






	

 113 

 

 

 

 \\EXACTIVE\Xcalibur\...\GGG_051316_01 5/13/2016 4:02:49 PM

RT: 0.00 - 27.01 SM: 7G

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (min)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

10.86

10.95

11.03

11.12 11.81 19.15 22.5815.10 23.21 24.47 25.7021.7517.8915.89 20.0214.210.35 8.426.07

NL:
8.44E7
m/z= 
571.21-
571.23  
MS 
GGG_0513
16_01

\\EXACTIVE\Xcalibur\...\GGG_051316_01 5/13/2016 4:02:49 PM

RT: 10.08 - 11.66 SM: 7G

10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9 11.0 11.1 11.2 11.3 11.4 11.5 11.6
Time (min)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

10.86

10.83

10.95

11.03

11.12 11.5711.21 11.25 11.35 11.46

NL:
8.44E7
m/z= 
571.21-
571.23  
MS 
GGG_0513
16_01

O

OH

HO O

OH

O

HO O

HO
OH

O

Chemical Formula: C30H36O11
Exact Mass: 572.2258

 

Figure 4.3. Extracted Ion Chromatogram (EIC) of starting trilignol GGG. 
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4.3.2 Analysis of Unknown Products from Fenton’s Reaction of Trilignolic Model 

Compound (GGG) 

Thermo Scientific Q-Exactive Orbitrap mass spectrometer was coupled with 

HPLC system for high resolution MS data acquisition. All the standard model 

compounds formed stable deprotonated ions [M-H]-. The high-resolution accurate mass 

data acquisition allows the determination of the elemental compositions for unknown 

post-pretreatment products as well as the standard compounds. To obtain structural 

information, data-dependent tandem mass spectrometric experiment (MS/MS) was 

performed. In data-dependent MS/MS experiment, one full scan at high-resolution 

(R=70,000) was carried out to determine the subsequent MS/MS experiment. Five most 

abundant ions in each full scan were then subjected to high-energy collision dissociation 

(HCD) cell for MS/MS experiment. The products ions were analyzed at a resolution of 

17,500 in the Orbitrap mass analyzer. MS/MS experiments and high-resolution mass 

measurements can be used to propose the molecular structures to the detected unknown 

compounds. Upon MS/MS experiments, the deprotonated molecules of lignin related 

compounds share common fragmentation patterns, which indicate the existing of 

particular functional groups and chemical linkages30-31, 60. For example, loss of 15Da, 

18Da, and 30Da are corresponding to the loss of methyl radical, water and formaldehyde 

group which indicates the presence of methoxy group on the aromatic ring and aliphatic 

alcohol group at g-C, respectively. Elemental composition assignment with high-

resolution analysis provides another level of confidence in interpreting the MS/MS 

spectrum as well. 
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Similar to degradation pattern of trimer GGG, upon the addition of H2O2, trimeric 

compound ([M-H]- 551.1909) is subjected to degradation rapidly in the first 5 min and 

goes to completion less than 3 hours (Figure 4.5). Two possible structures of unknown 

551.1909 is proposed according the fragmentation pattern as well as the elemental 

composition of fragment ions (shown in Figure 4.6). The fragmentation pattern of ion 

551.1909 is very similar to original trimer GGG. They both contain fragment ion 

195.0656 with the same elemental composition, which indicates that the unknown trimer 

with m/z 551.1909 contains same phenolic end group as in trimer GGG. Figure 4.7 

depicts the possible fragmentation pathways of the putative structures that will lead to the 

fragmentation ions, which were observed in the HCD/MS/MS spectrum (Figure 4.6.a). 

 

Time Course Curve of Other Unknown Features 

The peak area of individual features at different time point was extracted out 

manually using Xcalibur. The time course measurements of a few unknown features are 

showed in Figure 4.8. The generation of the unknown features with monomeric and 

dimeric molecular weights are observed as Fenton reaction proceeds, such as [M-H]- 

151.0397, 375.1489, and 373.1282. Concentration of several dimeric and monomeric 

unknown compounds, such as m/z 375.1439 (12.17 min) and m/z 151.0397, increases as 

the reaction started and decreased after about 1hr, which indicates a further degradation 

occurs among these intermediate products as shown in Figure 4.8.  
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Figure 4.6. a) HCD/MS/MS spectrum of m/z 551.1909; b) putative structures of m/z 

551.1909. 
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Figure 4.7. possible fragmentation structures for corresponding trimeric unknown m/z 

551.1909 
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Figure 4.8. Time course plots of fifteen unknown features. Error bars indicate ± one 

standard deviation. 
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Identification of unknown features 

