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ABSTRACT
Among numerous analytical techniques developed for lignins, solution-state
multidimensional NMR provides unparalleled details of the polymers’ structural features
to be elucidated. With an ability to diagnostically identify and approximate the diverse
array of the structural elements in lignin polymers, the NMR techniques are becoming
essential in numerous lignin research settings including those aiming to investigate the
biosynthesis, bioengineering and biodegradation lignins, as well as the chemistry of lignins
in various chemical and biochemical contexts in the light of the biorefinery concept. This
chapter review will consider some basic and practical aspects of such NMR
implementations in current lignin research. Specifically, a handful of key 2D and 3D NMR
experiments for characterizing lignins and basic strategies for preparing suitable cell wall
lignin samples to apply these NMR techniques are discussed.
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INTRODUCTION
Lignin displays considerable structural heterogeneity. The chemical structure of lignin
is complex and intricate within a single lignin polymer sample and also highly diverse and
variable among practically any different lignin samples from different biomass origins, i.e.,
the substructure and bonding patterns of lignin polymers exhibit wide variability among
plant lineages as well as tissue/cell types and are also influenced by developmental and
environmental factors in plant growth. More than 10 different types of aromatic building
units derived from different canonical lignin monomers beyond the three classical
monolignols, i.e., coniferyl, sinapyl, and p-coumaryl alcohols, and more than 20 different
types of side-chain linkages connecting these aromatic units or serving as the polymer endunits have been described, and it is highly probable that more exist in low proportions or
in previously overlooked locations. In addition, genetic manipulation of the lignin
biosynthetic pathway has generated “abnormal” lignins incorporating non-canonical
aromatic units occasionally connected by novel inter-monomeric linkage types, thereby
further expanding the array of lignin chemistry to be considered by researchers [1-6].
The structure of lignin has long been studied by chemical degradation of the polymer
into smaller fragments that can be then identified and quantified to deduce the existence
and abundance of the small elements in the original lignin polymer [7]. Indeed, much of
our current understanding of lignin structure was derived from the pioneering degradative
methods such as nitrobenzene oxidation, acidolysis, permanganate oxidation,
thioacetolysis, and hydrogenolysis [8-12]. Newer chemical degradative methods, such as
thioacidolysis [13, 14], derivatization followed by reductive cleavage (DFRC) [15, 16],
ozonation [17, 18], tosylation–iodination–zinc-metal (TIZ) treatment [19], and γtosylation–thioetherification–sulfonylation–mild alkali hydrolysis (γ-TTSA) treatment
[20], in combination with modern gas/liquid chromatographic and mass spectrometric
measurements, remain indispensable for extensive analysis targeting specific features and
interunit lignin linkage types.
On another front, the advent of sophisticated nuclear magnetic resonance (NMR)
techniques has greatly improved our capacity to study the complex lignin structure. In
particular, multi-dimensional heteronuclear NMR, in which the chemical shift space
available for resolution in conventional 1D NMR spectra is greatly expanded by addition
of another spectral dimension, offers powerful tools to elucidate the complex array of the
lignin subunit and linkage types. In fact, such NMR techniques were crucial in
identifications of the dibenzodioxocin [21, 22] and spirodienone [23, 24] substructures,
both of which are now well recognized as being essentially common linkage types in
lignins of constitutive xylem tissues in vascular plants. In addition, NMR has been
responsible for the recent discoveries of new types of lignin polymers biosynthesized
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from previously overlooked lignin monomers, such as caffeyl alcohol [25, 26], 5hydroxyconiferyl alcohol [27], tricin [28-30], hydroxystilbenes [31, 32], and
diferuloylputrescine [33] in some specific plant lineages and tissues. Furthermore, the
whole-cell-wall dissolution/solubilization methods now allow researchers to acquire 2D
and 3D spectra that display well-resolved lignin resonances even without laborious
isolation of lignins from biomass [34-43]. This review selects some basic and practical
aspects of the current use of 2D and 3D NMR methods in lignin structural characterization.
Specifically, we initially provide an overview of a handful of 2D and 3D NMR experiments
most commonly used for recent lignin research, and subsequently consider strategies for
preparing lignin samples to effectively implement these NMR techniques in various
research settings, with highlighting some recent research reports – note that the literature
highlighted here are just examples amongst many. Interested readers should refer to the
book chapter by Ralph and Landucci [44] for expansive and comprehensive descriptions
of the methodology and utility of NMR spectroscopy in lignin characterization and may
also refer to other recent review articles addressing relevant subjects [45-48].

2D HSQC (HETERONUCLEAR SINGLE-QUANTUM COHERENCE)
The 2D 1H–13C HSQC is the most popular NMR experiment currently used for many
lignin research purposes. This NMR experiment correlates 13C and 1H nuclei by the
evolution and transfer of single-quantum coherence via the one-bond C–H coupling (1JCH),
and yields a 2D spectrum that has 13C chemical shifts on the “indirect” F1 dimension and
1
H chemical shifts on the “direct” F2 dimension with sharp cross-peaks representing the
one-bond C–H relationships. An obvious advantage of HSQC as compared to 1D 1H and
13
C experiments is that it offers far better signal dispersion; overlapping protons may be
isolated by their attachments to carbons with different chemical shifts, and likewise
overlapping carbons may be distinguished by their proton shift differences. In addition, as
it is an “inverse” proton-detected experiment, HSQC is much more sensitive and thus the
acquisition time is shorter when compared with that of the 1D 13C experiments. Therefore,
with recording an HSQC spectrum, time-consuming 1D 13C experiments can be often
omitted in routine lignin characterization settings, unless the identification of quaternary
carbons, which are not detected by HSQC, is crucial.
An important acquisition parameter in the HSQC pulse sequence is the insensitive
nuclei enhanced by polarization transfer (INEPT) delay which depends on the magnitude
of 1JCH and consequently affects the relative intensities of correlation signals from various
1
H–13C pairs with different 1JCH values. For typical lignin samples, this delay time is set to
maximize coherence transfer for an expected average value of 1JCH for major CHn
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groups in lignins, which is typically 140-150 Hz. The phase-sensitive or multiplicity-edited
pulse variants can be optionally chosen to make a clear distinction between carbons bearing
an even (CH2) or odd number (CH or CH3) of directly bonded protons. The adiabatic pulse
variants of HSQC experiments have been recommended as they seem to give less artifacts
and more uniform correlation profiles relatively independently of 1JCH variations [39, 40].

