s i g n a l  OP carbon atom 0 

i n  0-0-S l inkages  (cP. Table 2). However, C- rg ives  r i s e  t o  a 

d i s c r e t e  s i g n a l  (32b) a t  64.3 ppm. The p o s s i b i l i t y  t h a t  th is  s ig -  

n a l  may a lso be assigned t o  carbon atom 5 i n  acety la ted  xy lan  can 

be r u l e d  out by the  Pact t h a t  i t  appears too  i n  the  carbon-13 

spec t ra  o f  ace ty la t sd  spruce l i g n i n  and DHP with comparable in- 

tens i t i es .  

Similarly,  carbon atom R i n  0-1 s t ruc tu res  g ives  the  same 

s i g n a l  as C-0  i n  (3-5 s t ruc tu res  (35a), wh i le  the  s i g n a l  o f  carbon 

atom Y (32a) over laps w i t h  t he  s i g n a l  o f  carbon atom 8 i n  4 0 -  

bis-0-4 l inkages. Only carbon atom a i n  0-1 s t ruc tu res  gives a 

d i s c r e t e  s i g n a l  (30b) a t  75.8-76.1 ppm. 

From Table 3 i t  can be seen t h a t  0-0-4, 0-1 and 0-0 s t ruc-  

t u r e s  are i n d i c a t e d  by  th ree  d i sc re te  s igna ls  each, wh i l e  a,0- 

&is-0-4 as w e l l  as 0-5 s t ruc tu res  g i ve  on ly  one. Due t o  the  
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SPIN-LATTICE RELAXATION TIMES 38 1 

above mentioned r e a s o n s ,  t h e  r a l a t i v e  s i g n a l  areas do  n o t  quao- 

t i t a t i v e l y  re f lec t  t h e  f r e q u e n c e s  o f  t h e  c o r r e s p o n d i n g  i n t e r u n i t  

l i n k a g e s .  However, i t  may be conc luded  t h a t  t h e s e  f r e q u e n c e s  de- 

crease i n  t h e  f o l l o w i n g  o rde r :  0-04>Dr,n-bis-0-47n-l>n-o>5-5. 

CONCLUSIONS 

The c o n c l u s i o n s  t h a t  can  b e  drawn from t h e  r e l a t i v e l y  s h o r t  

T 

t h e y  l e a d  t o  b r o a d e r  s i g n a l s ,  due t o  s h o r t e r  sp in - sp in  r e l a x a t i o n  

times (T ). Tak ing  i n t o  a c c o u n t  t h e  complex l i g n i n  s t r u c t u r e ,  

s p e c t r o m e t e r s  w i t h  h i g h  magne t i c  f i e l d s  s h o u l d  improve t h e  r e so -  

l u t i o n  of t h e  carbon-I3 s p e c t r a  o f  l i g n i n s  s i g n i f i c a n t l y .  On t h e  

o t h e r  hand, low T v a l u e s  a l l o w  a q u a n t i t a t i v e  d e t e r m i n a t i o n  of 

i n t e r u n i t  l i n k a g e s  i n  l i g n i n s  by carbon-13 NPIR s p e c t r o s c o p y .  For  

t h i s  pu rpose ,  a b o u t  500 mg l i g n i n  are  r e q u i r e d  a t  90.7 PIHz, w h i l e  

a t  least 2 g are n e c e s s a r y  f o r  a q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  

q u a t e r n a r y  c a r b o n  atoms i n  c a r b o n y l  and s u b s t i t u t e d  aromatic 

groups.  T h i s  shows t h a t  carbon-I3 NllR s p e c t r o s c o p y  o f f e r s  an  i m -  

p o r t a n t  a n a l y t i c a l  t o o l  n o t  o n l y  f o r  s t r u c t u r a l  r e s e a r c h  and 

compar i son  o f  v a r i o u s  l i g n i n a ,  b u t  a l s o  f o r  t r a c i n g  1 , i g n i n  react- 
i o n s ,  8.9. d u r i n g  t e c h n i c a l  wood p u l p i n g  and b l e a c h i n g  p rocedures .  

v a l u e s  o f  t h e  ca rbon  atoms i n  l i g n i n  (cf. T a b l e  I) are t h a t  1 

2 

1 
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