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ABSTRACT 

The objective of this study was to understand the relationship between lignin structural organization 
and certain wood properties. Lignin, which constitutes 20-30% of the weight of all woody plants, 
functions as a binding and encrusting material in thc cell wall, giving rigidity to the ovcrall plant 
structure. More than 60% of all linkagcs in lignins isolated (Bjiirkman) from Aspidospermu macro- 
cwrpum, Lophunthem luctescms, Gallesia gorazema, Peltogyne paniculuta, and Aspidosperma poly- 
neurorl were of the p-0-4 alkyl aryl ether type. This unit plays an important role in the physical and 
mechanical properties of wood. Percentages of p-0-4 unit were estimated by infrared spectroscopy. 
An Index of IV[olccular Flexibility (IMF) was introduced in order to hypothetically cstimate the con- 
tribution of thi!, unit toward wood flexibility, (under the assu~nption that the p-0-4 linkage is positively 
correlated with flexibility). Lignins from Aspido.spermu mucrocarpum (AM) and Aspidospermu poly- 
neuron (AP) show the highest and lowest structural complexity (diversity of linkagc types p-p, p-5, 
p-0-4, etc.) with IMF values of 2.02 and 3.00, respectively. In this case, lignins AM and AP are 
supposedly contributing toward lowest and highest grade of wood flexibility, respectively, which dem- 
onstrates the hypothesis that 8 - 0 4  linkages correlaic well with flexibility. 

Kevword~: L~gnin, infrared, wood, methoxyl group, index of molecular flexibility (IMF), guaiacyl- 
glycerol-p-aryl cthcr (p-0-4). 

IN'I'RODUCTION 

Lignin can be described as a three-dimen- 
sional macromolecule with high molecular 
weight in the range of 100 KD. It originates 
from phenylproparioid precursors such as cou- 
maryl, coniferyl, and sinapyl alcohol C,C, 
(Fig. 1) and is present in vascular plants. In 
the woody tissue of angiosperms, it is found 
in tracheids, fiber, vessels, and parenchyma 
cells (Sarkanen and Ludwig 1971). In spite of 
technology's progress at the end of this cen- 
tury, it has not been possible to determine ex- 

actly the inter- and intra-molecular bonds in- 
volving lignin and other polymers in the cell 
wall (Carpita and Gibeaut 1993). Additionally, 
its heterogeneity has been a struggle for all 
wood researchers worldwide. Furthermore, the 
mechanism of lignin formation has not been 
established completely. Some evidence about 
enzymatic interactions (Lewis and Yamamoto 
1990; Whetten and Sederoff 1995; Higuchi et 
al. 1977; Nose et al. 1995; Davin and Lewis 
1995), lignin-carbohydrate interaction (Hout- 
man and Atalla 1995), and gene expression 

Wood ii,!d t'rh<,r k r r , ~ ,  ?I(J), IL)Y9. pp 426433  
0 1999 hy lhc Soc~e ty  01 Woc~d Sc~rncr and Technology 



Ahreu et (11.-LIGNIN STRUCTURE AND WOOD PROPERTIES 

Cournaryl alcohol Conifelyl alcohol Sinapyl alcohol 

FIG. 1. Phenylpropanoid lignins precursors. 

(Tirumalai et al. 1996) are also being investi- 
gated. Its formation in the cell wall has pre- 
viously been investigated (Freudenberg and 
Neish 1968; Higuchi 1985; Eraso and Hartley 
1989; Fukuda 1996; Hahlbrock and Scheel 
1989; Lewis and Yamamoto 1990; Whetten 
and Sederoff 1995). 

According to Cassab and Varner (1988), the 
first concepts of elastic properties and tensile 
strength of sclerenchyma cells and their cor- 
relation with the lignification of the cell wall 
date back to the last century. Since then, re- 
search on the relationship between lignin and 
wood properties has been carried out. How- 
ever, in most cases wood properties are related 
to the shape, orientation, size, and frequency 
of the structural elements in the wood. It is 
known that lignin is considered to be a ma- 
terial that contains the highest content of car- 
bon atoms and methoxyl groups in wood. In 
this context, lignin structural organization 
must also contribute significantly to the phys- 
ical and mechanical properties of wood. The 
net of intra-carbon-carbon and carbon-oxygen 
(ether bond) bonds may confer more or less 
flexibility to the cell-wall system. In this re- 
gard, it is interesting to evaluate the flexibility 
of the lignin molecule and its role in wood. 
Figure 2 shows two different systems of mo- 
lecular organization, one with more and the 
other with less flexibility. 

