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 Organization Behavior of Guaiacyl and Guaiacyl/Syringyl Dehydrogenation Polymers (Lignin Model Compounds) at the Air/Water Interface B. Cathala,*,† L. T. Lee,‡ V. Aguie´-Be´ghin,† R. Douillard,† and B. Monties† INRA, UPBP, Equipe de Biochimie des Macromole´ cules Ve´ ge´ tales, CRA, 2 Esp. R. Garros, 51686 Reims Cedex 2, France, and Laboratoire Le´ on Brillouin, CEA/CNRS, Saclay 91191 Gif-sur-Yvette, France Received July 3, 2000. In Final Form: September 20, 2000 In plant cell walls, lignins are closely associated with hydrophilic polysaccharides. In these associations, the interface between the two polymers may have a strong influence on the molecular architecture of plant cell walls. To model such hydrophilic/hydrophobic and anisotropic media, two DHPs (dehydrogenation polymer models of lignins, one guaiacyl type (G) and one mixed guaiacyl/syringyl type (GS)) were spread at the air/water interface. The investigation of these two DHP layers at the air/water interface by neutron reflectivity has demonstrated that both DHPs form a nonhomogeneous structure with DHP distribution going from a concentrate structure at the air side to a dilute one at the water side. When the amount of spread polymer is increased, the GS DHP layer shows a regular increase of the DHP volume fraction whereas the G DHP forms steeper density profile structures, implying that molecular structural differences might be involved in these different behaviors.
 
 Introduction Lignins are natural polymers occurring in plant cell walls and represent, after cellulose, the most abundant polymer in nature.1 These phenolic polymers are embedded in a polysaccharide network composed of cellulose and hemicellulose.2 As a consequence, a plant cell wall is a heterogeneous and composite structure containing several types of polymers differing in their chemical structure and macromolecular organization, and its complex architecture is still under investigation. Cellulose and hemicellulose containing a large amount of hydroxyl groups can be considered as hydrophilic substances3 whereas lignins, constituted of phenyl propane subunits, are rather hydrophobic.4 Numerous authors have already reported covalent linkages between lignins and hemicellulose (xylan, pectins, etc.) suggesting that these polymers are closely associated in plant cell walls to form hydrophilic/hydrophobic interfaces.5-7 The role in the cell wall architecture of such anisotropic structure is not yet fully understood. It is now well established that lignins are deposited after the polysaccharide network is formed and that the polymerization process of the monolignols occurs in a hydrophilic swollen gel. The reaction mechanism is very * To whom correspondence should be addressed. E-mail: [email protected]. † INRA, UPBP, Equipe de Biochimie des Macromole ´ cules Ve´ge´tales, CRA. ‡ Laboratoire Le ´ on Brillouin, CEA/CNRS. (1) Wardrop, A. B. In Lignins-Occurrence, Formation, Structure and Reaction; Sarkanen, K. V., Ludwig, G. H., Eds.; Wiley-Interscience: New York, 1971; p 19. (2) Freudenberg, K.; Neish, A. In Biosynthesis of Lignin; Springer: Berlin, 1968. (3) Houtman, C. J.; Atalla, R. H. Plant Physiol. 1995, 107, 977. (4) Berthold, J.; Rinaudo, M.; Salmen, L. Colloids Surf. 1996, 112, 117. (5) Shigematsu, M.; Morita, M.; Higuchi, M.; Sakata, I. Mokuzai Gakkaishi 1995, 41, 1049. (6) Das Nath, N.; Das Chandra, S.; Dutt Sekkhar, A.; Roy, A. Carbohydr. Res. 1981, 94, 73. (7) Whitmore, F. Phytochemistry 1978, 17, 421.
 
