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ABSTRACT 

 

 This dissertation elucidates a greater understanding of the vaporization and 

electrospray post-ionization mechanisms when using femtosecond laser pulses for 

desorption of surface molecules and electrospray ionization for capture and mass analysis 

of the gas phase ions. The internal energy deposition from nonresonant vaporization with 

femtosecond laser pulses was measured using dried and liquid samples of p-substituted 

benzylpyridinium ions and peptides. In the comparison of the experiments of using 800 

nm and 1042 nm laser pulses, it was found that there are different vaporization 

mechanisms for dried and liquid samples. It was established that LEMS is a “soft” mass 

analysis technique as it resulted in comparable internal energy distributions to ESI-MS 

with one caveat; multiphoton excitation of dried samples results in extensive 

fragmentation at higher pulse energies. The quantitative aspects of the laser electrospray 

mass spectrometry (LEMS) technique were established using various multicomponent 

mixtures of small biomolecules. Experiments with LEMS resulted in similar quantitative 

characteristics to ESI-MS except that ESI-MS demonstrated a greater degree of ion 

suppression when using higher concentrations, particularly in the four-component 

mixture. The lack of ion suppression in the LEMS measurements was due to the ~1% 

neutral capture efficiency and most likely not a result of nonequilibrium partitioning. 

This was supported by the excess charge limit not being surpassed in the LEMS 

experiments and the quantitative analysis requiring the use of response factors. 

 This dissertation also expanded upon the use of multivariate analysis for the 

classification of samples that were directly mass analyzed without any sample 
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preparation using LEMS. A novel electrospray complexation mixture using cationic 

pairing agents, a lipid, and sodium acetate enabled the simultaneous detection of positive, 

neutral and negative charged features of inorganic-based explosive residues in a single 

experiment. This complexation mixture also enabled the detection of new features from 

an RDX-based propellant mixture. Principal component analysis (PCA) proved reliable 

for accurate classifications of the explosive mixtures. PCA was also used for accurate 

classification of eight phenotypes of Impatiens plant flower petals after mass analysis 

with LEMS. The PCA loading values were used to identify the key biomarkers in the 

classification. These important mass spectral features were identified as the biologically-

relevant anthocyanins, which are phytochemicals that are responsible for the color of the 

flower petals.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Early History of Laser Vaporization for Mass Spectrometry 

The genesis of laser mass spectrometry occurred shortly after the discovery of the 

ruby laser in 1960 (1) with early work involving both gas phase ionization via resonance-

enhanced multiphoton ionization (REMPI) and ablation of solids coupled to time-of-

flight mass spectrometry (TOF-MS), which evolved into the laser microprobe. The 

realization that lasers could be used to both desorb and ionize molecules was pioneered in 

the early 1980’s along with a number of other energy deposition and ionization sources 

including fast atom bombardment (FAB) (2), secondary ion mass spectrometry (SIMS) 

(3) and plasma desorption mass spectrometry (PDMS) (4) sources. A major goal during 

this period of time was to break the barrier for the mass spectral analysis of 

macromolecules with masses greater than ~1 kDa. Two approaches ultimately resolved 

the challenge, electrospray ionization-mass spectrometry (ESI-MS) (5-6) and laser 

desorption (LD) (7). In an electrospray experiment, the molecule is sprayed into the gas 

phase in a charged droplet and when the solvent evaporates, the charged analyte is 

available for mass analysis. In the laser desorption experiment, Tanaka et al. discovered 

that a glycerol solution containing colloidal cobalt would absorb a pulsed laser in a 

manner that resulted in the transfer and ionization of a protein (lysozyme) from the 

condensed phase into the gas phase. Hillenkamp and coworkers reported (8-10) that a 

small organic acid matrix could both solvate the biomolecule and absorb the laser 
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radiation to enable desorption. Hence, the experiment known as matrix-assisted laser 

desorption ionization (MALDI) was realized. 

MALDI and ESI have grown to become the dominant mass spectral techniques 

for macromolecule analysis and both have advantages and shortcomings that make them 

complimentary techniques. For example, in the analysis of tissue samples, ESI requires 

extensive sample preparation (homogenization and separation steps) that results in the 

selective isolation of a particular class of molecules with loss of information regarding 

the remaining molecules in the system. Performing direct, spatially-resolved analysis is 

challenging for ESI, and the desorption electrospray ionization (DESI) (11) experiment 

has made strides toward resolving this challenge. MALDI by contrast, is particularly 

well-suited for spatially-resolved analysis, but initially required tissue states to be altered 

by drying or freezing prior to transfer into the high vacuum system. Atmospheric 

pressure-MALDI (AP-MALDI) (12-13) was achieved about ten years after MALDI and 

ESI were established. AP-MALDI demonstrated less fragmentation due to collisional 

cooling in the gas phase (13-14), was amenable to mass analyzers other than time-of-

flight (15-16) and due to fewer sample preparation steps, enabled spatially-resolved 

imaging of tissue and other biological samples with sub-10 μm resolution (17-19). AP-

MALDI experiments using an IR laser (AP-IR-MALDI) do not require matrix molecules 

in the analysis of water rich tissue samples as the laser beam couples to water in the 

sample (20-22). The initial low sensitivity from ion losses at the atmospheric pressure-to-

vacuum interface of the mass spectrometer inlet (13, 23) and discrimination against 

higher mass-to-charge (m/z) ions (> 3000) owing to recombination in the plume (20) have 

been improved through analysis in transmission geometry in a field-free region (24-26).  
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Separating vaporization and ionization into two distinct processes enables 

measurements that cannot be performed using either ESI-MS or MALDI alone and these 

methods to prepare nonvolatile analytes for mass spectral analysis now constitute an 

important research focus. The goal is to provide a greater degree of control over each step 

to enhance analytical capabilities. The process of separating the desorption from the 

ionization steps can be accomplished by several approaches. Early attempts employing 

laser post-ionization following laser desorption was largely limited to smaller molecules 

because of rapid photophysical transfer of laser excitation energy to internal modes of the 

analyte (27). Successful ionization of larger biomolecules after laser vaporization ensued 

after DESI was introduced. Although not a laser desorption technique, a brief review of 

DESI follows as it led to a renaissance in ambient mass spectrometry of large 

biomolecules and it is currently the most used ambient mass spectral technique besides 

conventional ESI-MS (28). 

 

1.2 Desorption Electrospray Ionization (DESI)  

In 2004, the atmospheric pressure mass spectrometry revolution was started by 

DESI (11). Pneumatically assisted electrospray droplets directed at a surface enabled 

ESI-like mass spectral analysis of large biomolecules from surfaces through a droplet 

pick-up mechanism (29-31). The solvent creates a thin liquid film on the surface that 

extracts the analyte. Subsequent collisions of primary ESI droplets with the solvent film 

formed on the surface release secondary progeny droplets on the opposing end of the 

impacted film upward, carrying the analyte to the mass spectrometer. In this way, DESI 

has been successful in the mass spectral analysis of explosives (32-36), chemical warfare 
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agents (37-38), pharmaceuticals (39-40), peptides and proteins (41-44), food (45), and 

tissue samples (46-47). However, DESI mass spectral response of proteins decreases with 

protein size above 25 kDa due to the desorption and solvation mechanisms (43). 

Chemicals in the electrospray solvent have been shown to react with surface analytes for 

novel experiments (33, 37, 40, 48-50). DESI has excelled in the 2D imaging of biological 

tissues (51-54) and 3D imaging using coronal sectioning (55-56) as it lacks depth 

profiling ability. Imaging of samples is typically performed with 200 μm resolution due 

to the width of the electrospray plume (57-58), although 40 μm has been shown to be 

achievable (59). Higher resolution imaging of tissue samples with 10 to 20 μm spatial 

resolution has been performed using nano-DESI (60-62). Nano-DESI uses two nanospray 

capillaries arranged in reflection mode connected by a solvent bridge where the first 

capillary supplies the solvent and the second capillary transports the surface analytes to 

the mass spectrometer (63). 

DESI showed that sensitive surface analysis of large biomolecules at atmospheric 

pressure was possible using commercial electrospray ionization mass spectrometers with 

modified ionization sources. After this breakthrough, many ESI-related mass spectral 

techniques were developed for ambient surface analysis. This rest of this introduction 

focuses on the recent investigations of laser-based mass spectrometry with an emphasis 

on laser release of molecules from the condensed phase at atmospheric pressure for 

subsequent ionization and mass spectral analysis using electrospray ionization. First, 

laser-electrospray hybrid techniques using nanosecond lasers are comprehensively 

detailed, with particular emphasis on electrospray-assisted laser desorption/ionization 

(ELDI), matrix-assisted laser desorption electrospray ionization (MALDESI), and laser 
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ablation electrospray ionization (LAESI). Next, other two-step laser mass spectral 

methods and single-step ambient laser desorption and ionization mass spectral techniques 

are reviewed. Finally, femtosecond laser vaporization with electrospray post-ionization, 

which is called laser electrospray mass spectrometry (LEMS), is thoroughly described as 

this is the technique that was utilized for the experiments described in this dissertation. 

Comprehensive overviews of ambient pressure mass spectrometry and laser-based 

imaging methods have been previously published (28, 57-58, 64-75). 

 

1.3 Two-Step Methods using Nanosecond Laser Desorption and Electrospray Post-

ionization 

 The combination of laser desorption with electrospray post-ionization in 

particular provides several benefits, including of atmospheric pressure analysis, direct 

sampling, enhanced quantitative analysis, and spatially resolved analysis. The latter three 

capabilities are difficult with conventional electrospray techniques. The general depiction 

for this type of hybrid mass analysis technique is shown in Figure 1.1 with tables listing 

the key parameters and results for the four major laser-electrospray hybrid techniques 

discussed below. 

 

1.3.1 Electrospray-Assisted Laser Desorption/Ionization (ELDI) 

Atmospheric pressure laser desorption in combination with electrospray 

ionization mass spectrometry was first reported in 2005 (76). The electrospray-assisted 

laser desorption/ionization (ELDI) technique, used a nitrogen laser with a wavelength of  
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Figure 1.1. Schematic for two-step mass spectral methods using laser desorption followed 

by electrospray post-ionization. The key properties and results are shown in 

the respective tables. 
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337 nm and pulse duration of 4 nanoseconds to desorb a variety of molecules from a 

surface into the gas phase for subsequent ESI mass spectral analysis. Measurements of 

dried cytochrome c from a stainless steel surface with or without a MALDI matrix 

revealed a charge state distribution corresponding to unfolded cytochrome c. One could 

speculate that the red colored protein served as the matrix, absorbing the 337 nm photon, 

but a subsequent paper demonstrated the ability to detect dried lysozyme and myoglobin, 

as well as other proteins in biological media, i.e., from bacterial cultures, and porcine 

liver and heart tissue samples (77). Although the mechanism of vaporization has not yet 

been elucidated, the substrate likely plays a role in the desorption event. Analysis of basic 

blue 7 from a stainless steel substrate produced the best signal intensity compared to 

other substrates, presumably due to thermal effects (78). Ionization was proposed (77, 79) 

to occur through modified fused-droplet electrospray ionization (FD-ESI) (80-82) where 

laser-desorbed analytes are post-ionized through fusion with charged solvent droplets. 

This hypothesis was supported by the observation of ESI-like, multiply charged protein 

ions. ELDI also enabled surface analysis of other dried samples including major 

components in milk, colors of a painting, coating of a compact disc, drug tablets, porcine 

brain tissue (79), inks (83), and polymers, plasticizers, and inks from bank notes to 

distinguish authentic and counterfeit currency (84). Imaging with a resolution of 250 μm 

was demonstrated using ELDI on fungal and animal tissue samples (71, 85). ELDI has 

been used in two-dimensional analyses for the detection of compounds after TLC 

separation using either pulsed UV (86-87) or IR laser beams (87). 

To enable the desorption of a folded protein from a liquid sample, carbon powder 

was added to the sample solution, absorbing the laser energy in a manner similar to 
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Tanaka’s cobalt powder (7) and enabling the transfer of native folded protein into the gas 

phase for mass analysis (88). Liquid ELDI measurements with MALDI matrices, which 

increased the ion signal in comparison with matrix-free analysis, led to protein unfolding 

(89). A four-component protein mixture was quantified with ELDI whereas neither 

MALDI or ESI measurements reflected the protein concentrations owing to ion 

suppression (88). ELDI has been used to monitor reactions by suspending carbon powder 

in liquid sample solutions to enable laser desorption (90). Reactive ELDI experiments 

that occur from the fusion of reactants into the electrospray droplets have been performed 

with the reactant in the electrospray solvent and the analyte being desorbed from a 

sample surface, or vice versa (91). 

 The desorption yield was measured as a function of laser wavelength and fluence 

for cytochrome c at 337 nm from a nitrogen laser and at 266, 532, and 1064 nm from a 

Nd:YAG laser (78). The highest cytochrome c ion intensity occurred when using 1064 

nm laser pulses to desorb liquid samples without added matrix, presumably due to the 

proximity of the resonant OH bending vibrations of water molecules at 1050 nm. More 

background ions were produced in analyses using organic matrices or desorption with 

UV laser light at 266 nm. The use of an infrared optical parametric oscillator (OPO) laser 

with ESI post-ionization, termed IR-ELDI, allowed for the optimization of large 

biomolecule mass analysis after desorption without a matrix by nanosecond laser pulses 

centered at 2.74 or 2.94 μm with pulse energies of 150 μJ (92). Sensitivity was greatly 

increased in the analysis of peptide solutions with a two orders of magnitude sensitivity 

gain compared with UV-ELDI because water acts as a matrix with mid-IR laser pulses, 

similar to laser ablation electrospray ionization (LAESI) (93) and infrared matrix-assisted 
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laser desorption electrospray ionization (IR-MALDESI) (94) experiments. The LOD for 

bradykinin, ubiquitin, and carbonic anhydrase were lowered to 250, 100, and 500 fmol, 

respectively, using IR-ELDI. Optimization of UV laser desorption using 337 nm N2 laser 

pulses at a low fluence (700 J/m
2
) for peptides and small proteins from metal targets was 

enabled by coating the substrate with black oxide (Fe3O4). This resulted in five times 

greater ELDI mass spectral response for substance P compared with non-coated metal 

targets (95). Proteins such as insulin, ubiquitin, and myoglobin were successfully 

analyzed from the coated metal targets but not from stainless steel substrates when using 

a low laser fluence. 

 

1.3.2 Matrix-Assisted Laser Desorption Electrospray Ionization (MALDESI) 

Although ELDI demonstrated the ability to desorb samples with nanosecond UV 

laser pulses without a matrix, subsequent experiments reported that an organic matrix 

significantly improved the desorption of analytes (96). This method was termed matrix-

assisted laser desorption electrospray ionization (MALDESI). In the first report, various 

protein and peptide samples were dissolved in a sinapinic acid matrix, desorbed from 

stainless steel substrates using a nitrogen laser with 4 ns, 120 μJ laser pulses centered at 

337 nm, and ionized using nanoESI. The multiple charging of proteins BNP-32 and 

ubiquitin observed in the MALDESI experiment with a remote analyte sample, transport, 

and ionization relay (RASTIR) setup validated the ionization mechanism as electrospray 

post-ionization and not MALDI ionization (97). This was further supported in the remote 

desorption of reserpine that was transported by the RASTIR device to an electrospray 

plume containing deuterated solvents. Although some [M+H]
+
 ions were observed, which 
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was most likely due to AP-MALDI processes, the [M+D]
+ 

features were abundant even 

though reserpine does not undergo significant hydrogen/deuterium (H/D) exchange (98). 

Remote sampling alleviated the problems of interfering MALDI target plate and ESI 

emitter voltages and low ionization efficiency of ~0.02% in the early phases of 

MALDESI (96), which was improved to 1.5 % with the RASTIR source (99). 

Like ELDI, MALDESI was also used to analyze liquid samples of peptides and 

proteins (1 to 8.6 kDa) contained by an organic matrix (100). Surprisingly, ionization of 

the desorbed droplets still occurred without ESI post-ionization when the sample target 

was biased to higher voltages (normally at 500 V; increased to 3 kV) with the desorbed 

droplet acting as the electrospray droplet. Multiple charging of peptides and proteins 

without ESI post-ionization was previously reported in the vaporization of dehydrated 

sample droplets containing glycerol using AP-IR-MALDI (101).  

MALDESI was performed on solid and liquid samples using 7 ns IR laser pulses 

centered at 2.94 μm (94) and these IR-MALDESI analyses of solid-state samples using 

organic matrices revealed mass spectral responses similar to experiments with UV laser 

pulses. For instance, top-down protein characterization was performed on solid protein 

samples using organic matrices and either UV (102) or IR laser pulses (94). In the work 

comparing UV- and IR-MALDESI mass spectra of bovine milk and egg yolk, more 

features were revealed with IR-MALDESI because water molecules act as a matrix for 

2.94 μm light, similar to LAESI (93) and IR-ELDI (92). IR-MALDESI was also used to 

analyze proteins and O-linked glycans cleaved from mucin (94) as well as dyes from 

textile fabrics (103).  
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Analysis with IR laser pulses focused to 250 μm in diameter provided spatially-

resolved images down to 45 μm using an oversampling technique for rat brain, mouse 

heart, and lung tissue samples (104). Internal mass calibration with ambient 

polydimethylcyclosiloxanes ions allowed for accurate measurement of the frequency shift 

of a Fourier transform ion cyclotron resonance (FT-ICR-MS), enabling resolving power 

of 100,000 full width at half maximum (FWHM) at m/z 400 (105). In an imaging analysis 

of mouse brain tissue, lipids that were previously convoluted could be baseline separated 

in the mass spectra, leading to better spatially-resolved images of the mouse brain for the 

two lipids. 

Although low neutral capture efficiencies of less than 0.02% were common in the 

infancy of MALDESI (96), the sensitivity was subsequently greatly increased due to the 

optimization of parameters. Using a stable isotope-labeled analogue as a calibrant in the 

electrospray, the LOD was determined to be 630 amol for the polypeptide angiotensin I 

(102). The limit of detection for IR-MALDESI was reduced four orders of magnitude 

from 100 fmol to 10 amol for cytochrome c through the systematic optimization of 

parameters called design of experiments (DOE) (106). The key experimental parameters 

included flow rate (nanospray > electrospray), sample-inlet distance (vaporization closer 

to the ESI emitter is best), and laser fluence (best around 1.5 mJ). A design of 

experiments was used for the optimization of the geometry and instrumental parameters 

for IR-MALDESI mass spectral imaging of chicken liver tissue sections using ice as a 

matrix (107). This resulted in an increase in the ion yield of approximately one order of 

magnitude over previous IR-MALDESI imaging applications. 
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1.3.3 Laser Ablation Electrospray Ionization (LAESI) 

IR lasers have become more commonplace in mass spectral analysis because 

many matrices absorb IR light (21), including water, where the OH stretch is ~2.9 μm. 

Use of water as a matrix allows for reduced sample preparation, particularly for the 

analysis of biological samples at atmospheric pressure, as was first demonstrated in AP-

IR-MALDI studies (108). Mid-IR absorption leads to higher desorption yields in 

comparison with UV excitation because of a higher IR penetration depth (57, 109-111). 

Laser desorption using nanosecond, mid-IR laser pulses at atmospheric pressure consists 

of a two-stage process (112-114) that results in the plume being composed of particles 

(115-116) and molecules (117) with low ionization yields (23). The increased production 

of neutral molecules (111) leads to lower sensitivities than UV-MALDI experiments with 

conventional MALDI matrices (108). To increase ion signals from mid-IR laser 

vaporization at atmospheric pressure, IR laser desorption was coupled with electrospray 

for post-ionization and called laser ablation electrospray ionization (LAESI) (93, 118). 

Imaging studies revealed that LAESI yielded higher ion intensities by one or two orders 

of magnitude than AP-IR-MALDI (23) because of the post-ionization process. LAESI 

uses < 100 ns (often 7 ns), 2.94 μm laser pulses at a 90° incidence angle for ablation of 

any water containing sample into the gas phase for subsequent ionization by an 

electrospray source. LAESI produces internal energy distributions comparable to 

conventional electrospray as observed in the analysis of para-substituted 

benzylpyridinium ions in solid or condensed phases (119). Analysis of peptides and 

vitamin B12 using LAESI and ESI showed no fragmentation contrary to the fragments 

observed with vacuum UV-MALDI. In the initial LAESI analysis, the technique enabled 
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the detection of a variety of molecules up to 66 kDa with a spatial resolution of ~400 μm 

for proteins, lipids, and metabolites, including analytes from whole blood, serum, and 

different plant tissues (93). Using flash shadowography, the vaporized plume was shown 

to interact with the electrospray droplets, giving credence to the fused-droplet theory 

proposed by Shiea & Wang (82). 

Imaging experiments have been performed on tissue samples due to excitation of 

the water in biological samples by the laser pulses used in LAESI. Two-dimensional 

imaging of zebra plant leaves, using 2 mJ pulses focused to a lateral resolution of ~350 

μm, resulted in the mass spectral and spatial identification of metabolites responsible for 

the green and yellow colors of the leaf (120). Various other metabolites were also 

detected in depth profiling analyses. Depth profiling combined with 2D imaging yielded 

3D images of zebra plant and peace lily leaves with increased lateral and depth 

resolutions of ~300 and 30-40 μm, respectively (110). Tandem mass spectrometry led to 

accurate metabolite identification, and with their locations found by using 3D imaging, 

correlations of the metabolic biochemical roles in the plant were discovered. Two-

dimensional imaging with a smaller spot size and a lower pulse energy was performed for 

metabolites and lipids from rat brain tissue (121). A Peltier cooling stage was 

incorporated in the LAESI setup to prevent dehydration of the brain tissue as required by 

the analysis time of ~3 hours. Pearson colocalization maps, utilized previously in a 3D 

imaging study of the plant tissues (110), revealed biological correlations between lipids 

and smaller metabolites. During imaging analysis with 300 μm laser pulses, top-down 

identification of hemoglobin from mouse lung tissue sections was enabled using a FT-

ICR mass spectrometer (122). 
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LAESI experiments have focused on higher spatial resolution mass spectral 

analysis of cells (123-125). Using an etched tip of a GeO2-based glass fiber, mid-IR laser 

pulses were focused to spot sizes of 30-40 μm for in situ metabolic profiling of onion and 

daffodil bulb epidermals of ~20-200 μm in diameter as well as sea urchin egg cells of 

~100 μm in diameter (123). The cell walls of turgid cells were ruptured by the second 

laser pulse from the glass fiber, enabling ablation of the cytoplasm. Disparities in the 

metabolite ion signals were discovered in: cells of the same type but from different 

species (onion vs. daffodil bulb), colorless and pigmented (purple) onion cells, and cells 

of different ages (from different layers of the onion bulbs). LAESI-MS signals taken from 

single cells diminished after ~50 seconds or 100 laser pulses because evaporative drying 

competes with cytoplasm ejection from laser ablation (124). In situ cell-by-cell imaging 

of onion epidermal cells, oil glands from sour orange leaf cells, and human buccal 

epithelial (cheek) cells has also been performed (125). A multivariate statistical analysis 

tool, orthogonal projections to latent structures discriminant analysis (OPLS-DA), 

performed on the obtained LAESI mass spectra, distinguished the variance between 

different cell types and revealed the metabolites responsible for the variance. An 

overview of in vivo and in situ biological tissue and cell imaging using ambient mass 

spectral techniques was reported (57). 

LAESI experiments using ~300 μm diameter desorption pulses were also used for 

metabolic profiling of whole-cell populations (126-127), cyanobacteria (128), and intact 

fish tissues (129). LAESI mass spectra were used to discover changes in metabolites and 

lipids for human T-lymphotropic virus type 1 and type 3 (HTLV1 And HTLV3) 

transformed cells and for Tax1 and Tax3 expressing cell lines (126). LAESI-MS and 
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OPLS-DA were employed to investigate viral takeover of cell populations in oncovirus-

infected B-lymphocytes (127). Further LAESI metabolic profiling experiments were 

performed on intact cyanobacteria, revealing the ratio of phycocyanin and 

allophycocyanin proteins in the antenna complex, the subunit composition of 

phycobiliproteins, and the identity of 30 metabolites and lipids (128). LAESI experiments 

on fish gill tissues resulted in the detection of metabolites, lipids, and proteins (129). 

Comparative analysis among different gender and age tissue samples revealed an 11.3 

kDa protein that was only present in the mature male gill glands. 

Unconventional experimental LAESI setups were able to solve a few 

shortcomings that all ambient mass spectral techniques that combine laser vaporization 

and electrospray post-ionization have in common; only a small amount of the ablated 

sample material is ionized, and of those molecules, analytes are selectively ionized based 

upon their degree of polarity. Mid-IR ablation of a liquid sample using an etched optical 

fiber located within a capillary was used to confine the radial expansion of the ablated 

plume (130). This reduced the LOD by an order of magnitude to 600 amol for verapamil 

and extended the dynamic range to six decades in comparison to conventional LAESI 

(93) with a LOD of 8 fmol and a dynamic range of four orders of magnitude. The major 

drawback to confined ablation from capillaries is that it requires suspended cell samples, 

preventing tissue imaging applications, although further innovation of plume collimation 

in hybrid techniques could allow imaging applications. Heat-assisted laser ablation 

electrospray ionization mass spectrometry (HA-LAESI-MS) (131) combined the 

ionization techniques from conventional LAESI with laser ablation atmospheric pressure 

photoionization (LAAPPI) (132). HA-LAESI, using 2.94 μm laser pulses for ablation 
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followed by ionization by a heated nebulizer microchip that directs hot N2 gas at the MS 

inlet and an electrospray emitter that is diagonal to the MS inlet at a 20-30° angle to the 

heated nebulizer microchip, enabled simultaneous detection of polar and nonpolar 

analytes, perhaps due to secondary electrospray ionization (SESI) type ionization. Since 

gas phase proton affinities are typically higher than those in the liquid phase, ionization 

of less polar compounds can then occur. 

Several techniques similar to LAESI have been developed. Infrared laser-assisted 

desorption electrospray mass spectrometry (IR-LADESI), using an Er:YAG laser at 2.94 

μm with a temporal pulse width of 100 ns, enabled detection of aqueous cytochrome c 

and bradykinin, and untreated human whole blood and urine samples (133). Later 

measurements with IR-LADESI were coupled with an atmospheric pressure drift tube ion 

mobility spectrometer (DTIMS) to screen for the active pharmaceutical ingredients 

(APIs) in antimalarial tablets to identify counterfeit drugs (134). Infrared laser desorption 

electrospray ionization (IR-LDESI), using a 10.6 μm CO2 laser with a pulse energy of  

< 100 μJ at 5kHz repetition rate, was employed for ablation of condensed phase proteins 

of molecular masses from 8.6 to 17 kDa and electrospray post-ionization mass 

spectrometry (135). Laser ablation mass spectrometry (LAMS), employing a tunable IR 

laser for 5 ns, 2.94 μm pulses with a pulse energy of 2 mJ, was utilized in the 

characterization of analyte surface activity and solute partitioning between bulk liquid 

and liquid-gas interface in droplets (136). Chemical fingerprinting of dairy products and 

classification using PCA was performed on mass spectra obtained with laser desorption 

spray post-ionization (LDSPI), which used a pulsed 10 ns, 1064 nm Nd:YAG laser with 

pulse energy of 11 mJ to desorb liquid analytes into an electrospray source for post-
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ionization (137). In a subsequent experiment, analysis of insulin from stainless steel or 

copper substrates led to iron-insulin and copper-insulin complexes, indicating ablation of 

the substrate by the 1.1 mJ laser pulses (138). In a novel LDSPI experiment, two 

electrospray needles were used for selective ionization of desorbed samples, enabling 

selective detection of food components and manipulation of protein charge state 

distributions (139). By quickly switching the voltages to the two electrospray emitters, 

desorbed analytes could interact with different solvents and reagents. 

 

1.4 Other Two-Step Methods using Laser Desorption 

1.4.1 Laser Ablation Sample Transfer 

 Laser ablation of a sample into a droplet suspended above the sample surface has 

been investigated as a means for introduction to mass spectral analysis. Dye molecules 

have been ablated with a 532 nm laser (5 μJ pulse energy) into a hanging droplet 

positioned above the sample surface using a commercially available autosampler syringe 

injection needle either for direct infusion ESI-MS or for ESI-MS after HPLC separation 

(140). Imaging of dye molecules with 100 μm resolution was demonstrated using 

ablation in transmission geometry by an 11 ns, 337 nm N2 laser into a continuous flow 

ESI probe, termed liquid microjunction surface sample probe (LMJ-SSP) (141). A 5 ns 

IR pulsed laser centered at 2.94 μm has been employed for the ablation of proteins into a 

hanging liquid droplet from a syringe either for deposition on a MALDI target and offline 

MALDI analysis or for flow-injection into a nanoESI source (142). MALDI imaging with 

400 μm resolution has been performed on analytes that were transferred to a MALDI 

sample plate by ablation of tissue samples and peptides in transmission mode from an 
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upside-down sample plate (143). IR ablation in transmission geometry enabled the online 

separation of peptide and protein mixtures using HPLC (144) and capillary 

electrophoresis (CE) (145) for subsequent ESI mass analysis. Collection of laser ablated 

materials was enhanced two orders of magnitude by applying a voltage of approximately 

1 kV directly to a hanging droplet or to a flowing liquid bridge for subsequent ESI 

analysis (146). Laser ablation of molecules using 355 nm, 3 ns laser pulses in 

transmission geometry into a liquid microjunction in contact with the sample surface 

using a continuous flow LMJ-SSP (CF-LMJ-SSP) led to an order of magnitude signal 

enhancement in comparison with laser ablation into hanging droplet from non-contact 

CF-LMJ-SSP (147). In these experiments, surfaces with soluble components were coated 

with an insoluble film to prevent material extraction by the liquid. The spatial resolution 

for mass spectral imaging using the CF-LMJ-SSP was reduced to 50 μm. 

 Imaging of ambient pressure laser ablated surface analytes has also been 

performed using APCI as the ionization technique (LA-APCI-MS) (148-149). 

Multimodal imaging (bright field, fluorescence, and mass spectral chemical images) of 

cerebellum mouse brain tissue with a spatial resolution of 13 μm was enabled by a 

modified laser microdissection instrument coupled to an APCI mass spectrometer (148). 

The molecules were ablated by 349 nm, 120 μJ pulses at 5 kHz from a Nd:YLF laser and 

were transported to the APCI ion source by Teflon tubing. In a separate experiment, LA-

APCI-MS using a 213 nm Nd:YAG laser was used for mass spectral imaging of drugs 

from TLC plates and in tablet form with spatial resolution down to 100 μm (149).  

