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Abstract

Organosolv treatment is an efficient and environmentally friendly process to degrade lignin into
small compounds. The capability of characterizing the individual compounds in the complex
mixtures formed upon organosolv treatment is essential for the optimization of the further lignin
conversion processes and for the rational genetic engineering of plants used to produce lignin in
order to improve lignin properties. In this study, an organosolv poplar lignin sample was initially
analyzed by high-resolution mass spectrometry coupled with negative-ion mode electrospray
ionization ((-)ESI HRMS). Lignin monomers and dimers were found to constitute the majority of
the compounds in the organosolv lignin sample. Larger lignin oligomers, such as trimers and
tetramers, and some nonlignin compounds, were also detected. A high-performance liquid
chromatograph/linear quadrupole ion trap/orbitrap mass spectrometer capable of multi-stage high-
resolution tandem mass spectrometry experiments (HRMS"), equipped with an (-)ESI source
(HPLC/(-)ESI HRMS"), was employed to separate the unknown compounds in the organosolv
mixture and to obtain structural information for the deprotonated compounds via collision-
activated dissociation (CAD) HRMS" experiments. To improve the understanding of the CAD
behavior of deprotonated lignin-related compounds, 16 deprotonated model compounds with
different functionalities and linkage types were examined. This approach enabled the assignment
of likely structures for several lignin monomers, dimers, trimers, and tetramers, and some non-
lignin compounds, most likely fatty acids. Based on the proposed structures, compounds in the
organosolv lignin sample contain -O-4, 5-5, B-5, and possibly also 4-O-5 linkages. Most
compounds contain G- and S-monomeric units although a small amount of H-units were also
detected.
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Introduction

The depletion of fossil fuels, compounded by the deterioration of the global environment
caused by their production and extensive usage, has prompted the search for alternative renewable
sources for energy and materials.!”” Lignocellulosic biomass holds great potential to fulfill this
goal due to its high abundance, easy accessibility, and renewability.?? It is composed of three
major components: cellulose, hemicellulose, and lignin.? Lignin is the most abundant aromatic
biopolymer in nature and therefore an attractive source for aromatic compounds. Lignin has an
extremely complex, three-dimensional structure as it is formed via radical coupling reactions of
three major monolignols, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 1).3-16
These monolignols correspond to p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units,
respectively, in lignin. These basic units are cross-linked together by different inter-unit linkages,
among which the f-O-4 is the most abundant.!>'6 Other linkage types include B-5, 5-5, 4-O-53, B-
1 and B-B linkages (Figure 1).1>16
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Figure 1. A. The three most abundant monolignols of lignin. B. The three most common
monomeric units in lignin. C. Some of the common linkages in lignin (highlighted in blue).

Many efforts have been dedicated to converting lignin into biofuel or valuable chemicals.?*
617,18 Organosolv treatment is an environmentally friendly and efficient process to isolate and
degrade lignin into small compounds.!'®?? During the organosolv treatment, many of the labile p-
O-4 bonds in lignin are cleaved. The extent to which they are cleaved is determined by the exact
conditions used.® Further, various reactions can take place at the aliphatic hydroxyl groups: they
can be oxidized to aldehydes, ketones, or carboxylic acids or converted to ether or ester
functionalities.?> Repolymerization reactions among the produced monomers can also occur to
produce bigger oligomers.?*-2¢ Therefore, a very complex mixture of organic compounds is usually
generated. The structures of most of the unknown compounds in these mixtures are unknown.?3-27
This presents a problem as a prerequisite for the optimization of further upgrading processes is the
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ability to characterize the compounds in these complex mixtures. Furthermore, this is also a
prerequisite for rational genetic engineering of plants in order to improve the plant raw materials
for industrial usage.?® Modifications of lignin content and composition via genetic engineering
could have great economic and environmental benefits.?82°

Although many analytical techniques are available for the analysis of mixtures generated upon
degradation of lignin, including nuclear magnetic resonance (NMR) spectroscopy, Fourier-
transform infrared resonance (FT-IR) spectroscopy, and gel permeation chromatography (GPC),
most of these techniques only provide bulk information for the mixtures.®!1%-21:30-33 Analytical
pyrolysis coupled to gas chromatography with mass spectrometric detection (py-GC/MS) can be
used to attempt to analyze some of the individual compounds in the lignin degradation
mixtures.’*3 However, only volatile lignin-related compounds can be examined by this method
and their structures may have been changed during pyrolysis. Identification of the individual
compounds in the lignin degradation products, therefore, requires other methods.

HPLC/high-resolution multi-stage tandem mass spectrometry (HRMS") based on collision-
activated dissociation (CAD) is a powerful method for the separation and structural elucidation of
organic compounds in complex mixtures. Negative-ion mode electrospray ionization is widely
used for the ionization of lignin-related compounds for mass spectrometric analysis?*27-3¢ as many
lignin-related compounds have a relatively acidic phenol group. Upon (-)ESI, the phenol group
often gets deprotonated to afford phenoxide anions. Quantum chemical calculations at the M06-
2X/6-311++G(d,p) level of theory carried out on a deprotonated -O-4 type lignin dimer in the gas
phase indicate®’ that the energy required to remove a proton from the phenol group is about 15
kcal mol! less than removal from an aliphatic hydroxyl group (in spite of stabilizing hydrogen-
bonding interactions), suggesting that deprotonation predominantly occurs on the phenol moiety
in the gas phase.

Previous HRMS" studies based on (-)ESI and CAD experiments have provided some structural
information for deprotonated unknown compounds in organosolv lignin samples.?32” The
limitations of these studies mostly arise from insufficient knowledge of the CAD behavior of
deprotonated lignin-related model compounds.?327 In a (-)ESI HRMS" study, the most important
fragmentation pathways and likely mechanisms were elucidated for deprotonated oligomeric
lignin B-O-4 model compounds.’” Their fragmentation can be categorized into three major
pathways (for a dimer, see Scheme 1A): 1) elimination of the charge-remote unit(s) (B in Scheme
1A) via the cleavage of the C-O bond to form fragment ions containing unit A; 2) elimination of
the charged end unit A via the cleavage of a CB-O bond to form fragment ions containing unit B;
and 3) elimination of water and formaldehyde from the aliphatic hydroxyl groups in the side chain.
Upon CAD, the formation of the two fragment ions of pathways 1 and 2 involve the cleavage of
the B-O-4 linkage (Scheme 1A).37-3° Observation of these fragment ions for an unknown
oligomeric ion implies that the unknown analyte contains a 3-O-4 linkage.

On the other hand, a previous fragmentation study of one deprotonated -5 type lignin dimer
model compound by using the (-)APCI HRMS" technique suggested that deprotonated -5 type
lignin dimers can lose their charged end unit A as a quinone methide-like neutral molecule (Q; see
Scheme 1B) upon CAD in all three major fragmentation pathways .3® Pathway 1 involves the
elimination of water followed by the elimination of the neutral molecule Q while pathway 2
involves the elimination of formaldehyde followed by the elimination of Q. Pathway 3 only
involves the elimination of Q.3 Based on the proposed pathways, the eliminated quinone methide-
like neutral molecule Q has the formula C;HsO, CgHgO,, and CoH;(O5 for the H-, G-, and S-
monomeric units, respectively (Scheme 1B). Thus, the elimination of the charged end unit A as

Page 4 of 29



Page 5 of 29 Green Chemistry

a neutral molecule Q with a formula of C;HcO, CgHgO,, or CoH (O3 may be indicative of the
presence of a B-5 linkage in an unknown ion.