 sensitive to the reaction conditions (pH, temperature, presence of polysaccharide, etc.), because of the oxidative coupling of monolignols which is the key step of lignin biosynthesis.2,8 During that process, delocalized phenoxyl radicals are generated upon phenol dehydrogenation of p-hydroxycinnamyl alcohol monomers and intermediate lignins units. Those radicals are coupled in a variety of ways to build up the lignin polymer (Figure 1). Presently, 11 types of intermonomeric linkages are known.2,9,10 Each type of interunit linkage has a frequency which changes according to several parameters, among which the substitution pattern of the aromatic ring of the monomer is essential (Figure 1). The reason is that in a reaction involving free radicals, the ability of an unpaired electron to delocalize is influenced by the electronic properties of the conjugated substituent groups. As a consequence, the reactivity of monolignols changes according to the number of methoxyl groups modifying the chemical structure of the final polymer.11-13 In plant cell walls, the distribution of monolignols is not homogeneous according to the species,14 the stage of development,15 and the tissue considered,1 suggesting that the different lignins types formed may have different functional significance. Assuming that dehydrogenation polymer models (DHPs) can mimic lignin properties and structures, the purpose of this work is to relate the chemical structures of two polymer models with their behavior in a heterogeneous medium. One homopolymer constituted of guaiacyl units (8) Freudenberg, K. Angew. Chem. 1956, 68, 508. (9) Karhunen, P.; Sipila¨, J.; Rummakho, P.; Brunow, G. Tetrahedron Lett. 1995, 36, 169. (10) Nimz, H. Angew. Chem., Int. Ed. 1974, 13, 313. (11) Faix, O. Holzforschung 1986, 40, 273. (12) Faix, O.; Lange, W.; Besold, G. Holzforschung 1981, 35, 137. (13) Saake, B.; Argyropoulos, D. S.; Beinhoff, O.; Faix, O. Phytochemistry 1996, 43, 499. (14) Sarkanen, K. V.; Hergert, H. L. In Lignins-Occurrence, Formation, Structure and Reaction; Sarkanen, K. V., Ludwig, G. H., Eds.; Wiley-Interscience: New York, 1971; p 43. (15) Terashima, N.; Fukushima, K.; He, L.-F.; Takabe, K. In Forage Cell Wall Structure and Digestibility; Jung, H. G., Buxton, D. R., Hatfield, R. D., Ralph, J., Eds.; American Society of Agronomy: Madison, WI, 1993; pp 247-270.
 
 10.1021/la000939y CCC: $19.00 © 2000 American Chemical Society Published on Web 11/30/2000
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 Figure 1. Schematic polymerization pathway of lignins. Monomers are oxidized by a peroxidase to form a radical stabilized as four mesomeric forms. Coupling occurs between radicals to form dimers which can be reoxidized to build up the lignin polymer.
 
 (G, monomethoxylated monomer) and another composed of a mixture of guaiacyl and syringyl (S, dimethoxylated monomer) units were synthesized and chemically characterized. The structure of G and GS DHP layers at the air/water interface is investigated by neutron reflectivity and discussed with respect to their chemical structure. Experimental Section DHPs were synthesized by the “Zutrofverfahren” method.16 Solutions of monolignols (6.64 mmol, see Table 1 for molar proportions; 40 mL of acetone; 360 mL phosphate buffer, 1/30 N, pH ) 6.1) and hydrogen peroxide (2 mL of hydrogen peroxide 30 wt % solution in water in 400 mL of phosphate buffer) were added over a period of 72 h (5 mL/h) to a solution of 20 mg of peroxidase (HRP type VI, 250-330 unit/mg, Sigma) in 800 mL of phosphate buffer. After complete addition, the mixture was allowed to react for an additional 16 h. The precipitate was centrifuged and washed three times with 50 mL of ultrapure water. The yield was 82% for G DHPs and 65% for GS DHPs. Thioacidolysis Degradation. Thioacidolysis was performed according to Lapierre et al.17 It consists of the solvolysis of 5-10 mg of DHPs in seal tubes containing 10 mL of thioacidolysis reactant (dioxan/ethanethiol 9/1, boron trifluoride 0.2 M) for 4 h at 100°. After extraction, the main degradation products were analyzed as their TMS derivatives using tetracosan as internal standard (J&W column, DB-1, FID detection). Size Exclusion Chromatography Analysis. DHPs were analyzed in DMF-LiCl 0.1 M where polystyrene calibration is not feasible. Thus, only comparative results can be obtained. Chromatographic Conditions. Portions (200 µL) of solution (0.01%) were injected on three thermostatically controlled columns (50 °C, Shodex KD 802, Polymer Laboratories, Mixed D 5µ, each 7.6 × 300 mm). The flow rate was 0.5 mL/min. Surface Pressure Measurements. The surface pressure π was obtained by measuring the differences between the surface tension of the pure water γ0 and the surface tension after spreading DHP γ; π ) γ0 - γ. The values of γ were measured (16) Tanahashi, M.; Aoki, T.; Higuchi, T. Mokuzai Gakkaishi 1981, 27, 116. (17) Lapierre, C.; Monties, B.; Rolando, C. Holzforschung 1986, 40, 113.
 
