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ABSTRACT: To characterize the lignin structures and lignin�carbohydrate complex (LCC) linkages, milled wood lignin (MWL)
and mild acidolysis lignin (MAL) with a high content of associated carbohydrates were sequentially isolated from ball-milled poplar
wood. Quantification of their structural features has been achieved by using a combination of quantitative 13C and 2DHSQCNMR
techniques. The results showed that acetylated 4-O-methylgluconoxylan is the main carbohydrate associated with lignins, and acetyl
groups frequently acylate the C2 and C3 positions. MWL and MAL exhibited similar structural features. The main substructures
were β-O-40 aryl ether, resinol, and phenylcoumaran, and their abundances per 100 Ar units changed from 41.5 to 43.3, from 14.6 to
12.7, and from 3.7 to 4.0, respectively. The S/G ratios were estimated to be 1.57 and 1.62 for MWL and MAL, respectively. Phenyl
glycoside and benzyl ether LCC linkages were clearly quantified, whereas the amount of γ-ester LCC linkages was ambiguous for
quantification.

KEYWORDS: milled wood lignin, mild acidolysis lignin, lignin�carbohydrate complex, poplar, quantitative 13C NMR, HSQC,
quantification

’ INTRODUCTION

Lignin is an aromatic heteropolymer and the second most
abundant plant biopolymer after cellulose. Generally, it is
considered as being formed by the dehydrogenative polymeri-
zation of three hydroxycinnamyl alcohols: p-coumaryl, coniferyl,
and sinapyl alcohols.1�3 Each of these monolignols gives rise to
different types of lignin units called p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) units, respectively. Lignin is
deposited mostly in the secondary cell walls of vascular plants
and is essential for water transport, mechanical support, and plant
pathogen defense.4 As a major component of plant cell walls,
lignin has long been studied in the area of papermaking as well as
biofuel production in recent years.5,6

Although the complex and irregular structure of lignin has
been extensively investigated, it has not yet been completely
elucidated.2,3 Two major obstacles in the elucidation of the
structure of native lignin could be summarized. The primary
one is that it cannot be isolated in a chemically unaltered form
because of the tight physical binding and chemical linkages
between lignin and cell wall polysaccharides.7 The major inter-
unit linkages within the lignin macromolecules are β-O-40, β-β0,
β-50, β-10, etc.,8 whereas the main types of lignin�carbohydrate
complex (LCC) linkages in wood are believed to be phenyl
glycoside bonds, esters, and benzyl ethers.8�11 The other ob-
stacle is the lack of ideal techniques, which could provide
adequate and quantitative information for the entire lignin
structure and various LCC linkages.11�17

In the past several decades various methods have been
developed to isolate lignin from plant cell walls. The first major
method was proposed by Bj€orkman,18 who extracted lignin from
finely ball-milled wood with aqueous dioxane. The milled wood

lignin (MWL) obtained is considered to be a representative
source of native lignin and has been extensively used in the
elucidation of native lignin structure. However, the yield
of MWL is limited and heavily dependent upon milling time.19

To improve yield while minimizing the extent of mechanical
action, the method to isolate cellulolytic enzyme lignin (CEL)
was proposed by Pew.20 Some improved methods to isolate
CEL were subsequently brought forward.21�23 CEL was found
to be structurally similar to MWL,14,20,21 but in a higher yield,
and hence it is more representative of the total lignin in wood
thanMWL. Recently, a novel procedure using the combination
of enzymatic and mild acidolysis was proposed, and the
obtained lignin preparation was named enzymatic mild acid-
olysis lignin (EMAL).24 It has been reported that EMAL is
more representative of the total lignin present in milled wood
and offers higher yields and purities than those of the corre-
sponding MWL and CEL.25 Besides, EMAL is released by
cleaving lignin�carbohydrate bonds rather than other linkages
within the lignin macromolecules.24,25

Most of the information on lignin and LCC structures was
obtained from different wet chemistry techniques and model
compound experiments.26�33 Although information obtained
from these methods is very valuable, each gives limited informa-
tion and is not able to provide a general picture of the entire
lignin and LCC structures, particularly if a degradative technique
is used.11,15,16 Various spectroscopic methods have been applied
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to analyze the whole lignin and LCC structures, such as infrared
(IR), solid-state NMR, and solution-state NMR. Among these
methods, solution-state NMR has a much higher resolution,
which enables a larger amount of information to be obtained.15