Examination of CAD of five deprotonated oligomeric lignin model compounds with a 5-5
linkage by using (-)ESI HRMS" demonstrated that the 5-5 linkage stays intact upon CAD.?° For
deprotonated compounds with two or more linkages, the characteristic dissociation behaviors of
the B-O-4 and B-5 linkages can be identified based on the dissociation patterns shown in Scheme
1. The dimeric 5-5 unit in deprotonated trimers or bigger oligomers does not fragment further upon
CAD.* These unique dissociation behaviors identified for model compounds should enable the
determination of whether p-0-4, ﬂ Sor5-5 linkages exist in unknown oligomeric lignin ions.
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Scheme 1. Fragmentation pathways reported for deprotonated lignin model compounds containing
a B-O-4 linkage®7-3 (left, part A) and for a compound containing a B-5 linkage3® (right, part B).
Based on our unpublished data, the structures indicated for the ionic products may be incorrect for
part B.

During organosolv treatment, various reactions can take place on the aliphatic hydroxyl groups
of lignin monomers and oligomers, such as oxidation to a keto, aldehyde or carboxylic acid
functionality or conversion to an ether or ester functionality.?>*° These new functionalities can
make the fragmentation of the ionized modified compounds different from that of their native
forms. The characteristic fragmentation patterns of some simple deprotonated lignin model
compounds with an aldehyde, carboxylic acid, or ester functionality and compounds with two
functionalities in the side chain have been investigated using the (-)ESI HRMS™" technique.?3-¢
However, the fragmentation patterns of several relevant, simple lignin-related model compounds
(e.g., alcohols, ketones, and catechols), and some model compounds with two functionalities in
the side chain (e.g., B-keto esters), have not been examined.?*3¢ Further, while the majority of
lignin is composed of the H-, G- and S-monomers discussed above, other minor monomeric units
can also be found, such as catechol and 5-hydroxyl G, which can be considered as hydroxylated
H- and G-monomers, respectively.?®4!-43 The fragmentation patterns of these deprotonated
monomers have not been reported. Therefore, the fragmentation behavior of deprotonated lignin
model compounds with hydroxy, aldehyde, keto or catechol functionalities, compounds with two
functionalities in the side chain, and some other compounds not previously studied were
investigated here to be able to more accurately interpret the fragmentation behavior observed for
deprotonated unknown lignin-related compounds. Also, deprotonated 5-5 type lignin dimer model
compounds, deprotonated 2,2’-biphenol and deprotonated 5,5’-bisvanillin containing an aldehyde
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functionality, were studied to better understand the dissociation of deprotonated compounds with
5-5 linkages and different functional groups in the side chains.

In this study, the (-)ESI HRMS technique was utilized to obtain chemical composition
information on a poplar organosolv lignin sample. Further, a HPLC/(-)ESI HRMS" (wherein n
refers to the number of ion isolation steps) method based on CAD was employed to provide
structural information for many of the unknown degradation products in the organosolv lignin
sample. The previously published diagnostic fragmentation patterns determined for deprotonated
model compounds with B-0-4,37 B-5,3® and 5-5 linkages,?® as well as the fragmentation patterns
of the model compound discussed above, were utilized to assign likely structures for the major
unknown compounds in the organosolv lignin mixture.

Experimental section

Materials

Unless otherwise stated, all commercially available chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and were used as received. LC/MS grade water, methanol, and
acetonitrile were purchased from Fisher Scientific (Pittsburgh, PA, USA).

Ethyl 3-(4-hydroxy-3-methoxyphenyl)-3-oxopropanoate and 5,5’-bisvanillin were synthesized
in house. The details of the syntheses and the NMR spectra can be found in supporting information
(SI). The organosolv poplar lignin sample was supplied by Dr. Bozell of the University of
Tennessee Center for Renewable Carbon obtained using using a previously published method.*?
The organosolv poplar lignin sample was generated at a temperature of 160 °C, an H,SO4
concentration of 0.1 M, and a reaction time of 120 min.

Instrumentation

All experiments were performed using a Thermo Scientific linear quadrupole ion trap (LQIT)
mass spectrometer coupled with a high-resolution orbitrap mass analyzer. The instrument was
equipped with an electrospray ionization (ESI) source that was operated in negative ion mode. The
LTQ Tune Plus interface and Xcalibur 2.1 software were used to operate the instrument. The linear
quadrupole ion trap was filled with 2 mTorr of helium. Nominal pressure of approximately 1.5 x
101! Torr was maintained in the Orbitrap vacuum manifold, as read by a cold ion gauge (IKR 270,
Pfeiffer Vacuum, Asslar, Germany). A resolution of 60,000 (FWHM at m/z 200) was used for all
high-resolution measurements. For (-)ESI HRMS analysis, a solution of the organosolv poplar
lignin sample was prepared at a concentration of 2 mg/mL in acetonitrile and water (1:1, v/v, 1
mL). The solution was introduced into the mass spectrometer via a syringe drive at a flow rate of
10 uL min'!. To facilitate the formation of a stable ESI spray, the sample solution was combined
with acetonitrile and water (50/50 (v/v)) eluting from a Finnigan Surveyor MS Pump Plus via a
tee connector at a flow rate of 100 uL min-!. The resulting mixture was introduced into the ESI
source and the analytes were ionized using (-)ESI. A N, sheath gas flow rate of 30 (arbitrary units),
N, auxiliary gas flow rate of 10 (arbitrary units), spray voltage of 3.5 kV, ion transfer capillary
temperature of 275 °C, and capillary voltage -10 V were utilized.

For CAD studies, each of the 16 lignin model compounds was prepared at a concentration of
approximately 1 mM in LC/MS grade methanol. Each solution was introduced into the mass
spectrometer via a syringe drive at a flow rate of 10 pL min'!. The analytes were ionized by (-)ESI
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and the analyte ions were transferred into the linear quadrupole ion trap of the mass spectrometer.
An isolation width of 2 m/z units was used to isolate the ions of interest for CAD. A normalized
collision energy of 35, a q value of 0.25, and an activation time of 30 ms were used to induce
fragmentation of the isolated ions in the ion trap. The most abundant fragment ions were isolated
and subjected to CAD in the ion trap in MS? experiments. This process was repeated until no more
fragmentation could be observed (up to MS? experiments). All the ionized analytes and fragment
ions were transferred into the high-resolution orbitrap mass analyzer for high-resolution analysis.
The reproducibility of the relative abundances of the fragment ions was +15%.

HPLC separation was performed using a Surveyor Plus HPLC equipped with a quaternary
pump, a photodiode array (PDA) detector, and an autosampler. An organosolv lignin solution was
prepared at a concentration of 10 mg/mL in acetonitrile and water (1:1, v/v) and 10 pL of the
solution was loaded onto a reversed-phase Zorbax SB Phenyl column (4.6 x 250 mm, particle size
5 um, Agilent Technologies, Santa Clara, CA, USA) by using the partial loop injection mode. The
mobile phase solvents used were water (A) and acetonitrile (B) at a flow rate of 600 pL/min. Both
solvents were doped with 0.1 % (v/v) of formic acid. The nonlinear gradient used was as follows:
0 min, 70% A, 30% B; 6.0 min, 70% A, 30% B; 36.0 min, 20% A, 80% B; 36.1 min, 5% A, 95%
B; 45.0 min, 5% A, 95% B; 45.1 min, 70% A, 30% B; 50.0 min, 70% A, 30% B. The column
temperature was kept at 40 °C and the sample tray was refrigerated at 4 °C. 400 pL of a wash
solvent of 50:50 (v/v) water:methanol was injected between each sample injection to prevent
sample carryover between injections. After HPLC separation, the analytes were ionized by using
(-)ESI under the following conditions: N, sheath gas flow rate of 60 (arbitrary units), N, auxiliary
gas flow rate of 20 (arbitrary units), spray voltage of 3.5 kV, ion transfer capillary temperature of
275 °C, and capillary voltage of -10 V. The data-dependent scan functionality of the Xcalibur
software was used to perform the CAD MS" analysis. The most abundant ions were isolated and
subjected to CAD. Their most abundant fragment ions were then isolated and subjected to CAD.
This process was repeated until MS* stage of ion isolation/fragmentation was reached. All the
analyte and fragment ions were analyzed by using the high-resolution orbitrap mass analyzer. The
reproducibility of the relative abundances of the ions was +15%.

