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ABSTRACT: The need for renewable bioenergy sources has renewed interest in lignin chemistry; however, structural eluci-
dation and characterization of lignin degradation products remain a challenge because of lack of effective analytical methods. The
analysis of lignin oligomers has been accomplished by simple deprotonation of weakly acidic phenolic moieties using NaOH and
analyzed in a negative ESI mass spectrometry. Although simple deprotonation works to produce excellent results for many types
of lignin compounds, others can undergo extensive in-source fragmentation for certain bond types making structural elucidation
more complicated. Herein, we present an alternative method for analyzing lignin model compounds using chloride adduct
chemistry. In this study, nine $-O-4 dimers, an (4-O-a)(-O-4) trimer, and a (f-O4)(p-O-4) trimer were synthesized and ana-
lyzed using chloride adduct mass spectrometry in the negative mode using NH,CI as the chloride source. Stable chloride
adducted molecular ions were observed for all analyzed compounds. Tandem mass spectrometry experiments performed on each
precursor ion produced “signature” fragment ions specific to each analyte. The compelling features of this method include the
production of stable chloride adduct molecular ions that do not undergo in-source fragmentation, in contrast to simple
deprotonation methods that can lead to extensive fragmentation for some structures, the appearance of the chlorine isotope
pattern for enhanced recognition of molecular ions, and production of monolignol sequence specific fragment ions using tandem

mass spectrometry.

1. INTRODUCTION

The need for renewable bioenergy sources has renewed interest
in lignin chemistry. Lignin is the second most abundant polymer
present in the plant cell wall and is composed of three phenyl-
propanoid monolignol monomers: 4-hydroxycinnamyl alcohol,
coniferyl alcohol, and sinapyl alcohol. Lignin has the potential of
becoming the world’s alternative source for biobased synthons in
fine chemicals, polymers and pharmaceuticals.' > Despite the
promising applications of lignin, structural elucidation and char-
acterization of lignin degradation products remain a challenge
because of lack of effective analytical methods.*™""'

Mass spectrometry is a powerful analytical technique that has
been proven to be useful in the characterization of complex
mixtures without the need for time-consuming isolation and puri-
fication, compared to other methods like nuclear magnetic reso-
nance.'”"* Even though mass spectrometry can provide molec-
ular weight and elemental compositions using high-resolution
instruments, its application in lignin studies has remained a
challenge due to the poor ionization efficiency of lignin and lignin
degradation products.* ™' Lignin degradation products are
mainly composed of complex mixtures that are difficult to charac-
terize without purification and hence mass spectral analysis of
lignin degradation products will require an efficient ionization
process that will enable the ionization of all components in the
mixture without greatly increasing the internal energy of the ion
and subsequent fragmentation. 1617 Mild but efficient ionization
is essential to limit the complexity of the resulting mass spectrum
where only one ion is generated for each analyte.

Electrospray combines desorption and ionization into a means
of effectively analyzing lignin. Because electrospray is dominated
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by solution chemistry, solution phase analyte ions in aerosol
droplets are effectively transported into gas phase analyte ions
during the electrospray process.'® The most common ionization
in electrospray involves simple protonation.'” Unfortunately, no
evidence exists for lignin compounds accepting protons regard-
less of solution pH. However, cationization by ubiquitous sodi-
um and potassium ions is readily observed under these circum-
stances.” Haupert et al utilized electrospray ionization using
methanol/water as solvent in a positive and negative ion mode to
characterize lignin model compounds. For the five model
compounds analyzed, they observed a poor ion signal for several
of the analytes, which suggested that only molecules with weakly
acidic phenolic moieties were ionized.”” This ionization method
proved not to be suitable for the analysis of complex lignin
degradation products. On the basis of on these observations, it
would appear that positive ion mass spectrometry of lignin and
lignin degradation products would best be served by nonproton,
hard cationization methods.

Negative ion electrospray is typically dominated by simple
deprotonation of acidic analytes ([M-H*] ). Because most lignin
and lignin degradation products contain relatively acidic free
phenol moieties, simple deprotonation negative ionization electr-
ospray should be effective. Haupert et al. recently developed an
electrospray/tandem mass spectrometry method for the character-
ization of lignin model compounds via simple deprotonation.”
They showed that by doping a mixture of lignin model
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Figure 1. Synthesized lignin model compounds.