Especially, quantitative 13C NMR and two-dimensional het-
eronuclear single-quantum coherence (2D HSQC) have been
developed to quantify the lignin structures and identify the
various LCC linkages, respectively.10,15 However, when the
lignin preparation is rich in associated carbohydrates, the quan-
tification of lignin structure and LCC linkages with quantitative
13C NMR is not so efficient. As the carbohydrate overlap in the
side-chain region of the 13CNMR spectrum can compromise the
integration and subsequent quantification of the lignin struc-
tures, the 2D NMR method has been used to cope with the
overlapping obstacle and attempts have been made to quantify
the obtained HSQC spectrum.34�36 However, the method based
on 2D NMR could provide the relative proportions of the
detected structures rather than the absolute values. Recently, a
new quantification method with the combination of quantitative
13C and 2D HSQC NMR was proposed by Zhang and
Gellerstedt.17 This approach was verified on cellulose triacetate
and MWL, as well as various LCC preparations.11,17

In the present study, two lignin preparations with high
contents of carbohydrates were isolated from triploid of Populus
tomentosa Carr., a fast-growing poplar tree. The aim of this study
was to identify and quantify the lignin structures and LCC
linkages by combining the use of quantitative 13C and 2DHSQC
NMR spectroscopy.

’MATERIALS AND METHODS

Materials.Wood sawdust was prepared from triploid of P. tomentosa
Carr., a fast-growing poplar tree, 3 years old, which was harvested from
Shandong province, China. It was extracted with toluene/ethanol
(2:1, v/v) in a Soxhlet instrument for 6 h. The Klason lignin content
was measured by the TAPPI standard, which amounts to 20.3% of the
dry wood. The extracted sawdust (25 g) was then milled using a planetary
ball mill (Fritsch, Germany) in a 500 mL ZrO2 bowl with mixed balls
(10 balls of 2 cm diameter and 25 balls of 1 cm diameter). The milling
was conducted for 8 h under a nitrogen atmosphere at 500 rpm. A 10min
pause was introduced after every 10 min of milling to prevent

overheating. All chemicals used were of analytical or reagent grade
and directly used as purchased without further purification.
Isolation of Lignins.MWL andmild acidolysis lignin (MAL) were

isolated according to Figure 1. MWL was isolated according to the
method of Bj€orkman.18 The procedures are as follows: The ball-milled
wood sample was suspended in 96% dioxane with a solid-to-liquid ratio
of 1:10 (g/mL) at room temperature for 24 h. The extraction procedure
was conducted in the dark and under a nitrogen atmosphere. The
mixture was filtered and washed with the same solvents until the filtrate
was clear. Such operations were repeated twice. The purification
procedure was according to the method of Sun et al.37 The combined
filtrates were first concentrated at reduced pressure and then precipi-
tated in 3 volumes of 95% ethanol. A pellet rich in hemicelluloses was
recovered by filtering, washing with 70% ethanol, and freeze-drying.
After evaporation of ethanol, the 96% dioxane soluble lignin (MWL)was
obtained by precipitation at pH 1.5�2.0, which was adjusted by 6 M
HCl. MAL was isolated by successively treating the residual wood meal
after extraction of MWL with 80% dioxane containing 0.05 M HCl at
85 �C for 5 h. The solid-to-liquid ratio was 1:20 (g/mL). MAL was
obtained according to the same method as precipitation of MWL except
for washing with acidified water (pH 2.0) before freeze-drying.
Characterization of Lignins. The analysis of the carbohydrate

moieties associated with MWL and MAL was determined by hydrolysis
with dilute sulfuric acid according to the procedure described in a
previous paper.38 The weight-average (Mw) and number-average (Mn)
molecular weights of the two lignin preparations were determined by gel
permeation chromatography (GPC) on a PL-gel 10 mm Mixed-B 7.5
mm i.d. column according to a previous paper.39

All NMR spectra were recorded on a Bruker AVIII 400 MHz
spectrometer at 25 �C in DMSO-d6 as the solvent. For the quantitative
13C NMR, 125 mg of lignin was dissolved in 0.5 mL of DMSO-d6. The
quantitative 13C NMR spectra were recorded in the FT mode at 100.6
MHz. The inverse gated decoupling sequence, which allows quantitative
analysis and comparison of signal intensities, was used with the following
parameters: 30� pulse angle; 1.4 s acquisition time; 2 s relaxation delay;
64K data points; and 30000 scans. Chromium(III) acetylacetonate (0.01
M) was added to the lignin solution to provide complete relaxation of all
nuclei.13

For the 2D HSQC NMR, around 90 mg of lignin was dissolved in
0.5 mL of DMSO-d6. 2D HSQC NMR spectra were recorded in HSQC
experiments. The spectral widths were 5000 and 20000 Hz for the 1H
and 13C dimensions, respectively. The number of collected complex
points was 1024 for the 1H dimension with a recycle delay of 1.5 s. The
number of transients was 64, and 256 time increments were always
recorded in the 13C dimension. The 1JCH used was 145 Hz. Prior to
Fourier transformation, the data matrices were zero filled to 1024 points
in the 13C dimension. Data processing was performed using standard
Bruker Topspin-NMR software. The central solvent (DMSO) peak was
used as an internal chemical shift reference point (δC/δH 39.5/2.49).

