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CHARGE-TRANSFER COMPLEXES IN KRAFT L I G N I N  
PART 1: OCCURRENCE 

G. S. Furman" and W. F. W. Lonsky* 
The I n s t i t u t e  of Paper Chemistry 

Appleton, Wisconsin 54912 

Dedicated t o  Prof .  Dr. Kar l  K r a t e l  

ABSTRACT 

Charge- t ransfer  complexes were found t o  occur  between k r a f t  l i g n i n  
and an  added model quinone, 3 , 5 - d i - ~ - b u t y 1 - 1 , 2 - b e n z o q u i n o n e .  
The occurrence  of cha rge - t r ans fe r  i n t e r a c t i o n s  was a l s o  appa ren t  
i n  an ox id ized  k r a f t  l i g n i n  wi th  an  inc reased  quinone con ten t .  I n  
t h e s e  systems, f r e e  pheno l i c  groups w i t h i n  t h e  l i g n i n  were con- 
s i d e r e d  t h e  donor s p e c i e s  and ortho-quinones t h e  complementary 
a c c e p t o r  moie t i e s .  Carbon-I4 l a b e l i n g  r evea led  t h a t  t h e  quinone 
c o n t e n t  of t h e  i n v e s t i g a t e d  k r a f t  l i g n i n  averaged 3%. These 
quinones  were determined t o  have a molar a b s o r p t i v i t y  of 528 
L/mol-cm. Upon sodium borohydride r educ t ion  of t h i s  l i g n i n ,  on ly  
one- th i rd  of t h e  absorbance dec rease  could  be accounted f o r  by 
t h i s  number of quinones. The remaining two- th i rds  of t h e  d e c r e a s e  
i n  absorbance was as s igned  t o  t h e  d i s r u p t i o n  of c h a r g e - t r a n s f e r  
complexes. The quinones,  t h e r e f o r e ,  played a d u a l  r o l e  as a chro- 
mophore by p a r t i c i p a t i n g  as a c c e p t o r  s p e c i e s  i n  t h e s e  complexes. 

* 
P r e s e n t  addressee :  G. S. Furman, Kimberly-Clark Corpora t ion ,  
Neenah, WI 54956; W. F. W. Lonsky, Kimberly-Clark Corpora t ion ,  
Roswell, CA 30076. 
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INTRODUCTION - 

FURMAN AND LONSKY 

A major drawback to the kraft pulping process is the dark- 
colored pulps which are obtained. This dark color requires the 

pulps to be extensively bleached for many end uses. As is well 

known, the dark color of kraft pulps originates with residual 
lignin not removed during the pulping process. In the area of 
lignin utilization the dark color of kraft lignin has also  posed 

problems, hindering the use of kraft lignin as a feedstock for the 

production of more valuable products. 

With the major advantages to be gained from the prevention of 
this color, investigation into its cause has been a continuing 
area of interest in the field of lignin chemistry. Chromophores 

including transition metal complexes , l  ' 2  quinonemethides, 
quinones ,4 s5 free radicals, * ' and combinat ions of these, joined 
to form extended chromophore systems ,8 have been proposed and 
investigated. However, the chromophores which have been iden- 
tified ate not present in sufficient quantities to account for the 

total color which is ~bserved."~ 
color in kraft lignin remains poorly understood. 

3 

Consequently, the origin of 

Charge-transfer complexes (CTC's) are defined as weak asso- 

ciations between electron donating and accepting moieties. 

Characteristic of CTC's i s  the appearance of at least one addi- 
tional electronic absorption band, separate from the absorption 
bands of the individual donor and acceptor species." With the 
appropriate combination of donor and acceptor, the CT absorption 

band occurs in the visible region of the electromagnetic spectrum. 
In this event, the complexes are colored. 

Based on evidence available in the literature pertaining to 
distinct molecules, kraft lignin contains appropriate functional 
groups within its polymeric matrix for CT interactions to occur. 
Most likely among these functional groups are free phenolic 
structures playing the roles of donors, and quinonoid structures 
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CHARGE-TRANSFER COMPLEXES IN KRAFT LIGNIN. I 167 

playing the complementary roles of acceptors. 
exist in the literature of phenol-quinone CT interactions, both of 

an intermolecular l 1  ” and an intramolecular 1 3 9 1 4  nature. Similar 
quinhydrone structures were previously proposed by Steelink6 in 
1963 based on data obtained from electron paramagnetic resonance 

spectra of kraft lignin derivatives. 

Numerous examples 

The results which follow will indeed demonstrate the existence 
of phenol-quinone charge-transfer complexes in several kraft 
lignin systems. Part 2 of this paper will examine the significant 

contribution these complexes make to the color of kraft lignin. 

