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CHAPTER 1 

 

1 NEW FRONTIERS IN LIPIDOMICS USING STRUCTURALLY SELECTIVE ION 

MOBILITY MASS SPECTROMETRY*  

 

1.1 Introduction 

Lipids are an incredibly diverse class of molecules that regulate cellular activity, act as 

signaling molecules, and serve as the primary constituent of cell membranes, among other vital 

biological functions. As understanding of their complex roles in biological systems increases, 

lipids are gaining potential as therapeutic drug targets, especially given the intersection of lipid 

metabolic pathways with disease states such as cancer and diabetes.1–3 The increasing relevance 

of lipids necessitates the development of analytical strategies for the discrimination and 

identification of these species in biolo1gical samples. Lipidomics, the broad scale analysis of the 

lipid content of a given system, poses unique analytical challenges due to the astounding structural 

diversity amongst lipids.3,4 This issue is further complicated in that many lipid species are 

structural isomers, several examples of which are illustrated in Figure 1.1(A) for a common 

phosphatidylcholine species. Potentially hundreds of thousands of unique lipid molecules exist in 

biological samples, but only a small fraction of these have been putatively identified over recent 

decades. The source of this discrepancy is largely due to lipidomic workflows being generally 

developed for mass spectrometry (MS), a robust technology capable of identifying unknown 

species by mass.2–5 Although MS allows for high-throughput analyses of complex samples, 

 
*This chapter contains material adapted from the published review article: “New Frontiers in 

Lipidomics Analyses Using Structurally Selective Ion Mobility-Mass Spectrometry,” by Rachel 

A. Harris, Katrina L. Leaptrot, Jody C. May, and John A. McLean, Trends in Anaytical Chemistry, 

2019, 116, 316–323. It has been reproduced with the permission of the publisher and co-authors. 
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without a complementary separation method, MS measurements alone cannot distinguish isomeric 

components present in these samples. The necessity of the large degree of lipid isomerism 

produced in nature has yet to be determined; however, the specific, predictable lipid structural  

motifs have a distinctly biological basis. As an example, fatty acids (FAs) are used in the 

biosynthesis of six of the eight categories of lipids defined by the LipidMaps Consortium and 

therefore represent a useful model system for understanding broader lipid structural trends.6 

Biological synthesis of FAs is a widely conserved process across all eukaryotes and some 

prokaryotes, and although specific enzymes may differ between species, catalyzed condensation 

of acetyl-CoA units for chain elongation is generally involved.7,8 For this reason, most endogenous 

FA molecules contain an even number of carbon atoms, and additional biological rules govern 

placement of double bonds via desaturation pathways. Attention to these biological guidelines 

provides researchers with a powerful tool to leverage in bioinformatics approaches for more 

sophisticated hypotheses for lipid analyses. As previously stated, one challenge in the field of 

lipidomics is the discrimination of isomeric species. The true number of naturally occurring 

isomeric lipid species is unknown, but it is estimated to be in the tens of thousands. The Human 

Metabolome Database (HMDB) released its most comprehensive update in 2018, along with a new 

category of metabolites termed “Expected” to represent species of known structures that have yet 

to be detected in the human body or for which the precise isomer has yet to be formally identified.9 

Over 90% of the 82,274 compounds reported in this category are lipids, indicating the potential 

scale of the isomer issue. A simple enumeration equation for FAs (Figure 1.1(B)) was developed 

by the authors to estimate the number of theoretical double bond positional isomers (DBPI) and 

cis/trans geometric isomers (GI) that can exist for unmodified (e.g., no hydroxylation, methylation, 
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Figure 1.1 (A) Visualization of potential isomeric forms of PC 34:1 including sn-regioisomers, 

double bond positional isomers, geometric cis/trans isomers, and chiral stereoisomers. (B) 

Enumeration equations for the determination of double bond positional isomers and geometric 

isomers for simple, straight-chain fatty acids. 
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oxidation), straight chain fatty acids containing 18 carbon atoms, which are among the most 

abundant FA chain lengths encountered in nature. Established rules governing typical lipid 

structure were followed, which excludes double bonds positioned at the α- and ω-carbons and 

adjacent to additional double bonds. Calculation results for these equations are summarized in 

Table 1.1 and indicate that hundreds to tens of thousands of possible isomers exist for even the 

simplest FA lipids. A more rigorous enumeration of lipid isomers has been reported by Schuster 

et al. using generalized Fibonacci numbers, which in addition to DPBI and GI, considers the 

allowance of allenic and cumulenic FAs as well as modifications to the carbon chain. In their 

analysis, a C18 FA can have over 1x109 possible forms.10 Although only a fraction of these 

theoretical FA isomer species are expected to occur biologically, it is currently unknown to what 

extent. Therefore, chemical separation and analysis approaches capable of differentiating various 

isomeric forms are necessary in order to improve current lipidomic strategies and expand the 

breadth of analytical information that can be obtained. Moreover, detailed knowledge of 

experimentally-observed lipid structural trends present in multidimensional analytical data will 

become critically important in guiding the development of predictive informatic tools and improve 

the confidence in lipid annotation and identification. 

 

1.2 New Directions in Lipidomic Analyses 

Recent advances in mass spectrometry and related analytical techniques have helped drive 

the field of lipidomics forward. In particular, ion activation/fragmentation techniques such as 

collision-induced dissociation (CID) and electron impact excitation of ions from organics (EIEIO) 

have enabled the discrimination of sn-regioisomers.11–13 Additionally, techniques which promote 

carbon-carbon double bond cleavage have been developed in conjunction with MS to identify 
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double bond position, in particular the Paternò-Büchi (PB) and ozonolysis (Oz) reactions.14–16 

However, at this time there is no single technique capable of resolving all types of isomers 

commonly encountered in lipid samples (Figure 1.1(A)).5,17 Therefore, integration of multiple 

approaches is necessary to expand lipidome coverage and to differentiate isomeric species. In this 

chapter, we focus predominantly on the utilization of ion mobility-mass spectrometry (IM-MS) 

for lipidomic analyses and its combination with orthogonal analytical techniques. IM is 

particularly suited to tackling the specific structural issues endemic to lipidomics discussed 

previously. The IM technique separates gas-phase ions based on differences in their collision cross 

section (CCS), a parameter that correlates to the two-dimensional cross sectional area of the 

molecule in the gas phase.18 Prior studies indicate that the multidimensional separations resulting 

from IM-MS analyses are capable of differentiating isomers and delineating molecules into 

respective biomolecular classes.19,20 When applied to lipids, IM-MS analyses have previously 

revealed specific and reproducible mobility-mass correlations related to differences in headgroup, 

acyl chain length, and degree of unsaturation.21 The relationship between lipid structure and gas-

phase conformation via IM-MS analysis are explored in the following section, with subsequent 

expansion towards predictive approaches and complementary analytical techniques. 

In this chapter, we focus predominantly on the utilization of ion mobility-mass 

spectrometry (IM-MS) for lipidomic analyses and its combination with orthogonal analytical 

techniques. IM is particularly suited to tackling the specific structural issues endemic to lipidomics 

discussed previously. The IM technique separates gas-phase ions based on differences in their 

collision cross section (CCS), a parameter that correlates to the two-dimensional cross sectional 

area of the molecule in the gas phase.18 Prior studies indicate that the multidimensional separations  
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Table 1.1 Theoretical number of double bond positional isomers and cis/trans isomers for 

unmodified, straight chain fatty acids containing 18 carbon atoms and 0-5 double bonds. Isomer 

numbers are calculated from the equations presented in Figure 1.1 (B). 
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resulting from IM-MS analyses are capable of differentiating isomers and delineating molecules 

into respective biomolecular classes.19,20 When applied to lipids, IM-MS analyses have previously 

revealed specific and reproducible mobility-mass correlations related to differences in headgroup, 

acyl chain length, and degree of unsaturation.21 The relationship between lipid structure and gas-

phase conformation via IM-MS analysis are explored in the following section, with subsequent 

expansion towards predictive approaches and complementary analytical techniques. 

 

1.3 Mobility-Mass Trends and Prediction of CCS for Lipid Analyses 

One of the more interesting aspects of IM-MS data is the existence of empirical correlations 

between the analyte ion size (mobility) and its mass, i.e., chemical class trendlines which 

correspond to the specific conformation that the analyte ion adopts within the anhydrous, gas-

phase environment of the IM spectrometer. These mobility-mass correlations are related to the 

primary structure of the analyte and thus are highly-specific for each biomolecular class.20,22–27 For 

lipids, it has been shown that gas-phase packing is inefficient, resulting in a relatively large size-

to-mass ratio that allows lipids to be readily differentiated from other molecules within a 2-

dimensional IM-MS spectrum. Recent developments in commercial IM-MS instrumentation have 

allowed for larger numbers of lipids to be measured with high precision and reproducibility, which 

has facilitated the development of IM-MS lipidomic databases incorporating both size (CCS) and 

mass measurement information.28,29 This in turn, has allowed for numerous sub-classes of lipids 

to be analyzed for specific size-mass trends which can be quantitatively-mapped in support of 

utilizing IM information for identifying and characterizing unknowns.28–31 

Recent work from the authors’ laboratory has focused on mapping IM-MS structural trends 

for broad classes of lipids (Figure 1.2(A)), yielding over 450 CCS measurements (DTCCSN2) for 
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217 unique lipid species obtained from four classes of glycerophospholipids (PC, PE, PS, PA) and 

three classes of sphingolipids (GlcCer, Cer, SM).28 This dataset was sufficiently large to allow 

specific structural trends to be quantitatively mapped for each lipid sub-class as well as for 

different ion forms (e.g., H+, Na+, H-, etc.) within each class, shown in Figure 1.2(B) for 

glucosylceramides. As with trends observed in smaller IM-MS studies using DTIMS32–34 and 

TWIMS,35,36 the conformational orderings of lipids were found to be well-represented by linear 

functions37 and reproducibly influenced by polar headgroup (lipid class), acyl chain length, degree 

of unsaturation, and ion form. Similar to previous findings36, sphingolipids were found to adopt 

larger gas-phase conformations than phospholipids (quantitatively, by approximately 2-6% 

increase in CCS), with this observation being attributed to the limited degrees of unsaturation in 

sphingolipids due to the constraint imposed by the sn1 sphingosine backbone.28 Linear equations 

were fitted to groups of lipids differing only in their number of double bonds or acyl chain carbon 

atoms, and it was found that variations in degree of unsaturation were three to four times as 

influential on the CCS as alkyl chain length for similar masses. The influence of the ion form on 

the CCS was found to be correlated to the size of the charge-carrier adduct, i.e., [M+2Na-H]+ > 

[M+K]+ > [M+Na]+ > [M+H]+ > [M-H]-.  

Zhu and coworkers have recently developed a machine learning model to predict lipid 

CCSN2 values.29 Using a commercial DTIMS, the authors first empirically measured 458 lipid 

DTCCSN2 values across ten classes of glycerophospholipids (PC, PE, PG, PS, PI, PA, LPC, LPE, 

LPI, LPS), two classes of glycerolipids (TG, DG), and three classes of sphingolipids (SM, Cer, 

GlcCer). Linear trends for acyl chain length and degree of unsaturation were observed, such as is 

shown for PE lipids in Figure 1.2(C). Using this large pool of CCS data, the authors then developed   
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Figure 1.2 (A) Experimentally measured 
DT

CCS
N2

 vs mass measurements and linear regressions plotted for the two 

lipid categories, sphingolipids and phospholipids. (B) Quantitative correlations observed within GlcCer cation data 

corresponding to variation in either acyl chain length (i.e. XX:00) or degree of unsaturation (i.e. 42:YY). (C) Linear 

trends for three common PE lipid modifications (colored markers) to investigate the effect of acyl chain length and 

degree of unsaturation in [M+H]
+
 ions . (D) Intra-lab validation for correlation of predicted and experimental 
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with root mean square error of calibration (RMSEC), cross validation (RMSECV), and test set prediction (RMSECP), 

as well as bias and fitness.  

255

270

285

300

315

525 600 675 750 825 900

E
x

p
e

ri
m

e
n

ta
l 
C

C
S

 (
Å

2
)

Mass (Da)

40

4040

41

42

42

42

43

44

44

40

42

42

42

42

41

42

42

44

47

38
38

38

39

40

40

40

40

41

41

42

42

42

42

43

43

38

285

290

295

300

305

310

775 795 815 835

Glucosylceramides

(GlcCer)

Mass (Da)

600 650 700 750 800 850

320

300

280

260

240

P
re

d
ic

te
d

 C
C

S
 (

Å
2
)

Adducts: 

[M+H]+

[M+Na]+

Sphingolipids

Cer GlcCer SM

Phospholipids

PA PE        PS

PC

02

00

285

290

295

300

305

310

775 795 815 835 855

Mass-to-Charge Ratio (m/z)

(A)

(C)

(B)

(D)

210 250 290 330

330

290

250

200

MRE = 0.50%

R2 = 0.9963

(E) 340

320

300

280

260

240

220

200

180

160

160 180 200 220 240 260 280 300 320 340

Fit

1:1

Calibration

Test

P
re

d
ic

te
d

 C
C

S
 (

Å
2
)

Experimental CCS (Å2)

RMSEC: 1.7282 Å2

RMSECV: 1.75032 Å2

RMSECP: 1.7228 Å2

Bias: -6.25278e-13

Pred Bias: -0.0462329

R2 Cal: 0.998053

R2 Pred: 0.997585

P
re

d
ic

te
d

 C
C

S
 (

Å
2
)

Experimental CCS (Å2)

Phosphatidylethanolamines (PE)

Glycerophospholipids
Glycerolipids
Sphingolipids



 10 

a prediction model called LipidCCS Predictor which was capable of predicting lipid CCS values 

with an externally validated median relative error of ca. 1% (Figure 1.2(D)). The support vector 

regression-based prediction models were built using optimized molecular descriptors (45 for 

cations and 66 for anions) to generate a large-scale, theoretical database of lipid CCS values, 

containing 63,434 predicted lipid CCS values covering 22 common lipid classes.29 Both the 

LipidCCS Predictor and LipidCCS database are freely-accessible. For CCSN2 prediction, users can 

input SMILES structures into LipidCCS Predictor, which currently supports prediction for five 

commonly observed, singly charged adducts including [M+H]+, [M+Na]+, [M+NH4]
-, 

[M+COOH]-, and [M-H]-. 

Fernandez and coworkers recently demonstrated another machine-learning approach for 

predicting lipid CCS values using only 2-dimensional molecular descriptors (numerical 

representatives of chemical structure) as inputs.30 From a database of TWCCSN2 measurements 

published by Astarita and coworkers,38 195 values representing a wide variety of lipids were 

selected. An initial machine learning step prioritized 68 molecular descriptors of shape, symmetry, 

connectivity, chemical diversity, etc. upon which partial least squares (PLS) linear multivariate 

regression models were used to accurately predict CCS from 2D structures with a root mean square 

error for CCS prediction (RMSECP) of 1.72 Å2 (Figure 1.2(E)).30 These and other machine 

learning approaches to CCS prediction are critically important for populating large databases of 

lipid CCS values where experimental measurements cannot be obtained, such as the case for the 

near 100,000 lipids which are only theoretically predicted to exist.9 

While the numbers of high-quality, experimentally-measured lipid CCS values have 

increased drastically within the last few years, there are relatively few initiatives to integrate this 

data into lipidomic informatic workflows. Recently, McLean and coworkers compiled over 3,800 
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experimental DTCCSN2 values into an online, interactive resource called the Unified CCS 

Compendium. In addition to a large number of peptides, carbohydrates, and small molecule 

metabolites, this Compendium includes over 800 lipid CCS values, all of which have been scaled 

to reference values in order to make this resource self-consistent.31 Regression models and 

predictive statistics were used in the Compendium to describe empirical size-mass correlations, 

and these mathematical relationships can serve as an identification filter in untargeted 

experimental workflows. As an example, the identification of an unknown biochemical species 

from a human serum sample was narrowed from 325 potential chemical formulas to 21 PC lipid 

isomers using the IM-MS information from the Compendium. This CCS filtering workflow results 

in higher confidence assignment of chemical class, and the predictive capabilities will support 

annotation of unknown chemical isomers which are commonly encountered in lipidomic and 

metabolomic studies. For lipid-specific analysis, Zhu and coworkers have recently developed a 

software tool known as LipidIMMS Analyzer to support the accurate identification of lipids using 

IM-MS.39 The software incorporates a multi-dimensional database comprised of over 260,000 

theoretical lipids annotated with predicted m/z, retention time, CCS, and fragmentation 

information and currently supports multiple data acquisition approaches and IM-MS 

instrumentation types. A test data set comprised of both lipid standards and biological samples 

yielded 500-600 lipid identifications through LipidIMMS Analyzer and indicated the increased 

identification confidence gained by utilizing a multidimensional approach.39 While these and other 

IM-MS approaches provides important information for supporting the identification of lipids from 

untargeted studies, comprehensive lipidomics, however, requires more structural detail than can 

yet be gleaned from trend and predictive analyses of CCS, thus more structurally-specific 

analytical techniques need to be employed, such as those addressed in the following section. 
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1.4 Diagnostic Double Bond Cleavage Coupled to IM-MS and Other Fragmentation 

Approaches 

Given the strong influence of molecular structure on biological function, the discrimination 

of lipid double bond positional isomers (Figure 1.1(A)) is an analytical challenge of great interest 

to the lipidomic community. Analyses combining MS and X-ray crystallography have shown that 

the position and degree of unsaturation of a lipid’s acyl chain(s) affect the ability of that species to 

fit in the binding pocket of an interacting protein partner.40,41 Given the potential existence of 

thousands of double bond positional isomers in biological samples, the identification and 

separation of these species is a laborious yet crucial task. Therefore, it is beneficial to combine 

multiple stages of analytical techniques to enhance lipid isomer separation and identification.17  

While IM has been successfully applied to the separation of cis/trans lipid isomers, the 

differences in CCS of double bond positional isomers is generally too small to be resolved with 

current IM instrumentation.25,42 Thus, to distinguish between double bond positional isomers, 

alternative strategies are necessary. While multiple analytical strategies have been developed for 

this purpose, including radical-derived processes such as ultraviolet photodissociation (UVPD),43 

electron impact excitation from organics (EIEIO),13 and radical-directed dissociation (RDD),44 

here we will focus primarily on ion-molecule reactions that specifically target the C=C double 

bond. 

Ozonolysis (Oz)15,16,45–49 and Paternò-Büchi (PB) reactions14,50–53 have both been utilized 

to target sites of unsaturation in lipids. When interfaced with MS, Oz and/or PB reactions induce 

fragmentation at the C=C double bond, resulting in diagnostic fragment ions whose mass pinpoints 

the double bond location in the lipid precursor ion. The two approaches have been utilized in both 

shotgun16,46,48,54 and HPLC-coupled workflows55–58 and are capable of readily identifying a 
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multitude of lipid C=C isomers in complex samples. In order to facilitate data analysis, custom 

software have been developed by both the Xia and Mitchell groups to automate the annotation of 

reaction products originating from Oz and PB reactions.57,59  

More recently, ozonolysis has been combined with DTIM-MS as an orthogonal dimension 

of separation, and the implementation of ozonolysis on a drift tube IM-MS instrument is described 

in Chapter 2 of this work.58,60–62 Generally, ozonolysis may be performed either prior to or after 

separation via IM. For example, differential mobility spectrometry (DMS) as a front-end 

separation technique for ozonolysis has been used for the structural characterization of unsaturated 

PCs, as well as 1-deoxysphingosine and its isomers.60–62 Conversely, ozonolysis can also be 

performed prior to IM as part of an LC-Oz-IM-MS workflow (Figure 1.3(A)). In this case, IM 

separates the diagnostic ozonolysis fragment ions produced by the reaction, allowing further 

structural discrimination and improving sensitivity for low abundance fragments. For this 

workflow, the ozonolysis reaction can be performed either in solution or in the gas phase, with the 

latter implementation termed OzID.56,58 The solution-phase method utilizes a low-pressure 

mercury lamp mounted parallel with the fluidics to convert dissolved oxygen gas into ozone that 

reacts with lipids before ionization in the ESI source. Conversely, the gas phase approach requires 

modification of the IM-MS instrument such that ozone is introduced into the trapping ion funnel, 

allowing controlled reactions of ozone with lipid ions on timescales of 1-90 ms prior to injection 

into the IM drift tube. Because the rate of reaction is sufficiently fast, ozonolysis and OzID product 

ions can be correlated to precursors based on common retention times when LC separation is 

included.  
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Figure 1.3 (A) Example workflows combining IM and ozonolysis techniques. (B) A mixture of 

PC double bond positional isomers is converted to diagnostic products using Oz-IM-MS. (C) IM 

elution order of cis/trans PE isomers is retained post-ozonolysis, allowing for identification of 

precursors.  
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An example of how ozonolysis can be used to elucidate double bond location is depicted 

in Figure 1.3(B), where the IM-MS spectrum of a mixture of PC 18:1(9Z)/18:1(9Z) and PC 

18:1(6Z)/18:1(6Z) double bond positional isomers is shown. The primary spectral peaks at m/z 

786.6 and m/z 808.6 represent the [M+H]+ and [M+Na]+ cations, respectively. The isomer with 

double bonds at the 9Z positions reacted with ozone to form products at m/z 676.5 [M+H]+ and 

m/z 698.4 [M+Na]+, while the isomer with double bonds at the 6Z positions gave products at m/z 

634.4 [M+H]+ and m/z 656.4 [M+Na]+. Each of these species possesses a unique drift time, which 

corresponds to the time taken for that particular ion to traverse through the drift tube. This drift 

time is proportional to the size and shape of the molecule in the gas phase, and it has previously 

been observed that changing the position and orientation of a lipid species’ double bond changes 

the molecule’s resulting drift time.25  

Blanksby and coworkers have demonstrated that differences in unique drift times for 

cis/trans isomer precursors allows for correlation to and identification of their product ions in 

combined OzID-IM experiments.56 When running a mixture of PE cis/trans isomers, namely PE 

18:1(9Z)/18:1(9Z) and PE 18:1(9E)/18:1(9E), it was observed that the cis isomer exhibited a lower 

drift time than the trans isomer (Figure 1.3(C)). This relationship was retained post-OzID in the 

fragment ions, and although the two resulting products had the same mass, they could be identified 

based upon their IM elution order.  

Ion mobility separations and ozonolysis reactions exist as orthogonal techniques, and when 

combined serve as a powerful analytical tool for lipid isomer discrimination and identification. 

The work described here illustrates that combined LC-Oz/OzID-IM-MS workflows allow for the 

differentiation of both cis/trans isomers and double bond positional isomers, two of the four isomer 

types described in Figure 1.1(A). The ongoing work to integrate these techniques into a standard 
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LC-MS lipidomics workflow will rely on the development of bioinformatics software for the 

automated assignment of spectral peaks that, once completed, will enable thousands of lipid 

identifications from a single experiment, bringing the field closer to the capability of cataloguing 

the entirety of the lipidome. 