’RESULTS AND DISCUSSION

Lignin Yield and Purity. The yields and carbohydrate con-
tents of MWL and MAL isolated from triploid of P. tomentosa
Carr. are given in Table 1. The yield of MWL was 22.1%, which
was much higher than the value in a previous study (just 5.4%).40

This result showed that lignin in the middle layer of the
secondary wall (S2), which has more linkages with carbohy-
drates, become extractable as MWL after the carbohydrates were
degraded sufficiently under the milling conditions employed.
The yield of MAL, which was isolated by successive treatment of
the residual wood meal after extraction of MWL with 80%
dioxane containing 0.05 M HCl at 85 �C for 5 h, was 52.1%.

Figure 1. Preparation of milled wood lignin (MWL) andmild acidolysis
lignin (MAL).
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It was believed that a mild acid hydrolysis can cleave the remain-
ing lignin�carbohydrate bonds and liberate lignin from lignin�
carbohydrate complexes.24,25,41

Generally, to remove the contaminations (associated carbo-
hydrates) within the obtained lignin preparation, tedious pur-
ification steps are needed.18�21 During those procedures, some
LCC-rich lignin fractions are lost. In the present study, to
obtain lignin preparations with high carbohydrate contents for
LCC linkages analysis, the two lignin fractions were purified
according to the method of Sun et al.37 as mentioned above.
As can be seen from Table 1, both MWL and MAL contained
relatively high levels of associated carbohydrates, amounting to
15.4 and 10.4%, respectively. Obviously, both MWL and MAL
contained a larger percentage of xylose (88.8�90.4%) among
the total sugars and uronic acids. Other sugars, such as glucose,
galactose, and rhamnose, as well as arabinose, were observed in
noticeable amounts. It could be noted that some LCC linkages
survived the mild acid hydrolysis procedure. This was quite
different from a previous study, in which the carbohydrate
content in EMAL obtained from poplar wood was just 4.3%.24

This could be explained by the different isolation methods used.
In the previous study, cellulase was used to remove most of the
polysaccharides before mild acid hydrolysis. It has been found
that β-glycosidases, present in cellulases preparations, can
cleave the phenyl glycoside linkages.31,42,43 Besides, the tem-
perature in the mild acid hydrolysis procedure was lower than
used in the previous study.24 All of these associated carbohy-
drates will be discussed in detail in the following 2D HSQC
spectra analysis.
After calibration of the amounts of associated carbohydrates,

the pure yields of MWL and MAL were 18.7 and 46.7%,
respectively, as shown in Table 1. The combined yield of
MWL and MAL, without cellulolytic enzymatic treatment, was
65.4%, which was close to the yield of EMAL in the previous
study.24 Direct elucidation of the chemical structure of lignin in
residual wood meal left after extraction of MWL could be
important for understanding the structure of a greater proportion
of lignin in the cell wall.44 If these two preparations are indeed
similar, they could be combined to increase the overall yield of
pure lignin material.
Molecular Weight Distributions. The values of the weight-

average (Mw) and number-average (Mn) molecular weights,
calculated from the GPC curves (relative values related to
polystyrene), and the polydispersity (Mw/Mn) of MWL and
MAL are given in Table 2. As can be seen, MWL and MAL
exhibited similar weight-average molecular weights, 4710 and
3670 g mol�1, respectively. Especially, the weight-average mo-
lecular weight of MAL was identical with the value of CEL in our
previous study.40 These data indicated that MAL was released by
cleaving lignin�carbohydrate bonds rather than other linkages
within the lignin macromolecules in the present study.

The weight-average molecular weight of MWL was slightly
higher than that of MAL. This phenomenon might be explained
by the different contents of carbohydrates associated with these
two lignin fractions. It has been documented that the carbohy-
drate chains linked to lignin can increase the hydrodynamic
volume of lignin and therefore increase the apparent molar mass
of the lignin when it was measured using GPC.45 This was in line
with the results of carbohydrate analysis as shown in Table 1.
Besides, both MWL and MAL exhibited relatively narrow
molecular weight distributions, as shown by Mw/Mn < 1.80.
2D NMR of MWL and MAL. Two-dimensional 1H�13C