Peak Assignments
Extensive efforts by pioneering lignin researchers have established the 1H and 13C
chemical shift assignments for many structural motifs found in lignins and associated
polysaccharides in cell walls; these assignments were made based on the collection of
rigorous NMR data of isolated lignins, synthetic lignins (dehydrogenation polymers,
DHPs), and diverse monomeric and oligomeric lignin model compounds, as well as various
carbohydrate standards. A useful NMR database listing 1H and 13C chemical shift
assignments for over 450 lignin and carbohydrate model compounds in common NMR
solvents such as acetone-d6, chloroform-d, and dimethylsulfoxide (DMSO)-d6 is available
online [49]. Tables and datasets listing major chemical assignments for cell wall NMR
analyses using DMSO-d6/pyridine-d5 [29, 50-54], perdeuterated ionic liquids (ILs)/DMSOd6 [38, 41, 42], and hexamethylphosphoramide (HMPA)-d18/DMSO-d6 [43] solvent
systems can be also found. Such public resonance assignment data may allow researchers
to annotate many of the previously established lignin and polysaccharide correlations.
Assigning new or previously overlooked lignin resonances, however, is a non-trivial task
that often requires synthesis of new model compounds for spectral comparison within
HSQC sepctra and also, ideally, additional acquisition of other short-range and long-range
correlation spectra to unambiguously authenticate the new signal assignments made.

Comparative Peak Quantification
Semi-quantitative (comparative) analysis of integral ratios in HSQC spectra is possible
especially between known 1H–13C pairs in similar chemical environments with the
reasonable assumption that their 1JCH values fall within a similar, narrow range [39]. For
example, C2–H2 correlations from guaiacyl (G) and C2–H2/C6–H6 correlations from
symmetrical syringyl (S) and p-hydroxyphenyl (H) units have been commonly used to
obtain estimates of the important H/G/S lignin compositional ratios. Likewise, Cα–Hα
correlations from the phenylpropanoid side-chains are particularly useful for estimating the
distribution of these inter-monomeric linkage types in lignins in various lignin samples.
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That said, it must be always kept in mind that HSQC is not absolutely quantitative, i.e., the
simple proportionality of the volume integrations to the molar quantity of individual CHn
groups in lignins can be perturbed considerably by many factors inherent in the common
pulse program, including the mismatch of 1JCH-dependent delay parameters as mentioned
above and several other factors, which are further considered in the section titled “HSQC
Variants for Enhanced Quantitative Capability” below.