Results and discussion

General compositional information was obtained for the organosolv lignin sample by using (-
)EST HRMS. HPLC/(-)ESI MS" experiments based on CAD were carried out to provide structural
information for the individual unknown compounds in the sample. In order to better understand
the dissociation behavior of deprotonated lignin degradation products, CAD of 16 deprotonated
lignin-related model compounds was examined.

High-resolution MS analysis of the organosolv poplar lignin sample

Accurate mass measurements (enabled by high resolution) revealed the elemental
compositions of the ionized analytes and their degree of unsaturation and/or the number of rings
in them (ring and double bond equivalence (RDBE) = a + 1 - b/2 for compounds not containing
nitrogen or halogen atoms, where a = the total number of carbon atoms and b = the total number
of hydrogen atoms). Lignin-related compounds contain almost exclusively C, H, and O atoms.
Based on the RDBE values, lignin-related ions can be classified into several subcategories.
Deprotonated lignin monomers have an RDBE value of at least 4.5.23 This is due to the fact that
they contain one benzene ring with an RDBE value of 4. Deprotonation of these compounds
increases the RDBE by 0.5. Also, any double or triple bonds in the side chains will increase the
RDBE values of deprotonated analytes. Therefore, the RDBE values of deprotonated dimers
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(containing two aromatic rings) are equal to or greater than 8.5.2% Similarly, the RDBE values of
deprotonated trimers and tetramers are at least 12.5 and 16.5, respectively. The m/z values of
deprotonated lignin-related compounds correlate with their RDBE values. Therefore, the RDBE
and m/z values were used to distinguish the degree of polymerization of the analytes in the
organosolv lignin sample. As seen in a high-resolution mass spectrum (Figure 2), lignin
monomers, dimers, trimers, tetramers and some bigger oligomers were observed, with monomers
and dimers being most abundant.
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Figure 2. High-resolution mass spectrum measured for the organosolv poplar sample by using (-
)ESI HRMS. The approximate distributions of lignin-related monomeric, dimeric, trimeric, and
tetrameric as well as bigger compounds are shown.

In addition to lignin-related compounds, carbohydrates, lipids, and other not lignin-related
compounds may also exist in organosolv lignin samples.?? To better visualize the distribution of
the different types of compounds in the sample, a bubble chart (Figure 3) was constructed that
shows the relationships of the m/z value and RDBE value for the ionized analytes. The size of each
bubble represents the relative abundance of the ionized analyte (Figure 3). The majority of the
analyte ions are positioned closely together to form a big “continent” of lignin-related ions (circled
in green) while a few analyte ions that are not related to lignin are visible as small “offshore
islands” (circled in red). Determination of the elemental compositions of the analyte ions revealed
that the C/O ratio of the lignin-related compounds in the “continent” was 1.5-4.5. Other, nonlignin
compounds, such as lipids, fatty acids and their esters, often have a low degree of unsaturation
(RDBE < 4.5) due to the lack of benzene rings. As can be seen in Figure 3, most of the analytes
within the three red circles have RDBE values of less than 4.5, indicating that these analytes are
not linin-related compounds. Only a few compounds are located at the regions where the RDBE
value is greater than 4.5. Ions of m/z 473 have the chemical composition C,9H4505 and a C/O ratio
of 5.8, which is much greater than that of lignin-related compounds (C/O ratio 1.5-4.5). The large
C/O ratio and the observed losses of water and CO, upon CAD of these ions suggest that they are
likely to correspond to a fatty acid with a high degree of unsaturation. On the other hand, the C/O
ratio of carbohydrates is generally ~ 1.2 Potential oxidation reactions at the hydroxyl groups of
the carbohydrates will increase the RDBE values but the C/O ratio will stay relatively unaffected.
Ions of m/z 667 have the chemical composition of C3H,30,3 and a C/O ratio of 1, indicating that

8
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they are ionized carbohydrates. Thus, the C/O ratios in addition to the RDBE values can be used
to categorize the analytes into different compound types (Figure 3).
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Figure 3. Chemical composition of the organosolv poplar lignin sample based on (-)ESI HRMS
analysis. Lignin-related compounds and nonlignin compounds (most likely fatty acids) are shown
inside green and red circles, respectively. For lignin-related compounds, green lines were drawn
to divide them into different categories based on their RDBE.

HPLC/HRMS" analysis of the organosolv poplar lignin sample

To structurally characterize individual unknown compounds in the organosolv lignin sample,
an HPLC/(-)ESI HRMS" method based on CAD of isolated analyte ions was employed. Structural
elucidation of unknown lignin degradation products requires a fundamental understanding of how
deprotonated lignin-related compounds fragment upon CAD. Previous studies elucidated the
dissociation behavior of lignin model compounds with a $-O-4,373° a B-5,%8 or a 5-5 linkage.*
Dissociation studies on simple lignin model compounds, however, have only included compounds
with aldehyde, carboxylic acid, and ester functionalities and a few compounds with two
functionalities in the side chain.?3-¢ Additional deprotonated lignin model compounds, such as
compounds with a hydroxy- or keto-functionality, as well as catechols, were studied here to be
able to more accurately interpret the fragmentation behavior observed for deprotonated unknown
lignin-related compounds. Therefore, 16 deprotonated lignin-related model compounds, including
catechols and compounds with hydroxy and keto functionalities, were examined.

Model compound studies. HRMS" experiments based on CAD were carried out for all of the
ionized model compounds, their fragment ions, their fragment ions, and so on until no further
fragmentation was observed (up to MS?). The results are shown in Table S1 and are summarized
below. The MS? and MS? spectra of deprotonated ethyl 3-(4-hydroxy-3-methoxyphenyl)-3-
oxopropanoate are shown as an example (Figure 5).
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Figure 5. CAD MS? and MS? spectra of deprotonated ethyl 3-(4-hydroxy-3-methoxyphenyl)-3-
oxopropanoate at a normalized collision energy of 35.

Deprotonated lignin model compounds with methoxy groups readily lose methyl radicals and
this is often the first observed fragmentation event. For deprotonated lignin-related compounds
with several methoxy groups, losses of several methyl radicals were often observed upon the initial
consecutive fragmentation events (Table S1). Upon further CAD, elimination of one or more CO
molecules were often observed. Occasionally, CO, was lost after the loss of methyl radical(s).3
The fragmentations of deprotonated lignin model compounds are discussed in detail below.
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Hydroxy. The deprotonated lignin model compounds containing an aliphatic hydroxy group
predominantly lost water upon CAD, as is evident from the data measured for deprotonated
coniferyl alcohol and 2-(4-hydroxyphenyl)ethanol (Table S1). Formaldehyde loss is also possible
if a primary hydroxy group is attached to an alkyl chain, which is evident from the data measured
for deprotonated 2-(4-hydroxyphenyl)ethanol (Table S1).