NMR (2DNMR) has been able to provide important structural
information and has allowed for the resolution of otherwise
overlapping resonances observed in either the 1H or 13C NMR
spectra.46 In the present study, to understand the detailed
structures of MWL and MAL, as well as the linkages between
lignin and the associated carbohydrates, the two lignin fractions
were characterized by 2D HSQC NMR techniques. The side-
chain (δC/δH 50�90/2.5�6.0) and the aromatic (δC/δH
100�135/5.5�8.5) regions of the HSQC spectra of MWL
and MAL are shown in Figure 2. The main substructures are
depicted in Figure 3. The well-resolved anomeric correlations
(δC/δH 90�105/3.9�5.4) of the associated carbohydrates are
shown in Figure 4. HSQC cross-signals of lignin and the
associated carbohydrates were assigned by comparison with
the published literature.10,11,35,40,46�54 The main lignin cross-
signals assigned in the HSQC spectra are listed in Table 3,
whereas the assignments of the associated carbohydrate cross-
signals are listed in Table 4.
Lignin Side-Chain Regions. The side-chain region (δC/δH

50�90/2.5�6.0) of the 2DHSQCNMR spectra provided useful
information about the interunit linkages present in lignin. As
shown in Figure 2 (left column), the side-chain regions of MWL
and MAL in the HSQC spectra were similar. Both spectra
showed prominent signals corresponding to methoxyls (δC/δH
55.6/3.73) and β-O-40 aryl ether linkages. The Cα�Hα correla-
tions in β-O-40 substructures were observed at δC/δH 71.8/4.86
(structures A and A0), whereas the Cβ�Hβ correlations corre-
sponding to the erythro and threo forms of the S-type β-O-40
substructures can be distinguished at δC/δH 85.9/4.12 and 86.8/
3.99, respectively. These correlations shifted to δC/δH 83.9/4.29

Table 1. Yields and Carbohydrate Contents of Lignin Fractions

yield (%) carbohydrate contenta (%)

sample with sugarsb without sugars total sugar content (%) Rha Ara Gal Glc Man Xyl Uro

MWL 22.1 18.7 15.40 0.13 0.07 0.32 0.52 ndc 13.92 0.47

MAL 52.1 46.7 10.40 0.13 0.03 0.12 0.27 nd 9.24 0.65
aRha, rhamnose; Ara, arabinose; Gal, galactose; Glc, glucose; Man, mannose; Xyl, xylose; Uro, uronic acid bBased on Klason lignin of wood.
cNot detected.

Table 2. Weight-Average (Mw) and Number-Average (Mn)
Molecular Weights and Polydispersity (Mw/Mn) of Lignin
Fractions

MWL MAL

Mw 4710 3670

Mn 2730 2060

Mw/Mn 1.73 1.78
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in structures A linked to G/H lignin units and γ-acylated β-O-40
aryl ether substructures (A0) linked to S lignin units. The Cγ�Hγ

correlations in structures A were observed at δC/δH 59.5�59.7/
3.40�3.63. The Cγ�Hγ correlations in γ-acylated lignin units
(A0) were observed at δC/δH 63.2/4.33�4.49. These signals
indicated that lignin in triploid of Populus tomentosa Carr. is
partially acylated at the γ-carbon in β-O-40 aryl ether linkages of
the side chains.39,40 Besides, a small signal at δC/δH 83.1/5.21
was observed in the side-chain region of MAL, which corre-
sponded to the Cβ�Hβ correlations in oxidized (CαdO) β-O-40
substructures F. However, these correlations could only be seen
at lower contour levels in the side-chain region of MWL (not
shown).
In addition, strong signals for resinol (β-β0) substructures B

were observed with their Cα�Hα, Cβ�Hβ, and the double
Cγ�Hγ correlations at δC/δH 84.8/4.65, 53.5/3.06, and 71.0/
4.18 and/3.82, respectively. The Cα�Hα and Cβ�Hβ correla-
tions in phenylcoumaran (β-50) substructures C were discovered

at δC/δH 86.8/5.46 and 53.3/3.46, respectively, whereas the
Cγ�Hγ correlations were overlapped with other signals around
δC/δH 62.5/3.73. Moreover, small signals corresponding to
spirodienone (β-10) substructures D could be observed in the
side-chain region of MWL and disappeared in the side-chain
region of MAL. Their Cα�Hα and Cβ�Hβ correlations were
detected at δC/δH 81.2/5.07 and 59.7/2.77, respectively. The
Cβ0�Hβ0 correlations in spirodienone substructures D (δC/δH
79.5/4.12) could only be discovered at lower contour levels
(not shown). Finally, theCγ�Hγ correlations inp-hydroxycinnamyl
alcohol end groups (substructures I) were observed at δC/δH
61.4/4.10 in the side-chain region of both MWL and MAL.
Aromatic Regions. The main cross-signals in the aromatic

region of the 2D HSQC spectra of MWL and MAL corre-
sponded to the aromatic rings of p-hydroxyphenyl (H), syringyl
(S), and guaiacyl (G) lignin units, as well as some lignin
substructures. The S-lignin units showed a prominent signal
for the C2,6�H2,6 correlations at δC/δH 103.8/6.71, whereas