Although this section has primarily focused thus far on the identification of double bond 

position and the discrimination of double bond position isomers, the presence of other forms of 

isomerism in lipid biological extracts including cis/trans isomers, sn-regioisomers, and 

stereoisomers necessitate the development of a multi-pronged analytical approach to expand 

lipidomic coverage, which in turn will lead to more accurate biological predictions.5,17 To that end, 

our lab has explored the utilization of alternative fragmentation techniques for improved lipid 

structural characterization. Two strategies we have focused in particular to increase lipid structural 

information content include the implementation of surface induced dissociation (SID), an 

alternative to collision induced dissociation, and the utilization of energy-resolved ion breakdown 

curves (ERIBC). SID, which will be explored in depth in Chapter 3, is a fragmentation mechanism 

in which energy is imparted to the target molecule via collision with a solid surface. The technique 

may be utilized in combination with IM, and similarly to ozonolysis as discussed earlier in this 

section, can be implemented either before or after mobility separation.63 By utilizing a 

comparatively massive surface as a collision partner, SID is considered to have more efficient 

energy transfer to the analyte than CID, which is generally limited by the mass of the collision 

partner.64,65 Additionally, SID occurs on a faster timescale than CID fragmentation, lowering the 

probability of rearrangement reactions, and is therefore is potentially able to access fragmentation 

pathways unavailable to CID for certain classes of molecules.66 For these reasons, our lab was 
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interested in exploring the utility of SID for the analysis of lipids, which have not previously been 

studied using this analytical technique. 

Energy-resolved ion breakdown curves (ERIBC) are another strategy our lab has utilized 

for in-depth analysis of lipid fragmentation pathways. Sometimes alternatively referred to as 

“breakdown curves” or “energy-resolved mass spectrometry,” ERIBC are a fragmentation data 

visualization strategy that has been utilized in the field of mass spectrometry for decades and serve 

as a graphical representation of how the fragmentation spectrum of an analyte changes as a 

function of increasing collision energy. They are constructed by plotting the relative intensities of 

the most abundant fragment ions as a function of either lab frame collision energy or center of 

mass collision energy (ECOM). Historically, ERIBC have been utilized mainly for the comparison 

of different fragmentation mechanisms for a single analyte (e.g. SID versus CID) as well as a 

means of discriminating isomeric compounds.67–69 Comparing the ERIBC of two isomers can 

illuminate subtle differences in the relative rates of different decomposition mechanisms that may 

not be immediately apparent when viewing individual fragmentation spectra.70,71 For example, a 

specific fragmentation mechanism leads to the generation of product ion A, while a competing 

mechanism produces ion B. Therefore, the isomeric compounds 1 and 2 can be subsequently 

distinguished by differences in their relative rates of production of ions A and B in their ERIBC. 

Alternatively, isomers can be differentiated based on differences in appearance energy (the 

collision energy at which a given fragment ion appears in the mass spectrum) in the ERIBC for a 

particular fragment, which is also indicative of the relative stabilities of the two compounds.  In 

this way, projecting the fragmentation data in the form of ion breakdown curves provides 

additional information in terms of specific decomposition pathways and comparison of ERIBC 

can help elucidate differences in isomeric structures. 
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1.5 Conclusions 

Lipidomics as a field has experienced enormous growth in past decades, but still faces 

critical challenges due to the structural complexity of lipid species and the high degree of 

isomerism hindering putative identifications. New analytical developments leverage the highly-

conserved rules of lipid biosynthesis on expected lipid structure to more fully characterize lipid 

samples. In particular, IM-MS analysis of lipids reveals quantitative structural trends based on 

headgroup, acyl chain length, and degree of unsaturation. Combining IM with targeted ion-

molecule reactions such as Oz and PB or alternative fragmentation techniques such as SID provide 

orthogonal dimensions of separation for further discrimination of isomeric species. Future 

directions to further interrogate lipid structural trends include bioinformatics approaches, such as 

predicting CCS, and the integration of IM and novel ion activation techniques into existing 

lipidomic workflows, both of which will promote improved identifications and expansion of the 

current lipidomic landscape. 

 

1.6 Extension of Methodology to Analysis of Polymers 

While this chapter has principally focused on the challenges inherent in the structural 

analysis of lipids for improving lipidomic workflows, several of the methodologies discussed in 

the preceding sections can also be applied to the analysis of synthetic polymers. As is the case with 

lipids, comprehensive analysis of synthetic polymers is challenging due to the high level of 

structural heterogeneity present in samples.72–74 Industrially, polymers are synthesized in a process 

known as “melt polymerization” that results in a complex mixture of leftover starting material and 

a distribution of oligomers of varying sizes. Further complicating analysis, some polymers such as 

polyurethanes exist as copolymers consisting of two or more repeat units. For polyurethanes, the 
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repeat units are typically comprised of “hard” blocks that increase structural rigidity and flexible 

polyol “soft” blocks; the polymer’s overall properties are a direct function of the number of and 

sequence of these blocks.72,75 However, the ability to determine the sequence of units is incredibly 

challenging via mass spectrometry, along with the ability to distinguish sequence structural 

isomers. For example, two polyurethane oligomers containing a single hard block unit and four 

soft block units might differ in the placement of the hard block unit in the chain but have the same 

overall mass and are thus indistinguishable via mass spectrometry. The utilization of alternative 

analytical techniques sensitive to the three-dimensional structure of the analyte is therefore 

necessary for improving the characterization of synthetic polymer samples. As has been discussed 

previously in the context of lipid analysis, IM and targeted fragmentation are strategies attuned to 

molecular structure that both help reduce mass spectral complexity and allow for discrimination 

of isomeric species. The application of IM-MS and MS/MS for the analysis of three isomeric 

polyurethane oligomers is discussed in depth in Chapter 4 of this work and serves as a model 

workflow for the analysis of more complex polymer samples in the future.  

 

1.7 Objectives of Dissertation Research 

Mass spectrometry is a key tool for the analytical characterization of unknown samples; 

however, it lacks the level of structural fidelity necessary for the discrimination of isomers. The 

overarching goal of this work is the development and application of state-of-the-art analytical 

strategies complementary to traditional mass spectrometry workflows in order to improve the 

structural characterization of both lipids and polymer samples. These strategies, which include IM 

and fragmentation mechanisms such as ozonolysis, SID, and CID, increase the information content 

gained in a single experiment and provide additional structural information to aid in the 
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discrimination of isomeric species. Chapter 2 begins with the development of an online ozonolysis 

device that when interfaced with an IM-MS instrument allows for the determination of lipid double 

bond position. In this implementation of the technique, the ozonolysis reaction occurs in the 

solution phase prior to the ionization of the sample in the source of the mass spectrometer. The 

device performance was characterized in terms of conversion efficiency at a given flow rate for 

several lipid standards via direct infusion. The full LC-Oz-IM-MS workflow combines the benefits 

of its constituent analytical techniques and was demonstrated to allow for the discrimination of 

both cis/trans isomers and double bond positional isomers in a single run for a mixture of PC lipid 

standards. With further refinement, the workflow will be utilized for the untargeted lipidomic 

analysis of biological samples and provide a higher level of structural fidelity in feature 

assignments than traditional lipidomic approaches. 

Chapter 3 continues under the thematic methodology of combining analytical techniques 

for more comprehensive analysis by exploring the utility of SID-IM-MS for the structural analysis 

of lipids, as an alternative to the LC-Oz-IM-MS workflow described in Chapter 2. Seven lipid 

standards from four major lipid subclasses were analyzed via this approach to determine whether 

SID provided fragmentation information unavailable using more traditional CID fragmentation 

methods. Building off of previous work in analyzing Oz-IM-MS data, the utilization of IM post-

SID led to a mobility-mass correlation between the fragmentation products and their precursor, a 

relationship that proved critical for the validation of lipid fragments and rejection of interfering 

species present in the sample. Other data projection strategies, including energy-resolved ion 

breakdown curves (ERIBC) and Kendrick mass defect analysis, were explored in this work for the 

analysis of lipid decomposition pathways and how they differed between SID and CID.  
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Chapter 4 utilizes the several of the tools developed in the preceding sections to 

characterize synthetic polymer samples rather than lipids.  As described in section 1.6, the analysis 

of polymers using mass spectrometry presents similar challenges as lipids due to polydispersity 

and a high degree of isomerism. Many strategies developed herein for the structural 

characterization of lipids, such as fragmentation in conjunction with mobility separation, can be 

applied to polymer analysis. In this particular study, three isomeric polyurethane oligomers were 

characterized in terms of their fragmentation spectra (visualized using the ERIBC as in Chapter 3) 

and the CCS of both their +1 and +2 sodium-adducted charge states. It was observed that the three 

oligomers could be distinguished based on differences in their ERIBC and the CCS of the +2 

charge states, while the +1 charge states had differences in CCS that were too small to resolve 

using the current instrument platform. While small in scope, this study demonstrates the utility of 

combining analytical techniques, in this case MS/MS and IM, for the analysis of polymers and the 

discrimination of sequence isomers in block copolymers. The limitations in separating the +1 

charge states of the three isomeric oligomers indicates the continued need for improvements and 

innovations in mass spectrometry instrumentation, as improvements in instrumentation and their 

complementary analytical workflows often go hand-in-hand. To that end, Chapter 5, following a 

summary of the preceding chapters, discusses future directions for several ongoing projects and 

the field of IM-MS in general. 
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CHAPTER 2 

 

2 DETERMINING DOUBLE BOND POSITION IN LIPIDS USING ONLINE 

OZONOLYSIS COUPLED TO LIQUID CHROMATOGRAPHY AND ION MOBILITY 

MASS SPECTROMETRY† 

 

2.1 Introduction 

Mass spectrometry-based lipidomic approaches are emerging as an increasingly important 

analytical strategy for characterizing the varied and critical roles lipids play in biological 

systems.1–3 Like other ‘omics techniques, lipidomic studies aim to generate a comprehensive 

snapshot of the lipid content of a given system, identifying and quantifying individual components 

and attempting to interpret the intermolecular interactions in coordination with relevant biological 

functions. Common lipidomic workflows often combine liquid chromatography and tandem mass 

spectrometry (LC-MS/MS) in broad-scale, untargeted analyses.2,4,5 However, the immense 

structural diversity of the lipidome often precludes putative identification of species, especially 

given the potential presence of a myriad of isomeric and isobaric species at a given mass-to-charge 

ratio. For example, phosphatidylcholine (PC) 14:0/20:1 and PC 18:0/16:1 are alkyl chain isomers 

that have identical chemical formulas (C42H82NO8P) and thus cannot be differentiated via mass 

measurement alone. Nevertheless, these two isomeric species can be distinguished by tandem 

MS/MS experiments via product ion scanning for diagnostic fatty acid fragments in negative mode 

 
†This chapter contains material adapted from the published research article: “Determining Double 

Bond Position in Lipids Using Online Ozonolysis Coupled to Liquid Chromatography and Ion 

Mobility-Mass Spectrometry,” by Rachel A. Harris, Jody C. May, Craig A. Stinson, Yu Xia, and 

John A. McLean, Analytical Chemistry, 2018, 90 (3), 1915–1924. It has been reproduced with the 

permission of the publisher and co-authors  
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electrospray ionization.6 Other classes of lipid isomers, such as sn-regioisomers and double bond 

positional isomers, are much more challenging to assign a specific chemical structure.7 As a result, 

there is no single analytical method currently available that can resolve all the possible 

configurations of lipid species that may exist in a given sample. For this reason, the combination 

and integration of several analytical techniques into a single workflow is often necessary to 

identify isomeric lipid species and expand lipidome coverage.8        

Ozonolysis is a chemical reaction that has long been utilized by organic chemists to cleave 

carbon-carbon double bonds, and has more recently been adopted by analytical chemists for the 

localization of lipid double bonds by mass spectrometry.9–11 The reaction may be performed in one 

of several ways, including online in the solution-phase or directly in the ionization source of the 

instrument.12,13  Most prominently, the Blanksby group at the Queensland University of 

Technology has developed a family of techniques known as “OzID” in which ozonolysis is 

performed on mass-selected ions in the gas phase in either a collision cell or a trapping region of 

the instrument.14,15 In recent publications, Blanksby and coworkers have demonstrated the 

capabilities of ozonolysis combined with MS on a variety of instrument platforms.15–17 Advantages 

of the technique include high reaction yield (product ion intensity ca. 20% of the precursor ion in 

the most recent iteration) and the ability to combine successive collision-induced dissociation 

(CID) and OzID experiments for increased structural characterization and lipid coverage.14–17 One 

drawback preventing widespread adoption of OzID is the instrument modifications that are 

necessary to perform the experiments, which typically include the addition of a gas manifold and 

ozone generator to the mass spectrometer.  

Other chemical reactions that cleave carbon-carbon double bonds have also been utilized 

for double bond localization in mass spectrometry. Of recent note is the Paternò-Büchi reaction, 
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which the Xia group at Purdue coupled to MS via UV irradiation of the tip of the nano-ESI emitter 

containing a lipid sample in the presence of an acetone cycloaddition reagent.18–21 A low-pressure 

mercury lamp is used to generate UV radiation to activate the acetone (primarily via a 254 nm 

band), resulting in the addition of an acetone radical to the double bond and forming an oxetane.18 

Collision-induced dissociation of the oxetane is then used to enact retro-PB, resulting in two 

product ions spaced 26 Da apart that are diagnostic of the double bond position in the original lipid 

molecule.18 Given the relatively low quantum yield of acetone, the PB reaction yields are typically 

less than 50%. The non-quantitative chemical conversion can increase spectral complexity for 

mixture analysis and limit the identification of low abundance unsaturated lipids, in particular for 

lipid species containing multiple sites of unsaturations, although careful choice of solvent 

composition can minimize side reaction products.19,20,22 In recent work by Murphy and coworkers, 

double bond cleavage products were observed for 9,12,15-octadecatrienoic acid and 6,9,12-

octadecatrienoic acid prior to enacting retro-PB via CID.22 They hypothesized that these cleavage 

products were a result of ozonolysis due to the fact that the peaks were no longer observed upon 

degassing of sample solution prior to analysis but did not explore these observations further.  

Ion mobility (IM) is an analytical technique that is gaining widespread use towards the 

structural analysis of lipids.23,24 When interfaced with a mass spectrometer, IM allows for the 

separation of isomeric lipid species based on differences in their collision cross section (CCS) 

which provides a structurally-selective measurement that is orthogonal to mass analysis. For 

example, using IM, Baker and coworkers were able to distinguish sn-positional isomers and 

cis/trans isomers for several ceramide standards, and Groessl et. al.  demonstrated IM separation 

of  phosphatidylcholine acyl-chain regioisomers via silver-cationized forms of the natural lipid 

species present in a porcine brain extract.25,26 Double bond positional isomers have also been 
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resolved via IM-MS; however, the analytical specificity was only demonstrated for fatty acids and 

more biologically uncommon species such as PC 18:1(9Z)/18:1(9Z) and PC 

18:1(6Z)/18:1(6Z).25,26 Moreover, lipid isomers in a complex mixture may have CCS differences 

that are too small to exhibit baseline separation using current instrument platforms.27 For these 

reasons, it was hypothesized that combining ozonolysis and IM-MS would provide for multiple 

dimensions of isomer structural discrimination. Ozonolysis provides the basis for determination of 

double bond position, while IM-MS facilitates separation of the ozonolysis products based upon 

differences in CCS and mass. Together, these analytical tools have the potential for enabling high 

confidence in identification and discrimination of lipid isomers in complex samples. Recently, the 

combination of IM-MS with OzID has been demonstrated by the Blanksby group in collaboration 

with PNNL, highlighting the potential of the combined techniques for the analysis of isomeric 

lipid species.28 Our work aims to further examine the benefits of utilizing IM in conjunction with 

ozonolysis, but rather than modifying the mass spectrometer for gas-phase OzID, we have 

implemented ozonolysis on a low- cost, portable solution-phase device. 

In this work, we have developed an ozonolysis device that combines the immediacy of 

double bond cleavage with the simplicity of online ozone generation without instrument 

modification. The device is a continuation of our previous work29 and contains a flow-cell in which 

analyte solution is irradiated by the mercury lamp, producing solution-phase ozonolysis products 

that then are ionized in the source of the mass spectrometer. As in the ozonolysis and Paternò-

Büchi experiments described previously, these products are diagnostic in that they can be used to 

determine the double bond position in the lipid precursor species when analyzed via mass 

spectrometry. Following ozonolysis in the device, IM-MS allows for separation of the ozonolysis 

products to aid in the deconvolution of isomeric signals. Here, we explore the utility of ozonolysis 
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combined with ion mobility-mass spectrometry for the analysis of three distinct lipid systems: (1) 

a PC standard containing a single double bond, (2) a fatty acid standard containing multiple double 

bonds, and (3) a complex mixture in the form of chicken egg PC lipid extract. Additionally, given 

the importance of separation via liquid chromatography in many lipidomic workflows, the 

utilization of LC in combination with the ozonolysis device was demonstrated using a simple 

mixture of three isomeric PC standards. 

 

2.2 Experimental Methods 

2.2.1 Sample Preparation 

Phosphatidylcholine standards 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-

phosphocholine (PC 16:0/18:1(9Z)), 1-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine (PC 

16:0/18:0), 1,2-di-(6Z-octadecenoyl)-sn-glycero-3-phosphocholine (PC 18:1(6Z)/18:1(6Z)), 1,2-

di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (PC 18:1(9Z)/18:1(9Z)), 1,2-di-(9E-

octadecenoyl)-sn-glycero-3-phosphocholine (PC 18:1(9E)/18:1(9E)), and a total TLC fraction of 

a phosphatidylcholine lipid extract (PC, chicken egg) were purchased from Avanti Polar Lipids. 

Docosahexaenoic acid (FA 22:6) was purchased from Cayman Chemical. Prior to analysis, 

individually infused samples were diluted to working concentrations ranging from 0.1 to 10 µM 

in 7:3 acetonitrile/water (Optima LC/MS grade, Fisher Scientific), while the three isomeric PC 

lipids were combined in equimolar ratios and diluted to approximately 6 µM in the solvent 

composition utilized at the beginning of the RPLC separation gradient. Formic acid (0.1%, Optima 

grade, Fisher Scientific) was added to PC lipids analyzed in positive ion mode to facilitate the 

formation of protonated species. A saturated phosphatidylcholine standard, PC 16:0/18:0, was 

spiked into the lipid extract at 1 µM due to low abundance of the fully saturated species inherent 
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in the sample fraction. For mass calibration, a mixture of hexakis-(fluoroalkoxy) phosphazines 

(ESI-Low Concentration Tuning Mixture, Agilent Technologies) was purchased and diluted by a 

factor of 10 in a 59:1 (v/v) solution of acetonitrile/water.   

 

2.2.2 Instrumentation and Parameters 

Experiments were performed on a uniform field drift tube IM-MS (6560, Agilent) with 

nitrogen as the drift gas in both positive and negative ionization modes.30 The IM-MS instrument 

was tuned for high sensitivity in standard mass mode (m/z 50-1700) and mass calibrated prior to 

analysis using the Agilent tuning mixture. The drift tube was operated at ca. 300 K with an electric 

field strength of 14.7 V/cm which represents conditions yielding optimal IM resolving power.31 

For analysis of the fatty acid standard which displayed low ionization efficiency in negative mode, 

the ion mobility trap release time was increased from 150 µs to 450 µs, increasing signal with a 

slight loss in mobility resolving power (ca. 2% for m/z 261.1). Samples were directly infused into 

the electrospray source (ESI, Agilent Jet Stream) at various flow rates ranging from 5 µL/min to 

500 µL/min. The source was operated with a capillary voltage of 3500V and nozzle voltage of 

2000V. Nitrogen sheath and drying gases were heated to 275°C and 325°C at flow rates of 12 

L/min and 8 L/min, respectively.  For LC experiments, 5-10 µL of sample was injected onto a C-

18 2.1 mm x 50 mm (1.8 µm) analytical column with the flow rate set to 250 µL/min. Mobile 

phase A consisted of water with 0.1% formic acid, and mobile phase B consisted of 3/2 

isopropanol: acetonitrile with 0.1% formic acid. The gradient elution profile was based upon 

conditions for analyzing hydrophobic compounds as described by Cruickshank-Quinn et. al.32  
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Ozonolysis reactions were carried out in the solution-phase prior to ionization in the ESI 

source. A custom built, mechanically stable device was constructed in-house to support and align 

the low-pressure mercury lamp (81-1057-51, BHK Inc.) which is used to catalyze the relevant 

reaction (Figure 2.1). This particular lamp produces several emission bands spanning from 185 nm 

to 579 nm; however, previous studies have shown that the 185 nm band is responsible for the 

production of ozone necessary for these experiments.33,34 The custom support housing allows up 

to two lamps to be used, although only one is utilized in this current study. The device is 

constructed such that the entire length of the lamp(s) irradiates a polyimide-coated fused silica line 

(ID 220 µm, OD 363 µm, SGE Analytical Science) positioned in the center of the device parallel 

to the lamp(s). This silica line has been “windowed” by thermally removing the polyimide coating 

along the length of the lamp to allow UV transmission into the inner capillary. The fused silica is 

fixed securely in the device using PEEK microtight fittings (1/32’’ OD, Upchurch). Although not 

shown in Figure 2.1, the device is covered during operation such that UV radiation is blocked from 

sight for safety. The distance between the device and the IM-MS instrument (~20 cm) contributes 

to an observed “dead time” before reaction products are detected. Experiments were performed 

such that data acquisition was initiated concurrent to the lamp being turned on. 

 

2.2.3 Data Analysis 

Data was analyzed using MassHunter IMS Browser and Qualitative Analysis software 

(B.07.02 and B.07.00, Agilent Technologies). For the variable flow rate studies, precursor and 

ozonolysis product peaks at a given flow rate were extracted as ion chromatograms and normalized 

as a percent conversion over time. Replicates at each flow rate, collected in triplicate, were time-

aligned and percent conversions were averaged. The equilibrium conversion was determined as   
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Figure 2.1 (A) A diagram of the ozonolysis apparatus utilizing a low-pressure mercury lamp and 

fused silica line with a portion of the polyimide coating removed to permit transmission of UV 

radiation. (B) A rendered schematic of the mechanically-stable housing for the ozonolysis device. 

(C) Photograph of the completed device with inclusion of thumb screws and capillary fittings for 

precise alignment of the silica line relative to the lamp. 
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the maximal conversion reached after precursor/product ion ratios ceased to vary with time. For 

LC experiments, relevant extracted ion chromatograms (EIC’s) were extracted, smoothed, and 

integrated. Background subtracted mass spectra were subsequently extracted from each of the 

integrated LC peaks. 

