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Dear Sir,

Structural elucidation of the wheat straw lignin polymer by
atmospheric pressure chemical ionization tandem mass
spectrometry and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry

The structure of the cell wall of the lignocellulose fibers which
constitute the skeletal substance of all terrestrial plants can be
schematically viewed as bundles of cellulose microfibrils ordered
in parallel in a matrix of amorphous hemicelluloses and lignins.!?
Obtaining cellulose fibers from vegetable matter using traditional
industrial paper procedures consists of degrading large amounts
of lignins and hemicelluloses and making them soluble in aqueous
media.?

Lignin, one of the most abundant naturally occurring materials,
was identified as a soluble residue of acidic hydrolysis of wood
more than 150 years ago.* It is only in the last 50 years that the
polymeric structure of lignin based on phenylpropenyl alcohol
monomers (also called lignols) has been proposed. Knowledge about
the lignin structure is still fragmentary. As shown in Fig. 1, it has
been established that the monomeric lignol precursor in conifers is
predominantly coniferyl alcohol (Fig. 1(A)), whereas in deciduous
trees it is sinapyl alcohol (Fig.1(B)) and in grasses and herblike
dicotyledons it is p-cumaryl alcohol (Fig. 1(C)).>

In the last two decades, the biological heterogeneity of its
molecular structure has been reported and it is well accepted that
the chemical structure of the various lignin polymers depends on
the botanical origin and chemical composition of the vegetable
polymeric fibers.® It has been proposed that the native lignin polymer
is produced through random polymerization processes. Although
Freudenberg and Neish have postulated that the lignols polymerize
to yield native lignin macromolecules by a radical mechanism, the
exact biosynthetic pathway has not yet been definitely established.”
The structure of the heterogenous lignin macromolecule remains
unsolved and is a daunting task, especially as the extraction protocol
appears to modify and degrade the lignin polymer. Thus, the
initial step in lignin analysis will be to isolate lignin from the
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pulp matrix without causing structural changes. Although many
chemical and enzymatic methods have been developed for the
isolation of lignin from vegetable matter fibers, none are without
the risk of causing structural changes during isolation. To determine
the constituents of lignin by chemical degradation is an extremely
labor-intensive task, which, unfortunately, gives no clear answers as
to its molecular makeup. Absolute molar mass values of lignins are
difficult to determine because they have a strong tendency to form
molecular aggregates in solution.>® This is particularly true with
the industrial chemical pulp manufacturing procedures used today,
which favor either repolymerization and/or depolymerization of
lignin molecules to afford erroneous molecular masses which may
be higher or lower than the native lignin molecules. Nevertheless,
attempts to determine the molecular weights of lignins have been
made using gel permeation chromatography.’

Mass spectrometry, using electron ionization, has been used
for the study and characterization of derivatized lignol monomer
constituents which were released by either reductive cleavage or by
pyrolysis. In this case, only monomeric, and to a small extent dimeric,
products were identified by comparison of gas chromato§raphic
retention times and mass spectra with authentic samples.!?~12

We report here the structural characterization of the wheat straw
lignin polymer using combined techniques such as atmospheric pres-
sure chemical jonization mass spectrometry (APCI-MS), tandem
mass spectrometry (MS/MS) and matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOFMS).
The wheat straw lignin was extracted using the novel AVIDEL pro-
cedure, which selectively separates the cellulose, hemicellulose and
lignin, and this allows the destructuring of the vegetable matter
at atmospheric pressure by a catalyst—solvent system of formic
acid—acetic acid.!314 Recently, a study on the structural eluci-
dation by MALDI-TOFMS of lignins,® chestnut elligitannins and
polyflavonoid tannins has been reported.!>16