 

 



 

- 19 - 

 

1.4.2 Laser-based Acoustic Desorption 

 Laser pulses have enabled mass spectral analysis through acoustic desorption of 

analytes followed by a separate post-ionization event. Typically in laser-induced acoustic 

desorption (LIAD) methods, highly energetic laser pulses irradiate the opposite side of a 

metal foil on which the sample has been deposited, causing analytes to be desorbed into 

the gas phase by the resulting shockwave. LIAD using a 1064 nm laser with a pulse 

duration of 9 ns and pulse energies of 20 – 30 mJ followed by ESI post-ionization 

enabled the mass spectral analysis of amino acids, peptides, and proteins from the solid-

state and solution phases (150). LIAD-ESI was later utilized in the analysis of separated 

molecules from TLC plates, although glycerol had to be sandwiched between a glass 

plate and the aluminum-backed TLC plate to enable LIAD (151). LIAD has also been 

coupled to APCI for post-ionization (152-155). Mass analysis of petroleum mixtures 

(152) and saturated hydrocarbons (154) was performed using APCI post-ionization with 

N2 or O2 reagent gases after LIAD from Ti foil with visible laser pulses centered at 532 

nm with a pulse width of 5 ns and pulse energies above 50 mJ. Molecular ions of polar 

and nonpolar compounds were detected using APCI with CS2 reagent gas after LIAD 

(153). A new laser probe with a three-lens setup lowered the power loss from beam 

divergence as the laser propagates, allowing 98% of the output power to be focused at the 

back of the foil for improved reproducibility and the analysis of large nonvolatile 

analytes (155). This probe combined with a raster scanning assembly provided an 

increase in sampling surface, reproducibility, sensitivity, and throughput. 
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1.4.3 Laser-based Thermal Desorption  

A technique referred to as laser diode thermal desorption (LDTD) utilized CW 

diode lasers for thermal desorption as they are small, easy to use, and low cost. Mass 

analysis is performed similar to LIAD, where a 20 W IR laser diode irradiates the back of 

a sample plate for a short period of time (~5 s), resulting in thermal desorption of neutral 

molecules, which are then post-ionized, often using APCI. LDTD was coupled with 

APCI for analysis of small chemical compounds from many matrices, such as blood, 

plasma, urine, wastewater, milk, and biological buffers (156-160). Dielectric barrier 

discharge ionization (DBDI), which is similar to low-temperature plasma (LTP) 

ionization, was utilized after LDTD for mass analysis of pesticides, pharmaceuticals, and 

explosives in positive and negative ion modes (161). Desorption of samples with LDTD-

DBDI-MS from glass substrates was enabled by coating the back with black ink to absorb 

the laser energy. 

 

1.5 Single-step Processes (Desorption and Ionization) 

 Although most atmospheric pressure laser ablation/desorption techniques utilize 

post-ionization methods because of the low direct ionization yield, there are single-step 

ambient techniques that use laser pulses for desorption and ionization. The laserspray 

ionization inlet technique (LSII) (25-26, 162) is similar to AP-MALDI but produces ESI-

like multiply charged ions. Multiply charged protein ions with charge state distributions 

were first noted in AP-IR-MALDI analyses of proteins from a glycerol matrix (101). The 

term laserspray ionization (LSI) encompasses experiments performed under AP 

conditions (LSII) as well as those performed at intermediate pressure (163-164) and 
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under vacuum conditions (165), which is designated laserspray ionization vacuum 

(LSIV). Typically in LSI experiments, sample molecules from a matrix are ablated at 

atmospheric pressure with a UV nanosecond laser centered at 337 or 355 nm. The 

molecules are ablated in transmission geometry in a field-free region and are then 

transferred into the vacuum of the mass spectrometer by a heated ion transfer capillary. 

Ablation of a sample in the transmission geometry allows for the sample to be closer to 

the mass spectrometer inlet, enhancing the sensitivity of AP-MALDI as the expanding 

sample plume diffuses directly into the vacuum (25). LSI has also been performed by 

laser ablation in reflection geometry (166). Multiply charged ions are generated from 

molten matrix clusters resulting from the laser desorption process, which are desolvated 

and declustered in the heated transfer region (167). The observed charge states depend on 

the matrix, the energy imparted to produce droplets/clusters, the size of the clusters 

produced, and the available desolvation time. Higher laser powers and voltages increase 

the abundance of singly charged ions (168). Multiply charged ions were observed under 

field-free laser vaporization phase conditions, whereas applying a potential to the sample 

plate (~1 kV) resulted in singly charged protein ions typically observed in AP-MALDI 

experiments (166). LSII has been used with ion mobility spectrometry for the solvent-

free gas-phase separation and mass analysis of proteins (169), isomeric β-amyloid 

compounds (170), and peptide and lipids from mouse brain (164). Further LSII analysis 

of mouse brain tissue resulted in the imaging of lipids with a spatial resolution of 20 μm 

(171) and protein characterization from delipified mouse brain tissue using electron 

transfer dissociation (ETD) (172).  
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A one-step method that produced multiply charged ions from laser desorption and 

ionization, similar to LSII and experiments with MALDESI (100) and IR-LDESI (135) 

without ESI post-ionization, was high-voltage-assisted laser desorption ionization 

(HALDI) (173). Liquid samples without an organic matrix deposited on a sample target 

biased to high voltage (~5 kV) were desorbed and ionized by a 10 ns, 1064 nm laser 

pulses with a pulse energy of ~1 mJ or higher. In this way, multiply charged ions (in 

positive and negative modes) were detected for proteins, oligonucleotides, drugs, milk, 

and chicken eggs. In another experiment, the addition of β-cyclodextrin to the sample 

solution enabled the detection of carboxylic acids through complexation in negative 

mode HALDI-MS (174). 

 Various types of lasers and wavelengths have been used in one-step laser 

desorption and ionization (LDI) mass spectral methods. In one study, two different lasers, 

a 10.6 μm surgical CO2 laser with a pulse duration of 90 μs and pulse energies of 10 – 30 

mJ and a 355 nm Nd:YAG laser with a pulse width of 4 ns and an energy of 8 mJ, were 

utilized in the mass spectral analysis of healthy and diseased tissues samples (175). No 

mass spectra were obtained using visible or near-IR nanosecond laser pulses, which is 

why most atmospheric pressure laser ablation methods utilize post-ionization. The 

ablated and ionized tissue molecules, mostly phospholipids, were transferred to the mass 

spectrometer by a Venturi pump. Differentiation of various tissue types and diseased 

states were accomplished by PCA. In a LSI-like experiment, 45 fs, 800 nm laser pulses 

with energies of 3 – 15 μJ enabled mass spectral analysis of dyes and a monolayer of 

onion epidermis (176). The technique, termed atmospheric pressure femtosecond laser 

desorption ionization imaging mass spectrometry (AP fs-LDI IMS), enabled the imaging 
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of the onion epidermis with a spatial resolution of ~10 μm. Unlike LEMS (177), no post-

ionization process was employed, as interaction with the intense laser pulses  

(10
14

 W cm
-2

) enabled ablation, fragmentation and ionization of the small molecules.  

 

1.6 Two-Step Method using Femtosecond Laser Vaporization and Electrospray 

Post-ionization: Laser Electrospray Mass Spectrometry (LEMS) 

 Femtosecond (fs) laser vaporization has been explored recently as a universal 

means to transfer molecules into the gas phase for atmospheric pressure mass 

spectrometry (177). Femtosecond laser excitation has a long history in the field of mass 

spectrometry, and initially was employed as a means to ionize gas phase molecules 

without tuning to a specific resonance (178). Femtosecond duration laser pulses directly 

couple into the molecular system through multiphoton, nonresonant absorption (178-

180). At the laser intensities employed to drive ionization through nonresonant 

multiphoton excitation (~10
13-14

 W cm
-2

), one anticipates considerable fragmentation of 

the excited molecule. In fact, in many instances the fragmentation is limited, with the 

parent molecular ion dominating the mass spectrum. This occurs because the ~50 

femtosecond pulse is shorter than the typical molecular rearrangement time (181), 

initiating ladder climbing to rapidly induce ionization instead of ladder switching during 

which fragmentation results. Conversely, nonresonant nanosecond laser pulses cause 

much more fragmentation at similar intensities (180, 182-184) because of the ladder 

switching mechanism. The high photon intensity reached during femtosecond irradiation 

also enables tunnel ionization and impulsive vibrational excitation (185-187). 
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 The use of a femtosecond laser as a means to couple directly into a molecular 

system for its release into the gas phase has precedent in investigations of the 

vaporization of cryogenic films of small molecules (188-190). A comparison of 

femtosecond and picosecond duration pulses for vaporization showed a decrease in the 

yield of vaporized molecules with the increasing thickness of benzene multilayers for the 

picosecond duration pulse. This was attributed to the picosecond laser pulses depositing 

energy into the substrate to enable vaporization, and this dissipated with increasing film 

thickness. In the case of femtosecond duration vaporization of the cryogenic multilayers, 

the desorption yield monotonically increased with multilayer thickness, suggesting that 

the femtosecond laser energy coupled directly into the molecules. A comparison of 

femtosecond and nanosecond laser ablation revealed that the latter caused thermal 

damage to a solid substrate that did not occur in the case of femtosecond duration 

ablation (191). Femtosecond laser desorption also results in a lower ion yield in 

comparison with nanosecond lasers at similar pulse energies, as seen in MALDI 

investigations (192-193). Instead of ions, neutral molecules have been shown to be the 

major product of nanosecond laser desorption without a matrix (194). A review of 

nanosecond and femtosecond laser ablation in analytical techniques has already been 

published (195). 

 In 2009, Brady et al. extended the ultrafast excitation of molecules to the 

condensed phase and reported a new method to nonresonantly vaporize molecules using 

800 nm, 70 fs laser pulses with a much higher intensity (10
13

 W cm
-2

) (177) than the 

laser-electrospray hybrid experiments previously reviewed. The use of femtosecond laser 

pulses for vaporization followed by electrospray for post-ionization was called laser 
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electrospray mass spectrometry (LEMS) and a typical experimental apparatus is shown in 

Figure 1.2. In the LEMS experiment, samples in numerous states (liquid, dried, mixtures, 

tissue, etc.) have been vaporized and analyzed. The vaporization method appears to be 

universal and leads to a number of quantitative measurements of complex systems, and 

near perfect classification can be achieved as has been demonstrated for different 

explosive and tissue types. The measurement is typically performed using ~1.5 mJ laser 

pulses operated at 10 Hz and focused to spot sizes ranging from 100-350 μm. Note that a 

matrix is not necessary to enable vaporization as the laser nonresonantly couples into all 

molecules investigated to date. The vaporized neutrals are intersected by an electrospray 

plume, which typically has a flow rate of 3 μL/min and is located 6.5 mm above the 

sample surface, and then are ionized and transferred into the spectrometer for mass 

analysis. Ambient mass analysis using femtosecond laser vaporization and ESI post-

ionization was first performed for intact neutral molecules such as pseudoproline 

dipeptide, protoporphyrin IX, and vitamin B12 with and without MALDI matrices (177). 

Although no matrix was necessary for mass analysis, the presence of 2,5-

dihydroxybenzoic acid (DHB) resulted in a minor increase in signal intensity and a 

decrease in fragmentation. Also, when the ESI plume was not present, no ion signal was 

observed, suggesting that vaporization and ionization does not occur due to femtosecond-

AP-MALDI processes. 

Since the original report of femtosecond laser electrospray mass spectrometry, a 

number of other biological materials and biologically relevant compounds have been 

probed using that method, including pharmaceuticals (196-197), proteins (198-200), 

lipids (201), whole blood (198, 201), milk (201), and tissue samples (202-203). These  
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Figure 1.2. Schematic of the instrumental setup for LEMS experiments. The experimental 

region is where the laser vaporization, electrospray post-ionization, and 

transfer into the mass spectrometer are performed. The in-source collision-

induced dissociation (CID) region is where fragmentation occurs in the mass 

spectrometer at energies that are selected by varying the capillary exit 

voltage. Then, the ions travel through two hexapoles to a pulsed and 

orthogonal extraction region, are separated by m/z in a TOF tube, and are 

detected using microchannel plates (MCP).sample stage.  
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molecules were successfully analyzed using LEMS without matrices. Pharmaceutical 

tablets were directly investigated without any workup other than placing a tablet on the 

The LEMS analysis resulted in identification of the active pharmaceutical ingredients and 

inactive ingredients for a cold/flu liquid caplet (196) and a Claritin (loratadine) tablet 

(197). Dried pharmaceutical samples, such as loratadine, atenolol, and oxycodone, were 

vaporized from various substrates including stainless steel, wood, glass, and fabrics, 

demonstrating the potential for universal vaporization and further supporting the 

hypothesis that the laser couples directly into the analyte regardless of its molecular 

structure (197). Spatial imaging in two dimensions was demonstrated in the analysis of 

oxycodone from a stainless steel substrate, as shown in Figure 1.3, using a ~400 μJ pulse 

focused to a spot size of ~250 μm in diameter as the sample was rastered using a stepper-

motor-driven stage. LEMS neutral capture efficiencies (NCE), which are the percentages 

of the vaporized molecules transferred from the sample substrate into the electrospray 

plume for mass analysis, have been as high as 2.5% (for oxycodone). This NCE value 

demonstrated efficient vaporization by femtosecond lasers in comparison with 

nanosecond lasers as MALDESI reported NCE values of less than 0.02% (96), although 

MALDESI NCE values are higher now owing to the optimization of its parameters (106).  

LEMS is a soft ionization technique for protein analysis that can reveal 

condensed-phase structure through the distribution of charge states observed in the mass 

spectrum. Even though an ultra-intense laser was used for release into the gas phase, the 

charge state distribution (CSD) for folded lysozyme (14.3 kDa) was observed (198) in the 

LEMS mass spectrum of aqueous lysozyme in Figure 1.4, demonstrating that an intense 

femtosecond laser pulse can transfer proteins intact from the condensed-phase into the  
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Figure 1.3. 2D image of oxycodone from a stainless steel slide using LEMS. 

Representative LEMS mass spectra where no oxycodone was present and a 

spot containing oxycodone are shown. Reprinted with permission from 

Reference (197). Copyright 2010 American Chemical Society. 
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Figure 1.4. Obtained mass spectra and integrated intensities for conventional ESI-MS and 

LEMS in the analysis of lysozyme at different in-source collision-induced 

dissociation energies. Contrary to LEMS analysis, the conventional ESI mass 

spectra and integrated signal intensity show charge reduction and 

fragmentation above 250 V. Modified with permission from Reference (199). 

Copyright 2011 National Academy of Sciences, USA. 
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gas phase. Additional investigations revealed that the condensed phase protein 

conformation is conserved during LEMS analysis even when the electrospray solvent 

may induce a conformational change in the protein due to pH and organic content (199). 

For instance, when cytochrome c was vaporized from an aqueous droplet at pH 3 or pH 7 

into a neutral (pH 7) electrospray solution containing methanol, mass spectra were 

observed with the expected charge-state distributions for folded and unfolded proteins, 

respectively. In another example, LEMS analysis for aqueous neutral pH cytochrome c as 

a function of electrospray solvent pH revealed a CSD for folded proteins above pH 5. 

Conventional electrospray revealed a bimodal distribution corresponding to the unfolded 

and folded protein states from pH 7 to pH 4 (lowest investigated) using buffered 1:1 (v:v) 

methanol:water ESI solvents. This suggests that the conventional electrospray analysis 

denatured the protein. The LEMS measurement resulted in more folded protein ions 

presumably owing in part to the short interaction time (~100 ms) of the protein with the 

denaturing electrospray solvent and in part to nonequilibrium partitioning in the 

electrospray droplet (200, 204). The conformation of the lysozyme protein from an acidic 

electrospray solvent was probed using collision-induced dissociation; the LEMS 

experiment revealed no evidence for dissociation up to the highest acceleration potentials 

(400 V), but the conventional electrospray experiment revealed charge reduction and 

fragmentation at approximately 250 V, as seen in Figure 1.4.  

To further probe the hypothesis that LEMS preserves the condensed-phase 

structure of the protein, measurements were performed on lysozyme in environments that 

allowed toggling between the folded and unfolded states (198). Controllable and 

reversible transitioning between partially unfolded and folded states was observed in the 
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analysis of dehydrated and hydrated lysozyme, respectively, as shown in Figure 1.5. In 

this measurement, aqueous lysozyme was deposited onto a glass coverslip and 

interrogated to reveal the folded state. After the water evaporated in hot desolvation gas, 

lysozyme was expected to unfold, and this was observed in the LEMS measurement. 

Addition of water to the spot resulted in resolvation and refolding of the lysozyme ions. 

This series of measurements further demonstrates that LEMS is an extraordinarily soft 

ionization source that can reveal the condensed-phase folding state of a protein. The LOD 

for LEMS analysis of aqueous lysozyme was 17 pmol in these experiments, 

demonstrating sensitivity for biomolecules. This LOD is higher than those observed in 

protein experiments using ELDI, MALDESI, and LAESI, but it is mostly caused by the 

relatively low sensitivity of the mass spectrometer used for the LEMS measurements. 

The LEMS process has several interesting properties supporting the capability for 

analysis of a wide variety of molecules as femtosecond laser vaporization has generated 

gas-phase molecules regardless of the solvation and hydrophilic/hydrophobic states for 

subsequent electrospray ionization – mass spectrometry, providing the potential for 

quantitative analysis of complex mixtures. Concerning robustness to the solvation state, 

hemoglobin from blood, albumin from hen egg white (mainly the 45 kDa protein 

ovalbumin), and lipids from raw egg yolk were analyzed in hydrated and dehydrated 

states (198) with little change in the ion intensities. In these experiments, the samples 

were dried for approximately 30 minutes in the drying gas of the Analytica of Branford 

electrospray source, allowing experiments on the same sample in the dry and wet states. 

Femtosecond vaporization is also insensitive to the degree of hydrophobicity of the 

sample. For instance, various types of lipids, such as fatty acids (monoolein), saturated 
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Figure 1.5. LEMS mass spectra of hen egg lysozyme in hydrated, dehydrated, and 

rehydrated states. This analysis demonstrates that LEMS can determine 

protein condensed-phase conformation. The mass spectral response as a 

function of concentration for hydrated lysozyme is also shown. Reprinted 

with permission from Reference (198). Copyright 2010 American Chemical 

Society. 
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phosphocholines with diglyceride tails [1,2-dihexanoyl-sn-glycero-3-phosphocholine 

(DHPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)], and hydrophobic 

proteins (gramicidin A, B, and C), were detected in experiments with LEMS using the 

same solvent system in the electrospray source (201). Perhaps more importantly, 

mixtures of monoolein and DHPC with molar ratios varying from 1:0 to 0:1 resulted in a 

linear relationship between the concentration of the lipid in the mixture to the measured 

ion intensity. The larger hydrophobic peptides, gramicidin A, B, and C, were analyzed 

from stainless steel and glass substrates, showing that vaporization occurs via a non-

thermal mechanism. Finally, LEMS measurements of DHPC spiked into blood and 

measurements of lipids and proteins from dried, reduced-fat milk demonstrated that lipids 

in complex systems could be transferred intact into the gas phase by femtosecond 

vaporization (201). 

Because of the nonresonant nature of the strong-field femtosecond laser 

vaporization process, LEMS proved capable of analyzing molecules from complex 

media, as was further demonstrated in the classification of plant tissue types. Impatiens 

plant petal, leaf, and stem tissues were distinguished with high accuracy (98.7%) using a 

compressive linear classifier (CLC) after ex vivo LEMS analysis of untreated tissue 

samples (202). Green and white regions of the zebra plant leaf were also differentiated 

using the CLC with 98.3% accuracy. However, LEMS analysis of the zebra plant resulted 

in fewer mass spectral features than those observed in LAESI experiments (120), most 

likely because LAESI ablates a greater depth of material in the z-direction, ~30-40 μm 

(106) in comparison with ~10 μm for LEMS. Femtosecond laser ablation depth of  

~10 μm suggests that LEMS has the potential for high-resolution depth profiling. The 
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ability of LEMS to discriminate by tissue type suggested an experiment to classify 

phenotypes, which was performed for a series of different colored Impatiens plant flower 

petals (203). This experiment will be discussed in Chapter 5.  

Complex tissue analysis using LEMS is attributed to the quantitative ability of the 

technique in the analysis of complex mixtures. In tests of a small range of compounds, a 

lower degree of ion suppression was observed for multicomponent small analyte (204) 

and protein (200) mixtures in LEMS analyses compared to conventional ESI-MS 

analyses. Figure 1.6 displays a comparison of the mass spectral response as a function of 

concentration for equimolar mixtures of three proteins using conventional ESI-MS and 

LEMS. As can be seen, the ESI measurements were non-quantitative because of ion 

suppression, whereas the LEMS measurements increased monotonically as a function of 

concentration, providing quantitative measurements. Previous ESI-MS measurements 

required charge normalization to quantitate ion signal as a function of protein 

concentration in multicomponent mixtures (205). The experiment regarding quantitation 

of small analyte multicomponent mixtures will be discussed in Chapter 3.  

The detection of explosives and their formulations is a new area of investigation 

for laser atmospheric pressure mass spectrometry, and in particular, LEMS has made 

considerable advances in classification of organic and inorganic explosives. The 

detection of dried conventional explosives from stainless steel substrates, including the 

nitro-containing explosive 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) and taggant 2,3-

dimethyl-2,3-dinitrobutane (DMNB), and the peroxide explosives 3,4,8,9,12,13-hexaoxa-

1,6-diazabicyclo[4.4.4]tetradecane (HMTD) and 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-

hexaoxacyclononane (TATP), was achieved using LEMS with nanogram sensitivity  
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Figure 1.6. Mass spectral response as a function of concentration for proteins in a three- 

component equimolar mixture using conventional ESI-MS and LEMS. 

Modified with permission from Reference (200). Copyright 2013 American 

Chemical Society. 
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(206). A pellet of a complex RDX formulation containing plasticizers and binders was 

also successfully analyzed resulting in features for RDX and ethyl centralite, the main 

stabilizer in the propellant mixture. Vaporization using 400 μJ laser pulses focused to  

250 μm in diameter followed by post-ionization using an electrospray solvent including 

NaCl and KCl to give sodiated- and potassiated-adduct features largely resulted in the 

transfer of the explosives into the gas phase without fragmentation except for the highly 

unstable peroxide explosives. RDX was detected from sand with remote detection two 

meters away from the mass spectrometer inlet, demonstrating explosive detection from 

complex and realistic substrates (207). In this experiment, a Venturi air jet pump enabled 

transfer of the RDX molecules through polyethylene tubing from the vaporization spot to 

the electrospray plume for ionization and mass analysis. 

Other types of explosives, such as inorganic-based explosives (207-208) and 

smokeless powders (209), have been analyzed using LEMS and classified using 

multivariate statistics. Detection of inorganic-based explosives using a tailored 

electrospray solvent of complexation agents and classification using PCA will be 

discussed in Chapter 4. An investigation of five smokeless powders was performed using 

LEMS (209). Smokeless powders are black powder substitutes that are nitrocellulose 

(NC)-based propellants used in many types of ammunition. There are three grades of 

smokeless powders: single-based (NC as sole propellant), double-based (nitroglycerin 

(NG) in addition to NC), and triple-based (nitroguanidine in addition to NC and NG). 

Analysis of the powders after removal from their cartridges (two rifle and three pistol 

cartridges) resulted in the detection of many organic stabilizers and plasticizers 

commonly found in smokeless powders, as well as new compounds that have not been 
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previously reported in the manufacturers’ specifications. Classification using PCA and 

LDA resulted in 100% accuracy and principal component loading values revealed the 

important mass spectral features for classification, as shown in Figure 1.7.  

 

1.7 Scope of this Dissertation 

  The internal energy distribution of vaporized molecules from highly intense 

femtosecond laser pulses is presented in Chapter 2. LEMS was performed on para-

substituted benzylpyridinium salts that have different dissociation energies. The survival 

yields, which are the ratios of the parent to the summation of parent and fragment mass 

spectral features, for these molecules were calculated and used to determine the internal 

energy deposition. The survival yields for vaporization of the thermometer ions from 

liquid and dried phases using different laser pulses were calculated and compared to 

conventional ESI-MS and nanospray-MS, for which the internal energy deposition has 

been extensively studied. Survival yields were also calculated for larger biomolecules to 

determine the role of the size of the biomolecule in the vaporization process. 

The quantitative ability of laser electrospray mass spectrometry in the analysis of 

multicomponent mixtures of small biomolecules is highlighted in Chapter 3. The LEMS 

mass spectral responses of two-component equimolar and non-equimolar mixtures and a 

four-component equimolar mixture were measured and compared to conventional ESI-

MS measurements. The measurements with LEMS resulted in monotonic increases for 

the mass spectral response as a function of concentration due to lessened ion suppression. 

Chapter 4 describes the detection of inorganic-based explosives using LEMS and 

classification using multivariate statistics. In the case of inorganic explosives, a number  
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Figure 1.7. PCA analysis of five different commercially available smokeless powders. 

The PCA scores plot is projected into three dimensions (first three PCs) for 

High Grade (red ●), Remington Rifle (blue ♦), Remington Pistol (cyan ■), 

Hornady Pistol (magenta ▲), and Federal Pistol (orange ) showing 

separation between manufactures’ powders. The open symbols and the filled, 

colored symbols represent the training and testing sets for each smokeless 

powder, respectively. PCA loadings plots for the first 3 PCs show important 

mass spectral features that are used to discriminate each ammunition. 

Modified with permission from Reference (209). Copyright 2013 American 

Chemical Society. 



 

- 39 - 

 

of positive and negative ions, as well as neutrals, must be detected regardless of charge 

state to enable classification. Tailoring the electrospray solvent for inorganic explosives 

with complexation agents enabled the simultaneous detection of cationic, anionic, and 

neutral signature features from four different inorganic-based explosive compositions and 

pre- and post-blast fireworks. PCA with linear discriminant analysis of the mass spectral 

features from the four inorganic-based IEDs resulted in high fidelity classification. The 

detection and classification of a conventional type of explosive, an RDX explosive-based 

propellant pill, was also enabled with the same methodology. 

Phenotypic discrimination of a single class of tissue using Impatiens plant flower 

petals is detailed in Chapter 5. LEMS mass spectra for eight different colored flower 

petals were measured directly from tissue samples with no sample preparation and the 

application of PCA enabled highly robust discrimination of the phenotypes. PC loading 

values were used to locate the important mass spectral features that determined the 

variance. These key features were anthocyanins that give the flower petals their colors. 

These measurements demonstrate the capability of LEMS, in combination with 

multivariate statistics, to identify biologically relevant biomarkers from complex tissue 

samples. 
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CHAPTER 2  

DETERMINATION OF INTERNAL ENERGY DISTRIBUTIONS OF LASER 

ELECTROSPRAY MASS SPECTROMETRY USING THERMOMETER 

 IONS AND OTHER BIOMOLECULES 

 

2.1 Overview 

In this chapter, the internal energy distributions for dried and liquid samples that 

were vaporized with femtosecond duration laser pulses and post-ionized by electrospray 

ionization-mass spectrometry were measured and compared with conventional 

electrospray ionization mass spectrometry (ESI-MS). The internal energies of the mass 

spectral techniques were determined by the survival yield method using 

benzylpyridinium salts and peptides. The survival yield, calculated from the ratio of the 

intact parent molecular features to the sum of the parent and all integrated ion intensities 

of the fragments, is plotted as a function of critical energy, which is the dissociation 

threshold of a molecule, to determine the internal energy distributions. Measurements of 

dried p-substituted benzylpyridinium salts using laser electrospray mass spectrometry 

(LEMS) with 1.3 mJ laser pulses resulted in a greater extent of fragmentation in addition 

to the benzyl cation. Two-photon resonances with the laser pulses likely caused lower 

survival yields in LEMS analyses of dried samples but not liquid samples, suggesting 

different vaporization mechanisms. Subsequent analyses of dried benzylpyridinium ions 

with less energetic (75 μJ), 800 nm femtosecond laser pulses resulted in lower internal 

energies than nanospray. In addition, vaporization with low energy (< 50 μJ), 1042 nm 

femtosecond laser pulses resulted in little fragmentation and mean internal energy 
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distributions equivalent to nanospray, due to the absence of two-photon excitation. In 

studies with larger biomolecules, LEMS analyses with 800 nm, 1.3 mJ fs laser 

vaporization of dried samples from glass showed a decrease in survival yield compared 

with conventional ESI-MS for leucine enkephalin and bradykinin of ~19% and 11%, 

respectively. The survival yields for femtosecond vaporization of liquid samples using 

either 800 nm or 1042 nm laser pulses were comparable to or better than conventional 

ESI-MS for benzylpyridinium salts and large biomolecules. 

 

2.2 Introduction 

 The “soft” ionization methods including electrospray ionization (ESI) (1-2) and 

matrix-assisted laser desorption/ionization (MALDI) (3-5) enable the detection of intact 

macromolecular ions with minimal fragmentation. By comparison, electron impact 

ionization creates a distribution of internal energies, Eint, for a given molecule with a 

higher average because of the typical ~70 eV electron beam (6). The internal energy of 

the ions controls the extent of fragmentation in the obtained mass spectrum. 

Measurements of the internal energy deposited by a mass spectral method are important 

for developing improved methods. The survival yield (SY) method is a common 

approach for determining the internal energy of a mass spectral technique (7). This 

method assumes that all ions with an internal energy below the critical energy, Eo, do not 

dissociate whereas all ions with an internal energy above the threshold do so. In theory, 

only the molecular ion is observed when Eint < Eo and only fragment ions are observed 

when Eint > Eo. The survival yield measures the fraction of ions with an internal energy 

below the critical energy, can be calculated using Equation 1, 
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where I(M
+
) and I(F

+
) are the intensity of the molecular and fragment ions observed in 

the mass spectra, respectively. The internal energy distribution, P(E), can be determined 

by taking the derivative of the survival yield as a function of energy using a single ion or 

a set of ions having the same internal energy distribution but with different critical 

energies. The experimental internal energy distributions are collective values resulting 

from the various energetic states of the ionized analyte that occurs between the beginning 

of the analysis and mass spectral detection. A set of ions for which the critical energy 

values are well-characterized and vary over a suitable range, called “thermometer” 

molecules, are used to determine the internal energy (7-8).  

The most common thermometer ions used are a set of substituted 

benzylpyridinium salts due to the relatively simple fragmentation pattern resulting from 

the loss of neutral pyridine leaving the benzyl cation for mass analysis. This is shown as 

fragmentation channel A in Figure 2.1. These molecules have similar masses, structures 

and degrees of freedom, leading to well-characterized internal energy distributions. 

Benzylpyridinium ions have been extensively used to determine the softness of a given 

mass spectral technique and to determine how various parameters affect the internal 

energy deposition for fast atom bombardment (FAB) (9), secondary ion mass 

spectrometry (SIMS) (10-11), MALDI (12-14), atmospheric pressure MALDI (AP-

MALDI) (12, 15), ESI (8, 16-20), desorption electrospray ionization (DESI) (21-22), 

surface-assisted laser desorption/ionization (SALDI) (23), silicon nanoparticle-assisted 

laser desorption/ionization (SPALDI) (24), direct analysis in real time (DART) (25),  
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Figure 2.1. Schematic of the dissociation pattern of p-substituted benzylpyridinium ions 

into a) benzylium or b) tropylium ions.  

 

 

 

 

surface acoustic wave nebulization (SAWN) (26), and laser ablation electrospray 

ionization (LAESI) (27). 

A recently developed ambient mass spectrometric technique, laser electrospray 

mass spectrometry (LEMS), employs an intense 800 nm, femtosecond laser to induce 

nonresonant vaporization of samples from a surface, followed by capture and post-

ionization by an electrospray ionization source. No sample preparation is required in 

the LEMS method due to nonresonant, multiphoton vaporization from the surface by 

intense femtosecond laser pulses (10
13

 W/cm
2
). This method has been used for mass 

spectral analysis of small biomolecules (28-29), proteins (30-32), lipids (33), explosives 

(34-36), smokeless powders (37), narcotics (38), pharmaceuticals (38), and tissues (39-

40). While the internal energy distribution after femtosecond laser vaporization has not 
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been measured, previous studies have shown differences in the amount of fragmentation 

when comparing mass spectra obtained with LEMS and conventional electrospray mass 

spectrometry. LEMS analyses of dried irinotecan HCl (29) and dried 

tetrabutylammonium iodide (41) have resulted in more fragmentation compared with 

conventional electrospray analysis. On the other hand, the folded state of lysozyme was 

better preserved using liquid LEMS analyses than conventional ESI-MS when subjected 

to high collision induced dissociation (CID) energies (31).  

Here, the survival yield method is used to characterize the internal energy 

deposition during LEMS analyses of dried and liquid samples and make comparisons to 

conventional electrospray mass spectrometry analyses. Para-substituted benzylpyridinium 

ions are used to investigate the internal energy deposition of small molecules and the 

peptides leucine enkephalin and bradykinin are used to gain insight on the energy 

deposited into larger molecules. A general representation of the experiments for the 

determination of internal energy deposition is shown in Figure 2.2. 