 

2.3 Results and Discussion 

2.3.1 Conversion of a Glycerophospholipid Standard 

For initial characterization purposes, a commonly studied phosphatidylcholine standard, PC 

16:0/18:1(9Z), was directly infused through the device and into the instrument source at a flow 

rate of 10 µL/min. It was observed that the precursor protonated lipid peak at m/z 760.6 underwent 

a reaction to form a product aldehyde species at m/z 650.4 which is representative of double bond 

cleavage at the ninth carbon atom of the eighteen-carbon length alkyl chain (Figure 2.2(A)). 

Extracted mass spectra averaged over 0.3 min before and after the reaction confirm a transition of 

approximately ~110.1 Da, which is indicative of an ozonolysis reaction corresponding to a loss of 

18 hydrogen and 9 carbon atoms from the alkyl chain, as well as an oxygen atom gained during 

the cycloaddition of ozone as per the Criegee mechanism.35 Although a detailed analysis of the 

mechanism that gives rise to the diagnostic aldehyde product ion is not within the scope of this 

paper, the results are consistent with solution phase ozonolysis, in which an aldehyde and carbonyl 

oxide are produced following reaction with ozone.36 The unstable carbonyl oxide subsequently 

reacts with water and rearranges to form additional aldehyde product and hydrogen peroxide, such 

that the aldehyde product is the only product detectable via MS. Similar rearrangements have also 

been demonstrated using methanol as a solvent in other ozonolysis-coupled MS studies.12 In the 

experiments described here where no methanol is used, the presence of a single primary diagnostic 
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ozonolysis product ion simplifies spectral interpretation.29 However, as seen in Figure 2.2(B), 

other minor product ions are also observed. These minor side products primarily include sodiated 

and potassiated forms of the aldehyde at m/z 672.4 and 688.4, respectively, as well as other 

observed peaks in the mass spectrum possibly indicative of solvent adduction processes (see 

Supplementary Figure B.1).11,12,37 Nonetheless, the major process observed involves conversion 

of the glycerophosphocholine precursor to an aldehyde product representative of cleavage at the 

9Z position, a process that approaches 95% completion at 10 µL/min (Figure 2.2(C)).  Even at this 

relatively low flow rate, the ozonolysis process is rapid and reaches a steady-state equilibrium in 

less than a minute.  The high degree of reaction conversion efficiency, fast reaction kinetics, and 

low degree of reaction side products highlights several analytical advantages of this online, 

solution-phase method.  

 

2.3.2 Influence of Flow Rate on Conversion Efficiency 

Using the same phosphatidylcholine standard, the transition from m/z 760.6 to 650.4 was 

monitored as a function of time for flow rates ranging from 5 to 500 µL/min. The conversion-time 

profile displayed sigmoidal behavior, with an observed deadtime (Figure 2.2(C)) corresponding to 

the length of tubing between the exit of the ozonolysis device and the source of the mass 

spectrometer. At sufficiently high flow rates, e.g. ~75 µL/min with 30 cm of tubing, this deadtime 

becomes negligible (ca. 5 seconds or less), with observed product being formed and detected 

almost immediately after turning the lamp on. As the reaction kinetics reach equilibrium with the 

device flow rate (Figure 2.2(C)), the observed conversion from precursor to product ion plateaus 

to a fixed conversion rate. The extent to which the reaction proceeds is thus dependent on flow 

rate, with lower flow rates engendering greater maximum conversion (Figure 2.3(A)). As the flow   
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Figure 2.2 (A) The conversion of a glycerophospholipid to a diagnostic aldehyde product ion 

indicative of double bond position was demonstrated using PC 16:0/18:1 (9Z)). (B) Following 

irradiation, the IM-MS spectrum contained a representative peak at m/z 760.6 that decreased in 

intensity as the sample was infused through the device. Another peak, m/z 650.4, increased in 

intensity in response to the turning the lamp on, the latter corresponding to cleavage of a double 

bond at the ninth carbon atom of one alkyl chain. (C) A plot of percent conversion over time which 

indicates that conversion to the aldehyde product at 10 µL/min reached ca. 95% completion after 

about 1 minute following observed onset of reaction. 
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rate through the device is increased, the observed conversion percentage from precursor to product 

decreases due to the fact that the reaction can no longer proceed to completion during the limited 

time spent in the cell. This inverse relationship between sample flow rate and product conversion 

is demonstrated in Figure 2.3(B). The measured conversion-flow rate relationship of the device 

has been divided into three characteristic regions based upon suggested useful operating 

conditions. In the nano flow regime (defined here as flow rates less than 10 µL/min), the reaction 

approaches 100% completion. From 10 to 300 µL/min (i.e., direct infusion conditions), the 

conversion efficiency decreases as a function of increasing flow rate. Finally, at the upper end of 

flow rates surveyed (the flow injection regime, ≥400 µL/min), the observed maximum conversion 

varies very little with flow rate. In this region of behavior, the high flow rate limits the observed 

conversion to approximately ~25%; however, the generation of the maximal conversion at a given 

flow rate in this regime is nearly instantaneous, allowing for fast “on-off” switching of the device. 

This characteristic fast response of the device at high flow rates has the greatest implication for 

integration with liquid chromatography approaches. The reaction kinetics are such that the device 

could be toggled on and off during the elution of a chromatographic peak, facilitating identification 

via IM-MS of both the precursor and the product ion for each LC time bin, with the observed 

product allowing for determination of double bond position in the precursor. 

 

2.3.3 Conversion in a System Containing Multiple Double Bonds 

The fatty acid docosahexaenoic acid (FA 22:6 (Δ4, 7, 10, 13, 16, 19)) was chosen for 

evaluating the device for localizing multiple double bonds as this lipid contains six sites of 

unsaturation at positions Δ4, 7, 10, 13, 16, and 19 in the carbon chain (Figure 2.4(B)). To address 

the increased complexity of this system, ion mobility was utilized post ozonolysis reaction to gain   
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Figure 2.3 The performance of the ozonolysis device was evaluated as a function of flow rate. (A) 

The conversion of phosphatidylcholine precursor to an aldehyde product characteristic of double 

bond position was monitored, with the lamp switched on at a time corresponding to zero minutes. 

Five representative flow rates are shown here with error bars representing triplicate measurements. 

(B) Across the range of flow rates measured (5 to 500 µL/min) conversion efficiency was observed 

to decrease as flow rate increased 
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an additional dimension of separation of the ozonolysis products prior to mass analysis. Figure 

2.4(A) contains a negative mode IM-MS spectrum for ozonolysis of deprotonated FA 22:6 at 10 

µL/min. In contrast to the PC 16:0/18:1 described previously, the ozonolysis reaction is distributed 

across multiple possible reaction channels leading to a series of diagnostic product ions, but a 

decreased conversion efficiency for any single product ion channel. Additionally, fatty acids 

appear less reactive than glycerophosphocholines, as it was observed that while 10 µL/min was 

sufficient to convert nearly 100% of the PC 16:0/18:1 precursor to its single product ion, the same 

flow rate for FA 22:6 only converted about 45% of the precursor to the six possible product ions. 

However, upon increasing the device flow rate, the conversion percentage decreased in a manner 

analogous to the phosphatidylcholine described in Figure 2.3 (Figure 2.4(C)). The differential 

reactivity of various lipid species has been noted by Blanksby and coworkers and has been 

suggested as a possible means for quantitation via ozonolysis but has not been further explored in 

this work due to the sensitivity of product generation via this technique to flow rate.15 Additionally, 

as discussed in the group’s OzESI work, because sample ionization occurs after ozonolysis, ion 

abundances are biased due to differences in ionization efficiency, making quantitation challenging, 

particularly in complex mixtures where ion suppression is prevalent.10,12 

Because the double bonds are symmetrically distributed along the fatty acid acyl tail 

(spaced 3 carbons apart), the ozonolysis products generated are linearly spaced in 40 Da intervals 

in the mass spectrum. These products ions each contain a negatively charged carboxylic acid 

moiety on one end and are truncated with an aldehyde corresponding to ozonolysis cleavage at a 

given double bond position. From the IM-MS spectra in Figure 2.4(A), it was observed that there 

exists a mobility-mass correlation for the ozonolysis fragments and the fatty acid precursor which 

allows for the isolation of product-specific mass and mobility spectra and thus improves the signal-  
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Figure 2.4 The highly-unsaturated fatty acid docosahexaenoic acid (FA 22:6) was examined using 

the flow-cell ozonolysis device in negative ion mode. (A) IM-MS spectrum of FA 22:6 following 

ozonolysis at a flow rate of 10 µL/min.  The six products detected displayed a linear trend in both 

mass and drift time dimensions and correspond to fragmentation at double bond locations as 

depicted in (B). Isolation of this particular mobility-mass correlation increases the signal of the 

ozonolysis fragments versus the background noise. (C) Conversion versus flow rate plots for each 

of the products trend similarly to the single double bond containing species depicted in Figure 2.3. 
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to-noise ratio for the ions of interest, especially for that of the low intensity products resulting from 

cleavage at the Δ4, 7, and 10 positions. This highlights the utility of IM separation for localization 

of double bond position in complex samples, as previous studies have discussed the difficulty of 

double bond assignment in polyunsaturated fatty acids due to low signal-to-noise of product 

fragments.19,20,22 Moreover, the intensity of each product fragment correlates to the propensity for 

the reaction at each double bond position. Specifically, the product ion intensities decrease relative 

to a given double bond’s proximity to the fatty acid head group, such that in this example the 

ozonolysis reaction occurs most readily at the 19-carbon position (farthest from the head group) 

and least readily at the 4-carbon position (closest to the head group).We hypothesize that this 

observed decreased reaction efficiency near the lipid head group is likely due to the slight electron-

withdrawing character of the carboxylate group of the fatty acid decreasing the nucleophilicity of 

the double bond near the head group of the molecule, which decreases the probability of 

ozonolysis. The mechanism of ozonolysis is generally thought to occur by an electrophilic 1,3-

addition of ozone, with reaction rates a function of electron density around the double bond, which 

supports our hypothesis.38–40 

 

2.3.4 Analysis of a Lipid Extract 

The utility of the ozonolysis device was further explored by analyzing a 

phosphatidylcholine lipid extract which contains a distribution of PC lipids of various degrees of 

saturation. Due to the low natural abundance of saturated lipids, a fully saturated lipid standard, 

PC 16:0/18:0, which should not undergo ozonolysis was spiked into the extract prior to analysis. 

In this role, PC 16:0/18:0 acts as a negative control for ozonolysis in a biological sample. The 

resulting IM-MS spectra for the lamp on and off are contained in Figure 2.5. The two IM-MS 



 45 

spectra highlight a region corresponding to the series of phosphatidylcholines containing 34 alkyl 

chain carbon atoms and 0-4 alkyl chain double bonds (PC 34:x, x = 0-4). When the lamp is off 

(Figure 2.5(A)), all five of the species are readily detectable, and their peak centroids display a 

characteristic mobility-mass correlation consistent with previous IM lipid studies.41-43 This 

observed decrease in drift time with an increase the number of double bonds is due to changes in 

the gas-phase packing efficiency of the lipid as the degree of unsaturation increases. The addition 

of a cis double bond to the alkyl chain of a lipid introduces a kink in the structure that allows the 

lipid tail to wrap around the molecule, resulting in a more compact gas-phase structure.26 The 

further addition of a second or third double bond causes additional compaction and further reduces 

the drift time; however, this phenomenon has diminishing returns as additional double bonds (≥3) 

result in more modest compaction of the gas-phase structure.   

When the lamp is switched on (Figure 2.5(B)) all four of the unsaturated lipid species in 

this IM-MS region deplete as expected due to ozonolysis. Two of the lipid precursors (PC 34:4 

and PC 34:3) are no longer detectable, and the other two lipids containing sites of unsaturation 

(PC 34:2 and PC 34:1) are depleted to the extent that the fully saturated species PC 34:0 at m/z 

762.6 becomes the dominant species in this region of the spectrum. Hence, as earlier hypothesized, 

the ozonolysis device readily identifies fully saturated lipid species in a mixture by converting 

only the unsaturated species to product ions.   

The utility of the ozonolysis device to analyze a complex lipid mixture is also demonstrated 

in the resulting narrower IM peak profiles observed following the reaction. Normally, the 

overlapping of isotopic envelopes between adjacent lipid species introduces drift profile peak 

broadening and can lead to shifts in the drift peak’s measured centroid (Figure B.2). As such, this 

isotopic overlap can result in inaccurate calculations of collision cross section for closely related   
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Figure 2.5 A phosphatidylcholine lipid extract from chicken egg spiked with a saturated lipid 

standard (PC 34:0) was irradiated using the device. (A) The lipid signals observed in the IM-MS 

spectrum correspond to a series of phosphatidylcholines containing 34 alkyl chain carbons with 0-

4 alkyl chain double bonds. (B) The four species containing double bonds were found to deplete 

upon irradiation, with low intensity species completely converted. However, the fully saturated 

lipid standard at m/z 762.6 did not decrease in intensity, clearly identifying saturated versus 

unsaturated lipids within a complex lipid sample. 
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lipid species. As increasing efforts are made to establish collision cross section as a discriminating 

identifier in metabolomic and lipidomic workflows, the generation of CCS databases that are both 

comprehensive and accurate is becoming increasingly important.42-45 Ozonolysis in this setting 

provides an additional analytical tool for minimizing isobaric interferences and thus resulting in 

more accurate CCS measurements. 

Although not depicted in Figure 2.5, several other series of phosphatidylcholines were also 

detected in the lipid extract, such as PC 38:X (X = 3-8) and PC 18:X (X = 0-4). In contrast to 

traditional post-mobility collision induced dissociation (IM/CID-MS) where product and precursor 

ions are drift time correlated, the ozonolysis reactions in this work occur prior to source ionization. 

Thus, the product ions created via the mercury lamp cannot be time-aligned to a lipid precursor 

ion, resulting in challenging fragment association and identification. In fact, multiple precursors 

could generate a given product ion, and additionally if a precursor contains multiple double bonds 

it can generate multiple product ions, as demonstrated in Figure 2.4. For these reasons, the resulting 

post-ozonolysis product spectrum for a mixture is challenging to analyze and double bond 

positions in the precursor are difficult to assign (Figure B.3 and B.4). These findings indicate that 

chromatographic separation prior to ozonolysis (LC-Oz-IM-MS) would facilitate improved 

characterization of double bond position in complex mixtures. A recent review by Hancock et. al. 

concludes that initial separation by chromatography, followed by online ozonolysis and IM-MS, 

should be sufficient not only for determination of double bond position, but for near complete 

structural characterization of the lipidome.7 This assertion lends further credence to the strength 

and potential impact of our online ozonolysis approach via the low-pressure mercury lamp, 

especially when coupled to chromatography for broad-scale lipidomic analyses. 

 



 48 

2.3.5 Demonstration of a Simple Chromatography Experiment in Conjunction with Ozonolysis 

As described in the preceding section, chromatographic separation is crucial to the 

application of the ozonolysis technique to the identification of double bond position in complex 

mixtures. To illustrate the analytical utility of performing ozonolysis following LC separation, a 

mock mixture of three isomeric glycerophosphocholines (PC 18:1 (9E)/18:1 (9E), PC 18:1 

(9Z)/18:1 (9Z), and PC 18:1 (6Z)/18:1 (6Z)) was prepared and analyzed by LC-Oz-IM-MS. The 

results of this experiment are depicted in Figure 2.6. The chromatographic separation consisted of 

a simple linear gradient, and in lieu of interleaving on-off experiments the analysis was performed 

twice: in the first, the ozonolysis device remained off, and in the second it was activated for the 

duration of the experiment. Performing two parallel experiments facililatated simpler correlation 

of precursors and products and thus allowed easier interpretation of the data. Note that in both 

experiments, the degasser apparatus was bypassed so as to not remove oxygen from the solvent 

and decrease ozonolysis reaction efficiency. Low inter-run variability allowed for the alignment 

of the two resulting extracted ion chromatograms (EICs) for the isomer species at m/z 786.6, 

although only the EIC corresponding to the second experiment with the lamp on is displayed in 

Figure 6B for simplicity. With the device off (Figure 2.6(A)), it is unclear from the EIC of m/z 

786.6 that three isomeric species are present since only two chromatographic peaks are observed. 

However, once the ozonolysis device is switched on (Figure 2.6(B)), the background subtracted 

extracted mass spectra corresponding to each chromatographic peak  reveal the existence of an 

additional third isomer present in the second chromatographic peak. Evidence supporting the 

assignment of two isomers in the second peak arises from the diagnostic ozonolysis fragments at 

m/z 634.4 and 676.6 corresponding to aldehyde products resulting from cleavage at the 6Z and 9Z 

positions on the fatty acid chain.  However, other ozonolysis products in addition to the aldehyde   
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Figure 2.6 A mock mixture of three isomeric glycerophosphatidylcholines was analyzed via LC-

Oz-IM-MS.  (A) With the device turned off, the EIC trace of m/z 786.6 shows separation into cis 

and trans isomers, and no diagnostic ozonolysis fragments are detected. (B) Activation of the 

ozonolysis device reveals the presence of two distinct cis double bond positional isomers at the 6Z 

and 9Z positions, with diagnostic aldehyde fragments at m/z 634.4 and 676.6, respectively, 

underneath the second LC peak in the EIC trace. 
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product are also detected at masses approximately 22 and 56 Da above that of the aldehyde and 

are thought to correspond to sodiated and solvent adducted species (Figure B.5).  

Interestingly, this experiment highlights how neither chromatographic nor ozonolysis 

approaches alone are sufficient to resolve this system of isomers: liquid chromatography separates 

the cis and trans isomers via differences in their retention time, and ozonolysis produces fragments 

diagnostic of double bond location to identify the 6Z and 9Z position isomers. Moreover, though 

not specifically illustrated in this particular example, ion mobility separation provides an additional 

dimension of separation to further increase the signal-to-noise of the ozonolysis fragments. In this 

way, multiple techniques serve complementary roles within a combined analytical platform for 

more comprehensive lipid coverage. 

 

2.4 Conclusions 

The online flow-cell device developed here allows for determination of double bond 

position in multiple lipid species in both positive and negative ionization modes. Post-ozonolysis 

ion mobility separation imparts further structural information regarding the aldehyde product ions 

and may in the future aid in identification of other classes of lipid isomers. Characterization of the 

device’s performance revealed that the rate of production of diagnostic product ions as well as 

total observed conversion of precursor to product displayed a high degree of dependence on the 

sample flow rate. Moreover, preliminary experiments indicate that the flow rates achievable 

through the device are complementary with liquid chromatographic approaches. The LC-Oz-IM-

MS separation of three lipid isomers was able to differentiate the presence of each isomer, thus 

demonstrating the utility of combining several analytical dimensions within a single experiment. 

Overall, the use of a low-pressure mercury lamp to induce ozonolysis in 
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glycerophosphatidylcholines and fatty acids resulted in fast reaction kinetics and high product 

yield under the conditions studied. Moreover, the platform is low-cost and simple to implement on 

any instrument because it requires no instrument modifications and does not require an ozone 

generator. For these reasons, this device has the potential for wide adoption into existing MS-based 

lipidomic workflows.  
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CHAPTER 3 

 

3 EVALUATION OF SURFACE INDUCED DISSOCIATION IN CONJUNCTION WITH 

ION MOBILITY-MASS SPECTROMETRY FOR LIPID STRUCTURAL 

CHARACTERIZATION 

 

3.1 Introduction 

The critical roles that lipids fulfill in both healthy and diseased biological systems have 

motivated the development of novel analytical strategies for lipid identification and quantitation.1–

3 However, the sheer quantity of unique lipids present in the lipidome, which is estimated to 

number in the tens of thousands,4,5 along with their inherent structural diversity has historically 

made the task of analyzing lipids arising from biological samples daunting. Multiple review 

articles have recently been published discussing the current state of lipidomic research and the 

challenges that persist in the field.6–8 While mass spectrometry (MS) continues to be the driving 

analytical technology for lipidomics, scientists have increasingly recognized the need to include 

additional analytical techniques with MS that provide a greater level of structural fidelity beyond 

what traditional MS-based fragmentation approaches like collision induced dissociation (CID) can 

provide.9,10 To that end, a plethora of alternative fragmentation strategies for lipid structural 

characterization have been developed over the years, including both more generalized approaches 

that fragment the lipid analyte indiscriminately and more pinpointed approaches that target a 

specific lipid substructure or chemical bond. Examples of the former include high energy CID 

(HCD)11,12 and radical-based fragmentation strategies such as radical-directed dissociation 

(RDD),13,14 electron-impact excitation of ions from organics (EIEIO),15,16 and ultraviolet 
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photodissociation (UVPD).17,18 Radical-based techniques, in particular, provide unique structural 

information due to their ability to induce fragmentation along the fatty acid chain. However, 

nontargeted mechanisms such as these often lead to very complex fragmentation spectra and low 

signal-to-noise for diagnostic fragments, hampering their utility for analysis of complex samples. 

Targeted approaches, on the other hand, involve specific ion-molecule reactions that target a 

particular region of the lipid, often the double bond position of the fatty acid chains. The two main 

techniques of this type commonly used for lipid analysis include ozone-induced dissociation (Oz-

ID)19–21 and the Paterno-Büchi reaction (PB),22–24 both of which ultimately induce fragmentation 

specifically at the lipid double bond. Each of the aforementioned fragmentation techniques have 

distinct advantages and disadvantages when applied to lipids, especially in the context of more 

complex biological samples. Thus far, no single analytical technique has been able to rapidly 

identify a given lipid to the highest level of structural specificity (i.e. headgroup class, acyl chain 

composition, sn-orientation, double bond position, and chirality), which indicates that novel, 

highly structurally specific fragmentation technologies are still needed. Moreover, an analytical 

platform combining multiple complementary techniques for lipid analysis will likely be necessary 

for the full structural characterization of lipids in biological samples. 

 Surface induced dissociation (SID) is a fragmentation technique originally developed by 

the Cooks lab in the 1980’s for analysis of small molecules in sector mass spectrometers.25–28 In 

contrast to traditional CID fragmentation approaches, which occur via sequential collisions of the 

precursor molecule with a neutral background gas, SID imparts a large quantity of energy to the 

precursor through a single collision with a solid surface. Therefore, SID occurs on a faster reaction 

timescale compared to CID and results in the dissociation proceeding under kinetic control, rather 

than under thermodynamic control as seen in CID.29,30 Thus, SID is potentially able to access 
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fragmentation pathways unavailable to CID. Historically, the hardware implementation of SID 

was challenging due the requirement that ions be directed onto a solid surface, which required 

either extensive instrument modification or the design of new instrumental configurations for the 

explicit purpose of conducting SID experiments.28,31–35 However, more recently the Wysocki 

group at the Ohio State University have developed an SID device that can be incorporated inline 

into a commercial Waters Synapt G2 for experiments that combine SID and ion mobility-mass 

spectrometry (IM-MS) analysis.36  The Wysocki group has primarily used the combination of SID 

and IM-MS to investigate the fragmentation of protein supramolecular complexes, and have 

demonstrated that SID fragmentation of protein complexes sprayed under native-like conditions 

preserves the native topology of the subunits and allows for the determination of protein quaternary 

structure.37–39 This stands in contrast to CID, in which collisional activation typically leads to 

protein unfolding and the ejection of highly charged monomers.30 Interestingly, the SID device 

was designed such that it could be incorporated either before or after the ion mobility cell of the 

Synapt instrument, which allows for the greater flexibility in designing experiments. Incorporation 

of IM before SID allows for the separation of different isobaric ions (e.g., conformers or isomers) 

prior to fragmentation, whereas when IM is utilized after SID, the gas-phase collision cross 

sections of the SID product ions can be measured, which provides information on the molecule’s 

dissociation pathways. 