Figure 2. Side-chain (left column) and aromatic regions (right column) in the 2DHSQCNMR spectra: δC/δH 50�90/2.5�6.0 andδC/δH 100�135/
5.5�8.5, respectively. (A, B) Milled wood lignin (MWL); (C, D) mild acidolysis lignin (MAL). Symbols are taken from Figure 3. See Table 3 for signal
assignment.
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the C2,6�H2,6 correlations in Cα-oxidized S units (S0) were
observed at δC/δH 106.2/7.23. The G units showed different
correlations for C2�H2, C5�H5, and C6�H6 at δC/δH 110.9/
6.98, 114.9/6.77, and 119.0/6.80, respectively. The correlations

for the C2�H2 and C6�H6 in oxidized α-ketone structures G0
were observed at δC/δH 111.4/7.51 and 118.9/6.07, respec-
tively. A minor C2,6�H2,6 aromatic correlation from H units
was clearly observed at δC/δH 127.9/7.19, but the C3,5�H3,5

Figure 3. Main classical and acylated substructures, involving different side-chain linkages, and aromatic units identified by 2D NMR of milled wood
lignin (MWL) and mild acidolysis lignin (MAL): (A) β-O-40 aryl ether linkages with a free�OH at the γ-carbon; (A0) β-O-40 aryl ether linkages with
acetylated and/or p-hydroxybenzoated �OH at γ-carbon; (B) resinol substructures formed by β-β0, α-O-γ0, and γ-O-α0 linkages; (C) phenylcoumar-
ane substructures formed by β-50 and α-O-40 linkages; (D) spirodienone substructures formed by β-10 and α-O-α0 linkages; (F) Cα-oxidized β-O-40
substructures; (I) p-hydroxycinnamyl alcohol end groups; (J) cinnamaldehyde end groups; (PB) p-hydroxybenzoate substructures; (H)
p-hydroxyphenyl units; (G) guaiacyl units; (S) syringyl units; (S0) oxidized syringyl units with a Cα ketone; (G0) oxidized guaiacyl units with aα-ketone.
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Figure 4. Carbohydrate anomeric regions (δC/δH 90�105/3.9�5.4) of 2D HSQC NMR spectra of the lignin fractions. Assignments of the
carbohydrate signals are listed in Table 4.

Table 3. Assignment of Main Lignin 13C�1H Cross-Signals in the HSQC Spectra of the Lignin Fractions

label δC/δH assignment

Cβ 53.3/3.46 Cβ�Hβ in phenylcoumarane substructures (C)

Bβ 53.5/3.06 Cβ�Hβ in resinol substructures (B)

�OCH3 55.6/3.73 C�H in methoxyls

Dβ 59.7/2.77 Cβ�Hβ in spirodienone substructures (D)

Aγ 59.5�59.7/3.40�3.63 Cγ�Hγ in β-O-40 substructures (A)
Iγ 61.4/4.10 Cγ�Hγ in p-hydroxycinnamyl alcohol end groups (I)

Cγ 62.5/3.73 Cγ�Hγ in phenylcoumaran substructures (C)

A0
γ 63.2/4.33�4.49 Cγ�Hγ in γ-acylated β-O-40 substructures (A0 and A00)

Bγ 71.0/3.82 and 4.18 Cγ�Hγ in resinol substructures (B)

(A, A0)α 71.8/4.86 Cα�Hα in β-O-40 substructures (A) and γ-acylated β-O-40 substructures (A0)
Dβ0 79.5/4.12 Cβ0�Hβ0 in spirodienone substructures (D)

Dα 81.2/5.07 Cα�Hα in spirodienone substructures (D)

Fβ 83.1/5.21 Cβ�Hβ in oxidized (CαdO) β-O-40 substructures (F)
Aβ(G/H) 83.9/4.29 Cβ�Hβ in β-O-40 substructures linked to G and H units (A)

(A0)β(S) 83.9/4.29 Cβ�Hβ in γ-acylated β-O-40 substructures linked to S units (A0)
Bα 84.8/4.65 Cα�Hα in resinol substructures (B)

Aβ(S) 85.9/4.12 Cβ�Hβ in β-O-40 substructures linked to S units (A)
Cα 86.8/5.46 Cα�Hα in phenylcoumaran substructures (C)

S2,6 103.8/6.71 C2,6�H2,6 in etherified syringyl units (S)

S02,6 106.2/7.23 and 7.07 C2,6�H2,6 in oxidized (CαdO) syringyl units (S0)
G2 110.9/6.98 C2�H2 in guaiacyl units (G)

G0
2 111.4/7.51 C2�H2 in oxidized (Cα=O) guaiacyl units (G0)

D20 113.3/6.22 C20�H20 in spirodienone substructures (D)