G-(4-0-00)-G-(p-0-4)-G

compounds with a basic solution, a single deprotonated molec-
ular ion per analyte was observed, which upon isolation and
tandem mass spectrometry provided useful structural informa-
tion for their studied model compounds.

Recently, we synthesized, isolated, and characterized three
lignin model trimers and tested the simple deprotonation electr-
ospray mass spectrometry of these n:n:m'q:n:mn1:]15.21 Two of the
three behaved as expected and produced abundant [M-H']~
ions. However, the third trimer, a G(4-O-a)G(f-0-4)G (Figure 1)
trimer responded poorly. The mass spectrum of the G(4-O-
a)G(f-04)G trimer showed very abundant m/z 357 and m/z
179 ions (consistent with the mass-to-charge ratio of dimer and
monomer, respectively) and a relatively weak molecular ion at
m/z 537.Because all of the trimers were pure isolates, these lower
mass ions were thought to result from extensive in-source
fragmentation of G(4-O-a)G(f-O-4)G. Comparing the struc-
tural difference in three trimers, we hypothesized that G(4-O-
a@)G(-O-4)G trimer undergoes a charge-driven in-source frag-
mentation pathway initiated by the deprotonation step. While
low in abundance, (4-O-a) bonds have been observed in natural
lignin.n Using simple deprotonation electrospray, these bonding
motifs would be missed. More importantly, the presence of these
(4-O-a) bonds would greatly increase the confusion in spectra
from deprotonated molecular ions as a result of their in-source
fragmentation.

Here, we present an alternative mass spectrometric method of
ionizing lignin model compounds that may be part of lignin degra-
dation products. This negative ion electrospray method utilizes
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ammonium chloride®*** as a dopant that produces stable chlo-

ride adducts of the precursor ions, [M+CI~]". In this work, we
demonstrated that chloride adduct ionization is an alternative
ionization method that efficiently produces stable chloride adduct—
molecular ions for each analyte, an essential feature for determining
the molecular weight of an unknown compounds and further-
more these chloride adducted molecular ions produce an unambig-
uous sequence specific fragmentation for each molecule studied.
Nine lignin model dimers containing a #-0-4 bond, an all §-0-4
trimer and a mixed a,f trimer were synthesized, and analyzed as
their chloride adducts using two mass spectrometer systems, a
linear quadrupole ion trap mass spectrometer (LTQ) and a high-
resolution accurate-mass Q Exactive orbitrap mass spectrometer
(Q Exactive). Structural relevant information and sequencing
were obtained by performing collision-induced dissociation
(CID) and high energy collision dissociation (HCD) tandem
mass spectrometry on each isolated ion of interest.

2. MATERIALS AND METHODS

2.1. Methods. The synthesis of G-(4-O-a)-G-(-0-4)-G has been
reported previousl)(.21 Nine lignin dimer model compounds, H-(-O-
4)-H, H-(f-0-4)-G, H-($-0-4)-S, G-(f-04)-H, G-(f-04)-G, G-(f-
0-4)-§, S-(f-0-4)-H, S-(-04)-G, S-(f-0-4)-S, and a trimer H-(-O-
4)-G-(-O-4)-S were synthesized using published protocol with slight
modification.?!?%% Briefly, dimers were prepared by protection, aldol
coupling, reduction, and deprotection reactions (details can be found in
the Supporting Information).

2.2. Mass Spectrometry Experiments. All experiments were
carried out using a ThermoScientific Q Exactive orbitrap mass
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Figure 2. Q Exactive negative ion mode full mass spectrum of G-(4-O-@)-G-(f-0-4)-G (MW- 538 g/mol) trimer. (A)Spectrum ofa deprotonated G-(4-O-
a)-G-(f-0-4)-G (m/z 537) indicating the extensive in-source fragmentation. (B) Spectrum of a chloride adduct of G-(4-O-a)-G-(f-0-4)-G (m/z 573).

spectrometer equipped with an HESI source and a ThermoScientific
LTQ linear ion trap mass spectrometer equipped with an ESI source.
The ESI conditions were 4—4.5 kV spray voltage, nitrogen sheath and
auxiliary gas flow of 22 and 12 (arbitrary units Q Exactive and LTQ,,
respectively) and mass spectrometer inlets temperature of 250 °C. Data
were acquired using the ThermoScientific Xcalibur software in the tune
mode.