Among these unknown features, three of them are identified and confirmed with 

standard compounds. Figure 4.9. shows the extracted ion chromatogram of [M-H]- with 

exact m/z 151.0397 at retention time of 8.96 min, corresponding to an elemental 

composition of C8H7O3, ∆ppm= -2.5 ppm and a double bond equivalent (DBE) of 5, 

which can be a compound with one aromatic ring and one double bond. Upon 

HCD/MS/MS experiment, this unknown m/z 151.0397 is fragmented via a methyl radical 

loss (15 Da) and gives rise to m/z 136.0161 (C7H4O3, ∆ppm=-3.6341), which indicates 

there is a methoxy group on the aromatic ring31. The exact m/z value, elemental 

composition (EC) assignment as well as the fragmentation patterns are identical to those 

of the deprotonated vanillin. The confirmation of structure of m/z 151.0397 ion is done 

by comparison of the retention time and HCDMS/MS data with commercial vanillin, 

which indeed shows the same with the unknown peak from post Fenton reaction extract, 

shown in Figure 4.9 upper panel. Hence, this unknown peak at rt 8.96 min in the trilignol 

degradation product mixture is identified as vanillin. There are another two clusters of 

chromatographic peaks shown in the Figure.4.9 lower panel that have the ions of 

151.0397 at different retention time than standard vanillin. One of the possible 

explanations is that observation of ion 151.0397 could be the result of in-source 

fragmentation of the other post-pretreatment products.  
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Figure 4.9. Extract ion chromatogram (EIC) and HCD/MS/MS spectrum of vanillin 

(upper panel), EIC and HCD/MS/MS spectrum of unknown m/z 151.0397 (lower panel)  
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Similarly, another two unknown peaks with retention time 1.73min and 10.54min 

are identified as vanillic acid and dimeric G(b-O-4)G (Figure 4.10 and 4.11) by 

comparing the retention times as well as HCD/MS/MS spectra with standard compounds. 

As showed in Figure 4.11, there are two clusters peak around 10.43 and 12.45 min that 

have the same exact m/z value as well as MS/MS spectrum, which indicates these are 

likely to be the isomers of vanillin that have very similar structure with vanillin. Similar 

observation happens to dimeric G(b-O-4)G, a pair of peaks at 12.18 min is not able to 

distinguish from pair of peaks at 10.53 min by the HCD/MS/MS experiment other than 

the different in their retention times. It could be result of being different diastereomers of 

dimer. The putative structures of other three unknown molecules in the trilignol 

degradation reaction mixture are proposed according to the exact mass as well as the 

fragmentation pattern (shown in Figure 4.12). Unfortunately, the lack of authentic 

compounds makes the identification and confirmation of these unknowns impossible. 
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Figure 4.10.  EIC and HCD/MS/MS spectrum of vanillic acid (upper panel), EIC and 

HCD/MS/MS spectrum of m/z 167.0346 (lower panel)  

 

 

 

 

 



	

 127 

 

 

 

 

 

 D:\Data\...\GGG_Fenton_051916_LC_04 5/19/2016 4:16:25 PM

RT: 6.00 - 18.00 SM: 7G

6 7 8 9 10 11 12 13 14 15 16 17 18
Time (min)

0

10

20

30

40

50

60

70

80

90

100
0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

10.53

10.72

10.84 11.58 12.1810.40 15.7612.51 13.07 14.2413.67 15.15 16.74 17.699.03 9.857.28
12.18

12.27

10.54

12.06
10.72

11.86 13.07 14.0011.17 14.089.72 10.10 14.859.158.86 15.778.47 16.36 17.128.027.576.51 7.20

NL:
1.62E8
m/z= 
375.1401-
375.1476  
MS 
gg_dimer_se
mi_051316_
01

NL:
4.06E7
m/z= 
375.1397-
375.1473  
MS 
GGG_Fenton
_051916_LC
_04

HO

O

OH

O

HO
OH

O

Chemical Formula: C20H24O7
Exact Mass: 376.1522

GGG_Fenton_051916_mixed_target_MS2_05... 5/23/2016 3:50:20 PM

GGG_Fenton_051916_mixed_target_MS2_052316 #681 RT: 12.15 AV: 1 NL: 7.92E6
T: FTMS - p ESI Full ms2 375.14@hcd12.00 [50.00-400.00]

120 140 160 180 200 220 240 260 280 300 320 340 360 380
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