RESULTS AND DISCUSSION -- 

If CTC’s in kraft lignin are actually composed of a phenol- 
quinone interaction, the quinone concentration will be a limiting 
factor. The loblolly pine kraft Lignin employed in this study 
contained a relative abundance of free phenolic groups, 58 per 100 

Cg units (Mansson reported 6 3  per 100 Cg units for an industrial 
pine kraft lignin ). In comparison, kraft lignin contains a 
relative scarcity of quinone groups; Iiyama and Nakano estimated 

approximately 4 quinone groups per 100 C 
increase the likelihood of CT interactions and, consequently, make 
them less difficult to observe, emphasis was placed on increasing 
the ortho-quinone content of the lignin. Ortho-quinones were 

chosen based on their predominance in kraft lignin as a result of 

the pulping process. 

0 

15 

units.5 In order t o  9 

CTC’s in Model Systems ---- 

Addition of a model quinone, 3 , 5 - d i - ~ - b u t y l - 1 , 2 - b e n z o q u i n o n e ,  

to a solution of kraft lignin produced an extra absorbance in the 
spectrum of the two components not present in spectra of the indi- 
vidual components (see Fig. 1). This additional absorbance, shown 
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clearly by the difference spectrum in Fig. 2, was due to a CT 
interaction between the kraft lignin and the added quinone. The 
CT absorption band had a maximum of 494 nm and a molar absorptivity 
of approximately 360 Llmol-cm, based on the assumption that every 

quinone participated in a complex. 
Several factors affected the CT absorption. Significantly, 

acetylation of the lignin eliminated the occurrence of this 
absorption. Also, a relationship was observed between the absor- 

bance at the CT maximum and the concentration of the quinone which 

was added to the llgnin. As is shown by Fig. 3 ,  the absorbance 

ltnearly increased at low quinone concentrations before leveling 
off at higher concentrations. In Fig. 3 ,  the quinone concentra- 
tion is plotted as a molar ratio according to the phenolic content 
of the lignin. Both this relationship and the effect of acetyla- 

tion pointed to the fact that free phenolic groups in the kraft 
lignin were acting as donating moieties in this CTC. 

Substitution of a model phenol in place of the kraft lignin 
in the above system supported the results that were found. Again, 
a CT absorption was observed, this time between 2-methoxy-4- 

methylphenol and 3 , 5 - d i - ~ - b u t y l - 1 , 2 - b e n z o q u i n o n e .  This complex 
had a maximum absorption at 428 nm i n  n-hexane, with a molar 
absorptivity of 131 L/mol-cm (again assuming complete complexation 

of the quinone). The CT absorption band between the model phenol 

and quinone was substantially reduced in intensity (79 L/mol-cm) 
and slightly shifted to shorter wavelengths (424 nm) when the 

phenol was acetylated. Although acetylation did not completely 
remove the model phenol CT band as in the case for kraft lignin, 

identical results were not expected considering the large dif- 
ferences between the two systems. The steric hindrance imposed by 
the derivatization apparently had a much greater effect in the 
lignin system, where the constraints imposed by the remainder of 

the lignin molecule also appear to be an important factor. 
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G 

1 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Quinone/Phenol 

Figure 3.  Effect of quinone/phenol ratio on absorbance of CTC 
between kraft lignin and 3 , 5 - d i - ~ - b u t y l - l , L - b e n z o -  
quinone. 

CTC's in Oxidized Kraft Lignin --- 

In another line of investigation, ortho-quinone structures 
were incorporated into kraft Lignin by a periodate oxidation 

method. These structures were retained in the kraft lignin when 
the periodate oxidation was quenched by the addition of ethylene 

glycol: 

Na I O4 HOCH2CH20H 
Kraft Lignin > > "Quinone Lignin" 

H', O°C 

The presence of ortho-quinones in the lignin was verified by 

visible, FTIR, and 13C NMR spectroscopy. The oxidized lignins 
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172 FURMAN AND LONSKY 

were much darker  in appearance than t h e  o r i g i n a l  l i g n i n s .  V i s ib l e  

s p e c t r a  revealed t h e  inc rease  in absorbance was centered near  430 

nm. The n-m* absorpt ion band of ortho-quinones occurs i n  t h i s  

region of t he  spectrum. 

s t r o n g  new absorpt ion band a t  1663 cm-'. 
carbonyl absorpt ion was i n  good agreement with the  r e s u l t s  of 

O t t ing  and S t a i g e r , l 7  who found t h e  carbonyl s t r e t c h i n g  band of 

t en  ortho-benzoquinones occurred i n  t h e  range from 1667 t o  1656 

cm-1. 