Stock solutions for all studied model compounds were prepared to a
final concentration of 1 mM in acetonitrile. For specific direct infusion
experiments, an aliquot of the stock solution was diluted with an equal
volume of aqueous ammonium chloride solution to produce 50%
ACN:50% aqueous ammonium chloride solution that was introduced
into the mass spectrometer with a syringe pump at a flow rate of 3uL per
minute.

For LTQ collision-induced dissociation (CID) experiments, the mass
spectrometer was operated in advance scan mode. The desired precur-
sor ion was isolated using an m/z window of 3 units and a q value of 0.25.
Selected ions were dissociated with a percent normalized collision
energy (%NCE) between 0 and 35% NCE with helium as the collision
gas for an activation time of 25 ms. In high energy collision-dissociation
(HCD) experiments, the Q Exactive mass spectrometer was operated
in the advance scan mode and was used to isolate desired ions usingan m/z
window of 3 units. Selected ions were subjected to a HCD voltage with a
normalized collision energy of 18 using nitrogen as the collision gas. The
Q Exactive mass spectra were obtained at a mass resolution of 140 000.

3. RESULTS AND DISCUSSION

Nine model monolignol dimers and two trimers, G-(4-O-a)-G-
(B-04)-G and H-(-O-4)-G-(-O-4)-S were analyzed using the
chloride adduct mass spectrometric method. Structural in-
formation based on (—) CID/MS? and (—) HCD/MS/MS were
obtained with a linear ion trap mass spectrometer and a Q
Exactive orbitrap mass spectrometer and the results of the two
experiments are discussed below. Initial experiments determined
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that the minimum concentration of NH,Cl required for efficient
adduct formation was 0.1 mM and hence all experiments were
done using this concentration.

3.1. Full Mass Spectra of Studied Compounds. In an
attempt to improve existing analytical methods for analyzing
lignin degradation products, we implemented a chloride adduct
method”®” to analyze lignin. As already stated, efficient gen-
eration of analyte ions without subsequent fragmentation is cru-
cial to mass spectrometry measurements and hence it is impor-
tant that the chosen method can effectively ionize the analyte
without causing fragmentations. Figure 2a shows a full scan mass
spectrum of a G-(4-O-a)-G-(f-O-4)-G trimer analyzed by sim-
ple deprotonation. Substantial in-source fragmentation was
observed for the deprotonated analyte which suggests that
mass spectral analysis of these type of lignin compounds may not
be very efficient. However, Figure 2b shows the mass spectrum of
the chloride adduct of the same G-(4-O-a)-G-(8-O-4)-G trimer
where virtually no in-source fragmentation was observed. This
method of ionization was extended to other model compounds.
As an example, a H-($-O-4)-H (MW- 316 g/mol) dimer was
analyzed and the chloride adduct was the base peak (Figure 3a).
A similar result was also obtained for the trimer H-(#-0-4)-G-(f-
O-4)-S when analyzed as a chloride adduct. (Figure 3b). It is
worth noting that chloride has two isotopes >*Cl and ¥Cl, with a
3:1 relative abundance. Both isotopes were observed for the
chloride adduct in the full spectrum. This represents an added
advantage of chloride adduct mass spectrometry for confirmation
purposes. This observation was consistent across all molecules
studied. It has been reported that lignin easily forms a sodium
adduct in positive ion mode because of the trace amount of
sodium in most solutions.”’ Therefore, we used the sodium
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Figure 3. (A) Full scan LTQ spectra of H-(-0-4)-H (316 g/mol, [M+Cl]™ m/z 351) dimer and (B) H-($-0-4)-G-(-0-4)-S (572 g/mol, [M+Cl]~
m/z 607) trimer. The inset shows the mass region around the chloride adduct molecular ion highlighting the isotope pattern.

adduct-molecular ions to determine the accurate mass for all the
compounds studied. The accurate mass results for Na* adducts
are shown in Table S1. Data from chloride attachment spectra are
shown in Table 1 as the exact mass with their corresponding
error for all nine dimers. Errors observed for exact mass measure-
ment were within an acceptable range of (+) 3.5 ppm.