It was observed recently that cellulose mi- 

templates for lignin deposition (Terashima and 
Atalla 1995). According to their observation, 
these substances determine the size and shape 
of the lignin macromolecules. The relative 
concentration of the lignin-to-cellulose varies 
considerably between ML (middle lamella) 
and CC (cell corner) (Tirumalai et al. 1996). 
These new considerations of lignin to cellul- 
lose ratio, ML and CC regions must be also 
taken into account. Recently it was observed 
by computation that the intermolecular bond 
involving a and P hydroxyl groups (side 
chain) to the ether oxygen creates a shift in 
electron density toward ether oxygen at the ex.- 
pense of the AR-0 bond order (Simon and 
Eriksson 1996). According to this opinion, it 
reduces the rotational barrier of the aromatic 
ring in the P-0-4 linkage, producing consicl- 
erably more flexibility in the ring orientation. 
In addition, methoxyl groups on the aromatic 
ring create an entirely different intermolecular 
hydrogen-bonding environment. Evidence 
does exist showing that middle lamellae (ML,) 
of birch wood contain lignin of p-hydroxy- 
phenylpropane and guaiacylpropane composi- 
tion (Tirumalai et al. 1996). This suggests a 
strong probability of finding condensed lignin 
in this region. Lignin of this type was also 
detected in the S2 layer of vessels (Table 1). 

MATERIALS AND METHODS 

crofibrils, hernicellulose, and pectic com- From the wood of Aspidosperma macrocar- 
pounds in the cell-wall matrix play a role as pum, Lophanthera lactescens, Gallesia goru- 
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FIG. 2. Systems of molecular organization 

zema, Peltogyne paniculata, and Aspidosper- 
ma polyneuron ( A M ,  LL, GG, PP, and AP), 
respectively, milled wood lignin (MWL) was 
isolated by Bjorkman's method (Bjorkman 
1956). Samples of wood (100 g of the dry 
wood dust, 40-80 mesh), extracted with ace- 
tone and in 1% NaOH, were ground in a ball 
rotational planetary mill (Fritzch) for 168 

TABLE I . Dj~ t r i hu t i o~b~  of' guniucyI-.sy~-ingV[ lignins in 
birch rc~lls (Higuchi 14'85). 

Fiber S2 
Vessel S2 
Ray parenchyma 
MLcc (FIF) 
MLcc (FIV) 
MLcc (FR) 
MLcc (RIR) 

Gualacyl : Prnhahlc type5 of 
\yl-lllgyl ratlo Ilgnln 5tructurc 

12:88 No condensed 
88:12 Condensed 
49:s 1 Semi-condensed 
9 1 :9 Condensed 
80:20 Condensed 

100:O Condensed 
88: 12 Condensed 

S =. \rcond;iry wall. ML = ~ntdd lc  lamellar. cc = cell cornel: P = hhcr 

hours; then the milled wood was extracted 
with dioxane and water (95:5) (Bjorkiian 
1956). Treatment with 1% NaOH was carried 
out to extract polyphenolic compounds from 
tropical woods. The determination of the 
methoxyl content was based on the modified 
Seizel's method as described elsewhere (Vie- 
bock and Schwappach 1930). 

Infrared 

Fourier transformation infrared (FT-IR) 
spectra were recorded from 2 mg of each lig- 
nin sample in 300 mg of KBr. Spectra were 
acquired after 64 scans in a Biorad Digilab FT 
54 FTIR spectrometer. A detector DTGS 
(Deuterated Triglycine Sulfate), Diffuse Re- 
flected Infrared Fourier Transformer (DRIFT), 
and a reflectometer with hemiellipsoidal mir- 
rors were used. The comparative analysis was 
possible due to similar conditions of spectrum 
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TARI.E 2.  Theo~.etical Nurnbrr of lntrrmonomeric 
Bounds (TMB). 

