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ABSTRACT: There is need for well-defined lignin macro-
molecules for research related to their use in biomaterial and
biochemical applications. Lignin biorefining efforts are therefore
under investigation to meet these needs. The detailed knowledge
of the molecular structure of the native lignin and of the
biorefinery lignins is essential for understanding the extraction
mechanisms as well as chemical properties of the molecules. The
objective of this work was to study the reactivity of lignin during a
cyclic organosolv extraction process adopting physical protection
strategies. As references, synthetic lignins obtained by mimicking
the chemistry of lignin polymerization were used. State-of-the-art
nuclear magnetic resonance (NMR) analysis, a powerful tool for
the elucidation of lignin inter-unit linkages and functionalities, is
complemented with matrix-assisted laser desorption/ionization-time-of-flight-mass spectrometry (MALDI-TOF MS), to gain
insights into linkage sequences and structural populations. The study unraveled interesting fundamental aspects on lignin
polymerization processes, such as identifications of molecular populations with high degrees of structural homogeneity and the
emergence of branching points in lignin structure. Furthermore, a previously proposed intramolecular condensation reaction is
substantiated and new insights into the selectivity of this reaction are introduced and supported by density functional theory (DFT)
calculations, where the important role of intramolecular π−π stacking is emphasized. The combined NMR and MALDI-TOF MS
analytical approach, together with computational modeling, is important for deeper fundamental lignin studies and will be further
exploited.

■ INTRODUCTION
Lignin constitutes about 15−30% of lignocellulosic biomass and
is the most abundant natural source of aromatics on earth with
the potential to replace fossil-based phenols in material
applications.1 However, due to the heterogeneity of lignin, its
chemical and physical properties still require deeper inves-
tigations. The increased fundamental knowledge about lignin
properties is of relevance for understanding the reactivity of
lignin under certain process conditions, predicting reactions and
subsequently developing valorization strategies for extracted
lignin.2

Modern lignin biorefining concepts adopt chemical and
physical protection strategies to prevent intermolecular
condensation reactions.3 The protected lignin with high
amounts of aryl ether linkages (β-O-4′) is especially suitable
for catalytic depolymerization to small oligomers and mono-
mers, which is interesting for further use as platform chemicals
and fuel.4,5 In chemical protection, additives are applied to
endcap reactive sites on the lignin molecule, such as
carbocations formed on the aliphatic sidechain. The use of
aldehydes as additives (aldehyde-assisted fractionation, AAF) is

one example.6−8 Physical protection, where the lignin structure
is protected by the design of the extraction setup, has been
achieved by use of the flow-through extraction concept where a
continuous extraction is performed, yielding a lignin with an
abundance of native linkages.9

Nuclear magnetic resonance (NMR) techniques constitute
the state-of-the-art for the structural analysis of lignin, where 1D
and 2D NMR methods have been very useful for analysis of
lignin inter-unit linkages and functionality in milled wood
lignins10−12 and technical lignins.13−15 The most common
NMR techniques are heteronuclear single quantum coherence
(HSQC) NMR for lignin inter-unit linkages, 31P NMR to
quantify the hydroxyl functionalities, and quantitative 13C NMR.
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However, in NMR, the bulk of the lignin is characterized, and
there are no differentiations between populations. This problem
is partly resolved by combining a separation step followed by
mass spectrometry (MS) detection, where various ionization
sources, with or without tandem MS (MS/MS), have been
evaluated.16−20 The analysis and fragmentation of model
compounds are useful to obtain knowledge of the fragmentation
pattern of lignin itself, from which tentative structures of
molecular lignin can be obtained.21 Non-target screening and
multiple-stage tandem MS in combination with classification
models have been used to identify related lignin structures.18,22

Matrix-assisted laser desorption/ionization (MALDI) is a soft
ionization technique that can potentially ionize lignin oligomers
intact.23 To separate the generated ions, the mass analyzer time-
of-flight (TOF) is often used, where the ions are separated
according to the mass-to-charge ratio reflected in their flight
time in the tube.24 The TOF MS can either be used in linear or
reflectron mode. The reflectron technology is more useful for
improved resolution.25

The sample preparation has an impact on the outcome of the
MS analysis, where MALDI has the advantage that the analyte
does not have to be soluble in the matrix mixture.26 The
complexity of lignin in terms of structure, solubility, and
dispersity positions MALDI-TOF MS as a potentially useful
technique for its analysis. However, there are limitations, such as
low ionization efficiency which can be traced back to the
structural and chemical features of lignin and also causes
challenges in forming homogeneous matrix mixtures.27 The
matrix selection possibly affects what part of the lignin can be
detected.28 Attempts to increase the desorption and ionization
efficiency of lignin have been made, by using, for example, novel
matrices based on ionic liquids.27

Among others, a commonly used matrix for lignin is 2,5-
dihydroxybenzoic acid (2,5-DHB).29 Lignin is often analyzed in
both positive and negative modes. In one study, the ionization
efficiency for low molecular weight lignin was shown to be better
in positive mode while high molecular weight lignin was ionized
more efficiently in negative mode when using the matrices α-
cyano-4-hydroxycinnamic acid/α-cyclodextrin. This combina-
tion also suppressed the signal related to the matrix.30 To assess
lignin polymerization, MALDI-TOF MS studies have been
performed on dehydrogenation polymers (DHP, synthetic
lignin).31,32