 after reaching a quasi-equilibrium (typically between 3 and 5 h) using a Wilhelmy plate (KSV sigma 70) thermostated at 20 °C. DHP layers were formed by depositing droplets of a 2 g/L solution in dioxane/water (9/1) on ultrapure water. The surface concentrations of spread DHPs were identical to those used for neutron reflectivity. Neutron Reflectivity. Reflectivity spectra were obtained with a polychromatic beam of neutrons at a fixed incident angle θ0 using the “time-of-flight” method at the DESIR reflectometer in the Orphe´e reactor (Le´on Brillouin Laboratory, Saclay). The grazing angle θ0 was 1.315° or 1.265° according to the configuration of the reflectometer. In both cases, the useful neutron wavelength ranges from 4 to 18 Å. Experiments were performed on D2O. In this case, the exchange of the labile hydrogens of the DHPs with deuterium has to be considered in the calculation of the scattering length density. It can be assumed that the average number of OH groups per C9 unit is 1.3 for G and GS DHPs based on the results obtained by Saake et al.13 The DHP density used in this study is 1.41 g/cm3, according to the value obtained on milled wood lignin of spruce.18 The use of these two approximations is not crucial in the context of this work. It may change only the absolute values but not the main tendencies observed. The reflectivity measurements were performed using a Teflon trough 6.5 × 13.5 × 0.3 cm in an airtight cell thermostated at 20 °C. The trough was filled with 11 mL of water forming a meniscus 2-3 mm over its edge. DHPs were spread on the air/ water interface from a 9/1 dioxane/H2O solution (2 g/L) at several surface concentrations (6, 9, 12, 18, 24, 36, and 48 mg/m2). The reflectivity spectrum was recorded for 8 h, and a flat background was subtracted. Model calculated reflectivity curves were fitted to the experimental curves. The standard optical method was used in these calculations. Variations between the calculated and experimental spectra were evaluated by the χ2 test.
 
 Results and Discussions DHP Synthesis and Characterization. Dehydrogenation polymers were synthesized by the classical Zutrofverfharen method (ZT) which involves a slow and continuous addition of the monomers and hydrogen (18) Luner, P.; Roseman, G. Holzforschung 1986, 61.
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 Table 1. Thioacidolysis Yield and UV Characteristics of G DHP, GS DHP, Spruce (Softwood) Lignin, and Poplar (Hardwood) Lignin G DHP GS DHP monomeric composition H/G/S thioacidolysis yield (µmol/g of DHP)a rel molar ratio of H, G, and S thioacidolysis monomer, H/G/S λ maxb (nm)
 
 spruce lignin
 
 poplar lignin
 
 0/100/0
 
 0/60/40
 
 630
 
 1070
 
 1439c
 
 0/100/0
 
 0/52/48
 
 2/98/trc 0/41/59c
 
 280
 
 277
 
 280d
 
 2700c
 
 274d
 
 a Thioacidolysis is an acid-catalyzed degradation in dioxane/ ethanethiol with boron trifluoride which results in the cleavage of aryl-glycerol β-aryl ether (ref 17). These values reflect the amount of β-O-4 linkages which are the most abundant intermonomeric linkages in lignins and in DHPs. b Measured in dioxane/water 9/1 (v/v). c From ref 20. d From ref 23.
 