In this work, we have developed a methodology for tuning and operating the SID device 

in the SID-IM configuration for small molecule analysis, in contrast to the large proteins and 

protein complexes typically studied with this device. Lipids were selected for this small molecule 

SID evaluation due to the challenges that persist in lipid structural characterization. Here, we 

explore the utility of SID for the generation of unique, diagnostic fragments indicative of specific 
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lipid structural features in order to aid identification efforts in lipidomic workflows. To investigate 

the application of SID to this molecular class, seven lipid species across four lipid subclasses were 

analyzed via SID-IM-MS. Energy-resolved ion breakdown curves (ERIBC) and IM-MS spectra 

were utilized to examine lipid dissociation pathways and the structures of fragments generated. 

 

3.2 Experimental Methods 

3.2.1 Sample Preparation 

Lipid standards 1- hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (PC 

16:0/18:1(9Z)), 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine (PE 

16:0/18:1(9Z)), 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoserine (PS 16:0/18:1), 

1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoglycerol (PG 16:0/18:1), 1',3'-Bis-

[1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phospho]-sn-glycerol    (CL 

18:1(9Z)/18:1(9Z)/18:1(9Z)/18:1(9Z)), methyl (9Z)-octadecenoate (FA 18:1 (9Z)), and 

corticosterone (ST) were purchased from Avanti Polar Lipids and Cayman Chemical. Prior to 

analysis, individually infused samples were diluted to working concentrations ranging from 10 to 

30 μM in 7/3 acetonitrile/water (Optima LC/MS grade, Fisher Scientific). Formic acid (0.1%, 

Optima grade, Fisher Scientific) was added to PC, PE, PS, PG, FA, and ST samples, 1 mM NaI 

(Fisher Scientific) was added to the PG sample, and 10 mM NH4COOH (HPLC grade, Fluka, 

Honeywell) was added to the CL sample to promote formation of [M+H]+, [M+Na]+, and 

[M+NH4]
+ ion species, respectively. For mass calibration, 2 mg/mL NaI (Fisher Scientific) in 

50/50 isopropyl alcohol/water (Optima LC/MS grade, Fisher) was utilized following Waters 

recommended calibration protocols.  
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3.2.2 Instrumentation and Tuning the SID Device 

All experiments were performed on a Synapt G2 IM-MS instrument (Waters Corporation), 

modified with a custom SID device located between the trapping and mobility regions of the 

instrument (i.e., SID-IM-MS) as described previously (Figure 3.1(A)).36,38 In order to 

accommodate the device, the Trapping TriWave Ion Guide (TWIG) was exchanged for a truncated 

Trap TWIG. Collision with the fluorinated self-assembled monolayer (FSAM) on gold surface was 

enabled by tuning each of the deflector lenses to optimize SID ion activation. When not utilizing 

SID, a “flythrough” tuning strategy was used that allowed transmission of the ion beam through 

the SID device without surface collision (Figure 3.1(B)). In this mode, a gentle voltage gradient 

was optimized for signal transmission from the trap, through the device, and into the helium cell 

and TWIMS cell with minimal activation; the voltages utilized for this tune permitted transmission 

of multiple small molecule lipid species, with the exception of the cardiolipin sample, which 

required its own separate “flythrough” tune due to its larger mass. It should be noted that due to 

the fact that switching between TOF only and IMTOF modes of the Synapt G2 raises the Trap 

Bias of the instrument by approximately ~43 V, three primary small molecule “flythrough” tunes 

were developed and utilized, with the TOF only mode used solely to mass calibrate the instrument 

and the IMTOF modes (small molecule and cardiolipin tunes, respectively) used for all 

experiments. 

Tuning the SID device in surface collision mode (Figure 3.1(C)) was significantly more 

complex and required optimization of the lenses for the fragmentation of each compound analyzed. 

Generally, collision mode tune files utilized much larger magnitudes of voltages applied to the 

deflector lenses in comparison with respective “flythrough” tune files in order to steer the ion beam 

into collision with the surface and extract the resulting fragment ions. The collision energy for SID  
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Figure 3.1 A schematic representation of the instrumentation used in this study. (A) A 

commercial Synapt G2 IM-MS was modified as described previously with a custom SID device 

installed in-line between the Trapping Cell and the TWIMS Cell. The SID device is controlled 

by adjusting the voltages on ten ion optical lenses and can be operated in (B) “Flythrough mode” 

in which lenses are tuned to pass ions through the device without collision with the surface and 

(C) “Collision mode” in which the lenses are tuned to direct the ion beam towards the SID 

surface and resulting fragment ions are drawn through the exit slits of the device and directed 

into the ion mobility stage of the instrument. 
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is determined by the potential difference between the trap cell exit and the SID surface. Therefore, 

to perform SID across a range of collision energies, the Trap Bias parameter was increased to 

increase the potential difference between the trap exit and the surface, and concurrently the 

Entrance 1 and Front Bottom Deflector lenses were increased by the same magnitude as the Trap 

Bias to maintain ion transmission through the device. Nominally, all of the SID optics would be 

readjusted at each SID collision energy to maximize ion transmission, however, satisfactory 

transmission could be achieved by only adjusting two optics (Entrance 1 and Front Bottom 

Deflector) in the device, in addition to the instrumental Trap Bias parameter.  As a consequence 

of altering only two of the device lenses when changing the SID collision energy, the further from 

the initial SID tune file the collision energy is raised (or lowered), the signal transmission becomes 

increasingly unoptimized, resulting in faster signal depletion than what is observed at equivalent 

CID collision energies. In these experiments, SID collision tune files were optimized at a collision 

energy of 30 V, with the exception of FA, which was optimized at 10 V due to its low mass. Tuning 

the device optics under these intermediate collision energies at which total signal abundance was 

the largest was found to minimize the ion transmission losses observed at the lowest and highest 

collision energies surveyed. 

To date, the majority of published work using this particular instrument configuration and 

SID device has involved the analysis of proteins and large supramolecular complexes. As the IM-

MS instrument utilizes buffer gases to improve ion transmission through the TWIG stages, for 

small molecule analysis, it is important to minimize excess ion activation via CID when 

transmitting ions from the source to the detector, as high ion transmission conditions can also lead 

to ion heating. In this study, it was observed that activation via incidental CID primarily occurred 

as a result of the post-SID injection energy into the TWIMS stage, defined as the potential 
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difference between the SID surface and the Helium Cell. It was determined that ion activation 

occurred for IM injection energies of 20 V or higher for the lipids analyzed in this study 

(Supplementary Figure C.1). By retuning the instrumental and SID device optics at 0 V collision 

energy, total fragment ion signal was reduced to less than 3% relative abundance of the precursor 

ion signal, with the exception of particularly labile lipids (PE, PS, CL, and FA) where fragment 

ion signal was minimized to less than 10%, which was necessary to maintain sufficient ion signal 

for the precursor (>10,000 counts) to conduct SID fragmentation studies. 

 

3.2.3 Experimental Parameters and Operation of the Modified Instrument 

All experiments were performed with the Synapt G2 operating in IMTOF Sensitivity mode, 

in which the protonated precursor of PC 16:0/18:1 (m/z 760.6) when isolated in the quadruple, had 

a measured mass resolving power of approximately 25,000. The SID device was operated using 

an external power supply and software. All samples were directly infused and source conditions 

were individually optimized for each lipid. Analyte ions were mass-isolated by the quadrupole 

prior to either SID or CID. Both SID and CID fragmentation spectra were collected over a range 

of collision energies with post IM-MS analysis. IM travelling wave conditions utilized the default 

settings (wave height of 40 V and wave velocity of 650 m/s) for all lipids with the exception of ST 

(wave height of 35 V and wave velocity of 1000 m/s) which required different settings to disperse 

the fragment ions more broadly across the drift time space. The helium cell of the Synapt G2 serves 

to kinetically cool the ion beam prior to IM separation, allowing for increased nitrogen pressure in 

the TWIMS cell which improves ion mobility resolution.40 Therefore, the helium cell was set at 

its maximal value of 200 mL/min for all samples except CL, in which the helium flow rate was 

lowered to 120 mL/min for more optimal signal transmission. Increasing the argon gas flow rate 
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in the trapping cell and the nitrogen gas flow rate in the TWIMS mobility cell was observed to 

increase the abundance of fragment ions arising from incidental CID. Therefore, these settings 

were decreased from their default settings to 0.4 mL/min argon and 60 mL/min nitrogen for all 

samples except CL which instead had 1 mL/min argon and 4o mL/min nitrogen. For comparison 

with SID fragmentation spectra, CID was also performed at laboratory frame collision energies 

equivalent to those used in SID. All fragmentation experiments were performed in triplicate. 

Collision energies were stepped in increments of 10 V for all lipids except PC and FA which were 

stepped in 5 V increments, and collision voltages were increased until the total ion signal was fully 

depleted. The collision energy ranges for each lipid were as follows: PC 0-150 V, PE 0-120 V, PS 

0-100 V, PG 0-100 V, FA 0-25 V, CL 0-100V, and ST 0-50 V. More detailed descriptions of 

experimental parameters can be found in the Supplemental material. 

 

3.2.4 Data Analysis 

All mass spectra were first processed in MassLynx v4.1 and Driftscope v2.5. Due to the 

large quantity of data generated (approximately 420 total data files) a custom C++ program was 

written to automate the data processing in MassLynx and subsequent exporting of each spectra 

into Excel as a peak list at each collision energy. First, the direct infusion total ion chromatogram 

corresponding to each fragmentation energy was summed to produce an integrated mass spectrum. 

Next, the bottom 70% of signal was omitted to remove background ions, and the remaining profile 

spectrum was smoothed and centered to produce the final MS/MS spectrum. The default 

smoothing and centering settings in MassLynx were used, and centering was performed as a 

function of height rather than area. Then, the peak list and corresponding intensities were copied 

to Excel where the spectra were further processed using custom VBA macros to remove all peaks 
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above the mass of the precursor, remove centering artifact apodes, and convert the signal to relative 

intensity. Finally, an additional VBA macro was used to automatically generate energy-resolved 

ion breakdown curves for the CID and SID fragmentation experiments of each lipid. The energy-

resolved ion breakdown curves plot the decomposition products observed as a function of lab 

frame collision energy in terms of relative abundance normalized to the most abundant ion at each 

individual collision energy, rather than abundance of the precursor ion. 

 

3.3 Results and Discussion 

3.3.1 Direct Comparison of CID and SID Fragmentation Spectra 

To facilitate initial characterization efforts, the commonly studied phosphatidylcholine 

standard, PC 16:0/18:1 (9Z), was utilized for tuning the SID device for small molecule 

fragmentation. The structure of this lipid is depicted in Figure 3.2(A), with observed cleavage sites 

and resulting fragment ion m/z annotated. Once a suitable SID tune was developed, the protonated 

lipid precursor at m/z 760.6 was isolated in the quadrupole and then subjected to SID activation at 

30 V (Figure 3.2(B)). For comparison, the lipid was also fragmented via CID at an equivalent lab 

frame energy (Figure 3.2(C)). It was observed that the fragment ions were largely identical 

between the two fragmentation spectra, indicating that for a collision energy of 30 V, SID does 

not access any fragmentation pathways unavailable to CID. The dominant product ion in both 

spectra is the expected loss of the phosphocholine headgroup at m/z 184.1, while other low 

abundance fragments include other headgroup fragments and the loss of the sn2 acyl chain at m/z 

496.3. The major difference between the two fragmentation spectra is reflected in the differences 

in relative abundance of both the precursor ion and some of the low mass headgroup fragment 

ions. The precursor ion at m/z 760.6 is more substantially depleted in the SID fragmentation  
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Figure 3.2 Comparison of the SID (B) and CID (C) fragmentation spectra of the lipid PC 16:0/18:1 

at equivalent lab frame collision energies. Selected product ions and their cleavage sites are 

annotated on the precursor molecule (A). Observed fragment ions are largely identical between 

the two fragmentation modalities, with the phosphocholine headgroup loss (m/z 184.1) serving as 

the dominant product ion arising from both ion activation modes. 
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spectra, and the headgroup fragments at m/z 86.1, m/z 99.0, and m/z 125.0 are also increased in 

the SID fragmentation spectra relative to the CID fragmentation spectra. These observations are 

indicative of the fact that SID imparts more energy to the target molecule than CID does at an 

equivalent lab frame energy, which is consistent with the literature and indicates the validity of the 

current SID tuning methodology. 

 

3.3.2 Validation of Lipid Fragments using IM-MS Spectra and Kendrick Mass Defect Analysis 

In an effort to identify lipid fragments unique to SID, and therefore generated via 

dissociation mechanisms unavailable to CID, SID and CID were performed over a range of 

collision energies for each of the lipid samples. Surveying a broad range of collision energies 

corrects for the fact that SID imparts more energy to the target molecule and allows for an 

interrogation of the entire chemical space of product ions that may be generated by each 

fragmentation mechanism. The fragmentation of glycerophospholipids has been detailed 

thoroughly in the literature, particularly their dissociation via CID.9,41 Therefore, elucidation of 

novel fragmentation mechanisms such as those potentially accessed via SID requires careful study 

of low abundance fragment ions, as well as those which appear at low m/z. Examination of IM-

MS product ion spectra allows for facile inspection of low intensity fragments by filtering out 

chemical noise for improved signal-to-noise, as well as enabling the identification of ions which 

fall within the same mobility-mass correlation region as other known fragments of the precursor 

within the spectrum. Figure 3.3 depicts a comparison of SID (A) and CID (B) IM-MS 

fragmentation spectra for the PC 16:0/18:1 standard at a collision energy of 50 V. As previously 

observed at a collision energy of 30 V in Figure 3.2, the majority of detected fragment ions, 

particularly those of significant signal intensity, are conserved between the two fragmentation  
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Figure 3.3 Comparison of the SID (A) and CID (B) IM-MS fragmentation spectra of the lipid PC 

16:0/18:1 at equivalent lab frame collision energies. As similarly observed in the MS 

fragmentation spectra in Figure 2, detected fragment ions are largely identical between the two 

fragmentation modalities. The IM analysis in both ion activation modes reveals the presence of a 

series of interfering species which resulted from transmission of multiple precursor ions within the 

quadrupole isolation window, but these interferents partition in a distinct region of IM-MS space 

which is removed from the ions of interest. 
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modalities. These fragment ions, which are labeled in Figure 3.3A, correspond well with 

established fragmentation mechanisms for PC lipids. However, closer inspection of the IM-MS 

fragment ion spectra reveals additional details about the nature of the structure of the product ions. 

For example, the vertical “streaking” which appears at low m/z corresponds to ions which are 

formed during the TWIMS analysis, such as those generated through metastable decay, and this 

uncorrelated ion mobility signal is observed in both the SID and CID mobility spectra for several 

low mass headgroup fragments, such as m/z 86.1, m/z 99.0, and m/z 125.0. More importantly, 

when IM separation occurs post-fragmentation, the mobility-mass correlations can be used to link 

product ions to their precursor(s). These relationships, commonly referred to as trendlines in the 

IM literature, serves two crucial purposes: (1) they allow for the isolation of product-specific mass 

and mobility spectra and thus improves the signal-to-noise ratio for the ions of interest,42 which is 

especially useful for the analysis of low abundance signals originating from complex spectra, and 

(2) these correlations validate whether a given fragment ion results from the fragmentation of a 

specific precursor. For example, the SID and CID IM-MS fragmentation spectra depicted in Figure 

3.3(A) and Figure 3.3(B) appear to have minor differences in the appearance of some of the lower 

abundance fragments. However, these low abundance fragment ions do not lie along the mobility-

mass correlation for the protonated precursor ion (m/z 760.6) of PC 16:0/18:1. Rather, these ions 

are fragment ions resulting from the dissociation of a higher charge-state interfering species that 

was isolated in the quadrupole along with m/z 760.6. This is evidenced by the fact that these 

species have an overall lower arrival time distribution than known fragments ions originating from 

m/z 760.6. In this case, ion mobility provides utility via an extra dimension for product ion 

discrimination, and prevents misattribution of fragment ions to the incorrect precursor. 
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The assignment of SID product ions can be reinforced using Kendrick mass defect (KMD) 

analysis. Represented by the decimal mass number following the nominal mass, the mass defect 

refers to the change in mass due to the binding energy of nucleons and thus is intrinsically related 

to the chemical composition of the analyte.43,44 The Kendrick scale, which rescales the mass axis 

based on the mass of a CH2 group (14 Da) has been shown to demonstrate utility for the relational 

analysis of molecules distinguished by their CH2 groups, such as petroleum-based hydrocarbons 

and lipids.45–47 In this case, KMD analysis was applied to the 50 V SID fragmentation spectra of 

PC 16:0/18:1. The KMD was determined for each of the fragment ions by subtracting the 

Kendrick-scaled mass from the nominal Kendrick mass, and the resulting KMD was then plotted 

as a function of exact mass, as shown in Figure 4A. Projecting the data in this manner resulted in 

two distinct trendlines of fragment ions, highlighted in blue and yellow on the figure, and a cluster 

of fragment ions at low m/z which are lipid headgroup fragments that do not undergo mobility-

selective separation in the TWIMS (that is, ions which are transmitted under “ion surfing” 

conditions).48 These two trendlines were reminiscent of the fragment ion mobility-mass 

correlations observed in Figure 3.3(A), and plotting the IM arrival times as a function of mass 

resulted in Figure 3.4(B). Comparing the two plots in Figure 3.4 led to the conclusion that the two 

trendlines in the KMD analysis represented fragment ions from two separate precursor ions, the 

precursor of interest at m/z 760.6 and one or more interfering ions described previously. The KMD 

analysis, like the IM-MS spectra, aligned chemically similar fragment ions into distinct regions of 

space. The chemical structures of the majority of product ions resulting from SID of PC 16:0/18:1 

were deduced from the precursor structure, all of which are denoted by a yellow marker in Figure 

3.4(A) and Figure 3.4(B). It should be noted that the blue ions that appear on the yellow trendlines 

of Figure 3.4(A) and Figure 3.4(B) are not interferents, but rather isotopes of other yellow ion  
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Figure 3.4 Kendrick mass defect analysis (A) of the fragment ions resulting from SID of PC 

16:0/18:1 at 50 V displays similar trends as a function of m/z as the fragment ions’ ion mobility 

arrival times (B). The yellow trendline represents fragment ions resulting from the dissociation of 

the PC 16:0/18:1 precursor at m/z 760.6, with yellow markers representing fragment ions with 

chemical formulas and structures verified to result from known PC fragmentation pathways. As 

previously observed in Figure 3.3, the blue trendline represents fragment ions resulting from an 

interfering species isolated by the quadrupole alongside m/z 760.6 and the interferent’s resulting 

fragment ions which are separated out in both IM space and KMD space from the fragment ions 

of interest. The region at lower m/z are ions arising from post-mobility dissociation as well as ions 

which are not observed to mobility separate under the TW conditions used. 
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structures.  Here, utilization of both the IM-MS data and KMD analysis was critical for the 

assignment of fragment ions to the correct precursor and subsequent validation of SID product ion 

structures. 

As a second example demonstrating the utility of combined IM-MS and KMD analysis, 

several unique fragment ions of PG 16:0/18:1 were observed at high SID collision energies (> 70 

V) which were not detected in the complementary CID spectra (Supplementary Figure C.2). 

Analysis of the SID IM-MS product ions spectra suggested that the fragments in question (m/z 

284.3, m/z 340.4, and m/z 368.4) might be fragment ions of the PG lipid, as their signals grouped 

in a region of mobility-mass space in proximity to known fragment ions for PG 16:0/18:1 

(Supplementary Figures C.2 and C.3). Nevertheless, KMD analysis revealed that the ions in 

question did not correlate in KMD space with other known fragments, indicating that they likely 

did not result from SID of the sodiated PG 16:0/18:1 precursor at m/z 771.51 (Supplementary 

Figure C.3). Moreover, all three of the ions of interest (m/z 284.3, m/z 340.4, and m/z 368.4) 

possessed KMD values which were very close to the hydrocarbon limit of 1 (0.987, 0.987, and 

0.988, respectively) which indicated that theses ions were potentially hydrocarbon interferents 

released from the surface at high SID collision energies. This example highlights how orthogonal 

strategies such as ion mobility and mass defect analyses contribute additional molecular 

information and aid in fragment ion identification and validation.  

 

3.3.3 Comparison of Energy-Resolved CID and SID 

Once the product ions were verified via IM-MS and KMD analyses, the relative intensities 

of the most abundant fragment ions were plotted as a function of collision energy to generate 

energy-resolved ion breakdown curves (ERIBC). Energy-resolved measurements provide insight 
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on the major decomposition mechanisms an analyte undergoes as the collision energy increases. 

These energy-resolved plots were constructed for each of the seven lipids analyzed in this study. 

Three of these lipids have their respective CID and SID ERIBC depicted in Figure 3.5, with 

corticosterone (ST), PC 16:0/18:1, CL (18:1)4 represented in panels A, B, and C, respectively. In 

general across all of the lipids analyzed, it was observed that as the mass of the lipid precursor 

increased, the energy required to induce fragmentation also increased, which is a feature common 

to collision-based fragmentation techniques. Additionally, as observed previously in the 

fragmentation spectra comparisons in Figure 3.1 and the IM-MS spectra comparisons in Figure 

3.2, the most abundant product ions are identical between SID and CID fragmentation mechanisms 

for all three lipids depicted in Figure 3.5, as well as in the ERIBC for the other four lipids, which 

can be viewed in the Supplementary material. However, the collision energies in which each 

fragment ion appears is lower in SID versus CID. In other words, the transitions from one dominant 

species in the mass spectra to another (annotated as shaded regions in the figure, preceding from 

white, to light gray, to dark gray, to represent the transition from the precursor, first-generation 

fragments, and second-generation fragments) occur at lower collision energies in SID relative to 

CID.  