Typical HSQC Profiles of Natural Lignins
Figures 1 and 2 show HSQC spectra of representative cell walls and isolated lignin
samples, respectively, from a softwood (Pinus radiata), a hardwood/eudicot (Eucalyptus
globulus), and a monocot grass (Oryza sativa; rice). The spectra of unfractionated cell walls
display well-resolved lignin resonances from some of the major lignin substructures
amongst overwhelming polysaccharide resonances, whereas those, along with other
relatively minor lignin resonances, can be seen much more clearly in the spectra of the
corresponding isolated lignin samples (further discussed in the section titled “Sample
Preparation Strategies for 2D and 3D NMR of Lignins” below).
The aromatic sub-regions resolve signals from typical guaiacyl (G), syringyl (S), and
p-hydroxyphenyl (H) rings and volume integrals of the resolved C2–H2/C6–H6 contour
signals (G2, S2/6, and H2/6) allow reasonable quantification of the H/G/S lignin unit
composition (Figures 1A and 2A). The pine lignin follows the pattern of typical
gymnosperm (softwood) lignins, composed of almost only G units, whereas the other
angiosperm lignins from the hardwood eucalyptus and a grass rice are typical mixtures of
G and S units. Regardless of the plant sources, H units are typically minor but may be
slightly more prevalent, albeit still at low levels, in grass lignins as compared to in softwood
and eudicot (including hardwood) lignins. As is typical for grass cell walls, the HSQC
spectrum of rice cell walls additionally displays intense signals from p-coumarate (P) [55,
56] and flavone tricin (T) [28, 29] residues attached mainly on lignins, as well as signals
from ferulates (F) mainly on hemicelluloses (Figure 1A) [55, 56]; the ferulate signals are
therefore reasonably depleted in the spectra of the isolated rice lignin sample in which most
of the polysaccharide components have been removed (Figure 2A). In softwood lignin
spectra, the recently determined G2 correlations specifically from the 4–O–5 intermonomeric linkage type can be seen at δC/δH 105.0-106.5/6.8 at very low contour levels,
whereas the identification of this particular linkage type is difficult in eudicot and grass
lignin spectra as the correlations overlap with the main S2 correlations from other major
linkage types (Figure 2A) [57, 58].
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Figure 1. Partial 2D 1H–13C HSQC spectra of whole-cell-wall samples from a softwood (Pinus radiata),
a hardwood (Eucalyptus globulus), and a monocot grass (Oryza sativa; rice). Aromatic (A), aliphatic
(B), and polysaccharide anomeric (C) sub-regions are separately displayed. Contour coloring matches
that of the lignin substructure units shown in Figure 2. Boxes labeled  2 and  4 indicate regions that
are vertically scaled 2-fold and 4-fold, respectively.
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Figure 2. Partial 2D 1H–13C HSQC spectra of lignin-enriched cell wall or isolated lignin (milled-wood
lignin, MWL) samples from a softwood (Pinus radiata), a hardwood (Eucalyptus globulus), and a
monocot grass (Oryza sativa; rice). Aromatic (A) and aliphatic (B) are separately displayed. Volume
integrals are given for the major lignin aromatic and side-chain structures that are color-coded to match
their assignments in the spectrum. Boxes labeled 2, 4, and 8 indicate regions that are vertically
scaled 2-fold, 4-fold, and 8-fold, respectively. n.d., not detected.
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Figure 3. NMR observation of natural catechyl lignins. (A and B) Partial 2D 1H–13C short-range HSQC
sepctra of acetylated whole seedcoat cell walls of Jatropha curcas (A) and Vernicia fordii (B). Volume
integrals are given for the major lignin aromatic and side-chain structures that are color-coded to match
their assignments in the spectrum. (C and D) Partial 2D 1H–13C long-range HMBC spectra of acetylated
samples of isolated Euphorbiaceae and Cleomaceae seedcoat lignins and synthetic lignin polymer (GDHP) prepared from polymerization of caffeyl alcohol with coniferyl and sinapyl alcohol (G/S/C-DHP)
and with coniferyl alcohol only (G/C-DHP). Subregions exhibiting aromatic correlations to
benzodioxane α-protons (C) and correlations to β-aryl ether side-chain α-protons (D) are shown. Boxes
with 2 or 4 indicate regions that were vertically scaled 2- or 4-fold. Adopted from Tobimatsu, Y.,
Chen, F., Nakashima, J., Jackson, L., Escamilla-Treviño, L. L., Dixon, R. A., and Ralph, J. 2013. Plant
Cell 25:2587-2600 (www.plantcell.org; copyright American Society for Plant Biologists).

The aliphatic regions of the HSQC spectra resolve the correlations for the various
lignin inter-monomeric linkage types and those for the polymer end-units and methoxyl
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groups (Figures 1B and 2B). As already mentioned, volume integrals of the well-resolved
Cα–Hα correlations in the spectra of isolated lignin samples can be used to compare the
distribution of lignin inter-monomeric linkage types between different lignin polymer
samples (Figure 2B). The predominant signals are usually from the common α-free β–O–
4 units (β-aryl ethers, I), with lesser amounts of β–5 (phenylcoumarans, II), β–β (resinols,
III), 5–5/4–O–β (dibenzodioxocins, IV), and β–1 (spirodienones, V) signals, and also
signals arising from trace amounts of α-keto-β–O–4 (I″) and α–O–4/β–O–4 (diaryl ethers,
I′′′) signals may be seen. The relative proportions of β–O–4 and β–1 signals are usually
higher and those of β–5 and 5–5/4–O–β signals are conversely lower in hardwood (eudicot)
and grass lignins when compared with those in softwood lignins. Such shifts of lignin
linkage distributions are typical when lignin incorporates more S units than G or H units
as has been demonstrated by NMR studies on transgenic plants with variously altered
H/G/S unit composition [59-64]. The rice lignin spectrum additionally displays
characteristic signals from acylated lignin units, notably tetrahydrofuran-type β–β units
(III') [65, 66], affirming that this lignin, as is typical in grass lignins, is highly acylated at
the γ-OH positions mainly by p-coumarates P (Figures 1B and 2B) [55, 67, 68].
In some taxa of vanilla orchid and cactaceae seedcoats, lignins are apparently
biosynthesized solely from either of catechyl (C) or 5-hydroxyguaiacyl (5H)-type
monolignols, i.e., caffeyl or 5-hydroxyconiferyl alcohols, producing C or 5H lignin
homopolymers [25, 27], whereas lignins in many of the Euphorbiaceae and Cleomaceae
seedcoats have been found to be mixtures of C lignins with conventional G or G/S lignins,
although the two classes don’t appear to be co-synthesized/copolymerized [26]. HSQC
spectra of these natural C and 5H lignins display characteristic aliphatic signals from
trans/cis-benzodioxane units with linkages derived from β–O–4-type radical coupling that
typifies lignification but following rearomatization of quinone methide intermediates via
an atypical intramolecular trapping mechanism (Figure 3) [25, 69]. Likewise, as recently
discovered, HSQC spectra of lignins from palm fruit endocarps resolve unique correlations
from the cassigarol E- and aiphanol-type benzodioxane units, along with scirpusin B-type
phenylcoumaran and kompasinol A-type resinol units, all of which have been derived from
radical coupling of newly identified hydroxystilbene lignin monomers producing unique
lignin polymers with traditional monolignols [31, 32].