- ortho-benzoquinones, with t h e  more i n t e n s e  band appearing a t  

approximately 1668 cm-1 and a much weaker band a t  - 1690 cm-l. In 
Figure 4, t he  smaller carbonyl absorpt ion a t  1690 cm-1 is  not evi-  

dent  and is l i k e l y  obscured by the  1717 cm-l absorpt ion.  

ference spec t r a  between the o r l g i n a l  and oxidized l i g n i n s ,  

however, did give evidence of t h e  appearance of a shoulder  on t h e  

1663 cm-1 absorpt ion band, occurr ing around 1690 cm'l. 

t i o n  a s i g n i f i c a n t  decrease in t h e  aromatic s k e l e t a l  v i b r a t i o n  a t  

1512 cm-1 c l e a r l y  ind ica t ed  t h e  ox ida t ion  of r i n g  s t r u c t u r e s  t o  - ortho-quinones. 

16 

FTIR spec t r a  of the oxidized l i g n i n s  ( s e e  Fig. 4)  showed a 

The p o s i t i o n  of t h i s  

St.  Berger and R ieke r l s  r epor t  two carbonyl abso rp t ions  f o r  

Dif- 

l n  addi- 

13C NMR spec t r a  of r educ t ive ly  a c e t y l a t e d ,  pe r ioda te  oxidized 
l i g n i n s  revealed an up f i e ld  s h i f t  in t h e  phenol ic  a c e t a t e  carhonyl 

peak (Fig. 5 ) .  r e s u l t i n g  from e t e r i c  crawding i n  t h e  newly formed 
o r tho -d iace t a t e  s t r u c t u r e s .  The s te r ic  crowding e f f e c t  was con- 

firmed i n  model compounds. 

The dark c o l o r  af t h e  pe r ioda te  oxidized k r a f t  l i g n i n  is evi- 

denced by the d i f f e r e n c e  spectrum between t h e  oxidized and o r i g i -  

n a l  l i g n i n s ,  given i n  Fig. 6. The r a t f o n a l e  behind the  

incorporat ion of quinoneo wi th in  k r a f t  llgnrin was t o  enhance the  

l i ke l ihood  of CT i n t e r a c t l o n s .  

band Ln Fig. 6 l e d  LO epecu la t ion  t h a t  t h i s  band war composed of 

two separate campoaente, t he  quinone baad and a CT band. 

- 

The skewed shape of t h e  d i f f e r e n c e  
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174 FURMAN AND LONSKY 

I 1 I 1 1 I 

174 173 172 17l 170 169 168 167 166 165 164 
PPm 

Figure  5. 13C NMR s p e c t r a  o f :  (A) t h e  a c e t y l a t e d  k r a f t  l i g n i n  and 
of (B)  t h e  r e d u c t i v e l y  a c e t y l a t e d  p e r i o d a t e  ox id i zed  
k r a f t  l i g n i n .  Absorp t ions  a t  169.9, 169.2, and 168.3 
ppm correspond t o  t h e  lo, 2', and a romat i c  a c e t a t e s ,  
r e s p e c t i v e l y .  Peaks a t  173.6 and 165.9 ppm are HOAc 
and AczO i m p u r i t i e s  from t h e  a c e t y l a t i o n  procedure.  

That t h e r e  was indeed  a CT component p r e s e n t  i n  t h i s  l i g n i n  

was demonstrated by t h e  e f f e c t s  of s o l v e n t ,  p r e s s u r e ,  and de r iva -  

t i z a t i o n  on s p e c t r a  of t h e  ox id ized  l i g n i n .  Charge- t ransfer  

complexes i n  s o l u t i o n  are in f luenced  by t h e  p o l a r i t y  of t h e  

s o l v e n t  su r round ing  them. For t h e  weak n-n CT i n t e r a c t i o n s  con- 

s i d e r e d  h e r e ,  i n c r e a s e s  i n  s o l v e n t  p o l a r i t y  r e s u l t  i n  s l i g h t  r ed  
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19 s h i f t s  and dec reases  i n  i n t e n s i t y  of t h e  CT absorbance band. 

