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Solvent effects on the electronic state of monolignol radicals as predicted 
by molecular orbital calculations

Abstract The spin and charge densities in three monolignol 
radicals were computed using the UB3LYP/6-31G* method 
of molecular orbital calculation. As well, the effects of 
solvents were simulated by using an SCI-PCM model. It was 
confi rmed that an unpaired electron was localized at C1, C3, 
C5, C8, and O4 for all monolignol radicals. In solvents, the 
spin density decreased at O4 with increasing solvent polar-
ity, but increased at C8. The atomic charges at all reactive 
atoms had a negative value and were obviously strength-
ened at O4 with increasing solvent polarity. These tenden-
cies support the experimental results for radical coupling 
reactions of monolignols in various solvents; that is, that 8-
O4′ linkages are produced much more often than 8-8′ link-
ages in nonpolar solvents.
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Introduction

Native lignin is an 8-O4′ (b-O-4) rich polymer. However, 
demonstrating the formation of this linkage in vitro is diffi -
cult because the 8-8′ (b–b) linked dimer, for example, syrin-
garesinol from sinapyl alcohol, is the major product in 
aqueous solution. Tanahashi et al. reported a high yield of 
8-O4′ ether from sinapyl alcohol by a radical coupling reac-
tion in a nonpolar solvent1 or under hydrophobic conditions 
produced by hemicellulose matrix gel.2 It has been sug-
gested that this is due to a change in the electron-withdraw-
ing effect of the methoxyl groups and depends on the 
polarity of the solvent. Similar behavior was also reported 
by Terashima and Atalla in diglyme–water solution.3
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It was previously reported that localization of the unpaired 
electron in a p-coumaryl alcohol radical and the radical cou-
pling reaction toward an 8-O4′ linkage could be analyzed 
using a semiempirical molecular orbital calculation, the 
UHF/PM5 method.4 It was suggested that the coulombic 
repulsion between reactive atoms infl uences the energy 
barrier in the coupling reaction. The electronic state of the 
coniferyl alcohol radical was also investigated by Elder and 
Worley5 and Russell et al.6 using a semiempirical molecular 
orbital method. However, the results they obtained were not 
very precise because the semiempirical molecular orbital 
method is of comparatively low accuracy.

In this report, localization of the unpaired electron in 
monolignol radicals was computed using a molecular orbital 
calculation based on density function theory, which is more 
accurate than semiempirical methods. The examination was 
also extended to three major monolignols, p-coumaryl, and 
coniferyl and sinapyl alcohols, and the solvent effect is 
discussed.

Experimental

The optimum geometries of monolignol radicals were 
determined by the conformer search protocol built in the 
Spartan ’04 Win (Wavefunction) using the UHF/3-21G 
basis set. The conformer candidates obtained were further 
optimized with the UB3LYP/6-31G* level of a density func-
tion theory, and the lowest energy conformer was then 
determined. 6-31G* of the basis set was adopted because of 
its good accuracy and computing time, as confi rmed for the 
coniferyl alcohol radical.7 The carbon numbers were defi ned 
as shown in Fig. 1.

The electronic states of the monolignol radicals in sol-
vents were determined by UB3LYP/6-31G* optimization 
with an SCI-PCM model built in Gaussian03 (Gaussian). In 
solution, the electrostatic effect of solvents existing between 
unbound atoms cannot be disregarded. In the SCI-PCM 
model, the solvent effect is assigned by the dielectric con-
stant. In this report, the dielectric constants adopted were 
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function theory is more accurate than the semiempirical 
method, our confi dence regarding the present data is higher 
than that for the previous data. It was concluded that the 
unpaired electron is localized at reactive atoms and the 
charge density is the highest at O4 for the reactive atoms 
(i.e., C3, C5, C8, and O4).

As described in a previous report,4 charge density at the 
reactive atoms in a monolignol radical is important for the 
coupling reaction. The Mulliken charges at all reactive 
atoms, that is, C5 (including C3 for the p-coumaryl alcohol 
radical), C8, and O4 were negative and were lowest at O4. 
During the approach of two radicals, their negative charges 
cause coulombic repulsion and hinder the approach 
regarded as the primary step of the coupling reaction. 
Because the charge at O4 is the most negative, a high repul-
sion would be produced between O4 and the other reactive 
atom. Therefore, it is suggested that the 8-O4′ coupling 
(producing b-ether bond) is more diffi cult than the other 
couplings, for example, 5–8′ (coumaran structure) and 8-8′ 
(resinol structure).