Another analysis used in the present study is density
functional theory (DFT). DFT calculations have been
extensively applied to lignin model compounds. The literature
includes large studies of the reactivity of dimeric models,33,34

examination of reactions occurring under pyrolysis condi-
tions,35−39 interpretation of Raman spectroscopy,40 and the
incorporation of non-canonical monomers into the lignin
polymer.41−44 Work by Houston et al.37 and Azad et al.38,39 is
notable for the size of the models that were examined, tetramers
and decamers, respectively. Over the recent past, the M06-2X45

method has been predominately used in this type of work.
In our earlier work,2,46 we developed an ethanol-based

organosolv lignin biorefinery process using an additive-free
physical protection concept, where the native lignin structure is
preserved to a high degree. The physical protection is attributed
to the cyclic extraction methodology.

In the present study, we combine different NMR method-
ologies, MALDI-TOF MS, and DFT calculations to gain deeper
insights into lignin structure and the reactivity during the
ethanol-based organosolv performed in cyclic mode. Synthetic

lignins prepared by mimicking lignin polymerization chemistry
are used as references for comparison in the MALDI-TOF MS
analysis.

■ MATERIALS AND METHODS
Chemicals. The lignin sample was extracted from Norway spruce

(Picea abies). Sand (50−70 mesh), iron(III) chloride hexahydrate
(reagent grade), coniferyl aldehyde (98%), ethyl acetate (anhydrous,
99.8%), sodium ascorbate (≥98%), pyridine (anhydrous, 99.8%), endo-
N-hydroxy-5-norbornene-2,3-dicarboximide (eHNDI; 97%),
chromium(III) acetylacetonate (Cr(acac3); 99.99%), 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Cl-TMDP; 95%),
[D6]DMSO (99.9% D), N,N-dimethylformamide (anhydrous,
99.8%), CDCl3 (≥99.8 atom % D), trifluoroacetic acid (99%),
magnesium sulfate (≥97%), DMSO (99.7%), and toluene (≥99.5%)
were all purchased from Sigma-Aldrich. 2,5-DHB was purchased from
Bruker (Bruker Daltonik). Silica gel (ultra-pure, 40−60 μm, 60A) and
sodium borohydride (NaBH4, 99%) were purchased from Acros
Organics. Heptane (≥99%), acetone (≥99%), methanol (≥99.8%),
ethanol (99.8%), and tetrahydrofuran (HPLC grade) were purchased
from VWR. Sodium chloride (reagent grade) was purchased from
Scharlau. Sulfuric acid (>95%, analytical grade), acetic anhydride
(99.7%, analytical grade), and acetonitrile (≥99.8%, HPLC grade) were
purchased from Fischer Chemicals. All water used in the experiments
refers to Milli-Q water (Millipore, Q-POD, Millipak 0.22 μm filter, 18.2
MΩcm).

Wood Preparation and Extraction Equipment. Wood chips
from spruces were milled to a size of 40 mesh using a Wiley mini mill
(3383 L70, Thomas Scientific).

The extractions were performed using an accelerated solvent
extractor, ASE 350 (Dionex, Sunnyvale, CA, USA) instrument, together
with 66 mL dionium zirconium extraction cells (Dionex, Sunnyvale,
CA, USA) using glass fiber filters.

Separation of Dimers. Column chromatography was performed
using a slurry-packed column with silica gel (40−60 μm). Thin layer
chromatography was made using an aluminum plate coated with silica
(TLC Silica gel 60 F254, Merck Millipore). The dimers were detected
using UV light (254 nm).

Size Exclusion Chromatography (SEC). The setup of the SEC
system consisted of an autosampler (2707), HPLC pump (515), and a
photodiode array detector (2998) operated at 254 and 280 nm (Waters
Milford, MA, USA). The following column system was used for the
separation: Waters Styragel Guard column (4.6 × 300 mm) in series
with Waters Ultrastyragel HR4, HR2, and HR0.5 (4.6 × 300 mm). The
calibration was performed using polystyrene standards at 254 nm, with
the nominal molecular weights ranging from 162 to 176,000 Da
(specifically, 176,000, 116,000, 46,400, 18,000, 9600, 6540, 2920, 890,
578, 474, 370, 266, and 162 Da). Data acquisition and processing were
performed using the Waters Empower 3 build 3471 software.

NMR Spectroscopy. The NMR spectra were acquired using the
Bruker NMR spectrometer Avance III HD 400 MHz (Bruker
Corporation, Billerica, MA, USA) instrument. The instrument was
equipped with a 5 mm Z-gradient BBFO broadband smart probe
(Bruker Corporation, Billerica, MA, USA). The data processing was
performed in MestReNova (v.9.0.0, Mestrelab Research).

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF MS). The MALDI-TOF MS was
performed on a Bruker ultrafleXtreme (Bruker Daltonik, Leipzig,
Germany) instrument equipped with a Nd:YAG laser (355 nm) and a
reflectron. The data acquisition and processing were performed using
flexControl 3.4 and flexAnalysis 3.4 (Bruker Daltonik).