H 2'1 0 1 0 
G I :i 0 1 17.22 
S :< 0 1 29.52 
HG 78 03 15.90 
GS 413 03 19.40 
HGS 138 06 1 1.48 

acquisition. The 1,126 cm ' absorption signal 
was considered a reference for normalization 
of spectra. The content of P-0-4 linkage was 
calculated in percent per mol. This calculation 
was based on the 5b and 5 signal intensities 
(100% of absorbance). They are originated 
from deconvolution on the 1,600 cm-' band. 

RESlJLTS AND DISCUSSION 

It is known that lignin structural organiza- 
tion is a consequence of the type of combi- 
nation involving phenoxy radicals formed 

from coumaryl (H), coniferyl (G), and sinapyl 
(S) alcohol precursors (Freudenberg and Neish 
1968). The first of them (coumaryl alcohol) 
sustains five reactive sites, including ring and 
side chains. They are located on C- 1, C-3, C:- 
5 (aromatic ring), HO-Phe, and C-P in side 
chain. The coniferyl alcohol has four possi- 
bilities of linking on C- 1, C-5 (aromatic ring), 
HO-Phe, and C-P, while the sinapyl alcohol 
has only three free sites, located on C-1 (air- 
omatic ring), HO-Phe, and C-P. This meanis 
that the lignin from coumaryl alcohol suppos- 
edly has the highest number of cross links, so 
that a high degree of complexity may be found 
in it, while lignin from a sinapyl alcohol pre- 
cursor has a low number of cross links. The 
maximum number of combinations among 
phenoxy radicals at a (1:l) ratio is called 
TNIB (Theoretical Number of the Intermon- 
omeric Bonds) (Table 2). The TNIB decreases 
from coumaryl to sinapyl alcohol precursors 
(Fig. 3). The structural unit from combination 
between Ra X Ra (a peroxide) was excluded 

CHPH 6@H s H P H  6w d:flH 

C--) - - I I- 

0.  0  0 0  0 

RaH RbH RcH RdH Re H 

I RaG RbG RcG RdG 1 
P dpH - 1 1 -  
o c y  b C 0  O C b  y c o  o c y  

0. 0 0 1 RaS RbS RcS 

FIG. 3. Predicated phenoxyl radicals from coumaryl (H), conifcryl (G), and sinapyl (S) alcohols (Freudenberg and 
Neish 1968). 
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TABLE 3. P P ~ ~ P ~ I O X P  ( f t h ~  P-0-4  .rtructurul unit in AM, LL, GG, PP, and AP lignins estimated by infrared (Abreu 
1997). 

Structural L ign~nr  
urrltlfunct~~,nal - - 

group  AM LI. GG PP AP 
- 

P-0-4 65.5% 68.0% 7 1 .O% 73.4% 75.0% 
OCH1/C9 1.23 1.28 1.36 1.45 1.55 

from TNIB estimation (Table 2). It has been 
considered an extremely unstable product. 

Infrared 

For decades infrared spectroscopy has been 
a very useful tool in lignin investigations. The 
use of computational methods in infrared 
spectroscopy has been a revolution in lignin 
analysis. The deconvolution technique is 
available for visualization of complex and 
multiple bands of infrared and other spectro- 
scopic method!;. In the deconvoluted infrared 
spectra of DHPs and lignin models, various 
dismembered bands are shown. The band at 
1,593 cm ' for example in the DHP and lignin 
model spectra is broken into three components 

1,616, 1,602, and 1,592 cm- I .  The seconld 
component at 1,602 cm-' was attributed to the 
P-5, P-P, 4-0-5 and the third at 1,592 cm-' tlo 
P-0-4 (guaiacylglycerol-P-aryl ether) structur- 
al unit (Lin and Dence 1992; Faix and Bein- 
hoff 1988). Both components at 1,602 an'd 
1,592 cm-' probably originate from their ar- 
omatic ring vibrations, respectively. The as- 
signment of the original signals was done, ac- 
cording to the literature data (Lin and Dence 
1992; Faix and Beinhoff 1988). The P-0-4 
percentages in lignins isolated from Aspido- 
sperma macrocarpum ( A M ) ,  Lophanthera 
lactescens (LL), Gallesia gorazema (GG), 
Peltogyne paniculata (PP), and Aspidosperma 
polyneuron (AP) (Fig. 4) were estimated; then 