3.2. (—) CID/MS? Structural Studies. To study the struc-
tural information that could be obtained from the chloride adduct
analysis, all nine model dimers, H-(f-O-4)-H (MW- 316 g/mol),
H-(f-0-4)-G (MW- 346 g/mol), H-(f-O4)-S (MW- 376 g/mol),
G-(p-0-4)-H (MW- 346 g/mol), G-(f-0-4)-G (MW- 376 g/mol),
G-(p-0-4)-S (MW- 406 g/mol), S-(f-O-4)-H (MW- 376 g/mol),
S-(B-04)-G (MW- 406 g/mol), S-(f-04)-S (MW- 436 g/mol),
and H-($-0-4)-G-($-0-4)-S (MW- 5§72 g/mol), were made in
acetonitrile and doped with ammonium chloride solution and
infused directly into the mass spectrometer and a spectrum
recorded in the negative ion mode. A stable chloride adduct was
formed for each molecule with one product ion per molecule
without in-source fragmentation, this observation clearly
suggests that ammonium chloride doped ionization process is
an effective alternative way of ionizing lignin degradation
product. Since lignin degradation products typically consist of
complex mixtures of different products with different composi-
tions, mixture analysis becomes important. For example, if one
attempts to analyze a mixture containing all nine lignin dimers,
ions at m/z 381, m/z 411, and m/z 441 will have higher
intensities because these ions represent empirical formula
overlaps in the dimer series. Therefore, tandem mass spectral
structural information would be required to differentiate the
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overlapping molecularions. On the LTQ linear ion trap, a typical
experiment would involve isolation of the chloride adduct
molecular ion as the precursor and CID at 15% NCE. The
resulting MS? spectrum would show formation of [M-H] ™ as the
exclusive product ion from the loss of HCL Since the [M-H] ™ ion
was formed in the ion trap and collisionally cooled with helium,
this ion shows remarkable stability as evidenced by storage in the
ion trap for 10 s. Application of the MS? experiment at 15% NCE
showed characteristic product ions consistent with the
monoli%nol sequence of the model compounds. For example,
the MS® spectrum of H-(f-O-4)-G showed selective conversion
of m/z 381 to m/z 345 ([M-H]") (Figure 4a). The MS?
spectrum showed three significant product ions m/z 297, m/z
179 and m/z 165 where the ions at m/z 165 and m/z 179 are
specific to the H-(-O-4)-G sequence (Figure 4b).

The chloride adduct molecular ion of all nine dimers showed a
conserved MS® fragmentation pattern composed of two
fragmentation pathways. The dominant pathway showed a loss
of 48 mass units that corresponded to the loss of water and
formaldehyde from [M-H]~ generated in the MS” experiment.
The second channel that involved breaking the $-0—4 bond to
give “signature” sequence specific fragment ions.

For comparison, H-(-0-4)-S, S-(#-04)-H, and G-(-0-4)-
G dimers produced the same molecular ion at m/z 411 [M+CI]~
in the full spectrum because these molecules have the same molar
mass (see Figure 5). The MS? spectra for all three dimers are
virtually identical and showed selective conversion to the m/z
375 [M-H]~ product ion, which does not provide structural
information. The MS?® spectrum of H-(f-0-4)-S (m/z 411)
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Table 1. Accurate Mass Data for All Nine (#-0-4) Dimers Analyzed As the Chloride Adduct

Name Structure

MW

Obs. m/z
[M+CI]

Error
(ppm)

Calc. m/z
[M+CI]