Lignin Extraction from Wood. The extraction method was based
on a previously published method.46 To minimize systematic errors, all
extractions were strictly following a protocol. The wood chips were
ocularly inspected, and wood with visible deviations was not included in
the experiments. The wood chips were milled to 40 mesh using a Wiley
mill.

For all experiments, 9.281 g of oven-dry-based Wiley milled wood
was placed in a 66 mL dionium zirconium extraction cell. In the first

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00186
Biomacromolecules 2023, 24, 2314−2326

2315

pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


step, a hot water extraction was performed, with an extraction time of 2
h. The program parameters were as follows: a fixed volume of 70 mL,
160 °C, and a purge time of 90 min. The fixed volume was set to reach
the pressure of 1500−1600 psi.

The system was rinsed with the new solvent system, and
subsequently, the organosolv extraction of lignin immediately started.
The binary solvent system of ethanol/water was used with sulfuric acid
as a catalyst. The extraction was performed in 15 static cycles for 5 min,
using the standard method. The program parameters were as follows:
rinse volume of 100% and a purge time of 90 s.

The lignin sample was refined by ethanol fractionation, where lignin
and ethanol were mixed (1:40 w/w, lignin/ethanol) in a closed vial for 2
h under stirring. The solution was filtered under vacuum, and the
ethanol was removed from the soluble lignin filtrate under reduced
pressure by rotary evaporation.

Sample Preparations for Analysis. The dispersity, Đ, was
determined using a THF-based system. To increase the solubility of the
lignin, acetylation was performed prior to analysis.

Acetylation was performed according to Gellerstedt;47 briefly, 2.5 mg
of lignin was dissolved in 100 μL of acetic anhydride and 100 μL of
pyridine. The mixture was stirred overnight at ambient temperature
using a thermomixer at 400 rpm. The solvents were evaporated using a
stream of nitrogen, and simultaneously, a few drops of the mixture of
toluene/methanol (1:1) were added until dryness. The residue was
dissolved in 1 mL THF. Prior to analysis, the dissolved lignin was
filtered using a 0.2 μm NYL syringe filter. The chromatography was
performed using THF as eluent at a flow rate of 0.3 mL/min, injection
volume of 20 μL, and a column temperature of 35 °C.

For the HSQC NMR analysis, 80 mg of extracted lignin and 30 mg of
the lignin references, respectively, were dissolved in 600 μL of DMSO-
d6. The spectra were acquired using the pulse program “hsqcetgpsi”,
with a relaxation delay of 1.5 s, 86 scans, and an acquisition time of 0.11
s at a temperature of 297 K, using 1024 × 256 increments. The data
were processed using a 90°-shifted square sine-bell apodization window
and 1024 × 1024 data points. The data were Fourier transformed and
baseline corrected by a Bernstein polynomial fit of the third order in the
1H and 13C dimensions.

The sample for 31P NMR analysis was prepared according to
previously reported method;48,49 briefly: 30 mg of lignin was dissolved
in equal volumes of N,N-dimethylformamide (100 μL) and pyridine
(100 μL), followed by the addition of 50 μL of an internal standard
solution (60 mg ml−1 eHNDI in pyridine, 5 mg ml − 1 Cr(AcAc3)
relaxing agent). Phosphorylation was performed by adding 100 μL of
the phosphorylating agent (Cl-TMDP). Finally, 450 μL of CDCl3 was
dropwise added to the solution.

The lignin samples for MALDI-TOF-MS analysis were prepared
using DMSO as a diluent for a concentration of 0.05 mg/mL. The
matrix was prepared by 10 mg/mL 2,5-DHB in TA30 (30:70 (v/v)
acetonitrile/0.1% trifluoroacetic acid in water). Finally, 10:1 (v/v) ratio
of matrix solution/lignin sample solution was mixed and 0.5 μL of
droplets were applied on the MALDI plate. The mass spectrum was
generated by 4000 laser shots. A peptide calibration standard (Bruker
peptide calibration standard II) was used as an external calibration
standard in positive mode.

MALDI MS analysis using the CHCA, 2,5-DHB, and DHAP as
matrices and without matrix was investigated. Different sample diluents
were investigated, more specifically, DMSO and THF as single diluents.
Additionally, a mixture of the binary solvent systems of ethanol/water,
ethanol/THF, and the tertiary mixture of ethanol/water/THF was also
investigated as diluents. Different analyte concentrations were tried in
combination with different matrix solvents, such as acetonitrile ethanol,
THF, and the mixture TA30. Additives such as pyridine and TFA were
investigated. Finally, the matrix-to-sample ratio and droplet size were
evaluated. Both positive and negative modes were evaluated. Different
methods of mixing the matrix and analyte were investigated: pre-mixing
of the matrix and sample, and s-m-s and m-s-m layer formation, where
the lignin sample (s) and the matrix (m) were added as separately dried
layers onto the target.