Aldehyde. According to a previous study, deprotonated lignin-related aldehydes lack specific
fragmentation patterns unique to the aldehyde functionality.?® Some of the deprotonated model
compounds studied here, namely, deprotonated coniferyl aldehyde and 5,5’-bisvanillin, showed
elimination of an HCO® radical (Table S1), which likely involves the aldehyde functionality.?®
However, based on previously published studies, many other deprotonated aldehydes, such as
vanillin, syringaldehyde, and sinapaldehyde, do not lose HCO® upon CAD.* Therefore,
deprotonated aldehydes are not straightforward to identify as they fragment similarly to many other
types of deprotonated compounds, such as ketones.

Carboxylic Acid. Deprotonation of lignin-related compounds with a carboxylic acid functionality
in the alkyl side chain can occur at either the phenol or the carboxylic acid functionality, depending
on the ESI solvents used.**-*¢ Based on literature, the phenol is more likely to be deprotonated
upon ESI when the aprotic solvent acetonitrile is used .*-4 Therefore, all deprotonated model
compounds studied here are shown to be deprotonated at the phenol site even though deprotonation
at the carboxylic acid moiety may also occur for some of them. Deprotonated lignin model
compounds containing a carboxylic acid functionality have been reported to readily lose CO, upon
CAD.¢ Indeed, all the deprotonated carboxylic acids studied here, namely, 3,4-
dihydroxyphenylacetic acid, 4-hydroxy-3-methoxymandelic acid, 4-formylcinnamic acid, and 4-
hydroxyphenyl- pyruvic acid, showed the loss of CO, when subjected to CAD in the MS?
experiments. Therefore, the loss of CO, may indicate the presence of a carboxylic acid
functionality in an unknown deprotonated compound. This loss was usually observed in the MS?
experiments but sometimes other fragmentations were more competitive. For example,
deprotonated 2-ethoxy-3-(4-hydroxyphenyl)propionic acid and p-hydroxyphenyllactic acid both
showed the loss of CO, in the MS? experiments rather than in the MS? experiments.3¢

Catechol. Upon CAD, competitive losses of CO and H,O from deprotonated 3,4-
dihydroxyphenylacetic acid were observed after the initial loss of the carboxylic acid moiety as
CO, (Table S1). Deprotonated catechol also showed competitive losses of CO and H,O upon
CAD (Table S1). Competition of these two pathways may indicate the presence of a catechol
moiety in an unknown ion.

Keto. Deprotonated lignin model compounds with a keto functionality can fragment via cleavages
of bonds between the carbonyl functionality and the two a-carbons (Figure 6A and Table S1).
These fragmentations may be indicative of the presence of a keto functionality in an unknown ion.
However, other dissociation pathways, such as methyl radical losses from the methoxy groups,
can be more competitive than these dissociation pathways. Quantum chemical calculations at the
M06-2X/6-311++G(d,p) level of theory on deprotonated acetovanillone indicate that the loss of a
methyl radical from the methoxy group adjacent to the deprotonated site is energetically more
favorable than from the carbonyl functionality, as expected (Figure 6). Therefore, other
dissociation pathways may render fragmentations at the keto functionalities uncompetitive. Due
to the existence of competitive dissociation pathways, deprotonated lignin model compounds with
a keto functionality may not be straightforward to identify.
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Figure 6. A) Pathways for the loss of small neutral molecules from deprotonated lignin model
compounds with a keto functionality. B) Calculated Gibbs free energy surfaces for the loss of a
methyl radical from the methoxy group and from the keto-functionality in deprotonated
acetovanillone at the M06-2X/6-311++G(d,p) level of theory. The free energies are shown in
kcal/mol.

Model compounds with two functionalities in the side chain. The fragmentation patterns of
deprotonated model compounds with two functional groups in the side chain largely depend on
the type of the functional groups. The aliphatic carboxylic acid functionality is often lost in the
first CAD event as CO,, as observed for deprotonated 4-hydroxyphenylpyruvic acid, 4-hydroxy-
3-methoxymandelic acid, and 4-formylcinnamic acid (Figure 7 and Table S1). CO, can also be
lost together with another small molecule, such as CO or *CHs, as is evident for deprotonated 4-
hydroxyphenylpyruvic acid and 4-hydroxy-3-methoxymandelic acid, respectively. After the loss
of CO, from deprotonated 4-formylcinnamic acid, CO can be lost from the aldehyde functionality.
On the other hand, deprotonated B-keto esters, the methyl 3-(4-hydroxyphenyl)-3-oxopropanoate
and ethyl 3-(4-hydroxy-3-methoxyphenyl)-3-oxopropanoate, readily lose their alcohol moiety
upon CAD. After this, a CO, loss was observed for both deprotonated B-keto esters upon CAD
(Figure 7 and Table S1), which must involve a rearrangement. Similarly, deprotonated vanillin
has been reported to eliminate CO, after elimination of *CHj3, and based on quantum chemical
calculations, a mechanism was delineated for this complex rearrangement.*

OH
| . _-OH | o
COZ -co : ’T( 1 CH3 CO,H ‘ \ k
! o ‘ .
/@/\TT 5 -C0,-CO : -0 CH3 CO, : -CO, -HC=CH
—_— N ‘
3-c0 -Co, ! X0 -Co
4-hydroxyphenylpyruvic acid 4-hydroxy-3-methoxymandelic acid 4-formylcinnamic acid
o O
o 9 ! o 1%
o ~CH;OH -CO, 3 - 2 -CHCHOH
—_— s —— | 3 - CH3CH,0H - CO,
-0 - CH40H - CO, : O -
s T2 . i
methyl 3-(4-hydroxyphenyl)- | ethyl 3-(4-hydroxy-3-
3-oxopropanoate ! methoxyphenyl)-3-oxopropanoate

Figure 7. Pathways for the loss of small molecules upon CAD of deprotonated model compounds
with two functionalities in the side chain.
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Dimeric lignin model compounds with an aldehyde functionality and a 5-5 linkage. As mentioned
above, the 5-5 linkage is quite recalcitrant and can stay intact after lignin degradation via an
organosolv process.>**® Similarly, this linkage does not break upon CAD of deprotonated lignin
model compounds.’® To better understand the fragmentations of simple deprotonated 5-5 type
lignin model compounds, 2,2’-biphenol (H lignin dimer with no functionalities in the side chains)
and 5,5’-bisvanillin (G lignin dimer with aldehyde functionalities in the side chains) were studied.
Both ions lost water upon the first CAD experiment (Table S1). Due to the existence of two
aldehyde functionalities and two methoxy groups in deprotonated 5,5’-bisvanillin, losses of *CHj,
CO, and °*CHO, amongst others, were also observed (Table S1). Thus, no losses of neutral
molecules bigger than a monomer were observed. The exclusive observance of small molecule
losses for deprotonated lignin dimers is indicative of the presence of a 5-5 linkage.?®

Organosolv lignin sample. The organosolv lignin sample was subjected to HPLC (for details of
the chromatographic method, see the experimental section and SI) and the eluting compounds were
ionized by (-)ESI in the linear quadrupole ion trap mass spectrometer. The deprotonated analytes
were transferred into the ion trap and subjected to CAD in HRMS" experiments to obtain structural
information. The knowledge obtained from the literature and in the model compound studies
discussed above, combined with the CAD HRMS" spectra measured for deprotonated unknown
compounds, were used to elucidate the likely structures for the major unknown compounds in the
organosolv sample,?3-36,38:49-51

Structures were proposed for most of the unknown analyte ions detected based on the retention
times of the corresponding neutral analytes, fragmentation patterns of the ionized analytes, the
elemental compositions of the ionized analytes and their fragment ions, and their RDBE values.
The previously published fragmentation patterns diagnostic for the B-O-4, -5, and 5-5 linkages
were used to identify linkages in the unknown ions.3’-3 Deprotonated lignin model compounds
with other linkage types, such as 4-O-5 and B-1 linkages, which have a low abundance in plants,
were not specifically examined. However, in cases for which the p-O-4, B-5, and 5-5 linkages
could be ruled out, other linkages, such as 4-O-5 or -1, are likely present and were considered
during structural elucidation.