 peroxide in a peroxidase solution. This method favors coupling between monomers and oligomers by limiting the monomer radical concentration in solution. ZT DHPs are reported to be closer to lignin than those synthesized by the batch method (“Zulaufverfharen”),19,20 even though large differences exist between ZT DHPs and the natural polymer. DHPs are obtained in a reproducible way 21 and are free of any type of contamination, especially polysaccharides which can have significant contribution to the surface properties when they are covalently linked to lignins, in contrast to natural lignins. Both DHPs were analyzed by conventional methods of lignin chemistry, and the results are reported in Table 1. Thioacidolysis is an acid-catalyzed solvolysis in dioxane/ethanethiol with boron trifluoride resulting in the cleavage of aryl-glycerol β-aryl ether (β-O-4) (Figure 1), the most abundant bonding pattern in natural lignin. These labile ether bonds are usually called “uncondensed bonds” in opposition to the carbon-carbon linkages (“condensed bonds”) which cannot be cleaved by such solvolysis. The main degradation products are trithioethyl phenyl propane compounds, and their subsequent quantification allows the determination of the β-O-4 bond content of lignin. The GS DHP has a higher β-O-4 content than the G DHP. This feature is also evidenced in natural lignin where hardwood lignins, which are a mixture of G and S monomers, contain more uncondensed bonds than softwood lignins composed mainly of G units as in poplar and spruce lignin (Table 1). This preferential incorporation of S in β-O-4 bonds results from two parameters related to the structure of the sinapyl alcohol. Because position 5 of the aromatic ring is methoxylated in the S monomer but not in the G one, no coupling can occur on this position. Consequently, the other positions are favored. In addition to this steric effect, the methoxyl group also changes the electronic repartition as demonstrated by Russel et al.,22 who reported that on the phenolic oxygen the density of unpaired electrons is larger in S radicals than in G radicals. Consequently, the S phenoxyl radicals should be involved in more bonding than the G ones. Because of the instability of peroxide linkages, the phenoxyl radicals do not form this kind of bond but couple with other predominant reactive sites available, namely, the β position to form (19) Lai, Y.; Sarkanen, K. V. Cellul. Chem. Technol. 1975, 9, 239. (20) Jacquet, G.; Pollet, B.; Lapierre, C.; Francesh, C.; Rolando, C.; Faix, O. Holzforschung 1997, 51, 349. (21) Cathala, B.; Saake, B.; Faix, O.; Monties, B. Polym. Degrad. Stab. 1998, 59, 65. (22) Russel, W.; Forrester, A. R.; Chesson, A.; Burkitt, M. J. Arch. Biochem. Biophys. 1996, 332, 357.
 
 Figure 2. Surface pressure isotherms of G (triangle-dotted line) and GS (square-solid line) as a function of spread surface concentration.
 
 β-O-4 bonds. Thus, it becomes clear that G and GS polymers are dramatically different. Incorporation of the syringyl unit also changes the UV spectrum of the polymer, shifting the absorbance maximum to a shorter wavelength (Table 1).23 The same pattern merges from the comparison between hardwood and softwood, indicating that the structures of lignins differ according to the species and that GS lignins are specific to hardwood. However, hardwood contains G lignins located in the vessel whereas GS lignins are detected in fiber structures, suggesting that both lignins may play different physiological roles. Interfacial Properties of G and GS DHP. When DHPs are spread at the interface, the surface pressure increases, showing that molecules remain at the interface as shown in Figure 2. First, the surface pressure increases abruptly between 0 and 9 mg/m2, and it then stabilizes around a value of roughly 6 mN/m. No significant differences can be seen between the two DHPs, and these values agree with those previously reported.24 Figure 3 shows the normalized reflectivity (R/Rf) for G DHP spread onto D2O at 12 and 48 mg/m2. In this representation, the reflectivity curves are normalized with respect to the reflectivity of D2O (Rf); therefore, any deviation of R/Rf from unity is due only to the interfacial DHP layers. The continuous lines through the experimental points were calculated using the volume fraction and thickness values reported in Table 2. Calculated volume fraction (φ), thickness, and surface concentration (Γ) obtained by integration of the profiles for all the spread surface concentrations are reported in Table 2. At the lowest concentration, good fits are obtained with a onelayer model. A multilayer model does not improve χ2, whereas at higher concentrations, the experimental data are best described by two- or three-layer models for both DHPs. For both DHPs, the same general trend can be observed; increasing deposited concentration results in an increase of the surface concentration of the adsorbed DHP. Second, the distribution of the DHPs in the interface layer is not homogeneous; it has a dense structure on the air side and a decreasing DHP volume fraction toward the water side. The measured volume fractions range between 0.01 and 0.5, indicating that the DHP layers contain a high amount of water. These data are in good agreement with those (23) Goldschmid, O. In Lignins-Occurrence, Formation, Structure and Reaction; Sarkanen, K. V., Ludwig, G. H., Eds.; Wiley-Interscience: New York, 1971; p 241. (24) Cathala, B.; Aguie´-Be´ghin, V.; Douillard, R.; Monties, B. Polym. Degrad. Stab. 1998, 59, 77.
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 Figure 3. Normalized reflectivity curves as a function of momentum transfer for G DHP spread at 12 mg/m2 (open circles) and 48 mg/m2 (open triangle). The solid lines are calculated curves using volume fractions and thicknesses reported in Table 2 (12 mg/m2: volume fraction (φ) ) 0.19, thickness (d) ) 49 Å; 48 mg/m2: layer 1, φ ) 0.39, d ) 24 Å; layer 2, φ ) 0.15, d ) 56 Å; layer 3, φ ) 0.05, d ) 140 Å). Table 2. Thickness (d, Å), Volume Fraction (O), and Measured Surface Concentration (Γ, mg/m2) for G and GS DHPsa DHP G Cd 6 9 12 18 ∑ 24 ∑ 36 ∑ 48 ∑
 