D i f f e rence  s p e c t r a  between t h e  p e r i o d a t e  ox id i zed ,  o r  "quinone 

l i g n i n , "  and t h e  o r i g i n a l  k r a f t  l i g n i n  i n  t h e  s o l v e n t s  2-methoxy- 

e t h a n o l  and DMF are shown i n  Fig. 7. 

c o n s t a n t s  DMF is  t h e  more p o l a r  s o l v e n t ,  having bo th  a d i e l e c t r i c  

cons t an t  and a d i p o l e  moment which are approximate ly  twice  as 

l a r g e  a s  t hose  f o r  2 - m e t h o ~ y e t h a n o l . ~ ~  

a b s o r p t i o n  maximum was s l i g h t l y  r ed - sh i f t ed  i n  DMF, o c c u r r i n g  a t  

434 nm, compared t o  430 nm i n  P-methoxyethanol. A t  t h e  maximum, 

t h e  absorbance was 25% more i n t e n s e  i n  2-methoxyethanol t h a n  i n  

DMF. The so lven t  behavior  of t h e  d i f f e r e n c e  band, t h e r e f o r e ,  

i n d i c a t e d  t h e  presence  of a CTC i n  t h e  quinone l i g n i n .  

In terms of p h y s i c a l  

As shown i n  Fig. 7 ,  t h e  

Changes i n  ambient p r e s s u r e s  a l s o  have r e l a t i v e l y  s t r o n g  

i n f l u e n c e s  on weak CTC's. 
I n  s h o r t ,  CT a b s o r p t i o n  maxima s h i f t  red and i n c r e a s e  i n  i n t e n s i t y  

wi th  i n c r e a s i n g  e x t e r n a l  p re s su res .  In t h i s  s t u d y ,  s o l u t i o n s  of 

t h e  quinone and o r i g i n a l  k r a f t  l i g n i n s  were s u b j e c t e d  t o  p r e s s u r e s  

up t o  360 MPa. T h e i r  r e s u l t a n t  s p e c t r a  were then  examined f o r  

i n d i c a t i o n s  of CT behavior.  The d i f f e r e n c e  band between t h e  

quinone l i g n i n s  and o r i g i n a l  l i g n i n s  i n  2-methoxyethanol, see Fig. 

8, i nc reased  i n  i n t e n s i t y  and showed a g e n e r a l  red  s h i f t  a t  h igh  

p res su res .  S ince  d i f f e r e n c e  s p e c t r a  a r e  compared i n  Fig. 8, in -  

c r e a s e s  i n  t h e  l i g n i n ' s  absorbance8 due t o  t h e  inc reased  concent ra -  

t i o n s  of t h e  l i g n i n  s o l u t i o n s  a t  t h e s e  h igh  p r e s s u r e s  cance led  

ou t .  The p r e s s u r e  behavior  of t h e  quinone l i g n i n  i n  2-methoxy- 

e t h a n o l  a g a i n  i n d i c a t e d  t h e  presence  of CTC's. 

Offen" has  summarized t h e s e  e f f e c t s .  

F i n a l l y ,  d e r i v a t i z a t i o n  of t h e  quinone l i g n i n  provided  q u a l i -  

t a t i v e  evidence of t h e  presence  of CTC's i n  t h i s  l i g n i n .  The 

d e r i v a t i z a t i o n s  inc luded  a c e t y l a t i o n  and r e d u c t i v e  a c e t y l a t i o n  of 

t h e  quinone l i g n i n .  

by t h e  v i s i b l e  s p e c t r a  g iven  i n  Fig. 9. Both d e r i v a t i z a t i o n s  

s i g n i f i c a n t l y  reduced the v i s i b l e  absorbance of t h e  quinone l i g n i n .  

The r e s u l t s  of t h e s e  a c e t y l a t i o n s  are shown 
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Figure 8. Quinone l i g n i n  minus o r i g i n a l  l i g n i n  i n  2lnethoxy- 
e thanol .  

I n  t h e  case of a c e t y l a t i o n ,  f r e e  phenol ic  groups in t h e  

l i g n i n  were d e r i v a t i z e d  t o  the  corresponding a c e t a t e s .  

phenol ic  groups are involved as donat ing moie t i e s  i n  t h e  proposed 

CTC, t h i s  would n e c e s s a r i l y  d i s r u p t  t h e s e  complexes. When model 

accep to r s  were added t o  a c e t y l a t e d  k r a f t  l i g n i n ,  t h e  observed 

C T C ' s  were completely el iminated.  

similar f o r  the  quinone l i g n i n ;  t h e  dec rease  i n  absorbance was 

caused by the  d i s r u p t i o n  of CTC's. 

t y l a t i o n ,  besides  the  removal of CTC's due t o  t h e  a c e t y l a t i o n  of 

phenol ics ,  quinones were reduced t o  c a t e c h o l s  and then a l s o  acety-  

l a t e d .  Consequently, two chromophore types were removed from t h e  

l i g n i n ,  and, as shown i n  Fig. 9, r educ t ive  a c e t y l a t i o n  had t h e  

g r e a t e r  e f f e c t  i n  reducing t h e  l i g n i n ' e  absorbance. 