Non-Canonical Lignin Substructures in Transgenic/Mutant Plants
Extensive studies on the bioengineering of lignin have revealed the substantial
plasticity of lignification in planta [1, 2, 4, 61, 70-72]. Manipulation of the cinnamate/
monolignol pathway has led to the incorporation of non-canonical lignin monomers to
eventually generate new lignin substructures. For example, numerous CCoAOMT-deficient
[73] and CAldOMT/COMT-deficient [74-76] plants have been found to produce
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benzodioxane-type β–O–4 units via radical coupling of unusual caffeyl and 5hydroxyconiferyl alcohol monomers, respectively, in major xylem tissues where lignins
are usually composed of G/S or G units derived from typical coniferyl alcohol with or
without sinapyl alcohol monomers. In these plants, atypical caffeyl and 5-hydroxyconiferyl
alcohol monomers are forced to participate in lignification by a truncation of the
cinnamate/monolignol pathway due to the loss of the responsible OMT gene function. In a
similar way, CCR-deficient plants produced novel bis-(β–O–4) units through incorporation
of unusual ferulic acid monomer [77, 78], and numerous CAD-deficient plants produced
various γ-aldehyde lignin substructures through incorporation of unusual p-hydroxycinnamaldehyde monomers [59, 79-83].
Such abnormal lignin substructures in various transgenic and mutant plants have been
evidenced primarily by 2D and/or 3D NMR analysis of the lignins along with suitable
model compounds such as in vitro synthetic lignins (DHPs) incorporating the anticipated
new lignin monomers. As an example, Figure 4 shows HSQC spectra of lignins from a
recently reported OsFNSII-deficient rice mutant (fnsII) that is defective in one of the key
reaction steps, the conversion of naringenin to apigenin, requisite for the synthesis of the
tricin lignin monomer in grasses [84]. In the aromatic sub-regions of the rice mutant
spectra, the characteristic set of aromatic signals derived from the flavone aromatic system
of tricin (T3, T6, T8, and T2´/6´) [28, 29] are essentially absent. Instead, diagnostic signals
from the narigenin flavanone ring system (N8/6 and N2) are clearly visible in the spectra of
the mutant lignins and exactly match with the signals appearing in the spectra of DHP
prepared with naringenin and coniferyl alcohol (GN-DHP), demonstrating that the rice
mutant has incorporated the non-canonical naringenin monomer instead of tricin into its
lignin polymers [84].