 L1 L1 L1 L1 L2 L1 L2 L1 L2 L3 L1 L2 L3
 
 DHP GS
 
 d
 
 φ
 
 Γ
 
 24 27 49 14 24 38 26 41 67 31.5 69.5 112 213 24 56 140 220
 
 0.22 0.27 0.19 0.44 0.17
 
 0.81 1.05 1.34 0.87 0.59 1.46 1.77 0.92 2.69 1.51 1.38 0.22 3.11 1.33 1.22 1.04 3.5
 
 0.48 0.16 0.34 0.14 0.01 0.39 0.15 0.05
 
 d 45 50 49 116 165 36 100 136 23 38 112 174 21 56 106 183
 
 φ nfb 0.14 0.16 0.19 0.02 0.18 0.02 0.35 0.17 0.03 0.42 0.16 0.02
 
 Γ 1.01 1.14 1.23 0.28 1.51 1.36 0.24 1.60 1.17 0.92 0.41 2.51 1.25 1.25 0.35 2.85
 
 a L1 is the air side layer, and L2 and L3 are the layers of the models used to fit the experimental data, in order of increasing depth in water; Cd is the concentration deposited (mg/m2). b Not fittable.
 
 obtained by Constantino et al. by ellipsometric measurements on extracted lignins from pine wood.25 Therefore, as the amount of spread DHP increases, the volume fraction of the air side layer changes toward an increasingly “dry” state. This observation is reminiscent of the removal of water in the plant cell wall during lignification,26,27 suggesting that the increase of lignin (or DHP) concentration favors self-association resulting in segregation between lignins (or DHPs molecules) and water. (25) Constantino, C.; Juliani, L. P.; Botaro, V.; Balogh, D.; Pereira, M.; Ticianelli, E.; Curvello, A.; Oliveira, J. O. Thin Solid Films 1996, 284, 191. (26) Inomana, F.; Takabe, K.; Saiki, H. J. Electron Microsc. 1992, 41, 369. (27) Takabe, K.; Fujita, M.; Harada, H.; Saiki, H. Mokuzai Gakkaishi 1981, 27, 813.
 