Since f r e e  

The e f f e c t  of a c e t y l a t i o n  was 

In  t h e  case of r educ t ive  ace- 
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According t o  t h e  above a n a l y s i s ,  p rope r  s u b t r a c t i o n  of t h e  

l i g n i n  s p e c t r a  i n  Fig. 9 w i l l  y i e l d  t h e  i n d i v i d u a l  a b s o r p t i o n  

bands of t h e  quinone and CTC chromophores. These d i f f e r e n c e  

s p e c t r a  are p resen ted  i n  Fig. 10. The spec t rum (A-C) i s  a measure 

of bo th  t h e  quinone and CTC chromophores, t h e  spec t rum (A-B) i s  a 

measure f o r  t h e  CTC's  i n  t h e  quinone l i g n i n ,  and t h e  spec t rum 

(B-C) a measure f o r  t h e  quinones  i n  t h i s  l i g n i n .  

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

band i n t o  i t s  two component abso rp t ions .  

The d e r i v a t i z a -  

CTC's  i n  K r a f t  L ign in  -- - - -- 
The observance of CTC's  when quinonoid model compounds were 

added t o  k r a f t  l i g n i n  and w i t h i n  ox id ized  k r a f t  l i g n i n  po in ted  o u t  

t h e  CT c a p a b i l i t i e s  of k r a f t  l i g n i n .  The occur rence  of CTC's  i n  

u n a l t e r e d  k r a f t  l i g n i n  should  a l s o  be expec ted .  However, s i n c e  

t h e  quinone c o n t e n t  i n  t h e  o r i g i n a l  k r a f t  l i g n i n  was much s m a l l e r  

t han  in t h e  ox id ized  l i g n i n ,  ev idence  f o r  t h e  occur rence  of CTC's  

was more d i f f i c u l t  t o  o b t a i n .  In o r d e r  t o  a s c e r t a i n  i f  CTC's  were 

p r e s e n t  in t h e  o r i g i n a l  l i g n i n ,  t h e  f o l l o w i n g  approach was taken. 

F i r s t ,  t h e  a c t u a l  number of quinones p r e s e n t  i n  t h i s  l i g n i n  was 

determined. Next, an  absorbance  was a s s i g n e d  t o  t h i s  number of 

qu inones ,  based on t h e i r  c a l c u l a t e d  molar a b s o r p t i v i t y .  F i n a l l y ,  

t h e  a d d i t i o n a l  absorbance  p r e s e n t  i n  t h e  quinone  r eg ion  of t h e  

spectrum, t h a t  could  not be d i r e c t l y  a s s i g n e d  t o  t h e  quinones ,  was 

a s s igned  t o  cha rge - t r ans fe r  i n t e r a c t i o n s .  

The c o n c e n t r a t i o n  of qu inones  i n  t h e  o r i g i n a l  k r a f t  l i g n i n  was 

determined by a carbon-14 l a b e l i n g  technique .  In t h i s  t echn ique ,  

o u t l i n e d  below, quinones were l a b e l e d  as r a d i o a c t i v e  acetates. 

The a c t i v i t y  of t h e  l i g n i n  was, t h e r e f o r e ,  d i r e c t l y  r e l a t e d  t o  t h e  

c o n c e n t r a t i o n  of t h e  quinones  p r e s e n t  i n  i t .  

* 
Kraft (CH3C0)20 (CH3 CO)*O Reduct ive ly  
L ign in  > Acetylated C5H5N, Zn > Ace ty la t ed  

C5H5N Kraf t *Kraf t 
L ign in  L ign in  
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The a c t i v i t i e s  from s e v e r a l  sets of  l i g n i n s  are g iven  i n  Table  

The c o n t r o l  l i g n i n s  were exposed t o  t h e  r a d i o a c t i v e  acetic 1. 

anhydr ide  bu t  no t  under reducing  c o n d i t i o n s .  

e s t a b l i s h  the background r a d i a t i o n  in t roduced  t o  t h e  l i g n i n s  from 

acetate exchange and i m p u r i t i e s .  The raw d a t a ,  i n  coun t s  p e r  

minute  (cpm), were conver ted  t o  d i s i n t e g r a t i o n s  p e r  minute (dpm) 

from t h e  determined e f f i c i e n c i e s  of t h e  samples.  The "Net DPM" 

v a l u e s  were ob ta ined  by s u b t r a c t i n g  t h e  c o n t r o l  dpm v a l u e s  from 

t h e  cor responding  sample dpm v a l u e s  a f t e r  no rma l i z ing  t h e  samples 

t o  a n  a c t i v i t y  p e r  mg b a s i s .  

v a l u e s  €or the  samples on a t o t a l  weight; b a s i s .  From t h e s e  v a l u e s  

and t h e  s p e c i f i c  a c t i v i t y  of t h e  r a d i o a c t i v e  acet ic  anhydr ide  

( 1 . 6 2  x 10 Bq/mmol), t h e  number of m i l l i m o l e s  of l a b e l e d  a c e t i c  

anhydr ide  inco rpora t ed  w i t h i n  t h e  l i g n i n  samples was c a l c u l a t e d .  