 

2.3 Experimental 

2.3.1 Synthesis of p-Benzylpyridinium Salts 

All starting materials for the synthesis of p-benzylpyridinium (BzPy) salts were 

used as received from Sigma Aldrich (St. Louis, MO). The benzylpyridinium salts were 

synthesized as described (24, 26), with the reactions performed under an argon 

atmosphere. The methoxy (p-MeO), methyl (p-Me), cyano (p-CN), and nitro (p-NO2) p-

substituted benzylpyridinium salts were synthesized by mixing the respective p-benzyl 

chloride with an excess of anhydrous pyridine in dry acetonitrile at room temperature  
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Figure 2.2. Representation of the experimental scheme for the determination of the 

internal energy distributions for the mass spectral techniques. 
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overnight. The p-chlorobenzylpyridinium (p-Cl) salt was prepared by heating a solution 

of the benzyl halide and excess pyridine in acetonitrile to 80 °C for 3 hours. After 

completion of the reaction, the salts were precipitated with diethyl ether that was 

subsequently removed by evaporation, diluted with 1:1 (v:v) acetonitrile/water, frozen 

with liquid nitrogen and lyophilized. The purified salts were diluted to 2 mM stock 

solutions using HPLC grade water and stored in the refrigerator prior to analysis. After 

initial experimentation and for verification of purity, the benzylpyridinium salts were 

concentrated in DMSO, purified using an Xterra Prep C18 (10 x 150 mm, 5 μm particle) 

column (Waters Corporation, Milford, MA) on an Agilent 1100 series HPLC (Agilent 

Technologies, Inc., Santa Clara, CA), lyophilized and diluted in methanol/water using 

HPLC grade methanol (Fisher Scientific, Fair Lawn, NJ). 

 

2.3.2 Sample Preparation for Analyses using the Low Resolution Mass Spectrometer 

The stock BzPy solutions were diluted to 1 mM in 1:1 (v:v) methanol/water and 

20 μM in 1:1 methanol/water with 1% acetic acid for LEMS analyses of dried samples 

and conventional electrospray analyses, respectively. Solutions for LEMS analyses from 

liquid samples were prepared as follows: 500 μM in 1:1 methanol/water for p-MeO, p-

Me, and p-Cl BzPy ions; 1.71 mM in water for p-CN BzPy; and 1 mM in 1:1 

methanol/water for p-NO2 BzPy.  

All solid samples were used without further purification and were diluted to 

obtain stock solutions of 1 mM. The peptide samples of leucine enkephalin (Tyr-Gly-

Gly-Phe-Leu) acetate salt hydrate (Sigma Aldrich) and bradykinin (Arg-Pro-Pro-Gly-

Phe-Ser-Pro-Phe-Arg) (AnaSpec, Fremont, CA) were diluted in water whereas the 
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pharmaceutical irinotecan HCl (Sigma Aldrich) was diluted in 1:1 (v:v) methanol/water. 

For individual conventional electrospray analyses, the peptides and irinotecan HCl were 

diluted in 1:1 methanol/water with 1% acetic acid to obtain final concentrations of 25 μM 

and 20 uM, respectively. For LEMS analyses of the peptides as dried and liquid samples, 

the solutions were diluted to 500 μM in 1:1 methanol/water. The stock solution was used 

in LEMS analysis of dried irinotecan HCl. For tandem MS experiments using 

conventional electrospray, the stock solutions were diluted to concentrations of 1 μM in 

1:1 (v:v) methanol/water with 1% acetic acid. 

 Samples for analyses of dried samples via LEMS were prepared by spotting  

15 μL aliquots on glass microscope slides (Fisher Scientific) that were cut to 7 x 7 mm, 

with each solution spotted on multiple sample slides. After allowing the sample slides to 

dry, the procedure was repeated once for irinotecan HCl and twice for the 

benzylpyridinium salts and the peptides, resulting in 30 and 45 μL of each solution 

deposited onto multiple sample slides, respectively. Samples for leucine enkephalin and 

irinotecan HCl were also spotted on 7 x 7 mm stainless steel sample slides for 

comparison with vaporization from the glass slides. To perform the LEMS measurement 

on a liquid sample, 10 μL was spotted on a 2.2 x 3.8 cm stainless steel slide and analyzed, 

with at least 7 such samples were prepared for every analyte. The sample slides were 

placed into the LEMS source chamber on a metal plate attached to a three-dimensional 

translational stage, which allowed raster scanning in order for new sample to be analyzed 

with every laser pulse. For temperature controlled experiments, the translation stage was 

cooled using a Neslab RTE-100 refrigerated bath circulator (Neslab Instruments, Inc., 

Newington, NH) and a custom brass plate. 
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2.3.3 Laser Electrospray Mass Spectrometry using the Low Resolution 

Spectrometer 

The instrumentation for laser vaporization, electrospray post-ionization and mass 

spectral detection has been previously described in detail (28, 30-31, 33-35, 38-41). A 

Ti:sapphire oscillator (KM Laboratories, Inc., Boulder, CO, USA) seeded a regenerative 

amplifier (Coherent, Inc., Santa Clara, CA, USA) to create 70 fs pulses centered at 800 

nm. The laser pulse, which was focused to a spot size of ~300 μm in diameter using a 

16.9 cm focal length lens with an incident angle of 45° with respect to the sample, was 

operated at 10 Hz to enable analysis of fresh sample and to synchronize with the 

hexapole operating in the trapping mode (28, 40). The power of the laser was attenuated 

using a quarter-wave plate and a polarizing beamsplitting cube (CVI Laser Optics, 

Albuquerque, NM) to a pulse energy of 1.3 mJ for the majority of the experiments, 

resulting in an intensity of ~2.6 x 10
13

 W/cm
2 

at the area sampled. For laser energy 

studies, the pulse energy was varied from 0.7 mJ to 2.1 mJ, corresponding to an intensity 

range of ~1.4 to 4.2 x 10
13

 W/cm
2
. 

After vaporization, the sample material is captured, ionized and transferred into a 

mass spectrometer by an electrospray source (Analytica of Branford, Inc., Branford, CT). 

The acidified electrospray solvent, 1:1 (v:v) water/methanol with 1% acetic acid, was 

pumped through the ESI needle by a syringe pump (Harvard Apparatus, Holliston, MA, 

USA) at a flow rate of 3 μL/min. The electrospray plume was dried by countercurrent 

nitrogen gas primarily at 180°C before entering the inlet capillary. For drying gas 

temperature experiments, the temperature was varied from 105 to 180 °C. Fragmentation 

of the molecules was performed by increasing the voltage between the capillary exit and 
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the skimmer of the hexapole in the spectrometer, as seen in Figure 2.3. An ESI solvent 

background mass spectrum was acquired before vaporization of each sample set to allow 

background subtraction of solvent-related peaks. Each LEMS experiment resulted from 

the averaging of 50 laser shots, which were averaged using a digital oscilloscope (LeCroy 

Wavesurfer 422, LeCroy Co., Chestnut Ridge, NY). At least 15 and 7 separate 

measurements were performed for LEMS analyses of dried and liquid samples, 

respectively. Three mass spectra, each consisting of averaging for 5 seconds, were 

collected for conventional ESI-MS analyses. 

 

2.3.4 Thermometer Ion Analysis by LEMS with Different Lasers and Nanospray 

Post-ionization using the High Resolution Mass Spectrometer 

In subsequent experiments, four thermometer ions (p-MeO, p-Me, p-Cl, and p-

NO2 BzPy) were subjected to laser vaporization with nanospray post-ionization using the 

high resolution Bruker MicroTOF-Q II mass spectrometer. The stock BzPy solutions 

were diluted to 5 μM in 1:1 (v:v) methanol/water with 20 mM ammonium acetate for 

nanospray analyses. For LEMS analyses of dried and liquid samples, the stock BzPy 

solutions were diluted to 250 μM in 1:1 (v:v) methanol/water. For dried analyses, 15 μL 

aliquots of the 250 μM solutions were spotted on 7 x 7 mm stainless steel slides and 

allowed to dry. This process was repeated three times, resulting in a total of 45 μL 

spotted on each sample slide. For analysis of liquid samples, 5 μL of the 250 μM 

solutions was spotted on a 2.2 x 3.8 cm stainless steel slide and analyzed. The nanospray 

solution for laser vaporization analyses was 1:1 (v:v) methanol/water with 20 mM 

ammonium acetate. All analyses were performed for an average of at least 15 seconds. 
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Figure 2.3. Schematic of the low resolution mass spectrometer instrumental setup. The 

experimental region is where ESI and LEMS are peformed and the in-source 

collision induced dissociation (ISCID) region is where fragmentation occurs 

in the mass spectrometer by varying the capillary exit voltage. 
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Laser vaporization of the benzylpyridinium salts was performed using two 

different lasers. A schematic for both experimental setups is shown in Figure 2.4. The  

first experiments employed laser pulses similar to those used in the low resolution study. 

A Ti:Sapphire oscillator seeded a regenerative amplifier (both from Coherent, Inc.) to 

create 5 mJ, 45 fs laser pulses centered at 800 nm. The energy of the laser pulses was 

reduced using neutral density filters to 75 and 505 μJ for vaporization of dried samples 

and to 280 μJ for vaporization of liquid samples. The repetition rate of the laser pulses 

was set at 10 Hz. The second laser system used for vaporization was an Ytterbium-doped 

femtosecond fiber laser (FCPA μJewel, IMRA America, Inc., Ann Arbor, MI, USA). The 

fiber laser produced 50 μJ, 435 fs laser pulses centered at 1042 nm with a repetition rate 

of 100 kHz. The repetition rate of the laser was reduced to 10 Hz pulse trains of ~20 

pulses in each train using a two chopper system. The resulting pulse train is shown in 

Figure 2.4. The first chopper (MC1000A, Thorlabs Inc., Newton, NJ, USA), with 9 of 10 

slots covered, and the second chopper (SR540, Stanford Research Systems, Inc., 

Sunnyvale, CA, USA), with 29 of 30 slots covered, were set to 20 Hz and 130 Hz, 

respectively, to achieve the reduction in repetition rate. A quarter-wave plate and a 

polarizing beamsplitting cube were used to attenuate the pulse energy to 46.5 μJ. 

The laser beams were focused to spot sizes of ~75 μm in diameter using a 10 cm 

focal length lens with an incident angle of 45° with respect to the sample. The sample 

slides were placed on a metal plate attached to a three-dimensional translational stage 

(Thorlabs Inc.) that allowed for new sample to be analyzed with every laser pulse. The 

metal sample holder was biased to ~1245 V to correct for the distortion of the electric 

field. After vaporization, capture and post-ionization of the analytes was performed using  



- 71 - 

 

 

 

 

Figure 2.4. Schematic of the setup for the experiments using either 800 nm or 1042 nm 

femtosecond laser pulses for vaporization, nanospray for post-ionization, and 

the Bruker high resolution mass spectrometer. The pulse energy for a) 800 

nm experiments was reduced from 5 mJ to 75 – 500 μJ by neutral density 

filters. The repetition rate for the b) fiber laser system (1042 nm, 435 fs) was 

reduce from 100 kHz by two choppers to 10 Hz pulse trains, each consisting 

of ~20 laser pulses. 
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nanospray instead of electrospray. Nanospray-based analyses were performed using  

20 μm id SilicaTip emitters (New Objective, Woburn, MA, USA) held by a conductive 

microtight union placed in an insulating mounting bracket (IDEX Health & Science, Oak 

Harbor, WA, USA). The nanospray needle tip, which was placed 8.25 mm from the inlet 

and 4.75 mm above the sample stage, was grounded and a voltage necessary to achieve 

stable spray (around –2.5 kV) was applied to the capillary inlet. Note that the sample 

stage was placed 3.75 mm under the nanospray needle in the vaporization experiments of 

dried benzylpyridinium ions with 800 nm pulses. The laser beam was focused 1 mm in 

front of the nanospray needle. The buffered nanospray solution was pumped through the 

needle at 250 nL/min by a syringe pump (KD Scientific Inc., Holliston, MA, USA). The 

nanospray plume was dried before entering the inlet capillary by countercurrent nitrogen 

gas at 180°C flowed at 3 L/min. The mass spectrometer was tuned for the range of m/z 50 

to 500. The collision cell was set to 10 eV as it resulted in a large spread in survival 

yields between the p-MeO and p-NO2 benzylpyridinium ions.  

 

2.3.5 Calculation of Survival Yields and Internal Energy Distributions 

 For the low resolution studies with an acidic ESI solvent, the raw mass spectral 

data files obtained from the digital oscilloscope were saved using a custom Labview 8.5 

program (National Instruments, Austin, TX) and imported into the Cutter program (42) 

for integration of the peaks of interest, which were confirmed by tandem MS using 

conventional ESI-MS on a high resolution Bruker MicrOTOF-Q II mass spectrometer 

(Bruker Daltonics, Billerica, MA, USA). For tandem MS experiments, the 

benzylpyridinium salts and peptides were diluted to concentrations of 1 μM in 1:1 (v:v) 
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methanol/water with 1% acetic acid. The M
+
 and M

+
-pyridine features for the BzPy ions, 

the M+H
+
 and [M+2H

+
]

2+
 features for leucine enkephalin and irinotecan HCl, and the 

[M+2H
+
]

2+
 and [M+3H

+
]

3+
 features for bradykinin were isolated and fragmented using 

CID cell voltages ranging from 5 to 50 eV. For the studies with reduced energy 

femtosecond laser pulses and nanospray post-ionization, tandem MS experiments were 

performed using 2 μM solutions of the benzylpyridinium salts in 1:1 (v:v) 

methanol/water with 20 mM ammonium acetate. The M
+
 and M

+
-pyridine features for the 

BzPy ions were isolated and fragmented using CID cell energies ranging from 2 to 45 eV. 

In the benzylpyridinium MS/MS studies, the in-source collision induced dissociation 

(ISCID) voltage was adjusted to enable significant intensity of the M
+
-pyridine feature 

for isolation and further fragmentation. All of the fragments verified by high resolution 

tandem MS were used in the calculations of the survival yields, including those other 

than the M
+
-pyridine ion for the thermometer analysis. 

The method used to calculate the internal energy distributions was based on the 

survival yield method (7) and the SY values were calculated using Equation 1. For the 

low resolution studies, the survival yields were plotted as a function of the capillary exit 

voltage to reveal breakdown curves. For thermometer ions, the SY values for the five 

BzPy ions at one capillary exit voltage (280 V) were plotted as a function of their 

respective critical energies, Eo, which were previously reported (8). For the high 

resolution studies, the survival yield values for the four BzPy ions obtained at a collision 

cell CID voltage of 10 eV were plotted as a function of Eo. Two assumed SY values of 

0% and 100% at 0 and 3.5 eV, respectively, were added to the SY curve to approximate 

low and high energy dissociation thresholds where complete or no fragmentation would 
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be observed. OriginPro 9 (OriginLab Co., Northampton, MA, USA) was used to fit the 

sigmoidal curves to the experimental data points, differentiate the sigmoidal curves for 

the internal energy distributions and calculate the mean internal energies (<Eint>). The 

sigmoidal curve was fit using a Boltzmann function, as seen in Equation 2, 

        
      

             
       (2) 

where E is the internal energy, Ec is the energy at the centroid of the curve, A1 is the 

initial SY value, and A2 is the final SY value. 

 

2.3.6 Safety Considerations 

 Appropriate laser eye protection was worn by all lab personnel. 

 

2.4 Results and Discussion 

2.4.1 Mass Spectra of Thermometer Ions Using LEMS with the Low Resolution 

Mass Spectrometer 

To characterize the energy distributions of molecules vaporized by nonresonant 

femtosecond laser pulses centered at 800 nm, the mass spectra of five para-substituted 

benzylpyridinium (BzPy) ions were measured using laser electrospray mass spectrometry 

(LEMS) and compared with conventional ESI-MS. LEMS measurements were collected 

for BzPy ions from both dried and liquid states on glass and metal substrates, 

respectively.  

The mass spectra obtained at low and high collision energies for the five BzPy 

ions analyzed using conventional ESI-MS, dried LEMS analyses and liquid LEMS 

analyses are shown in Figure 2.5 (p-MeO BzPy), Figure 2.6 (p-Me BzPy),  
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Figure 2.5. Mass spectra obtained for p-methoxybenzylpyridinium salt (p-MeO BzPy) 

using the low resolution mass spectrometer. Mass spectra were obtained 

using conventional electrospray, LEMS of dried samples from glass, and 

LEMS of liquid samples from metal. The plots show the fragmentation of 

the ion at low and high capillary exit voltages of 130 V and 230 V as black 

and red lines, respectively. The M
+
 and M

+
-pyridine features are denoted by 

the blue squares and red circles, respectively. 
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Figure 2.6. Mass spectra obtained for p-methylbenzylpyridinium salt (p-Me BzPy) using 

the low resolution mass spectrometer. Mass spectra were obtained using 

conventional electrospray, LEMS of dried samples from glass, and LEMS of 

liquid samples from metal. The plots show the fragmentation of the ion at 

low and high capillary exit voltages of 130 V and 230 V as black and red 

lines, respectively. The M
+
 and M

+
-pyridine features are denoted by the blue 

squares and red circles, respectively.  
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Figure 2.7 (p-Cl BzPy), Figure 2.8 (p-CN BzPy), and Figure 2.9 (p-NO2 BzPy). The m/z 

values for all features of interest are denoted on the mass spectra with the parent 

molecular (M
+
) and parent minus pyridine (M

+
-Pyr) features highlighted as blue squares 

and red circles, respectively. The corresponding masses and dissociation energies of the 

BzPy salts are shown in Table 2.1. The intensities of the parent and fragment ions are 

related to the internal energies resulting from each of the analysis techniques. We note 

that peaks other than the M
+
 and M

+
-Pyr features were observed in the mass spectra, 

specifically in the LEMS analyses of dried thermometer ions. Some of these features, 

such as those at m/z 78 for all BzPy ions, were the most intense peaks in the LEMS 

analyses of dried thermometer ions. Fragments other than M
+
-Pyr can also be seen in the 

conventional ESI-MS and LEMS analyses of liquid samples as well, but were less 

prevalent than in dried LEMS analyses. Negative features observed in the blank-

subtracted mass spectra result from the vaporized analytes competing for charge and thus 

altering the solvent ion distribution. Positive features in the mass spectrum that are not 

labeled in the blank-subtracted mass spectra are solvent-related features. 

To determine whether the mass spectral features other than M
+
-pyridine, such as 

m/z 78, resulted from fragmentation of the BzPy ions, tandem MS was performed on the 

isolated M
+
 and M

+
-pyridine ions in a collision cell using the high resolution Bruker 

MicrOTOF-Q II mass spectrometer with conventional ESI-MS. The ESI-MS/MS mass 

spectra are shown in Figure 2.10 (p-MeO BzPy), Figure 2.11 (p-Me BzPy), Figure 2.12 

(p-Cl BzPy), Figure 2.13 (p-CN BzPy), and Figure 2.14 (p-NO2 BzPy). Most of the 

fragment ions detected in our ESI-MS and LEMS experiments have been observed 

previously (26, 43). Table 2.2 lists the observed ions as well as those that were included  
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Figure 2.7. Mass spectra obtained for p-chlorobenzylpyridinium salt (p-Cl BzPy) using 

the low resolution mass spectrometer. Mass spectra were obtained using 

conventional electrospray, LEMS of dried samples from glass, and LEMS of 

liquid samples from metal. The plots show the fragmentation of the ion at 

low and high capillary exit voltages of 130 V and 230 V as black and red 

lines, respectively. The M
+
 and M

+
-pyridine features are denoted by the blue 

squares and red circles, respectively. 
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Figure 2.8. Mass spectra obtained for p-cyanobenzylpyridinium salt (p-CN BzPy) using 

the low resolution mass spectrometer. Mass spectra were obtained using 

conventional electrospray, LEMS of dried samples from glass, and LEMS of 

liquid samples from metal. The plots show the fragmentation of the ion at 

low and high capillary exit voltages of 130 V and 230 V as black and red 

lines, respectively. The M
+
 and M

+
-pyridine features are denoted by the blue 

squares and red circles, respectively. 
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Figure 2.9. Mass spectra obtained for p-nitrobenzylpyridinium salt (p-NO2 BzPy) using 

the low resolution mass spectrometer. Mass spectra were obtained using 

conventional electrospray, LEMS of dried samples from glass, and LEMS of 

liquid samples from metal. The plots show the fragmentation of the ion at 

low and high capillary exit voltages of 130 V and 230 V as black and red 

lines, respectively. The M
+
 and M

+
-pyridine features are denoted by the blue 

squares and red circles, respectively. 
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Table 2.1. Dissociation critical energies and major mass spectral features expected for the 

benzylpyridinium ions. 

 

Analyte 
Eo  

(eV)
a
 

M
+  

(m/z) 

M
+
 - Pyridine  

(m/z) 

p-MeO 1.51 200.3 121.2 

p-Me 1.77 184.3 105.2 

p-Cl 1.90 204.7 125.6 

p-CN 2.10 195.2 116.1 

p-NO
2
 2.35 215.2 136.1 

   a
 Taken from reference (8) 

  M
+
: molecular ion 

  Eo: critical energy 
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Figure 2.10. ESI-MS/MS mass spectra of the p-MeO benzylpyridinium ion from an 

acidic solvent using the Bruker MicrOTOF-Q II mass spectrometer. The 

M
+
 (left) and M

+
-pyridine (right) features, highlighted with the blue 

squares, were isolated in the collision cell and fragmented using the CID 

energy shown on the right. The ISCID voltage was adjusted to enable 

significant intensity of the M
+
-pyridine feature for isolation and 

fragmentation in the plot on the right. 
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Figure 2.11. ESI-MS/MS mass spectra of the p-Me benzylpyridinium ion from an acidic 

solvent using the Bruker MicrOTOF-Q II mass spectrometer. The M
+
 (left) 

and M
+
-pyridine (right) features, highlighted with the blue squares, were 

isolated in the collision cell and fragmented using the CID energy shown on 

the right. The ISCID voltage was adjusted to enable significant intensity of 

the M
+
-pyridine feature for isolation and fragmentation in the plot on the 

right. 

 

 



- 84 - 

 

 

 

 

Figure 2.12. ESI-MS/MS mass spectra of the p-Cl benzylpyridinium ion from an acidic 

solvent using the Bruker MicrOTOF-Q II mass spectrometer. The M
+
 (left) 

and M
+
-pyridine (right) features, highlighted with the blue squares, were 

isolated in the collision cell and fragmented using the CID energy shown on 

the right. The ISCID voltage was adjusted to enable significant intensity of 

the M
+
-pyridine feature for isolation and fragmentation in the plot on the 

right. 
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Figure 2.13. ESI-MS/MS mass spectra of the p-CN benzylpyridinium ion from an acidic 

solvent using the Bruker MicrOTOF-Q II mass spectrometer. The M
+
 (left) 

and M
+
-pyridine (right) features, highlighted with the blue squares, were 

isolated in the collision cell and fragmented using the CID energy shown on 

the right. The ISCID voltage was adjusted to enable significant intensity of 

the M
+
-pyridine feature for isolation and fragmentation in the plot on the 

right. 
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Figure 2.14. ESI-MS/MS mass spectra of the p-NO2 benzylpyridinium ion from an acidic 

solvent using the Bruker MicrOTOF-Q II mass spectrometer. The M
+
 (left) 

and M
+
-pyridine (right) features, highlighted with the blue squares, were 

isolated in the collision cell and fragmented using the CID energy shown on 

the right. The ISCID voltage was adjusted to enable significant intensity of 

the M
+
-pyridine feature for isolation and fragmentation in the plot on the 

right. 
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Table 2.2. Fragments observed in the analysis of benzylpyridinium ions with an acidic 

solvent using conventional ESI-MS and LEMS. 

 

Analyte 
M

+
 

(m/z) 

M
+ 

- Pyridine 

(m/z) 

Other Fragments Observed by ESI-MS/MS  

using Bruker MicrOTOF-Q II 

(m/z) 

p-MeO 200.3 121.2 
52, 65, 77,

a
 78, 91,

a
 93, 95, 105, 106,

a
 135, 137, 141, 

165, 179, 195 

p-Me 184.3 105.2 
51, 53, 63, 65, 77,

a
 79,

a
 89, 95, 103,

a
 121, 139, 159, 

165, 167 

p-Cl 204.7 125.6 
63, 73, 75, 78,

b
 88,

b
 89,

a 
90, 94, 99,

a
 107, 122, 123, 

133, 137, 143, 151, 163, 169,
b
 174, 179, 192 

p-CN 195.2 116.1 
57, 63, 70, 73, 78,

b
 89,

a
 90, 91, 99, 135, 139, 155, 

166, 171, 183. 193 

p-NO2 215.2 136.1 

52, 57, 63, 64, 68, 73, 78,
a
 79, 89,

a
 90, 91, 106,

a
 123, 

125, 127, 133, 141, 143, 155, 159, 165, 169,
a
 183, 

199, 201, 203 

M
+
: molecular ion 

Bold: Features observed in ESI and LEMS analyses on the low resolution mass spectrometer 
a
: Features also observed in (43) 

b
: Features observed in ESI and LEMS analyses on low resolution mass spectrometer but not 

observed during tandem MS experiments with the Bruker MicrOTOF-Q II 
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in the survival yield calculations for the LEMS experiments. The additional fragments 

observed in LEMS experiments result from reaction pathways other than the simple loss 

of a neutral pyridine. This includes intramolecular rearrangements (43) and 

rearrangement to the tropylium cation, which is shown in Figure 2.1 as fragmentation 

channel B (20, 44-45). 

 

2.4.2 Survival Yields and Internal Energy Distributions for LEMS Compared with 

ESI-MS in the Analysis of Benzylpyridinium Salts 

Survival yields for the five thermometer ions were calculated using Equation 1 

and plotted as a function of collision energy for the ESI and LEMS experiments in Figure 

2.15. The descending order of survival yield for p-NO2 to p-MeO BzPy in the breakdown 

curves for ESI-MS are in good agreement with the critical energy values, Eo. Ions with 

high critical energy values (p-NO2 BzPy) do not dissociate as easily as those with low Eo 

values (p-MeO), resulting in less fragmentation and a larger yield of parent ions for the 

high Eo molecules. p-MeO had the lowest survival yield values in all experiments, in 

agreement with its low critical energy. 

The LEMS measurements differ in several respects from the survival yield/critical 

energy trends observed in the ESI measurements. Although p-CN and p-NO2 BzPy ions 

have the highest critical energy values, they had lower survival yields than p-Me and p-Cl 

in dried LEMS analyses for capillary exit voltages ranging from 130 to 230 V. At 255 

and 280 V, p-CN had the highest survival yield but p-NO2 was still lower than p-Me and 

p-Cl. A similar trend is noted for the analysis of liquid samples using LEMS, although 

the overall survival yields were much higher in comparison with dried LEMS analyses.  
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Figure 2.15. Breakdown curves for the p-substituted benzylpyridinium ions as a function 

of capillary exit voltage. The breakdown curves are shown for analyses 

using conventional ESI-MS, LEMS of dried samples from glass, and LEMS 

of liquid samples from metal. The insets show the effect of the laser pulse 

energy on survival yield at a capillary exit voltage of 230 V for p-Me and p-

Cl BzPy. The box around the symbols at a capillary exit voltage of 280 V 

indicates the voltage chosen for the internal energy distribution calculations. 
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p-NO2 BzPy had the second highest survival yield at 280 V in the LEMS analysis as a 

liquid sample, although it should have the highest SY. The non-intuitive increase in 

survival yield with increasing capillary exit voltage for p-CN and p-NO2 resulted from 

the combination of the masking of low mass ions due to optimization for high mass ions 

and the enhanced dissociation to low mass ions at higher collision energy. The enhanced 

dissociation and masking effect is supported by the normalized total ion yield plots 

(Figure 2.16), which show a decrease in the total ion yield as a function of capillary exit 

voltage for analyses with ESI-MS and LEMS of dried samples. Conversely, the total ion 

yields for most of the BzPy ions vaporized as liquid samples increased or remained 

unchanged suggesting that less energy is deposited into the internal modes of the liquid 

sample. The shift in the ion transmittance was apparent in the survival yields from the 

vaporization of dried BzPy ions, presumably because the interaction with the laser pulses 

resulted in a greater degree of fragmentation. Dissociation of the benzyl cation fragments 

into a mass range not detected by our mass spectrometer presumably plays a major role in 

the survival yield calculations.  

To calculate the internal energy distributions (8), the survival yields obtained at a 

capillary exit of 280 V were plotted as a function of critical energy, Eo, in the top plot of 

Figure 2.17. This exit voltage displayed the greatest spread of SY values for ESI-MS. 

The fit of the sigmoidal curve using the Boltzmann function (Equation 2) had R
2
 values 

of 0.992, 0.997, and 0.951 for conventional ESI-MS, dried LEMS and liquid LEMS 

analyses, respectively. Note that the survival yield for p-NO2 benzylpyridinium ion was 

not included in the sigmoidal fit for dried LEMS analyses as this data point was clearly 

invalid and resulted in a sigmoidal curve that did not fit the majority of the points, as  
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Figure 2.16. Normalized total ion intensities of the p-substituted benzylpyridinium ions 

for conventional ESI-MS, LEMS of dried samples from glass, and LEMS of 

liquid samples from metal. The total ion yields included the parent 

molecular ion, the parent – pyridine major fragment, and the other observed 

fragment features that were incorporated in the calculation of the survival 

yields. The total ion yields were normalized to their respective p-substituted 

benzylpyridinium total ion yield at the capillary exit voltage of 130 V.  
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Figure 2.17. Internal energy deposition of LEMS with 1.3 mJ laser pulses compared with 

conventional ESI-MS. Survival yield values were plotted as a function of 

critical energy, Eo, at a capillary exit of 280 V in the top plot. The 

derivatives of the sigmoidal curves produced the internal energy 

distributions (P(E)), as shown in the bottom plot. The sigmoidal fit R
2
, mean 

internal energy, <Eint>, and FWHM internal energy values for each 

technique are shown. Note that the sigmoidal fit for dried LEMS analyses 

(red) does not include the survival yield for p-NO2 benzylpyridinium ion. 
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shown in Figure 2.18. This particular ion was excluded from the data set because a large 

solvent feature obscured the parent molecular ion of p-NO2 benzylpyridinium. The 

derivative of the sigmoidal curve provides the internal energy distribution, P(E), which 

appears in the bottom plot in Figure 2.17 for the three experimental techniques. The mean 

of the internal energy distributions, <Eint> for conventional ESI-MS, dried LEMS and 

liquid LEMS analyses were 1.62 ± 0.06, 2.0 ± 0.5, and 1.6 ± 0.3 eV, respectively, with 

full width at half maximums (FWHM) of 0.96, 1.04, and 0.50 eV, respectively. Each 

<Eint> uncertainty was estimated by multiplying the <Eint> value by the average of the 

relative standard deviations of the survival yield values from Figure 2.17. Since the 

kinetic shift was not included in these analyses, the <Eint> values are relative. The kinetic 

shift is the difference between the observed and true thresholds for fragmentation. This 

difference arises when the rate constant for dissociation is too slow for the fragmentation 

to occur on the experimental timescale and an energy greater than Eo is required for 

fragmentation to occur (8, 46). In comparison with ESI-MS, laser vaporization may 

permit additional time for fragmentation to occur during transit to the electrospray 

droplets, and potentially resulting in higher reported internal energies for LEMS 

experiments. The data suggests that LEMS of dried samples deposits more energy into 

the system than conventional electrospray with a 24.7% increase in <Eint>. However, 

analyses with liquid LEMS resulted in a comparable <Eint> to conventional ESI-MS. We 

note that if the mass spectrometer had been tuned to have a low mass cutoff of m/z 100, 

M
+
-pyridine would have been the only major fragment included in the SY calculations 

resulting in similar breakdown curves and internal energy distributions for all three  
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Figure 2.18. Internal energy deposition of LEMS compared with 1.3 mJ laser pulses with 

conventional ESI-MS, factoring in the p-NO2 data point in the sigmoidal fit 

for dried LEMS analysis. Survival yield values were plotted as a function of 

critical energy, Eo, at a capillary exit of 280 V in the top plot. The 

derivatives of the sigmoidal curves produced the internal energy 

distributions (P(E)), as shown in the bottom plot. The sigmoidal fit R
2
, mean 

internal energy, <Eint>, and FWHM internal energy values for each 

technique are shown.  
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techniques as seen in Figure 2.19 and Figure 2.20, respectively. All of the fragments 

observed in the tandem MS measurements were included in the SY calculations (43). 