Synthesis of Lignin Dimers. Step 1: Reduction of Coniferyl
Aldehyde to Coniferyl Alcohol. First, coniferyl aldehyde was reduced

to coniferyl alcohol. The method was based on previously reported
methods.50−52 Shortly, 0.4267 g of NaBH4 was added to 60 mL of ethyl
acetate in a round bottom flask under stirring. To the mixture, 1 g of
coniferyl aldehyde was added. The mixture was stirred for 17.5 h at
room temperature. Approximately 67 mL of water was added to quench
the reaction, followed by additional stirring for 30 min.

The mixture was placed in a separatory funnel, and the aqueous
phase was extracted with ethyl acetate several times to ensure that most
products were extracted from the aqueous phase. The pooled organic
phases were washed with brine, and the aqueous phase was separated.
The organic phase was thereafter dried with MgSO4. The solution was
filtered using a glass fiber filter, and thereafter, the ethyl acetate was
evaporated at low pressure using a rotary evaporator. The oily product,
still containing ethyl acetate, was further dried at low pressure. The
purity of the light-beige crystallized product was investigated by 1H
NMR, Figure S7, to examine if further purification was needed. From
the 1H NMR spectra, no traces of coniferyl aldehyde were visible and
the product was determined to be used directly for dimer production.
The yield of the coniferyl alcohol was 73.5%.

Step 2: Synthesis of Lignin Dimers β-O-4′, β-5′, and β-β′. This
method follows the previously published method.53 The coniferyl
alcohol from step 1, 0.7347 g, was dissolved in approximately 21 mL of
acetone and diluted with 0.205 dm3 of water. To the mixture, a solution
of 1.212 g of iron(III) chloride hexahydrate in 4.6 mL of water was
added and stirred for 1 hour and, after that, extracted with ethyl acetate
6 × 30 mL using a separatory funnel. The pooled extract was washed
with 31 mL of 0.1 M sodium ascorbate and 61 mL of brine, and dried
with MgSO4. The solution was filtered using a glass fiber filter, and
thereafter, the ethyl acetate was evaporated at low pressure. The oily
product, still containing ethyl acetate, was further evaporated using
rubber and septum. The mixture of dimers was finally dried under a
vacuum overnight at room temperature.

Step 3: Separation of Dimers. Briefly, different solvent systems were
tested with TLC to determine a solvent system to separate the dimers.
Since the dimers are good absorbers of UV light themselves, no staining
was necessary to visualize them under UV light. The mixture of dimers
was separated by flash column chromatography. The column was
slurry-packed using approximately 100:1 silica/sample ratio. Since the
column had a built-in glass filter, sand only needed to be added on top.

The dimer mixture was dissolved in acetone. The final solvent system
selected for the separation was 50% acetone/50% heptane. Every
second fraction (of approximately 30 mL) was investigated by TLC,
and when all three dimers had eluted, the mobile phase was changed to
80% acetone and later 100% acetone. The fractions were divided
according to purity, and the separated dimers were evaporated at low
pressure using a rotary evaporator and further dried under vacuum at
room temperature over-night. The dimers were finally identified by
HSQC NMR and MALDI-TOF MS analysis.

Density Functional Theory Calculations. Computational
chemistry methods were applied to the structures shown in Figure
10. These hexamers have multiple rotatable bonds and therefore can be
quite flexible. As such, a conformational search is critical for identifying
the more stable conformations that would be more probable in a
population. A 1000 step Monte Carlo search was performed with the
MMFF force field minimization. A maximum of 500 conformers within
a 40 kJ mol−1 window of the minimum were subsequently refined by
optimization using the PM6 semi-empirical method. These steps were
executed using Spartan’203. The 10 lowest energy conformations were
subsequently optimized using the M06-2X density functional method,
the 6-31 + G(d) basis set, GD3 empirical dispersion correction, and
DMSO solvation with the SMD model as implemented in Gaussian
164. The measurements in Figures 10 and 11 were made on lowest
energy conformer from the density functional theory optimizations
using Mercury 20225.

■ RESULTS AND DISCUSSION
Purification of Lignin References. Lignin references were

synthesized by radical coupling reactions and subjected to the
same analytical methodologies. The synthesis was based on the
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protocols,50−52 starting with the reduction of coniferyl aldehyde
to coniferyl alcohol followed by the synthesis of lignin dimers53

and, in the end, separation by column chromatography. The
dimer references were well separated by column chromatog-
raphy and eluted in the order of β-β′, β-5′, and β-O-4′. Two
oligomeric fractions were also isolated with column chromatog-
raphy. These references serve a dual purpose: (1) as qualitative
standards for the MALDI-TOF MS analysis of lignin and (2) as
references for native lignin structure to assess changes during
organosolv extraction, and associated mechanisms.

Molar Mass of Protected Lignin by SEC. We have
recently developed a lignin biorefinery process that adopts a
physical protection strategy yielding a lignin product with
preserved native linkages.2,46 The organosolv process applies
ethanol/water (70:30,wt/wt) and 1.5 wt % sulfuric acid,
extracting in cycles at 160 °C. Analysis of the crude lignin
product by SEC showed a broad dispersity (Đ) (Table S1, with a
Đ value of 3.9); hence, a refinement to obtain low dispersity
materials was performed using pure ethanol as solvent at
ambient conditions to yield ethanol soluble and insoluble
fractions, both with low Đ values (1.8 and 3.0, respectively,
Tables 1 and S1). The fractionation method was performed
according to previous reports.46

The ethanol soluble fraction (Đ of 1.8) will be the focus of this
study. The fraction accounts for approximately half (46%) of the
total mass of the crude lignin sample. The degree of
polymerization (DPn) of this fraction based on the number
average molar mass was estimated to about 6, Table 1.