G5 114.9/6.77 C2�H2 in guaiacyl units (G)

D60 118.9/6.07 C60�H60 in spirodienone substructures (D)

G6 119.0/6.80 C6�H6 in guaiacyl units (G)

G0
6 123.3/7.60 C6�H6 in oxidized (CαdO) guaiacyl units (G0)

Jβ 126.1/6.76 Cβ�Hβ in cinnamaldehyde end groups (J)

H2,6 127.9/7.19 C2,6�H2,6 in p-hydroxyphenyl units (H)

Iβ 128.2/6.25 Cβ�Hβ in p-hydroxycinnamyl alcohol end groups (I)

Iα 128.4/6.44 Cα�Hα in p-hydroxycinnamyl alcohol end groups (I)

PB2,6 131.2/7.67 C2,6�H2,6 in p-hydroxybenzoate substructures (PB)

Jα 153.5/7.60 Cα�Hα in cinnamaldehyde end groups (J)
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position correlations were overlapped with those from guaiacyl
5-positions.
Other signals in the aromatic regions were also observed and

assigned to p-hydroxybenzoate substructures (PB), p-hydroxy-
cinnamyl alcohol end groups (I), cinnamaldehyde end groups
(J), and spirodienone substructures (D). The C2,6�H2,6 correla-
tions of PBwere observed as a strong signal at δC/δH 131.2/7.67.
It has been reported that PB is considered to exclusively acylate
the γ-position of S-lignin side chains, analogously with p-
coumarates (pCA) in grasses.55,56 The signals for the Cα�Hα

and Cβ�Hβ correlations of substructures I were clearly discov-
ered at δC/δH 128.4/6.44 and 128.2/6.25, respectively, in the
aromatic region of the HSQC spectrum of MWL. However,
these signals could only be seen at lower contour levels in the
spectrum of MAL (not shown). The signals for the Cα�Hα and

Cβ�Hβ correlations of substructures J were found at δC/δH
153.5/7.60 (not shown) and 126.1/6.76, respectively. In the
aromatic region of the HSQC spectrum ofMWL, the weak signal
for the C20�H20 correlations of spirodienone substructures D
was clearly discovered at δC/δH 113.3/6.22, whereas its C60�H60

correlations (δC/δH 118.9/6.07) could be seen only at lower
contour levels (not shown). In accordance with the discussion in
the side-chain region of the HSQC spectrum of MAL, no
C20�H20 or C60�H60 correlations of substructures D could be
detected.
Associated Carbohydrates. Various signals from the asso-

ciated carbohydrates could also be found in the HSQC spectra
of MWL andMAL, including signals in the aliphatic regions and
anomeric regions. In the aliphatic regions (Figure 2, left
column), the C2�H2 correlations from 2-O-acetyl-β-D-xylo-
pyranoside units (X22) and C3�H3 correlations from 3-O-
acetyl-β-D-xylopyranoside units (X33) were clearly observed at
δC/δH 73.2/4.49 and 74.7/4.80, respectively. Other signals
from β-D-xylopyranoside units (X) were evidently noted, with
its C2�H2, C3�H3, and C4�H4 correlations at δC/δH 72.5/
3.02, 73.7/3.22, and 75.4/3.60, respectively, but the C5�H5

correlations from X were observed at δC/δH 62.6/3.40 and
3.72, which were overlapped with other unassigned cross-
signals. The C4�H4 correlations from 4-O-methyl-α-D-GlcUA
(U4) were observed at δC/δH 81.1/3.10. All of these were well
in line with the results of carbohydrate analysis as shown in
Table 1. These results confirmed that acetylated 4-O-methyl-
gluconoxylan is the major carbohydrate associated with lignin
macromolecules, and acetyl groups frequently acylate the C2
and C3 positions.53

Benzyl ether (BE) LCC linkages could also be detected in the
aliphatic regions, and the main lignin�carbohydrate linkages are
given in Figure 5.10,11 Previous studies based on lignin�carbohy-
drate model compounds have found that the BE LCC structures
can be divided into two types: (a) BE1, linkages between the
α-position of lignin and primary OH groups of carbohydrates
(at C-6 of Glc, Gal, and Man, and C-5 of Ara); and (b) BE2,
linkages between the α-position of lignin and secondary OH
groups of carbohydrates, mainly of lignin�xylan type.57�59 In the
present study, the Cα�Hα correlations in BE LCC structures
were found at δC/δH 81.3/4.65 in the HSQC spectra of
both MWL and MAL. Besides, signals for benzyl ester bonds
at ∼75�77/6.0�6.2 ppm were not detected.10,11,60