HSQC VARIANTS FOR ENHANCED QUANTITATIVE CAPABILITY
The difficulty of performing “true” quantitative analysis is an important limitation of
the conventional 2D 1H–13C HSQC NMR although, as mentioned above, it still offers
valuable semi-quantitative information regarding the relative abundances of major lignin
subunits and linkages that can be used for comparative analyses between samples under
identical NMR conditions [see the subsection “Comparative peak quantification” in the
section “2D HSQC (Heteronuclear Single-Quantum Coherence)” above]. Typical
heteronuclear correlation NMR experiments, including HSQC, are not quantitative mainly
because of resonance-specific signal attenuations during the coherence transfer steps.
These signal attenuations can be arise from several factors such as variations in 1JCH,
evolutions of 1H–1H homocouplings (JHH), carbon resonance offset effects, and also
differential 1H/13C T2 relaxation effects. In 1D spectra, the influence of 1H T1 deviations
can be easily suppressed by setting the relaxation delay in the pulse sequence properly (five
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times the longest T1 of interest) but the problem in HSQC experiments is that there is
significant relaxation, and obviously more by the fastest relaxing components, during the
pulse sequence itself, i.e., before that actual acquisition of each FID. This leads to a
situation where, for example, the more mobile endgroups (with comparatively slow
relaxation) become over-represented relative to the less mobile internal units of the lignin
polymer chain [26, 30, 40].
The so-called quantitative HSQC (Q-HSQC) [85] is a variant developed to suppress
1
the JCH-dependence of coherence transfer by modulating the transfer delay within a single
pulse program. The quantitative Carr-Purcell-Meiboom-Gill (CPMG)-adjusted HSQC (QCAHSQC) further suppresses resonance offset and JHH evolution effects by replacing the
constant-time INEPT steps with the constant-time CPMG-INEPT steps [86]. In addition,
as a powerful modification of Q-CAHSQC, Peterson and Loening [87] developed the socalled quick quantitative HSQC (QQ-HSQC) pulse scheme, in which signals
corresponding to different INEPT delays are acquired simultaneously from different parts
of the sample, resulting in greatly reduced number of scans per increment and therefore
shorter total acquisition time to achieve the same spectral quality as Q-HSQC or QCAHSQC does. The utility of these Q-HSQC variants for quantitative analysis of lignin
aromatic composition and linkage distribution in isolated lignin samples has been
demonstrated by Crestini and co-workers [88-91] but only on quite clean isolated lignin
samples that do not have the short relaxation times experienced with, for example, wholecell-wall samples.
However, especially when analyzing polymer mixtures like typical lignin samples,
peak integrals derived from the above Q-HSQC variants can still be skewed by large
deviations in the T2 relaxation rate among different components in the sample mixture, e.g.,
high vs low molecular weight polymer fractions, and mobile end-groups vs rigid internal
units even within a single polymer molecule. A protocol to acquire HSQC-derived
quantitative data by using internal standard reference resonances and resonance-specific
response factors derived from quantitative 1D 13C spectra has been proposed [92]. In
addition, the so-called HSQC0 method, in which a quantitative time-zero HSQC0 spectrum
is constructed by extrapolation of peak intensities from a series of constant time gradient
HSQCn spectra, may offer a simpler way to cancel any factors contributing to the signal
attenuations during the coherence transfer steps [93]. The HSQC0 method has been applied
for quantitative analysis of lignin composition and linkage distributions in, for example,
isolated spruce lignins [90], wheat organosolv lignins [94], and even unfractionated
Miscanthus cell walls [42]. Okamura et al. (2016) present another dedicated quantitative
method, the so-called ‘tolerant of any factor’ (TAF) method, which corrects for the loss of
magnetization using calibration factors determined by additional transverse relaxation
optimized spectroscopy (TROSY) experiments [95].
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Figure 4. Partial 2D 1H–13C HSQC spectra of lignin-enriched cell wall samples from wild-type (WT)
and FNSII-knockout mutant (fnsII) rice plants, and in vitro synthetic lignin polymers (DHPs). Aromatic
(A-D) and aliphatic (E-H) sub-regions for lignin-enriched cell walls of WT (A and E) and fnsII mutant
(B and F) plants and DHPs prepared from coniferyl alcohol only (G-DHP, C and G) and from coniferyl
alcohol along with naringenin (GN-DHP, D and H) are separately displayed. Boxes labeled 2 indicate
regions that are vertically scaled 2-fold. Contour coloration matches that of the lignin substructure units
shown. Adopted from Lam, P. Y., Tobimatsu, Y., Takeda, Y., Suzuki, S., Yamamura, M., Umezawa,
T., and Lo, C. 2017. 174:972-985 (www.plantphysiol.org; copyright American Society for
Plant Biologists).
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2D HMBC (HETERONUCLEAR MULTIPLE-BOND CORRELATION)
HMBC correlates protons with carbons via typically two- or three-bond coupling,
providing more information about connectivities and more signal dispersion compared to
1D and 2D HSQC spectra. The coupling evolution time, or long-range coupling delay, must
be carefully set to match with a long-range coupling constant (nJCH) of interest; for typical
lignin polymer samples, this delay time is traditionally chosen in the range of 60-100 ms,
which aims to maximize coherence transfer for nJCH of 5–8 Hz and while minimizing
relaxation losses that occasionally become problematic especially when longer delay times
(>100 ms corresponding to <5Hz nJCH) are applied. Importantly, HMBC does not always
allow all possible correlations to become visible, i.e., an HMBC spectrum obtained with
one particular coupling evolution time may miss some important correlations for nJCH that
do not match with the set delay value. In addition, as it applies a substantial pulse delay,
HMBC is susceptible to magnetization losses through relaxation. Therefore, fast relaxing
samples, e.g., underivatized cell walls swelled in viscous solvent such as DMSO-d6, should
be avoided, whereas samples with better relaxation characteristics, e.g., acetylated samples
fully dissolved in a less viscous solvent such as chloroform-d, are recommended for
obtaining better quality data (see also the section “Sample Preparation Strategies for 2D
and 3D NMR of Lignins” section below) [39].
As has been applied to many other organic compounds and natural products, HMBC
is particularly useful for determining new substructures and linkage types in lignins. Many
such applications of HMBC have been described and reviewed earlier by Ralph and
Landucci [39]. More recently, for example, the HMBC experiment has been successfully
implemented in the aforementioned discoveries of new types of lignins incorporating tricin
[28, 29] and hydroxystilbenes [31, 32]; HMBC not only validated the correct assignment
of the HSQC correlations but also provided more direct evidence for the covalent
connections between the new lignin subunits derived from these new lignin monomers and
the conventional lignin subunits derived from the conventional monolignols. In further
exciting work, Nishimura et al. (2018) successfully collected an HMBC spectrum that
clearly displayed the long-range correlations through benzyl ether bonds between lignin
and glucomannan in softwood cell walls, providing the first direct evidence for the longhypothesized lignin-carbohydrate bonding in lignin-carbohydrate complexes (LCC) in
planta [96].
In addition, HMBC spectra of lignins that resolve the long-range correlations between
the phenylpropanoid side-chain protons/carbons and the aromatic ring carbons/protons
revealing their direct connectivities can be useful in delineating the coupling propensity in
lignin polymerization, i.e., how each lignin monomer is coupled with which end-units of
the growing lignin polymer chains, or how the consequent distribution of lignin
substructures in the final lignin polymers are made. The HMBC spectra of various lignin
samples from hardwoods and softwoods as well as from several transgenic plants
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incorporating the three common monolignols, i.e., coniferyl, sinapyl, and p-coumaryl
alcohols at different composition ratios have been compared [60, 62, 97]. As another
example, Figures 3 C and D show regions of HMBC spectra of mixtures of C and G or C
and G/S lignins in Euphorbiaceae and Cleomaceae seedcoats and DHPs incorporating
caffeyl alcohol with coniferyl alcohol or with both coniferyl and sinapyl alcohols. The
long-range correlations from the α-protons in trans-benzodioxane units IV and typical βaryl ether units I to the aromatic carbons in C, G, and/or S rings reveal their direct
connectivities which in turn reflect how the three monomers are differently incorporated
into the lignin polymers in vivo and in vitro [26].