327.1225
C 19 H19 O5
10.5 RDBE
-3.9722 ppm

195.0656
C 10 H11 O4
5.5 RDBE

-3.4313 ppm

165.0551
C 9 H9 O3
5.5 RDBE

-3.9290 ppm 375.1435
C 20 H23 O7
9.5 RDBE

-3.7376 ppm

149.0228

312.0993
C 18 H16 O5
11.0 RDBE
-3.1630 ppm

Vtips_GOH_TBAF_050416_SiO2_frac_41_Neg 5/9/2016 11:17:23 AM Vtips_GOH_TBAF_050416_SiO2_frac_41(combined)
5mM NH4OH/ACN=1:1

Vtips_GOH_TBAF_050416_SiO2_frac_41_Neg #34 RT: 0.97 AV: 1 NL: 2.21E7
T: FTMS - p ESI Full ms2 375.10@hcd10.00 [50.00-750.00]

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

195.0653
327.1223

C 19 H19 O5
10.5 RDBE
-4.7186 ppm

179.0709
C 10 H11 O3
5.5 RDBE

-2.4833 ppm

375.1434
C 20 H23 O7
9.5 RDBE

-4.0630 ppm

 

Figure 4.11.  EIC and HCD/MS/MS spectrum of synthetic G(b-O-4)G (upper panel), EIC 

and HCD/MS/MS spectrum of m/z 375.1439 (lower panel)  
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Figure 4.12.  HCD/MS/MS spectra of three unknown features with putative structures 
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4.4 Conclusion 

Previous studies have shown that solution phase Fenton chemistry can play a 

positive role in increasing the accessibility of cellulose in biomass. However, the total 

lignin content in the biomass remain unchanged after solution phase Fenton 

pretreatment53. Monitoring the reactions of the solution phase Fenton chemistry on the 

synthetic trimeric lignin model compound provides insight into understanding the 

degradation process of Fenton reagent towards lignin compounds. The time course 

measurement of trilignol shows that the trimer is degraded or modified in the solution 

phase Fenton condition within a few hours. The study also shows that the degradation is 

not a first order reaction. The concentration of starting trimer drops rapidly in the first 

5min then undergoes at a slower degradation rate. A list of features was generated by 

using MZmine2 for data preprocessing. With high-resolution mass spectrometry, the 

possible lignin-like features could be screened out from the other interference ions 

according to the accurate mass and tandem mass spectrometry. Upon comparison with 

three authentic compounds, the production of vanillin, vanillic acid and G(b-O-4)G 

dimeric compound in the Fenton pretreatment reaction are successfully confirmed. While 

no significant lignin content decrease upon the Fenton pretreatment biomass (switchgrass 

and miscanthus), the Fenton reaction upon lignin model compounds shows opposite 

results. One possible explanation is that the accessibility of lignin reactive site toward 

hydroxyl radical. The hydroxyl radical is a strong oxidative radical with short lifetime 

and tend to randomly attack reactive sites in close proximity49. During the study of the 

solution phase Fenton chemistry upon synthetic lignin model compound, the reaction was 

done in a homogeneous system. The trimeric compound was completely dissolved in the 
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presence of ethanol compared to the heterogeneous conditions found in ground biomass 

pretreatment. Moreover, due to the complexity of cell wall structure, lignin has complex 

cross-linkages with hemicellulose and other molecules. The complex lignin structure 

could largely reduce the available lignin reactive sites to free hydroxyl radicals. This 

study has successfully developed the LC-MS/MS analytical techniques for the trimeric 

lignin model compound degradation products. The study also provides an insightful 

understanding of the Fenton chemistry towards the lignin model compound which could 

be extended to natural lignin. This study raises up the potentials for improving reaction 

conditions, which is required for treating natural biomass and the possibility of complete 

removal of lignin with Fenton chemistry. 
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Chapter 5 

Conclusion 

The focus of this dissertation is to develop mass spectral analytical methods in 

characterization of lignin model compounds, design synthetic route for novel lignin 

model compounds as well as study biomass pretreatment using state of the art high-

resolution mass spectrometry. Lignin has drawn increasing attention in the area of 

biomass-to-biofuel conversion as it negatively affects the utilization of enclosed cellulose 

in the biomass. Un-locking the aromatics in lignin provides a potential renewable 

replacement for the traditional chemical precursors derived from petro-chemistry. A 

better understanding of lignins’ physical and chemical properties will contribute in 

exploring potentials to upgrade the commercial value of lignin, which requires complete 

elucidation of lignin structure. However, lignin analysis remains quite challenging, as no 

analytical methods have been able to completely depict the primary structures of lignin 

today. As mass spectrometry and tandem mass spectrometry have been successfully in 

elucidation of primary structure of proteins and peptides, it becomes a very attractive 

research area for the application of mass spectrometry in lignin characterization and 

structural elucidation. 