When elucidating the structures of the lignin-related degradation products, the number of
consecutive carbons in the side-chains was assumed not to exceed three because lignin is formed
upon polymerization of the phenylpropanoid monolignols that contain three consecutive carbons
in their side chains, and polymerization via the formation of linkages such as f-O-4, -5, 5-5, and
others does not increase the number of the consecutive carbons in the side chains.

The m/z values and possible structures of some of the deprotonated analytes are provided in
the total ion current (TIC) chromatogram shown in Error! Reference source not found.. The
CAD results, HPLC retention times and the proposed structures of some analytes are listed in

Table 1. All the remaining information is provided in Table S2. Structures were proposed for
62 compounds that generated adequate fragmentations upon CAD for structural elucidation. The
structural elucidation of some representative compounds in different types of analyte classes is
discussed below.
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Figure 8. HPLC total ion chromatogram obtained for the organosolv poplar sample analyzed using
the HPLC/(-)ESI HRMS" method. The m/z values and proposed structures are shown for some of
the major ionized analytes. One of the several possible isomeric structures is shown for the ions of
m/z 271 that likely correspond to an ionized fatty acid.

Structural elucidation of a monomeric lignin-related compound. The unknown analyte ions of m/z
193 (Cl() H9 04 N RDBE = 65,

Table 1) are used here as an example. The RDBE value of 6.5 indicates that these ions contain
only one benzene ring (RDBE = 4) and possibly two double bonds (RDBE = 1 for each). Upon
CAD of these analyte ions, loss of *CH; was observed in the MS? experiment, suggesting that a
methoxy group bound to the benzene ring is present. The methoxy group is most likely located at
C3 because most lignins are composed of the three basic monolignols (Figure 1). After the loss
of *CH3, losses of H,C=C=0, CO, 2CO, or H,C=C=0 + CO were observed in the MS? experiment.
The eliminated CO is likely to originate from the aromatic ring, just as in the case of deprotonated
vanillin after elimination of *CH;.#’ The eliminated H,C=C=0 suggests the presence of a keto
functionality in the side chain. Consideration of all this information leads to the conclusion that
the unknown analyte ions of m/z 193 likely correspond to deprotonated 3-(4-hydroxy-3-
methoxyphenyl)-3-oxopropanal. Also, cleavages of the two a-carbons of the keto group results in
the elimination of H,C=C=0 and H,C=C=0 + CO to form product ions of m/z 136 and 108,
respectively.

Structural elucidation of dimeric lignin-related compounds. The unknown analyte ions of m/z 405
(Cy0H2109, RDBE = 10.5, Table 1) are used here as an example of a deprotonated -O-4 dimer.
When subjected to CAD, these ions generated the most abundant fragment ions of m/z 181 via the
loss of a neutral molecule of MW of 224 Da and the second most abundant fragment ions of m/z
223 via the loss of a neutral molecule of MW 182 Da. This fragmentation pattern matches that
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shown in Scheme 1A for deprotonated lignin model compounds with a B-O-4 linkage. If the
unknown analyte ions of m/z 405 contained a -O-4 linkage, a major fragment ion A (ions of m/z
181) could be formed via the elimination of a neutral molecule B (MW 224 Da) and another major
fragment ion B (ions of m/z 223) could be formed via the elimination of a neutral molecule A
(MW 182 Da). These findings indicate that the ions of m/z 405 contain a B-O-4 linkage. When
the most abundant fragment ions of m/z 181 were isolated and subjected to CAD in an MS?
experiment, the loss of *CH; was observed to generate ions of m/z 166. These ions lost another
*CHj; in an MS* experiment. The elemental composition (CoHgO4, RDBE = 5.5) and fragmentation
behavior of the ions of m/z 181 (

Table 1) suggest that they correspond to deprotonated syringaldehyde.?® Based on the elemental
composition of the unknown dimeric ions of m/z 405, their fragment ions, their fragmentation
pattern and the finding that the unknown ions contain a B-O-4 linkage, the structure shown in
Scheme 2 was proposed for the unknown ions of m/z 405. Based on the proposed structure,
deprotonated syringaldehyde of m/z 181 was formed upon CAD via a pathway involving the
elimination of the charged end unit A (Scheme 2). On the other hand, upon CAD, fragment ions
of m/z 223 were generated via a pathway involving the elimination of the charge-remote unit B
(Scheme 2). The observation of these characteristic fragmentations associated with deprotonated
compounds with a B-O-4 linkage supports the proposed structure for the unknown analyte ions of
m/z 405. Tons of m/z 181 were likely formed via a previously proposed cyclopropane mechanism,3’
which requires that the carbonyl is not at the Ca-position. Otherwise, the elimination of the
charged end unit A to form ions of m/z 181 cannot occur. Therefore, the hydroxyl group was
assigned to the Ca-position and the carbonyl group to the CB-position.

The unknown analyte ions of m/z 401 (C,;H,;0g, RDBE = 11.5,

Table 1) are used here as an example of a deprotonated -5 dimer. Based on a previous
publication, deprotonated -5 dimeric model compounds fragment by elimination of the charged
end unit as a quinone methide-like neutral molecule (Q, Scheme 1B).3® This neutral molecule
would have the formula C;HcO, CgHgO,, or CoH¢O; for the H-, G-, and S-units, respectively
(Scheme 1B).3® Upon CAD of the unknown analyte ions of m/z 401, ions of m/z 235 were formed
via the loss of a neutral molecule Q with the formula CyH;(Os, which suggests that the ions of m/z
401 may contain a -5 linkage and an S-type monomeric unit. After further examination of the
fragmentation of the ions of m/z 401 (

Table 1), the ions of m/z 401 were concluded not to contain a $-O-4 linkage because the
characteristic fragmentations shown in Scheme 1A for -O-4 type compounds were not observed.

Therefore, the ions of m/z 401 were concluded to contain a -5 linkage. Fragment ions of
m/z 235 fragmented by losing *CHO to form ions of m/z 206 in an MS? experiment, indicating
that a formaldehyde functionality is present in the ions of m/z 235. lons of m/z 235 also fragmented
by losing *CHj to form ions of m/z 220 in an MS? experiment, indicating that a methoxy group
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Scheme 2. The structure proposed for the analyte ions of m/z 405 and pathways for the formation
of their major fragmentation products.

exists in the ions of m/z 235. When the elemental composition of the unknown ions of m/z 401,
their fragment ions, and their fragmentation pattern were considered, the structure shown in
Scheme 3 was proposed for these ions. According to the mechanism shown in Scheme 1B, the
generation of the ions of m/z 235 via the pathway involving the elimination of the charged end
unit A requires the participation of the aliphatic hydroxyl group at the y-position, which reveals
that an aliphatic hydroxyl group is located at the y-position. Apart from the formaldehyde
functionality in the side chain of ring B, information on the elemental composition and RDBE
value of the ions of m/z 401 indicate that another carbonyl group exists in the side chain of ring B.
The second carbonyl group is likely directly connected to ring B based on the fragmentation
patterns of ions of m/z 401 shown in

Table 1.
\
[e]
f o
[e]
/
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y—OH eutral o
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OH
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m/z 401 miz 235

Scheme 3. Proposed structure of the analyte ions of m/z 401 and the pathway for the generation
of their major fragment ions of m/z 235.