The APCI-mass spectra of the lignin extracted from wheat straw
in a mixture of formic acid, acetic acid and water were recorded in
the negative and positive ion modes and are presented in Fig. 2(A)
and (C). The lignin was dissolved in chloroform-methanol (2:1)
and was injected directly through the APCI interface in to the mass
spectrometer, which was set to scan for negative ions in the range m/z
100-650 (Fig. 2(A)). This APCI-mass spectrum indicates the presence
of two major aromatic compounds tentatively assigned as a dimer
2, C18H180¢ (molecular mass = 330.11) and a trimer 3, Cp9Hz30Og
(molecular mass = 507.19), the structures of which are proposed in
Fig. 1. The dimeric lignin fragment 2 gives a deprotonated molecular
ion [M —H]~ at m/z 329 and appears to consist of a modified
coniferyl alcohol in which the p-hydroxyl group has been replaced
by a carboxylic group that has condensed with another coniferyl
alcohol via the production of a cyclic ether. The trimeric lignin
fragment 3 gives a deprotonated molecular ion [M — H]™ at m/z
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Figure 1. Chemical structures of the various wheat straw lignin polymeric fragments.
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Figure 2. APCI mass spectra of the native wheat lignin polymer recorded in the negative ion mode (A) and positive ion mode (C) and
product ion tandem mass spectra of the deprotonated molecular ion [M — H]~ at m/z 329 (B) and protonated molecular ion [M + H]*

at m/z 331 (D).

506 and appears to consist of three modified coniferyl alcohols
assembled as previously described. The presence of one hydroxyl
group within the dimeric and trimeric lignin fragments 3 and 4 was
established by acetylation of the native lignin with acetic anhydride
and pyridine. APCI-MS of the acetylated mixtures unambiguously
indicated the presence of two newly acetylated lignin fragments,
dimeric CpoH0Oy (molecular mass = 372.11) and trimeric C31H3,O9
(molecular mass = 550.19), which gave the deprotonated molecular
ions [M — H]™ at m/z 371 and 549, respectively.

The presence of the p-carboxylic, hydroxyl and methoxyl groups
was also established by measuring the product ion tandem mass
spectra from the deprotonated molecular ions at m/z 329, 371, 506
and 549. The APCI product ion mass spectrum of the deprotonated
molecular ion of the dimeric lignin fragment [C13sH130¢ — H)™ at
m/z 329 is presented in Fig. 2(B). From this product ion tandem
mass spectrum, we can deduce that the deprotonated molecular ion
cleaves into two diagnostic productions at m/z 151 and 161 by fission
between the aromatic ring containing the carboxylic group and the
cyclic ether portion of the dimer. The product ions at m/z 215, 227,
243, 271, 299 and 314 are formed by consecutive losses of CO, CO;,
CHjz, CHO and CH; functional groups. The major fragmentation
routes of the product ion tandem mass spectrum of [M — H]~ at
m/z 329 are proposed in Fig.3. The precursor ion tandem mass
spectra of all the various fragment ions at m/z 151, 161, 215, 227, 242,
271, 299 and 314 were also measured and showed that all produced
fragment ions originated only from the dimeric lignin deprotonated
molecular ion [M — H]~ at m/z 329. These concerted losses indicate
the various reactivities of the precursor ions (Figure 3).

The APCI mass spectrum of the wheat lignin was also
recorded in the positive ion mode (Fig.2(C)) and, once again,
indicated the presence of the lignin dimeric fragment C13H180¢, and
trimeric fragment Cp9Hz9Og, which gave their expected protonated
molecular ions [M + H]* at m/z 331 and 508, respectively. The APCI
product ion tandem mass spectra of m/z 331 and 508 were also
recorded and only that of m/z 331 is indicated in Fig. 3(D). The
major fragmentation routes describing the formation of the product
ion from the MS/MS of m/z 331 are tentatively proposed in Fig. 4.
Once again, the formation of the various fragment ions produced

Copyright © 2003 John Wiley & Sons, Ltd.

in this MS/MS suggests the proposed structure of the dimeric
lignin fragment C1gH180g. It should be mentioned that, in Fig. 4,
the fragment ion at 7/z 241 can be formed by concerted multiple
neutral losses from the [M + H]* ion at m/z 331, or by consecutive,
stepwise dissociation involving the ion at m/z 315 and/or 285 as
intermediates. In this context, note that ‘consecutive’ or ‘concerted’
losses of many such product ions in the MS/MS experiment simply
means that they are both lost at the same time and within the same
reaction region of the tandem mass spectrometer. It is very difficult
to deduce the order of such elimination reactions under the MS/MS
conditions and these were not investigated further.

Attempts to identify higher polymericlignin fragment masses by
APCI-MS in the negative and positive ion modes failed even when
higher ion scans were set in the range m/z 600-1200. MALDI-MS
appeared of interest for the structural characterization of the wheat
lignin polymer because of the high sensitivity and the possibility
of analyzing high molecular mass fragments. The possibility that
perhaps the original wheat lignin polymer was indeed greater than
a trimer did not escape our attention and we predicted that perhaps
the chemical instability and fragility of the lignin polymer may have
not been fully compatible with the atmospheric pressure ionization,
breaking down selectively to both dimeric and trimeric fragment
ions. It is noteworthy that similar results were obtained using
electrospray ionization mass spectrometry (ESI-MS) and MS/MS.

