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In a preceding paper [1] we gave the resul ts  of a comparat ive study of the chemical composition and 
IR spectra  of biosynthetic ltgnins isolated by the enzymatic dehydrogenation of coniferyl and p-coumaryl  
alcohols (DHP-1 and DHP-2) with the milled wood lignin (MWL) of Phragmat is  communis and spruce.  

In the present  paper we consider the molecular  weights (MWs) and polydispersi t ies  of these p repa ra -  
t ions. Biosynthetic dehydropolymers ,  which a re  of great importance inthestudy of natural lignin, were f i rs t  
obtained by K. Freudenberg  from various p r ecu r so r s .  However, they have sca rce ly  been investigated up to 
the present t ime from the point of view of high-molecular-weight  chemis t ry  and have not been compared 
with natural lignin. 

The molecular-weight  distribution (MWD) of the lignin preparat ion was found f rom gel chromatograms  
when the samples were eluted through a column of Sephadex G-75 calibrated with respect  to MW. 

It has been shown previously [2] that in gel fi l tration through Sephadex G-75 with dimethyl sulfoxide as 
eluent, the distribution coefficient (Kay) of the MWL fractions of spruce is connected with their  MWs by the 
following expression:  

Ka~ = 2.9 -- 0.65. lg . ~ ,  (1) 

where ~4 w is the weight-average molecular  weight. 

We used the same equation to find the MWs of fract ions of lignin preparat ions,  for which purpose the 
gel ehromatograms were separated graphically into a number of sections for which we determined the weight 
fract ions and distribution coefficients.  

= v -  Vo v , -  v o. 

H e r e  Vt, V 0, and V e are,  respectively,  the total volume of the gel, the volume of the solution between the 
gel granules, and the volume of the eluate before the appearance of the given fract ion plus half the volume 
of the fraction, ml.  

The MWs of the individual fract ions were calculated by means of Eq. (1), and MWD curves were plot- 
ted by the usual method [3]. 

It can be seen from Fig. l a  that reed MWL possesses  a relatively broad unimodal distribution with 
respect  to MW which is s imilar  in nature to that of spruce MWL (Fig. lb) although it is shifted in compar i -  
son with the MWD of the lat ter  in the direction of lower MWs. (The maximum of the MWD of spruce lignin 
corresponds to 3000-4000, and that of reed lignin to 2000-3000.) This shape of the MWD curve is typical 
for  degraded polymers ,  giving in the limit a weight-average distribution of the type 

M z : M  : A I . = 3 : 2 : 1 .  

The reed MWL has not yet achieved this distribution (it has a MWD with Mz:Mw:Mn=2.5: l .6 : l ) ,  possibly as 
a consequence of a deficiency of the number of acts of mechanical  degradation in the process  of isolation. 
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Fig.  1. MWD curves  of reed (a) and spruce (b) milled lignin. 1 and 
2 a re  the integral and differential curves,  respect ively.  

Fig.  2. MWD curves  of DHP-1 (a) and DHP-2 (b). 1 and 2 are  the 
integral and differential curves,  respect ively.  

In contras t  to the natural lignins, the MWD curves  of the biosynthetic lignins (Fig. 2) possess  two 
maxima.  (In DHP-2, the second maximum does not appear so c lear ly  as in DHP-1.) The multimodal dis-  
tr ibution shows the heterophase nature of polymerizat ion.  Multimodality a r i ses  as the result  of the co-  
existence of several  polymerizat ion mechanisms [4]° The f i rs t  peak with a MW of 1100-1250 cor responds  
to approximately seven phenylpropane s t ructural  units in both DHPs, and the second peak to 14 units in 
DHP-1 and 26 in DHP-2.  

The low MW of the "dehydropolymers"  (Table 1) shows a partial  dis turbance of the growth of the live 
chains and can be explained: 

1) by the low concentrat ion of monomers  in solution (the initial alcohols were strongly diluted in the 
p rocess  of biosynthesis :  from 0°2 to 0.033~) ; 

2) by the preciPitation of the dehydropolymer in the form of a solid phase;  and 

3) by the terminat ion of the growing chain on impurit ies (on the initiator, of which more  than half with 
respect  to the amount of monomer  is consumed in the synthesis)o An excess of hydrogen peroxide will also 
be a cause of multiple initiation (including that of the sol id-phase polymer),  which, in its turn, must  lead to 
an increase  in the content of f ree  radicals  in the biosynthetic lignins. 

Thu~, in two-phase polymerizat ion [4] the complete weight-distribution function has two maxima if the 
radicals  a re  destroyed by disproportionation,  and three if they undergo recombination.  The bimodality of 
the MWD of the biosynthetic lignins could indicate that chain terminat ion by disproportionation of the rad i -  
cals dominates over their  recombination react ions.  However, according to Freudenberg,  the formation of 
lignin molecules  on biosynthesis  in vi tro is considerably more  complex and includes several  "growth pr in-  
ciples ."  Freudenberg  put forward these growth principles mainly on the basis  of a study of the in te rme-  
diates - oligolignols - isolated f rom the reaction mixture in the incomplete synthesis of lignin, The main 
growth principle is the recombination of the radicals  a r i s ing  on dehydrogenation;  the second in importance 
is the addition of hydroxyl-containing s t ruc tures  to quinone methideso This p rocess  leads to the appearance 
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'F~BLE 1. MWs and Polydispersi t ies  of Lignin 
Preparat ions  Found by the Statistical Treatment  
of the MWD Curves 