Optimum conformations of monolignol radicals in 
various solvents

Figure 3 shows the optimum conformations of three mono-
lignol radicals in various solvents as determined by 
UB3LYP/6–31G* optimization. These conformations were 
obtained during molecular orbital calculations to derive the 
localization of the unpaired electron. For the p-coumaryl 
alcohol radical, geometries in all solvents were almost iden-
tical. For the coniferyl and sinapyl alcohol radicals, geome-
tries in the solvents were different from those in the absence 
of solvent. The major difference was the direction of the 
methoxyl group; that is, C10 (or C11 for the sinapyl alcohol 
radical) turned toward O4 in the absence of solvent, but 
stayed away when solvent was present. This behavior may 
be caused by the solvent effect on the electrostatic interac-
tion between C10 (or C11) and O4. In solvent, a high dielectric 
constant cushions the electrostatic repulsion between O3 (or 
O5) and O4, allowing the approach of lone pairs of O3 toward 
O4. There is a similar solvent effect on the optimum confor-
mation of methoxyl groups in methoxyphenols.9,10

Solvent effect on spin and charge densities

Figure 4 shows the effect of solvents on spin density. For all 
radicals, the spin density decreased at O4 but increased at 
C8 with an increasing solvent dielectric constant. The solvent 
effect on the spin density at C5 (or the average of C3 and C5 
for the p-coumaryl alcohol radical) was complex, but seemed 
to decrease with an increasing solvent dielectric constant. 
There was a marked change in the spin density for coniferyl 
and sinapyl alcohol radicals when the dielectric constant 
changed from 1 to 2.274. This may have been a result of the 
change in the geometry of the methoxyl group between 
these dielectric constants, or the other reasons. Figure 5 
shows the effects of solvent on the Mulliken charge. For all 
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Fig. 1a–c. Structures of monolignol radicals. a p-Coumaryl alcohol 
radical, b coniferyl alcohol radical, and c sinapyl alcohol radical. 
Numerals show the carbon numbers defi ned in this report

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

C1
C2
C3
C4
C5
C6
C7
C8
C9
O4
O9
H2
H3
H5
H6
H7
H8
H9
H9
HO9

C1
C2
C3
C4
C5
C6
C7
C8
C9
O4
O9
H2

H5
H6
H7
H8
H9
H9
HO9
O3
C10
H10
H10
H10

C1
C2
C3
C4
C5
C6
C7
C8
C9
O4
O9
H2

H6
H7
H8
H9
H9
HO9
O3
C10
H10
H10
H10
O5
C11
H11
H11
H11

Spin density and Mulliken charge 

(a) (b) (c)

Fig. 2a–c. Spin density and Mulliken charge at each atom of monoli-
gnol radicals in the absence of solvent calculated by UB3LYP/6-31G* 
molecular orbital calculations. a p-Coumaryl alcohol radical, b coniferyl 
alcohol radical, and c sinapyl alcohol radical. Gray bars, spin density; 
white bars, Mulliken charge

2.274 for benzene, 4.8 for chloroform, 20.7 for acetone, and 
78.4 for water.8

Results and discussion

Spin and charge densities at reactive atoms in 
monolignol radicals

The distribution of an unpaired electron could be expressed 
as the spin density at each atom. Figure 2 shows the spin 
densities and Mulliken charges in three monolignol radicals. 
From these diagrams, it can be seen that the unpaired elec-
tron was localized at C1, C3, C5, C8, and O4 for all monolignol 
radicals. This result qualitatively agrees with our previous 
results obtained using UHF/PM5 semiempirical molecular 
orbital calculations.4 However, a quantitative disagreement 
was observed between the results of the previous work and 
the results of the present study. For example, the spin 
density ratio of O4 on C1 in the p-coumaryl alcohol radical 
was 0.410 for UHF/PM5, but 0.946 for UB3LYP/6–31G*. 
This disagreement is the result of the different approxima-
tion protocols used in the calculations. Because density 
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radicals, the charge at O4 clearly decreased, but did not 
change at C5 and C8.