MALDI-TOFMS of the wheat lignin polymer in the positive ion
mode gave a series of prominent protonated molecules, inter alia,
at m/z 861.33, 845.38, 657.44 and 331.67. These series of protonated
molecules were tentatively assigned as pentameric lignin fragments
C50H5202 (molecular mass = 844.39) assigned structures 8 and
7, respectively (Fig. 1). The tetrameric lignin fragment CzyH36O11
(molecular mass = 656.22) was assigned structure 5 (Fig.1).
MALDI-TOFMS of the same wheat lignin polymer gave a series of
deprotonated molecules in the negative ion mode at, inter alia, m/z
814.78, 609.88 and 328.68, assigned structures 6, 4 and 3, respectively
(Figure 1).

A quick examination of structure 8 (Fig. 1) and other proposed
structures 2-7 seems to indicate that these molecules are interrelated
and are composed principally of a polycondensation of coniferyl
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Figure 3. Proposed fragmentation routes of the product ion tandem mass spectra of the deprotonated molecular ion [M — H]~ at
m/z 329 and summaries of the precursor ion MS/MS scans of the various selected fragments.
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Figure 4. Proposed fragment routes of the product ion tandem mass spectrum of the protonated molecular ion [M + H]* at m/z 331.
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alcohols (Fig. 1(A). We can observe a prevalent reduction of the
terminal —CH=CH—CH,;OH end into the —CH,CH,CHj3 end
group, in addition to losses of methoxyl groups and concurrent
cleavages occurring at the cyclic ether locations. This indicates
that the original wheat lignin is probably a longer polymer of
polycondensed coniferyl alcohols in which the backbone is fixed in a
cyclic ether repeating unit, one end being terminated by a carboxylic
group and the other end with a hydroxyl group. These are attached
by esterification/etherification to other cellulose or hemicellulose
polymers. Such a native polymer is acid labile and breaks down to
the series of compounds identified in Fig. 1.

To our knowledge, the method of extraction of lignin from wheat
by the AVIDEL process seems to be one of the least destructive
methods reported in the literature.!®1# It has been suggested that,
from the biological point of view, lignins appear to be synthesized
during their polymerization by a non-enzymatic process occurring at
the outside of the living cell (the cell wall). Thus, lignin is considered
to be an infinite random three-dimensional network polymer,
implying a uniform chemistry (or perhaps uniform destruction)
of the pulping products.®

It appears to us that lignin perhaps is not fundamentally
different from other biopolymers such as proteins, nucleic acids
and polysaccharides in which the type of linkages and order of units
are regulated. MALDI-MS of birch lignin indicates that the structure
of this polymer is composed of repetitive units, with a molecular
mass in the range 600-1800 Da.8 In our hands, ESI-MS, ESI-MS/MS
and MALDI-TOFMS of pine lignin polymer, isolated by the AVIDEL
process, indicated the presence of a series of regular homopolymers
with varying molecular masses.

The APCI mass spectra (negative and positive ion modes)
were recorded with a Micromass Quattro quadrupole—hexapole—
quadrupole mass spectrometer equipped with a APCI source and
capable of analyzing ions up to m/z 4000. A personal computer
(Compagq, PIII 500 MHz processor, running Windows NT 4, service
pack 3) equipped with Masslynx 3.3 Mass Spectrometry Data
System software was used for data acquisition and processing.
The temperature of the APCI source was 100 °C and the APCI probe
temperature was maintained at 400 °C. The operating voltage of the
APClI corona was 1.80 kV and the high-voltage lens was setat 0.50 kV
throughout the whole operation. APCI mass spectra were recorded
with a cone voltage of 20 V. MS/MS experiments were conducted on
the same instrument. Fragment ion and precursor ion spectra of mass
selected ions were induced by collision with argon in the (r.f.-only)
hexapole. MALDI-TOF mass spectra were acquired on a PerSeptive
Biosystems Elite-STR instrument equipped with delayed extraction
technology using a-cyano-4-hydroxycinnamic acid as matrix.
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