The largest differences between SID and CID energy-resolved ion breakdown curves 

occurred at the highest collision energies surveyed. For example, SID was observed to deplete the 

signal of the headgroup of PC 16:0/18:1 at m/z 184.1 into successively smaller secondary 

fragments, such as m/z 99.0, a process which was not fully observed for CID at the maximum 

collision energy accessible by this instrument. The other glycerophospholipids surveyed behaved 

similarly to PC 16:0/18:1, with high energy SID leading to the production of small headgroup 

fragments only minimally detected via CID fragmentation. Additionally, the CL fragment m/z  
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Figure 3.5 Relative ion intensity of precursor and predominant fragment ions as a function of lab 

frame collision energy for corticosterone ST (A), PC 16:0/18:1 (B), and CL(18:1)4 (C) for both 

SID (top) and CID (bottom). Shaded areas of each energy-resolved ion breakdown curve 

correspond to the precursor species (white), the first-generation fragments (light gray), and 

second-generation fragments (dark gray). Because SID is a higher energy fragmentation 

technique, onset of precursor fragmentation and further structural decomposition occur at lower 

collision energies relative to CID. 
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603.6 begins to break down into smaller structures (m/z 247.3, m/z 265.3, and m/z 339.3) at 

approximately 70 V via SID, while only minimal fragmentation of the same ion is observed at 100 

V when performing CID. To summarize the comparison of the two fragmentation mechanisms for 

the lipids analyzed, the ΔU50, or the collision energy at which 50% of a species has been depleted, 

was determined for the precursor and the first product ion of each of the lipids for both SID and 

CID. This information is collected in Table 1, and complements the energy-resolved plots. The 

ΔU50 for both precursor and product ion were always lower for SID relative to CID for the lipids 

analyzed, indicating that SID is a more efficient fragmentation mechanism. Together, these 

observations provide additional support that SID deposits greater energy to the analyte molecule 

than does CID in the current instrumental configuration, which as stated previously is supported 

by theory and prior results in the literature.25,29,49  

Aside from the differences in fragment ion appearance and depletion energies between the 

two dissociation mechanisms, only minor differences were observed for the ERIBC of the lipids. 

For example, the formation of m/z 166.1 is preferred over the formation of m/z 81.0 in the 

fragmentation of PC 16:0/18:1 for SID relative to CID (see Supplementary Figure C.4 for a clearer 

representation of this observation), but otherwise no fragment ions unique to SID were detected 

for this lipid, or the other lipids analyzed in this study. These observations suggest that although 

SID imparts greater energy to the analyte in the dissociation process, smaller molecules such as 

lipids may not possess additional higher energy fragmentation pathways that are otherwise 

inaccessible to CID. In contrast to small molecules, larger analytes such as proteins and protein 

complexes benefit more from the shortened timescale of SID fragmentation whereby the precursor 

is less able to vibrationally redistribute the energy imparted across its chemical bonds. In other 

words, SID fragmentation is more ergodic for small molecules than larger molecules because small 
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molecules take less time to distribute the collision energy across their normal modes due to having 

fewer chemical bonds and overall degrees of freedom. For these reasons, the lack of unique SID 

fragments in these small molecule experiments is justifiable. For the lipids in this study, most of 

the differences between SID and CID in the ERIBC occurred at very high collision energies, with 

very small headgroup fragments (< 100 m/z) that are not particularly useful for structural 

identification, however other classes of molecules could still potentially benefit from the large 

energy deposition provided by SID. Although SID was not found to generate novel fragment ions 

or fragmentation pathways for the lipids analyzed in this study, it remains a useful technique due 

to its high fragmentation efficiency and ability to generate fragments from higher energy 

dissociation pathways at lower lab frame collision energies.  

 

3.4 Conclusions  

Surface induced dissociation (SID) was used to fragment seven different lipid molecules 

representing four different lipid subclasses to investigate the utility of the technique for lipid 

structural analysis. For the small molecule lipids analyzed in this study, SID was found to produce 

comparable fragmentation spectra to traditional CID fragmentation. However, SID promoted more 

fragmentation at the same lab frame energy, which provided in-depth structural information, 

particularly regarding the lipid headgroup of glycerophospholipids. The use of IM separation 

following SID fragmentation provided additional structural information for the generated product 

ions, and mobility-mass trends combined with mass defect analysis aided in the assignment of 

product ions to the correct precursor species. Finally, energy-resolved ion breakdown curves 

verified initial assessments based on individual fragmentation spectra that SID deposits a greater 

quantity of energy to the target molecule in comparison to CID, which was supported by the 
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observation that fragment ion appearance energies are lower in SID than CID. Taken together, SID 

serves as another important analytical technique in the toolkit for lipid structural analysis, 

particularly when combined with orthogonal techniques such as ion mobility and mass defect 

analysis. 
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CHAPTER 4 

 

4 MASS SPECTROMETRY AND ION MOBILITY STUDY OF POLY(ETHYLENE 

GLYCOL)-BASED POLYURETHANE OLIGOMERS‡ 

 

4.1 Introduction  

Polyurethanes (PURs) are multi-block copolymers having alternating sequences of soft and 

hard blocks. The soft blocks are typically polyester or polyether polyols of varying molecular 

weight.  Methylene diphenyl diisocyanate (MDI) is a common hard block component that readily 

forms urethane linkages when reacted with polyols or short chain diols, the latter known as chain 

extenders. PURs can be extremely complex and structural characterization can be challenging 

because of intrinsic distribution variations, cross-linking, and structural heterogeneity. 

One specific limitation to characterizing PURs, and copolymers in general, is the inability 

to determine the exact sequence of units in oligomer chains. Consider, for example, an oligomer 

consisting of one MDI unit (M) and two polyols (PEG) of differing molecular weights, (PEG)n, 

where n is the number of polyol repeat units. A peak in the mass spectrum corresponding to 

oligomers formed from one M and eight PEGs (polyols) could be combinations of (PEG)1-M-

(PEG)7, (PEG)2-M-(PEG)6, (PEG)3-M-(PEG)5, or (PEG)4-M-(PEG)4. All will have the same 

elemental composition and exact mass. However, the differences in their structural sequences can 

potentially be elucidated through fragmentation (MS/MS) and ion mobility (IM-MS) studies. 

 
‡This chapter contains material adapted from the published research article “Mass Spectrometry 

and Ion Mobility Study of Poly(Ethylene Glycol)‐based Polyurethane Oligomers,” by Rachel A. 

Harris, Jaqueline A. Picache, Ian D. Tomlinson, Emanuel Zlibut, Berkley M. Ellis, Jody C. May, 

John A. Mclean, and David M. Hercules, Rapid Communications in Mass Spectrometry, 2020, No. 

e8662, 1–8. It has been reproduced with the permission of the publisher and co-authors 
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Tandem mass spectrometry (MS/MS) and ion mobility–mass spectrometry (IM-MS) work 

reported on PEG-PURs has not been extensive. Our group has published a CID-MS and IM-MS 

study of poly(butylene adipate)-based PURs.1 Synthesis and characterization of sequence coded 

PURs have been reported by the Charles-Lutz collaboration as part of their effort to produce 

molecular bar codes that can be read by MS/MS.2,3 Other workers have studied polymer species 

distribution within various PUR chains. For example, Aou, et al. used MALDI-MS to determine 

the distributions of hard segment lengths in PUR foams by “soft” hydrolysis.4 Pasch et al. obtained 

sequence analysis of toluene diisocyanate-MDI oligomers from a cross-linked PUR using the 

combination of hydrolysis, MALDI-MS and MS/MS.5 Yontz and Hsu reported a MALDI study of 

poly(urea-urethanes) to determine the hard segment chain-length distribution and its relationship 

to water content.6 Gies et al. published a MALDI MS/MS study of carbodiimide branching 

reactions7 and used MALDI and MS/MS to identify the cause of increased viscosity observed in 

processing of poly-MDI.8 Lastly, Lattimer et al. combined MALDI with pyrolysis to study the 

structure of segmented PURs formed from MDI and poly(butylene adipate).9 Nearly all of the 

aforementioned work has used fragmentation as the primary method of PUR structure 

characterization. A few groups have used IM-MS to characterize non-PUR based synthetic 

polymers as well as biomolecular polymers.10-12 While all these studies represent important 

contributions to the understanding of PUR chain distributions, the characterization of PEG-PURs 

via tandem mass spectrometry fragmentation (MS/MS) and ion mobility analysis remains undone. 

The present communication is a preliminary report of the synthesis, MS/MS, and IM-MS 

of three isomeric PUR oligomers formed from MDI and PEG having one MDI (M) and 12 polyols 

(PEGs). One is the symmetrical (PEG)6-M-(PEG)6 oligomer (6-M-6); and the other two are 

(PEG)4-M-(PEG)8 (4-M-8) and (PEG)2-M-(PEG)10 (2-M-10). The major fragmentation products 
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observed are resultant of the 1,3-and 1,5-hydrogen shift reactions. Distinct IM-MS trends are 

observed for the oligomers where the differences in drift times between the doubly charged 

isomeric species are greater than what is observed for the singly charged isomers. 

4.2 Experimental  

4.2.1 Materials and Instrumentation 

Methanol (MeOH), water (H2O), and formic acid of Optima grade purity were purchased 

from Fisher Scientific (Fair Lawn, NJ). A mixture of fluoroalkyl phosphazenes, 

tris(fluoroalkyl)triazines, betaine, and trifluoracetic acid reference standards were purchased as a 

commercially available mixture (Tune Mix, G1969-85000) from Agilent Technologies (Santa 

Clara, CA). In this manuscript, flow-injection ion mobility-mass spectrometry (IM-MS) and 

tandem mass spectrometry (MS/MS) data was acquired using a 1260 Infinity LC system and a 

6560 IM-QTOF MS (Agilent). 

 

4.2.2 Oligomer Synthesis 

The symmetrical 6-M-6 oligomer, compound IDT747 (Figure 4.1(A)), was synthesized by 

the addition of methylene diphenyl diisocyanate (MDI) to a 10-fold excess of monodisperse hexa-

polyethylene glycol in toluene containing a catalytic amount of triethylamine and purified by 

column chromatography on silica gel.13 Hexa-PEG was synthesized using the procedure outlined 

by Gothard and Grybowski14 as reported in the supplemental section. 

Synthesis of the asymmetric 4-M-8, compound IDT764 (Figure 4.1(B)), was achieved by 

the addition of mono-tritylated tetra-polyethylene glycol to a 3-fold excess of MDI followed by 

the addition of the mono-carbamate to an excess of octa-polyethylene glycol. The resultant 

intermediate was semi-purified by column chromatography. Next, the trityl protecting group was   
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Figure 4.1 PEG-PUR oligomers used in this study. The three synthesized oligomers are isomeric, 

each consisting of a single MDI hard block and twelve total PEG soft blocks, in which m and n 

represent the number of soft block units on each side of the MDI hard block. 

  

(A)   IDT747 6-M-6  m = 5, n = 5

(B)   IDT764 4-M-8 m = 3, n =7

(C)   IDT814 2-M-10 m = 1, n = 9



 86 

removed under acidic conditions and further purification by column chromatography gave the 

desired asymmetric oligomer. A pure sample of 2-M-10, compound IDT814 (Figure 4.1(C)), was 

synthesized in a similar manner by first mixing mono-tritylated deca-PEG with a 5-fold excess of 

MDI, stirring at ambient temperature for 1 hour and then adding the resultant crude mixture to 220 

equivalents of diethylene glycol and stirring again at ambient temperature for 18 hours. The mono-

tritylated MDI intermediate was purified by column chromatography and deprotected under acidic 

conditions, giving IDT814 following a second column purification step. A detailed description of 

the synthesis of both the symmetric and the asymmetric PURs is outlined in the supplemental 

section. 

 

4.2.3 Data Acquisition and Analysis Procedures 

Measurement values within this manuscript were acquired using an IM-MS workflow. 

Briefly, each polymer was prepared at an analytical concentration of 0.1 µM in MeOH. 5 µL of 

each sample was injected via an autosampler using a previously described flow injection method.15 

An isocratic 1.5 min gradient of 50:50 MeOH:H2O at 100 µL•min-1 flow rate was used to introduce 

the samples into the IM-MS instrument. Analytes were ionized using a thermally assisted 

electrospray ionization source (Dual JetStream, Agilent) at 325 C and an ion transfer capillary 

voltage (VCap) of 4000 V. The ion source gas was nitrogen operated with a drying gas flow rate 

of 13 L•min-1, and a sheath gas flow rate of 12 L•min-1. Ion mobility separations were performed 

using a uniform field drift tube operated with high-purity nitrogen drift gas at 3.95 Torr and room 

temperature (~298 K). A single drift field analysis at 17.26 V•cm-1 was performed on a 

standardized calibrant mixture (Agilent Tune Mix) to normalize sample drift times and perform 

the conversion to collision cross section (CCS), as previously described.16 The time-of-flight   
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Table 4.1 Major observed fragment ions for each of the three isomeric PEG-PUR oligomers. The 

fragmentation mechanism leading to the formation of each ion is labelled. 

4-M-8 6-M-6 2-M-12 
  m/z   m/z   m/z 
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1,3 H-shift 731.3 

1,3 H-shift 467.2 1,3 H-shift 305.2 1,3 H-shift 481.3 

1,3 H-shift 393.2 1,3 H-shift 261.1 1,3 H-shift 437.2 

1,3 H-shift 217.1 1,5 H-shift 573.2 1,5 H-shift 749.4 

1,5 H-shift 661.3 1,5 H-shift 

+ CO2 loss 

529.2 1,5 H-shift 

+ CO2 loss 

705.4 

1,5 H-shift 

+ CO2 loss 

617.3 1,5 H-shift 287.1 1,5 H-shift 463.2 

1,5 H-shift 485.2  

1,5 H-shift 

+ CO2 loss 

441.2 

1,5 H-shift 375.2 
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acquisition mass range was set at m/z 100 to m/z 1700. For fragmentation studies, individual m/z 

values were quadrupole isolated using an isolation width of approximately 4 m/z units. These 

isolated masses underwent collision induced dissociation (CID) using the following series of 

collision energies (CE, laboratory frame): 0 V, 30 V, 40 V, 50 V, 60 V, 70 V, and 80 V. A 1 min 

post-acquisition gradient of 50:50 MeOH:H2O at 100 µL•min-1 was used to flush the LC lines 

between samples. Data analysis was performed using MassHunter IM-MS Browser (vB.08.00, 

Agilent) and MassHunter Qualitative Analysis (vB.08.00, Agilent). 

 

4.2.4 Computational Methods 

Insight into the gas-phase conformation of IM-MS results were supplemented with 

computational studies. Computation modeling included a two-step approach: (1) sampling 

conformational space and (2) obtaining CCS values for the generated conformations. A geometry 

optimization at the Hartree-Fock level with 6-31G* basis set was performed with Gaussian 09 for 

each of the PEG-PUR oligomers separately.17 Partial charges were derived from ab initio 

electrostatic potential calculations using a 6-31G* basis set. Sodium ions were added post-

optimization and partial charge computations with tLeap. Conformational sampling for optimized 

PEG-PUR oligomers with sodium ions were acquired using a simulated annealing protocol 

implemented in AMBER.18 Sodium ions were restricted to 20 Å distance from a central carbon the 

entirety of the simulation. For each polymer, a molecular dynamic (MD) simulation began by 

heating the molecule from 0 K to 650 K over 250 ps, followed by a maintained temperature of 800 

K for 9,000 ps. With continuous temperature at 800 K, a structural snapshot was saved every 

16,667 steps, and a total of 3,000 structural snapshots were saved. These 3,000 high-energy 

structures were then cooled to 300 K during a 15 ps MD simulation.  



 89 

 

 

 

Figure 4.2 IM-MS/MS analysis of three isomeric PEG-PUR oligomers (PEG)
4
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8
 (4-M-

8) (A), (PEG)
6
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6
 (6-M-6) (B), and (PEG)

2
-M-(PEG)

10
 (2-M-10) (C). The structures of 

the precursors are shown, annotated by selected fragment ions at cleavage sites. Representative 

MS/MS spectra are depicted at fragmentation energies of 30V, 50V, and 70V, with diagnostic 

fragment ions and their requisite mechanisms labelled in the table below for each isomer. 
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Theoretical CCS for the resulting 3,000 conformations was determined using MOBCAL 

software. Projection approximation (PA) was used to generate helium CCS values.19-21 Nitrogen 

PA CCS values were determined for a set of confirmations spanning the entire CCS range using 

superposition projection approximation. These values were used to create a linear trend and obtain 

Nitrogen CCS values for the remaining conformations.22-25 

 

4.3 Results and Discussion  

4.3.1 Fragmentation Schemes of Isomeric PEG-PUR Oligomers 

Synthesized 4-M-8, 6-M-6, and 2-M-10, PUR oligomers were individually analyzed via 

IM-MS/MS. The intact [M+Na]+ species of m/z 837.4 was mass-selected and subjected to a range 

of CEs from 0 to 80 V. The resulting fragmentation spectrum contained multiple masses unique to 

each isomeric species. Specifically, the 6-M-6 and 2-M-10 isomers each contained six primary 

diagnostic peaks, and the 4-M-8 fragmentation spectrum contained nine diagnostic peaks as 

summarized in Table 1. Fragmentation spectra for each isomer are shown in the Figure 4.2 for 30 

V, 50 V, and 70 V CEs. Here, the IM dimension is used to filter out the background chemical 

noise, which improves the quality of the MS/MS results. Though each isomeric oligomer has a 

unique fragmentation spectrum and associated diagnostic fragment ions, all product ions originate 

from only one of two possible fragmentation mechanisms. Namely, these species are undergoing 

either a 1,3- or 1,5-hydrogen shift around the carbonyl/amide bond located at the MDI motif. The 

proposed mechanism of these hydrogen shifts is shown in Figure 4.3(A). Full structures of all 

observed fragmentation products for the PEG-PURs within this study can be found in the 

supplemental section (Figures D.4-9). Previous work has shown that other PUR polymer species 

undergo these same 1,3- and 1,5-H shifts.1 Specifically, poly(butylene)adipate polyesters (PBA-  
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Figure 4.3 Proposed mechanisms for the fragmentation of PEG-polyethers and PBA-polyesters. 1,3-

hydrogen shift and 1,5-hydrogen shift fragmentation occurs similarly in PEG-polyethers (A) and PBA-

polyesters (B). However, the ratio of 1,3-hydrogen shift to 1,5-hydrogen shift products differs between 

PEG-PURs and PBA-PURs. 
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PURs, Figure 4.3(B)), have a similar reaction mechanism. However, it was observed that the 1,3-

H shift is preferred by PEG PURs whereas the 1,5-H shift dominated the fragmentation results of 

PBA-PURs. This result is unexpected given that the proposed transition state structures for 

fragment-ion formation (Figure 4.3) are nearly identical for polyesters and polyethers. One 

possible explanation regarding this observation is that PEG-PUR soft blocks contain an electron-

withdrawing oxygen, indicated in red (Figure 4.3(A)), which could influence electron movement 

in that locale during fragmentation reactions. Alternatively, PBA-PUR soft blocks contain a CH2 

motif in the same position. Research on this issue is ongoing. 

 

4.3.2 Fragmentation Characterization at Discrete Collision Energies 

The fragmentation pattern of each isomeric oligomer was acquired across several collision 

voltages, namely 0 V, 30 V, 40 V, 50 V, 60 V, 70 V, and 80 V. Primary fragments began forming 

from the precursor m/z 837.4 at 40 V with all diagnostic fragments being observed at 80 V. 

However, the intact molecule was not fully depleted at 80 V CID. Figure 4.4 depicts the relative 

intensity of the most abundant diagnostic fragments (relative intensity ≥ 10%) at a given collision 

voltage. Intensities for each fragment ion were normalized relative to the largest peak at each 

collision energy. As previously mentioned, the 1,3-H shift in all three isomeric species was 

preferred based on the observation that the peaks generated from a 1,3-H shift which correspond 

to a diol and isocyanate (retro-polymerization). This phenomenon is corroborated by the 

observation that the 1,3H shift fragmentation products are the most abundant fragments for all 

three oligomers as shown in Figure 4.4. Briefly, in 4-M-8 oligomers, the isocyanate fragments are 

m/z 467.2 and m/z 643.3, with corresponding diol products at m/z 393.2 and m/z 217.1. In 6-M-6 

oligomers, the isocyanate fragment is m/z 555.2 with its corresponding diol at m/z 305.2. In 2-M-  
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Figure 4.4 Energy-resolved ion breakdown curves were generated for 4-M-8 (A), 6-M-6 (B), and 

2-M-10 (C) from 30-80V. The relative intensity of selected diagnostic fragment ions outlined in 

Figure 4.2 (with relative signal ≥ 10% + standard error) were plotted as a function of collision 

energy. 
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10 oligomers, the isocyanate fragments are m/z 379.1 (unobserved) and m/z 731.3 with respective 

corresponding diols at m/z 481.3 and m/z 129.1 (unobserved). For 1,5-H shift mechanism products, 

carbamic acid products are generally only observed in very low abundance having been largely 

converted to an amine via loss of CO2 (e.g. m/z 573.2 to m/z 529.2 for the 6-M-6 oligomer). 

Fragments bearing a vinyl end-group were observed to have the greatest abundance among the 

1,5-H shift products indicating that these species tended to retain the charge carrier following the 

fragmentation reaction. Characterization of all anticipated fragmentation products for each of the 

isomeric oligomers can be found in the supplemental section (Figures D.1-3). 

 

4.3.3 Ion Mobility Analysis of PEG-PUR Oligomers 

For all three isomeric oligomers, both singly and doubly charged sodium adducted species 

were detected in the acquired IM-MS spectra. Figure 4.5(A) depicts an example IM-MS spectrum 

for the 4-M-8 oligomer, with the +1 and +2 species having m/z of 837.4 and m/z 430.2 and drift 

times of approximately 36.5 ms and 23.5 ms, respectively. The collision cross section (CCS, Å
2
), 

summarized in Table 4.2, was calculated using the measured drift times as previously reported16,26 

for both charge states of all three oligomers. It was observed that, for the +1 oligomer ions, the 6-

M-6 species has the smallest CCS and exited the drift tube first, followed by the 2-M-10 species, 

and lastly the 4-M-8 species (Figure 4.5(B)). However, given that the difference in CCS between 

the three species is less than 1%, these ions are unlikely to have baseline separation in a mixture.27 

For the +2 oligomer ions, a shift in the drift time of the 2-M-10 species was observed such that 

this oligomer has the smallest CCS and exited from the drift tube first, rather than the 6-M-6 

oligomer as was observed for the +1 species (Figure 4.5(C)). In this case, the differences in CCS 

between the three species (> 3%) are sufficient such that all three oligomers should be separated   
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Table 4.2 Averaged CCS values and their standard deviations (N=3) for both the +1 and +2 species of 

each of the isomeric oligomers based on the drift profiles shown in Figure 4.5(B) and (C). 
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+2 349.6 ± 0.1 340.1 ± 0.1 313.6 ± 0.7 
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in a mixture.27 The source of this shift in drift time for the +2 2-M-10 species is currently unknown. 

However, it is hypothesized that the flexible 10-PEG tail of the molecule could potentially wrap 

around the rest of the structure, thereby decreasing the CCS of this structure relative to the others. 