64 1 I , I I I I I I 4 
19 19.5 20 20.5 2 1 21.5 22 22.5 23 23.5 

OCHj (%) 

FIG : Comparison between values of P-0-4 estimated by infrarcd and OCH3 percentage. 
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TABLE 4. P-0.4% ant1 IMF culculured,for AM, LL, GG, PP, and PA lignins 

p-0.4% TNlB 
OCH, (otlginal) hy  G:S Estimated Original Estimated 

l-lgnrn i ~nfrared Typc of lignln ( ] : I )  p-0.4% IMF IMF 

the values of the relative intensity played by 
components 5b and 5 ,  respectively, at 1,602- 
1,592, 1,600- 1,59;!, 1,603-1,592, 1,606-1,592, 
1,604-1,592 cm-I (Fig. 4). The 5 component 
(1,592 cm-') in all spectra showed higher in- 
tensity than 5b component. The following or- 
der of 6 -0 -4  percentage is suggested 
AP>PP>GG>LL >AM (Abreu 1997) (Table 
3). 

The regression analysis showed that the 
methoxyl group was strongly correlated to the 
P-0-4 formation. The best fit was a quadratic 
model with R2 = 0.9971 (Fig. 5). The theo- 
retical percentage of P-0-4 linkage could be 
estimated with 95'7% confidence. Observations 
are also represented graphically (Fig. 5). 

In this context, ,in Index of Molecular Flex- 
ibility (IMF) was suggested. It was shown to 
increase with increasing P-0-4 linkages, ac- 
cording to the sequence AM>LL>GG>PP> 
AP (Table 4). Based on this concept, IMF was 
also estimated for angiosperms and gymno- 
sperms plants. 

no. of P-O4lmol 
IMF = - 

TNIB - no. of p-O4Imol (1) 

Number of P-O4lmol 

- - 
P - 0 4 %  X TNIB 

I 00 (2) 

The data in Table 5 suggest contribution of 
the methoxyl group toward P-0-4 formation. 
It reinforces the opinion that gymnosperm lig- 
nins sustain higher structural complexity than 
angiosperms lignins. It also means that lignin 
with low methoxyl content has low IME The 
average values indicated in Table 5 were cal- 
culated according to data available in the lit- 
erature. 

CONCLUSIONS 

It is important to note that this work is spec- 
ulative. Naturally, we are not sure about the 
relationship between lignin structural organi- 
zation and wood properties. However, this 
work encourages future discussions on struc- 
tural organization and its role in wood prop- 
erties. Based on this hypothetical result, it was 
concluded that: 

1. There is a relationship between lignin and 
wood properties that must be investigated. 

2. The IMF increases from the middle lamella 
(ML) to the inner part of the cell wall. 

3. Of the lignins examined, Aspidosperma 
macrocarpurn (AM) and Aspidosperrna po- 
lyneuron (AP) lignins show the highest and 
lowest structural complexity, respectively. 

4. The concept attributed to TNIB and IMF is 
entirely original. 

TABLE 5. E.rrirnurc~d Ih.IF,fi)r txjiirkmrrn lignin of'gymnosl>erm and angiosperm plrmts. 

OCH3% avcrilgc TNIR (?.-0-4% IMF Type of 
t3olan~cal group (MWL) G.S ( I  I )  avcragc average llgnln 

Gymnosperms 15.74 78 40.23 0.67 HG 
Angiosperms (trce) 20.68 46 71.08 2.45 (;S 
Angiosperms (shrub) 22.01 46 74.12 2.86 (3s 
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5, The percentage of p-0-4 may be associated cell death. Ann. Rev. Plant Physiol. Plant Mol. Biol. 45': 

with methox.yl content variation. 299-325. 
HAHLBROCK, K., AND D. SCHEEL. 1989. Physiology anmd 

molecular biology of phenylpropanoid metabolism. 
ACKNOWLEDGMENTS Ann. Rev. Physiol. Plant Mol. Biol. 40:347-369. 

HICUCHI, T. 1985. Biosynthesis and biodegradation of 
The authors thank Instituto de Florestas (Uni- wood components, ~ ~ ~ d ~ ~ i ~  press, N~~ york, N J ~ .  
versidade Federal Rural do Rio de Janeiro), 667 pp. 