Matrix Screening for the MALDI-TOF MS Analysis of
Lignin. Screening of different matrices was performed and
compared to references where no matrix was used, with the
protected lignin obtained from the biorefinery process as
substrate. The combinations giving the highest S/N ratio for the
signals present in the lignin regions were all recorded in positive
mode, using DMSO or EtOH/H2O (70: 30 v/v) as diluent with
2,5-DHB in TA30 as a matrix. The spectra presented in this
study (Figures 3 and 7 and S1−S6) are recorded using DMSO as
diluent. The methods were evaluated based on the number of
peaks in the oligomeric region of the spectrum.

Analysis of Dimeric Lignin References. The presence of
dimers in the three fractions was investigated using MALDI-
TOF MS and HSQC NMR. It was clear from both analyses that
the chromatographic column separation method exhibited high
selectivity in the separation of the dimers (Figures S8−S10 and
S1−S3). More specifically, the HSQC NMR analysis confirmed
that separation was inter-unit specific yielding the β-β′, β-5′, and
β-O-4′ in separate fractions, while MALDI-TOF MS confirmed
the mass of the corresponding sodium and potassium adduct
ions of the dimers. The MALDI-TOF MS spectra (Figures S1−
S3) recorded in positive ion mode show dominance of the
sodium adduct cation for the three dimers, specifically, the
monoisotopic masses of (β-O-4′): m/z 399.35, (β-5′): m/z
381.37, and (β-β′): m/z 381.37 (Structures 1, 2, and 3,
respectively, Figure 4). The presence of both the sodium and the
potassium cation was used as an indication of the presence of the
dimer reference. The formation mechanism of these dimers is
shown in Figure S12. Similar mechanistic principles apply for the
formation of oligomers discussed in the next section.

Analysis of Oligomeric Fractions. The oligomeric fraction
of the synthesized references was characterized by HSQC NMR
for inter-unit linkages, Figures 1 and 2, and MALDI-TOF MS for
cluster analyses and related mass, Figure 3. HSQC analyses show
the dominance of β-O-4′ inter-unit linkages and only small
amounts of β-5′ and β-β′, clearly in line with what has been
proposed for native lignin.54

The trimeric to the octameric region of the MALDI spectra of
the oligomeric references are reported in Figures 3 and S4,
respectively, where the matrix spectrum is included for both of
the oligomeric references. Uniformly distanced clusters can be
observed in the studied region for both the references A and B,

Table 1. Mn, DPn, and Đ of the Lignin and Synthesized
Oligomeric Fraction Using THF-SEC (Table S1), n = 2a

sample Mn Mw DPn Đ

ethanol soluble cyclic
extracted lignin

1100 ± 30 1900 ± 57 6 1.8 ± 0.1

synthesized oligomeric
lignin

600 ± 16 650 ± 19 3 1.1 ± 0.010

aThe DPn calculation is based on a general mass of 180 Da,
representing a monomeric repeating unit based on coniferyl alcohol,
and is often used to determine the degree of polymerization.

Figure 1. Lignin inter-unit linkages including both native structures and structures formed under organosolv extraction conditions.
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Figure 3. The cluster formation shows a mix of the oligomeric
fractions with increasing mass in the MALDI MS analysis. The
highest mass observed in MALDI MS was 1472 Da, which
corresponds to approximately eight aromatic monomers.

Trimeric Structures. An asterisk indicates the identified lignin
trimers which are built from the aforementioned dimers, Figures
S1−S3. The signal m/z 577.17 is assigned to two trimers;
Structures 4 and 5, Figure 4. Structure 4 results from a mass
increment of 178 starting from the sodium adduct of dimeric β-
O-4′ with the m/z 399.35 (Structure 1, Figure 4). It is formed by
the radical coupling of a β radical to a radical on the 5′ position
on the next ring, followed by internal trapping reactions to yield

β-5′ phenylcoumaran sub-structure. This follows the coupling
principles shown in Figure S12,C. Structure 5 results from a
mass increment of 196 starting from a preformed dimeric β-5′
(Structure 2, m/z 381.37, Figure 4). The mass increment of 196
is a signature for the formation of a β-O-4′ linkage through
radical coupling and subsequent addition of water to the formed
quinone methide intermediate, following the coupling principles
in Figure S12,B. Structure 6, m/z 595.16, is a β-O-4′ trimer
originating from the dimeric β-O-4′ (Structure 1m/z 399.35) by
an endwise addition.