One of the most important factors when applying mass spectrometry in lignin 

chemistry is to evaluate the ionization response of lignin compounds. Electron ionization 

(EI) coupled with gas chromatogram (GC)-mass spectrometry (MS) has been 

successfully applied in characterizing monomeric composition of biomass with the aid of 

prior chemical degradation. However, electron ionization (EI) is not compatible with 

non-volatile analytes. Interpretation of complex EI mass spectrum remains very 
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challenging, thus little structural information can be easily obtained for high molecular 

weight of lignin oligomers with traditional EI ionization technique. Soft-ionization 

techniques, such as electrospray ionization (ESI) and matrix assisted laser desorption 

ionization (MALDI), have shown successful application in large biopolymers. Efforts 

have been investigated in characterizing lignin compounds with several soft-ionization 

techniques coupled with mass spectrometry, such as ESI, MALDI, Atmospheric Pressure 

Chemical Ionization (APCI) and Atmospheric Pressure Photoionization (APPI). Among 

these, electrospray ionization (ESI) is widely used since it requires less rigorous sample 

preparation and is easily compatible with separation techniques, such as high-

performance liquid chromatography (HPLC). Electrospray ionization allows easy 

selection of positive ion or negative ion modes, which is mainly dependent on the 

chemical functional groups of the analytes. In an attempt to apply ESI in lignin study, 

negative ionization mode in ESI through simple deprotonation is commonly used because 

of the presence of weak acidic phenol functional group. Due to the structural diversity of 

lignin, negative ion mode with traditional deprotonation techniques may not be suitable 

for the lignin oligomers that don’t have free phenolic hydroxyl group. A few studies have 

observed that positive ion mode in ESI through adduct formation gives better ionization 

response than negative ion mode via simple deprotonation20-21, 32.  

The second chapter of this dissertation focuses on systematic comparison of 

ionization response with known structures of lignin trimeric model compounds under 

different ESI conditions. The preliminary mass spectral characterization of 

dehydrogenation polymers (DHPs) synthesized in two different reaction conditions 

shows the significant structural difference in the product profile. The DHP synthesized in 
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the presence of CTAS (DHP-CT) contained high abundant of a, b-diaryl ether linkage. 

The ESI ionization response of the DHP-CT showed distinct difference between negative 

ion ESI via simple deprotonation and positive ion mode ESI via the formation of 

ammonium cation adducts. Higher molecular weight oligomers, number of degree of 

polymerization to 10, were observed in positive ion mode of a, b-diaryl ether linkage 

rich DHP, while same high molecular weight ions were absent in the negative ion mode 

with simple deprotonation. Monomeric and dimeric ions were the most abundant in 

negative ion mode. In the sharp contrast to DHP-CT, DHPs, synthesized from continuous 

addition in aqueous buffer (DHP-ZT), gave similar molecular weight distribution in both 

negative ion mode and positive ion mode. This interesting observation motived a further 

study for a deeper understanding of the relationship between the ionization conditions 

and the structures of lignin. This ionization study might provide insights for selecting 

ionization conditions when encountering lignin compounds. The first hypothesis of this 

dissertation is that the ionization response of lignin is highly related to the specific 

chemical linkage types of lignin compounds as well as the solution chemistry of 

electrospray ionization. This hypothesis was tested by a systematic comparison of three 

trilignols containing unique chemical bonding type under different ESI conditions. The 

results of negative ion mode ESI with deprotonation [M-H]- and chloride adduction 

formation [M+Cl]- showed that the trimer containing a, b-diaryl ether linkage suffered 

significantly from in-source fragmentation. When forming [M-H]-, a, b-diaryl ether 

trimer resulted in poor ion response compared with other trimers containing typical b-O-4 

linkage. Through detail comparison of the structure of each trimer, it was proposed that 

the trimer with a, b-diaryl ether linkage requires less fragmentation energy because it 
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contains phenolic group at a-position as a much better leaving group compared with 

hydroxyl group at a-position in the other two trimers. This in-source fragmentation is 

especially activated when [M-H]-
 generated by deprotonation at the phenolic site. The 

deprotonation activates the charge-driven fragmentation pathway. The result of chlorine 

adduct formation [M+Cl]- has supported this hypothesis by obtaining negative ions 

without the removal of proton at phenolic site. 

As the preliminary data showed, ammonium adduction formation gave overall 

good response across two different DHPs. Quantitative comparison of a series of 

different cation adduct formations was conducted with trimeric model compounds. 

Results from these experiments showed that Li+ and Na+ were the two cations that gave 

best ion response across all three trimers. Compared with negative ion mode, no in-

source fragment ions were observed in the positive ion mode. This result was consistent 

with previous observations 32. Interestingly, the trimer, containing a, b-diaryl ether 

linkage, gave an overall much better ion response compared with other two trimers across 

all different cation condition in the positive ion mode. It is proposed that a, b-diaryl ether 

linkage trimer contains no cyclic linkage type and has higher degree of freedom to rotate 

in order to coordinate with cations compared with other two trimers with cyclic linkage 

present. 