Table 4. Assignment of the Associated Carbohydrate
13C�1H Cross-Signals in the HSQC Spectra of the Lignin
Fractions

label δC/δH assignment

X5 62.6/3.40 and 3.72 C5�H5 in β-D-xylopyranoside

X2 72.5/3.02 C2�H2 in β-D-xylopyranoside

X22 73.2/4.49 C2�H2 in 2-O-acetyl-β-D-xylopyranoside

X3 73.7/3.22 C3�H3 in β-D-xylopyranoside

X33 74.7/4.80 C3�H3 in 3-O-acetyl-β-D-xylopyranoside

X4 75.4/3.60 C4�H4 in β-D-xylopyranoside

U4 81.1/3.10 C4�H4 in 4-O-methyl-α-D-GlcUA

BEα 81.3/4.65 Cα�Hα in benzyl ether LCC structures

anomeric correlations (C1�H1)

αX1(R) 92.2/4.88 (1f4)-α-D-xylopyranoside (R)

U1 97.2/5.18 4-O-methyl-α-D-GlcUA

βX1(R) 97.4/4.26 (1f4)-β-D-xylopyranoside (R)

PhGlc1 98.4/4.90 phenyl glycoside linkages

R1 98.8/5.12 (1f2)-α-L-rhamnopyranoside

X231 98.9/4.71 2,3-O-acetyl-β-D-xylopyranoside

X21 99.4/4.52 2-O-acetyl-β-D-xylopyranoside

PhGlc2 100.6/4.65 phenyl glycoside linkages

PhGlc3 101.5/4.79 phenyl glycoside linkages

X31 101.6/4.32 3-O-acetyl-β-D-xylopyranoside

X1/Glc1 103.2/4.20 β-D-xylopyranoside/β-D-glucopyranoside

Figure 5. Main lignin�carbohydrate linkages: PhGlc, phenyl glycoside; Est, γ-ester; and BE, benzyl ether.
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The well-resolved anomeric correlations (δC/δH 90�105/
3.9�5.4) of the associated carbohydrates are shown in Figure 4.
The assignments of the anomeric correlations were based on the
published literature (Table 4).10,11,53 As discussed above, the
corresponding anomeric correlations (C1�H1) of β-D-xylopyr-
anoside units acetylated at C-2 (X2), C-3 (X3), or both positions
(X23) were observed atδC/δH 99.4/4.52, 101.6/4.32, 98.9/4.71,
respectively. The corresponding anomeric correlations of
β-D-xylopyranoside units (X1) were found at δC/δH 103.2/4.20,
whereas the minor anomeric correlations of β-D-glucopyranoside
units (Glc1) might be overlapped in this region. The anomeric
correlations from the reducing end of (1f4)-α-D-xylopyrano-
side (αX1) and (1f4)-β-D-xylopyranoside (βX1) units were
found at δC/δH 92.2/4.88 and 97.4/4.26, respectively. Besides,
the anomeric correlations from 4-O-methyl-α-D-GlcUA (U1)
and (1f2)-α-L-rhamnopyranoside units (R1) were clearly ob-
served at δC/δH 97.2/5.18 and 98.8/5.12, respectively. Accord-
ing to a previous study,11 other unassigned correlations in the
anomeric regions belong to phenyl glycoside linkage units.
Detailed assignments of these dispersed contours need to be
made in future studies using models and a variety of well-
characterized polysaccharide polymers.53 In the present study,
these cross-signals were labeled PhGlc1, PhGlc2, and PhGlc3, and
their correlations were observed at δC/δH 98.4/4.90, 100.6/4.65,
and 101.5/4.79, respectively.
Quantification of Lignin Structures and LCC Linkages.

Quantification of lignin structures and LCC linkages is very
important. These efforts provide not only more comprehensive
information about lignin architecture and reactivity but also an

appropriate method for the selective separation and isolation of
lignin and carbohydrate preparations from lignocellulosics.11,15

However, the quantitative 13C NMR, which has been successfully
developed to quantify the lignin structures, is unsuitable when the
lignin preparation contains high LCC fractions. In the present
study, the quantification method by the combination of quanti-
tative 13C and 2D HSQC NMR, which was proposed by Zhang
and Gellerstedt,17 was adopted to quantify the lignin structures.
Figure 6 shows the quantitative 31C NMR spectra of MWL and
MAL. A detailed assignment of the various signals in the
quantitative 31CNMR spectra was given in our earlier studies.39,40

The keypoint in the quantificationmethod adoptedwas to select a
suitable internal standard reference signal originating from ligninwith
similar structural features.17 The selected internal standard references
can convert relative integration values obtained from the correspond-
ing 2D spectrum to the absolute values. As the integral values in
Figure 6, the resonance for the total aromatic carbons (163.0�103.6
ppm) was assigned as 600.0. The integral values for the selected
internal standard references and other structural moieties were
expressed per 100 Ar. To quantify the lignin structures and LCC
linkages, the values obtained from the integration of three clusters at
103.6�96.0, 90.0�78.0, and 64.5�58.5 ppm in the corresponding
quantitative 13C spectra were used, and the results are also listed in
Figure 6. The amounts of lignin substructures and LCC moieties
were calculated per 100 Ar as follows:11,17