The unknown analyte ions of m/z 299 (C,;H;505, RDBE = 10.5,

Table 1) are used here as an example of a deprotonated 5-5 dimer. These unknown dimeric ions
showed the loss of *CH; upon CAD in an MS? experiment, followed by loss of *CH; or both *CHj;
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and CO; upon CAD in an MS? experiment. When the fragment ions generated in the MS3
experiment upon loss of *CH; were subjected to CAD, elimination of CO was observed (MS#). On
the other hand, the fragment ions formed upon loss of both *CH; and CO, fragmented via loss of
CO,, CO, and CO, or H,0 in an MS* experiment (

Table 1). No neutral fragments bigger than a monomer were lost upon CAD, indicating that the
ions of m/z 299 contain a 5-5 linkage. Only two ®*CHj radicals were lost throughout the CAD
experiments, indicating that two methoxy groups are present in the ions of m/z 299. The
fragmentations and proposed structure for ions of m/z 299 are shown in

Loss of small molecules
('CH3, CO, H,0, CO,)

No cleavage of
the C5-Cs bond

Loss of small molecules
('CH3, CO, H,0, COy)

No cleavage of
the C5-Cs bond

Scheme 4. Proposed structure of the analyte ions of m/z 299. Only losses of small molecules were
observed for this ion.
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Structural elucidation of trimeric and tetrameric lignin-related compounds. Upon CAD of trimeric
unknown analyte ions of m/z 497 (CyH,50,09, RDBE = 14.5,

Table 1), fragment ions of m/z 273 and 223 were formed via the elimination of neutral molecules
of MW of 224 and 274 Da, respectively. The fragmentation pattern of deprotonated trimeric
unknown analyte ions of m/z 497 matches that shown in Scheme 1A for deprotonated lignin model
compounds with a $-O-4 linkage. If the unknown analyte ions of m/z 497 contained a -O-4
linkage, a fragment ion A (ions of m/z 273) could be formed via the elimination of a neutral
molecule B (molecule of MW 224 Da) and a second major fragment ion B (ions of m/z 223) could
be formed via the elimination of a neutral molecule A (molecule of MW 274 Da). These findings
indicate that the ions of m/z 497 contain a -O-4 linkage. The most abundant fragment ions of m/z
273 lost *CHj; to form fragment ions of m/z 258 in an MS? experiment. These fragment ions
fragmented by eliminating another *CH; in an MS* experiment (Table S2). No large neutral
molecules were eliminated from the fragment ions of m/z 273 upon CAD, indicating that the ions
of m/z 273 contain a 5-5 linkage. Based on the elemental composition of the unknown trimeric
ions of m/z 497, their fragment ions, their fragmentation pattern and the finding that they contain
a B-O-4 and a 5-5 linkage, the structure shown in

Scheme 5 was proposed for the unknown ions of m/z 497. Based on the proposed structure,
fragment ions of m/z 273 are formed via the elimination of the charged end unit A as a neutral
molecule and ions of m/z 223 are formed via the elimination of the charge-remote end units B and
C(
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Scheme 5). The formation of ions of m/z 273 via the cyclopropane mechanism?’ (Scheme 1A)
requires that a hydroxyl group is located at the a-position and a carbonyl group is located at the 3-
position in ions of m/z 497. In addition to above structural details, based on the elemental
composition of ions of m/z 273, an aldehyde functionality should exist in these ions. This
functionality could be attached to the 1-position of either ring B or ring C. The structure shown in

Scheme 5 represents one of the two possible structures. Based on the proposed structure, two
phenol groups are present in the unknown ions of m/z 497 and either phenol group may get

/O o O, =0
@ Pathway 1
OH HO
_0 o Elimination of the P @
@ @ charge-remote end units
Z =0
o] 07 o

o]
/

\ [497-B-C]~

_0O
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Elimination of the
charged end unit
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0 @ ~o
HO
-0
S
m/z 273

[497-A]

Scheme 5. Structure and major fragmentation pathways proposed for the trimeric analyte ions of
m/z 497.

deprotonated upon ionization of the trimer. If the deprotonated phenol group is that attached to the
C ring, fragment ions of m/z 223 cannot be formed upon CAD because the charge on the phenol
group of ring C cannot migrate to the unit A via the cyclopropane mechanism (Scheme 1A).37 On
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the other hand, if the phenol group on ring A is deprotonated, this ion could form both fragment
ions of m/z 273 and 223 upon CAD. Hence, the phenol group on ring A is shown as deprotonated
in

Scheme 5.

In contrast to the above example, ionized oligomeric compounds with no 5-5 linkages can lose
more than two monomeric units due to the labile nature of -O-4, -5, and 4-O-5 linkages. This
information was used to identify the unknown tetrameric analyte ions of m/z 865 (Cy4H490O1s,
RDBE =20.5,

Table 1). Upon CAD, these ions generated the key fragment ions of m/z 641. Fragment ions
of m/z 641 fragmented to form fragment ions of m/z 417 and 223 via losses of neutral molecules
of MW of 224 and 418 Da, respectively. If the unknown fragment ions of m/z 641 contained a f3-
0O-4 linkage, a fragment ion A (ions of m/z 417) could be formed via the elimination of a neutral
molecule B (molecule of MW 224 Da) and a second major fragment ion B (ions of m/z 223) could
be formed via the elimination of a neutral molecule A (molecule of MW 418 Da). These findings
suggest that the fragment ions of m/z 641 contain a -O-4 linkage. After carefully examining the
fragmentation patterns of ions of m/z 865, all the monomeric units were concluded to be linked
via B-O-4 linkages. Based on the elemental composition of the unknown tetrameric ions of m/z
865, their fragment ions, their fragmentation pattern and the finding that they contain three p-O-4
linkages, the structure shown in Scheme 6 was assigned for the unknown ions of m/z 865. Further
explanation for this structural assignment is provided below.

Based on the proposed structure of the unknown analyte ions of m/z 865 and the pathways
shown in Scheme 1A, the charge-remote end unit D was eliminated to form fragment ions of m/z
641 (Scheme 6, pathway 1). The fragment ions of m/z 641 fragment by eliminating the charged
end unit A to generate fragment ions of m/z 417, which dissociate to form ions of m/z 223 via
elimination of the charge-remote end unit C. Fragment ions of m/z 641 can also eliminate the
charge-remote end units B and C together to generate ions of m/z 223. A second pathway for the
generation of fragment ions of m/z 641 involves the elimination of the charged-end unit A from
the analyte ions of m/z 865. The fragment ions of m/z 641 can eliminate the charge-remote end
unit D to form ions of m/z 417. Ions of m/z 641 can also eliminate the charged-end unit B to form
fragment ions of m/z 417, which can fragment by eliminating the charged end unit C to form
fragment ions of m/z 223. Alongside the losses of the monomeric or dimeric units, losses of small
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molecules, such as H,O and CH,0, were also observed. The locations of the hydroxyl groups and
the carbonyl groups in the unknown analyte ions of m/z 865 were deduced based on the fact that
the elimination of the charged end unit via the cyclopropane mechanism3’ requires that the o-
position of the B-O-4 linkage does not contain a keto functionality. The number of methoxy groups
was determined based on the elemental compositions of the fragment ions. An ethyl ether
functionality is proposed to be bound to the C unit based on the elemental compositions of the
fragment ions. The ethyl ether functionality may be a residue formed from a lignin-carbohydrate
complex. Based on the structure proposed for the tetrameric analyte ions of m/z 865 (Scheme 6),
the neutral analyte of MW 866 Da consists of three S-units and one H-unit, and thus is an S/H type
lignin tetramer.