Alkali metal adduct ions in collision induced dissociation (CID) are known to 

give little or no structural information as either alkali metal cation is fragmented off 

immediately or no fragment ions are generated during CID process32, 62. In contrast to 

traditional CID observation towards alkali metal adduct ion, useful fragmentation ions 

during the tandem mass spectrometric experiment using higher-energy collision 
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dissociation (HCD) techniques were successfully obtained. Fragmenting alkali metal 

adduct ions, such as [M+Li]+ and [M+Na]+, generally required higher collision energy 

than that of [M+NH4]+ or [M+H]+. The HCD/MS/MS study allows the investigation of: 1) 

whether there is difference in fragmentation pattern of lignin compounds between 

different alkali metal cations; 2) whether useful and characteristic structural information 

could be obtained based on the fragmentation of alkali metal adduct cations. This study 

extended the understanding regarding the behavior of these alkali metal adduct ions in the 

higher-collision dissociation cells and has shown the promising application in studying 

the primary structure of lignin with this method. 

The first project has deepened the knowledge of ESI ionization behavior of lignin 

model compounds under different condition as well as explored the potential application 

in sequencing lignin structures. This study provides a possible solution for natural lignin 

analysis in the future studies by adduct formation in positive ion mode. As the data shows 

good ionization response regardless of the structures of lignin compounds in the positive 

ion mode. As mentioned previously, the increasing interest in structural elucidation of 

higher molecular weight lignin compounds. One of the challenges in direct 

characterization of these lignin oligomers is the poor solubility of lignin compounds. 

Generally, further derivatizations of lignin oligomers, such as acetylation, are used to 

improve the solubility. Almost all the derivatization methods targets the free alcoholic 

groups, including phenolic group. Such derivatization, e.g. acetylation, caps the protic 

alcohol groups, which closes the possibility to form the deprotonated anion when 

ionization of higher lignin oligomers. As a result, formation of alkali metal adduct 
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provides alternative ionization strategies in ionizing these lignin oligomers, which are not 

favored in protonation or deprotonation in the traditional ESI conditions.  

Further application of this ionization method on the lignin model compounds 

containing other unique structures would extend the knowledge regarding the 

fragmentation pattern in existence of different chemical bonding types. It will be 

beneficial to generate a library which contains the useful information including the lignin 

structures and their fragmentation patterns under different ionization conditions. This 

kind of library will be beneficial for those who intend to study primary structures of 

unknown lignin compounds by using tandem mass spectrometry in the future.  

In the early biomass pretreatment experiments with miscanthus and switch grass 

using Fenton chemistry, positive response in the cellulose accessibility is observed by 

comparing the biomass before and after pretreatment53. However, these studies of lignin 

show that no difference in either the total lignin content of biomass or the relative 

monomeric composition before and after pretreatment. This question motivated the 

continuous study of the actual chemical effect of Fenton chemistry during the 

pretreatment step. In order to simplify the complexity of starting pretreatment target, a 

synthesized lignin model compound with known structure was used to unambiguously 

study the role of Fenton chemistry by tracking the well-defined starting lignin model 

compound instead of using extracted native lignin. The object was to design a new lignin 

model compound that has not been obtained through chemical synthetic methods. 

Because different functional groups in lignin have different reactivities towards 

pretreatment process, it is beneficial to synthesize such model compound that contains all 

these important functional groups, such as b-O-4 linkage, free phenolic alcoholic group 
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and a, b-unsaturated alcoholic side chain. The goal of this project is to synthesize such 

lignin model compound to study the pretreatment process. Aldol-type condensation 

reaction has previously been applied for synthesizing b-O-4 linkage44-45, 63. However, the 

model compound designed in this dissertation contains a, b-unsaturated alcoholic side 

chain, which cannot be obtained using the previous published synthesis methods. This 

motivated the need to come up with new synthetic strategies. The goal of the second 

project was to design a total synthetic route of trimer that contains the functionalities 

mentioned above. Different protecting groups and reagents were investigated in order to 

successfully obtain compound of interest. This project has not only provided a successful 

synthetic method but also generated a library of analytical data, such as NMR, 

HCD/MS/MS and ESI ionization properties, to characterize the intermediate compounds, 

which will be valuable for structural elucidation for similar compounds. In the third 

chapter, the project not only successfully provided a route for synthesizing new model 

compound, but also provided the feasible synthetic strategy that was applicable for 

introducing structural varieties in the model compounds. Those structural diversities 

could be different monomeric sequence composition and the number of monomeric units 

within the oligomers in the future application. This method provided a potential extension 

in developing an automatic synthesis technique. 