Th i s  va lue  was e q u a l  t o  t h e  m i l l i m o l a r  q u a n t i t y  of qu inones  i n  t h e  

sample, s i n c e  each  acetic anhydr ide  molecule con ta ined  two rad io-  

a c t i v e  carbons ,  and s i n c e  t h e r e  were two s i tes  fo r  a c e t y l a t i o n  i n  

each  quinone. F i n a l l y ,  t h e  quinone c o n c e n t r a t i o n  f o r  each  sample 

was c a l c u l a t e d  by d i v i d i n g  t h e  molar q u a n t i t y  of qu inones  by t h e  

molar q u a n t i t y  of a c e t y l a t e d  Lignin i n  t h a t  sample. For t h e  o r i g i n a l  

k r a f t  l i g n i n ,  t h e  quinone c o n c e n t r a t i o n  averaged  3.05%. Other  

quinone c o n c e n t r a t i o n s  in Table 1 f o l l o w  t h e  expec ted  t r e n d s .  

They se rved  t o  

The "Actua l  DPM" v a l u e s  are dpm 

4 

A molar a b s o r p t i v i t y  was c a l c u l a t e d  f o r  t h e  quinones  i n  t h e  

o r i g i n a l  k r a f t  l i g n i n  from t h e i r  c o n c e n t r a t i o n  and a co r re spond ing  

absorbance. The absorbance  was ob ta ined  from t h e  d i f f e r e n c e  

spectrum between t h e  a c e t y l a t e d  and r e d u c t i v e l y  a c e t y l a t e d  o r i g i -  

n a l  k r a f t  l i g n i n s .  Th i s  spectrum revea led  t h e  quinone maximum 

occurred  a t  431 nm, wi th  a n  i n t e n s i t y  of 0.026 AU (2-methoxy- 

e t h a n o l  a s  s o l v e n t . )  

absorbance  i n t o  Beer's Law, a molar a b s o r p t i v i t y  of 528 L/mol-cm 

f o r  t h e  quinones i n  t h e  o r i g i n a l  k r a f t  l i g n i n  was c a l c u l a t e d .  

T h i s  va lue  was s i m i l a r  t o  t h e  molar a b s o r p t i v i t i e s  found by 

S u b s t i t u t i n g  t h e  v a l u e s  of c o n c e n t r a t i o n  and 
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Imsgard and coworkers2 f o r  t h e  ortho-quinones of ace toguaiacone  

and i soeugenol  (600 and 741 L/mol-cm, r e s p e c t i v e l y ) .  

Knowing t h e  molar a b s o r p t i v i t y  and t h e  c o n c e n t r a t i o n  of t h e  

quinones i n  t h e  o r i g i n a l  k r a f t  l i g n i n ,  t h e  absorbance  a t  the 

quinone maximum a c t u a l l y  due t o  quinones ,  and t h a t  due t o  t h e i r  

p a r t i c i p a t i o n  i n  C T C ' s ,  was c a l c u l a t e d .  Spec t r a  r e s u l t i n g  from 

t h e  sodium borohydride r e d u c t i o n  of the l i g n i n  ( t h i s  t r ea tmen t  

removed quinones and consequent ly  CTC's) were used t o  c a l c u l a t e  

t h e  t o t a l  absorbance due t o  t h e s e  two chromophores. D i f f e rence  

s p e c t r a  between t h e  o r i g i n a l  and sodium borohydride reduced k r a f t  

l i g n i n s  revea led  a drop i n  absorbance ave rag ing  0.091 AU ( a t  431 

nm). Of t h i s  t o t a l  drop i n  absorbance ,  on ly  0.0284 AU or 31.2% 

was c a l c u l a t e d  t o  be from the  quinone absorbance. 

The remainder of t h e  dec rease  i n  absorbance was a s s igned  t o  

CTC's .  This  meant t h e  major p o r t i o n  (68.8%) of t h e  absorbance 

dec rease  a t  431 nm was due t o  t h e  removal of CTC ' s .  If  every  

quinone i s  assumed t o  be p a r t i c i p a t i n g  i n  CT complexation, a molar 

a b s o r p t i v i t y  f o r  t h e  complex of 1163 L/mol-cm may be c a l c u l a t e d .  