2D HSQC-TOCSY (HETERONUCLEAR SINGLE-QUANTUM
COHERENCE-TOTAL CORRELATION SPECTROSCOPY)
The 2D HSQC-TOCSY is a useful hybrid sequence combining HSQC with total
correlation spectroscopy (TOCSY; also called homonuclear Hartmann-Hahn spectroscopy,
HOHAHA) experiments, allowing rapid and clear identification of various coupling
networks in lignin polymers. In common pulse sequences, magnetization transferred back
from a carbon to its directly-bonded proton via 1JCH through an HSQC-type protocol is then
subjected to a homonuclear 1H–1H TOCSY propagation to the whole coupled spin network
via JHH. The obtained spectrum gives through-bond correlations between all J-coupled
protons and each carbon in the spin system. The spin-lock mixing time in the TOCSY
propagation period can be tuned to optimize the appearance and relative intensity of the
transferred signals and is usually set in the range of 80-120 ms for typical lignin polymer
samples.
The 2D HSQC-TOCSY, coupled with HSQC and HMBC, provides a powerful
complementary approach for identifying various substructures and linkage types in lignin
polymers. Typically, three side-chain carbons in a common lignin phenylpropanoid subunit
are all protonated and therefore fall together in a single 1H–1H TOCSY network.
Accordingly, linearly aligned matching sets of the coupled Cα–Hα, Cβ–Hβ, and Cγ–Hγ
correlations from each side-chain type can be seen; as an example, a typical HSQCTOCSY spectrum of DHP, highlighting the correlation sets of the major inter-monomeric
linkage and end-unit types, is shown in Figure 5 [98]. Such TOCSY features become
particularly useful when signal overlap prevents analysis with routine HSQC experiments.
For example, whereas HSQC on whole-cell-wall or mildly purified lignin samples often
fails to resolve at least some of the lignin side-chain correlations due to their serious overlap
with polysaccharide correlations (see Figure 1B, for example), HSQC-TOCSY often
separates their extended correlations away from such highly crowded regions. Numerous
applications of 2D HSQC-TOCSY to lignin and cell wall characterization were reviewed
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in Ralph and Landucci (2010) [39] and also have been documented in recent literature [28,
31, 32, 52, 96, 98, 99].

Figure 5. Partial 2D 13C–1H HSQC-TOCSY spectra of guaiacyl-type synthetic lignin polymers (DHPs)
prepared from in vitro polymerization of coniferyl alcohol (CA) only (left) and polymerization of CA
with epigallocatechin gallate (EGCG) co-monomer (right). Contour coloration matches that of the
lignin substructure units shown. Adopted from Elumalai, S., Tobimatsu, Y., Grabber, J. H., Pan, X., and
Ralph, J. 2012. Biotechnology for Biofuels 5:59 (https://biotechnologyforbiofuels.biomedcentral.com;
BioMed Central).

3D NMR EXPERIMENTS
Although 3D and higher-D NMR experiments have not been as common as in the
protein NMR field to date, a few 3D NMR experiments have proven valuable in the lignin
research field. The combination of HSQC and TOCSY pulse sequence regimes can be
further arranged to extend the correlation analysis into the third spectral dimension by
employing 3D TOCSY-HSQC. This 3D method aims to resolve correlations in
overcrowded regions by introducing a second proton dimension that provides spectral
planes of clean edited 2D 1H–13C HSQC spectra at frequencies corresponding to protons
in particular 1H–1H TOCSY coupling networks of interest. As a prime example, Ralph and
Lu [35] demonstrated that a 3D TOCSY-HSQC of acetylated whole softwood cell walls
provided essentially clean HSQC spectral planes with pure correlations from individual
lignin subunits, down to differentiating erythro/threo-β–O–4 stereoisomers, from
overwhelming polysaccharide signals. More recently, Nishimura et al. implemented 3D
TOCSY-HSQC to isolate pure correlations from the benzyl ether type LCC linkages
amongst many other proximate lignin and polysaccharide correlations [96]. In addition, 3D
HCCH-COSY (proton-carbon-carbon-proton-correlation spectroscopy), another 3D
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pulse program specifically designed to correlate resonances along H–C–C–H fragments
via 1JCH and 13C–13C couplings (1JCC), has been applied to 13C-labeled whole cell walls of
potato, chicory, and corn for precise chemical shift assignments of overlapping lignin and
polysaccharide signals [52].

SAMPLE PREPARATION STRATEGIES FOR
2D AND 3D NMR OF LIGNINS
Sample preparation is key to the success of any NMR experiment. Traditionally, lignin
researchers isolate and purify lignins from biomass, and also occasionally carry out
derivatizations (e.g., via acetylation) to achieve complete solubilization in suitable
deuterated solvents prior to solution-state NMR analysis. In the past when conventional
1D 1H and 13C NMR methods were the main options, such sample processing had been
particularly necessary to eliminate inevitably overlapping polysaccharide resonances.
Advanced heteronuclear correlation NMR techniques (as explained above) in combination
with the convenient cell wall dissolution/swelling methods (as further described below)
provide well-resolved 2D and 3D 1H–13C correlation spectra of “whole” cell walls in which
many useful lignin signals are isolated from overwhelming polysaccharide signals. Such
cell wall NMR approaches clearly offer advantages in terms of rapidity and simplicity of
sample preparation as well as of diversity of information provided – useful structural
information not only of lignins but also of other cell wall components, e.g.,
polysaccharides, can be obtained in a single NMR run. Nevertheless, lignin enrichment
and/or derivatization is still recommended In situations where high-quality NMR data for
rigorous linkage analysis is required. Figure 6 shows our recommended sample processing
and preparation flow to apply some common 2D and 3D NMR experiments to lignins.