As the overall goal was to better understand the function of Fenton chemistry 

towards lignin based on the observation of the natural biomass discussed previously. The 

objective of the third project was to develop mass spectrometry-based analytical methods 

for studying Fenton chemistry on the synthetic trimeric model compound. The strong 

oxidant, hydroxyl radical, was the active reagent in the degradation of lignin, however, 
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due to the randomness and non-specificity of oxidation using hydroxyl radical, complex 

post pretreatment product profile was expected. In order to study the complex sample 

composition, mass spectrometry (MS) coupled with high-performance liquid 

chromatography (HPLC) was used to provide another dimension of separation along with 

mass spectrometric data of the complex pretreatment products. High-resolution accurate-

mass mass data were obtained using Thermo Q Exactive Orbitrap mass spectrometer. The 

high resolution and accurate mass measurement allowed the assignment of elemental 

composition to the unknown ions and reduced the background interference ions during 

data processing. Due to the non-specificity of the Fenton pretreatment products, similar 

data mining strategy used in metabolic research was applied in chapter 4. Bioinformatics 

tools, such as XCMS and MZmine2, are capable to process the raw data and generate a 

list of features from raw LC-MS data. Each feature is a chromatographic peak containing 

information, such as mass-to-charge, retention time, peak area and etc. The features were 

detected according to the parameters set during data processing with MZmine2 (in this 

dissertation). This is a time-efficient way for untargeted analysis when no specific 

targeted information is available. By generating a list of features that meet the 

requirement, one can eliminate the numbers of ions, which are not likely to be the ions of 

interest. Because of the high-resolution accurate-mass mass spectrometric analysis in the 

study, twenty features were selected with a higher possibility to be related with lignin 

model compounds. The concentration change curve of starting trimer over 5hrs showed 

that the degradation/modification of trimer in the presence of Fenton reagent was not a 

linear chemical reaction. The trimer concentration was dropping rapidly in the first 5min 

and slowly went to completion in about 5hrs. The time course curves of the other features 
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were different from each other. For the trimeric unknown features, similar degradation 

trend with the starting trimer was observed. The time course measurements of a few 

monomeric and dimeric features showed that these possible pretreatment products were 

generated once the reaction began. The products were also subjected to further 

degradation in the Fenton reaction condition. Among all the unknown features, three 

features were confirmed by comparing the LC/MS as well as HCD/MS/MS spectra with 

authentic compounds. These three compounds were vanillin, vanillic acid and dimer G(b-

O-4)G (rt = 10.54 min). The high-resolution accurate-mass data allowed the assignment 

of elemental composition to the unknown features. The corresponding HCD/MS/MS 

fragment ions of unknown features provided valuable information in proposing the 

possible chemical structures based on the formula and fragmentation patterns. However, 

for unambiguous structural assignment of these post-pretreated compounds, further 

confirmation of those putative structures is required through comparing with authentic 

compounds when available. In contrast to the lignin study of Fenton pretreatment of 

biomass, the results of this project have shown that solution phase Fenton chemistry can 

degrade a lignin model compound very effectively. One possible explanation for this 

observation was that the physical and chemical complexity of lignin model compound 

was much simpler than that of native lignin structure. In the native lignin, the existence of 

various chemical linkages, such as cyclic C-C condense bonding types and intermolecular 

linkages to hemicellulose, brings different levels of the recalcitrance during Fenton 

pretreatment. Moreover, hydroxyl radical is very strong oxidant that oxidizing chemicals 

in close proximity due to its short lifetime, while complex cell wall structures in the 

biomass decrease the exposure of lignin to the active hydroxyl radicals. The hypothesis of 
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this study is that the Fenton chemistry caused partial breakdown of lignin across whole 

biomass resulting in the increase of cellulose accessibility. This project has developed 

LC/MS/MS methods for analyzing lignin related compounds. This analytical method can 

be further applied to study other post-pretreatment products generated with different 

pretreatment methods. 

My research has explored and developed mass spectrometry-based analytical 

methods in depicting the structures of lignin related compounds, especially for the ones 

that have molecular weight higher than trimers. The first project shows the potential 

ionization conditions that can provide good ionization response of a variety of lignin 

oligomers regardless of the primary structures using ESI-MS. The HCD/MS/MS 

experiments offered unique fragmentation properties in lignin structural elucidation 

method.  