T h i s  assumption i s  reasonab le ,  cons ide r ing  t h e  h igh  phenol t o  

quinone r a t i o  i n  t h e  o r i g i n a l  k r a f t  l i g n i n .  This  molar absorp- 

t i v i t y  is t y p i c a l  of t h e  va lues  found f o r  o t h e r  phenol-quinone 

CTC's. 13,14 

Nature of CTC ' s  i n  K r a f t  --- - - - - - 

From t h e  obse rva t ions  made on CT i n t e r a c t i o n s  i n  systems 

invo lv ing  k r a f t  l i g n i n ,  cha rge - t r ans fe r  complexes i n  k r a f t  l i g n i n  

may be g e n e r a l l y  desc r ibed  as fo l lows .  I n t e r a c t i o n s  are predomi- 

n a n t l y  between f r e e  pheno l i c  and ortho-quinone s t r u c t u r e s  i n  

l i g n i n ,  a c t i n g  as t h e  dona t ing  and a c c e p t i n g  h a l v e s  of t h e  

complex, r e s p e c t i v e l y .  CT i n t e r a c t i o n s  are expec ted  t o  be p r i -  

m a r i l y  i n t r amolecu la r  due t o  the s t e r i c  c o n s t r a i n t s  p r e s e n t  be- 

tween large l i g n i n  molecules.  In a d d i t i o n ,  hydrogen bonding may 
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CHARGE-TRANSFER COMPLEXES IN KRAFT LIGNIN. I 185 

play an important role in attracting the two halves of the complex 

into close proximity, thereby allowing CT interactions to occur. 

EXPERIMENTAL 

Lignin Isolation & Analysis 

Loblolly pine chips were cooked to a kappa number of 39 employ- 
ing the following conditions: effective alkali, 16%; sulfidity, 
27.5%; final temperature, 173OC; cooking time, 3 h (90 min to 
final temp.). The kraft lignin was isolated by acid precipitation 

(pH 2-3 with H SO ) of the resultant black liquor. 
removed from the acidified black liquor using a rotary evaporator, 

and the precipitated Lignin was then collected by centrifugation. 

The Lignin was washed to a neutral pH with distilled water, dried 
thoroughly, and ground to a uniform powder. 

H2S was 2 4  

Excess carbohydrate material was removed from the lignin based 
on the carbohydrates insolubility in 2-methoxyethanol. In this 

procedure, the lignin was dissolved in an excess of 2-methoxy- 
ethanol (Mallinckrodt AR), and the insoluble carbohydrate material 
filtered off. The lignin in solution was recollected by removal 
of the 2-methoxyethanol on a rotary evaporator. The oily residue 

was dried over P 0 
water, and collected by filtration. It was redried and ground to 
a uniform powder. 

in a vacuum desiccator, treated with distilled 2 5  

Ash contents, elemental compositions, and methoxyl contents 

were determined at the Microanalytical Laboratory of the Univer- 
sity of Vienna, Waehringestrasse 38, A-1090 Vienna, Austria. 
These contents were as follows: 63.46% C, 5.87% H, 26.49% 0, 
3.53% S, 14.74% OMe, and 0.66% ash. Carbohyrate analyses were 

determined by the alditol acetate method.22 The lignin contained 
1.3% carbohydrates after the 2lnethoxyethanol treatment, predomi- 
nantly of the xylose variety. The phenolic hydroxyl content of 
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186 FURMAN AND LONSKY 

t h e  k r a f t  l i g n i n  (58  p e r  100 Cg u n i t s )  was de termined  acco rd ing  t o  

t h e  amino lys i s  method g iven  by Mansson. 0 15  

Ins t rumen ta l  Methods 

E l e c t r o n i c  a b s o r p t i o n  s p e c t r a  were recorded  on a Perkin-Elmer 

320 Spectrophotometer.High p r e s s u r e  e l e c t r o n i c  s p e c t r a  were o b t a i n e d  

on a modified Cary Model 14 spec t ropho tomete r  a t  t h e  U n i v e r s i t y  of 

C a l i f o r n i a  a t  San ta  Barbara.  The h i g h  p r e s s u r e  o p t i c a l  cel l ,  win- 

dow assembly, and sample c a p s u l e  have been d e s c r i b e d  by Dawson and 

 offer^.^^ 
Apple 111 computers i n t e r f a c e d  t o  t h e  spec t rophotometers .  Solu- 

t i o n  s p e c t r a  of l i g n i n  samples were ob ta ined  i n  e i t h e r  s p e c t r o s c o p i c  

g rade  DMF (Baker) ,  o r  2-methoxyethanol (Burdick  and Jackson) .  