From these results, quantum chemistry predicts that the 
8-O4′ coupling reaction is unfavorable in a polar solvent 
because of the decrease in spin density at O4 and the high 
coulombic repulsion between C8 and O4′. For the opposite 
reason, the 8-8′ coupling reaction is favored in polar sol-

vents. Consequently, it is suggested that the 8-O4′ coupling 
is more diffi cult to produce in polar solvents than in non-
polar solvents. This suggestion is in agreement with the 
experimental results as noted in the Introduction; that the 
amount of 8-O4′ coupling product increases in nonpolar 
solvents and decreases in polar solvents.1–3

The change in the electronic state under different solvent 
conditions may be caused by the dependence of the most 
favorable conformation and the solvation energy on the 
solvent. The tendencies of the spin and charge with the 
polarity of the solvent were similar in all monolignol radi-
cals. Furthermore, the changes of electronic state at O4 and 
C5 were large, but small at C8. This suggests that the solvent 
effect may be ascribed to the solvation effect of a polar 
solvent around O4 rather than to the change in electron 
withdrawal by methoxyl groups.

Conclusions

To clarify the reactivity of monolignol radicals in different 
solvents, the spin densities and charges were determined by 
molecular orbital calculations. The spin density decreased 
at O4 with increasing solvent polarity, but increased at C8. 
The negative charge at O4 was strengthened with increasing 
solvent polarity. These changes suggest that 8-O4′ linkages 
are produced much more often than 8-8′ linkages in nonpo-
lar solvents, but not in polar solvents.
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Fig. 4a–c. Effect of the dielectric constant of solvents on the spin densi-
ties of monolignol radicals calculated by UB3LYP/6-31G* with the 
SCI-PCM solvation method. a p-Coumaryl alcohol radical, b coniferyl 
alcohol radical, and c sinapyl alcohol radical. Triangles, at C5 (or 
average of C3 and C5 for p-coumaryl alcohol radical); closed circles, at 
C8; open circles, at O4
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Fig. 5a–c. Effect of the dielectric constant of solvents on the Mulliken 
charges of monolignol radicals calculated by UB3LYP/6-31G* with the 
SCI-PCM solvation method. Symbols are the same as for Fig. 4



311

 2. Tanahashi M, Higuchi T (1990) Effect of the hydrophobic regions 
of hemicelluloses on dehydrogenative polymerization of sinapyl 
alcohol. Mokuzai Gakkaishi 36:424–428

 3. Terashima N, Atalla RH (1995) Formation and structure of ligni-
fi ed plant cell wall—factors controlling lignin structure during its 
formation. Proceedings of 8th International Symposium on Wood 
Pulping Chemistry, Helsinki, pp 69–76

 4. Shigematsu M, Kobayashi T, Taguchi H, Tanahashi M (2006) 
Transition state leading to b-O′ quinonemethide intermediate of 
p-coumaryl alcohol analyzed by semi-empirical molecular orbital 
calculation. J Wood Sci 52:128–133

 5. Elder TJ, Worley SD (1984) The application of molecular orbital 
calculations to wood chemistry. The dehydrogenation of coniferyl 
alcohol. Wood Sci Technol 18:307–315

 6. Russell WR, Forrester AR, Chesson A, Burkitt MJ (1996) 
Oxidative coupling during lignin polymerization is determined by 

unpaired electron delocalization within parent phenylpropanoid 
radicals. Arch Biochem Biophys 332:357–366

 7. Shigematsu M, Masamoto H (2007) Suitable calculation model and 
basis set for molecular orbital calculation of coniferyl alcohol radi-
cals (in Japanese). Fukuoka Univ Rev Technol Sci 79:75–80

 8. Chemical Society of Japan (2004) Handbook of chemistry, basic 
5th edn (in Japanese). Maruzen, Tokyo, pp II–620

 9. Shigematsu M, Kobayashi T, Tanahashi M (2001) Solvent effect 
on the conformations of phenol, anisole and guaiacol simulated 
with MOPAC2000. Jpn Chem Program Exchange J 13:177–182

10. Shigematsu M, Kobayashi T, Tanahashi M (2002) Solvent effect 
on the conformation of 2,6-dimethoxyphenol simulated with 
MOPAC2000. J Comput Chem Jpn 1:129–134



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