 

2.4.3 Investigating the High Internal Energy Deposition in Dried Samples with  

1.3 mJ Femtosecond Laser Pulses 

That LEMS analyses of dried BzPy ions led to more fragmentation than in 

conventional ESI-MS is not unanticipated as certain small molecules have been 

previously observed to have additional fragmentation in the case of laser vaporization 

(29, 41). Yet, it was surprising that dried and liquid benzylpyridinium LEMS analyses 

resulted in completely different internal energy distributions. Therefore, further 

experiments were conducted to elucidate a potential mechanism of high internal energy 

deposition with dried samples, including investigations concerning the drying gas 

temperature, the substrate material, the sample holder temperature, the sample drying 

process, and the interaction with the laser. The results of these experiments are shown in 

Figure 2.21, Figure 2.22, and Figure 2.23.  

Vaporization of dried samples in an environment with hot drying gas (180 °C) 

results in exposure of analytes to energetic collisions that could result in enhanced 

fragmentation. Thus, we investigated both conventional electrospray and LEMS with 

drying gas temperatures ranging from 105 to 180 °C. In the case of conventional ESI-MS 

analyses, the survival yield was inversely proportional to the drying gas temperature as 

shown in Figure 2.21. However, LEMS analysis displayed no such correlation between 

the survival yield and drying gas temperature, as seen in Figure 2.22, suggesting that hot 
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Figure 2.19. Breakdown curves for the p-substituted benzylpyridinium ions as a function 

of capillary exit voltage using only the M
+
 and M

+
-pyridine features in 

calculation of the survival yield. The breakdown curves are shown for 

analyses using conventional ESI-MS, LEMS of dried samples from glass, 

and LEMS of liquid samples from metal. The insets show the effect of the 

laser pulse energy on survival yield at a capillary exit voltage of 230 V for 

p-Me and p-Cl BzPy. The box around the symbols at a capillary exit voltage 

of 280 V indicates the voltage chosen for the P(E) calculations. 
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Figure 2.20. Internal energy deposition of LEMS compared with conventional ESI-MS 

using only the M
+
 and M

+
-pyridine features in calculation of the survival 

yield. Survival yield values were plotted as a function of critical energy, Eo, 

at a capillary exit of 280 V in the top plot. The derivatives of the sigmoidal 

curves produced the internal energy distributions (P(E)), as shown in the 

bottom plot. The sigmoidal fit R
2
, mean internal energy, <Eint>, and FWHM 

internal energy values for each technique are shown. 
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Figure 2.21. Breakdown curves resulting from altering the drying gas temperature for p-

Me and p-Cl BzPy ions using conventional ESI-MS. 
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Figure 2.22. Breakdown curves resulting from LEMS analyses of p-Me and p-Cl BzPy 

with variable experimental parameters. The drying gas temperature and the 

substrate that dried p-Me and p-Cl BzPy were vaporized from were 

performed using dried LEMS analyses. Liquid LEMS analyses were 

performed on normal liquid and dried and subsequently rehydrated BzPy 

ions. 
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Figure 2.23. Breakdown curves resulting from altering the stage temperature for dried 

samples of p-Me and p-Cl BzPy ions using LEMS. 
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drying gas is not the cause for the enhanced fragmentation of dried BzPy samples with 

LEMS. 

The effect of the substrate on the survival yield was investigated by vaporizing 

dried analytes from metal and glass using a drying gas temperature of 180 °C. The 

purpose of this experiment was to determine whether substrates with different van der  

Waals interactions with the different analyte will result in varying fragmentation. In 

addition, vaporization from metal may involve thermal-related vaporization processes 

that might not be present with a glass substrate since glass is transparent for laser pulses 

at 800 nm. We note, however, that highly intense femtosecond laser pulses focused with 

a large numerical aperture have been shown to induce damage to glass (47). Figure 2.22 

reveals that the change in substrate did not lead to a significant change in survival yield. 

Laser vaporization of p-Me BzPy from metal led to a greater survival yield than from a 

glass substrate at lower capillary exit voltages. Since this trend was not observed for p-Cl 

BzPy, the effect of substrate appears to be minimal for this experiment. 

The hot environment in the analysis chamber leads to heating of the sample 

holder and sample slides, which may lead to increased fragmentation. The temperature of 

sample holder was investigated at 0 °C and 20 °C using a refrigerated bath circulator and 

a custom brass plate. The effect of the sample stage temperature is shown in Figure 2.23 

for p-Me and p-Cl BzPy. For p-Me BzPy, the lowered stage temperatures resulted in 

higher survival yields at lower capillary exit voltages. However, at 230 V, the SY values 

were similar for stage temperature of 0 °C and ambient temperature whereas analyses 

with a stage chilled to 20 °C had a higher survival yield. Lowering the stage temperature 

in p-Cl BzPy analysis also showed little effect on the survival yield. The stage 
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temperature of 0 °C yielded the highest survival yields for p-Cl BzPy at 180 and 230 V, 

but the stage at 20 °C produced similar survival yields to the ambient temperature stage at 

these ISCID conditions. The stage temperature appears to have a limited outcome with 

respect to survival yield and likely was a minor factor in the total fragmentation of dried 

analyses. 

To determine whether the process of drying the BzPy ions could have led to 

increased dissociation, the mass spectra for femtosecond vaporization and electrospray 

post-ionization of liquid samples were compared with liquid samples that were 

previously dried and subsequently rehydrated. The results, as seen in Figure 2.22, 

demonstrate that the rehydrated samples had comparable survival yields with the 

normally spotted liquid benzylpyridinium samples, suggesting that drying was not 

responsible for excessive fragmentation of dried samples. 

Interaction with highly intense femtosecond laser pulses typically induces non-

thermal, nonresonant, and universal vaporization of molecules (48). However, if a 

molecule has a low order multiphoton resonance, fragmentation may occur, particularly 

in the ionic state (49-50). UV-visible spectra were measured for the benzylpyridinium 

ions to determine if the molecules had a resonance with 800 nm light (Figure 2.24). There 

was no absorption at 800 nm but there was an absorption centered at 400 nm for all of the 

benzylpyridinium ions except for p-CN BzPy. Although the UV-Vis measurement is a 

one-photon process, two-photon absorption is possible since the molecules lack a center 

of symmetry. UV-visible spectra were measured for the two previously reported LEMS 

investigations of dried samples that resulted in a greater amount of fragmentation than 

with conventional ESI-MS (29, 41). Tetrabutylammonium iodide, which loses one of its  



- 103 - 

 

 

 

 

Figure 2.24. UV-visible absorption profiles for the p-substituted benzylpyridinium ions. 

The concentrations were 1 mM in 1:1 (v:v) methanol:water for every 

thermometer ion except p-CN, which was at a concentration of ~2 mM. All 

UV-Vis spectra were collected using an Ultrospec 2100 pro UV-Vis 

spectrometer (GE Healthcare Biosciences, Pittsburgh, PA). 
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butyl groups due to femtosecond laser vaporization (Figure 2.25) (41), had a broad 

absorption centered at ~360 nm that extends above 400 nm, as seen in Figure 2.26. 

Irinotecan HCl, which is studied in detail in the next section, also had an absorption 

centered at ~355 nm that extends to 400 nm (Figure 2.27). Two-photon excitation was 

possible for tetrabutylammonium iodide and irinotecan HCl given the broad bandwidth of 

the 70 femtosecond pulse and the broad absorption features measured for the molecules. 

Two-photon excitation occurred from the fringes of the 800 nm laser pulse for 

tetrabutylammonium iodide and irinotecan HCl and the lower intensities led to smaller 

absorption cross-sections and reduced fragment ratios. In comparison, benzylpyridinium 

ions have two-photon resonances at the most intense wavelength of the laser pulses, 

leading to excessive fragmentation in dried LEMS analyses. 

If a two-photon resonance was the cause of excessive fragmentation in the dried 

LEMS analyses, the question then arises concerning why the fragmentation pattern was 

different for the liquid LEMS analyses. The data suggests that there are different 

mechanisms for femtosecond vaporization of dried samples and liquid samples. 

Femtosecond vaporization of the dried BzPy samples resulted in the majority of the 

energy going into analyte’s internal energy, inducing a great extent of fragmentation. 

However, in the analysis of liquid samples, the energy was not solely absorbed by the 

analytes but also by the liquid, yielding less fragmentation with survival yields similar to 

those obtained with conventional electrospray mass spectrometry. The liquid may also 

have protected the analyte from energetic collisions with the hot drying gas, therefore 

decreasing the internal energy. Conversely, the dried samples were vaporized directly 

into the drying gas prior to capture by the electrospray solvent. 
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Figure 2.25. Mass spectral analysis of equimolar mixtures of tetraethylammonium 

bromide (TEA
+
) and tetrabutylammonium iodide (TBA

+
). Mass spectra 

was performed using LEMS of dried samples on metal and conventional 

ESI-MS at a capillary voltage of 130 V using similar parameters to the 

benzylpyridinium study (41). The insets highlight the difference in the 

intensities of the major TBA
+
 fragment, [TBA – C4H9]

+
. 
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Figure 2.26. UV-Vis absorption profile and structure for tetrabutylammonium iodide. The 

fragmentation site, resulting in the major TBA
+
 fragment, [TBA – C4H9]

+
, is 

highlighted. The concentration of TBAI was 10 mM in 1:1 (v:v) 

acetonitrile/H2O for the UV-Vis absorption experiment. 

 

 

 

 

 

Figure 2.27. UV-Vis absorption profile and structure for irinotecan HCl. The 

concentration of irinotecan HCl was 100 μM in water for the UV-Vis 

absorption experiment. 
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2.4.4 Thermometer Ion Mass Analysis using Low-energy, 800 nm Femtosecond 

Laser Vaporization and Buffered Nanospray Post-ionization 

 The preceding internal energy experiments using 1.3 mJ femtosecond laser pulses 

centered at 800 nm for vaporization of dried benzylpyridinium salts led to excessive 

fragmentation. To determine whether the extent of fragmentation can be decreased, the 

benzylpyridinium ions were then subjected to femtosecond laser pulses having an order 

of magnitude less energy. In addition to using less energetic pulses, these experiments 

differed from the previous measurements in the following aspects: an ammonium acetate 

buffer was used instead of an acidic solvent, nanospray was used rather than electrospray, 

measurements were collected using a high resolution, commercial mass spectrometer 

instead of a low resolution, home-built mass spectrometer, dried benzylpyridinium ions 

were vaporized from stainless steel substrates instead of glass sample slides, and finally, 

a 45 fs, 800 nm laser was used rather than 70 fs laser pulses. 

Benzylpyridinium salts were vaporized using 800 nm, 45 fs pulses with a pulse 

energy of 280 μJ for liquid samples and with pulse energies of 75, 280 and 505 μJ for 

dried analyses. The p-CN benzylpyridinium ion was not used in these experiments as its 

mass spectral response was low due to being less concentrated. The resulting mass 

spectra are shown in Figure 2.28, Figure 2.29, Figure 2.30, and Figure 2.31 for p-MeO, p-

Me, p-Cl, and p-NO2 benzylpyridinium ions, respectively. For comparison, 

measurements for sample dissolved directly in the nanospray solvent are shown in Figure 

2.32. The nanospray experiments primarily resulted in the M
+
 and M

+
-pyridine features 

with little or no other fragmentation features. As observed in the previous experiments, 

LEMS analyses of the liquid benzylpyridinium ions resulted in mass spectra similar to  
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Figure 2.28. Blank-subtracted mass spectra for the p-MeO benzylpyridinium ion using 

800 nm laser pulses with varying pulse energies for vaporization into an 

ammonium acetate buffered nanospray solvent. Benzylpyridinium ions were 

mass analyzed using the Bruker MicrOTOF-Q II mass spectrometer with a 

collision cell voltage of 10 eV. The condensed phase of benzylpyridinium 

ion, liquid or dried, and the laser pulse energy are labeled for each 

experiment. The M
+
 and M

+
-pyridine features are denoted by the blue 

squares and red circles, respectively. 
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Figure 2.29. Blank-subtracted mass spectra for the p-Me benzylpyridinium ion using 800 

nm laser pulses with varying pulse energies for vaporization into an 

ammonium acetate buffered nanospray solvent. Benzylpyridinium ions were 

mass analyzed using the Bruker MicrOTOF-Q II mass spectrometer with a 

collision cell voltage of 10 eV. The condensed phase of benzylpyridinium 

ion, liquid or dried, and the laser pulse energy are labeled for each 

experiment. The M
+
 and M

+
-pyridine features are denoted by the blue 

squares and red circles, respectively. 
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Figure 2.30. Blank-subtracted mass spectra for the p-Cl benzylpyridinium ion using 800 

nm laser pulses with varying pulse energies for vaporization into an 

ammonium acetate buffered nanospray solvent. Benzylpyridinium ions were 

mass analyzed using the Bruker MicrOTOF-Q II mass spectrometer with a 

collision cell voltage of 10 eV. The condensed phase of benzylpyridinium 

ion, liquid or dried, and the laser pulse energy are labeled for each 

experiment. The M
+
 and M

+
-pyridine features are denoted by the blue 

squares and red circles, respectively. 
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Figure 2.31. Blank-subtracted mass spectra for the p-NO2 benzylpyridinium ion using 

800 nm laser pulses with varying pulse energies for vaporization into an 

ammonium acetate buffered nanospray solvent. Benzylpyridinium ions 

were mass analyzed using the Bruker MicrOTOF-Q II mass spectrometer 

with a collision cell voltage of 10 eV. The condensed phase of 

benzylpyridinium ion, liquid or dried, and the laser pulse energy are labeled 

for each experiment. The M
+
 and M

+
-pyridine features are denoted by the 

blue squares and red circles, respectively. 



- 112 - 

 

 

Figure 2.32. Blank-subtracted mass spectra of benzylpyridinium ions using nanospray 

with an ammonium acetate buffered solvent. The benzylpyridinium ions 

were mass analyzed using the Bruker MicrOTOF-Q II mass spectrometer 

with a collision cell of 10 eV. The mass spectra are labeled with the 

respective benzylpyridinium ion analyzed in each experiment. The M
+
 and 

M
+
-pyridine features are denoted by the blue squares and red circles, 

respectively. 
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conventional ESI mass spectral analysis. Conversely, the LEMS analyses of the dried 

benzylpyridinium ions resulted in several dissociation ions other than the M
+
-pyridine 

molecule, in particular the feature at m/z 80.1. This peak at m/z 80.1 is assigned to 

[pyridine+H
+
]

+
. The feature at m/z 78 in the preceding experiments of dried BzPy salts 

using 1.3 mJ laser pulses may have been pyridine as well due to the calibration of the low 

resolution instrument. Pyridine would only be observed if the benzylpyridinium ions 

were already fragmented prior to entering the mass spectrometer allowing the neutral 

pyridine to be charged by the nanospray solvent. Note that the pyridine feature (m/z 80.1) 

is not observed in the mass spectra when using conventional nanospray or femtosecond 

vaporization of liquid benzylpyridinium ions but is prevalent in the analysis of dried 

thermometer ions. We propose that the vaporization mechanisms for dried and liquid 

samples are different in that excess energy is deposited into dried samples from two-

photon excitation, causing fragmentation prior to post-ionization. Features other than the 

M
+
 and M

+
-pyridine ions, such as those at m/z 80.1, 107.1, 137.1, 157.1, and 170.1, were 

observed in Figure 2.28 to Figure 2.31 but were not observed in the nanospray 

background mass spectrum (Figure 2.33) and thus are also attributed as fragmentation of 

the thermometer ions. This assignment was verified by their presence in the nanospray-

MS/MS spectra for the isolated benzylpyridinium ions (Figure 2.34 to Figure 2.37). The 

fragment features used to calculate the SY values from the nanospray-MS/MS 

experiments are listed in Table 2.3.  
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Figure 2.33. Mass spectrum showing background features from the nanospray of the 

ammonium acetate buffer on the high resolution mass spectrometer. 
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Figure 2.34. Nanospray-MS/MS mass spectra of the p-MeO benzylpyridinium ion from a 

buffered solvent using the Bruker MicrOTOF-Q II mass spectrometer. The 

M
+
 (left) and M

+
-pyridine (right) features, highlighted with the blue squares, 

were isolated in the collision cell and fragmented using the CID energy 

shown on the right. The ISCID voltage was adjusted to enable significant 

intensity of the M
+
-pyridine feature for isolation and fragmentation in the 

plot on the right. 
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Figure 2.35. Nanospray-MS/MS mass spectra of the p-Me benzylpyridinium ion from a 

buffered solvent using the Bruker MicrOTOF-Q II mass spectrometer. The 

M
+
 (left) and M

+
-pyridine (right) features, highlighted with the blue squares, 

were isolated in the collision cell and fragmented using the CID energy 

shown on the right. The ISCID voltage was adjusted to enable significant 

intensity of the M
+
-pyridine feature for isolation and fragmentation in the 

plot on the right. 
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Figure 2.36. Nanospray-MS/MS mass spectra of the p-Cl benzylpyridinium ion from a 

buffered solvent using the Bruker MicrOTOF-Q II mass spectrometer. The 

M
+
 (left) and M

+
-pyridine (right) features, highlighted with the blue squares, 

were isolated in the collision cell and fragmented using the CID energy 

shown on the right. The ISCID voltage was adjusted to enable significant 

intensity of the M
+
-pyridine feature for isolation and fragmentation in the 

plot on the right. 
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Figure 2.37. Nanospray-MS/MS mass spectra of the p-NO2 benzylpyridinium ion from a 

buffered solvent using the Bruker MicrOTOF-Q II mass spectrometer. The 

M
+
 (left) and M

+
-pyridine (right) features, highlighted with the blue squares, 

were isolated in the collision cell and fragmented using the CID energy 

shown on the right. The ISCID voltage was adjusted to enable significant 

intensity of the M
+
-pyridine feature for isolation and fragmentation in the 

plot on the right. 
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Table 2.3. Fragments observed in the analysis of benzylpyridinium ions with a buffered 

solvent using conventional nanospray-MS and less energetic femtosecond 

laser vaporization with nanospray post-ionization. 

 

Analyte 
M

+
 

(m/z) 

M
+ 

- Pyridine 

(m/z) 

Other Fragments Observed by Nanospray 

Tandem MS using Bruker MicrOTOF-Q II 

(m/z) 

p-MeO 200.3 121.2 

53, 55, 60, 65, 66, 69, 73, 77,
a
 78, 80,

b
 81, 89, 91,

a
 

93, 95, 105, 106,
a
 107, 109, 111, 137,

d
 157,

b
 165, 

170,
b
 183,

c
 184, 199 

p-Me 184.3 105.2 

51, 53, 59, 60, 63, 64.5, 65, 71, 73, 74, 77,
a
 78, 79,

a
 

80, 81, 89, 91, 93, 95, 103,
a
 123, 151, 157,

b
 164, 

165, 167, 169, 170
b
 

p-Cl 204.7 125.6 

63, 65, 69, 73, 75, 80,
b
 81, 89,

a 
90, 91, 99,

a
 101, 

123, 133,
d
 151,

d
 155, 157,

b
 163,

d
 169,

d
 170,

b
 174,

d
 

187, 190,
b
 192

d
 

p-NO2 215.2 136.1 
52, 63, 78,

a
 79, 80,

b
 81, 89,

a
 90, 91, 99, 105, 106,

a
 

107, 117, 122, 123, 133,
d
 157,

b
 165,

d
 169,

a
 170 

M
+
: molecular ion 

Bold: Other fragment features observed in nanospray and LEMS analyses with buffered 

solvent 
a
: Features also observed in (43) 

b
: Features observed in nanoESI and LEMS analyses but not observed during tandem MS 

experiments 
c
: Features excluded due to large mass spectral background 

d
: Features observed in tandem MS with acidic solvent but not with buffered solvent 
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2.4.5 Internal Energy Deposition using Low-energy, 800 nm Femtosecond Laser 

Vaporization and Buffered Nanospray Post-ionization  

The survival yields for the analyses of benzylpyridinium salts using laser 

vaporization and nanospray ionization were calculated using Equation 1. The survival 

yields for nanosprayed BzPy ions, and laser vaporization of dried and liquid BzPy ions 

with 75 and 280 μJ pulses, respectively, were plotted as a function of critical energy in 

Figure 2.38. The curves were then fit with the sigmoidal function shown in Equation 2. 

The sigmoidal curves resulted in excellent fits with R
2
 values of 0.999, 0.878, and 0.999  

for nanospray and LEMS of dried and liquid samples, respectively. The derivative of the 

sigmoidal curves yields the internal energy distributions, which are shown in the bottom 

plot of Figure 2.38. The resulting mean internal energies were 1.70, 1.40, and 1.72 eV for 

nanospray, dried LEMS, and liquid LEMS analyses, respectively. Laser vaporization of 

dried benzylpyridinium salts with low energy pulses resulted in larger internal energy 

distribution FWHM values compared to nanospray (> 0.67 eV vs. 0.43 eV). A larger 

FWHM of the internal energy distribution was also observed in the analysis of the dried 

benzylpyridinium ions using 1.3 mJ pulses in the preceding analysis. A large FWHM of 

the internal energy distribution in electrospray benzylpyridinium ion analysis has been 

attributed to a lack of desolvation (8), but in these experiments, it is most likely related to 

the numerous ionic states created by the laser vaporization process, in particular from 

two-photon excitation.  

The internal energy distribution for 800 nm, femtosecond vaporization of dried 

benzylpyridinium salts shifted to higher values with increasing pulse energies, as 

observed in Figure 2.39. Note that the survival yield for the p-NO2 BzPy ion was not  
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Figure 2.38. Internal energy deposition of LEMS using low-energy, 800 nm laser pulses 

compared with nanospray analyses. Dried and liquid BzPy ions were 

vaporized into an ammonium acetate buffered nanospray solvent with 75 

and 280 μJ laser pulses, respectively. Survival yield values were plotted as a 

function of critical energy, Eo, at a collision cell energy of 10 eV. The 

derivatives of the sigmoidal curves produced the internal energy 

distributions (P(E)), as shown in the bottom plot. The sigmoidal fit R
2
, 

<Eint>, and FWHM values for each technique are shown.  
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Figure 2.39. Comparison of internal energy deposition of LEMS using 800 nm laser 

pulses with varying pulse energies for vaporization of dried BzPy ions into 

an ammonium acetate buffered nanospray solvent. BzPy ions were 

analyzed using the Bruker MicrOTOF-Q II mass spectrometer. Survival 

yield values were plotted as a function of critical energy, Eo, at a collision 

cell energy of 10 eV. The derivatives of the sigmoidal curves produced the 

internal energy distributions (P(E)), as shown in the bottom plot. The 

sigmoidal fit R
2
, <Eint>, and FWHM values for each technique are shown. 
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included in the sigmoidal fits for dried LEMS analyses with 280 and 505 μJ laser pulses 

as inclusion of these survival yields resulted in sigmoidal curves that did not fit a 

majority of the points. This ion was also excluded in the sigmoidal fit for the 1.3 mJ 

vaporization experiments of dried samples. LEMS analysis of the dried p-NO2 ion 

resulted in lower survival yields than expected presumably due to being the ion most 

affected from two-photon excitation as it has the largest molar absorptivity at 400 nm. 

The mean Eint values for LEMS vaporization experiments of dried samples increased 

from 1.40 eV using 75 μJ laser pulses to 1.62 eV with 505 μJ laser pulses, which was still  

slightly less than the mean Eint obtained in nanospray analysis. The increase in 

dissociation with increasing pulse energy is consistent with 1.3 mJ laser pulses inducing 

excessive fragmentation in the previous study. In general, these results reaffirm the 

notion that the mechanism for vaporization of dried and liquid samples with 800 nm, 

femtosecond laser pulses is different. 

Surprisingly, ultrafast vaporization of dried benzylpyridinium ions using < 500 μJ 

pulses resulted in lower internal energy distributions compared with liquid sample 

analyses using conventional nanospray ionization and laser vaporization with nanospray 

post-ionization. This could be the result of differences in the physical properties of the 

vaporized neutrals in comparison with the liquid-phase analytes causing different 

solvation conditions and different internal energies. Also, the reported internal energy 

distributions for the vaporization of dried BzPy salts may have been lessened owing to 

the reduced experimental timescale for fragmentation as the sample stage was 1 mm 

higher in comparison with the other laser vaporization measurements. In experiments 

using laser vaporization combined with nanospray post-ionization, an equivalent or 
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greater internal energy distribution than conventional nanospray ionization is anticipated 

since the ionization method is identical in both techniques and the laser desorption 

process yields an additional opportunity for energy deposition. LAESI, which uses 2.94 

μm, nanosecond laser pulses and nanospray post-ionization, produced similar internal 

energy distributions to conventional nanospray ionization in the analysis of 

benzylpyridinium ions (27).  

The reduced fragmentation in the 75 μJ, high resolution mass spectrometer 

experiments in comparison with the 1.3 mJ low resolution mass spectrometer study was 

not related to laser intensity but rather correlated to pulse energy. The laser intensity in 

the 75 μJ experiments was actually higher than the 1.3 mJ experiments (3.8 x 10
13

 W/cm
2
 

vs. 2.6 x 10
13

 W/cm
2
) because the pulse duration was shorter (45 fs vs. 70 fs) and the spot 

size of the laser was smaller (75 μm vs. 300 μm in diameter). The survival yields for the 

nanospray-based laser vaporization experiments scaled as a function of the pulse energy, 

presumably because of two-photon excitation or thermal-related effects. Also, the 

variance in the degree of fragmentation between the two investigations may have been 

related to the differences with the sample substrates, the solvent system, or the mass 

spectral conditions. 

 

2.4.6 Internal Energy Deposition using Low-energy, 1042 nm Femtosecond Laser 

Pulse-burst Vaporization and Buffered Nanospray Post-ionization 

A fiber laser with 46.5 μJ, 435 fs laser pulses centered at 1042 nm was used for 

vaporization of benzylpyridinium ions for comparison to the 800 nm laser experiments. 

Due to the high repetition rate of the laser, a two chopper system was used to reduce the 
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rate from 100 kHz to 10 Hz pulse trains consisting of ~20 pulses with 10 μs separation. 

The mass spectra for the fiber laser vaporized dried and liquid benzylpyridinium salts are 

shown in Figure 2.40 and Figure 2.41, respectively. The measurements demonstrate that 

435 fs, 1042 nm femtosecond laser pulses were able to induce nonresonant vaporization 

of the ions for mass analysis, similar to the 45 fs, 800 nm experiments. The M
+
 and M

+
-

pyridine distribution of the benzylpyridinium ions using fiber laser vaporization were 

similar to the nanospray measurements (Figure 2.32). Fragment features other than M
+
-

pyridine were not observed except for pyridine (m/z 80.1) in the analysis of dried p-MeO 

benzylpyridinium salt, although this feature was dominated by the parent molecular and 

parent minus pyridine ions. The pyridine feature was less prevalent when using 1042 nm 

laser pulse-bursts compared to 800 nm laser pulses even though the experiments with the 

fiber laser were performed with longer duration pulses and 20 successive pulses. This 

was presumably due to the lack of a two-photon resonance and an order of magnitude 

less intense laser pulses for the 1042 nm experiments in comparison with the 75 μJ, 800 

nm experiments (2.42 × 10
12

 W/cm
2
 vs. 3.8 x 10

13
 W/cm

2
). 

The survival yields for nanospray and the fiber laser experiments were plotted as 

a function of critical energy in Figure 2.42. The 1042 nm vaporization experiments 

followed the anticipated survival yield/critical energy trend, resulting in R
2
 values ≥ 

0.992 for the sigmoidal curves. The internal energy distribution plot at the bottom of 

Figure 2.42 reveals that the fiber-based LEMS analysis of liquid and solid samples 

yielded the same mean internal energy (~1.7 eV) with similar FWHM values (~0.4 eV) as 

the nanospray measurements. Using the low energy fiber laser with 435 femtosecond 

pulses and 1042 nm wavelength enabled “soft” vaporization of the benzylpyridinium ions  
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Figure 2.40. Mass spectra of dried benzylpyridinium ions using the IMRA femtosecond 

fiber laser. 46.5 μJ, 435 fs laser pulses centered at 1042 nm were used to 

vaporize dried BzPy ions from metal slides into a buffered nanospray 

solvent and analyzed using the Bruker MicrOTOF-Q II mass spectrometer 

with a collision cell energy of 10 eV. The mass spectra are labeled with the 

respective benzylpyridinium ion analyzed in each experiment. The M
+
 and 

M
+
-pyridine features are denoted by the blue squares and red circles, 

respectively. 
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Figure 2.41. Mass spectra of liquid benzylpyridinium ions using the IMRA femtosecond 

fiber laser. 46.5 μJ, 435 fs laser pulses centered at 1042 nm were used to 

vaporize BzPy ions as liquids from metal slides into a buffered nanospray 

solvent and analyzed using the Bruker MicrOTOF-Q II mass spectrometer 

with a collision cell energy of 10 eV. The mass spectra are labeled with the 

respective benzylpyridinium ion analyzed in each experiment. The M
+
 and 

M
+
-pyridine features are denoted by the blue squares and red circles, 

respectively. 
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Figure 2.42. Internal energy deposition of LEMS using the IMRA femtosecond fiber laser 

compared with nanospray analyses. 46.5 μJ, 435 fs laser pulses centered at 

1042 nm were used to vaporize BzPy ions into a buffered nanospray solvent 

and analyzed using the Bruker MicrOTOF-Q II mass spectrometer. Survival 

yield values were plotted as a function of critical energy, Eo, at a collision 

cell energy of 10 eV. The derivatives of the sigmoidal curves produced the 

internal energy distributions (P(E)), as shown in the bottom plot. The 

sigmoidal fit R
2
, <Eint>, and FWHM values for each technique are shown. 
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even with the high repetition rate of the pulses. The results suggest that the vaporization 

mechanism is non-thermal because of the lack of excess fragmentation in the mass 

spectra. In the analysis of dried benzylpyridinium ions, desorption with fiber laser pulse-

bursts resulted in slightly more internal energy deposited in comparison to vaporization 

with 800 nm pulses presumably due to residual thermal effects from the pulse-bursts 

although the thermal effects were not sufficient to deposit excess internal energy in 

comparison to nanospray measurements. 

 

2.4.7 Analysis of Larger Biomolecules Using the Low Resolution Mass Spectrometer 

LEMS and ESI measurements were performed on larger biomolecules to 

investigate the internal energy distribution for systems with many more degrees of 

freedom. A previous LEMS investigation of aqueous proteins demonstrated that 

lysozyme, a 14.3 kDa protein, was vaporized in the folded state as revealed by both the 

charge state distribution and that ISCID measurements yielded little fragmentation in 

comparison with the substantial fragmentation and charge reduction observed for 

unfolded protein produced by conventional electrospray (31). In general, the available 

degrees of freedom for the molecule and collision gas affect the resulting internal energy 

distribution of the molecule (8, 51), with larger molecules having lower average internal 

energies for equivalent collision energy. The peptides leucine enkephalin (leu-enk) (556.6 

Da) and bradykinin (BK) (1060.2 Da) were analyzed from dried and liquid conditions to 

determine the effect of molecular weight on nonresonant, femtosecond vaporization. The 

possibility of two-photon resonances is reduced as these peptides do not have UV-visible 

absorptions around 400 nm, as seen in Figure 2.43 and Figure 2.44. Leucine enkephalin  
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Figure 2.43. UV-Vis absorption profile and structure for leucine enkephalin. The 

concentration of leucine enkephalin was 500 μM in water for the UV-Vis 

absorption experiment. 