Ongoing work involves the use of molecular modeling to provide additional structural insight into 

this observed effect.28,29 

 

4.3.4 Preliminary Computational Modeling Results 

Computational models have been used to provide structural insight to the gas phase 

conformations of polymeric species observed in experimental CCS measurements.19,20 MD 

simulations are used to compute theoretical structures representing the energy profile, or the 

conformational landscape, of a given molecule. The calculated CCS values of the generated 

conformations provide insight on the structure of the observed local energy minima of an ion 

within experimental IM measurements. To compare the gas phase structure of doubly sodium 

adducted PEG-PUR oligomers, which displayed an interesting shift in drift time for the 2-M-10 

species, the number of conformations were calculated as shown in Figure 4.6(B). Theoretical CCS 

values obtained were within a 5% difference of the experimental measurement, and there is good 

agreement between experimental and theoretical distributions (Figure 4.6(A, B)). Theoretical CCS 

calculations show the lowest conformational density for the doubly sodium adducted 2-M-10 

oligomer, followed by the 6-M-6, and then the 4-M-8 oligomers. Structural analyses suggest that 

2-M-10 coordinates both sodium cations on the larger polymeric arm with 10 monomers, which 

could be the cause of the observed more compact gas phase conformation, as shown in 

supplemental section (Figure D.10). The larger CCS density of the 6-M-6 and 4-M-8 species is 

attributed to each arm of the polymer coordinating a sodium cation yielding a more extended   
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Figure 4.5 (A) Representative IM-MS spectrum of the 4-M-8 oligomer. Both +1 and +2 sodium adducted 

species were detected. (B) Drift time separation of the +1 ions for each of the isomeric oligomers. (C) Drift 

time separation of the +2 ions for each of the isomeric oligomers. 
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structure. The conformational density from tentative CCS values reflects the observed size 

separation from experimental measurements. 

 

4.4 Conclusions  

Three isomeric PEG-PUR oligomers were synthesized and analyzed via IM-MS/MS. 

These include the symmetric 6-M-6, the 4-M-8, and 2-M-10. This preliminary investigation has 

determined diagnostic fragment ions for each of the isomeric oligomers and identified the 

mechanisms that lead to their formation, namely, a 1,3-hydrogen shift and a 1,5-hydrogen shift. 

Energy-resolved ion breakdown curves from 30-80 V revealed that 1,3-hydrogen shift products 

were the most abundant fragment ions detected. Although the oligomers can be distinguished via 

their diagnostic MS/MS fragmentation, these three isomeric species can also be separated via IM. 

These observations indicate those within the polymer chemistry field have the option to use an 

MS/MS or IM-MS instrument to characterize these oligomers. 

CCS values were determined for both +1 and +2 species for all three oligomers. The 

separation and difference in CCS values were more pronounced for the +2 sodium adducted 

species. Additionally, there was a shift in drift tube elution order between the +1 and +2 species. 

While the 2-M-10 oligomer had a longer drift time than the 6-M-6 oligomer for the +1 species, it 

has a shorter drift time for the +2 species. The source of this behavior is a topic for future 

investigation, although preliminary computational results corroborate the experimental 

measurements. 
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Figure 4.6 (A) Measured arrival time distributions for the +2 cations for each of the isomeric 

oligomers were converted to CCS space using established protocols. (B) Distribution of theoretical 

structures of PEG-PUR oligomers match experimental trends across calculated CCS values for the 

+2 cations. 
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CHAPTER 5 

 

5 CONCLUSIONS AND FUTURE DIRECTIONS FOR ION MOBILITY-MASS 

SPECTROMETRY FOR THE STRUCTURAL ANALYSIS OF LIPIDS AND OTHER 

MOLECULES 

 

5.1 Summary 

Mass spectrometry is an analytical technique well-suited to the characterization of complex 

samples due to its unique combination of high sensitivity, specificity, and throughput. However, a 

fundamental limitation of the technique involves its inability to distinguish the presence of 

isomers, preventing complete characterization of a sample. Oftentimes, these isomeric species are 

of relevance to the experimenter: in lipidomics, only cis fatty acids are produced naturally in the 

body by humans and other animals, while trans fatty acids are usually acquired via diet. 

Additionally, certain double bond position lipid isomers have been observed to differ in their 

binding affinities with membrane proteins such as Cytochrome c Oxidase.1,2 Isomerism is also 

important in the analysis of synthetic polymers; the physical properties of a polyurethane polymer 

sample are determined by several factors, one of which is the number of and sequence of “hard” 

and “soft” blocks the polymer oligomer contains.3,4 Many sequence isomers may exist in a given 

polyurethane sample at each oligomer length, but mass spectrometry alone is blind to this 

particular form of structural complexity.  However, mass spectrometry can be combined with 

additional analytical techniques to overcome these limitations, and different techniques can be 

utilized in conjunction with mass spectrometry to characterize the multiples types of structural 

heterogeneity that may be present in a sample.   
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Improving the analytical characterization via mass spectrometry of structurally complex 

samples, especially those containing isomers, motivates the present work. To that end, ion mobility 

is utilized in conjunction with mass spectrometry, providing an orthogonal dimension of separation 

based on molecular size and shape in the gas phase.5 Although ion mobility has only been 

incorporated into commercial mass spectrometry platforms in the last decade or so, the separation 

technique has quickly found broad application in the analysis of complex biological samples and 

synthetic polymer samples alike due to its speed and structural sensitivity. It has been demonstrated 

that ion mobility can be used to separate certain types of isomers, such as lipid cis and trans 

isomers.6,7 However, current instrument platforms lack the necessary resolving power to separate 

compounds differing in CCS by less than about 2%, such as enantiomers, or in the case of lipids, 

double bond position isomers.8-10 Thus, even with IM-MS, alternative strategies are necessary for 

honing in on fine structural details and increasing the information content gained in a single 

experiment.  

Several strategies have been explored to address the limitations discussed above and reduce 

the isomer problem. In Chapter 2, an online ozonolysis device was developed for the elucidation 

of bond position in lipids. The device, which could be utilized with IM-MS alone or integrated 

with LC for LC-Oz-IM-MS, uses UV light to induce formation of ozone in solution.11 Ozone 

subsequently reacts in a site-specific manner with the lipid double bond, resulting in bond 

cleavage; mass spectral detection of the products allows for the determination of double bond 

location in the precursor. The combination of LC, IM, ozonolysis, and mass spectrometry in a 

single platform enables the discrimination of multiple types of lipid isomers including cis/trans, 

double bond position isomers, and potentially sn-regiosomers. However, several features of the 

ozonolysis device still require slight refinement, as the flow cell-based design suffers from low 
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reaction conversion efficiency at LC flow rates, which prevents analysis of low abundance species 

in complex samples. Addressing these limitations is a subject for further research.  

Chapter 3 developed an alternative approach for the structural characterization of lipids. In 

this study, SID was utilized in combination with IM-MS to determine whether the fragmentation 

technique, which has been demonstrated to impart greater energy to the target molecule than 

traditional CID approaches,12,13 generates unique, structurally informative fragment ions not 

observed using other fragmentation mechanisms. A custom-machined SID device14 was installed 

between the trapping and mobility cells on a Waters Synapt G2 IM-MS instrument in an SID-IM-

MS configuration, such that SID product ions are separated via IM post-fragmentation. Although 

SID was not observed to generate novel fragment ions for the seven lipid species characterized, it 

did promote greater fragmentation at a lower lab frame collision energy. Additionally, the 

utilization of IM post-SID gave rise to mobility-mass correlations between the product ions and 

their precursor, a structural relationship that aided in the correct assignment of products to their 

precursors and diminishing chemical noise. Other data visualizations strategies were also 

investigated in this work, including energy-resolved ion breakdown curves (ERIBC) and Kendrick 

mass defect, to fully characterize the mechanisms involved in the fragmentation of the lipid 

samples by SID. 

Building on several of the analytical strategies developed in the preceding sections for lipid 

analysis, Chapter 4 applied IM-MS/MS for the characterization of synthetic polyurethane samples, 

specifically a system of three isomeric PEG-polyurethane oligomers. Each of the oligomers 

contained a single hard block and twelve soft block segments, but the soft blocks were 

differentially arranged around the hard block to give three sequence isomers. It was demonstrated 

that, although the compounds could not be distinguished via mass spectrometry, their +1 charge 
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states differed in their fragmentation spectra, wherein the primary fragmentation mechanisms 

observed were 1,3-hydrogen shifts and 1,5-hydrogen shifts around the urethane linkage. The 

differences in CCS for the singly-sodium adducted oligomers were too small for them to separate 

via IM on the current instrument platform; however, CCS differences were large enough to 

distinguish between the doubly-sodium adducted species, again underscoring the importance of 

utilizing multiple analytical techniques when characterizing samples containing isomeric 

compounds.  

Overall, the analytical tools developed in this dissertation work help to overcome the 

isomer problem endemic to complex samples such as lipids and polymers. As has been emphasized 

throughout, the structural heterogeneity present in complex samples often requires multiple 

techniques utilized in tandem to discriminate features that initially seem hidden in the mass 

spectrum. Increasing the structural information content that can be gained in a single experiment 

will aid in both untargeted ‘omics workflows, wherein previously unidentified features may 

possess important biological relevance, and the characterization of polymer samples, such that 

polymers with specific properties can be more readily synthesized. 

 

5.2 Future Directions 

5.2.1 Application of Online Ozonolysis to Untargeted Lipidomic Workflows 

The work in Chapter 2 demonstrates a proof-of-concept LC separation of a mixture of three 

isomeric PC lipid standards, illustrating how the ozonolysis device when integrated in a LC-oz-

IM-MS platform allows for the discrimination of both cis/trans isomers (via LC and IM) and 

double bond position isomers (via ozonolysis). However, the analytical trade-off between flow 

rate and reaction conversion efficiency inherent in a flow cell-based design leads to diminished 
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ozonolysis product signal in complex samples and complicates the correlation of ozonolysis 

precursor and product ions. Several slight modifications intended to increase ozonolysis 

conversion at LC-compatible flow rates have already been made, including adding a second low-

pressure mercury lamp for increased irradiation of the sample volume and swapping out the 

inflexible “windowed” polyimide-coated fused silica line with UV-transparent fluorinated 

ethylene-propylene (FEP) tubing which can be wrapped around the lamps multiple times for a 

larger reaction volume. However, one caveat of increasing the reaction volume is that the device 

can no longer be rapidly switched “on” and “off” over the course of a single LC peak. Instead, 

separate “on” and “off” LC separations must be performed and later stitched back together 

manually via retention time. Nevertheless, the increased conversion efficiency gained due to the 

increased reaction volume is necessary for optimizing the device for application in untargeted 

lipidomic experiments. 

Another factor that merits further analysis prior to incorporating the device into an 

untargeted lipidomic workflow is how the reaction conversion efficiency changes as a function of 

solvent composition, which is directly relevant to the development of an effective LC gradient for 

use with the device.  A simple experiment could be performed utilizing flow injection prior to oz-

IM-MS in which different solvent compositions are chosen to simulate the composition at points 

along an LC gradient, monitoring the conversion (in terms of peak area of the ozonolysis product 

versus the peak area of the precursor ion, as a percentage out of 100%) of a lipid standard 

containing a single double bond at each of these points (Figure 5.1). Prior work from the Xia group 

optimizing a similar mercury lamp-mediated reaction, the Paternò-Büchi reaction, has indicated 

that the solution-phase reaction yields are highest in water, slightly lower in methanol and 

acetonitrile, and significantly reduced in isopropanol.15 If this is also the case for ozonolysis, it is  
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Figure 5.1 Suggested future experiment in which the conversion of a lipid standard (PC 16:0/18:1) 

is monitored at different solvent compositions along a potential LC gradient. The conversion 

efficiency is expected to decrease as the percentage of organic solvent increases. This experiment 

will be utilized to optimize a LC-Oz-IM-MS gradient. 
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expected that the reaction yield would likely diminish over the course of a reversed-phase 

LC gradient. Once an LC gradient that promotes sufficient conversion has been developed, the 

next step would be to perform the LC-Oz-IM-MS workflow on a mixture of lipid standards from 

a variety of classes, such as the SPLASH® mix or the Differential Ion Mobility System Suitability 

mix, both from Avanti Polar Lipids. This experiment would further indicate the relative conversion 

rates for different classes of lipid molecules and whether the current implementation of the device 

provides sufficient yields necessary for full coverage of the lipidome.  

Some final considerations for future work on this project include removing the need to 

bypass the LC degasser manifold in the LC-Oz-IM-MS workflow, which impacts the 

reproducibility of the chromatographic separation. Because the solution-phase ozonolysis reaction 

relies on dissolved oxygen gas, all experiments up to this point have had the degasser bypassed; 

however, for adoption of the methodology into untargeted lipidomics workflows, this limitation 

needs to be addressed. An air-pressurized reaction chamber containing the original device and gas-

permeable tubing could potentially be utilized to reintroduce dissolved gas to the solvent post-LC. 

However, it is not known at this time how such a set-up would impact the chromatographic 

separation, if at all. Finally, once the device has been fully optimized for integration with LC and 

performing these kinds of analyses becomes routine, informatics approaches will be necessary for 

automating the correlation of ozonolysis precursors and products based on retention times. Other 

groups that perform similar experiments have already developed software to perform these tasks 

that could be used as a guide.16,17 

5.2.2 Next Generation Ion Mobility Instrumentation for Improved Separation of Isomers 

Throughout this dissertation, the importance of combining the benefits of multiple 

analytical techniques for the characterization of complex samples, particularly those containing 
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isomers, has been emphasized. However, for some extremely similar molecular structures, such as 

enantiomers or diastereomers, the resolving power of ion mobility-mass spectrometry on current 

instrument platforms is not enough to separate them, and their fragmentation patterns are likewise 

identical.8 In this case, the development of next-generation instrumentation is necessary for 

resolving increasingly structurally similar compounds. It has been suggested that resolving powers 

(Rp) of over 300 (CCS/ΔCCS) are necessary for separating compounds that differ in CCS by less 

than 5%, which is far greater than the resolving power of current commercial instruments, which 

have been observed to have resolving powers around ~40-60 (CCS/ΔCCS).9,10, However, 

prototype instruments such as the Waters Cyclic IMS and the MOBILion Structures for Lossless 

Ion Manipulation (SLIM)-based IM-MS instrument have recently been developed with resolving 

powers that exceed 300 (CCS/ΔCCS).18-21 Both of these instruments utilize longer pathlengths to 

achieve greater separation capabilities and have been demonstrated to separate isomeric 

compounds indistinguishable on current-gen platforms.20,21 SLIM technology, which was 

developed by Dr. Richard D. Smith at Pacific Northwest National Laboratory, is particularly 

intriguing due to its ease of fabrication and experimental flexibility.22 In addition to its uses in 

mobility-based separations, SLIM ion trapping and storage regions have been designed, among 

other complex means of ion manipulation.23,24 In theory, a SLIM ozonolysis reaction cell could 

potentially be developed, such that mobility separations could be performed both pre- and post-

ozonolysis. In such a configuration, IM could be used to align ozonolysis precursors and products 

rather than LC, and the CCS of ozonolysis products could be measured and utilized in databases 

much like fragmentation spectra are now for improved lipid fingerprinting. Higher resolving power 

instrumentation would also be useful for the analysis of complex polymer samples. For example, 

it would be interesting to determine how the number of isomers and conformers in a polymer 
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sample scale with increasing molecular weight distribution with increasingly longer oligomer 

chain lengths. Molecular modeling experiments have suggested that large polymer structures exist 

as “beads on a string” in which long stretches of the molecule wrap around cations before 

extending length-ward again.25 Separation via SLIM or Cyclic IMS could potentially delineate 

where these conformational changes occur in the molecule. Preliminary data from the MOBILion 

instrument indicates that even smaller polymer oligomers below 2000 Da potentially contain 

multiple conformers not observed on a current drift tube instrument (Figure 5.2), so analysis of 

much larger polymers could yield interesting results.   

5.3 Concluding Remarks 

As the field of ion-mobility mass spectrometry has matured over time, the ability to analyze 

increasingly complex samples has improved tremendously. Complex samples, whether biological 

in origin or the result of synthetic reactions, have necessitated the development of more 

sophisticated analytical strategies in order to fully characterize the structural heterogeneity. This 

dissertation work has focused in particular on the presence of isomerism in both lipid and polymer 

samples, the presence of which is particularly challenging due to the fact that mass spectrometry 

alone cannot discriminate between isomers. Several experimental approaches have been explored 

for distinguishing isomers in this work, but a unifying theme emerges that a combination of 

multiple structurally-selective analytical techniques are necessary for delineating all the forms of 

isomerism that may be present in a sample. The development of novel IM-MS instrumentation 

with improved resolving power will continue to increase the field’s capacity for reducing 

isomerism, characterizing complex samples, and enable important discoveries in applications 

research. 
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Figure 5.2 Preliminary data acquired on a prototype SLIM IM-MS instrument for a PEG sample 

with an average molecular weight of 1500. Two or more conformers are observed are observed in 

the arrival time distributions of the highlighted oligomers. 
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APPENDIX B 

 

SUPPLEMENTARY MATERIALS FOR CHAPTER 2 

 

B.1 Supplemental Materials for Determining Double Bond Position in Lipids 

B.1.1  Supplemental Figures 

Figure B.1 An expanded version of the PC 16:0/18:1 spectrum following irradiation with the ozonolysis device at 10 

µL/min. Observed ions are labeled with their corresponding mass-to-charge, and structures are proposed for several 

species based on the exact mass measurement (˂10 ppm). It should be noted that the ion at m/z 737.4 is not likely an 

ozonolysis product due to its odd-numbered mass and the fact that it does not appear on the same mobility trend line 

as the other ozonolysis product ions. The diagnostic aldehyde product ion (m/z 650.4) indicative of double bond 

cleavage at the 9th carbon atom in one of the alkyl chains of the precursor (m/z 760.6) is the dominant species in the 

spectrum. Product ions corresponding to sodiated and potassiated forms of the aldehyde product are also observed at 

m/z 672.4 and m/z 688.4, respectively. Additionally, the product ion at m/z 666.4 is likely a vinyl hydroperoxide or 

the corresponding carboxylic acid, resulting from rearrangement of the Criegee intermediate.1,2 Further oxidation of 

this species at m/z 666.4 is thought to result in the formation of the species at m/z 636.4 by loss of formaldehyde.3 

Finally, the presence of the ion at m/z 706.4 can likely be attributed to solvent adduction of acetonitrile to one of the 

Criegee ions at m/z 666.4. Solvent adduction has previously been reported for solution phase ozonolysis, especially 

when methanol is used as a solvent.4 



 118 

 

 

Figure B.2 Comparison of drift time profiles for two lipid species from a PC lipid extract with the ozonolysis device 

off (black) and on (teal (B) or mustard (C)). Because lipid species differing in mass by the addition of one double 

bond to an alkyl chain are spaced 2 Da apart in mass and ˂ 1 ms apart in drift time, the second isotope peak of one 

species often overlaps with the primary peak of the species containing one fewer double bond (A). As discussed in 

the primary text, the overlapping of these isotopic envelopes can result in broadened drift profiles and shifts in a given 

drift profile’s measured centroid, both of which can lead to errors in a species’ calculated CCS. In the figure above, 

comparison of two PC lipids with the ozonolysis device turned off and then on reveals the extent of drift profile 

broadening due to isotopic overlap. Once the lamp is turned on, lipid species containing double bonds are significantly 

diminished through reaction with ozone so that isotopic overlap is reduced (A). For PC 34:0, the resolving power of 

the drift peak increased from 35.6 with the lamp off to 41.5 with the lamp on, and PC 34:1 saw a similar increase from 

a drift peak resolving power of 34.8 to 44.5. Note, however, that neither centroid of the two species were observed to 

significantly shift upon isotopic subtraction. Nonetheless, the ozonolysis device could aid in direct measurement of 

the accurate drift profiles of closely related lipid species without need for mathematical corrections due to isotopic 

overlap, illustrating another potential advantage of this technique. 

 

0

50

100

42 43 44 45 46 47

Drift Time (ms)

PC 34:0 

lamp off 

PC 34:0 

lamp on

R
e
la

ti
v

e
 I
n

te
n

s
it

y
 %

0

50

100

42 43 44 45 46 47

R
e
la

ti
v

e
 I
n

te
n

s
it

y
 %

Drift Time (ms)

PC 34:1 

lamp off 

PC 34:1 

lamp on

(A)

(B) (C)



 119 

 

Figure B.3 Full IM-MS spectra of the PC lipid extract with the ozonolysis device off (top) and on (bottom). In both 

spectra, 1+ and 2+ trendline regions are highlighted and relevant features are labeled on the accompanying mass 

spectra. This work focused solely on the 1+ lipid species. Prior to onset of ozonolysis three main lipid-rich regions 

of mass-mobility space are observed. These features correspond to lyso PC species (ca. m/z 450 - 600) containing 

only a single fatty acid tail esterified to the glycerol backbone, PC species containing two fatty acid tails esterified to 

the glycerol backbone (ca. m/z 700-850), and singly charged dimer species formed from the association of two PC 

monomers (ca. m/z 1450-1600). Following ozonolysis in the device, any species containing a double bond is 

significantly depleted such that the lipid-rich regions previously observed are no longer detected, and ozonolysis 

product ions are observed in the region of m/z 400-750. It can be noted that several species were not observed to 

deplete upon ozonolysis, most notably m/z 762.6, which corresponds to the fully saturated PC 16:0/18:0 lipid 

standard that was spiked in as an internal standard, and the 1+ dimer of PC 16:0/18:0 at m/z 1524.2. An additional 

fully saturated lipid species at m/z 496.3 corresponding to PC 16:0 endogenous to the sample was also detected and 

not found to diminish in signal upon ozonolysis. 



 120 

 

Figure B.4 The abundance map shown above is another way of visualizing the PC lipid extract data in Figure B.3. 