Direct Dissolution/Swelling of Whole Cell Walls
Kim and Ralph introduced direct (non-derivatizing) whole-cell-wall dissolution/
swelling methods based on DMSO-d6 solvent systems for NMR [36, 39, 40, 53], based on
earlier methods that involved derivatization (see below). In their well-established protocol,
finely ball-milled extractive-free cell walls (~ 60 mg) are directly loaded into a NMR tube
and then swelled in DMSO-d6/pyridine-d5 (1:4, v/v, ~ 500 µL) via sonication to form
homogenous cell wall gels which can be subjected to various solution-state NMR
experiments. As compared to the DMSO-only solvent system that had been reported earlier
[36], the addition of pyridine was key to enhance the homogeneous swelling of cell walls
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that eventually improve the signal intensities and resolution of the obtained NMR spectra
[39]. Several other bi-solvent systems such as N-methylimidazole (NMI)-d6/DMSO-d6
[37], perdeuterated ILs/DMSO-d6 [38, 41, 42] and HMPA-d18/DMSO-d6 [43] for
dissolution/swelling of ball-milled cell walls and subsequent NMR acquisition have been
described.
The cell wall gel samples in DMSO-d6/pyridine-d5 allow acquisition of well-resolved
2D HSQC spectra displaying the entire array of cell wall polymers in their “native” state,
i.e., without apparent structural modification beyond that induced by minimal ball-milling
and sonication steps (Figure 1). With these spectra, many interpretable correlation signals
from lignins and polysaccharides can be seen, notably allowing identification of most of
the aromatic units and some major inter-monomeric linkage types in lignins as well as phydroxycinnamates (i.e., p-coumarates and ferulates) and other naturally-occurring acyl
groups (e.g., acetates, p-hydroxybenzoates) attached to lignins and/or hemicelluloses in
some plant species, and now also proteins [100]. In addition, analysis of polysaccharide
anomeric correlations provides further fingerprinting data of various sugar moieties,
mainly of hemicelluloses and amorphous cellulose (Figure 1C). Correlations from highly
crystalline cellulose, however, are usually invisible in gel-state cell wall spectra because of
its incomplete gelation [39, 40, 53].

Figure 6. Recommended sample processing and preparation flowchart for lignin characterization by
some common 2D and 3D NMR experiments.
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Within the currently available methods, a ball-milling step is essential for successful
cell wall dissolution and subsequent acquisition of informative NMR spectra. The ballmilling process, however, can cause degradation of cell wall components to some degree.
Therefore, milling conditions must be carefully adjusted depending on the solvent system
used, source plant species, cell wall loading, etc. Instructive tables listing milling
conditions for analysis using the DMSO-d6/pyridine-d5 system can be found in Kim and
Ralph (2010) [39] and Mansfield et al. (2012) [40]. Another limitation of the current direct
cell-wall-NMR methods is that the prepared cell wall gel samples are suitable generally
only for short-range correlation experiments. Long-range correlation experiments, e.g.,
HMBC, are practically impossible to acquire on typical cell wall gel samples because of
their rapid relaxation characteristics [25, 26, 39]; magnetization is largely or completely
lost through relaxation during the required pulses and delays before the actual signal
acquisition, as discussed earlier. If such long-range experiments are required on
unfractionated cell wall samples, the cell wall derivatization approach described below is
recommended.

Derivatization of Whole Cell Walls for Complete Solubilization
In 2003, Lu and Ralph [34] first introduced two bi-solvent systems, i.e., DMSO/NMI
(2:1, v/v) and DMSO/tetrabutylammonium fluoride (TBAF) (2:1, v/v), capable of
dissolving ball-milled whole cell walls and subsequent derivatization via acetylation (with
acetic anhydride in the DMSO/NMI system) or via methylation (by methyl iodide in the
DMSO/TBAF system). Importantly, the authors demonstrated that the resultant derivatized
cell walls were readily dissolved in common NMR solvents such as chloroform-d and
DMSO-d6, allowing application of various solution-state NMR techniques to analyze the
chemical structure of cell wall components; in fact, it was the first demonstration of
solution-state NMR analysis, using 2D and 3D methods, of whole plant cell walls without
requiring any fractionation [34, 35].
In particular, the applicability of the whole cell wall acetylation approach based on the
DMSO/NMI system has been demonstrated with many cell wall samples, such as wood
cell walls of pine [34, 101], spruce [102], aspen or poplar [34, 103, 104], and ginkgo [105],
herbaceous stem/internode cell walls of kenaf [34] and bamboo [106], and also seedcoat
cell walls from several eudicot and monocot species [25-27]. Additionally, some ILs may
be suitable for dissolving and acetylating cell walls for solution-state NMR analysis
without fractionation [107, 108].
The 2D 1H–13C HSQC of the acetylated whole cell wall solutions gives spectra that
display well-dispersed correlations from both lignins and polysaccharides, which allows
the analysis of their structural features in a similar manner to that performed with the
underivatized cell wall gels in DMSO-d6/pyridine-d5 as described above. Following
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acetylation, some of the lignin linkage correlations shift and have better dispersion. For
example, in the HSQC spectra of underivatized cell walls from most eudicots, the C α–Hα
correlations from β–O–4 linkages often overlap considerably with some correlations from
naturally acetylated xylan residues (Figure 1B), but usually give well isolated cross-peaks
with higher resolution after acetylation, allowing, for example, more detailed analysis of
the linkage type down to stereoisomers, i.e., erythro vs threo [108] or more reliable
quantification along with other Cα–Hα correlations from other inter-monomeric linkage
types (Figure 3A) [26]. The aromatic correlations from C-lignin units can also be more
clearly identified after acetylation (Figure 3A), whereas they are usually overlapped with
correlations from common guaiacyl (G) lignin units without acetylation [25-27]. It is,
however, important to keep in mind that some important structural information of native
cell walls, for example, the information on naturally occurring acetates on lignins and
hemicelluloses, can be lost through the sample acetylation.
One of the prominent advantages of the cell wall acetylation approach is that it enables
the use of fully-dissolved clear cell wall solutions in less viscous NMR solvents such as
chloroform-d. Enhanced signal intensity and resolution can be therefore expected, which
may allow the acquisition of better quality spectra with less sample loading and/or with a
shorter NMR acquisition time when compared with that of the gel-state NMR of
underivatized cell walls. A good illustration for this was the aforementioned application of
3D TOCSY-HSQC on acetylated whole pine cell walls [35]. Furthermore, rather
importantly, the enhanced relaxation characteristics of acetylated cell wall solutions often
allow the long-range HMBC experiments to be acquired with satisfactory signals that
provide valuable connectivity data; as mentioned above, fast relaxing underivatized cell
wall gel samples are generally ill-suited for long-range correlation experiments. A good
example can be found in Lu and Ralph (2003) where they successfully collected
informative HMBC spectra of whole poplar and aspen cell walls samples fully acetylated
and dissolved in chloroform-d [34].