Tetramers. Four candidates are identified (Structures 7, 8, 9,
and 10). Interestingly, these tetramers could be formed by
consecutive addition of coniferyl alcohol in different forms, to
preformed dimers (Structures 1 and 2), and by different
mechanisms (Figure 5). The first mechanism involves radical
coupling to yield a trimeric quinone methide intermediate and
results in a mass increment of 178. The second mechanism,
occurring subsequent to the first, is a nucleophilic addition of
hydroxyls in coniferyl alcohol to the quinone methide, which
yields an additional mass increment of 180. The proposed
reaction pathway of the described reactions yielding 9 and 10 is
shown in Figure 5. The benzylic ethers formed are interesting
since they constitute branching points in lignin. It is noteworthy
that these benzylic ethers were not detected by HSQC NMR in
the oligomers (Figure 2) implying that they are present in small
amounts. This is not surprising as the addition of water to form
the benzylic alcohol dominates and is the main product from the
HSQC studies. Nevertheless, the detection of branching points
by MALDI-TOF MS supports the recent NMR studies on

Figure 2. HSQC NMR spectra of oligomeric synthesized reference.

Figure 3. MALDI-TOF MS spectra of lignin oligomeric references A and B. The mass increments of 178, 180, and 196 are indicated, together with an
asterisk (*) for the mass increments of 196 and 178 of the dimeric β-O-4′, β-5′, and/or β-β′, Figures S1−S3.
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milled wood lignin.10,12 Similar reaction pathways to that shown

in Figure 5 yields 7 and 8.
Pentamers. Structures 11 and 12 (Figure 4) are pentamers

formed from Structures 7 and 8 with a mass increment of 196,

i.e., formation of a new β-O-4′ linkage. Structures 13 and 14 are

formed similarly from Structures 9 and 10.

Higher masses were also detected, but these were more
difficult to decipher. Nevertheless, in the regions between m/z
1000 and 1500, mass increments of 196 (signature for β-O-4′
formation), 178 (β-5′ and β-β′), and 180 which as discussed are
a signature for nucleophilic addition of coniferyl alcohol to a
quinone methide intermediate. All these increments are
consistent with what was discussed for the smaller oligomers

Figure 4. Tentative structures derived from MALDI-TOF MS cluster analyses. The m/z ratios of the measured monoisotopic mass are inserted beside
each structure together with the calculated monoisotopic m/z values shown in respective parentheses.
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and hence lend credence to the observation that such larger
molecules may constitute lignin structures, and that the endwise
polymerization may be preferred over bulk polymerization.55

To summarize this part, analysis of the lignin references using
the combined NMR and MALDI-TOF MS approaches provides
fundamental insights on the lignin polymerization and structural
populations. The MALDI analysis of the synthesized lignins
showed that branched oligomers could be formed during lignin
polymerization. As a word of caution, the plant cell wall
conditions cannot be accurately reproduced by classical lignin
polymerization biomimicry approaches. The relative inter-unit
abundancies are affected by the exact polymerization environ-
ment. However, the high content of β-O-4′ inter-units in the
studied oligomers in this work is consistent with the recent
literature on native lignin structure.54 This lends credence to the
biomimicry attempts as being fairly representative in terms of
the production of native-like lignin.

Analysis of Spruce Organosolv Lignin from the Cyclic
Extraction Process. Having studied the references, we then
studied the biorefinery lignin from the cyclic extraction using the
same techniques to assess lignin reactivity and the related
mechanisms. The HSQC NMR spectrum of the ethanol
fractionated lignin sample, Figure 6, shows the dominance of
β-O-4′ at roughly 33 per 100 aromatic rings (Ar). In contrast,

the β-O-4′ content of spruce lignin is reported at roughly 50−
60%54 and that of technical lignins (organosolv and kraft)
normally is approximately 10%.2 Hence, it seems that the native
inter-units are better protected by the cyclic extraction when
compared to technical lignin. Other native inter-units detected
include β-5′ and β-β′ inter-unit linkages. Slight structural
changes occur and include formation of stilbene structures
through elimination of formaldehyde from β-1′ and β-5′, and
Hibberts ketones from reactions of β-O-4′ structures, all
consistent with the literature.2,46

The hydroxyl functionality of the lignin sample was quantified
by 31P NMR, and the spectrum is reported in Figure S11. There
was a dominance of aliphatic hydroxyls (3.1 mmol/g lignin) over
phenolic hydroxyls (2.2 mmol/g lignin).

A MALDI-TOF MS spectrum of the ethanol-soluble lignin
sample, analyzed in positive ion mode, is shown in Figure 7.
Interestingly, uniformly distanced clusters are observed
indicating regular patterns of fragmentation. This fragmentation
is a consequence of the organosolv extraction process. Notably,
the distances between the clusters indicate a mass increment of
338 Da, in contrast to those observed for the lignin references of
between 178 and 196 Da (Figure 3). The 338 Da mass
increment might therefore correspond to a dimeric repeating
unit resulting from modifications during organosolv process.
Typically, masses for unmodified lignin dimeric segments based
on the common native inter-units are in the range 360−392 Da.
The observed mass difference of 338 Da is therefore consistent
with dimeric segments that have lost smaller molecules. Such
losses could occur both during lignin extraction and MALDI MS
analysis.56 Intramolecular condensation reactions are known to
occur during the acid catalyzed organosolv extraction process
with the formation of stable carbon−carbon bonds.56