 

 

 

 

 

 

Figure 2.44. UV-Vis absorption profile and structure for bradykinin. The concentration of 

bradykinin was 500 μM in water for the UV-Vis absorption experiment. 
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has been extensively used to study the internal energy deposition using ESI-MS (8, 18-

19, 51-52). Dried irinotecan HCl (623.1 Da) was also analyzed with LEMS to examine 

the fragmentation as a function of molecular size when two-photon resonant 

fragmentation is prevalent as this molecule has an absorbance extending to 400 nm.  

 

2.4.8 Analysis of Leucine Enkephalin 

The fragmentation pattern from the LEMS analysis of dried leucine enkephalin 

matches the fragments observed from conventional ESI-MS, though the LEMS analysis  

has a slightly higher yield of fragments, as observed in the mass spectra (Figure 2.45). To 

verify fragments, high resolution tandem mass spectrometry was performed on these 

three biomolecules by isolating and fragmenting the parent mass spectral peaks. The 

resultant tandem mass spectra and fragmentation pattern for leucine enkephalin are 

shown in Figure 2.46 and Figure 2.47, respectively. The fragmentation features that were 

included in the SY calculations are presented in Table 2.4. The survival yield for dried 

LEMS analysis decreased as a function of increasing ISCID energy, as seen in the 

breakdown curve in Figure 2.48 in accord with expectations. The extra fragmentation 

resulted in decreases in survival yield of ~15% (excluding the data point at 130 V) and 

~9% for dried LEMS analysis from glass and metal, respectively, in comparison with 

conventional ESI-MS. Leucine enkephalin does not have a two-photon resonance but 

does have an absorption at 274 nm (Figure 2.43), leading to a possible three-photon 

resonance occurring around 267 nm. Vaporization of leucine enkephalin from metal or 

glass substrates resulted in little to no difference in the fragmentation pattern or survival 

yield. An increase in the pulse energy from 0.7 to 2.1 mJ resulted in a ~15% decrease in  
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Figure 2.45. Mass spectra obtained for leucine enkephalin using conventional 

electrospray and LEMS of dried and liquid samples. The plots show the 

fragmentation of leucine enkephalin at low and high capillary exit voltages 

of 180 V and 365 V as black/gray and red/dark red lines, respectively. 
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Figure 2.46. ESI-MS/MS mass spectra of the peptide leucine enkephalin using the Bruker 

MicrOTOF-Q II mass spectrometer. The M+H
+
 feature, highlighted with the 

blue square, was isolated in the collision cell and fragmented using the CID 

energy shown on the right. 
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Figure 2.47. Fragmentation pattern of leucine enkephalin. The dotted/dashed, straight, 

and dotted lines represent fragmentation yielding a- and x-ions, b- and y-

ions, and c- and z-ions, respectively. The ions that originate from the amino 

terminus are labelled an, bn, and cn whereas the ions that originate from the 

carboxyl terminus are labelled xn, yn, and zn, where n represents the number 

of amino acid R-groups the ions contain. 
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Table 2.4. Fragments observed in the analysis of the larger biomolecules using 

conventional ESI-MS and LEMS. 

 

Analyte 
Parent 

(m/z) 

Fragments Observed by ESI  

Tandem MS using Bruker MicrOTOF-Q II 

(m/z) 

Leucine Enkephalin 

(Tyr-Gly-Gly-Phe-

Leu) 

556.3 

278 (2+) 

120.1, 136.1, 177.1, 205.1, 221.1, 262.1, 278.1, 279.2, 

336.2, 393, 397.2, 425.2, 510.3, 538.3 

Irinotecan HCl 
587.3 

294.1 (2+) 

100.1, 124.1, 167.1, 195.1, 331.1, 375.1, 458.2, 502.2, 

543.3 

Bradykinin 

(Arg-Pro-Pro-Gly-

Phe-Ser-Pro-Phe-Arg) 

1060 

530.8 (2+) 

354.2 (3+) 

112, 113.5, 115, 120, 155, 157, 162, 167, 175, 176, 

190, 195, 217, 237, 264, 274, 299, 305, 312, 321.6, 

348, 371, 380, 404, 408, 419, 450, 452.7, 506, 510, 

522.7, 527, 555, 597, 614, 642, 653, 692, 710, 807, 

858.5, 886, 887, 904 

Bold: Features observed in ESI and LEMS analyses on the low resolution mass 

spectrometer 
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Figure 2.48. Breakdown curves as a function of capillary exit voltage for leucine 

enkephalin. The analyses were performed using conventional ESI-MS 

(black), LEMS of dried samples from glass (red) or metal (dark red), and 

LEMS of liquid samples from metal (green). The inset shows the effect of 

the pulse energy on survival yields at a capillary exit voltage of 365 V for 

leucine enkephalin dried and liquid samples. 
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the survival yield for dried leucine enkephalin analysis from both glass and metal 

substrates, as seen in the inset in Figure 2.48. LEMS measurements for liquid leucine 

enkephalin led to less fragmentation and an increase in the survival yield, showing a 

similar outcome to benzylpyridinium analysis. Most of the major features in the mass 

spectra for the LEMS liquid analysis were solvent-related features from m/z 200 to 300. 

The survival yield as a function of ISCID potential was essentially unchanged as a 

function of collision energy for liquid leucine enkephalin analysis. At lower ISCID 

biases, analysis of liquid leucine enkephalin with LEMS resulted in an 8% lower survival 

yield compared with ESI. However, after the capillary exit voltage of 230 V, the survival 

yield decreased for ESI-MS but not for liquid LEMS analyses, resulting in 14% less 

fragmentation for liquid LEMS. Increasing the laser pulse energy did not result in a 

decrease of survival yield for liquid LEMS analysis that was observed in the dried LEMS 

analysis. The leucine enkephalin measurements are consistent with the BzPy studies and 

further support the idea that resonances lead to dissociation. 

 

2.4.9 Analysis of Irinotecan HCl 

Mass analysis of irinotecan HCl was revisited since it previously had been shown 

to fragment more with LEMS than with ESI-MS (29). The mass spectra for conventional 

ESI-MS and dried LEMS, the tandem MS for verification of peaks, and the breakdown 

curves for irinotecan HCl are shown in Figure 2.49, Figure 2.50, and Figure 2.51, 

respectively. Like the leucine enkephalin study, the fragments observed during LEMS 

analyses correspond well to those from conventional ESI. Vaporization of irinotecan HCl 

from glass resulted in lower survival yields in comparison with those measured using a  
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Figure 2.49. Mass spectra obtained for irinotecan HCl using conventional electrospray 

and LEMS of dried samples. The plots show the fragmentation of the 

irinotecan HCl at low and high capillary exit voltages of 180 V and 365 V as 

black/gray and red/dark red lines, respectively. 

 



- 139 - 

 

 

 

Figure 2.50. ESI-MS/MS mass spectra of the pharmaceutical irinotecan HCl using the 

Bruker MicrOTOF-Q II mass spectrometer. The M+H
+
 feature, highlighted 

with the blue square, was isolated in the collision cell and fragmented using 

the CID energy shown on the right. 
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Figure 2.51. Breakdown curves as a function of capillary exit voltage for irinotecan HCl. 

The analyses were performed using conventional ESI-MS (black) and 

LEMS of dried samples from glass (red) or metal (dark red). 
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metal substrate by an average of ~34%. Vaporization of dried p-Me BzPy from glass also 

resulted in lower survival yields than from metal, but this was not observed for p-Cl BzPy 

(Figure 2.22). Further experiments are needed to explain this phenomenon. At lower 

capillary exit voltages (up to 230 V), LEMS analyses from a metal substrate resulted in a 

9% decrease in survival yield whereas vaporization from glass yielded a 31% decrease in 

comparison with ESI. This is consistent with the excess fragmentation in previous LEMS 

experiments of irinotecan HCl. But the survival yields for the LEMS analyses did not 

decrease until a capillary exit voltage of 330 V causing LEMS analyses to display greater 

survival yields than ESI-MS at higher collision energies. This is analogous to the LEMS 

measurements of dried benzylpyridinium ions where the survival yields were consistent 

or increased as the CID energy increased. The increase in survival yield as a function of 

capillary exit voltage is again attributed to the preferred ion transmittance of higher mass 

ions as the ISCID potential increases, causing much of the fragment intensity to be 

unobserved and thereby raising the survival yield. 

 

2.4.10 Analysis of Bradykinin 

The mass spectra for bradykinin are presented in Figure 2.52.
 
The trends for 

bradykinin are similar to leucine enkephalin; the fragmentation features for electrospray 

and LEMS of dried samples are similar while LEMS analysis of liquid samples displayed 

fewer fragments and solvent-related features from m/z 200 to 300. These solvent-related 

features were not observed in the ESI-MS/MS spectra of bradykinin (Figure 2.53 and 

Figure 2.54; fragmentation pattern in Figure 2.55) and not used in the calculation of the 

survival yields. One major difference among the mass spectra concerns the intensity ratio  
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Figure 2.52. Mass spectra obtained for bradykinin using conventional electrospray and 

LEMS of dried and liquid samples. The plots show the fragmentation of 

bradykinin at low and high capillary exit voltages of 180 V and 365 V as 

black/gray and red/dark red lines, respectively. 
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Figure 2.53. ESI-MS/MS mass spectra of the [M+2H
+
]

2+
 ion for the peptide bradykinin 

using the Bruker MicrOTOF-Q II mass spectrometer. The [M+2H
+
]

2+
 ion, 

highlighted with the blue square, was isolated in the collision cell and 

fragmented using the CID energy shown on the right.  
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Figure 2.54. ESI-MS/MS mass spectra of the [M+3H
+
]

3+
 ion for the peptide bradykinin 

using the Bruker MicrOTOF-Q II mass spectrometer. The [M+3H
+
]

3+
 ion, 

highlighted with the blue square, was isolated in the collision cell and 

fragmented using the CID energy shown on the right. 
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Figure 2.55. Fragmentation pattern of bradykinin. The straight lines represent 

fragmentation yielding b- and y-ions. The ions that originate from the 

amino terminus are labelled an, bn, and cn whereas the ions that originate 

from the carboxyl terminus are labelled xn, yn, and zn, where n represents 

the number of amino acid R-groups the ions contain. 
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of the [M+2H
+
]

2+
 and [M+3H

+
]

3+
 features, where ESI had the highest 

[M+3H
+
]

3+
/[M+2H

+
]

2+
 ratio throughout all the collision energies, as seen in Figure 2.56. 

The LEMS analysis of dried bradykinin had the second highest ratio at lower collision 

energies but fell below the LEMS liquid analysis after an ISCID potential of 230 V as 

vaporization of bradykinin from aqueous solution resulted in no change in the 

[M+3H
+
]

3+
/[M+2H

+
]

2+
 ratio. There was also no change in the survival yield as a function 

of collision voltage for liquid LEMS analysis, as shown in the breakdown curves (Figure 

2.57), as the survival yield remained around 95% with a 13% average increase compared 

with conventional electrospray. The breakdown curves show that the vaporization of 

dried bradykinin led to initial internal energies that were consistent with ESI-MS until 

higher collision energies, where an average decrease in survival yield of about 11% 

occurred for dried LEMS. The dried LEMS SY data point at the capillary exit of 230 V 

was uncharacteristically high in comparison with the rest of the data and may be an 

outlier. In parallel with the leucine enkephalin experiment, bradykinin may have a three-

photon resonance as it has an absorption centered at 256 nm (Figure 2.44). LEMS 

analysis of aqueous bradykinin resulted in a survival yield that stays around 95% and 

above over the whole collision energy range with an 18% increase in survival yield on 

average compared with conventional electrospray. This is consistent with the hypothesis 

that the mechanism of vaporization for dried samples and liquid samples is different. The 

measurements reaffirm the capability of femtosecond vaporization to preserve the 

conformation of a protein from its condensed phase as was observed previously for 

aqueous lysozyme (31). 
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Figure 2.56. Plot of [M+3H
+
]

3+
/[M+2H

+
]
2+

 intensity ratios in the study of bradykinin for 

the three analysis techniques. 
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Figure 2.57. Breakdown curves as a function of capillary exit voltage for bradykinin. The 

analyses were performed using conventional ESI-MS (black), LEMS of 

dried samples from glass (red), and LEMS of liquid samples from metal 

(green).  
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2.5 Conclusions 

LEMS measurements with 800 nm, femtosecond laser pulses for dried and liquid 

samples resulted in more internal energy deposited into dried samples than solution-phase 

samples. Analysis of liquid samples resulted in less fragmentation presumably through 

the solvent mitigating the amount of internal energy transferred to the molecules. The 

decrease in fragmentation may also be due to solvent clusters protecting the molecules 

from the hot drying gas in the case of LEMS of liquid analytes. Two-photon excitation 

resulted in substantial increases in fragmentation in the analyses of dried 

benzylpyridinium ions, tetrabutylammonium iodide and irinotecan HCl.  

Femtosecond laser vaporization with low energy, 800 nm pulses or 1042 nm 

pulse-bursts reduced the fragmentation of dried benzylpyridinium ions observed in 

previous analyses with 1.3 mJ, 800 nm laser pulses. Using lower energy pulses resulted 

in mean internal energies comparable to or better than the conventional electrospray-

based analysis methods. The absence of a two-photon resonance likely accounted for the 

absence of fragment features other than M
+
-pyridine in the case of vaporization of dried 

benzylpyridinium ions with 1042 nm laser although residual thermal effects from the 

pulse-bursts led to higher internal energies than with 800 nm vaporization. Femtosecond 

laser vaporization of molecules from the solution-phase led to internal energies that are 

comparable to, if not better than, those obtained with conventional electrospray, 

regardless of two-photon excitation. The differences in the fragmentation and internal 

energy deposition in the analysis of solid and liquid samples suggest that the femtosecond 

vaporization/post-ionization mechanisms are different. To obtain the “softest” analysis, 

liquid samples can be vaporized with 800 or 1042 nm femtosecond laser pulses at any 
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pulse energy whereas dried samples should be desorbed with the lowest possible pulse 

energies, particularly if the molecule has a multiphoton resonance with the laser light. 
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CHAPTER 3  

QUANTITATIVE MEASUREMENTS OF SMALL MOLECULE MIXTURES 

USING LASER ELECTROSPRAY MASS SPECTROMETRY 

 

3.1 Overview 

This chapter details measurements comparing the quantitative ability of laser 

electrospray mass spectrometry (LEMS) and conventional electrospray ionization mass 

spectrometry (ESI-MS) in the analysis of multicomponent mixtures of small 

biomolecules. The quantitative ability of LEMS in the analysis of multicomponent 

mixtures of larger biomolecules (proteins) was previously described in Chapter 1. In this 

chapter, LEMS analyses of single analytes, two- and four-component equimolar 

mixtures, and two-component variable molarity mixtures using atenolol, tioconazole, 

tetraethylammonium bromide, and tetrabutylammonium iodide revealed monotonic 

signal response as a function of concentration. LEMS analyses of single analytes as a 

function of concentration were linear over ~2.5 orders of magnitude for all four analytes 

and displayed little to no sign of saturation. Corresponding ESI-MS measurements 

displayed a non-monotonic increase as saturation occurred at higher concentrations. In 

contrast to the LEMS experiments, the intensity ratios from control experiments using 

conventional ESI-MS deviated from expected values for the equimolar mixture 

measurements due to ion suppression of less surface active analytes, particularly in the 

analysis of the four-component mixture. In the analyses of two-component non-

equimolar mixtures, both techniques were able to determine the concentration ratios after 
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adjustment with response factors although conventional ESI-MS was subject to a greater 

degree of saturation and ion suppression at higher analyte concentrations. 

 

3.2 Introduction 

Electrospray ionization – mass spectrometry (ESI-MS) (1-2) can transfer large, 

nonvolatile analytes into the gas phase for mass analysis and is widely used in the 

analysis of a variety of biomolecules. The correlation of mass spectral response with 

analyte concentration is important for quantitative analysis but is challenging in the 

analysis of complex samples. Even quantification with widely used stable-isotope-labeled 

internal standards, which are chemical and structural analogues to the analyte of interest 

but differ in molecular mass, can result in suppression of the analyte signal and incorrect 

quantitation, (3-4) particularly when there are large matrix effects (5-8). Ion suppression 

by other species in solution affects the mass spectral response of the analyte of interest 

(9-10) due to the reduction in the amount of analyte that reaches the detector (11-13). Ion 

suppression can limit the linear response range of an analyte in ESI-MS analysis that 

typically spans up to five or more orders of magnitude (12) with an upper concentration 

limit of ~ 10
-5

 M before the analyte signal saturates (10, 14-21).  

The mechanism of ion suppression can be understood in the context of ion 

formation. ESI produces highly charged droplets that become smaller due to solvent 

evaporation. As the charge density increases and reaches the Rayleigh limit, Coulomb 

explosion produces smaller, offspring droplets. The continuous evaporation and fission 

events eventually produce gas phase analyte ions. Smaller analytes are assumed to follow 

the ion evaporation model (IEM) (22-23) whereas larger analytes, such as proteins, 
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follow the charged residue model (CRM) (24-25). The ion evaporation model predicts 

that as the solvent evaporates, the droplet charge density increases until Coulombic 

repulsion overcomes the solvent surface tension. This results in charged analytes being 

emitted directly from droplet surfaces. In the charged residue model, the nonvolatile 

analytes remain in the ESI droplet throughout the evaporation and fission events until all 

solvent is evaporated. This results in transfer of the analyte into the gas phase with the 

remaining charge, where the physical size of the analyte controls the charge state (25). A 

recent model, combining aspects of the IEM and CRM models, proposes that the charge 

state of a macromolecule is determined by the emission of small charge carriers from the 

droplet during solvent evaporation (26-27). After complete solvent evaporation, the 

remaining charge is transferred to the large biomolecule. This theory explains the shift in 

charge state distributions of native-state proteins with varying electrolytes in the ESI-MS 

solution.  

Models based on the ion evaporation theory have been proposed to explain the 

mass spectral response of singly charged analytes as a function of concentration. 

Quaternary ammonium ions with longer alkyl chains were observed to have higher mass 

spectral response than those with shorter alkyl chains (28). The proposed mechanism, 

according to IEM (22), was that surface-active analytes with a higher degree of nonpolar 

character reside at the liquid-air interface of the droplets and evaporate preferentially in 

comparison with the more polar analytes in the droplet interior. A theory based on the ion 

evaporation rates was developed to predict the mass spectral response (10, 14, 29). In the 

analysis of simple cations, solvation energies were inversely correlated with mass 

spectral response as less solvated ions presumably have higher evaporation rates. 
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However, evaporation rates could not fully explain ESI response when more complex 

molecules were examined and surface activity had to be included to predict mass spectral 

response, although this model still failed at low concentrations (< 10
-5

 M) (10). 

The equilibrium-partitioning model (15, 30) considers the degree of nonpolarity 

on the mass spectral response of analytes without ion evaporation rates. This model 

introduced the notion of excess charge, [Q], which is the amount of charge produced in 

the electrospray process that is available to produce gas phase ions. Excess charge is 

expressed as a concentration (mol/L) and is proportional to the ESI spray current and 

inversely proportional to the flow rate (15). Analytes partition between the two phases of 

the ESI droplet, an electrically neutral interior where charge balance is reached through 

ion pairing and an outer surface where the excess charge resides. In this model, the 

concentration of the analyte on the surface is directly related to mass spectral response. 

When the sum of the available charge sites of the analytes in the solution, CQT, is less 

than the excess charge ([Q]), the system is in the charge surplus limit and mass spectral 

response is linear with concentration as the excess charge can, in principle, ionize all 

molecules in the droplet (15, 18-19, 31-32). The charge deficiency scenario occurs when 

CQT is greater than [Q], resulting in deviations from linearity. This deficiency causes 

analytes to compete for charge resulting in preferential ionization of analytes with high 

surface partitioning coefficients. Figure 3.1 shows how the mass spectral responses of 

two analytes are affected by equilibrium-partitioning in the electrospray droplet. 

There are many examples of the preferential instrumental response of surface-

active analytes that have significant nonpolar regions (8, 11). For instance, peptides with 

more extensive nonpolar regions had higher mass spectral response than those with polar  
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Figure 3.1. Graphic representation of the equilibrium-partitioning model. The analytes A 

and B partition between the inner phase, where ion-pairing occurs, and the 

surface of the droplet, where the excess charge resides. Since the mass 

spectral response of an analyte is proportional to its surface concentration, 

the mass spectral response of the analyte with the lowest surface activity (k, 

partition coefficient) is suppressed under charge deficient circumstances. 
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side chains (16, 33). In a study of four model drug compounds with different polarities, 

the most polar compounds were the most sensitive to ion suppression whereas the non-

polar compounds were less affected (34). Also, octadecylamine, an extremely surface-

active surfactant, was shown to severely suppress the mass spectral response of a low 

surface-active analyte, a polar amino acid, under charge deficient conditions (11).  

Although many experimental measurements have been explained by the 

equilibrium-partitioning model, some results were not predicted using this model. For 

instance, axial charge gradients within the electrospray droplet can affect ion signal as 

analytes with higher electrophoretic mobilities have been shown to have a relative 

increase in mass spectral response with higher electric fields (35). Also, the original 

equilibrium-partitioning model could not accurately predict the effect of an electrolyte or 

additive on the mass spectral response (9). However, a newer model with modified 

partition coefficients properly accounted for the effects of additives (20). For example, 

ion suppression of an analyte by a lipid was explained by a combination of competition 

for the available excess charge (surface activity) and a reduction in the total amount of 

excess charge due to a decrease in the droplet surface tension. Thus, ion suppression from 

lipids and other matrix interferents can be minimized using additives with low surface 

activity, such as ammonium acetate or formic acid, resulting in a high amount of excess 

charge with no decrease in analyte partition coefficients (20). 

In higher concentration solutions, ion suppression stems from analytes competing 

for the available excess charge, with the mass spectral response occurring preferentially 

from the more surface-active species. One way to lessen the effects of ion suppression is 

to use nanospray instead of electrospray (nL/minute vs. μL/minute flow rates, 
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respectively) (18-19, 31, 36). ESI droplets undergo uneven fission events, where the 

offspring droplets obtain more charge than mass from the parent droplet, ~15% compared 

to ~2%, respectively. Hence, in ESI, the surface-active analytes are preferentially 

transferred to the daughter droplets and eventually become gas phase ions, causing 

suppressed mass spectral responses for the less surface-active analytes (37-39). The 

uneven fission mechanism is mitigated by using a lower solution flow rate with 

nanospray, as it reduces the size of the initial charged droplets, requiring less evaporation 

– fission events prior to gas phase ion production (31). This results in a larger transfer of 

non-surface-active analytes from the parent droplets to gas phase ions, reducing the role 

of surface activity and therefore, decreasing ion suppression (40).  

There have been many studies on the quantitative ability for analyzing complex 

mixtures using ESI-MS; however, there are a limited number of studies on quantitative 

mass spectrometry where laser vaporization is coupled with a post-ionization method. 

While electrospray-assisted laser desorption ionization (ELDI) (41) and matrix-assisted 

laser desorption electrospray ionization (MALDESI) (42) have been used to analyze 

protein mixtures, the aspects of potential ion suppression have not been addressed. Most 

quantitative studies have focused on lowering the limits of detection. In one ELDI study, 

analysis of a four-component protein mixture was quantified with ELDI whereas neither 

MALDI or ESI measurements reflected the protein concentrations due to ion suppression 

(43). The LOD for IR-MALDESI experiments was lowered from 100 fmol to 10 amol for 

cytochrome c after the optimization of the key parameters (44). Laser ablation 

electrospray ionization (LAESI) showed a four orders of magnitude linear dynamic range 

for verapamil and no ion suppression effects in the analysis of a multi-component small 
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analyte mixture (45). Using a capillary for plume collimation in LAESI experiments later 

extended the dynamic range for verapamil to 6 decades (46). Subsequent LAESI 

investigations of tissue samples revealed significant matrix and suppression effects, and 

required mathematical modeling to provide quantitative measurement (47-48). Laser 

diode thermal desorption coupled with atmospheric pressure chemical ionization was 

employed to quantify seven sulfonamide residues in milk (49). 

Few quantitative studies have been performed on complex mixtures using laser 

electrospray mass spectrometry (LEMS). LEMS combines a nonresonant, femtosecond 

(fs) laser for vaporization (10
13

 W/cm
2
) and an ESI source for post-ionization for ambient 

mass spectrometric analysis. The LEMS signal as a function of concentration was 

determined to be linear for a mixture of two lipids in an anticorrelated concentration 

study (50). Three orders of magnitude linear range was demonstrated using ammonium 

and nitrate ions in the analysis of a mixture of anions and cations vaporized from 

inorganic improvised explosive signatures using complexation agents in the electrospray 

plume to enable mass spectral detection (51). Analysis of a three-component equimolar 

protein mixture with LEMS resulted in a monotonic increase in intensity as a function of 

concentration for all three proteins whereas measurements with ESI-MS were non-

quantitative due to ion suppression (52). LEMS has also enabled mass spectral analysis of 

small biomolecules (53), proteins (54-55), lipids (50), explosives (51, 56), smokeless 

powders (57), narcotics (58), pharmaceuticals (58), and tissues (59-60). 

 In this chapter, a comprehensive study is performed on the quantitative ability of 

LEMS in the analysis of small, singly charged ions and compared with ESI-MS. The 

mass spectral responses as a function of concentration in different experimental 
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scenarios, including analyses of two- and four-component equimolar mixtures and 

multiple two-component non-equimolar mixtures, are measured to directly compare ion 

suppression effects for ESI-MS and LEMS. A general scheme in the determination of the 

quantitative ability of LEMS in these experiments is shown in Figure 3.2. 

 

3.3 Experimental 

3.3.1 Materials  

The solid samples of atenolol (Spectrum Chemical, New Brunswick, NJ), 

tioconazole (Sigma Aldrich, St. Louis, MO), tetraethylammonium bromide (TEABr) 

(Sigma Aldrich), and tetrabutylammonium iodide (TBAI) (Sigma Aldrich) were used as 

obtained. The structures of the analytes are shown in Figure 3.3. For conventional ESI-

MS analyses, analyte stock solutions were prepared in plastic containers at a 

concentration of 5 x 10
-2

 M using HPLC grade methanol (EMD Chemicals, Gibbstown, 

NJ) and for LEMS analyses, analyte stock solutions were prepared in plastic containers at 

a concentration of 1.5 x 10
-2

 M using HPLC grade acetonitrile (Fisher Scientific, Fair 

Lawn, NJ). 

 

3.3.2 Sample Preparation 

The analytes were diluted from the stock solutions using serial dilutions with 

methanol, HPLC grade water (Fisher Scientific) and acetic acid (Fisher Scientific) to 

yield a 1:1 (v:v) water-methanol, 1% acetic acid solution for ESI-MS analyses or diluted 

with acetonitrile for LEMS analyses. Solutions for single analyte and equimolar mixture 

analyses, including two- and four-component equimolar mixtures, were prepared using  
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Figure 3.2. Graphic representation of the experimental scheme for the determination of 

the quantitative ability of LEMS in comparison with ESI-MS in the analysis 

of multicomponent small analyte mixtures. 

1) Mass analyze multicomponent mixtures of these molecules 

with these two analysis techniques 

3) Plot mass spectral intensities as a function of concentration 

4) Compare quantitative ability of mass analysis techniques 

2) Vary the concentrations of the mixtures 
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Figure 3.3. The structures of the four analytes used for the small molecule mixture 

quantitative experiments. 
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atenolol, tioconazole, TEABr, and TBAI. Atenolol and tioconazole were used in the 

analysis of two-component non-equimolar mixtures. In the first non-equimolar mixture 

analysis, one analyte had a five times greater concentration than the other (abbreviated 5x 

Z, where Z is the analyte having higher concentration). In the second non-equimolar 

mixture experiment, the concentration of one analyte was kept constant as the 

concentration of the other analyte was varied (abbreviated CYVZ where Y is the analyte 

kept at a constant concentration and Z is the analyte with variable concentration). Table 

3.1 lists the concentration ranges used for all experiments in this study. 

 Samples for LEMS analyses were prepared by spotting 15 μL aliquots on 7 mm x 

7 mm stainless steel sample plates, with each solution spotted on multiple sample slides. 

After allowing the sample slides to dry, the procedure was repeated, resulting in 30 μL of 

each solution deposited onto multiple sample slides. The sample slides were placed into 

the LEMS source chamber on a metal plate attached to a three-dimensional translational 

stage, which allowed raster scanning in order for new sample to be analyzed with every 

laser pulse. 

 

3.3.3 Laser Vaporization 

The instrumentation for laser vaporization, electrospray post-ionization and mass 

spectral detection has been previously described in detail (50-51, 53-56, 58-60). The 

femtosecond laser system used for vaporization consists of a Ti:sapphire oscillator (KM 

Laboratories, Inc., Boulder, CO, USA) and a regenerative amplifier (Coherent, Inc., 

Santa Clara, CA, USA) to create 70 fs, 1.5 mJ pulses (reduced from 2.5 mJ using a 

neutral density filter) centered at 800 nm. The laser pulse, operated at 10 Hz to enable  
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Table 3.1. Experiments and their respective analytes with concentration ranges used to 

study quantitative ability. 

 

 

 

 

  

Experiment Analytes 
LEMS ESI-MS 

Concentration Range Concentration Range 

Single Analytes 

Atenolol 
5 x 10

-5
 M  

to  

1 x 10
-2 

M 

1 x 10
-7 

M  

to  

5 x 10
-4

 M  

Tioconazole 

TEABr 

TBAI 

Two-component 

Equimolar 

Mixtures 

Atenolol and 

Tioconazole 
5 x 10

-5
 M  

to 

7.5 x 10
-3

 M 

1 x 10
-7 

M  

to  

5 x 10
-4

 M  
TEABr and 

TBAI 

Four-component 

Equimolar 

Mixture  

Atenolol, 

Tioconazole, 

TEABr, and 

TBAI 

5 x 10
-5

 M  

to 

3.8 x 10
-3

 M  

1 x 10
-7 

M  

to  

5 x 10
-4

 M  

5x Z Mixture 

(5:1 mixtures) 

Atenolol  

and 

Tioconazole 

5 x 10
-5

 M to 1 x 10
-2 

M  

(refers to more 

concentrated analyte, Z) 

1 x 10
-7 

M to 5 x 10
-4

 M  

(refers to more 

concentrated analyte, Z) 

CYVZ 

(Constant Y, 

Varied Z)  

Atenolol  

and 

Tioconazole 

2.5 x 10
-4 

M  

(refers to constant 

concentrated analyte, Y) 

5 x 10
-6

 M 

(refers to constant 

concentrated analyte, Y) 

5 x 10
-5

 M to 1 x 10
-2

 M  

(refers to analyte with 

varied concentration, Z) 

1 x 10
-7 

M to 5 x 10
-4

 M 

(refers to analyte with 

varied concentration, Z) 
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analysis of fresh sample and synchronization with the hexapole operating in the trapping 

mode (53, 60), was focused using a 16.9 cm focal length lens with an incident angle of 

45° with respect to the sample to a spot size of ~ 350 μm in diameter, resulting in an 

intensity of ~ 2 x 10
13

 W/cm
2 

at the area sampled. 

 

3.3.4 Ionization and Mass Spectrometry 

After vaporization, the sample material is captured, ionized and transferred into a 

mass spectrometer by an electrospray source (Analytica of Branford, Inc., Branford, CT). 