OH

’@/JU/O\@\/\/
HO™ "Ho A\ OH

H-(B-0-4)-H

316

351.1005 351.0991 -3.94

-~

OH

/@)TO\@W
HO HO A OH

H-(B-0-4)-G

346

381.111 381.1097 -3.48

H-(B-0-4)-S

376

411.1216 411.12 -3.99

G-(B-0-4)-H

346

381.1101 381.1099 -3.08

G-(B-0-4)-G

376

411.1216 411.1201 -3.61

G-(B-0-4)-S

406

441.1322 441.1307 -3.31

S-(B-0-4)-H

376

411.1216 411.1201 -3.69

S-(B-0-4)-G

406

441.1322 441.1308

S-(B-0-4)-S

436

471.1427 471.1411 -3.37

showed a base peak atm/z 327 that resulted from the loss of H,O
and CH, O (48 amu) from the [M-H] ™ precursor ion. This result
is consistent with previous studies””*® which suggested a loss of
hydroxyl group at the a position and loss of hydroxymethyl
group at the gamma positon of the $-O-4 linkage of a
guaiacylglycerol-beta-guaiacyl ether dimer. More importantly,
the MS? spectrum of H-(8-O4)-S also showed unique fragment
ions at m/z 165 and m/z 209 indicative of the HS sequence.
In contrast, MS® spectrum of S-(8-0O-4)-H (the sequence isomer
of H-(f-O-4)-S) showed unique products ions at m/z 149 and
m/z 225 clearly differentiating SH from its sequence isomer, HS.
Additionally, the MS® spectrum of G-(f-O-4)-G dimer showed
sequence specific productionsatm/z 179 and m/z 195 and these
fragment ions corresponds to “ring A” (m/z 195) and “ring B”
(m/z179). Similar fragmentation patterns were also observed for
other sequence isomers (Table 2). Similar sequence specific
fragment ions were recently reported by Sheng et al.’>' This
distinct difference in the MS® mass spectrum allows for the

unambiguous identification and differentiation of products hav-
ing the same empirical formula but different sequences. This
observation establishes the usefulness of chloride adduct ioniz-
ation coupled to tandem mass spectrometry in the negative ion
mode for the characterization of an unknown lignin compounds.

Sequence-specific information was also obtained for the H-(f5-
04)-G-(f-0-4)-S (MW = 572 g/mol) trimer. A stable chloride
adduct molecular ion was observed at m/z 607 (Figure 3b) in the
full scan spectrum. The MS? spectrum (m/z 607 to m/z 571 to
products) showed dominant product ions at m/z 523, m/z 405,
and m/z 361, three monolignol specific ions at m/z 165, m/z 195,
and m/z 209 corresponding to ring A, ring B, and ring C,
respectively. The m/z 523 ion resulted from the loss of 48 amu
[H,0-CH,0] from [M-H]". Cleavage of the ring A/ring B
bond resulted in the formation of dimer fragment at m/z 405
corresponding to G-(f-O-4)-S dimer anion. Likewise, the
cleavage of the ring B/ring C bond resulted in a second dimer
fragment at m/z 361 corresponding to H-(f-O-4)-G dimer
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Figure 4. LTQ (=) CID spectra of H-(8-0-4)-G (346 g/mol) dimer where A shows the MS” spectrum and B shows the MS? spectrum.

anion. This m/z 361 H-(f-O-4)-G anion loses [H,0—CH,O] to
produce m/z 313. Thus, the observed monolignol fragments
in concert with the dimer ions can be used to uniquely identify
the sequence of this H-(f-04)-G-(f-O-4)-S trimer. Table S2
shows the fragment ions observed for H-($-O4)-G-(f-04)-S
trimer.

3.3. (-) HCD/MS/MS Structural Studies. To study the
robustness of this ionization method, high-energy collisional
dissociation (HCD) spectra were obtained for all of the model
compounds studied using the Q Exactive. Interestingly, we
observed that a simple tandem mass spectrometry using HCD
was sufficient to provide useful structural information and near
identical sequence-specific data compared to the LTQ CID/MS?
experiments. Figure S7 (Supporting Information) shows the
HCD MS? spectrum for H-(-O-4)-H dimer as the chloride
adduct (m/z 351). Because of the increased collisional energy,
nitrogen as a collision gas and increased probability of mul-
tiple collisions, the HCD MS” spectrum shows the same
characteristics fragment ion as observed in the MS® LTQ
experiment.

We compared the HCD MS? mass spectra of the chloride
molecular ions from H-(f-0-4)-G-(f-O-4)-S trimer (Figure 6a)
with the G-(4-O-a)-G-(-O-4)-G trimer (Figure 6b). The G-(4-
0-a)-G-(f-0-4)-G spectrum was quite simple compared to the
all (-O4) trimer. The af-all G trimer spectrum was dominated
by an intense m/z 179 corresponding to both ring A and ring C.
The m/z 357 ion likely resulted from cleavage of the (4-O-a)
bond with the resulting dimer carrying the charge.