The resultant dimeric repeating units are likely to be
connected to each other by ether bonds, which are more easily
cleaved during lignin extraction. This provides a reasonable
explanation for the uniformly distanced clusters in the MALDI-
TOF MS analysis. Accordingly, we propose two structures as
repeating units both with a mass of 338 Da. The formation
mechanisms are shown in Figure 8. The first structure originates
from a β-O-4′ oligomer (repeating units shown in Figure 8A),
and the second from an alternating β-O-4′ β-5′ phenyl
coumaran oligomer (repeating units shown in Figure 8B).
Both of these consist of eight aromatic rings based on the
MALDI-TOF MS cluster analysis. These tentative structures are
also consistent with the HSQC NMR analysis, which showed

Figure 5. Emergence of branching points in bio-mimicked lignin tetramers.

Figure 6. HSQC NMR spectrum of the ethanol-soluble part of the
cyclic extracted lignin sample; f1 corresponds to the 13C dimension and
f2 to the 1H dimension. The approximate amount of the main inter-
units was β-O-4′ 33, β-5′ 12, and β-β′ 2 per 100 Ar.
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that β-O-4′ and β-5′ are the most abundant inter-units in this
sample (Figure 6). The proposed modifications of the original
structures are consistent with reaction mechanisms during the
acid catalyzed organosolv extraction and reasonable events
during the MALDI analysis. More specifically, I in Figure 8A
originates from reactions between two adjacent β-O-4′ sub-
units. An intramolecular condensation occurs forming a new
linkage through reactive site capping of the benzylic carbocation,
formed under the acidic organosolv conditions. The capping
reaction forms an α-5′ linkage. Upon MALDI analysis,
elimination reactions are proposed due to laser ablation,
where methanol is lost through heterolytic cleavage to form a
coumaran structure. This loss of methanol in relation to MALDI
analysis of lignin has been reported earlier.56 The oxidation of
the aliphatic hydroxyls to carbonyls as shown could also occur
during MALDI analysis. It is reported in the literature that 2,5
DHB is oxidized in MALDI analysis to yield hydroxyl radicals
which can initiate further oxidation reactions with substrates.57

Here, we propose the formation of water and molecular
hydrogen through reactions of hydroxyl radicals with aliphatic
hydroxyls to yield ketone- and aldehyde groups in the lignin
structure. The intramolecular condensation seen here is
beneficial as an internal capping phenomenon when contrasted

with intermolecular condensations, which lead to molar mass
increase and extraction recalcitrance. Analogues of the intra-
molecular condensation products have been reported in MALDI
MS56 and Tandem-MS related studies.56 The second structure
originating from an alternating β-O-4′ β-5′ sub-structure
(Figure 8B) undergoes similar MALDI events to the first to
yield a stilbene coumaran structure, II.

The MALDI analysis showed that the structural integrity of
the lignin oligomers is sufficiently preserved to extract new
insights into lignin structure and reactivity. These insights are
captured in Figure 9, which is a simplification of Figure 8, and are
summarized as follows:

a. The identification of native lignin populations consisting
of structurally homogeneous segments. More specifically
a population consisting of a segment containing eight
aromatic rings coupled by β-O-4′ linkages.

b. Evidence for the occurrence of intramolecular condensa-
tion reactions. Although these reactions have previously
been reported, the new insight is its occurrence in β-O-4′
sub-units, which intriguingly occurred alternately in the β-
O-4′ octameric segment. The reasons for the alternate
occurrence were further investigated by DFT studies, now
discussed.

Figure 7. MALDI-TOF MS spectrum of EtOH soluble part of lignin extracted at 160 °C, 1.5 wt % acid, and 70:30 (v/v) ethanol/water.
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DFT Modeling of Lignin Oligomers Reveals Insights on
the Proposed Reactions of Lignin during the Cyclic
Organosolv Extraction. Molecular conformations certainly

affect reactions as they determine the accessibility of reactive
sites in specific media. In addition, they could provide
information on proximity of reactive centers within a molecule.

Figure 8. Pathways for the formation of tentative structures from MALDI-TOF MS analysis. The pathyway for the aryl ether is shown in “A”. The
pathway for the phenylcoumaran is shown in “B”. The red dotted lines indicate the beginning and end of the repeating unit. There are four dimeric
repeating units in each of the structures.

Figure 9. Reactivity of a homogeneous octameric segment consisting of only β-O-4′ linkages in native lignin. An intramolecular condensation is
identified that occurs alternately in the β- O-4′ sub-units. The alternate occurrence is marked with red dotted circles.
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Lignin consists of both stiff and flexible bonds. The β-O-4′
linkage for instance is flexible and can rotate and fold yielding
intramolecular π−π stacking. Such stacking has been reported
for the middle lamella lignin.58 We hypothesized therefore that
molecular conformations played important role in the observed
alternate condensation reaction shown in Figure 9. To
investigate this, DFT experiments were done on three hexamers
containing the two most common inter-units from the
experimental analyses. The modeling was done on the
minimized energy conformers in DMSO and ethanol as the
solvents. Interestingly, no changes in conformations are
observed except for small changes in the molecular volumes.
The models produced using ethanol as the solvent are presented

in Figure 10. Top left consists only of β-O-4’s, top right of four β-
O-4′ s with a β-5′ phenylcoumaran inter-unit in the middle, and
the bottom only β-5′ phenylcoumarans.