All the other structural assignments for lignin-related compounds were made in a similar
manner as for the detailed examples discussed above.

\ o
HO,
o—/ HO )

O 07\0 @ o@—og_/w Pathway 1 \ \i—<\o <:> Co o

Elimination of the Elimination of the

o—

-5 @ o O— o @ charge-remote end unit —Q o= g 5 charge-remote end units o @

oH / [865-D] - =o={ ) / [641-8-C] /

g OH -0 0
m/z 865 o] =0 —0 miz 641 /

Elimination of the m/z 223

[865-A] | charged-end unit via a

cyclopropane mechanism [641-A] " | Elimination of the

charged-end unit via a
cyclopropane mechanism

Pathway 2

Q =0

0
\
— :>_< o}
% © o1 o HO W Elimination of the
Jd o— Elimination of the 0 charge-remote end unit
-Jd o— charge-remote end unit \ o@—uo — = f
o
=0 o)
/

P @ [641-D] ~ wir-cr -0 ©

/
m/z 641 [¢) =0 miz 417 m/z 223

_| Elimination of the
[641-B] | charged-end unit via a
cyclopropane mechanism

o/
-O@_g_/o"' Elimination of the Q_/°
charged-end unit via a
o p- cyclopropane mechanism o @
/
-d o
/

/° [641-C]
e} =0

m/z 417

m/z 223

Scheme 6. Pathways proposed for the production of the major fragment ions of the tetrameric
analyte ions of m/z 865.

Structural elucidation of compounds not related to lignin. Apart from lignin-related compounds,
seven compounds not related to lignin were detected in the sample (

Table 1 and S2). Six of these compounds have an RDBE value of less than that of a benzene ring
(RDBE = 4). These six compounds are likely to be fatty acids based on their measured elemental
compositions and fragmentation patterns (possible structures are shown in Table 1 and S2). For
example, deprotonated analyte ions of m/z 473 have a higher C/O ratio (chemical formula:
C3,H4105, RDBE = 12.5, C/O ratio = 10.7, Table S2) than lignin-related compounds (C/O ratio in
the range of 1.5-4.5). The identity of this analyte ion is still under investigation.
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An overview of the results. A total of 62 deprotonated compounds generated adequate fragment
ions upon CAD for structural elucidation. Among these compounds, 15 are lignin monomers, 27
are lignin dimers, 12 are lignin trimers, one is a lignin tetramer (ion of m/z 857), and seven are not
lignin- related compounds, most of them likely fatty acids. Lignin monomers and dimers (most
with MW values of less than 550) account for the majority of the compounds detected. Oligomers
larger than tetramers had very low abundances and did not generate enough fragment ions for
structural elucidation.

Based on the proposed structures, compounds with various functionalities, such as hydroxy,
aldehyde, keto, and carboxylic acid, were detected (

Table 1 and S2). Lignin-related compounds with two functionalities in the side chains were
also found in this organosolv lignin sample. Monomeric lignin-related analyte ions of m/z 151,
167, 193, and one isomer in the isomeric group of ions of m/z 209 correspond to G-lignin
degradation products. Ions of m/z 181 and one isomer in each of the isomeric groups of ions of
m/z 209, 223, 225, 227, 253, and 295 correspond to S-lignin degradation products. Two isomeric
ions of m/z 163 and ions of m/z 221 correspond to H-lignin degradation products. Among the
lignin dimers, 14 contain a 5-5 linkage, eight contain a B-O-4 linkage, four contain a -5 linkage,
and one likely contains a 4-O-5 linkage. The labile nature of the most common B-O-4 linkage in
lignin likely contributed to the relatively low amount of compounds detected with this linkage
compared to the 5-5 linkage. $-O-4, 5-5, B-5, and/or possibly 4-O-5 linkages were observed in the
lignin trimers and tetramers. Despite the labile nature of the $-O-4 linkage, it is the most abundant
linkage type in plants and thus some trimers and the detected tetramer contained only B-O-4
linkages. However, the abundances of these oligomers were low. No more than two of each of the
5-5, B-5, and 4-O-5 linkages (Table S2) were observed in the oligomers in this study.

Two or more isomeric ions were successfully separated and characterized for each of the
isomeric groups of ions of m/z 163, 209, 343,371, 385,401, 473, and 609 (Table S2). Particularly,
four different isomers of ions of m/z 371 and three different isomers of ions of m/z 385 (Table S2)
were identified. Seven compounds were detected that were not lignin-related compounds. Most of
them are likely to be fatty acids. By comparing the observed fragmentation patterns with those of
authentic deprotonated model compounds (Tables S1 and S2) or previously reported
fragmentation data,’® unknown analyte ions of m/z 151, 167 (Cg H; Oy4), 181, and 301 were
identified as deprotonated vanillin, vanillic acid, syringaldehyde, and 5,5 -bisvanillin,
respectively. The many unknown analytes, several corresponding to different isomeric structures,
demonstrate that this organosolv lignin sample is very complex.

In order to perform a preliminary examination of the quantitative aspects of the above
analytical method, an equimolar mixture containing 11 lignin model compounds, including several
monomers, three dimers with different types of linkages, and a tetramer with only 3-O-4 linkages,
was studied (Figures S1 and S2). The majority of the analytes (7 from 11) had a similar ionization
efficiency (Figures S1 and S2), suggesting that the relative abundances of their deprotonated forms
reflect their relative molar amounts in the organosolv lignin sample. . However, isoeugenol, a
monomeric lignin model compound, was not detected, indicating that it was not efficiently ionized
due to competition from the other analytes in the mixture. This may be due to the lack of electron-
withdrawing substituents or internal hydrogen-bonding ability for isoeugenol. The B-O-4 (S-S)
dimer also had a very low ionization efficiency for unknown reasons. On the other hand, the
deprotonated 5-5 dimer, 2,2’-bisphenol, which bears two free phenolic hydroxyl groups, had an
exceptionally high ionization efficiency, likely due to its ability to stabilize the negatively charged
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phenolic oxygen via internal hydrogen bonding. Similarly, the deprotonated B-O-4 (G-G-G-G)
tetramer also had a high abundance in the MS spectrum (Figure S1), again likely due to the ability
of forming an internal hydrogen bond to stabilize the negatively charged phenolic oxygen. This
result is important as it indicates that the (-)EST HRMS method used does not discriminate against
the bigger analytes in the mixture.

Last, a limitation of the method should be mentioned. The assignment of the likely structures
for the compounds in the organosolv lignin sample based on their retention times and the elemental
compositions and fragmentation patterns of their ions upon CAD is a very time-consuming process
and requires a comprehensive understanding of the dissociation mechanisms of deprotonated
lignin-related compounds, which may limit its application. It is noteworthy, however, that this
method should be applicable as it is to other lignin degradation mixtures prepared by using other
methods or prepared using a different type of biomass, as long as they contain similar compounds

Table 1. HPLC retention times (R.T.) of the compounds detected in the organosolv lignin sample,
m/z values of the deprotonated analytes, their measured elemental compositions, their ionic and
neutral fragments?® formed upon CAD in MS? to MS* experiments and their relative abundances,®
and the structures proposed for each analyte.