Continuing to synthesize various lignin model compounds with the new synthetic 

strategy can largely expand the library of lignin model compounds, which will be 

beneficial to systematically generate useful mass spectral database for structural 

elucidation of lignin. Moreover, it will be worthwhile to test whether the synthetic lignin 

model compounds have potential application in material science or chemical engineering 

area. This brings a promising strategy to increase the industrial value of lignin, as lignin 

is a green and sustainable bio-resource. The untargeted LC/MS method presented in this 

dissertation provided a new high-throughput analytical strategy in studying complex 

lignin pretreatment products. The overall objective of this dissertation is to provide 

deeper understanding and potential solutions to answer the challenging questions 
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regarding the structure of large lignin molecules or lignin oligomers with high-resolution 

mass spectrometry-based analytical methods. 
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Appendices 

Nuclear Magnetic Resonance (NMR) spectra for the compounds that were discussed in 
this dissertation. The NMR spectra were acquired with a Varian Model NOVA400 (400 
MHz) spectrometer, otherwise specified. 

All the compounds were run in the Acetone-d6, acetone-d6 signal was used as reference (d 
2.05ppm). 

Figure S1. 1D proton NMR spectrum of coniferyl alcohol 

Figure S2. 1D proton NMR spectrum of G(4-O-a)G(b-O-4)G (Varian NOVA 600) 

Figure S3. 2D HSQC NMR spectrum of G(4-O-a)G(b-O-4)G (Varian NOVA 600) 

Figure S4. 1D proton NMR spectrum of G(b-O-4)G(b-5)G 

Figure S5. 1D proton NMR spectrum of G(b-O-4)G(b-b)G 

Figure S6. 2D HSQC NMR spectrum of mixture of G(b-O-4)G(b-5)G and G(b-O-4)G(b-
b)G 

Figure S7. 1D proton NMR spectrum of Compound 4 

Figure S8. 1D proton NMR spectrum of Compound 2 

Figure S9. 1D proton NMR spectrum of Compound 3 

Figure S10. 1D proton NMR spectrum of Compound 5 

Figure S11. 1D proton NMR spectrum of Compound 6 

Figure S12. 1D proton NMR spectrum of Compound 9 (Varian NOVA 600) 

Figure S13. 2D HSQC NMR spectrum of Compound 9 (Varian NOVA 600) 

Figure S14. 1D proton NMR spectrum of Compound 13 

Figure S15. 2D HSQC NMR spectrum of Compound 13 

Table S1. Deprotonated ion intensity comparison of three trimers 

Table S2. Ion intensity comparison of three trimers with chloride ion adduct, [M+Cl]- in 
negative ion mode ESI. 

Table S3. a) Relative ionization response of G(4-O-a)G(b-O-4)G in different salt 
solution. b) Cation selectivity of G(4-O-a)G(b-O-4)G in solution of equal molar of 
NH4Cl/LiCl/NaCl/KCl/RbCl. 

Table S4. . a) Relative ionization response of G(b-O-4)G(b-5)G in different salt solution. 
b) Cation selectivity of G(b-O-4)G(b-5)G in solution of equal molar of 
NH4Cl/LiCl/NaCl/KCl/RbCl. 
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Table S5. a) Relative ionization response of G(b-O-4)G(b-b)G in different salt solution. 
b) Cation selectivity of G(b-O-4)G(b-b)G in solution of equal molar of 
NH4Cl/LiCl/NaCl/KCl/RbCl. 

Table S6. Positive ion mode ESI response comparison of three trilignols with the 
presence of different cations. 
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Figure S1. 1D proton NMR spectrum of coniferyl alcohol	
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Figure S2. 1D proton NMR spectrum of G(4-O-a)G(b-O-4)G 
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Figure S3. 2D HSQC NMR spectrum of G(4-O-a)G(b-O-4)G 
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Figure S4. 1D proton NMR spectrum of G(b-O-4)G(b-5)G 
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Figure S5. 1D proton NMR spectrum of G(b-O-4)G(b-b)G 

	

	

	

	

	

	

	

	

	



	

 154 

	

	

	

	

	

	

	

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
F2 Chemical Shift (ppm)

20

40

60

80

100

120

F
1 

C
he

m
ic

al
 S

h
ift

 (
pp

m
)

	

Figure S6. 2D HSQC NMR spectrum of mixture of G(b-O-4)G(b-5)G and G(b-O-4)G(b-
b)G 
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Figure S7. 2D HSQC NMR spectrum of mixture of G(b-O-4)G(b-5)G and G(b-O-4)G(b-
b)G 
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Figure S8. 1D proton NMR spectrum of Compound 2 
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Figure S9. 1D proton NMR spectrum of Compound 3 
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Figure S10. 1D proton NMR spectrum of Compound 5 
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Figure S11. 1D proton NMR spectrum of Compound 6 
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Figure S12. 1D proton NMR spectrum of Compound 9 
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 Figure S13. 2D HSQC NMR spectrum of Compound 9  
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Figure S14. 1D proton NMR spectrum of Compound 13 
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 Figure S15. 2D HSQC NMR spectrum of Compound 13 
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Table S1. Deprotonated ion intensity comparison of three trimers 