Data s t o r a g e  and man ipu la t ion  were accomplished w i t h  

I n f r a r e d  s p e c t r a  of l i g n i n  samples were recorded  as KBr 

p e l l e t s  on a Nico le t  7199C F o u r i e r  Transform I n f r a r e d  Spec t rometer .  

Carbon-13 NMR s p e c t r a  were recorded  on a J o e l  FXlOO F o u r i e r  

Transform NMR Spect rometer  u s i n g  TMS as a r e fe rence .  Spec t r a  of 

t h e  r e d u c t i v e l y  a c e t y l a t e d  l i g n i n s ,  shown i n  Fig. 5 ,  were ob ta ined  

i n  CDCL3 s o l u t i o n  (200-300 mgf0.5-0.6 mL) u s i n g  a 5 mm tube .  For 

t h e s e  samples,  60,000 t o  65,000 t r a n s i e n t e  were accumulated u s i n g  

70" p u l s e s ,  one second a p a r t .  The s p e c t r a  were recorded  a t  a t e m -  

p e r a t u r e  of 52°C. 

L ign in  P r e p a r a t i o n s  

Lignin  samples were a c e t y l a t e d  i n  p y r i d i n e f a c e t i c  anhydr ide  

(2 : l  by volume). A f t e r  s t a n d i n g  o v e r n i g h t  a t  room tempera tu re ,  

t h e  r e a c t i o n  mix tu res  were hydrolyzed ove r  c rushed  i c e .  The 
a c e t y l a t e d  l i g n i n  p r e c i p i t a t e  was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n .  

The lignin was t h e n  washed w i t h  co ld  d i s t i l l e d  H20 fo l lowed by 

c o l d  0.01: H C l  and co ld  d i s t i l l e d  H 2 0  aga in .  

o v e r  P205 and KOH. 

It w a s  t hen  d r i e d  
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CHARGE-TRANSFER COMPLEXES IN KRAFT LIGNIN. I 107 

Reductive acetylation of lignin samples was also carried out 

in pyridinelacetic anhydride (2:l). Zinc dust (20-30% by weight 

of lignin) was used as the reducing agent. The reaction flask, 

equipped with a CaCl tube, was placed in a 100°C glycerol bath 

for one hour. The mixture was continuously stirred during this 

time. After cooling to room temperature, any excess Zn dust was 

removed by filtration and washed with several mL of a 1:l mixture 
of acetic acid and pyridine. The combined filtrates were hydro- 

lyzed over crushed ice and the reductively acetylated lignin 

collected as above. 

similar to that given by Marton and Adler.24 

was halted by the addition of a large excess of ethylene glycol 
instead of SO2. Following addition of the ethylene glycol, the 
reaction solution was stirred for a few minutes and then poured 
into a large volume of cold distilled water. The precipitated, 

oxidized lignin was concentrated by centrifugation and collected 
by filtration. 

over P 0 and KOH in a vacuum desiccator. 

2 

Periodate oxidation of kraft Lignin was conducted in a manner 
However, the oxidation 

It was washed with cold distilled water and dried 

2 5  
Sodium borohydride reduction of kraft lignin was conducted 

25 similarly to the procedure given by Marton. 

Labeling Techniques - 

Quinone groups in kraft lignin were tagged as carbon-13 o r  

carbon-14 acetates using the reductive acetylation procedure 
outlined above. The reductive acetylations were performed on 

kraft lignin which had been acetylated twice previously, and by 

using the appropriately labeled acetic anhydride. Carbon-13 

enriched (CH3*C0)20 (90%) was obtained from Stohler Isotope 
Chemicals, Waltham, MA. 
under vacuum; specific activity 20 rnCi/mmol) was purchased from 
Amersham Corp., Arlington Heights, IL. 

Carbon-14 labeled (CH3*C0)20 (liquid 
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188 FURMAN AND LONSKY 

Activities of radioactive lignin samples were determined on a 

Beckman LS 380 Liquid Scintillation System. 

mg) were dissolved in 10 mL of dioxane cocktail [naphthalene (100 g) 

and 2,5-diphenyloxazole (5 g) in 1 Liter of dioxanel and placed in 
glass vials for counting. 

determined by the internal standard method. 

The samples (40-50 

The efficiencies of these samples were 
26 

Compounds 

The compounds 2-methoxy-4-methylphenol and 3,s-di-E-butyl- 

1,2-benzoquinone were purchased from Eastman Kodak Company and 

Aldrich Chemical Company, respectively. l-Acetoxy-2-methoxy-4- 

methylbenzene was synthesized from the corresponding phenol using 

a method similar to that given by Ludwig and coworkers. 27 
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