The acidified electrospray solvent, 1:1 (v:v) water–methanol with 1% acetic acid, was 

pumped through the ESI needle by a syringe pump (Harvard Apparatus, Holliston, MA, 

USA) at a flow rate of 3 μL/min. The electrospray plume was dried by counter-current 

nitrogen gas at 180°C before entering the inlet capillary. After trapping in the hexapole 

for 250 μs, the ions were transferred via a RF-only hexapole into a pulsed orthogonal 

time-of-flight, where mass separation and detection occurred. An ESI solvent background 

mass spectrum was acquired before vaporization of each sample set to allow background 

subtraction of solvent-related peaks. Each LEMS experiment resulted from the averaging 

of 50 laser shots, which were averaged using a digital oscilloscope (LeCroy Wavesurfer 

422, LeCroy Co., Chestnut Ridge, NY). At least 15 separate measurements were 

performed at each concentration for LEMS analyses using multiple sample slides. Five 

mass spectra, each consisting of averaging for 5 seconds, were collected for conventional 

ESI-MS analyses.  
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3.3.5 Calculation of Integrated Intensities  

 The raw mass spectral data files obtained from the digital oscilloscope were saved 

using a custom Labview 8.5 program (National Instruments, Austin, TX) and imported 

into the Cutter program (61) for integration of the peaks of interest. Prior to integration, 

baseline subtraction and spectral realignment were performed to ensure consistent 

integration. Integrated intensities were determined for the four analytes of interest by 

integration of their major mass spectral features, [TEA]
+
 at m/z 130.0, [TBA]

+
 at 242.5, 

[atenolol + H
+
]

+
 at 267.0, and [tioconazole + H

+
]

+
 at 389.0 for TEABr, TBAI, atenolol 

and tioconazole, respectively. The integrated intensities of TBA included a fragment peak 

([TBA
+
 – C4H9]

+
) at m/z 185.5 for LEMS analyses but not for ESI-MS analyses as it was 

only prevalent in the LEMS experiments. The integrated intensities were then plotted 

versus the analyte concentration with LEMS and ESI-MS to compare quantitative ability 

and suppression effects. 

Note that the plots of the integrated intensities as a function of analyte 

concentration may not produce the best comparison between the two techniques as the 

analyte consumed per 5 second experiment is different for conventional ESI-MS and 

LEMS analyses at the same listed concentration. The amount of analyte consumed can be 

calculated from the concentration of the solution and the volume delivered during 

analysis (0.25 μL to acquire a 5 s averaged mass spectra) for ESI-MS and from the 

amount of analyte deposited on the sample plate (30 μL times the solution concentration) 

and the 50 laser shots applied to acquire ~8 mass spectra per sample slide for LEMS. The 

amount of analyte consumed is over 5 and 6 orders of magnitude smaller than the 
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concentration listed for LEMS and ESI, respectively (e.g. 3.75 x 10
-9

 mol of analyte 

consumed per LEMS experiment for the listed concentration of 1 x 10
-3

 M). 

 

3.3.6 Safety Considerations 

 Appropriate laser eye protection was worn by all lab personnel. 

 

3.4 Results and Discussion 

3.4.1 Analysis of Single Analyte Solutions and Calculation of Response Factors 

A series of experiments was performed to test for quantitative ability and potential 

ion suppression effects in the analysis of multi-component small analyte mixtures using 

laser electrospray mass spectrometry, which were compared with corresponding ESI-MS 

control experiments. The four model analytes investigated include atenolol, tioconazole, 

tetraethylammonium bromide (TEABr) and tetrabutylammonium iodide (TBAI), each of 

which results in a singly charged ion. The structures are shown in Figure 3.3. Atenolol 

and tioconazole are two pharmaceutical compounds requiring protonation to enable mass 

detection. TEABr and TBAI are symmetrical quaternary ammonium salts where the 

magnitude of hydrophobicity and instrumental response is determined by the length of 

their carbon chains (10, 14-15). Tetraalkylammonium salts have been extensively studied 

as counterions in anionic surfactant systems (62-65). The TBA salt can self-aggregate to 

form a surfactant at high concentrations (64) and has been used in mixed cationic-anionic 

(catanionic) surfactant mixtures for cloud point extraction of pesticide residues from 

water and fruit juice samples (65). Therefore, according to the equilibrium-partitioning 
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model, TBA is expected to have a high instrumental response and potentially suppress 

other analyte responses (11). 

The integrated intensities of the four analytes are shown in Figure 3.4 as a 

function of concentration in pure solution for both LEMS and ESI-MS. Both mass 

spectral methods resulted in tioconazole having the highest instrumental response at all 

concentrations. The next highest response occurred for TBA, followed by atenolol and 

TEA. We propose that the intensity trend follows the equilibrium-partitioning model 

(15), wherein tioconazole and TBA have higher mass spectral responses than atenolol 

and TEA because they have higher surface activities due to decreased polarity, which was 

verified using reversed-phase HPLC-ESI-MS (Figure 3.5). Calculated partition 

coefficients, log P, for the four molecules are shown in Table 3.2. Molecules that are 

more hydrophobic have larger log P values. Under ideal conditions, the analytes should 

have similar instrumental responses until the excess charge limit ([Q]) is approached at 

higher concentrations. However, the analytes had different instrumental responses at low 

concentrations since the electrolyte concentration, CE, or in this case, the additive (acetic 

acid) concentration, CAdd, did not equal [Q] (15). Note that the additive had a higher 

effective concentration than the electrolytes from solvent impurities (10), ~1.7 x 10
-4

 M 

vs. ~10
-5

 M, respectively. 

The average response factors are shown in Table 3.3 in which each ion’s intensity 

was normalized to tioconazole. Response factors were calculated using the single analyte 

measurements by averaging the analyte:tioconazole integrated intensity ratios throughout 

the broad concentration ranges of 5 x 10
-5

 M to 1 x 10
-2

 M and 1 x 10
-7

 M to 5 x 10
-4

 M 

for LEMS and ESI-MS, respectively. Assuming that the equilibrium-partitioning model  
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Figure 3.4. Integrated intensity plots in the analysis of single analytes for LEMS and ESI-

MS. The analytes include atenolol, tioconazole, tetraethylammonium 

bromide (TEA) and tetrabutylammonium iodide (TBA). The insets are plots 

of the calibrated intensities after normalization to tioconazole. *The 

integrated intensity for the LEMS analysis of TBA includes the fragment at 

m/z 185.5, which corresponds to [TBA
+
 – C4H9]

+
. 
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Figure 3.5. Chromatogram of the reversed-phase HPLC-ESI-MS analysis of the four-

component mixture. The retention time of the analytes are featured with their 

respective mass spectral plots. Reversed-phase HPLC-ESI-MS analysis of 

the four-component mixture (10 μm each) was performed on Agilent 1200 

series instrument (Agilent Technologies, Santa Clara, CA) using an XTerra 

MS C18 (3.5 μm, 4.6 x 150 mm) column and an acetonitrile gradient (5 to 

95%) over 30 minutes with an injection volume of 25 μL. 

 



 - 175 -  

Table 3.2. Determination of the degree of hydrophobicity for the four small molecules.  

 

(1) PubChem (http://pubchem.ncbi.nlm.nih.gov) (66) 

(2) ACD/ChemSketch (http://www.acdlabs.com/resources/freeware/chemsketch) 

(3) Molinspiration property calculation service (www.molinspiration.com) (67) 
a 

XLogP3-AA calculation on the cation 
b 

logP on the cation 
c 

miLogP calculation 

 

 

 

 

 

Table 3.3. The average calculated response factors for LEMS and ESI-MS analyses 

normalized to tioconazole intensity. 

 

 

 

 

 

Degree of Hydrophobicity Calculations 

Analyte 
HPLC 

Retention Time  
LogP (1) Log P (2) Log P (3)

c
 

TEA 3.7 min   1.7
a
 -3.2

b
 -2.1 

Atenolol 5.6 min 0.2 0.1  0.7 

TBA  14.0 min  5.3
a
 -1.7

b
  2.1 

Tioconazole 15.6 min 5.3 5.1  4.8 

Calculated Response Factors, fI 

Analyte LEMS ESI-MS 

Atenolol 0.35 ± 0.12  0.44 ± 0.10 

Tioconazole 1 1 

TEA 0.04 ± 0.01 0.09 ± 0.02 

TBA 0.46 ± 0.07 0.63 ± 0.12  

http://pubchem.ncbi.nlm.nih.gov/
http://www.acdlabs.com/resources/freeware/chemsketch
http://www.molinspiration.com/
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applies to these analyses, the response factor of analyte I, fI, is directly related to the 

partition coefficient, KI, as the instrumental response varies based on KI / KE, where KE is 

the partition coefficient of the electrolyte, when CE is greater than [Q] (15). The 

normalized response factors, fI / ftioconazole, which are the normalized partition coefficients 

according to the Enke model (15), KI / Ktioconazole, could be used to correct for low mass 

spectral intensities when attempting quantitative analysis. The insets in Figure 3.4 

provide the normalized integrated intensities for the four molecules in pure analyses 

using LEMS and ESI-MS. The normalized intensity ratios remain approximately at one 

throughout the concentration range, as shown in Figure 3.6. Since the analytes have the 

same concentration, the normalized measurements demonstrate the ability to perform 

quantitative analysis of single analyte solutions with LEMS and conventional ESI-MS. 

With ESI-MS analyses, the analyte signal response saturates at higher 

concentrations, which is presumably due to the excess charge limit being approached 

(15). In the LEMS measurements, the analyte signal responses are essentially linear 

throughout the whole concentration range. Table 3.4 lists the linearity regions for all 

experimental analyses using conventional ESI-MS and LEMS. An approximate value of 

[Q] can be determined by finding the concentration where deviation from linearity 

(saturation) occurs for the analyte with the highest response (15-16). The saturation 

concentration is approximately 5 x 10
-5

 M for tioconazole in ESI-MS analysis.  
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Figure 3.6. Calibrated analyte:tioconazole intensity ratio plots in the analysis of single 

analytes for LEMS and ESI-MS. The integrated intensities of the analytes 

were calibrated using their average response factor in comparison with 

tioconazole during single analyte analysis. The dotted black line represents 

the theoretical intensity ratio for equimolar mixtures. Abbreviations include 

A: atenolol, T: tioconazole, TEA: tetraethylammonium bromide, and 

TBA: tetrabutylammonium iodide.  
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Table 3.4. The linear regions (with R
2
 values) for LEMS and ESI-MS analyses based on 

the various multicomponent experiments. 

 

Scenario Analyte 

LEMS ESI-MS 

Linearity region 

(from 5 x 10
-5

 M) 
R

2
 

value 

Linearity region 

(from 1 x 10
-7

 M) 
R

2
 

value 

Single 

Analytes 

Atenolol 8.0 x 10
-3 

M 0.970 5.0 x 10
-5

 M 0.969 

Tioconazole All (1.0 x 10
-2
 M) 0.955 2.5 x 10

-5
 M 0.952 

TEA 8.0 x 10
-3
 M 0.967 2.5 x 10

-5
 M 0.910 

TBA All (1.0 x 10
-2
 M) 0.957 2.5 x 10

-5
 M 0.925 

Equimolar 

Mixture  

(A/T) 

Atenolol 
 

All (7.5 x 10
-3
 M) 

6.0 x 10
-3
 M 

 

0.954 
0.999 

 

1.0 x 10
-5

 M 
 

0.976 
 

Tioconazole 4.0 x 10
-3
 M 0.932 1.0 x 10

-5
 M 0.943 

Equimolar 

Mixture 

(TAA Salts) 

TEA All (7.5 x 10
-3
 M) 0.938 5.0 x 10

-5
 M 0.812 

TBA All (7.5 x 10
-3
 M) 0.989 2.5 x 10

-5
 M 0.909 

Four-

component 

Equimolar 

Mixture  

Atenolol All (3.8 x 10
-3
 M) 0.821 5.0 x 10

-6
 M 0.979 

Tioconazole All (3.8 x 10
-3
 M) 0.821 1.0 x 10

-5
 M 0.895 

TEA All (3.8 x 10
-3
 M) 0.987 2.5 x 10

-5
 M 0.836 

TBA All (3.8 x 10
-3
 M) 0.987 2.5 x 10

-5
 M 0.878 

5x Atenolol 

Atenolol 
 

All (1 x 10
-2

 M) 
6.0 x 10

-3
 M 

 

0.932 
0.997 

 

2.5 x 10
-5

 M 
 

0.990 
 

Tioconazole 
All (1.0 x 10

-2
 M) 

8.0 x 10
-3
 M 

0.950 

0.989 
2.5 x 10

-5
 M 0.951 

5x 

Tioconazole 

Atenolol 
 

All (1.0 x 10
-2
 M) 

8.0 x 10
-3
 M 

 

0.947 
0.975 

 

2.5 x 10
-5

 M 
 

0.940 
 

Tioconazole 
All (1.0 x 10

-2
 M) 

8.0 x 10
-3
 M 

0.962 

0.988 
2.5 x 10

-5
 M 0.920 

CAVT 

Atenolol 
 

Linear decline 

Log decline 
 

0.567 

0.656 
 

Log decline 
 

0.933 
 

Tioconazole 
All (1.0 x 10

-2
 M) 

2.0 x 10
-3
 M 

0.903 
0.995 

2.5 x 10
-5

 M 0.983 

CTVA 

Atenolol 
 

All (1.0 x 10
-2
 M) 

6.0 x 10
-3
 M 

 

0.935 

0.968 
 

2.5 x 10
-5

 M 
 

0.988 
 

Tioconazole 
All linear decline 

7.5 x 10
-4
 M to  

1.0 x 10
-2
 M 

0.479 

0.866 
Log decline 0.970 
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The estimated excess charge concentration of the initial electrospray droplet can 

also be calculated with the equation (31-32, 68-69) 

2/1

2.4
][
















efV

K

F
Q




 

where F is the Faraday constant, K is the conductivity of the solution, γ is the surface 

tension, κe is the dielectric constant, and Vf is the flow rate of the electrospray solution. 

For a 1:1 (v:v) water:methanol solution with 1% acetic acid, using values from literature 

(32, 69) of K = 0.4 S/m, κe = 56, and γ = 0.047 N/m, the calculated value of [Q] at a flow 

rate of 3 μL/min is approximately 1.1 x 10
-4

 M. The calculated [Q] is in good agreement 

with the ESI-MS measurement as nonlinear response typically starts to occur as the total 

charge of the analytes in solution approaches the excess charge limit. 

 

3.4.2 Analysis of Two-Component Equimolar Mixtures 

Analyses of equimolar mixtures were performed to determine the effect of ion 

suppression, and therefore [Q], on the quantitative ability of LEMS in comparison with 

ESI-MS. The mass spectral responses are plotted as a function of concentration for the 

two-component equimolar mixtures using LEMS and ESI-MS for atenolol and 

tioconazole in Figure 3.7 and for TEABr and TBAI in Figure 3.8. The mass spectral 

responses for the equimolar mixtures are similar to the analyses of the single analytes 

(Figure 3.4), except for a slight decrease in the overall intensities. As seen in single 

analyte analyses, tioconazole and TBA have higher mass spectral responses presumably 

due to higher partitioning coefficients than atenolol and TEA. Without the response  
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Figure 3.7. Integrated intensity plots for atenolol and tioconazole in the analysis of two-

component equimolar mixtures using LEMS and ESI-MS. The insets are 

plots of the calibrated intensities after normalization to tioconazole. 
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Figure 3.8. Integrated intensity plots for tetraethylammonium bromide (TEA) and 

tetrabutylammonium iodide (TBA) in the analysis of two-component 

equimolar mixtures using LEMS and ESI-MS. The insets are plots of the 

calibrated intensities after normalization to tioconazole. *The integrated 

intensity for the LEMS analysis of TBA includes the fragment at m/z 185.5, 

which corresponds to [TBA
+
 – C4H9]

+
. 
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factors, determination of the concentration would be impossible, especially in the case of 

TEA and TBA (Figure 3.8), where the intensity of TBA reaches a ~33x and ~20x greater 

intensity than TEA at higher concentrations using ESI-MS and LEMS, respectively. Only 

after correction of the intensities with the instrumental response factors, as seen in insets 

of Figure 3.8, do we find that these are equimolar mixtures (as seen in Figure 3.9), 

although the intensity ratio of TEA:TBA is much lower than one for ESI-MS due to ion 

suppression. Performing quantitative analysis is impossible without the response factors 

in the analysis of mixtures using either ESI-MS or LEMS, particularly when [Q] does not 

equal CE. 

ESI-MS provided linear response for equimolar mixtures of atenolol and 

tioconazole and of TEA and TBA over two orders of magnitude in concentration (from 1 

x 10
-7

 M to 1 x 10
-5

 M for atenolol and tioconazole, to 5 x 10
-5

 M for TEA, and to 2.5 x 

10
-5

 M for TBA). Near the excess charge limit, TBA saturated and suppressed the 

instrumental response of TEA at higher concentrations, as seen in the ESI-MS inset in 

Figure 3.8. Tioconazole did not suppress atenolol to the same extent as seen in the ratio 

of their experimentally derived response factors, or partition coefficients assuming that 

the equilibrium-partitioning model is valid in these analyses (fA/fT or KA/KT = 0.44 vs. 

fTEA/fTBA or KTEA/KTBA = 0.14 for ESI-MS). Saturation and suppression occurred in ESI-

MS analyses at higher concentrations, which was presumably due to surpassing the 

excess charge limit according to the equilibrium-partitioning model, and this suppression 

restricts the quantitative capability of ESI-MS. 

LEMS provided linear response over the entire concentration range investigated, 

from 5 x 10
-5

 M to 7.5 x 10
-3

 M, for all four analytes in the two-component equimolar  
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Figure 3.9. Calibrated analyte intensity ratio plots in the analysis of two-component 

equimolar mixtures for LEMS and ESI-MS. The integrated intensities of the 

analytes were calibrated using their average response factor in comparison 

with tioconazole during single analyte analysis. The dotted black line 

represents the theoretical intensity ratio for equimolar mixtures. 

Abbreviations include A: atenolol, T: tioconazole,  

TEA: tetraethylammonium bromide, and TBA: tetrabutylammonium iodide. 
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mixtures. Two-component analyses with LEMS provided little to no ion suppression in 

either equimolar mixture analysis, and provided calibrated intensities for the pair of 

mixtures (LEMS insets in Figure 3.7 and Figure 3.8) with an intensity ratio close to one 

over the concentration range investigated (Figure 3.9). This suggests that LEMS can be 

used in the quantitative analysis of two-component equimolar mixtures with the use of 

response factors. 

 

3.4.3 Analysis of a Four-Component Equimolar Mixture 

An equimolar mixture containing all four model analytes was investigated as a 

function of concentration using LEMS and ESI-MS and the integrated intensity plots can 

be seen in Figure 3.10. In the analysis using LEMS, the mass spectral responses of the 

four analytes in the complex mixture were linear with concentration and were in 

agreement with the calculated response factors derived from single analyte analysis. Once 

again, tioconazole had the highest instrumental response, followed by TBA, atenolol, and 

TEA in descending order. The corrected instrumental responses using LEMS, as seen in 

the LEMS inset in Figure 3.10, for tioconazole, TBA, and TEA were similar in 

magnitude, resulting in analyte:tioconazole intensity ratios of approximately one (Figure 

3.11). This is expected for equimolar mixtures. However, the atenolol corrected intensity  

was lower than the other three analytes, resulting in an atenolol:tioconazole ratio of ~0.5. 

The intensity of the four analytes was fairly linear over the whole concentration range 

investigated (5 x 10
-5

 M to 3.8 x 10
-3

 M) with LEMS. There may be slight ion 

suppression at higher concentrations as TBA and TEA have higher adjusted mass spectral 

intensities than tioconazole. 
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Figure 3.10. Integrated intensity plots in the analysis of the four-component equimolar 

mixture using LEMS and ESI-MS. The insets are plots of the calibrated 

intensities after normalization to tioconazole. *The integrated intensity for 

the LEMS analysis of TBA includes the fragment at m/z 185.5, which 

corresponds to [TBA
+
 – C4H9]

+
. Abbreviations include TEA: 

tetraethylammonium bromide and TBA: tetrabutylammonium iodide. 
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Figure 3.11. Calibrated analyte intensity ratio plots in the analysis of the four-component 

equimolar mixture for LEMS and ESI-MS. The integrated intensities of the 

analytes were calibrated using their average response factor in comparison 

with tioconazole during single analyte analysis. The dotted black line 

represents the theoretical intensity ratio for equimolar mixtures. 

Abbreviations include A: atenolol, T: tioconazole,  

TEA: tetraethylammonium bromide, and TBA: tetrabutylammonium iodide. 
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The characteristics of the integrated intensities for the four-component equimolar 

mixture with ESI-MS were quite different than those obtained with LEMS. The mass 

spectral responses of the complex mixture with ESI-MS (Figure 3.10) resulted in TBA 

and tioconazole having the highest intensities, followed by atenolol and TEA. Unlike the 

single analyte and LEMS four-component analyses, TBA had the highest intensity, 

resulting in significant suppression of the tioconazole, atenolol, and TEA instrumental 

responses at higher concentrations. This is not surprising since ionic surfactants, 

including TBA, have high surface activity and have been shown to suppress the mass 

spectral responses of other analytes in ESI-MS analysis (11). However, we anticipated 

from the HPLC analysis (Figure 3.5) that tioconazole would still have the highest signal 

in the four-component mixture. Suppression of the other three analytes by TBA shows 

that the response factors based on the pure solutions were not valid for the four 

component mixture analysis. Due to the ion suppression, the conventional ESI-MS linear 

dynamic ranges for the four-component equimolar mixtures were from 1 x 10
-7

 M to 2.5 

x 10
-5

 M for TBA and TEA, to 1.0 x 10
-5

 M for tioconazole, and to 5.0 x 10
-6

 M for 

atenolol. As seen the ESI-MS spectra in Figure 3.10, suppression of the atenolol signal 

occurred after two orders of magnitude and eventually dropped below the TEA signal. 

The calibrated intensity plot for ESI-MS (ESI-MS inset in Figure 3.10) displays a similar 

intensity hierarchy (from TBA to atenolol) to the LEMS analysis but the discrepancy in 

the ESI-MS adjusted intensities are increased, resulting in non-uniform intensity ratios 

(Figure 3.11) that preclude quantitative measurement, even at lower concentrations.  
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3.4.4 Analysis of Two-Component Non-Equimolar Mixtures 

As LEMS analyses provided reasonable correlation between calibrated mass 

spectral responses and concentration over two orders of magnitude for equimolar 

mixtures, two experiments with non-equimolar mixtures were performed to test whether 

LEMS can be used as a quantitative tool for complex small molecule analyses. The first 

non-equimolar mixture consisted of one analyte having a five times greater concentration 

than the other. The mass spectral intensities for the 5:1 mixtures using LEMS and ESI-

MS were qualitatively analogous. Tioconazole had a much greater mass spectral response 

than atenolol for either method, resulting in a similar atenolol:tioconazole (A:T) intensity 

ratio for the 5:1 atenolol:tioconazole mixture (5x atenolol, Figure 3.12) and a large 

tioconazole:atenolol (T:A) intensity ratio for the 5:1 tioconazole:atenolol mixture (5x 

tioconazole, Figure 3.13). This slightly skewed the adjusted ratios from the theoretical 

ratio of 5:1, with a lower A:T ratio in the 5x atenolol mixture and a higher T:A ratio in 

the 5x tioconazole mixture, as seen in Figure 3.14. The LEMS analyses deviated more 

from the expected ratio than the ESI-MS analyses due to the high relative standard 

deviation (RSD) values for the LEMS analyses, ~ 40% for LEMS as compared to ~ 4% 

for ESI. This was presumably caused by the inhomogeneity of the dried droplet method 

for preparing sample slides, which was also observed in previous LEMS (50-51) and 

MALDI (70) analyses. Little ion suppression occurred in the 5:1 mixtures with LEMS or 

ESI-MS, although the analyte response in ESI-MS analyses saturated above 2.5 x 10
-5

 M 

for atenolol and tioconazole in the analysis of both 5:1 mixtures. The analyte responses in 

LEMS analyses were fairly linear throughout the whole concentration range (from  
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Figure 3.12. Integrated intensity plots for the 5x atenolol non-equimolar mixtures of 

atenolol and tioconazole using LEMS and ESI-MS. These analyses were 

performed with atenolol having a five times greater concentration than 

tioconazole. The insets are the calibrated intensities after normalization to 

tioconazole.  
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Figure 3.13. Integrated intensity plots for the 5x tioconazole non-equimolar mixtures of 

atenolol and tioconazole using LEMS and ESI-MS. These analyses were 

performed with tioconazole having a five times greater concentration than 

atenolol. The insets are the calibrated intensities after normalization to 

tioconazole. 
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Figure 3.14. Calibrated analyte intensity ratio plots in the analysis of the 5x non-

equimolar mixtures of atenolol (A) and tioconazole (T) using LEMS and 

ESI-MS. These analyses were performed with one analyte having a five 

times greater concentration than the other. The dotted black line represents 

the theoretical intensity ratio for each non-equimolar mixture. 
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5 x 10
-5

 M to 1 x 10
-2 

M for the more concentrated analyte), but may have been 

approaching saturation at the highest concentration (1 x 10
-2 

M). 

In the second non-equimolar mixture experiment, the concentration of one analyte 

was kept constant as the concentration of the other analyte was varied. The calibrated 

atenolol:tioconazole intensity ratio plots for the CYVZ non-equimolar mixtures using 

LEMS and ESI-MS are shown in Figure 3.15, respectively. Using the response factors, 

LEMS and ESI-MS analyses of the complex mixtures yielded results practically identical 

to the theoretical concentration ratio, which shows good quantitative potential for both 

techniques in this particular comparison. For both ESI-MS and LEMS, the T:A intensity 

ratios for the CTVA mixture followed the trend much closer than the A:T intensity ratios 

for the CAVT mixture. This may be the result of using a non-concentration dependent 

response factor that was obtained from the average across the concentration range. 

Although the data appears quantitative, the raw mass spectral intensities plot of the CYVZ 

mixtures, as shown in Figure 3.16 and Figure 3.17 for CAVT and CTVA, respectively, 

illustrated significant ion suppression of the analyte held at a constant concentration as 

the concentration of the other analyte was increased. The decrease in the overall intensity 

of the constant analyte was much greater for ESI-MS than LEMS across two orders of 

magnitude, which was the quantitative concentration regime of the varying analyte.  
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Figure 3.15. Calibrated analyte intensity ratio plots in the analysis of the CYVZ non-

equimolar mixtures of atenolol (A) and tioconazole (T) using LEMS and 

ESI-MS. These analyses were performed with one analyte having a 

constant concentration as the other analyte’s concentration was varied. The 

dotted black line represents the theoretical intensity ratio for each non-

equimolar mixture. Abbreviations include CAVT: constant atenolol, varied 

tioconazole and CTVA: constant tioconazole, varied atenolol. 
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Figure 3.16. Integrated intensity plots for the constant atenolol, varied tioconazole 

(CAVT) non-equimolar mixtures using LEMS and ESI-MS. These analyses 

were performed with atenolol having a steady concentration of 2.5 x 10
-4

 M 

and 5 x 10
-6

 M for LEMS and ESI-MS, respectively, as tioconazole’s 

concentration was varied. The insets are magnified plots of the atenolol, 

which is held at a constant concentration to show the effect of the 

concentration of varying tioconazole. 
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Figure 3.17. Integrated intensity plots for the constant tioconazole, varied atenolol 

(CTVA) non-equimolar mixtures using LEMS and ESI-MS. These analyses 

were performed with tioconazole having a steady concentration of  

2.5 x 10
-4

 M and 5 x 10
-6

 M for LEMS and ESI-MS, respectively, as 

atenolol’s concentration was varied. The insets are magnified plots of the 

tioconazole, which is held at a constant concentration to show the effect of 

the concentration of varying atenolol. 
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The normalized decrease of the integrated intensities for the analyte with the 

constant concentration can be defined as 

%100*
][

][][













 

lowV

highVlowV

I

II
 

where IV[low] is the integrated intensity of the constant analyte at low concentration of the 

variable analyte and IV[high] is the integrated intensity of the constant analyte at high 

concentration. This value is roughly equivalent for both techniques with a decrease of 

65.9% and 31.2% using LEMS for CAVT and CTVA experiments, respectively and a 

decrease of 40.5% and 56.9% using ESI-MS for CAVT and CTVA experiments, 

respectively. 

 

3.4.5 Why is LEMS Quantitative?  

Although ion suppression was not a major factor for LEMS analyses, it was a 

limitation for ESI-MS experiments at higher concentrations. The lack of major ion 

suppression effects at high concentrations in the multi-component mixtures with LEMS 

could be due to non-equilibrium partitioning, assuming that the equilibrium-partitioning 

model is valid in the conventional ESI-MS analyses of these analytes. A previous LEMS 

experiment showed non-equilibrium retention of protein structure in comparison with 

conventional ESI-MS due to the short interaction time with the electrospray plume (55). 

To determine whether the lack of ion suppression is caused by non-equilibrium 

partitioning, the sum of the available charge sites from the analytes, CQT, is compared 

with the theoretical excess charge, which was found to be ~5.0 x 10
-5

 M graphically or 
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calculated to be 1.1 x 10
-4

 M. Non-equilibrium processes might occur in LEMS analyses 

in the event that excess charge is approached without any suppression effects occurring. 

The CQT of each LEMS solution was found by summing the effective ESI concentrations 

for the highest intensities obtained in the LEMS experiments (Table 3.5). Effective ESI 

concentrations were calculated for each LEMS experiment using the calibration curves 

from the corresponding ESI-MS experiment and from ESI-MS single analyte analysis. 

Only the CQT of the LEMS four-component mixture, calculated by fitting to the 

calibration curves from the four-component ESI-MS experiment, was above the [Q] 

graphical estimate of 5 x 10
-5

 M at 7.3 x 10
-5

 M. However, none of the LEMS 

experiments reached the calculated excess charge limit (1.1 x 10
-4

 M), even at the highest 

concentrations investigated. Therefore, non-equilibrium partitioning effects were unlikely 

as the reason for the lack of ion suppression in the set of molecules investigated here. 

Small aqueous ions are able to diffuse to the surface of a typical electrospray droplet 

prior to the time required for fission events (35), maintaining equilibrium (or near 

equilibrium) partitioning throughout the offspring droplets, as suggested by the role of 

surface activity on mass spectral responses. 

One explanation for the quantitative capability would be the lower amount of 

analyte delivered to the electrospray droplet in LEMS experiments in comparison with 

conventional ESI-MS. Previous experiments showed that ESI-MS was two orders of 

magnitude more sensitive than LEMS (50-51) with atenolol neutral capture efficiencies 

of 0.25% (58). The limit of detection (LOD) for the current LEMS experiments was 

approximately three orders of magnitude poorer than ESI-MS (Table 3.6). The decrease 

in sensitivity was caused by the lower neutral capture efficiency of ~0.01 – 0.05%. The  
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Table 3.5. The calculated effective ESI concentrations for the highest intensities observed 

in the LEMS analyses.  