R.T. m/z Elemental RDBE  MS$? MS3 MS* Proposed structure for the
(min) composition analyte
Monomers
11.3 151¢ Cg H; Os 55 151-CH; (136) 100% 136-CO (108) 30% X0
136-CO, (92) 100% HO
_0O
6.6 167¢ Cs H; Oy 5.5 167-*CH; (152) 100% 152-CO (124) 100% o]
167-CO; (123) 10% 152-CO; (108) 20% OH
HO
O\
9.8 181¢ Co Hy O4 55 181-*CH; (166) 100% 166-*CH; (151) 100% 151-CO (123) 100% _0 o
$en
_0O
13.5 193 CioHo O4 6.5 193-*CH; (178) 100% 178-C,H,0 (136) 100% 136-CO (108) 100% (o)
178-CO (150) 10% /@)‘\AO
HO
178-C,H,0-CO (108) 5% o
-
178-2CO (122) 3%
13.8 223 Cy Hyy Os 6.5 223-*CH; (208) 100% 208-*CHj; (193) 100% 193-CO (165) 100% o
O
208-*CH;-2CO (137) 70%  193-2CO (137) 70% g I;)KA\O
HO
193-CO-C,H,0 (123) )
-

20%
193-3CO (109) 20%

193-CO-CO, (121)

15%
193-CO, (149) 10%
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193-2CO-C,H,0 (95)

10%
Dimers
255 299 C, Hy O, 105 299 *CH, (284) 100% 284-*CH, (269) 100% 269-CO (241) 100%
284-CH;-CO, (225) 10%  269-H,0 (251) 15%
269-CO, (225) 10%
269-CO-CO, (197)
10%
168 301  CyoHyp Of 105 301-*CH, (286) 100% 286-H,0 (268) 100% 268-CO (240) 100% o O ~o
301-*CH,-CO (258) 50%  286-*CHO (257) 90% 268-*CHO (239) 20% Ho
OH
286-H,0-CO (240) 60%  268-2CO (212) 10% O
O -
286-*0H (269) 50% o
286-*OH-H5(267) 45%
286-H,0-*CHO (239)
35%
286-CO-*CHO (229) 20%
286-*CH, (271) 15%
183 401  Cs Hy Oy 1.5 401-H,0 (383) 100% 383-CH,0° (352) 100%  352-*CH, (337) 100% Ho, o
o
401-CoH 405 (235) 50%  383-*CH; (368) 85% O o e
o
401-°CH, (386) 20% 383-CH,0 (353) 60%
401-CH,0 (371) 20% 383-CH,0-CO; (309)
20%
401-C,H,0; (325) 20% 383-*CH,-H,0 (338) 10%
401-CoH,05-*CH5-CO
(192) 15%
401-CoH,05-*CHs (220)
10%
401-CH,,05-*CHO (206)
10%
147 405  CyHy Oy 10.5 405-C\H,;05 (181) 100%  181-°CH (166) 100% 166-CH; (151) 100% oH 0
0. s
- O
405-CoH 004 (223) 60% Hom i
405-C1,H,,05-*CH; (166) o -0
30%
405-C1 Hp;05-2 *CH,
(151) 20%
405-CO (377) 10%
405- CoHyg04-*CH, (208)
10%
Trimers
21 497 CxHpn Oy 145 497-C,H1,05 (273) 100%  273-*CH, (258) 100% 258-"CH, (243) 100% o O ~
497-Cy5H,405 (223) 65% OH HO
_o o
497-CH,0 (467) 20% . O
HO O ?
497-C, H,,05-*CH; (258)
20%
497-Cy5H,405-*CH; (208)
10%
190 641  CyHyOp 155 641-CH,0 (611) 100% 611-CH,O (581) 100% 581-Cy,H1404 (371)

641-C»H,605 (223) 80%

100%
581-CH;OH (549)
70%

641-CyHa05 (223) 90%
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641-H,0 (623) 60% 611-1,0 (593) 60% 581-CsH 05 (427) | OH |
40% 0 0
641-Cy H,05 (417)50%  611-CH;OH (579) 30%

641-H,0-CH,0 (593) 611-CH,O-CH;0H (549) HO i

30% 20% ©
641-CH,0-CH;0H (579)  611-C1,H 05 (371) 20% o
30% o OH

641-C;,H;,05-CH,0 611-C14H;0s (347) 15% o
(387) 15%
641-C;His0s (377) 15%  611-C1oH,4054 (401) 12%

o
647-C,4H,605-CH,O 611-CoH 2,04 (427) 10%

(347) 15% oK
641-2CH,0 (581) 10%

Tetramers
222 865 Cis Hio Oy 205 865-C; Hp,0s (641) 100%  641-CH,0 (611) 100% o

865-CH,0 (835) 50% 641-C, H,,0s5 (417) 85% o < > E oH
\
865-H,0 (847) 45% 641-CH,05 (223) 80% °

—Q o= o 0O—
0] o—
865-2H,0 (829) 10% 641-H,0 (623) 65% HO—@} /o%:é_x
OH

865-H,0-CH,0 (817) —
10% o =0
865-C,H0, (803) 10%

865-C,;H;,05-CH,0
(611) 10%
865-C1H,,05-CH 405
(415) 10%
865-C;;H205 -C11H,,05
(417) 5%

Fatty acid
26 271 C;sHy; O, 25 271-H,0-CO; (209) 100% one possible structure:
OH o

271-H,0 (253) 40% ~ OH
OH
aThe elemental compositions of the fragment ions were measured and the elemental compositions
of the neutral molecules lost were derived from the measured elemental compositions of the

fragmenting ions and the fragment ions.

bThe reproducibility of the relative abundances of the fragment ions was +£15%. The fragment ions
are shown in the order of their relative abundances. The information in the MS? to MS* columns
is shown in the following order: precursor ion m/z, elemental composition of the neutral fragment
lost upon CAD, m/z of the product ion (in parenthesis), and the relative abundance of the fragment
ion.

“Verified by comparing with authentic model compounds (Table 1 and S1) or previously published
data on authentic model compounds.3°

Conclusions

An organosolv poplar lignin sample was analyzed by using (-)ESI HRMS and HPLC/(-)ESI
HRMS" based on CAD. After HPLC separation, the analytes in the sample were ionized by (-)ESI.
The elemental compositions as well as the degree of unsaturation (number of double bonds and
rings or RDBE) were determined for each detected deprotonated analyte, which enabled the
determination of their compound type. Many lignin-related compounds, as well as a few
compounds not related to lignin, were detected, with lignin-related compounds being the most
abundant. Lignin monomers, dimers, trimers, tetramers, and bigger oligomers were observed, with
lignin monomers and dimers constituting the majority of the compounds in the mixture.
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The CAD fragmentation behavior studied using HRMS" experiments on 16 deprotonated
lignin-related model compounds provided insights into the fragmentation behavior of deprotonated
unknown lignin-related compounds with various functionalities and linkage types. These results
and previous studies®’3 facilitated the structural elucidation of several unknown analyte ions.
Structural information for 62 ionized unknown compounds derived from the organosolv lignin
sample was obtained by using the HPLC/(-)EST HRMS" experiments. Among these compounds,
15 were identified as lignin monomers, 27 as lignin dimers, 12 as lignin trimers, one as a tetramer,
and seven were concluded not to be related to lignin. G-, H-, and S-lignin monomers were detected
in the unknown analyte ions. B-O-4, 5-5, B-5, and possibly 4-O-5 linkages were identified to be
present.
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