The intensities for all mass-to-charge signals are plotted as a function of time, clearly delineating how the observed 

peaks in the spectrum change as a result of ozonolysis. However, as explained in the text, because the ozonolysis 

reaction occurs prior to source ionization, there is no way to directly correlate observed ozonolysis product ions with 

their precursors. Possible ozonolysis products were predicted for several lipid species observed in the sample based 

upon possible precursor structures generated using LIPID MAPS. It was observed that the detected ozonolysis product 

ions could have been generated by multiple precursors, and that depending on the precursor structure analyzed, 

multiple possible ozonolysis product ions could also be generated. Thus, the deconvolution the origins of ozonolysis 

product ions in complex samples is very challenging. However, it was noted that the majority of product ions detected 

contained no sites of unsaturation in their fatty acid alkyl chains which could indicate that the reaction proceeded to 

completion even for species containing multiple sites of unsaturation. The peak at m/z 690.47 was one of the few 

exceptions observed, which is thought to contain one unsaturation in its fatty acid chains. This result stands in contrast 

to those of the fatty acid containing six double bonds that was analyzed (Figure 4 in the text), in which the preferred 

ozonolysis product occurred as a result of cleavage at the last double bond on the fatty acid tail, which left five 

unsaturations remaining on the acyl chain. The source of this discrepancy, namely that ozonolysis of a fatty acid 

standard produced multiply unsaturated product ions while a PC extract produced mainly fully saturated product ions, 

is unclear at this time. One possible explanation is that the lipid extract predominantly contained lipids with only a 

single unsaturation in their acyl chains, resulting in the majority of fully saturated ozonolysis product ions. Separation 

of lipid precursors via chromatography, as suggested in the text, could help to answer this question by correlating lipid 

precursors directly to their ozonolysis products. 
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Figure B.5 Comparison of extracted ion chromatograms (EICs) for three PC standards ran separately using the LC-

Oz-IM-MS technique, with the ozonolysis device turned on. Analysis of the retention time of the precursor at m/z 786 

reveals that the trans species would elute first in a mixture with a retention time of about 11.24 min, while the two cis 

double bond position isomers would likely elute together with a retention time of about 11.63 min. This elution order 

is in agreement with the data presented in Figure 6 of the manuscript, in which the three species were combined and 

run as a mixture. Background subtracted mass spectra taken from each of the peaks give ozonolysis fragments 

consistent with cleavage at the 9th carbon atom along the acyl chain for both (B) and (C), and fragments consistent 

with cleavage at the 6th carbon atom in the acyl chain for (A). The types ozonolysis fragments detected are similar to 

those observed in Figure B.1, and include the diagnostic aldehyde species, a sodiated form of the aldehyde species, 

and an acetonitrile solvent adducted species like that seen in Figure B.1 located at a mass approximately 40 Da above 

the predicted mass of the Criegee ion (m/z 692.5). 
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APPENDIX C 

 

SUPPLEMENTARY MATERIALS FOR CHAPTER 3 

 

C.1 Supplemental Materials for Evaluation of Surface Induced Dissociation 

C.1.1  Example SID Tune Settings for the PC 16:0/18:1 lipid in IMTOF mode 

Table C.1 Source settings for PC 16:0/18:1 

Capillary (kV) 2.5 

Source Temperature (°C) 100 

Sampling Cone (V) 40 

Extraction Cone (V) 5 

Desolvation Temperature (°C) 250 

Cone Gas Flow (L/Hr) 0 

Desolvation Gas Flow (L/Hr) 700 

 

Table C.2 Gas control settings for PC 16:0/18:1 

Source Gas Flow (mL/min) 0 

Trap Gas Flow (mL/min) 0.4 

Helium Cell Gas Flow 

(mL/min) 200 

IMS Gas Flow (mL/min) 60 

 

Table C.3 DC voltage instrument settings for PC 16:0/18:1 

Trap DC   IMS DC  Transfer DC  

Entrance  2.0 IMS Entrance 10.0 Entrance 2.0 

Bias 45.0* Helium Cell DC 35.0 Exit 20.0 

Trap DC -2.0 Helium Exit -10.0   

Exit  2.0 IMS Exit 0.0   

* Note that the Trap DC Bias is raised to 85.0 V when performing SID 30 V 

Table C.4 SID device Tempus settings for PC 16:0/18:1 in “Flythrough mode” 

Optics Master 0.0 

Exit 2 -46.0 

Exit 1 -42.0 
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Front Top Deflector  -41.0 

Front Bottom Deflector -44.0 

Middle Bottom Deflector -60.0 

Surface -52.0 

Rear Top Deflector -45.0 

Rear Bottom Deflector -47.0 

Entrance 2 -50.0 

Entrance 1 -46.0 

 

Table C.5 SID device Tempus settings for PC 16:0/18:1 in “Collision mode” at SID 30 V 

Optics Master 0.0 

Exit 2 -44.0 

Exit 1 -65.0 

Front Top Deflector  -75.0 

Front Bottom Deflector -14.0 

Middle Bottom Deflector -56.0 

Surface -30.0 

Rear Top Deflector -134.0 

Rear Bottom Deflector -39.0 

Entrance 2 -19.0 

Entrance 1 -12.0 
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C.1.2  Supplemental Figures 

 

 

 

Figure C.1 (A) Equations used to determine the energy imparted to analyte ions in collision with 

the surface and subsequent transmission from the SID cell into the rest of the instrument. 

Comparison of the fragmentation spectra of the lipid PC 16:0/18:1 with injection energies of 20 V 

(B) and 10 V (C) but equivalent SID fragmentation energies. It was observed that lowering the 

injection energy from 20 V to 10 V eliminated the occurrence of CID fragmentation between the 

exit lenses of the SID device and the entrance of the Helium Cell. After optimization of the 

injection energy, the primary fragment ion of PC 16:0/18:1 (m/z 184.1) was reduced to less than 

0.25% of the abundance of the precursor (m/z 760.6).   

 

  

0

50

100

0 200 400 600 800 1000

0

50

100

0 200 400 600 800 1000

m/z m/z

R
e
la

ti
v
e

 I
n

te
n

s
it

y

R
e
la

ti
v
e

 I
n

te
n

s
it

y

SID 0V – 20 V Injection energy SID 0V – 10 V Injection energy

184.1

(B) (C)

(A)

760.6 760.6

SID energy (V) = Trap exit (V) – Surface (V)

Injection energy(V) = Surface (V) – He DC (V)



 126 

 

 

 

 

Figure C.2 Comparison of the SID (A) and CID (B) fragmentation spectra of the lipid PG 

16:0/18:1 at a lab frame energy of 100 V. At high collision energies (> 70 V), unique fragment 

ions (m/z 284.3, m/z 340.4, and m/z 368.4) were observed in SID product ion spectra that were 

not detected in CID product ion spectra. The unique fragment ions were similarly observed in IM-

MS SID fragmentation spectra (C) but were not present in IM-MS CID fragmentation spectra (D). 
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Figure C.3 (A) The arrival time of detected SID product ions of PG 16:0/18:1 across all collision 

energies measured is plotted as a function of mass-to-charge. The unique ions observed as a result 

of SID fragmentation of PG 16:0/18:1 at high collision energies (Figure S2), which are depicted 

with yellow markers, appear to group in a region of mobility-mass space close to known product 

ions of the precursor. (B) Plotting the same fragment ions in terms of their Kendrick mass defect 

reveals that the unique ions are isolated from other product ion trendlines and thus are not likely 

to result from SID fragmentation of the precursor. The mass defect of these unique ions (0.987, 

0.987, and 0.988) further suggests that these ions are potentially hydrocarbon interferents released 

from the surface at high SID collision energies. 
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Figure C.4 (A) Relative ion intensity of SID precursor and predominant fragment ions as a 

function of collision energy for PC 16:0/18:1. (B) Relative ion intensity of CID precursor and 

predominant fragment ions as a function of collision energy for the same precursor ion as (A). (C) 

Comparison of the normalized total ion intensity for CID and SID of PC 16:0/18:1 as a function 

of collision energy, plotted alongside the ratio of the two normalized signals. In contrast to Figure 

5 as shown in the main text, (B) depicts the full range of CID collision energies surveyed for the 

analyte molecule (0-180 V) which highlights that the fragmentation pathway leading to the 

formation of m/z 166.1 is increased in SID relative to CID.  
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Figure C.5 (A) Relative ion intensity of SID precursor and predominant fragment ions as a 

function of collision energy for PE 16:0/18:1. (B) Relative ion intensity of CID precursor and 

predominant fragment ions as a function of collision energy for the same precursor ion as (A). (C) 

Comparison of the normalized total ion intensity for CID and SID of PE 16:0/18:1 as a function 

of collision energy, plotted alongside the ratio of the two normalized signals. 
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Figure C.6 (A) Relative ion intensity of SID precursor and predominant fragment ions as a 

function of collision energy for PS 16:0/18:1. (B) Relative ion intensity of CID precursor and 

predominant fragment ions as a function of collision energy for the same precursor ion as (A). (C) 

Comparison of the normalized total ion intensity for CID and SID of PS 16:0/18:1 as a function of 

collision energy, plotted alongside the ratio of the two normalized signals 
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Figure C.7 (A) Relative ion intensity of SID precursor and predominant fragment ions as a 

function of collision energy for PG 16:0/18:1. (B) Relative ion intensity of CID precursor and 

predominant fragment ions as a function of collision energy for the same precursor ion as (A). (C) 

Comparison of the normalized total ion intensity for CID and SID of PG 16:0/18:1 as a function 

of collision energy, plotted alongside the ratio of the two normalized signals. 

 

  

0

0.25

0.5

0.75

1

1

10

100

1,000

0 20 40 60 80 100

0%

25%

50%

75%

100%

0 20 40 60 80 100

0%

25%

50%

75%

100%

0 20 40 60 80 100

(A)

(B)

(C)

S
ig

n
a
l 
R

a
ti

o
 C

ID
/S

ID

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y

Collision Energy (V)

R
e
la

ti
v
e
 I

n
te

n
s
it

y

CID

Collision Energy (V)

m/z 99.0

m/z 195.0

m/z 313.3

m/z 415.2

m/z 577.5

m/z 771.6

Collision Energy (V)

SID
R

e
la

ti
v
e
 I

n
te

n
s
it

y

CID

SID

Ratio



 132 

 

Figure C.8 (A) Relative ion intensity of SID precursor and predominant fragment ions as a 

function of collision energy for FA 18:1. (B) Relative ion intensity of CID precursor and 

predominant fragment ions as a function of collision energy for the same precursor ion as (A). (C) 

Comparison of the normalized total ion intensity for CID and SID of FA 18:1 as a function of 

collision energy, plotted alongside the ratio of the two normalized signals. 
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Figure C.9 (A) Relative ion intensity of SID precursor and predominant fragment ions as a 

function of collision energy for CL 18:1. (B) Relative ion intensity of CID precursor and 

predominant fragment ions as a function of collision energy for the same precursor ion as (A). (C) 

Comparison of the normalized total ion intensity for CID and SID of CL 18:1 as a function of 

collision energy, plotted alongside the ratio of the two normalized signals. 
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Figure C.10 (A) Relative ion intensity of SID precursor and predominant fragment ions as a 

function of collision energy for ST. (B) Relative ion intensity of CID precursor and predominant 

fragment ions as a function of collision energy for the same precursor ion as (A). (C) Comparison 

of the normalized total ion intensity for CID and SID of ST as a function of collision energy, 

plotted alongside the ratio of the two normalized signals. 

 

  

0

0.25

0.5

0.75

1

1

10

100

1,000

0 10 20 30 40 50

(A)

(B)

(C)

S
ig

n
a
l 
R

a
ti

o
 C

ID
/S

ID

N
o

rm
a
li

z
e
d

 I
n

te
n

s
it

y

Collision Energy (V)

R
e
la

ti
v
e
 I

n
te

n
s
it

y

CID

Collision Energy (V)

m/z 77.0

m/z 91.1

m/z 121.1

m/z 145.1

m/z 329.2

m/z 347.4

Collision Energy (V)

SID
R

e
la

ti
v
e
 I

n
te

n
s
it

y

CID

SID

Ratio

0%

25%

50%

75%

100%

0 10 20 30 40 50

0%

25%

50%

75%

100%

0 10 20 30 40 50



 135 

APPENDIX D 

 

SUPPLEMENTARY MATERIALS FOR CHAPTER 4 

 

D.1 Supplemental Materials for Mass Spectrometry and Ion Mobility Study of 

Polyurethanes 

D.1.1  Synthesis Reagents and Reaction Schema 

Methylene diphenyl diisocyanate, ethylene glycol, diethylene glycol, triethylene glycol and 

tetra ethylene glycol were purchased from Sigma-Aldrich and used without further purification. 

Toluene and Methylene chloride were purchased from Fischer Scientific. Trityl chloride was 

obtained from Oakwood Chemical, and tosyl chloride was obtained from Avocado Research 

Chemicals (Alfa Aesar). All NMR characterization was performed on a 400MHz Bruker NMR 

Spectrometer and chemical shifts were measured relative to tetramethylsilane (TMS).   

The synthetic route utilized to synthesize mono-disperse hexa-, octa-, and deca-

polyethylene glycols is shown in Scheme D.1. Mono-disperse tetra-polyethylene glycol (4) was 

tosylated to form the bis-tosylate (5). The mono-trityl-protected ethylene glycol was synthesized 

by reacting ethylene glycol (6a), diethylene glycol (6b), triethylene glycol (6c), or tetraethlyene 

glycol with trityl chloride to form the mono-tritylated derivatives (7a-d). Then the sodium salt of 

7(a-c) was reacted with the bis-tosylate (5) to give the bis-trityl-protected hexa-, octa-, and deca-

PEGs (8a-c). The trityl protecting groups were then removed using a biphasic system composed 

of methylene chloride and either concentrated hydrochloric acid or acetic acid to yield the 

monodisperse hexa-, octa-, and deca-PEGs (9a-c). 
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Scheme D.1 (i) Ts-Cl, THF, H2O, KOH, 0ºC – 20ºC, 48 hrs; (ii) Trityl chloride, Et3N, CH2Cl2, 

0ºC - 20ºC, 24 hrs; (iii) NaH, THF, 40ºC, 72 hrs; (iv) AcOH or HCl, CH2Cl2, ambient temperature 

or 40ºC, 12 hrs. 

  



 137 

The symmetrical MDI hexa-PEG oligomer derivative IDT747 (1) was synthesized as 

outlined in Scheme D.2.1 MDI (12) was reacted with a 10-fold excess of hexa-PEG (11) by 

dripping a solution of MDI in toluene to a solution of the PEG in toluene containing a catalytic 

quantity of triethylamine to give IDT747 (1).  

IDT764 (2) and IDT814 (3) were synthesized as outlined by Scheme D.3. Specifically, 

IDT764 (2) was synthesized by the addition of mono-trityl-tetraethylene glycol (7d) in toluene to 

a 3-fold excess of MDI (10) in toluene in the presence of a catalytic quantity of triethylamine. To 

give the mono-carbamates (11a) which was semi purified by adding hexanes to the toluene solution 

and crystalizing out unreacted MDI overnight in the refrigerator. Unreacted MDI was removed by 

filtration and the organic solution was evaporated under reduced pressure. The resultant 

intermediate (11a) was dissolved in methylene chloride and added to a solution containing an 

excess of octa-PEG dissolved in methylene chloride; the resultant solution was stirred at ambient 

temperature for 18 hours, evaporated and (12a) was semi purified by column chromatography on 

silica gel and deprotected by stirring a solution of (12a) in methylene chloride in the presence of 

concentrated hydrochloric acid to give IDT764 (2). 

A sample of IDT814 (3) was synthesized in a similar fashion by reacting mono-trityl-

protected deca-PEG with 5 equivalents of MDI and subsequently adding the crude mixture to 220 

equivalents of diethylene glycol. The mono-trityl-protected intermediate was purified by column 

chromatography and deprotected using the same protocol as was used for the synthesis of IDT764 

(2). Attempts to synthesize mono-tritylated deca-PEG using the protocol outlined for the synthesis 

of the mono-trityl tetra-PEG (7d) were low yielding and an alternative methodology was 

developed. The mono-trityl-protected tetra-PEG was synthesized by 2 different routes either 

directly from dodecyl PEG by reacting an excess of dodecyl-PEG with trityl alcohol in toluene  
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Scheme D.2 (i) toluene, Et3N (cat) 
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(route A) using a catalytic quantity of para-toluene sulfonic acid with azeotropic removal of the 

resultant water to give the desired mono-tritylated deca-peg in a 43% yield or the mono-tritylated 

deca-peg (7e) was synthesized by converting mono-tritylated tetra PEG (7d) into the tosylate (13) 

and reacting this intermediate with an excess of the mono-sodium salt of hexa-peg (7c) (route B) 

to give the desired mono-tritylated deca-peg (7e) in a 50% yield. 

D.1.2  Detailed Description of Compound Syntheses outlined in Schemes D.1, D.2, and D.3 

Bis(17-hydroxy-3,6,9,12,15pentaoxaheptadecyl) (methylenebis(4,1-phenylene))dicabamate 

IDT747 (1) 

Hexa-polyethylene glycol (2.82g, 0.01mols) was added to toluene (10ml) in a 3-necked 

flask equipped with a magnetic follower. Then triethylamine (1 drop) was added and the mixture 

was stirred at ambient temperature for 5 minutes. After which methylene diphenyl diisocyanate 

(MDI) (0.25g, 0.001mols) dissolved in toluene (50ml) was added dropwise over 1 hour. The 

resultant solution was stirred at ambient temperature for 18 hours and subsequently evaporated 

under reduced pressure. Then the residue was dissolved in methylene chloride (50ml) and this 

solution was washed with saturated sodium bicarbonate (50ml) and deionized water (50ml). After 

drying over magnesium sulphate the organic solution was filtered and evaporated and the product 

was purified by column chromatography on silica eluted with methylene chloride 95%: methanol 

5%. This gave 0.263g of product in a 32% yield as a yellow oil. 1H nmr (CDCl3) δ 7.84 (brs, 2H), 

7.32-7.28 (m, 4H), 7.09-7.02 (m, 4H), 4.29-4.28 (m, 4H), 3.86 (s, 2H), 3.60-3.58 (m, 44H), 3.35 

(brs, 1H), 2.68 (brs, 1H); 13C nmr (CDCl3) δ 153.60, 136.17, 136.06, 129.25, 118.79, 72.61, 72.53, 

70.49, 70.42, 70.34, 70.13, 70.08, 64.01, 61.52, 40.48 
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Scheme D.3. (i) toluene, triethylamine (cat), 18 hours 20ºC, (ii) methylene chloride, octa-ethylene 

glycol (excess), 20ºC, 18 hours; (iii) HCl, methylene chloride. 
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2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-(4-((25-hydroxy-2,5,8,11,14,17,20,23-

octaoxapentacosanoyl)amino)benzyl)phenyl carbamate IDT764 (2) 

1,1,1-triphenyl-2,5,8,11-tetraoxatridecan-13-yl (4-(4-((25-hydroxy-2,5,8,11,14,17,20,23-

octaoxapentacosanoyl)amino)benzyl)phenyl carbamate (0.8g, 0.0076mols) was dissolved in 

methylene chloride (100ml) and concentrated hydrochloric acid (2ml) was added. The resultant 

mixture was stirred at ambient temperature for 1 hour. Then it was washed with deionized water, 

dried over magnesium sulphate, filtered and evaporated to yield crude (2). This was purified by 

column chromatography on silica eluted with a gradient system running from methylene chloride 

100% to methylene chloride 95%: methanol 5%. 0.35g of purified product was obtained from the 

column in a 56% yield as a pale-yellow oil. 1H nmr (CDCl3) δ 7.81 (brs, 1H), 7.66 (brs, 1H), 7.38-

7.30 (m, 4H), 7.08-7.01 (m, 4H), 4.28 (t, 4H), 3.85 (s, 2H), 3.74-3.58 (m, 44), 3.47 (brs, 2H); 13C 

nmr (CDCl3) δ 153.53, 136.15, 136.11, 135.90, 135.87, 129.09, 118.8, 72.47, 72.36, 70.30, 70.25, 

70.23, 70.17, 69.97, 69.94, 69.18, 63.77, 63.63, 62.24, 61.32, 40.37, 29.61 

29-hydroxy-3,6,9,12,15,18,21,24,27-nonaoxanonacosyl (4-(4-(((2-(2-

hydroxyethoxy)ethoxy)carbonyl)amino)benzyl)phenyl)carbamate IDT814 (3) 

2-(2-(trityloxy)ethoxy)ethyl(4-(4-((31-hydroxy-2,5,8,11,14,17,20,23,26,29 

decaoxahentriacontanoyl)amino)benzyl)phenyl)carbamate (0.37g, 0.00035 mols) was dissolved in 

methylene chloride (25ml) and concentrated hydrochloric acid (3 drops) was added. This mixture 

was stirred at ambient temperature for 30 minutes after which it was washed with deionized water 

(2 x 25ml) and dried over magnesium sulfate. The organic solution was filtered and evaporated 

and the product was purified on a silica gel column eluted with a gradient system running from 

methylene chloride (95%) / methanol (5%) to methylene chloride (80%) / methylene chloride 

(20%). This gave 0.25g of IDT814 (3) as a yellow tar in an 85.7% yield. 1H nmr (CDCl3) 7.58 

(brS, 1H), 7.39 (brS, 1H) 7.30-7.26 (m, 4H), 7.08-7.02 (m, 4H), 4.31-4.25 (m, 4H), 3.76 (s, 2H), 
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3.71-3.55 (m, 40H), 3.45 (s, 4H), 2.23 (brS, 2H); 13C nmr (CDCl3) 153.60, 136.23, 136.17, 

135.96, 129.21, 129.18, 129.08, 119.11, 118.81, 72.58, 72.39, 70.42, 70.39, 70.32, 70.29, 70.26, 

70.01, 69.30, 63.87, 61.47, 61.43, 61.33, 50.46, 40.45.  

((oxybis(ethane-1,2-diyl))bis(oxy))bis(ethane-1,2-diyl) bis(4-methylbenzenesulphonate) (5) 

Tosyl chloride (29.4g, 0.154 mols) was added to a solution of tetraethylene glycol (10g, 

0.0515 mols) in tetrahydrofuran (100ml) and cooled to 0ºC. Then potassium hydroxide (19g, 0.338 

mols) dissolved in deionized water (20ml) was added dropwise over 30 minutes after which the 

solution was allowed to warm to ambient temperature and stirred for 48 hours. The solution was 

then partitioned between methylene chloride (200ml) and deionized water (200ml). The organic 

solution was separated and dried over magnesium sulphate. Then it was filtered and evaporated to 

give 25g of ((oxybis(ethane-1,2-diyl))bis(oxy))bis(ethane-1,2-diyl) bis(4-

methylbenzenesulphonate) (5) in a 96% yield as a yellow oil. This was used in the next step without 

further purification. 1H nmr (CDCl3) 7.77 (d, 4H), 7.34 (d, 4H), 4.22 (t, 4H), 3.69 (t, 4H), 3.58-

3.51 (m, 8H), 2.44 (s, 3H); 13C nmr (CDCl3) 144.80, 132.89, 129.80, 127.93, 70.68, 70.50, 69.23, 

68.64, 21.61 

2-(trityloxy)ethan-1-ol (7a) 

Ethylene glycol (25.5g, 0.41 mols) was added to dimethyl formamide (50ml), pyridine 

(10ml) and dimethyl amino pyridine (1.2g). Then trityl chloride (22.9g, 0.082mols) was added and 

the solution was stirred at ambient temperature for 24 hours. Deionized water (160 ml) was then 

added. The resultant precipitant was removed by filtration and was dissolved in ethylacetate 

(100ml). The organic solution was washed with deionized water (50ml) and dried over magnesium 

sulphate. After which the solution was filtered and evaporated to yield crude product. 