 

Experiment Analyte 

Fit to ESI Single  

Analyte Experiments 

Fit to Corresponding  

ESI Experiments 

Calculated 

ESI 

Concentration 

Sum 

(CQT) 

Calculated 

ESI 

Concentration 

Sum 

(CQT) 

Single 

Analytes 

Atenolol 3.42 x 10
-5

 M 

- 

3.42 x 10
-5

 M 

- 
Tioconazole 2.40 x 10

-5
 M 2.40 x 10

-5
 M 

TEA 6.76 x 10
-6

 M 6.76 x 10
-6

 M 

TBA 2.03 x 10
-5

 M 2.03 x 10
-5

 M 

Equimolar 

Mixture 

(A/T) 

Atenolol 2.07 x 10
-5

 M 
3.60 x 10

-5
 

M 

1.39 x 10
-5

 M 
2.86 x 10

-5
 

M Tioconazole 1.53 x 10
-5

 M 1.48 x 10
-5

 M 

Equimolar 

Mixture 

(TAA salts) 

TEA 2.96 x 10
-6

 M 
1.98 x 10

-5
 

M 

1.70 x 10
-5

 M 
3.78 x 10

-5
 

M TBA 1.69 x 10
-5

 M 2.08 x 10
-5

 M 

Four-

component 

Equimolar 

Mixture 

Atenolol -9.23 x 10
-7

 M 

1.36 x 10
-5
 

M 

1.51 x 10
-5

 M 

7.30 x 10
-5
 

M 

Tioconazole 5.07 x 10
-6

 M 2.57 x 10
-5

 M 

TEA 1.53 x 10
-6

 M 1.48 x 10
-5

 M 

TBA 7.88 x 10
-6

 M 1.75 x 10
-5

 M 

5x  

Atenolol 

Atenolol 3.15 x 10
-5

 M 3.56 x 10
-5
 

M 

2.15 x 10
-5

 M 5.15 x 10
-5
 

M Tioconazole 4.05 x 10
-6

 M 3.00 x 10
-5

 M 

5x 

Tioconazole 

Atenolol -5.29 x 10
-7

 M 2.22 x 10
-5
 

M 

1.17 x 10
-5

 M 5.38 x 10
-5
 

M Tioconazole 2.27 x 10
-5

 M 4.21 x 10
-5

 M 

CAVT 
Atenolol - 

- 
- 

- 
Tioconazole 1.60 x 10

-5
 M 1.83 x 10

-5
 M 

CTVA 
Atenolol 3.08 x 10

-5
 M 

- 
2.42 x 10

-5
 M 

- 
Tioconazole - - 

Theoretical excess charge calculations result in a value of [Q] ~ 1.1 x 10
-4

 M  
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Table 3.6. The calculated limits of detection (LOD) for LEMS and ESI-MS analyses 

based on the various experiments.  

 

The limit of detection values were calculated using the calibration curves from  

1 x 10
-7

 M to 2.5 x 10
-5

 M and 5 x 10
-5

 M to 1 x 10
-3

M for ESI-MS and LEMS, 

respectively. 

 

 

Limit of Detection 

Experiment Analyte LEMS ESI-MS 

Single Analytes 

Atenolol 0.23 ± 0.16 nmol  0.10 ± 0.07 pmol 

Tioconazole 0.29 ± 0.23 nmol 0.15 ± 0.11 pmol 

TEA 1.02 ± 0.34 nmol 0.18 ± 0.06 pmol 

TBA 0.12 ± 0.02 nmol 0.03 ± 0.01 pmol 

Equimolar 

Mixture  

(A/T) 

Atenolol 0.40 ± 0.28 nmol 0.14 ± 0.10 pmol 

Tioconazole 0.33 ± 0.24 nmol 0.25 ± 0.18 pmol 

Equimolar 

Mixture  

(TAA Salts) 

TEA 1.26 ± 0.41 nmol 0.47 ± 0.15 pmol 

TBA 0.19 ± 0.04 nmol 0.04 ± 0.01 pmol 

Four-component 

Equimolar 

Mixture  

Atenolol 0.41 ± 0.13 nmol 0.21 ± 0.07 pmol 

Tioconazole 0.14 ± 0.03 nmol 0.13 ± 0.03 pmol 

TEA 1.56 ± 0.50 nmol 0.44 ± 0.14 pmol 

TBA 0.25 ± 0.05 nmol 0.05 ± 0.02 pmol 

5x Atenolol 
Atenolol 0.46 ± 0.33 nmol 0.08 ± 0.06 pmol 

Tioconazole 2.63 ± 1.86 nmol 0.84 ± 0.59 pmol 

5x Tioconazole 
Atenolol 6.79 ± 5.04 nmol 0.57 ± 0.40 pmol 

Tioconazole 0.48 ± 0.34 nmol 0.17 ± 0.12 pmol 

CAVT  Tioconazole 0.43 ± 0.30 nmol 0.17 ± 0.12 pmol 

CTVA Atenolol 0.40 ± 0.29 nmol 0.09 ± 0.06 pmol 
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low neutral capture efficiency would cause a reduction in the concentration of analytes in 

electrospray droplets, which in turn produce CQT values lower than [Q], resulting in little 

to no ion suppression for LEMS analyses. 

 

3.5 Conclusions 

The quantitative ability of LEMS in the analysis of small, singly charged 

molecules was similar to conventional ESI-MS in the analysis of singly charged analytes. 

The comparison of measured intensity ratios, calibrated with response factors, to the 

theoretical concentration proportions establish the quantitative capability of LEMS in the 

analysis of various multi-component mixtures. The linear dynamic ranges were similar 

for LEMS and ESI-MS, which were approximately 2 to 2.5 orders of magnitude for any 

of the four analytes. In reality, these values may be higher for LEMS due to the limited 

experimental concentration range used in this study (~3.5 vs. ~2.5 orders of magnitude 

for ESI-MS and LEMS, respectively). Experiments with highly concentrated solutions 

using conventional ESI-MS created a charge deficient scenario that resulted in ion 

suppression of the mass spectral responses of less surface-active analytes. In contrast, 

LEMS analyses of highly concentrated samples showed limited ion suppression due to 

the low neutral capture efficiency, resulting in an electrospray droplet that was in the 

charge surplus regime. Within the context of the equilibrium-partitioning model, the 

small, singly charged analytes appeared to partition between the inner and outer phases of 

the electrospray droplet in the LEMS experiment given the observation that the degree of 

nonpolarity of the molecule determined the surface activity, which in turn determined the 

instrumental response. 
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CHAPTER 4  

DETECTION AND CLASSIFICATION OF INORGANIC-BASED  

IMPROVISED EXPLOSIVE DEVICE SIGNATURES 

 

4.1 Overview 

In this chapter, the mass spectral detection of low vapor pressure, inorganic-based 

explosive signatures including ammonium nitrate, chlorate, perchlorate, sugar and the 

constituents contained within black powder are reported using laser electrospray mass 

spectrometry. The ambient pressure mass spectrometry technique combining 

nonresonant, femtosecond laser vaporization with electrospray post-ionization revealed 

primary and secondary signatures for trace quantities of inorganic explosives. A mixture 

of complexation agents in the electrospray solvent enabled the simultaneous detection of 

vaporized cations, anions and neutrals in a single measurement. An offline classifier 

discriminated the inorganic-based explosives based on the mass spectral signatures 

resulting in high fidelity identification. LEMS experiments with the electrospray 

complexation solvent performed on a conventional nitro-based explosive formulation 

enabled the identification of new features and multivariate statistics also resulted in 

accurate discrimination from other explosives. 

 

4.2 Introduction 

The ability to detect neutral, cationic, and anionic inorganic compounds with a 

wide range of vapor pressures is a challenging task. The difficulties are amplified when 

trace quantities are available and are dispersed on “real world” surfaces including glass, 
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metal, plastic, wood, soil, or sand. Such an analytical challenge is present in the case of 

inorganic-based improvised explosives. Improvised explosive devices (IEDs) have been 

extensively used in criminal and terrorist attacks, as well as in asymmetric warfare (1-6). 

Explosives fall into two main classes ranging from high explosives, including unstable 

peroxides [3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-hexaoxacyclononane (TATP) and 

3,4,8,9,12,13-hexaoxa-1,6-diazabicyclo[4.4.4]tetradecane (HMTD)] (7) and nitrated 

organics [1,3,5-trinitroperhydro-1,3,5-triazine (RDX), octahydro-1,3,5,7-tetranitro-

1,3,5,7-tetrazocine (HMX), 2-methyl-1,3,5-trinitrobenzene (TNT), and [3-nitrooxy-2,2-

bis(nitrooxymethyl)propyl] nitrate (PETN)], to low explosives containing strong 

inorganic ion oxidizers, such as nitrates, chlorates, and perchlorates (8-9). Due to the 

wide variability of constituents (i.e. explosives) contained in IEDs, the ability to detect 

broad classes of explosive signatures with a single instrument is significant. 

The techniques that have demonstrated the ability to detect high explosives can be 

broken down into three classes: laser-based standoff, separation, and mass spectrometry 

(MS). Laser-based standoff techniques (10), for example, laser-induced breakdown 

spectroscopy (LIBS) (11-16), Raman spectroscopy (17-20), and infrared spectroscopy 

(21), can be used to detect bulk explosives or vapors surrounding an explosive due to its 

vapor pressure. Separation techniques include ion mobility spectrometry (IMS) (22-24), 

gas chromatography (GC) (25), high performance liquid chromatography (HPLC) (26), 

ion chromatography (IC) (27), and capillary electrophoresis (CE) (28-29) and often 

require extensive sample preparation. Various ionization techniques coupled to mass 

spectrometry have also successfully enabled the detection of high explosives, such as 

electrospray ionization (ESI) (30-31), atmospheric pressure chemical ionization (APCI) 
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(32), desorption electrospray ionization (DESI) (33-37), direct analysis in real time 

(DART) (38-39), low temperature plasma (LTP) (40-41), dielectric barrier discharge 

ionization (DBDI) (42), and laser desorption methods (39, 43) including laser 

electrospray mass spectrometry (LEMS) (44). While mass spectrometry is an information 

rich technique and is on the rise for trace detection of nitrated and peroxide explosives, 

IMS is currently the method of choice for detection of explosives because of its low cost, 

portability, and commercial availability (9, 45). 

 Although there are many studies concerning the detection of high explosives, 

there have been considerably fewer investigations concerning the inorganic ion class of 

explosives. The major components of inorganic explosives are inorganic oxidizers, such 

as nitrates, chlorates and perchlorates, and fuels, such as fuel oil, charcoal, sulfur, sugar 

and metals (e.g. aluminum, magnesium and zinc) (8). Other components commonly 

found in explosive formulations include gums, thickeners, and cross-linking agents. The 

most common inorganic ion IEDs include chlorates, perchlorates, ammonium nitrate, 

urea nitrate, black powder, and black powder derivatives (e.g. smokeless powders). The 

main analytical methods used for analysis of inorganic explosives are IC (8, 27, 46-49) 

and CE (29, 46, 50-51). Also used, but not as often as IC and CE, are IMS, X-ray powder 

diffraction, spot tests, laser-based standoff techniques (18), and mass spectrometric 

techniques (52), such as ESI-MS (32, 53-55), APCI-MS (54), and ambient pressure 

helium-plasma ionization mass spectrometry (56). Although CE and IC are the chief 

methods for detecting the constituents contained within inorganic-based IEDs, both are 

separation methods requiring sample preparation (e.g. swabbing and elution) and analysis 

times ranging from approximately five to twenty minutes, respectively. In addition, 
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analyzing cations and anions concurrently with IC requires either two separate columns 

or a zwitterionic column (57). Dual detection of both cations and anions with CE entails 

two separate analyses, modification of the instrumentation, or alteration (via suppression 

or reversal) of the electroosmotic flow (EOF) through the use of surfactants (50, 58-59). 

A portable capillary electrophoresis system using dual-opposite injection and contactless 

conductivity detection enabled the detection of 10 common anions and cations from post-

blast residue in only four minutes (59). This method required chemical modifiers for 

suppression of the EOF and surface wipe sampling and elution for collection of the ions 

prior to analysis. Ideally, a technique well-suited for the identification of inorganic IED 

residues would be capable of analyzing cations and anions simultaneously, without 

extensive sample preparation, and in the shortest possible time. 

 Laser electrospray mass spectrometry, a recently introduced laser-based ambient 

mass spectrometric technique, employs a nonresonant, femtosecond (fs) laser for 

vaporization of nonvolatile samples and an electrospray ionization source for post-

ionization. The femtosecond laser pulse vaporizes the sample material without the 

necessity of a resonant transition in the sample or a matrix. Nonresonant absorption of the 

radiation is enabled by the high intensity of the laser pulse (10
13

 W/cm
2
). The ESI plume 

captures and ionizes the gas phase analytes and transfers the ionized molecules into the 

mass spectrometer for mass analysis. LEMS can directly analyze a surface at atmospheric 

pressure with no sample preparation steps required. Nonresonant femtosecond 

vaporization with electrospray ionization enabled analysis of a variety of analytes 

including small (60-61) and large (62-64) biomolecules, narcotics (65), pharmaceuticals, 

lipids (66), and tissue (67-68). LEMS has also been used in the detection of various 
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explosive formulations. High explosives, such as RDX, TATP, HMTD, and a propellant 

mixture, were vaporized intact and mass analyzed using sodiated and potassiated 

electrospray solvents (44). Explosive detection from complex and realistic substrates 

using LEMS was demonstrated in the analysis of RDX from sand with remote detection 

of 2 m away from the mass spectrometer inlet (69). An investigation of five smokeless 

powders performed using LEMS resulted in the detection of many organic stabilizers and 

plasticizers commonly found in smokeless powders and accurate discrimination of the 

five smokeless powders using PCA analysis (70). The goal of this study is to investigate 

the use of laser electrospray mass spectrometry for the detection of signatures from 

residues of post-blast inorganic-based IEDs. 

In any electrospray-based analysis technique, the bias applied to the ion optics 

typically dictates whether cations or anions will be detected. Simultaneous detection of 

both cations and anions in positive ion mode can be enabled through the use of pairing 

agents to yield complexes with overall positive charges, as first demonstrated for 

perchlorate detection using ESI-MS (71). Complexation with cationic ion pairing agents 

enables detection of monovalent (72-73), divalent (74-75), and trivalent (76) anions in 

positive ion mode electrospray. Two commercially available cationic pairing agents were 

investigated here for complexation of the anionic species in this study.  

Additives to the electrospray solvent have additional value by translating 

inorganic cations out of the low m/z cutoff range for certain mass spectrometers (77-78) 

and out of regions of high background noise via chemical complexation. Lipids (79), 

crown ethers (80), and other compounds (81) can be used as hosts to allow for cation 

detection in the event that the mass spectrometer has a low mass cutoff. A lipid was 
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examined in this experiment for translation of cations out of the low m/z cutoff region of 

the mass spectrometer for detection. 

Here, LEMS is used with an optimized electrospray complexation solution 

consisting of two cationic pairing agents, a lipid, and sodium acetate to simultaneously 

detect cationic, anionic, and neutral analytes commonly observed in post-blast inorganic-

based IEDs. A general representation of the experiment is shown Figure 4.1. This 

investigation questions whether the mass spectra from residue of various inorganic-based 

signatures can be used to determine IED composition. Finally, principal component 

analysis (PCA) with linear discriminant analysis (LDA) is utilized for classification of the 

explosive signatures.  

 

4.3 Experimental 

4.3.1 Materials 

Cationic ion pairing agent solutions of 1,9-nonanediyl-bis(3-methylimidazolium) 

difluoride (D
2+

) and 1,3-bis[6-(3-benzyl-1-imidazolio)-hexyl]imidazolium trifluoride 

(T
3+

) were purchased from Fluka Analytical (Sigma Aldrich, St. Louis, MO, USA). The 

solid lipid sample of 1-monooleoyl-ra-glycerol (monoolein, MO) was purchased from 

MP Biomedicals (Solon, OH, USA). The structures of the above binding agents are 

shown in Figure 4.2. All chemicals and reagents were of analytical grade from Fisher 

Scientific (Pittsburgh, PA, USA) unless otherwise specified. Stock solutions of the 

following reagents were prepared in plastic containers at a concentration of 1 x 10
-2

 M 

using DI water (≥ 18 MΩcm) processed by a Millipore system (Millipore, Bedford, MA, 

USA): sucrose, NaClO3 (Sigma Aldrich), KClO4 (Sigma Aldrich), KCl, NaCl, NH4NO3,  
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Figure 4.1. Representation of the LEMS experiment using the complexation electrospray 

solvent for the detection of inorganic-based improvised explosive device 

signatures. 
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Figure 4.2. The structures of the three pairing agents in the electrospray complexation 

solution. The pairing agents include 1,9-nonanediyl-bis(3-

methylimidazolium) (D
2+

), 1,3-bis[6-(3-benzyl-1-imidazolio)-

hexyl]imidazolium (T
3+

) and monoolein.  

 

 

 

D
2+

 

T
3+

 

Monoolein  
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NH4Cl, KSCN, KOCN, Na2S (Sigma Aldrich), NaHCO3, CaCl2, MgSO4, NaS2O3, 

NaC2H3O2 (sodium acetate, NaOAc), LiCl, RbCl, MgCl, and KNO3. A solid sample of an 

RDX-based propellant, containing a complex mixture of plasticizers and binders, was 

obtained in pill form (0.16 cm
2
 x 0.4 cm). 

 

4.3.2 Sample Preparation 

A chlorate, perchlorate and sugar (CPS) IED, an ammonium nitrate (AN) IED, 

and a post-blast black powder (BPpost) IED were simulated using the reagents from the 

stock solutions. The characteristic ions for each respective simulated IED were diluted 

into mixtures from the stock solutions with HPLC grade methanol (EMD Chemicals, 

Gibbstown, NJ, USA) to a final concentration of 5 x 10
-4

 M. Black powder pellets were 

ground with a mortar and pestle and diluted with methanol to imitate a pre-blast black 

powder (BP) IED. A 15 μL aliquot was pipetted onto a 7 x 7 mm stainless steel sample 

plate and allowed to dry. The procedure was repeated three times for multiple sample 

slides, resulting in 45 μL and 22.5 nmole of each analyte deposited onto each slide. A 

pre-blast sample from a firework (purchased locally) was diluted into methanol and 

spotted on metal sample plates similar to the simulated IEDs. Post-blast residue ejected 

from the firework after ignition was collected on multiple stainless steel plates (2.2 cm x 

3.8 cm), which were placed in front of the firework at regular intervals (Figure 4.3). The 

plates were then analyzed using LEMS after removal of the remaining charcoal via 

compressed air. Direct analysis of the propellant mixture was conducted by placing the 

sample onto a metal slide with no further preparation. 
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Figure 4.3. Photograph of post-blast firework residue on various 2.2 x 3.8 cm stainless 

steel plates after the firework was ignited. The charcoal was removed from 

the sample plates via compressed air prior to LEMS analysis.  
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The electrospray solvent mixture for the characterization of IEDs was prepared in 

a plastic syringe and consisted of 10 μM D
2+

, 10 μM T
3+

, 20 μM NaOAc, and 20 μM MO  

in 1:1 (v:v) water:methanol, in which the water was from Omnisolv High Purity HPLC 

grade water (EMD Chemicals). 

 

4.3.3 Mass Spectrometry 

The mass spectrometer used in this experiment has been previously described (44, 

60, 62, 65-67). The system combines a femtosecond laser for the nonresonant transfer of 

analytes into the gas phase with an electrospray ion source for capture and ionization of 

the vaporized material. The electrospray ionization source (Analytica of Branford, Inc., 

Branford, CT, USA) was operated in a configuration to produce positive ions. The ESI 

source utilizes an electrospray needle, dielectric capillary, skimmer, and a hexapole. The 

electrospray needle was maintained at ground while the inlet capillary was biased to –5.5 

kV to perform positive ion mode ESI. The ESI needle was 6.4 mm above, and parallel to, 

the sample stage and was approximately 6.4 mm in front of the capillary entrance. The 

electrospray solvent mixture was pumped through the needle at a flow rate of 3 μL/min as 

set by the syringe pump (Harvard Apparatus, Holliston, MA, USA). The ESI plume was 

dried by counter-current nitrogen gas at 180°C before entering the inlet capillary. The 

hexapole was operated in the trapping mode, where the positive ions were collected at 10 

Hz. After exiting the ESI source, the ions were transferred to the extraction region by a 

second hexapole where they were injected orthogonally into the linear time-of-flight 

analyzer via two high voltage pulsers (Directed Energy Inc., Fort Collins, CO, USA and 

Quantum Technology Inc., Lake Mary, FL, USA) triggered 50 μs after the ions exit the 
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first hexapole. The positive ions were then detected and the resulting mass spectra were 

averaged using a digital oscilloscope for 50 laser shots (5 seconds) for LEMS analysis 

and for 20 seconds for conventional ESI-MS analysis. 

 

4.3.4 Laser Vaporization and Ionization 

A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO) seeded a 

regenerative amplifier, (Coherent, Inc., Santa Clara, CA) to create a 2.5 mJ pulse 

centered at 800 nm with a duration of 70 fs, operating at 10 Hz to couple with the 

electrospray ion source. The laser was focused to a spot size of ~ 400 μm in diameter 

using a 16.9 cm focal length lens, with an incident angle of 45° with respect to the 

sample. The intensity of the laser at the substrate was approximately 2 x 10
13

 W/cm
2
. The 

steel sample plate was biased to – 2.0 kV to compensate for the distortion of the electric 

field between the capillary and the needle caused by the sample stage. The area sampled 

was 6.4 mm below and 1 mm in front of the electrospray needle. The sample was ejected 

in a direction perpendicular to the electrospray plume, where capture and ionization 

occurred. An ESI solvent background mass spectrum was acquired before vaporization of 

each sample set to allow background subtraction of solvent and pairing agent-related 

peaks. Large negative features can result in the blank-subtracted mass spectra because of 

the vaporized analytes altering the solvent ion distribution due to the competition of the 

analytes, pairing agents and solvent for charge. Positive peaks not labeled in the blank-

subtracted mass spectra are solvent-related features. 
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4.3.5 Limit of Detection for Ammonium Nitrate 

The limit of detection (LOD) for the inorganic ion detection system was 

determined for ammonium nitrate (NH4NO3) by comparing the acquired mass spectra 

from LEMS and conventional ESI-MS experiments. First, the LEMS measurement 

involved vaporizing ammonium nitrate from a metal slide after deposition and drying of 

three, 15 μL aliquots (45 μL total) of a solution with varying molarity, 10 μM to 5 mM. 

The vaporized sample was captured and ionized by the electrospray solvent containing 

D
2+

, T
3+

, MO, and NaOAc. For each sample concentration, at least 10 mass spectra were 

acquired and averaged, in which each spectrum consisted of the average signal resulting 

from 50 laser shots. Conventional ESI-MS data was acquired by electrospraying the 

solution of the pairing agents and NH4NO3 of varying molarity (10 μM to 1 mM). Three 

mass spectra, each consisting of 20 s averages, were collected for the ESI mass spectra 

measurements. The peaks of interest were integrated using the Cutter program (82). 

 

4.3.6 Safety Considerations 

 Appropriate laser eye protection was worn by all lab personnel. 

 

4.4 Results and Discussion 

4.4.1 Nonresonant Vaporization of the Chlorate, Perchlorate, and Sugar IED 

Chlorate, perchlorate, and sugar-based (CPS) IEDs pose a challenge for mass 

spectrometry due to the extremely low vapor pressure of the compounds in the 

formulation. Nonresonant laser vaporization was employed to transfer the CPS 

compounds into the gas phase for subsequent ionization using an optimized electrospray 
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solvent to determine whether complexation would occur between the pairing agents and 

the vaporized residue. Table 4.1 lists the target analytes of the simulated inorganic ion 

IEDs tested in these experiments. The analytes for the CPS mixture included sodium, 

potassium, chlorate, perchlorate, chloride, and sucrose. The assignments of all mass 

spectral features used for identification for this IED and others are listed in Table 4.2. 

The mass spectrum for the CPS mixture, Figure 4.4, reveals that the T
3+

 pairing 

agent binds singly charged anions, complexing with chloride, chlorate and perchlorate 

yielding the ions [T
3+

+Cl
-
]

2+
 at m/z 293, [T

3+
+ClO3

-
]

2+
 at 318, and [T

3+
+ClO4

-
]

2+ 
at 325, 

respectively. The D
2+

 pairing agent, which only binds with monovalent anions, 

complexes with perchlorate at m/z 389 ([D
2+

+ClO4
-
]

+
). Although chloride and chlorate 

should also complex with D
2+

, these features are not distinguished in the mass spectrum 

as the chloride peak is obscured by the [T
3+

+ClO4
-
]

2+
 feature at m/z 325 while the solvent 

background may hide the chlorate feature at m/z 373. Chloride-containing anion-T
3+ 

complexes (at m/z 293, 318 and 325) do not show the typical 3:1 mass spectral intensities 

from the isotopic ratio of chloride, whereas complexes with D
2+

 show these isotopic 

features (seen at m/z 389 for the perchlorate complex). This is due to the higher charge 

state of the doubly charged T
3+

 complexes, which reduces the difference of the isotopic 

mass spectral features from 2 to 1 m/z units, which is not resolvable with the current mass 

spectrometer configuration. In general, T
3+

 has a higher affinity for most of the 

monovalent anions than D
2+

, based on control measurements of the complexes. This trend 

is consistent with previous complexation measurements for five organic monovalent 

acids (74).  
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Table 4.1. Inorganic ion IEDs and their constituents analyzed in these experiments. 

 

Inorganic Ion IED Cations Anions Neutrals 
Chlorate, Perchlorate, Sugar 

(CPS) 
K

+
, Na

+
 Cl

-
, ClO3

-
, ClO4

-
, Sucrose 

Ammonium Nitrate (AN) NH4
+
 NO3

-
 N/A 

Pre-Blast Black Powder (BP) 

(actual) 
K

+
 NO3

-
 

Sulfur, 

Carbon 

Post-Blast Black Powder 

(BPpost) (simulated) 

K
+
, NH4

+
, 

Na
+
, Mg

2+ 

NO3
-
, SCN

-
, OCN

-
, 

HCO3
-
, SO4

2-
, S2O3

2-
, 

S
2-

 

N/A 

N/A = Not Applicable 
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Table 4.2. List of complexes with their corresponding m/z values. 

 

Identified Complexation Peaks Unidentified Features 

Peak number m/z Corresponds to Peak letter m/z 

1 247 [RCO - H2O]
+
 α 128 

2 265 [RCO]
+
 β 137 

3 292 [T
3+

 + HS
-
]

2+
 γ 143 

4 293 [T
3+

 + Cl
-
]

2+
 δ 148 

5 305 [T
3+

 + SCN
-
]

2+
 ε 163 

6 307 [T
3+

 + NO3
-
]

2+
 ζ 177 

7 318 [T
3+

 + ClO3
-
]

2+
 η 214 

8 324 [T
3+

 + HSO4
-
]

2+
 θ 223 

9 325 [D
2+

 + Cl
-
]

+
 ι 342 

10 326 [T
3+

 + ClO4
-
]

2+
 κ 407 

11 339 [RCOO+C3H6O
+
]

+
 λ 559 

12 348 [D
2+

 + SCN
-
]

+
 μ 609 

13 352 [D
2+

 + NO3
-
]

+
 ν 692 

14 357 [MO + H
+
]

+
 ξ 724 

15 365 [Na
+
 + Sucrose]

+
 ο 752 

16 375 [MO + NH4
+
]

+
 π 768 

17 380 [MO + Na
+
]

+
   

18 387 [D
2+

 + HSO4
-
]

+
   

19 389 [D
2+

 + ClO4
-
]

+
   

20 395 [MO + K
+
]

+
   

21 613 [T
3+

 + CO3
2-

]
+
   

22 645 [T
3+

 + SCN
-
 + Cl

-
]

+
   

23 648 [T
3+

 + SO4
2-

]
+
   

24 649 [T
3+

 + NO3
-
 + Cl

-
]

+
   

25 664 [T
3+

 + S2O3
2-

]
+
   

26 668 [T
3+

 + 2 SCN
-
]

+
   

27 672 [T
3+

 + SCN
-
 + NO3

-
]

+
   

28 676 [T
3+

 + 2 NO3
-
]

+
   

29 734 [T
3+

 + ClO3
-
 + ClO4

-
]

+
   

30 746 [T
3+

 + 2 HSO4
-
]

+
   

31 751 [T
3+

 + 2 ClO4
-
]

+
   

Abbreviations are: D
2+

 = 1,9-nonanediyl-bis(3-methylimidazolium), T
3+

 = 1,3-bis[6-(3-

benzyl-1-imidazolio)-hexyl]imidazolium and MO = monoolein. RCO and RCOO 

correspond to fragments of monoolein, where the R represents the 17-hydrocarbon chain 

as denoted in Figure 4.2. 
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Figure 4.4. LEMS mass spectra for the chlorate, perchlorate, & sugar inorganic explosive 

material. The mass spectrum is blank-subtracted with the blank spectrum in 

gray. The features above m/z 500 are magnified 5x. Peaks are numbered for 

clarification, which are listed in listed in Table 4.2. 
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Peaks corresponding to m/z ratios higher than 500 often correspond to T
3+

 

complexes with either a doubly charged anion or two singly charged anions. The 

measurements for CPS reveal characteristic peaks at m/z 559, 734, and 751. The feature 

at m/z 559 represents an unidentified reaction product and is unique to the simulated CPS 

IED. The peaks at m/z 734 and 751 represent complexes of T
3+

 with two singly charged 

anions, [T
3+

+ClO3
-
+ClO4

-
]

+
 and [T

3+
+2ClO4

-
]

+
, respectively.  

In the electrospray ionization process, cationic adducts enable the detection of 

neutral analytes. Sodium acetate was included in the electrospray solution to investigate 

the possibility of Na
+
 complexing to neutrals, resulting in [M+Na

+
]

+
 ions. The feature at 

m/z 365 in Figure 4.4 is consistent with sucrose plus a sodium adduct. Acetate does not 

interfere with the mass spectral analysis as the acetate anion has a low affinity for D
2+

 as 

exhibited by its high LOD (72). The possible complexes resulting from acetate 

complexation with T
3+

 are not readily distinguishable in control mass spectra.  

In the case of a low mass cutoff or mass spectral congestion, molecules such as 

lipids or crown ethers permit the detection of low mass cations due to cationic adduct- 

complexes. Monoolein, a monoglyceride with one unsaturated site in the 18-hydrocarbon 

chain, was chosen to translate cationic mass spectral signatures out of the low m/z cutoff 

and high electrospray background signal range for subsequent detection. In the CPS 

mixture, potassium and sodium were the cationic species of interest. The mass spectral 

feature observed at m/z 395 represents the potassium adduct of MO. The sodium adduct 

of the monoolein ion at m/z 380 is not readily distinguishable because of solvent 

interference from the use of sodium acetate in the optimized electrospray solvent. 
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4.4.2 Nonresonant Vaporization of the Ammonium Nitrate IED 

Ammonium nitrate has been widely studied due to its extensive use in explosives 

(ammonium nitrate/fuel oil (ANFO) and other slurry-type explosives) and to the 

relatively easy procurement or synthesis. The ESI-MS of nitrates (ammonium, sodium, 

and potassium) result in cluster ions that span a large m/z region for identification and the 

distribution depends upon the heated capillary temperature (32, 53). Cluster ions are also 

observed during ESI-MS analysis of other oxidizers, such as chlorates and perchlorates 

(55). Clusters from mixtures of oxidizers that often comprise an IED make identification 

arduous due to the enormous number of mass spectral features (55). Although clusters 

from oxidizers were observed in previous ESI-MS analyses, no cluster ions were 

identified for ammonium nitrate in the LEMS experiment, presumably due to the laser 

vaporization process, the temperature of the drying gas and the presence of pairing 

agents. In this experiment, ammonium and nitrate were the sole analytes for the simulated 

ammonium nitrate IED.  

Figure 4.5 shows the mass spectrum for AN using LEMS. The AN mass spectrum 

has characteristic peaks at m/z 307, 352, 357, 374, and 676 that correspond to  

[T
3+

+NO3
-
]

2+
, [D

2+
+NO3

-
]

+
, [MO+H

+
]

+
, [MO+NH4

+
]

+
, and [T

3+
+2NO3

-
]

+
,
 
respectively. In 

addition to complexes with ionic species, the AN spectrum reveals fragmented monoolein 

features, resulting from complexation with ammonium, that are observed at m/z 265 and 

339. Such fragmentation is not observed under the same mass spectrometric conditions 

with other cationic species such as sodium, potassium, lithium, rubidium, magnesium and 

calcium (Figure 4.6 and Figure 4.7). Cationic ammonium adducts have been previously 

used with tandem MS to characterize lipids (79, 83-84), revealing fragments (with m/z in  
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Figure 4.5. LEMS mass spectra for the ammonium nitrate inorganic explosive material. 