PhGlc ¼ 2DðR1þPhGlcÞ=2Dð103:6�96:0=5:40�3:90Þ

�13 Cð103:6�96:0Þ=
13Cð163:0�103:6Þ � 600

Figure 6. Quantitative 31C NMR spectra of milled wood lignin (MWL) and mild acidolysis lignin (MAL).
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BE ¼ 2DðBEαÞ=2Dð90:0�78:0=6:00�2:50Þ

�13 Cð90:0�78:0Þ=
13Cð163:0�103:6Þ � 600

Est ¼ 2DðA0γÞ=2Dð64:5�58:5=5:0�2:5Þ

�13 Cð64:5�58:5Þ=
13Cð163:0�103:6Þ � 600

PhGlc, BE, and Est are the amounts of phenyl glycoside, benzyl
ether, and γ-ester LCC linkages (per 100 Ar). The amounts of
the various lignin substructures were calculated according to
the formula of BE. For resinol (B), phenylcoumarane (C), and
spirodienone (D) substructures, the Cα�Hα correlations in the
2D spectrum were used, whereas the Cβ�Hβ correlations were
selected for substructures A, A0, and F. It should be noted that
the amount of γ-ester LCC linkages calculated was the sum of
LCC γ-ester (Est) and γ-acylated β-O-40 aryl ether substruc-
tures (A0). Signals for ester bonds at the γ-position of the C9

unit, probably between the γ-position of lignin and a carboxyl
group of uronic acid,60 were overlapped with the signals from γ-
acylated β-O-40 aryl ether substructures (A0). The overlapped
signals between these two substructures have been distin-
guished by using high-resolution NMR spectroscopy (950
MHz) with CryoProbe.11 The results on the quantification of
lignin substructures and LCC linkages in MWL and MAL are
summarized in Table 5.
As can be seen fromTable 5, MWL andMAL exhibited similar

structural features. Themain substructures present in bothMWL
and MAL were β-O-40 aryl ether (A), resinol (B), and phenyl-
coumaran (C) substructures, and their abundances per 100 Ar
units changed from 41.5 to 43.3, from 14.6 to 12.7, and from 3.7
to 4.0, respectively. The S/G ratios were very close, estimated to
be 1.57 and 1.62 for MWL and MAL, respectively. However,
some different structural features between MWL and MAL were
also quantified. MWL contained a low amount of spirodienone
(D) substructures, 0.7 per 100 Ar, whereas this substructure
could not be detected in the preparation of MAL. It is worth

noting that the amounts of Cα-oxidized β-O-40 substructures
(F) and p-hydroxycinnamyl alcohol end groups (I) were
different in these two lignin preparations. Whereas the former
increased from 0.2 to 0.6 per 100 Ar, the latter decreased from
7.4 to 0.9 per 100 Ar. These differences might be due to the
different isolation methods used for preparing the lignin frac-
tions. For MWL, the occurrence of Cα-oxidized β-O-40 sub-
structures (F) might be due to the ball-milling process. It has
been reported that the effect of ball-milling could result in
oxidation reactions of the lignin side chains.7,41,61 However, the
increase of F substructures and the decrease of I in MAL could
be attributed to the mild acid hydrolysis.
The main types of LCC linkages in wood are believed to be

phenyl glycoside bonds, esters, and benzyl ethers.8�11 Both benzyl
ethers and phenyl glycoside linkages can be easily cleaved under
mild acidic conditions.27However, in the present study, all of these
linkages have been detected both inMWL and inMAL (Table 5).
Specifically, the amounts of PhGlc and BE in MWL were slightly
higher than in MAL. As aforementioned, this could be explained
by the different isolationmethods used.24,31,42,43 Besides, the BE in
MAL might be rich in nonphenolic, because the nonphenolic BE
was found to be more stable under such conditions.62,63

In summary, MAL has been sequentially isolated from the
residual wood meal after extraction of MWL from the ball-milled
poplar wood. The results indicated that MWL and MAL
exhibited similar structural features. Therefore, they could be
combined to understand the structure of a greater proportion of
lignin in the cell wall. The method to quantify the different lignin
structures and LCC linkages by using a combination of quanti-
tative 13C and 2D HSQC NMR techniques was proved to be
effective when the lignin preparation with high amounts of
associated carbohydrates. However, for accurate assignment of
the associated carbohydrates and LCC linkages, future studies
using model compounds and a variety of well-characterized
polysaccharide polymer are needed.
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