Brazil for financial support. , M. SHIMAI)A, E NAKATSUHO, AND M. TANAHASHI. 
1977. Difference in biosyntheses of guaiacyl and syr- 

REFERENCES 

ABKEU, H. S. 1997 Estimativa por infravermelho da con- 
centra~zo da unidade estrutural P-0-4 em ligninas de 
angiospcrmas tropicais. Quimica nova 20(6):292-298. 

BJOKKMAN, A. 1956. Studies on finely divided wood. 
Sven. Papperstidn. 3:477-485. 

CARPITA, N. C., AND D. M. GIHEAUT. 1993. Structural 
models of primary cell walls in flowering plants: con- 
sistency of molecular structure with the physical prop- 
erties of the wall during growth. The Plant Journal 3(1): 
1-30. 

CASSAH, G. I., AND E. J .  VAKNEK. 1988. Cell wall protein. 
Ann. Rev. Plant Physiol. Plant Mol. Biol. 39321-353. 

DAVIN, L. B., AND N. G. LEWIS. 1995. Lignin and lignan 
biochemical pathway in plant: An unprecedented dis- 
covery in phenolic coupling. An. Acad. bras. Ci. 
67(supl. 3):364-378. 

EKASO, E, AND R. D. HARTLEY. 1989. Monomeric and di- 
meric phenolic constituents of plant cell wall-possible 
factors influencing wall biodegradability. J.  Sci. Food 
Agric. 5 1: 163-1'70. 

FAIX, O., AND 0. BEINH~FF. 1988. FTIR spectra of milled 
wood and lignin polymer models (DHP's) with en- 
hanced resolution obtained by deconvolution. J. Wood 
Chem. Technol. 4:505-522. 

FREUIIENBEKG, K., AND A. C .  NEISH. 1968. Constitution 
and biosynthesi:, of lignins. Springer Verlag, Berlin, 
Germany. 123 pp. 

FUKUIIA, H. 1996. Xylogenesis: Initiation, progression and 

- 
ingyl lignin in wood. Wood Sci. Technol. 1 1: 153-1 57. 

HOUTMAN, C. J . ,  AND R.  H. ATAI.I.A. 1995. Cellulose-lignin 
interaction. Plant Physiol. 107:977-984. 

LEWIS, N. G., AND E. YAMAMOTO. 1990. Lignin: occul-- 
rence, biogenesis, and biodegradation. Ann. Rev. Plant 
Physiol. Plant Mol. Biol. 41:455-496. 

LIN, S. Y., AND C. W. D E N C ~ .  1992. Methods in lignin 
chemistry. Springer Verlag, Berlin, Germany. 578 pp. 

NOSE, M., M. A. BEKNAKIIS, M. FUKLAN, J.  ZAJICEK, T. 
EBERHARIIT, ANI) N. G. LEWIS. 1995. Toward the spec:- 
ification of consecutive steps in macromolecular lignin 
assembly. Phytochemistry 1 :7 1-79. 

SARKANEN, K. V., ANI) C. H. LUDWIG. 1971. L,ignins oc- 
currcnce, formation, structure and reactions. Wilcy-In- 
terscience, New York, NY. 882 pp. 

SIMON, J. I?, AND K.-L. L. ERIKSSON. 1996. The signifl- 
cance of intra-molecular hydrogen bonding in the P-0- 
4 linkage of lignin. J .  Macromolecules 384: 1-7. 

TERASHIMA, N., R. H., AND ATALLA. 1995. Formation and 
structure of lignified plant cell wall-factors controlling 
lignin structure during its formation. Proc. 8th 1ntcrn;l- 
tional Symposium on Wood and Pulping Chemistry, 
Helsinki, Finland 1 :69-76. 

TIKUMALAI, V. C., U. F? AGARWAL, ANI) J .  R. OBST. 1990. 
Heterogeneity of lignin concentration in cell corncr 
middle lamella of white birch and black spruce. Wood 
Sci. Technol. 30:95-104. 

VIEBOCK, E E., AND B. SCHWAPPACH. 1930. Analytischc 
methoden. Band I1 63:2818. Houben-Weyl. 

WHETTEN, R., AND R. SEDEKOFF. 1995. Lignin biosynthc- 
sis. The Plant Cell 7:1001-1013. 