3.4. (—) CID/MS? Energy Titration. A titration experiment
was done to determine the efficiency and optimum mass spec-
trometric conditions for the analysis of lignin model compounds
related to the lignome using ammonium chloride as a dopant.
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In this experiment, the chloride adduct molecular ion was
isolated in the linear ion trap mass analyzer, an increasing CID
voltage was then applied and a spectrum was recorded. In a
typical titration experiment, [M-H]~ from the MS? experiment
was isolated at a 0% NCE in the LT Q, the CID voltage was then
increased in increments of 5 from 0% to 35% NCE and the mass
spectrum recorded. The observed fragment ions in the MS® had
different relative abundance depending on the structure of the
molecule. We observed that at 15% CID voltage, the chloride is
lost from the molecular ion as HCI, which lead to the formation
of a stable [M-H]~ with a 100% relative intensity. An initial
experiment determined that the appropriate CID voltage for
tandem analysis was 15% NCE, all nine dimers followed similar
fragmentation patterns with varying relative abundance of
fragment ions, Table 2 shows fragment ions and abundance at
15% NCE. Additionally, each of the nine dimers fragmented at
the -O-4 link to give a signature “ring A” and “ring B” of each
molecule. It must be noted that the relative abundance of
fragment ions (ring A and ring B) varied significantly depending
on the composition of the dimer. This structure- based effect on
the abundance of each fragment ion was evaluated. In general,
dimers with no methoxy group on the “ring B” produced low-
intensity fragment ions (see Table 2). Addition of one methoxy
group on the “ring B” increased the relative abundance of the
fragment ions. Molecules having two methoxy groups on the
“ring B” had the highest relative intensities in term of fragment
ions. Although the reason for this trend is not completely known,
we speculate that having the methoxy group on the “ring B”
increases the electron density and hence promotes facile cleavage
of the f-O-4 bond. An in-depth mechanistic and structure-
dependent fragmentation studies are currently underway and will
be reported separately.
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chloride adduct.

Table 2. MS?® of Diagnostic Fragment Ions at 15% NCE

name

H-(f-0-4)-H
H-(-0-4)-G
H-(f-0-4)-8
G-(p-04)-H
G-(f-04)-G
G-(f-04)-S
S-(p-0-4)-H
S8-(f-0-4)-G
S(p-0-4)-S

[M-H]" (%)
m/z315 (12.79)
m/z 345 (9.56)
m/z 375 (L.17)
m/z345 (20.14)
m/z 375 (7.98)
m/z 405 (2.44)
m/z 375 (2.19)
m/z 405 (3.68)
m/z 435 (1.03)

MS? CID 15%

[M-H,0-CH,0]" (%)
m/z 267 (59.39)
m/z 297 (62.68)
m/z 327 (37.99)
m/z 297 (52.46)
m/z 327 (52.30)
m/z 357 (28.99)
m/z 327 (63.46)
m/z 357 (53.41)
m/z 387 (26.45)

ring A (%)

m/z 165 (6.93)

m/z 165 (8.02)

m/z 165 (25.01)
m/z 195 (9.73)

m/z 195 (4.32)

m/z195 (25.07)
m/z225 (20.71)
m/z225 (17.78)
m/z225 (37.19)

ring B (%)

m/z 149 (4.29)
m/z 179 (3.61)
m/z 209 (17.87)
m/z 149 (1.76)
m/z 179 (3.01)
m/z 209 (20.61)
m/z 149 (1.04)
m/z 179 (2.54)
m/z 209 (9.60)

4. CONCLUSION

Mass spectrometry is a powerful analytical technique used in
structural elucidation of unknown compounds, It recently gained

popularity in the analysis of lignin degradation products because

5996

of its ability to provide an exact mass of a molecule and fast
analysis time. To date, the best way to gain efficient ionization of
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lignin-related compounds is by simple deprotonation using NaOH.
Although simple deprotonation works to produce excellent
results for many types of lignin compounds, others can undergo
extensive in-source fragmentation thus making structural eluci-
dation more complicated. We have successfully proven that chlo-
ride adduct formation is capable of producing stable molecular
ions which are essential in accurate mass determination. More
importantly, tandem mass spectrometry of chloride adduct
molecular ions provides unambiguous sequence specific frag-
ment ions which enables the identification and characterization
of dimers and trimers. Additionally, the recommended concen-
tration of ammonium chloride dopant of 0.1 mM haslittle impact
on the long-term operation of the mass spectrometer.
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