/ 

Mu, I Mn Mw M~z preparations 
/ 

Spruce IvlWL 
Reed MWL 
DHP-1 ('from coniferyl 

alcohol) 
DHP-2 (from coumaryl 

alcohol) 

7,050 
5,350 

2,280 

2,930 

4,120 
3,300 

1,730 

1,550 

1,71 
1,62 

1,32 

1,88 

of branching in the chain. Aryl benzyl ethers are  
capable of polymerizat ion and of the formation of 
poly(aryl benzyl ethers) [6]. Polymerizat ion through 
unsaturated side chains of the monomers  of the s ty-  
rene type is also possible to a small extent [7]. Ac-  
cording to Freudenberg,  the existence of several  
growth principles makes polymer lignins unique among 
the known natural and synthetic polymers .  

Without reject ing Freudenberg ' s  opinion on the 
question of the formation of lignin, we nevertheless  
consider that a more  profound comparat ive study of 
natural and biosynthetic lignins by the methods of high- 

molecular-weight  chemis t ry  will be necessa ry  in the future. At this stage, the question of the different 
MWD s of milled wood lignins and biosynthetic lignins remains  open. 

On comparing the MWDs of synthesized preparat ions  of lignin, it can be seen that the second maximum 
in DHP-2 is shifted towards higher MWs (4000 as compared with 2500 for DHP-1).  Since the conditions for 
obtaining the preparat ions were completely identical, this difference is probably due to the nature of the 
initial alcohol. In actual fact, if a radical mechanism of the growth of the lignin polymolecule is taken as 
a basis ,  as proposed by Freudenberg  for  the conditions considered [5], it is obvious that on dehydrogenation 
by peroxidase p-coumaryl  alcohol has a grea ter  possibility for the formation of aromat ic  radicals than con- 
iferyI alcohol through position 3 of the aromat ic  nucleus, which is not occupied by a methoxy group. Thus, 
it follows indirectly f rom an analysis of the MWDs of the "dehydropolymers"  that aromat ic  radicals  of types 
R 1 and R,z: 

II 
.I 

o : 4 - - - ~ - c H  ,H-CH..OIt R, 
l 

OCH3 

O =:=(~--) ' - -CH CH-CII:OH R-: 

H 

play a fundamental role in the growth of the polymer,  

The high degree of branching of DHP-2 with respect  to C -C bonds is also shown by the low yield of 
e ther-soluble  phenols (15% as compared with 25% for DHP-1) in the cleavage of the preparat ions with meta l -  
lic sodium in liquid ammonia [1]. The yields of vanillin ffrom DHP-1) and of p-hydroxybenzaldehyde ffrom 
DHP-2) f rom the oxidation of the preparat ions with nitrobenzene in an alkaline medium do not contradict  
this conclusion either.  DHP-2, having a maximum on the distribution curve at 4000 and having ~Iw--2930, 
on oxidation with nitrobenzene gave 10.0% of p-hydroxybenzaldehyde, while the yield of vanillin f rom DHP-1, 
with a lower molecular  weight, was 13.7%. This indicates a grea ter  degree of condensation of the DHP-2 
and confirms the leading role of aromat ic  radicals  of types R 1 and 1~ in the chain propagation react ions.  

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

Procedure  for  Gel Chromatography.  Volumes of 0.1-0.2 ml of a 0.5% solution of the sample (DHP-1, 
DHP-2, or  spruce or reed MWL) in dimethyl sulfoxide were eluted by DMSO through a column of Sephadex 
G-75 (d 0.9 cm, h 45 cm) at the rate of 6-8 ml /h  at room tempera ture  (16-20°C). Approximately 1-ml f r a c -  
tions were collected by means of a KhKKV automatic collector,  and the concentration of lignin in them was 
measured  spectrophotometr ical ly  at X 280 nm. 

To calculate Kav in an individual experiment we determined V 0. For  this purpose, a solution of Dex- 
t ran  Blue in DMSO was passed through the column. (Dextran Blue is a narrow fraction of the polymer  with 
a molecular  weight of ~ 2,000,000 and is excluded completely by all types of Sephadcx.) The position of the 
Dextran Blue maximum with respect  to the axis of absc issas  was taken as V0o In our case V 0 was 8 ml and 
V t 30 ml, and Kav was calculated by means 'o f  formula  (2) [8]. 
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SUMMARY 

1. Molecular-weight distribution (MWD) curves of biosynthetic lignins and of spruce and reed milled 
wood lignins (MWL) have been obtained, and their molecular weights have been calculated. The MWD curves 
of the dehydropolymers are bimodal, unlike the unimodal MWD curves of the natural lignins. 

2. An analysis of the MWDs has shown that the process of preparation of the biosynthetic lignins con- 
sists of a heterophase suspension polymerization taking place by a radical mechanism, the growth of the 
live radicals not being the result of a single mechanism. 

3. From a comparison of the MWDs of the ndehydropolymers, n the results of their cleavage by sodi- 
um in liquid ammonia and of their oxidation by alkaline nitrobenzene it follows that aromatic radicals of 
types R 1 and R 2 play a principal part in the chain propagation reactions, leading to an increase in the mean 
MWs of the biosynthetic lignins. 
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