 The total thickness of the interfacial layer increases with the surface concentration (Table 2). At low to intermediate surface concentrations, the mixed GS DHP forms a layer thicker and less dense than the G DHP. At high surface concentrations (deposit > 36 mg/m2), this difference in structure of the two DHPs becomes less significant. From the neutron reflectivity data, the surface concentrations obtained increase with the spread amount, from 0.81 to 3.5 mg/m2 for G DHP and from 1.01 to 2.85 mg/m2 for GS DHP (Table 2). This implies that the yield between the spread and the measured amount is low (roughly between 14% and 2%). In this respect, the heterogeneity of the DHPs has to be taken into account. The question is that of a selective adsorption at the interface: are the DHP molecules present in the interfacial layers representative of the DHP sample? To check this point, DHP samples were collected by pipeting carefully the surface under vacuum. They were then freeze-dried and submitted to size exclusion chromatography (data not shown). Because the amount of DHP collected was very low, acetylation cannot be performed although it is the standard derivatization for SEC analysis of lignin.28 DHP were then analyzed in DMF/LiCl where polystyrene calibration is not feasible. Thus, only comparative results can be obtained. For both DHPs, the elution curves were identical with those of the original samples. Because the molecular weight distribution is not influenced by the spreading process, we can assume that the DHP molecules at the surface are representative of all the sample. Moreover, despite the very low yield observed the spreading method was found to be reproducible. In fact, repeated spreading of the same G DHP amounts gave perfectly superimposable neutron reflectivity spectra. Although the interfacial layers of the two DHPs show the same general trend (increase of the thickness, of the volume fraction, and of the surface concentration with the spread amount), differences in the distribution at the interface between G and GS DHPs can be observed. Comparison of the concentration profile at the interface of DHP for the same surface concentration of DHP can be done by plotting the volume fraction versus the depth in the solution. Such interfacial profiles are shown in Figure 4 for surface concentrations Γ ) 1 mg/m2 (4a), 1.5 mg/m2 (4b), and 2.5 mg/m2 (4c) of G and GS DHPs. Clearly, G and GS DHPs behave differently; for the same surface concentrations, GS DHP forms less dense and thicker structures than G DHP. This phenomenon may be due to a higher hydrophilicity of the GS DHP. According to Shigematsu et al.,29 the increase in the number of methoxyl groups increases the solubility of monolignols in water. The resulting less hydrophobic polymer would explain the less dense structure of the interfacial layers. G units do not seem to interact strongly with water molecules, and intermonomer attractions would favor a “drier” structure. During lignification, as previously discussed, water is removed from the plant cell wall15,26,27 and G lignin and GS lignin are not located in the same tissues. For instance, G lignin is found in vessels in charge of sap transport. This task requires a good waterproofness. On the contrary, GS lignin is located in fibers which contain the microfibril of cellulose and a large amount of hemicellulose. These polysaccharides are directly in charge of the mechanical properties of the plant cell wall. Because water is the most well-known plasticizer of all the (28) Glasser, W. G.; Dave´, V.; Frazier, C. E. J. Wood Chem. Technol. 1993, 13, 545. (29) Shigematsu, M.; Sugino, H.; Shinoda, Y.; Tanashi, M. Mokuzai Gakkaishi 1995, 41, 1151.
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 water content of the cell wall and, consequently, modify its mechanical properties. The differences in physicochemical properties between G and GS are in agreement with the assumption that one of the physiological roles of lignins is the control of the water content of the cell wall, as illustrated by Yoshinaga et al.30,31 who demonstrated that the proportion of syringyl units tends to increase as cell functions change from water conduction to mechanical support. According to the type of lignin, G or GS, the amount of water can be adjusted by the plant to acquire the properties required by a specific tissue (waterproofness, mechanical properties, etc.). However, the real situation is certainly not so simple because if hardwood contains both G and GS lignins, on the contrary, softwood contains hardly any S units. Nevertheless, softwood presents very nice mechanical properties. Consequently, other parameters should be taken in account to complete the picture, such as the detailed chemical structure of lignin (G lignins can be more or less condensed, “end wise” and “bulk” lignin types suggested by Sarkanen32), the nature and the amount of polysaccharides (especially hemicellulose which differs between hardwood and softwood), and the occurrence of chemical linkages between lignin and polysaccharides. Conclusion
 
 Figure 4. Volume fraction versus depth (Å) in the solution of the layers of G (solid line) and GS (dashed line) DHP layers for measured surface concentrations of (a) 1 mg/m2 (corresponding to 9 mg/m2 deposited), (b) 1.5 mg/m2 (18 mg/m2 deposited), and (c) 2.5 mg/m2 (24 and 36 mg/m2 deposited for G and GS DHP, respectively).
 
 polysaccharides and because the lignification acts on the water content of the plant cell wall, one can hypothesize that GS type lignin may participate in the control of the
 
 The investigation of two DHP layers at the air/water interface by neutron reflectivity has demonstrated that both DHPs form a nonhomogeneous structure with DHP distribution going from a dense structure at the air side to a dilute one at the water side. The increase in the amount of spread DHP results in higher thickness and volume fraction and consequently in an increase of the surface concentration. A comparison of the concentration profiles of the interfacial layer formed by G and GS demonstrates that those DHPs behave differently at the air/water interface. At the same surface concentrations, G DHPs form dense structures whereas GS DHPs form layers more swollen by water. A hypothesis on the physiological significance of lignin in the plant cell is proposed, suggesting that lignin may be partly responsible for certain properties of the plant cell wall by controlling its amount of water. LA000939Y (30) Yoshinaga, A.; Fujita, M.; Saiki, H. Mokuzai Gakkaishi 1992, 38, 629. (31) Yoshinaga, A.; Fujita, M.; Saiki, H. Mokuzai Gakkaishi 1997, 43, 384. (32) Sarkanen, K., V. In Lignins-Occurrence, Formation, Structure and Reaction; Sarkanen, K. V., Ludwig, G. H., Eds.; Wiley-Interscience: New York, 1971; p 95.
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