Crystallization proceeded from a mixture of acetonitrile (125ml) and deionized water (100ml) to 
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give 17.6g of a white solid. Then the product was purified by column chromatography on silica 

gel eluted with a gradient system running from 100% methylene chloride to 95% methylene 

chloride / 5% methanol. This gave 15g of pure 2-(trityloxy)ethan-1-ol (7(a)) as a white solid in a 

60% yield. 1H nmr (CDCl3) δ 7.46-7.40 (m, H), 7.33-7.22 (m, 9H), 3.73 (q, 2H), 3.25 (t, 2H), 2.01 

(t, 1H); 13C nmr (CDCl3) δ 143.87, 128.62, 127.83, 127.21, 127.06, 86.60, 64.76, 62.33 

2-(2-(trityloxy)ethoxy)ethan-1-ol (7b) 

Diethylene glycol (188g, 1.772 mols), triethylamine (50ml) and methylene chloride 

(200ml) were cooled to 0ºC under nitrogen. The solution was stirred and trityl chloride (50g, 

0.179g) dissolved in methylene chloride (50ml) was added over 30 minutes. The solution was then 

allowed to warm to ambient temperature and stirred for 24 hours. After which it was concentrated 

under reduced pressure and added to methylene chloride (200ml). This organic solution was 

washed with saturated sodium bicarbonate solution (200ml) and deionized water (3 x 150ml). Then 

the organic solution was dried over magnesium sulphate filtered and evaporated. The product was 

recrystallized from methylene chloride / hexanes to give 31.2g of the product as a white crystalline 

solid in a 50% yield. 1H nmr (CDCl3) δ 7.45-7.49 (m, 6H), 7.32-7.19 (m, 9H), 3.8-3.6 (m, 6), 3.33 

(t, 1H); 13C nmr (CDCl3) δ 143.97, 128.66, 127.78, 126.97, 86.65, 72.23, 70.57, 63.31, 61.85 

2-(2-(2-trityloxy)ethoxy)ethoxy)ethan-1-ol (7c) 

Triethylene glycol (269g, 1.794 mols), triethylamine (50ml) and methylene chloride 

(400ml) were mixed and cooled to 0ºC with stirring. A solution of trityl chloride (50g, 0.1794 

mols) in methylene chloride (50ml) was added dropwise over 30 minutes then the solution was 

allowed to warm to ambient temperature. Stirring was continued at ambient temperature for 24 

hours. After which it was concentrated under reduced pressure and partitioned between methylene 

chloride (200ml) and saturated sodium bicarbonate (200ml). The organic solution was separated 
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and washed with deionized water (3 x 150ml) followed by drying over magnesium sulphate, 

filtration and evaporation. This gave 76g of the product as an oil which was used in the next step 

without further purification. 1H nmr (CDCl3) δ 7.47-7.45 (m, 6H), 7.30-7.19 (m, 9H), 3.69-3.62 

(m, 8H), 3.48 (t, 2H), 3.24 (t, 2H), 2.56 (brs, 1H); 13C nmr δ 143.92, 128.55, 127.64, 126.82, 86.45, 

72.42, 70.66, 70.53, 70.35, 63.14, 61.58 

2-(2-(2-(2-trityloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol (7d) 

Tetraethylene glycol (172g, 0.886mols), triethylamine (25ml) and methylene chloride 

(200ml) were mixed and cooled to 0ºC with stirring. Trityl chloride (25g, 0.0897mols) dissolved 

in methylene chloride (25ml) was added dropwise over 30 minutes whilst maintaining the 

temperature at 0ºC. Then the solution was allowed to warm to ambient temperature and stirred for 

24 hours. After which it was concentrated under reduced pressure and the resultant slurry was 

partitioned between methylene chloride (200ml) and saturated sodium bicarbonate (200ml). The 

organic solution was separated and washed with deionized water (3 x 150ml), dried over 

magnesium sulphate filtered and evaporated to give 35.8g of product as a yellow oil. This was 

used in the next step without further purification. 1H nmr (CDCl3) δ 7.48-7.44 (m, 6H), 7.32-7.18 

(m, 9H), 3.69-3.65 (m, 12H), 3.59 (t, 2H), 3.24 (t, 2H), 2.49 (brs, 1H); 13C nmr (CDCl3) δ 144.01, 

128.68, 127.73, 126.90, 86.52, 72.44, 70.75, 70.69, 70.67, 70.38, 63.28, 61.73 

1,1,1-triphenyl-2,5,8,11,14,17,20,23,26,29-decaoxahentraicontain-31-ol (7e) 

Route A:  

3,6,9,12,15,18,21,24,27-nonaoxanonacosane-1,29-diol (9c) (3.7g, 0.008 mols) was 

dissolved in toluene (100ml). Trityl alcohol (0.21g, 0.0008 mols) was added as well as para-

toluene sulphonic acid (0.05g, 0.00026 mols). The solution was heated at reflux with stirring for 

18 hours and water was removed by azeotropic distillation employing a dean and stark trap. Then 
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the solution was cooled to ambient temperature and evaporated under reduced pressure. The 

product was purified by column chromatography on silica gel eluted with methylene chloride 

(95%) / methanol (5%). This gave 0.24g of 1,1,1-triphenyl-2,5,8,11,14,17,20,23,26,29-

decaoxahentraicontain-31-ol (7e) as an oil in a 43% yield. 

Route B: 

0.175g of sodium hydride (60% in mineral oil) was added to dry THF (30ml) and stirred 

under nitrogen. 3,6,9,12,15-pentaoxaheptadecane-1,17-diol (6(a), hexapolyethylene glycol) (6g, 

0.021 mols) dissolved in dry THF (30ml) was added dropwise and the resultant solution was stirred 

at ambient temperature for 30 minutes under nitrogen. Then 1,1,1-triphenyl-2,5,8,11-

tetraoxatridecan-13-yl 4-methylbenzenesulfonate (1.68g, 0.0028mols) dissolved in toluene (30 

ml) and the resultant solution was heated at reflux for 18 hours with stirring. After which the 

solution was cooled to ambient temperature and toluene (20ml) was added. The organic solution 

was washed with brine (50ml) and water (50ml), dried over magnesium sulfate filtered and 

evaporated to give the crude product. This was purified by column chromatography on silica gel 

eluted with methylene chloride (95%) / methanol (5%) to give 1g of pure 1,1,1-triphenyl-

2,5,8,11,14,17,20,23,26,29-decaoxahentraicontain-31-ol (7e) as an oil in a 50% yield. 1H nmr 

(CDCl3) δ 7.47 (d, 6H), 7.3-7.2 (m, 9H), 3.25-3.1 (m, 38H), 3.2 (t, 2H), 2.6 (brS, 1H); 13C nmr 

(CDCl3) δ 144.06, 128.64, 127.68, 126.84, 86.45, 72.50, 70.71, 70.63, 70.60, 70.54, 70.49, 70.25, 

63.25, 61.65 

1,1,1,21,21,21-hexaphenyl-2.5,8,11,14,17,20-heptooxahenicosane (8a) 

Sodium hydride (60% in oil, 6.6g, 0.164mols) was washed with hexanes and dry 

tetrahydrofuran (100ml) was added. 2-(trityloxy)ethan-1-ol (25g, 0.082mols) was dissolved in dry 

tetrahydrofuran (100ml) and added to the sodium hydride suspension at ambient temperature with 
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stirring. The resultant suspension was stirred for 1 hour at ambient temperature then it was cooled 

to 0ºC. ((oxybis(ethane-1,2-diyl))bis(oxy))bis(ethane-1,2-diyl) bis(4-methylbenzenesulphonate) 

(20.6g, 0.041 mols) was dissolved in dry THF (50ml) and added dropwise to the cooled solution 

at 0ºC with stirring over 30 minutes. Then the solution was warmed to 40ºC and stirred for 80 

hours. After which it was poured into an ice/water mix (300ml) and extracted with methylene 

chloride (2x150ml). The organic solution was dried over magnesium sulphate, filtered, and then 

evaporated to give crude product. This was purified by column chromatography on silica gel eluted 

with a gradient system running from 100% methylene chloride to 98% methylene chloride: 2% 

methanol, to give 24g of the desired product in a 76% yield as an orange oil. 1H nmr (CDCl3) 

δ7.47-7.44 (m, 12H), 7.30-7.18 (m, 18H), 3.68-3.62 (m, 20H), 3.22 (t, 4H); 13C nmr (CDCl3) δ 

144.09, 128.68, 127.73, 126.88, 86.48, 70.74, 70.66, 70.63, 70.58,3.28, 53.41 

1,1,1,27,27,27-hexaphenyl-2,5,8,11,14,17,23,23,26-nonaoxaheptacosane (8b) 

Sodium hydride (60% in oil, 7.24g) was washed with hexanes and added to dry THF 

(200ml). 2-(2-(trityloxy)ethoxy)ethan-1-ol (31.2g, 0.09mols) was dissolved in dry THF (100ml) 

and added in 1 portion to the suspension of sodium hydride in THF. This mixture was then stirred 

at ambient temperature for 4 hours after which it was cooled to 0ºC and ((oxybis(ethane-1,2-

diyl))bis(oxy))bis(ethane-1,2-diyl) bis(4-methylbenzenesulphonate) (22.59g, 0.045mols) 

dissolved in dry THF (100ml) was added dropwise with stirring over 30 minutes. The resulting 

suspension was warmed to 40ºC and this temperature was maintained for 5 days. After which the 

suspension was added to an ice/water mix (300ml), extracted into methylene chloride and dried 

over magnesium sulphate. The organic solution was filtered and evaporated to give crude product 

which was purified via column chromatography on silica eluted with a gradient system running 

from 100% methylene chloride to 98% methylene chloride: 2% methanol. This gave 28g of the 
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product as a yellow oil in a 73% yield. 1H nmr (CDCl3) δ 7.48-7.45 (m, 12H), 7.31-7.19 (m, 18H), 

3.69-3.67 (m, 28H), 3.27 (t, 4H); 13C nmr (CDCl3) 144.10, 128.70, 127.74, 126.90, 86.50, 77.21, 

70.76, 70.68, 70.65, 70.58, 70.53, 68.30 

1,1,1,33,33,33-hexaphenyl-2,5,8,11,14,17,20,23.26,29,32-undecaoxatritriacontane (8c) 

Sodium hydride (60% in oil, 6.4g) was washed with hexanes and added to dry THF 

(100ml). The resulting suspension was stirred and 2-(2-(2-trityloxy)ethoxy)ethoxy)ethan-1-ol 

(31.24g, 0.0796mols) dissolved in dry THF (100ml) was added. Then it was stirred at ambient 

temperature for 4 hours. After which it was cooled to 0ºC and ((oxybis(ethane-1,2-

diyl))bis(oxy))bis(ethane-1,2-diyl) bis(4-methylbenzenesulphonate) (20g, 0.04mols) dissolved in 

dry THF (70ml) was added dropwise over 30 minutes. Upon complete addition of the bis-tosylate 

the temperature of the solution was raised to 40ºC and maintained at this temperature for 4 days 

with stirring. Then it was poured into an ice/water mix (300ml) and extracted into methylene 

chloride (3 x 200ml). The organic extracts were combined and dried over magnesium sulphate 

after which they were filtered and evaporated to give the crude product. This was purified by 

column chromatography on silica eluted with a gradient system running from 100% methylene 

chloride to 95% methylene chloride: 5% methanol. This gave 23.75g of the product as a yellow 

oil in a 63% yield. 1H nmr (CDCl3) δ 7.47-7.45 (m, 12H), 7.30-7.18 (m, 18H), 3.68-3.61 (m, 36H), 

3.23 (t, 4H); 13C nmr (CDCl3) δ 144.01, 128.06, 127.65, 126.81, 86.40, 70.68, 70.60, 70.56, 70.50, 

70.45, 63.21, 53.37, 30.82 

3,6,9,12,15-pentaoxaheptadecane-1,17-diol (9a, hexa-polyethylene glycol) 

1,1,1,21,21,21-hexaphenyl-2.5,8,11,14,17,20-heptooxahenicosane (23.5g, 0.031mols) was 

dissolved in methylene chloride (70ml) and acetic acid (276ml) was added. This was heated at 

40ºC for 18 hours with stirring. Then it was cooled to ambient temperature and poured into an 
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ice/water mixture (400ml) and filtered. After which the filtrate was evaporated to give 6.6g of 

product as an oil in a 75% yield. 1H nmr (CDCl3) δ 4.4 (br s, 2H), 3.28-3.18 (m, 24H); 13C nmr 

(CDCl3) δ 72.52, 70.44, 70.32, 70.17, 69.85, 61.28 

3,6,9,12,15,18,21-heptaoxatricosane-1,23-diol (9b, octa-polyethylene glycol) 

1,1,1,27,27,27-hexaphenyl-2,5,8,11,14,17,23,23,26-nonaoxaheptacosane (28g, 

0.0328mols) was dissolved in methylene chloride (150ml) and concentrated hydrochloric acid 

(15ml) was added. The mixture was stirred at ambient temperature for 1 hour then it was 

evaporated and deionized water (150ml). The aqueous PEG solution was filtered to remove trityl 

chloride and evaporated. This gave 7.4g of the desired product as an oil in a 62.5% yield. 1H nmr 

(CDCl3) δ 3.27-3.36 (m, 28H), 3.30 (brS, 4H); 13C nmr (CDCl3) δ 72.43, 70.43, 70.15, 61.49 

3,6,9,12,15,18,21,24,27-nonaoxanonacosane-1,29-diol (9c, deca-polyethylene glycol) 

1,1,1,39,39,39-hexaphenyl-2,5,8,11,14,17,20,23,26,29,32,35,38-tridecaoxanatriacontane 

(44.3g, 0.047mols) was dissolved in methylene chloride (100ml) and concentrated hydrochloric 

acid (8ml) was added. This mixture was stirred at ambient temperature for 1 hour then it was 

evaporated and deionized water (200ml) was added. The aqueous solution was filtered and 

evaporated to give product which was dissolved in methylene chloride (200ml), dried over 

magnesium sulphate, filtered and evaporated to give 16.9g of decyl PEG in a 78% yield as a yellow 

oil. 1H nmr (CDCl3) δ 3.74-3.60 (m, 40H), 3.19 (brs, 2H); 13C nmr (CDCl3) δ 72.46, 70.44, 70.39, 

70.13, 61.49 

1,1,1-triphenyl-2,5,8,11-tetraoxatridecan-13-yl (4-(4-((25-hydroxy-2,5,8,11,14,17,20,23-

octaoxapentacosanoyl)amino)benzyl)phenyl carbamate (12a) 

Methylene diphenyl diisocyanate (MDI) (3.75g, 0.015mols) was dissolved in toluene 

(20ml) and triethylamine (0.2ml) was added. Then mono-trityl-protected tetra-polyethylene glycol 
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(2.2g, 0.005mols) dissolved in toluene was added dropwise with stirring. Upon complete addition 

the solution was stirred for 18 hours at ambient temperature. After which hexanes (150ml) were 

added and unreacted MDI crystalized upon cooling to 0ºC. This was removed by filtration and the 

filtrate was evaporated under reduced pressure. The resultant mono-carbamate intermediate was 

dissolved in methylene chloride (40ml) and added dropwise to a solution of octa-PEG (11(b)) 

(7.4g, 0.08mols) in methylene chloride (10ml). The resultant solution was stirred at ambient 

temperature for 18 hours and then evaporated under reduced pressure to give crude (14(a)) which 

was purified by column chromatography on silica gel eluted with a gradient system running from 

methylene chloride 100% to methylene chloride 95%: methanol 5%. This gave 0.8g of 1,1,1-

triphenyl-2,5,8,11-tetraoxatridecan-13-yl(4-(4-((25-hydroxy-2,5,8,11,14,17,20,23-

octaoxapentacossanoyl)amino)benzyl)phenyl carbamate (12) as a tar in a 15.2% yield. 1H nmr 

indicated that this was the correct material however it still contained some impurities so it was 

deprotected and further purified in the next step. 

2-(2-(trityloxy)ethoxy)ethyl (4-(4-((31-hydroxy-2,5,8,11,14,17,20,23,26,29-

decaoxahentriacontanoyl)amino)benzyl)phenyl)carbamate (12b) 

Methylene diphenyl diisocyanate (MDI) (1.159g, 0.0046 mols) was dissolved in toluene 

(5ml) and triethylamine (3 drops) was added. The solution was stirred at ambient temperature and 

1,1,1-triphenyl-2,5,8,11,14,17,20,23,26,29-decaoxahentraicontain-31-ol (0.65g, 0.00092 mols) 

dissolved in toluene was added dropwise over 1 hour. Then the solution was stirred at ambient 

temperature for 1 hour after which it was evaporated under reduced pressure and the crude mixture 

was dissolved in methylene chloride (50ml). Diethylene glycol (21.2g, 0.2 mols) was dissolved in 

methylene chloride (10ml) and stirred. The solution of the crude mixture was added dropwise to 

the PEG solution over 1 hour and stirring was continued at ambient temperature for 18 hours. Then 

deionized water (50ml) was added the resultant solid was removed by filtration and washed with 
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methylene chloride (2 x 100ml). The combined organic extracts were dried over magnesium 

sulfate, filtered and evaporated to give crude product. This product was purified by column 

chromatography on silica gel eluted with ethyl acetate (95%) / methanol (5%) to give 0.39g of the 

pure intermediate as a tar. 1H nmr (CDCl3) δ 7.45 (d, H), 7.31-7.03 (m, 17H), 4.30-4.24 (m, 4H), 

3.87 (s, 2H), 3.75-3.48 (m, 42H), 3.22 (t, 2H), 2.75 (brS, 1H); 13C nmr (CDCl3) δ 153.47, 143.97, 

136.19, 136.04, 135.97, 135.88, 129.17, 128.56, 127.62, 126.78, 118.76, 72.32, 72.23, 70.60, 

70.52, 70.48, 70.45, 70.35, 69.28, 63.84, 63.16, 61.48, 40.42 

1,1,1-triphenyl-2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzenesulfonate (13) 

Route A:  

2-(2-(2-(2-trityloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol (7d) (9.4g, 0.0215 mols) was 

dissolved in THF (30ml) and cooled to 0ºC with stirring. Then sodium hydroxide (3.44g, 0.086 

mols) dissolved in deionized water (10ml) was added dropwise maintaining the temperature below 

5ºC. After which the solution was stirred at 0ºC for 30 minutes. Then tosyl chloride (4.7g, 0.0245 

mols dissolved in THF (10ml) was added dropwise to the stirred solution at 0ºC over 15 minutes. 

The resultant solution was stirred at 0ºC for 5 hours and then for a further 18 hours at ambient 

temperature. Deionized water (50ml) was added and the solution was extracted with methylene 

chloride (100ml). Then the organic extracts were washed with deionized water (50ml), dried over 

magnesium sulfate filtered and evaporated. The product was purified by column chromatography 

on silica eluted with ethyl acetate (30%) / hexanes (70%) to give 6g of pure 1,1,1-triphenyl-

2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzenesulfonate (13) in a 46.5% yield as a clear oil. 

Route B: 

2-(2-(2-(2-trityloxy)ethoxy)ethoxy)ethoxy)ethan-1-ol (7d) (41.9g, 0.096 mols) was 

dissolved in methylene chloride (200ml) and triethylamine (30ml) followed by dimethylamino 
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pyridine (0.2g). The resultant solution was cooled to 0ºC then para-toluene sulfonyl chloride 

(21.96g, 0.115 mols was added). The solution was stirred at 0ºC for 1 hour then allowed to warm 

to ambient temperature and stirring was continued for 18 hours. After which the solution was 

washed with deionized water (2 x 100ml), dried over magnesium sulfate filtered and evaporated. 

The product was purified as described in the synthesis via route A and this gave 37g of 1,1,1-

triphenyl-2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzenesulfonate (13) in a 65.6% yield as a 

clear oil. 1H nmr (CDCl3) δ7.79 (d, 2H), 7.46 (d, 6H), 7.34-7.21 (m, 11H), 4.14 (t, 2H), 7.34-7.21 

(m, 12H), 3.25 (t, 2H), 2.42 (s, 3H); 13C nmr (CDCl3) δ 144.71, 144.08, 132.99, 129.76, 128.68, 

127.94, 127.72, 126.89, 86.50, 70.74, 70.70, 70.64, 70.58, 69.19, 68.64, 63.28, 60.36  
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D.1.3  Supplemental Figures 

 

Supplemental Figure D.1 Mass spectra of 4-M-8 depicting the +1 and +2 species at m/z 837.4 

and m/z 430.2, respectively. Both charge states were quadrupole-isolated and subjected to 

fragmentation at multiple collision energies, with the resulting fragmentation spectra shown for 

30V, 50V, and 70V for the +1 species, and the 10V, 20V, and 30V for the +2 species. Both species 

produced the same fragment ions, with the +2 species first disassociating into the +1 species before 

further disassociation occurred. 
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Supplemental Figure D.2 Mass spectra of 6-M-6 depicting the +1 and +2 species at m/z 837.4 

and m/z 430.2, respectively. Both charge states were quadrupole-isolated and subjected to 

fragmentation at multiple collision energies, with the resulting fragmentation spectra shown for 

30V, 50V, and 70V for the +1 species, and the 10V, 20V, and 30V for the +2 species. Both species 

produced the same fragment ions, with the +2 species first disassociating into the +1 species before 

further disassociation occurred. 
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Supplemental Figure D.3 Mass spectra of 2-M-10 depicting the +1 and +2 species at m/z 837.4 

and m/z 430.2, respectively. Both charge states were quadrupole-isolated and subjected to 

fragmentation at multiple collision energies, with the resulting fragmentation spectra shown for 

30V, 50V, and 70V for the +1 species, and the 10V, 20V, and 30V for the +2 species. Both species 

produced the same fragment ions, with the +2 species first disassociating into the +1 species before 

further disassociation occurred. 
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Supplemental Figure D.4 Illustrated 1,3-hydrogen shift reaction for the 6-M-6 oligomer with 

precursor and product masses labelled. 
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Supplemental Figure D.5 Illustrated 1,5-hydrogen shift reaction for the 6-M-6 oligomer with 

precursor and product masses labelled. 
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Supplemental Figure D.6 Illustrated 1,3-hydrogen shift reaction for the 4-M-8 oligomer with 

precursor and product masses labelled. 
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Supplemental Figure D.7 Illustrated 1,5-hydrogen shift reaction for the 4-M-8 oligomer with 

precursor and product masses labelled.  
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Supplemental Figure D.8 Illustrated 1,3-hydrogen shift reaction for the 2-M-10 oligomer with 

precursor and product masses labelled. 
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Supplemental Figure D.9 Illustrated 1,5-hydrogen shift reaction for the 2-M-10 oligomer with 

precursor and product masses labelled. 
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Supplemental Figure D.10 Example simulated structures for +2 species of the (A) 4-M-8, (B) 6-

M-6, and (C) 2-M-10 oligomers. 
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