 
Trimer Average 

Intensity 
STDEV %RSD 

G(4-O-a)G(b-O-4)G 13908.39 5974.62 42.96 
G(b-O-4)G(b-5)G 282557.90 21803.84 7.72 
G(b-O-4)G(b-b)G 470547.78 60802.74 12.92 
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Table S2. Ion intensity comparison of three trimers with chloride ion adduct, [M+Cl]- in 
negative ion mode ESI. 

 
Trimer Average 

Intensity 
STDEV %RSD 

G(4-O-a)G(b-O-4)G 1914943.12 55030.00 2.87 
G(b-O-4)G(b-5)G 1147487.21 46184.23 4.02 
G(b-O-4)G(b-b)G 2489207.77 566208.40 22.75 
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Table S3. a) Relative ionization response of G(4-O-a)G(b-O-4)G in different salt 
solution. b) Cation selectivity of G(4-O-a)G(b-O-4)G in solution of equal molar of 
NH4Cl/LiCl/NaCl/KCl/RbCl. 

a) 
Different 
Cations 

Average Ion 
Response 

STDEV %RSD 

NH4 42.04 7.91 18.82 
Li 93.04 6.79 7.30 
Na 100.00 12.23 12.23 
K 45.76 2.84 6.20 
Rb 32.45 0.95 2.94 
 
b) 
Different 
Cations 

Average Ion 
Response 

STDEV %RSD 

NH4 19.46 0.83 4.26 
Li 100.00 4.50 4.50 
Na 86.92 4.49 5.16 
K 41.94 1.93 4.59 
Rb 26.01 0.84 3.22 
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Table S4. . a) Relative ionization response of G(b-O-4)G(b-5)G in different salt solution. 
b) Cation selectivity of G(b-O-4)G(b-5)G in solution of equal molar of 
NH4Cl/LiCl/NaCl/KCl/RbCl. 

 
a) 
Different 
Cations 

Average Ion 
Response 

STDEV %RSD 

NH4 94.00 2.35 2.50 
Li 81.60 13.55 16.61 
Na 100.00 5.27 5.27 
K 89.00 4.61 5.18 
Rb 63.27 1.28 2.03 
 
b) 
Different 
Cations 

Average Ion 
Response 

STDEV %RSD 

NH4 43.72 5.98 13.68 
Li 91.28 16.25 17.81 
Na 100.00 15.68 15.68 
K 80.93 10.11 12.49 
Rb 59.70 7.03 11.77 
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Table S5. a) Relative ionization response of G(b-O-4)G(b-b)G in different salt solution. 
b) Cation selectivity of G(b-O-4)G(b-b)G in solution of equal molar of 
NH4Cl/LiCl/NaCl/KCl/RbCl. 

 
a) 
Different 
Cations 

Average Ion 
Response 

STDEV %RSD 

NH4 46.82 4.26 9.09 
Li 93.46 4.09 4.37 
Na 100.00 7.97 7.97 
K 72.78 4.47 6.14 
Rb 76.55 5.54 7.23 
 
b) 
Different 
Cations 

Average Ion 
Response 

STDEV %RSD 

NH4 29.21 2.80 9.59 
Li 100.00 9.31 9.31 
Na 96.80 9.25 9.55 
K 55.69 4.52 8.12 
Rb 33.00 2.25 6.81 
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Table S6. Positive ion mode ESI response comparison of three trilignols with the 
presence of different cations. 

 

Trimer Cations Average Ion 
response 

STDEV %RSD 

G(4-O-a)G(b-O-4)G  NH4 42.04 7.91 18.82 
Li 93.04 6.79 7.30 
Na 100.00 12.23 12.23 
K 45.76 2.84 6.20 
Rb 32.45 0.95 2.94 

G(b-O-4)G(b-5)G 
 

NH4 10.59 0.26 2.50 
Li 9.20 1.53 16.61 
Na 11.27 0.59 5.27 
K 10.03 0.52 5.18 
Rb 7.13 0.14 2.03 

G(b-O-4)G(b-b)G 
 

NH4 13.28 1.21 9.09 
Li 26.52 1.16 4.37 
Na 28.37 2.26 7.97 
K 20.65 1.27 6.14 
Rb 21.72 1.57 7.23 

 