Lignin-Enrichment via Cellulase Treatments
Although the whole-cell-wall-NMR approaches described above provide a fast and
convenient way to analyze entire lignins and associated polysaccharides without extra
sample workup steps, isolation of lignin-enriched fractions from biomass is still worth
considering for more extensive analysis of lignins in many research settings, such as those
involving unambiguous authentication of new substructures and linkages, expansive
linkage distribution analysis covering relatively minor components, or analysis of residual
lignins in a sample with a low lignin content, e.g., immature and/or less lignified plant
tissues, and delignified biomass samples.
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A simple lignin-enrichment step can be integrated into the routine cell wall NMR
analysis regimes by incorporating cellulase treatments following the cell wall ball-milling
step (Figure 6). The resultant lignin-enriched cell walls containing essentially the entire
lignin fraction and residual polysaccharides (mainly hemicelluloses) are usually soluble in
DMSO-d6 or DMSO-d6/pyridine-d5 and thus can be readily subjected to structural analysis
using common short-range correlation experiments (Figure 4); nonetheless, further
acetylation and solubilization into a less viscous NMR solvent such as chloroform-d may
be still required for successful long-range HMBC experiments. Such lignin-enriched cell
wall samples provide clean HSQC spectra displaying augmented lignin correlations, often
facilitating the determination of relatively minor lignin linkages that may have not been
clearly identified by direct NMR analysis on the original cell walls. Cellulase treatments,
however, can be a source of protein contamination that may potentially affect the analysis
of lignin resonances. In particular, some aromatic correlations from common amino acid
residues such as phenylalanine and tyrosine have been recently identified and found to
superimpose partially on the correlation peaks from typical H lignin units [100]. In such
cases, a protease treatment can be applied to eliminate most of the protein residues
incorporated into the cell wall samples [100].

Isolation of Soluble Lignins
Sufficiently pure lignin fractions can be obtained as a form of so-called milled wood
lignin (MWL) by extracting lignins with the classical aqueous dioxane (~ 96%) solvent
system directly from the ball-milled cell walls [109], or as a form of so-called cellulolytic
enzyme lignin (CEL) by extracting lignins after cellulase treatments of the ball-milled cell
walls (Figure 6) [110]. CEL is structurally similar to MWL but it can be typically obtained
in a higher yield when compared with that of MWL [111]. Some modified protocols to
prepare CEL with higher purity and yield have been proposed, for example, by
incorporating a pre-swelling step using the DMSO/NMI system [112], or alkaline [113] or
a mild acid pretreatment [114, 115] prior to the enzymatic hydrolysis step. Some chemical
treatments, however, may disturb the chemistry of native lignin polymers; for example,
natural acyl groups (e.g., p-coumarates in grass lignins) can be easily liberated under
alkaline conditions, and some lignin substructures such as spirodienone β–1 units are labile
under acidic conditions [24]. The isolated MWLs and CELs are fully soluble in DMSO-d6
as well as in less viscous acetone-d6/D2O (9:1, v/v) and their detailed structural features are
accessible by all the common short-range and long-range correlation experiments
described in this chapter review (Figure 2).
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LCC Fractions
Further fractionation of the cell wall residues remaining after the extraction of MWL
or CEL results in the so-called LCC (lignin-carbohydrate complex) fractions (Figure 6)
which have long been used for analysis of the hypothesized LCC linkages, i.e., direct
covalent linkages between lignin and polysaccharides. Such hypothesized LCC linkages
include benzyl ether, phenyl glycoside and ester types [116]. In a number of the reported
HSQC spectra of these LCC fractions, putative LCC correlations that are apparently
matched with the chemical shifts of synthetic LCC model compounds can be observed
[117-122]. Very few studies, however, provide clear evidence of such LCC linkages
through long-range correlation analysis, except the aforementioned recent report by
Nishimura et al. (2018) in which the authors observed diagnostic HMBC correlations of
the benzyl ether protons and carbons through bonds between lignins and glucomannans in
an LCC preparation from Japanese red pine cell walls [96].

CONCLUSION
Characterization of lignins by using the 2D and 3D NMR methods has become a
routine practice. Although this review rather focused on their use to identify and
characterize native lignin structures, these NMR techniques have been effectively applied
to investigations of the chemistry of lignins in various chemical and biochemical contexts.
Effective applications of the whole-cell-wall NMR methods can be found in
simultaneously monitoring the fates of lignins and polysaccharides during, for example,
biodegradation processes, biomass pretreatments, and other chemical and biochemical
processes aimed at creating useful energy and materials from biomass. NMR continues to
play an important role in lignin bioengineering studies, where researchers seek to
manipulate lignin structures more drastically and more precisely through the advancing
plant genetic technologies. Continuous development of software and hardware, as well as
in sample preparation techniques should further improve the sensitivity and capability of
NMR for lignin and biomass research.
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