As observed, π−π stacking occurs and the role of β-O-4’s is
essential. In the β-O-4′ only hexamer, two regions were
observed; the first consisting of sandwiched stacked aromatic
rings and the second of T-shape stacking with the distances
between the sandwich stacks in the range 3−4 Å and that
between the T-shaped stacks in the range 4−5 Å. The mixed
composition hexamer β-O-4′/β-5′ on the other hand showed
longer distances between the sandwich stacking in the range 4−
5 Å, indicating some constraints to closer sandwich stacking.
The specific type of stacking, sandwich or T-shaped, plays a role

Figure 10. DFT models of the three hexamers. Yellow dotted lines indicate distances between the π−π stacked aromatic rings for both sandwich and T-
shape type stacking.

Figure 11. Left: The hexamer motif used for the DFT simulation, I. Right: Distances between the benzylic carbon and 5′ on the next aromatic ring,
marked with the yellow dotted lines on the simulations. DMSO and ethanol as solvent systems studied.
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in the molecular conformation and depends on the inter-unit
linkages and bonding sequences. The absence of β-O-4’s, for
instance, as seen in the β-5′-phenylcoumaran hexamer, yields a
ring formation. Notably, the hydroxyls are exposed outwardly
for all the models. This may explain why the aliphatic alcohols
are easy targets for the oxidation reactions observed in the
MALDI MS analysis of the biorefinery lignin.

The β-O-4′ containing oligomers form a spiral molecule, due
to the π−π stacking, and this plays a key role in bringing reactive
centers of relevance to the intramolecular condensation
reactions (Figure 9) and may explain why the intramolecular
condensation reactions occurred alternately in the β-O-4′
oligomer, Figure 9. Since proximity is a criterion for reactions
between two sites, the distances between the benzylic carbon
(C-alpha) and C5′ on the next aromatic ring were measured
from the calculations as shown in Figure 11. Clearly, this
distance is shorter for sandwich stacked rings when compared to
T-shaped stacked rings. The proximity of reactive sites is
therefore determined by the presence and type of stacking. As
observed, the stacking in the β-O-4′ oligomer occurs alternately
between sandwich and T-shaped and provides a plausible
explanation for the alternate occurrence of condensation
between aromatic systems shown in the proposed structure
(Figure 9, I). This supports the hypothesis and provides a new
insight into the role of intramolecular π−π stacking on lignin
reactivity. Interestingly, the precise molecular structure
determines the type of stacking, which in turn dictates the
proximity of reactive sites.

■ CONCLUSIONS
Lignin valorization efforts are currently limited by the
availability of high-quality lignins. New lignin biorefinery
concepts are therefore currently being investigated. This work
concerns fundamental insights into the structure of lignin
obtained from a new lignin biorefining process that adopts a
physical protection principle. The approach used in the study
was to contrast the structures of lignin synthesized by mimicking
native lignin polymerization chemistry (reference for native
lignin) with that of the biorefinery lignin. For this purpose, a
combination of NMR, MALDI-TOF MS, and DFT were used as
analytical tools. MALDI-TOF MS was successfully shown to
complement state-of-the-art lignin analysis by HSQC NMR.
More specifically, lignin molecular populations were studied to
reveal insights into bio-mimicked lignin polymerization as well
as reactivity of lignin during organosolv extraction performed in
a cyclic mode. HSQC NMR analysis of the bulk bio-mimicked
lignin showed the abundance of aryl ether linkages (β-O-4′)
while the linkage sequence in the molecular populations was
unraveled by MALDI MS analysis. The emergence of etherified
branching points in lignin was identified at the tetramer stage of
the polymerization process.

Analysis of the organosolv biorefinery lignin by HSQC NMR
showed an abundance of aryl ether linkages (β-O-4′),
confirming that physical protection indeed occurred due to
performing the extraction in cyclic mode. MALDI MS analysis of
the same revealed a population of uniform oligomers consisting
of eight aromatic rings with dimeric repeating units. The
tentative structures proposed from the MALDI MS analysis
indicate the occurrence of intramolecular condensation
reactions during the extraction process. The tentative lignin
structures are proposed to originate from β-O-4′ octamers and/
or alternating β-O-4′ β-5 tetramers. DFT simulations revealed
the role that intramolecular π−π stacking of aromatic rings

(sandwich or T- shaped) plays in the condensation reaction.
More specifically, the proximity of reactive sites was generally
improved through π−π stacking but more so for sandwich π−π
stacking when contrasted with T-shape π−π stacking.

The combination of complementary chemical analyses,
together with theoretical modeling as shown here, is particularly
useful for fundamental studies on lignin. Although the MALDI
MS analysis may not be fully representative of the lignin sample
due to discrimination in crystallization and ionization, this study
demonstrates the usefulness of combining NMR, MALDI MS,
and DFT simulations for the study of lignin.
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