The mass spectrum is blank-subtracted with the blank spectrum in gray. The 

features above m/z 500 are magnified 5x. Peaks are numbered for 

clarification, which are listed in listed in Table 4.2. 
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Figure 4.6. ESI-MS mass spectra of the electrospray complexation solvent with NH4NO3, 

NH4Cl, MgCl2, CaCl2, KNO3 and KCl. The spectra are blank-subtracted with 

blank spectra in gray. The various salts were electrosprayed at 100 μM each 

to investigate the effect of cations on monoolein fragmentation. NH4Cl and 

KNO3 were investigated to determine the effect of nitrate on fragmentation. 

Fragmented monoolein ions, including [RCO-H2O]
+
 (m/z 247), [RCO]

+
 (265) 

and [RCOO+C3H6O
+
]

+
 (339), are only observed when ammonium is present. 
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Figure 4.7. ESI-MS mass spectra of the electrospray complexation solvent with NH4NO3, 

NH4Cl, NaCl, RbCl and LiCl. The spectra are blank-subtracted with blank 

spectra in gray. The various salts were electrosprayed at 100 μM each to 

investigate the effect of cations on monoolein fragmentation. Fragmented 

monoolein ions, including [RCO-H2O]
+
 (m/z 247), [RCO]

+
 (265) and 

[RCOO+C3H6O
+
]

+
 (339), are only observed when ammonium is present. 
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parentheses) such as [RCO-H2O]
+
 (247), [RCO]

+
 (265), and [RCOO+ C3H6O

+
]

+ 
(339), 

which can be seen in Figure 4.8. These MO fragments are secondary signatures for the 

presence of the ammonium ion and can aid in the classification of inorganic ion IEDs. A 

multidimensional approach using all possible signature elements from the mixtures, 

including these secondary signatures, is important for discriminating unknown 

explosives. 

 

4.4.3 Limit of Detection using Ammonium Nitrate 

 The LOD for IED characterization was determined through comparison of LEMS 

and conventional ESI-MS measurements of AN. The mass spectra for the LOD study of 

AN using LEMS and conventional ESI-MS (Figure 4.9) have the same mass spectral 

features as seen in Figure 4.5, including multiple nitrate complexes, an ammonium 

adduct of monoolein, and several monoolein fragments. Calibration curves for ESI-MS 

(Figure 4.10) and LEMS (Figure 4.11) were measured for the nitrate complex at m/z 307 

([T
3+

+NO3
-
]

2+
), the ammonium complex at m/z 374 ([MO+NH4

+
]

+
), and the sum of the 

ammonium complex at m/z 374 with the monoolein-related peaks at m/z 247 ([RCO-

H2O]
+
), 265 ([RCO]

+
), 339 ([RCOO+C3H6O

+
]

+
), and protonated monoolein at m/z 357 

([MO+H
+
]

+
). The LOD values for the nitrate and ammonium signatures were calculated 

using the linear region from 0 to 100 μM for ESI-MS and 0 to 500 μM AN (0 to 1.8 μg 

deposited onto the sample plate) for LEMS. Note that there was no detectable signal 

using LEMS for the ammoniated monoolein at m/z 374 when the concentration deposited 

on the sample plate was less than 100 μM (360 ng total). Signal for the MO fragments 

was detected at concentrations less than 100 μM revealing that ammoniated monoolein  



  

 - 230 - 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.8. Fragmentation pattern of monoolein from the adduction of ammonium.  
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Figure 4.9. Mass spectra for the LOD study of ammonium nitrate using ESI-MS and 

LEMS. Characteristic peaks, which are used for the limit of detection 

calculations, are highlighted in the spectra. The mass listed in parentheses in 

the LEMS legend is the total amount of ammonium nitrate spotted on each 

sample plate (45 μL times the concentration listed). 
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Figure 4.10. ESI-MS calibration curves for the LOD of ammonium and nitrate. The 

curves are zoomed in from 0 to 100 μM in the insets. The ammonium 

calibration curves have two sets of data, one for the ammonium peak at m/z 

374 (red ●) and the other for the summation of the monoolein-related peaks 

at m/z 247, 265, 339 and 357 and the ammonium peak at m/z 374 

(dark red ▲). The latter linear calibration curve is used in the 

determination of the LOD for ammonium. 
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Figure 4.11. LEMS calibration curves for the LOD of ammonium and nitrate. The curves 

are zoomed in from 0 to 500 μM (0 to 1.8 μg ammonium nitrate deposited 

on the sample plate) in the insets. The ammonium calibration curves have 

two sets of data, one for the ammonium peak at m/z 374 (red ●) and the 

other for the summation of the monoolein-related peaks at m/z 247, 265, 339 

and 357 and the ammonium peak at m/z 374 (dark red ▲). The latter linear 

calibration curve is used in the determination of the LOD for ammonium. 
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yields secondary fragmentation signatures. The LOD for nitrate was calculated using the 

T
3+

 complex at m/z 307, which is more intense than the [D
2+

+NO3
-
]

+
 signal at 352 due to 

the varying binding efficiencies. At higher concentrations, the analyte–pairing agent 

complexes are saturated, which is typical for ESI-MS (85). 

A direct comparison of the LOD values between ESI-MS and LEMS reveals that 

ESI is approximately two orders of magnitude more sensitive than LEMS. For ESI-MS, 

the LOD was derived from the calibration curves (Figure 4.10) and the volume delivered 

during analysis (1 μL to acquire 200 mass spectra). The LOD for conventional ESI-MS 

measurements was found to be 13 ± 2 pmol (~ 780 ± 120 pg) and 7.0 ± 0.7 pmol (~ 125 ± 

10 pg) for nitrate and ammonium, respectively, as shown in Table 4.3. For the LEMS 

measurements, the LOD was derived from the amount of analyte deposited on the sample 

plate and the 200 laser shots / mass spectra per sample. The LOD using LEMS was 1.9 ± 

0.8 nmol (~ 120 ± 50 ng) for nitrate and 2.8 ± 0.7 nmol (~ 50 ± 12 ng) for ammonium. 

Inorganic ion analyses performed with IC (48) and CE (51) are several orders of 

magnitude more sensitive than LEMS with LODs in the pmol to fmol range. The higher 

LOD values for LEMS resulted from the low neutral capture efficiency of the vaporized 

analytes by the electrospray (65) and non-equilibrium binding kinetics. The LOD for 

other ions will differ due to varying binding / complexation efficiencies with the pairing 

agents. Monoolein may not have been the best molecule for mass spectral detection of 

ammonium ions. Other molecules, such as methyl acetoacetate, have been shown to be 

optimal for atmospheric pressure ionization of ammonium ion-molecules complexes due 

to high vapor pressure, high ammonium selectivity, and high critical energy for 

dissociation (86). Chemical adsorption to surfaces other than stainless steel, such as glass,  
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Table 4.3. Limit of detection values for ESI-MS and LEMS in the study of ammonium 

nitrate.  

 

ESI-MS Nitrate Ammonium
a
 

Limit of detection by calibration curve 13 ± 2 μM 7.0 ± 0.7 μM 

Volume per run
b
 1.0 μL 1.0 μL 

Limit of detection per run (mol) 13 ± 2 pmol 7.0 ± 0.7 pmol 

Limit of detection per run (g) 779 ± 118 pg 126 ± 13 pg 

LEMS Nitrate Ammonium
a
 

Limit of detection by calibration curve 168 ± 69 μM  246 ± 59 μM  

Volume spotted on plate 45 μL 45 μL 

Average runs per sample plate 4 4 

Limit of detection per run (mol) 1.9 ± 0.8 nmol 2.8 ± 0.7 nmol 

Limit of detection per run (g) 118 ± 50 ng 50 ± 12 ng 

Sensitivity compared to ESI-MS ~ 150x less sensitive ~ 400x less sensitive 
a 

The LOD for ammonium was determined using the monoolein fragments and 

ammonium peak at m/z 374 as discussed in the text.  
b

 The volume per run (3 μL / min flow rate times 20 s averages) was used in determining 

the LOD per run for ESI-MS analyses. 
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wood, or fabrics, may contribute to a slight decrease in sensitivity in LEMS analyses, as 

seen previously for other analytes (65). In addition, these LOD values are not necessarily 

the limits of detection for inorganic ion detection using complexation agents or for the 

general technique of fs laser vaporization with electrospray post-ionization, given the 

relatively low sensitivity of the home-built mass spectrometer. ESI-MS measurements 

were slightly more reproducible than LEMS measurements (as seen in Table 4.4). Higher 

relative standard deviations (RSDs) for LEMS data is not due to laser fluctuations, but 

due to inhomogeneity inherent in the dried droplet technique, which has been seen in 

previous LEMS (66) and MALDI experiments (87). 

 

4.4.4 Nonresonant Vaporization of the Pre-blast Black Powder IED 

Detection of black powder and BP substitutes is important because of commercial 

availability. LEMS analysis of smokeless powders is briefly discussed in Chapter 1 (70). 

Black powder primarily consists of potassium nitrate mixed with sulfur and carbon in the 

form of charcoal (88). Figure 4.12 represents the mass spectrum resulting from LEMS 

analysis of crushed black powder, showing features at m/z 292, 307, 324, 342, 352, 394, 

648, 676, 746, and 768. Table 4.2 lists the pairing agent-inorganic ion complexes with 

their corresponding m/z used for identification of features in the mass spectra. Only 

complexes of potassium ([MO+K
+
]

+
 at m/z 394), nitrate ([T

3+
+NO3

-
]

2+
at m/z 307, 

[D
2+

+NO3
-
]

+
 at 352, and [T

3+
+2NO3

-
]

+ 
at 676), and sulfur-related ions ([T

3+
+HS

-
]

2+
 at m/z 

292, [T
3+

+HSO4
-
]

2+
 at 324, [T

3+
+SO4

2-
]

+
 at 648, and [T

3+
+2HSO4

-
]

+ 
at 746) were seen in 

the BP IED mass spectrum, in accord with the composition of the IED. T
3+

 complexes not 

only with singly charged anions, but also with doubly charged anions, as seen in the  
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Table 4.4. Reproducibility values for LEMS and ESI-MS data in the identification of 

ammonium nitrate. 

 

 

LEMS Nitrate
a
 Ammonium

b
 

Quantity on 

sample plate 

(mol) 

Average 

(a.u.) 

Standard 

Deviation 

(a.u.) 

RSD 

(%) 

Average 

(a.u.) 

Standard 

Deviation 

(a.u.) 

RSD 

(%) 

0.00E+00 1.18E-09 4.29E-10 36.3 5.35E-09 1.83E-09 34.2 

4.50E-04 1.06E-09 4.29E-10 40.6 6.43E-09 1.26E-09 19.6 

2.25E-03 1.56E-09 2.46E-10 15.7 8.44E-09 1.08E-09 12.7 

4.50E-03 2.19E-09 4.49E-10 20.5 1.13E-08 1.53E-09 13.6 

2.25E-02 7.96E-09 2.58E-09 32.5 2.46E-08 2.77E-09 11.3 

4.50E-02 9.43E-09 1.57E-09 16.6 4.06E-08 4.17E-09 10.3 

2.25E-01 8.87E-09 2.56E-09 28.8 4.56E-08 5.46E-09 12.0 

ESI – MS Nitrate
a
 Ammonium

b
 

Quantity 

sprayed per run 

(mol) 

Average 

(a.u.) 

Standard 

Deviation 

(a.u.) 

RSD 

(%) 

Average 

(a.u.) 

Standard 

Deviation 

(a.u.) 

RSD 

(%) 

0.00E+00 6.52E-10 9.05E-11 13.9 4.87E-09 4.13E-10 8.5 

1.00E-06 6.44E-10 6.7E-11 10.4 6.54E-09 5.6E-10 8.6 

5.00E-06 8.51E-10 1.44E-10 16.9 8.9E-09 5.73E-10 6.4 

1.00E-05 2.20E-09 1.35E-10 6.1 1.58E-08 1.16E-09 7.3 

5.00E-05 3.65E-09 9.49E-10 26.0 3.11E-08 1.79E-09 5.8 

1.00E-04 8.33E-09 9.4E-10 11.3 9.71E-08 5.6E-09 5.8 

5.00E-04 2.11E-08 2.31E-09 11.0 4.06E-07 3.09E-08 7.6 

1.00E-03 2.04E-08 6.32E-10 3.1 5.16E-07 3.43E-09 0.7 
a
 Nitrate data from the signal at m/z 307. 

b
 Ammonium data from the monoolein signals at m/z 247, 265, 339 and 357 and the 

ammonium signal at 374.  

 

 

 

 



  

 - 238 - 

 

 

 

 

 

Figure 4.12. LEMS mass spectra for the pre-blast black powder inorganic explosive 

material. The mass spectrum is blank-subtracted with the blank spectrum in 

gray. The features above m/z 500 are magnified 5x. Peaks are numbered for 

clarification, which are listed in listed in Table 4.2.  
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complexation with sulfate at m/z 648. A feature observed at m/z 342 was not identified 

(due to the lack of MS
n
) but was correlated with the black powder samples. 

 

4.4.5 Nonresonant Vaporization of the Simulated, Post-blast Black Powder IED 

Post-blast black powder consists of a mixture of salts that can provide an 

information rich mass spectrum. Multidimensional analysis is necessary for 

discrimination of such a complex mass spectrum. Potential analytes for simulated post-

blast black powder IED include sodium, potassium, ammonium, magnesium, nitrate, 

sulfate, thiosulfate, sulfide, cyanate, thiocyanate, and bicarbonate. The mass spectrum of 

the mixture of these compounds is shown in Figure 4.13 and has characteristic peaks at 

m/z 305, 307, 348, 352, 374, 395, 648, 664, 668, 672, and 676. Thiocyanate (SCN
-
) 

complexes with D
2+

 and T
3+

 to yield the ions [D
2+

+SCN
-
]

+
, [T

3+
+SCN

-
]

2+
, [T

3+
+2SCN

-
]

+
, 

and [T
3+

+SCN
-
+NO3

-
]

+
 at m/z 348, 305, 668, and 672, respectively. In addition, nitrate 

complexes with T
3+

 and D
2+

 to yield ions at m/z 307 ([T
3+

+NO3
-
]

2+
), 352 ([D

2+
+NO3

-
]

+
), 

and 676 ([T
3+

+2NO3
-
]

+
). Cationic adducts of monoolein are observed at m/z 357 (H

+
), 

374 (NH4
+
), 380 (Na

+
), and 395 (K

+
). One monoolein fragment peak is observed in the 

mass spectrum at m/z 339 ([RCOO+C3H6O
+
]

+
). The MO-fragment features are minor 

compared to those in the AN spectrum due to the reduced amount of ammoniated 

monoolein, resulting from multiple cations competing for MO complexation. The doubly 

charged anions sulfate (SO4
2-

) and thiosulfate (S2O3
2-

) bind exclusively to T
3+

 yielding 

singly charged complexes at m/z 648 and 664, respectively. Although included in the 

BPpost solution, cyanate (OCN
-
) and sulfide (S

2-
) were not identified in the mass spectrum 

due to small binding efficiencies (72, 75), ion competition and ion suppression  
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Figure 4.13. LEMS mass spectra for the simulated, post-blast black powder inorganic 

explosive material. The mass spectrum is blank-subtracted with the blank 

spectrum in gray. The features above m/z 500 are magnified 5x. Peaks are 

numbered for clarification, which are listed in listed in Table 4.2. 
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effects (85, 89). No identifiable feature was assigned for magnesium, the only doubly 

charged cation included in this study, presumably because of a low binding efficiency 

with monoolein. 

 

4.4.6 Analysis of Pre-blast and Post-blast Fireworks 

To determine whether LEMS could distinguish very similar inorganic IEDs from 

actual samples, residue from a commercial firework was examined in two different 

forms, pre-blast and post-blast. The resulting mass spectra obtained from the analyses of 

pre-blast and post-blast residue are shown in Figure 4.14 and Figure 4.15, respectively. 

The pre-blast and post-blast spectra both have peaks at m/z 292 ([T
3+

+HS
-
]

2+
), 307 

([T
3+

+NO3
-
]

2+
), 342 (unidentified but unique to black powder samples), 394 ([MO+K

+
]

+
), 

649 ([T
3+

+Cl
-
+NO3

-
]

+
), and 668 ([T

3+
+2SCN

-
]

+
). However, there are some differences in 

the obtained mass spectra. The pre-blast residue mass spectrum contains more nitrate and 

potassium, as shown by the higher ion abundances at m/z 307 and 394, respectively. In 

addition, there are several features that are not observed in the post-blast spectrum, 

including peaks at m/z 352 ([D
2+

+NO3
-
]

+
) and 676 ([T

3+
+2NO3

-
]

+
). The post-blast mass 

spectrum consists of unique ions such as chloride, thiocyanate, and thiosulfate at m/z 293 

([T
3+

+Cl
-
]

2+
), 305 ([T

3+
+SCN

-
]

2+
), 348 ([D

2+
+SCN

-
]

+
), and 664 (T

3+
+S2O3

2-
]

+
), 

respectively. 

 

4.4.7 Analysis of the RDX-based Propellant Formulation 

The mass spectrum resulting from the LEMS analysis of a propellant mixture 

containing RDX, plasticizers, and binders with the electrospray complexation mixture is  
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Figure 4.14. LEMS mass spectra for the pre-blast firework reside. The mass spectrum is 

blank-subtracted with the blank spectrum in gray. The features above m/z 

500 are magnified 5x. Peaks are numbered for clarification, which are listed 

in listed in Table 4.2. 
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Figure 4.15. LEMS mass spectra for post-blast firework reside. The mass spectrum, 

which is blank-subtracted with the blank spectrum in gray, resulted from 

the LEMS analysis of the slides from Figure 4.3. The features above m/z 

500 are magnified 5x. Peaks are numbered for clarification, which are 

listed in listed in Table 4.2. 
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shown in Figure 4.16. This spectrum can be compared to a previous LEMS investigation 

in which the electrospray solvent consisted of 50 mM sodium chloride and 50 mM 

potassium chloride in a 7:3 (v:v) methanol:water solution (44). The protonated and 

sodiated ethyl centralite (stabilizer) adducts and the sodiated RDX adduct observed at m/z 

269, 291, and 245, respectively were also detected in this study. The use of the 

complexation solution yielded a lower abundance of the sodiated RDX ion compared to 

the previous investigation and is mostly likely due to ion competition effects from the 

large number of constituents in the electrospray solvent and the sample. Using the 

electrospray complexation mixture allowed for the observation of new characteristic 

peaks in the propellant mixture including ammonium (m/z 375), MO fragment peaks (265 

and 339), thiosulfate (664), thiocyanate (668), and other peaks at low m/z that were not 

previously identified using a different solvent system (44). The increase in the number of 

signature features may aid in the identification of an unknown material. 

 

4.4.8 Classification of the Inorganic-based IEDs 

 The group of target analytes includes many species that may be present in the 

background including cations such as potassium, sodium, magnesium, and calcium and 

anions such as nitrate, sulfate, and carbonate that are abundant on many surfaces and/or 

in the atmosphere. Background contaminants increase the difficulty for classifying these 

samples. A false positive could occur solely based on the appearance of only one of these  

cations or anions in the mass spectrum. For instance, relying only on either ammonium or 

nitrate ions for identification of an ammonium nitrate IED could result in 

misclassification. However, having multiple signatures for an inorganic-based IED 
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Figure 4.16. LEMS mass spectra for the RDX-based propellant pill. The mass spectrum is 

blank-subtracted with the blank spectrum in gray. The features above m/z 

500 are magnified 5x. Peaks are numbered for clarification, which are listed 

in listed in Table 4.2. 
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reduces the probability of false positives or false negatives, suggesting the value of 

multidimensional analysis. LEMS, in combination with an optimized electrospray 

solvent, allows for rapid multidimensional analysis of cations and anions simultaneously 

from inorganic-based IEDs, facilitating accurate identification.  

 As there are many features in the mass spectra, a multidimensional analysis 

technique usually starts with a dimensionality reduction method to decrease the size of 

the variable set (90). One such method is principal component analysis (PCA), which is 

employed in this investigation. PCA transforms raw variables (m/z values) from the data 

set into a limited number of new variables, called principal components (PCs). Principal 

components are orthogonal functions of linear combinations of the original variables that 

contain the maximum amount of variance in the data set (91-93). The foremost principal 

components are those with the greatest amount of variance (e.g., PC1 contains the largest 

amount of variance, PC2, orthogonal to PC1, displays the next largest amount of 

variance).  

A general schematic of how the PCA classification was executed for the inorganic 

explosives in this chapter and the Impatiens plant flower petal phenotypes in the next 

chapter is shown in Figure 4.17. First, the mass spectral data is split into training and 

testing sets (Xtrain and Xtest). After mean-adjusting both data sets, complete PCA is only 

performed on the training set. After a covariance matrix is calculated from the mean-

adjusted training set, eigenvector decomposition of the symmetrical covariance matrix is 

used to determine the essential PCA factors. The eigenvectors, Q, are sorted by their 

eigenvalues and only those with the greatest variance (largest eigenvalues) are kept. This 

compression step determines the number of factors, or principal components. The  
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Figure 4.17. Graphic schematic of how principal component analysis was implemented 

for the inorganic explosive and impatiens plant flower petal experiments. 
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Figure 4.17. continued 

 

 

6) Calculate scores matrix     T = X Q  
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Mean-adjusted, 
X

train
 

scores, T 
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I: projections 
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N: factors (PCs) 
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X
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P 
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PCA Score Plot 

T
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K x N matrix 

11) Use linear discriminant analysis (LDA) or 

K-nearest neighbor (KNN) to classify testing 
samples based on the training samples 

 

residual, E 

I x K matrix 
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eigenvector matrix with reduced dimensions yields the loadings matrix, P. The loadings 

matrix indicates how much of the variable (m/z value) contributes to defining each 

principal component. The scores matrix, which summarizes the relationships among the 

samples, is determined by multiplying the mean-adjusted training matrix, Xtrain, and the 

loadings matrix, P. The scores matrix classifies the samples into groups whereas the 

loadings matrix explains why the samples were classified. To calculate the scores matrix 

for the testing set, Ttest, the mean-adjusted testing set is multiplied by the loadings matrix 

for the training set, Ptrain. Either linear discriminant analysis (LDA) or K-nearest neighbor 

(KNN) classifiers are used for classification of the testing samples based on the training 

samples using their respective scores matrices. LDA assumes that the data has a Gaussian 

probability distribution. Conversely, the KNN classifier makes no prior assumptions 

about the training data and classifies an object to the class that is most common in the 

local vicinity based on k neighbors (90). 

Four explosive formulations including CPS, AN, BP, and BPpost were investigated 

to evaluate the potential for IED classification using LEMS. To determine whether mass 

spectral features from LEMS analyses can be used to discriminate inorganic explosives, 

principal component analysis was performed. To categorize the inorganic-based 

explosives, first, a library of forty characteristic peaks was created. These forty features 

were integrated for 24 mass spectra (6 mass spectra for each of the 4 distinct inorganic 

IEDs) yielding a 24 x 40 matrix. This training set was then subjected to PCA in Matlab, 

yielding the transformed data set (scores matrix (24 x 40 matrix) times the transposed 

matrix of the calculated eigenvectors (40 x 40 matrix)). The eigenvectors resulting from 

the PCA of the training set were then multiplied by the remaining mean-adjusted data 
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contained in the testing data set (24 integrated mass spectra from each IED, resulting in a 

96 x 40 matrix). Classification of the testing data was performed using linear discriminant 

analysis (LDA) via Matlab software. Figure 4.18 shows the projections of the training 

and testing PCA scores data using three of the six principal components for the inorganic 

materials. The training set is denoted by the unfilled symbols. As can be seen, the 

principal components cluster the explosives well, allowing for accurate classification. 

The inorganic test set (Table 4.5) was classified with high fidelity. All of the mass 

spectra were classified correctly with the exception of a single sample of the CPS IED, 

resulting in a 99% accuracy for the classification of all IED compounds. If K-nearest 

neighbor classification is used, 100% discrimination of all samples could be achieved. 

However, LDA was used as it is the most commonly used classifier. The clear separation 

of the inorganic IEDs in three-dimensional detection space and the correct classification 

using a training set demonstrates that inorganic ion IED samples can be discriminated 

using PCA with LDA after LEMS analysis with the electrospray complexation solvent. 

 

4.4.9 Classification of Inorganic IEDs with a Non-Inorganic-based Explosive  

To establish the ability for mass spectral identification of signature features for 

other explosives using the electrospray complexation mixture, PCA was performed on 

four inorganic ion explosive formulations with a conventional high explosive mixture. 

Five explosive formulations, including CPS, AN, pre-blast and post-blast firework 

residue, and the RDX propellant formulation were discriminated using principal 

component analysis, as seen in Figure 4.19. The process using Matlab to perform the 

PCA and classification was the same as described above. Briefly, 40 characteristic peaks  
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Figure 4.18. PCA score projections for the four inorganic-based explosive formulations. 

The PCA score plot is projected into three dimensions (first three PCs) for 

chlorate, perchlorate and sugar (red ■); ammonium nitrate (green ●); pre-

blast black powder (magenta ); and simulated, post-blast black powder 

(blue ▲) IEDs showing separation among the four simulated inorganic-

based IEDs. The open and the filled colored symbols represent the training 

and testing sets for each IED, respectively. 
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Table 4.5. Classification of four inorganic ion IEDs using PCA with LDA analysis. 

 

Inorganic Ion IED Training Set Size Samples Correctly Characterized 

Chlorate, Perchlorate, 

Sugar 
6 23/24 96 % 

Ammonium Nitrate 6 24/24 100 % 

Pre-blast Black Powder 

(actual)  
6 24/24 100 % 

Post-blast Black Powder 

(simulated) 
6 24/24 100 % 

Total 24 95/96 99 % 
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Figure 4.19. PCA score projections for four inorganic explosive formulations and a nitro-

based RDX propellant pill. The PCA score plot is projected into three 

dimensions (first three PCs) for chlorate, perchlorate & sugar (red ■); 

ammonium nitrate (green ●); pre-blast firework residue (purple ▲); post-

blast firework residue (dark cyan ▼); and propellant pill (orange ♦) showing 

separation among the explosive formulations. The open and filled symbols 

represent the training and testing sets for each IED, respectively. 
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were integrated for all the data. A training set of 5 runs for each explosive (25 runs total; 

25 x 40 matrix) was subjected to PCA, yielding a 40 x 40 matrix containing the 

eigenvectors for the data set. The resulting matrix of eigenvectors was then multiplied by 

the mean–adjusted data for the testing set (25 runs for each explosive analyzed [24 for the 

propellant mixture]; to yield a 124 x 40 matrix) representing the scores data set. 

Classification of the testing set, which is seen in Table 4.6, was performed using linear 

discriminant analysis. The testing set of the five energetic materials was classified with 

high fidelity, resulting in a 98.4% accuracy. The misclassifications involved two pre-blast 

firework residue mass spectra being classified as post-blast firework residue. The clear 

separation in the PCA plot and high fidelity classification demonstrates the importance of 

multivariate analysis and the capability of LEMS with the electrospray complexation 

mixture for the identification of various types of explosives. 

 

4.5 Conclusions 

The ability to detect all classes of explosives with a single instrument is of great 

significance at the current time. The detection of inorganic-based improvised explosives 

is difficult due to the need for a method capable of analyzing cations, anions, and neutral 

analytes simultaneously with possible background contamination. We demonstrated that 

LEMS is capable of rapid mass analysis of trace amounts of inorganic-based explosives 

directly from a metallic surface. The nonresonant femtosecond laser vaporizes low vapor 

pressure inorganic analytes into the gas phase where they bind to complexation agents in 

the electrosprayed solvent, allowing for simultaneous mass analysis of cationic, anionic, 

and neutral species. LEMS analysis using the electrospray complexation mixture also  
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Table 4.6. Classification of four inorganic ion explosive formulations and the RDX 

propellant mixture using PCA with LDA analysis. 

 

 

Inorganic Energetic 

Material 
Training Set Size Samples Correctly Characterized 

Chlorate, Perchlorate, 

Sugar 
5 25/25 100 % 

Ammonium Nitrate 5 25/25 100 % 

Pre-blast Firework 

Residue 
5 23/25 92 % 

Post-blast Firework 

Residue 
5 25/25 100 % 

RDX Propellant Mixture 5 24/24 100 % 

Total 25 122/124 98.4 % 

 

 

 

 

 

 

 

 

enabled the detection and classification of a conventional nitro-based RDX propellant 

complex formulation. The mass spectrum of an explosive provides multiple signatures, 

reducing the probability of false negatives or false positives in the identification and 

classification of these explosives. Using an offline classifier, these explosives were 

discriminated with high accuracy. The capability to detect inorganic-based explosives is a 

step toward universal LEMS analysis and classification of complex samples. 



  

 - 256 - 

4.6 References 

1. C. Freudenrich. How IEDs work. HowStuffWorks.com. December 10, 2008. 

http://science.howstuffworks.com/ied.htm. 

2. A. Levin. Experts: Improvised explosives still main terror weapon. USA Today. 

October 30, 2010. http://usatoday30.usatoday.com/news/nation/2010-10-30-

improvised-explosives-terrorism_N.htm. 

3. A. Kharal. Improvised explosive device: Terrorists’ weapon of choice. The Express 

Tribune. October 20, 2013. http://tribune.com.pk/story/619899/terrorists-weapon-of-

choice/. 

4. L. Greenemeier. Aftermath of Boston marathon bombing: How do terrorists use 

improvised explosive devices? Scientific American. April 15, 2013. 

http://www.scientificamerican.com/article.cfm?id=boston-marathon-bomb-attack. 

5. A. Ramasamy, S.E. Harrisson, J.C. Clasper, M.P.M. Stewart. Injuries from roadside 

improvised explosive devices. J. Traum. 65, 910 (2008). 

6. "IED attack fact sheet: Improvised explosive devices," The National Academies and 

the Department of Homeland Security. 

http://www.dhs.gov/xlibrary/assets/prep_ied_fact_sheet.pdf, January 13, 2014 

7. R.M. Burks, D.S. Hage. Current trends in the detection of peroxide-based 

explosives. Anal. Bioanal. Chem. 395, 301 (2009). 

8. G.W. Dicinoski, R.A. Shellie, P.R. Haddad. Forensic identification of inorganic 

explosives by ion chromatography. Anal. Lett. 39, 639 (2006). 

9. M. Makinen, M. Nousiainen, M. Sillanpaa. Ion spectrometric detection technologies 

for ultra-traces of explosives: A review. Mass Spectrom. Rev. 30, 940 (2011). 

10. S. Wallin, A. Pettersson, H. Ostmark, A. Hobro. Laser-based standoff detection of 

explosives: A critical review. Anal. Bioanal. Chem. 395, 259 (2009). 

11. C. Lopez-Moreno, S. Palanco, J.J. Laserna, F. DeLucia Jr., A.W. Miziolek, J. Rose, 

R.A. Walters, A.I. Whitehouse. Test of a stand-off laser-induced breakdown 

spectroscopy sensor for the detection of explosive residues on solid surfaces. J. Anal. 

At. Spectrom. 21, 55 (2006). 

12. V. Lazic, A. Palucci, S. Jovicevic, C. Poggi, E. Buono. Analysis of explosive and 

other organic residues by laser induced breakdown spectroscopy. Spectrochim. Acta 

B 64, 1028 (2009). 

13. J.L. Gottfried, F.C. De Lucia Jr, C.A. Munson, A.W. Miziolek. Laser-induced 

breakdown spectroscopy for detection of explosives residues: A review of recent 

advances, challenges, and future prospects. Anal. Bioanal. Chem. 395, 283 (2009). 

http://science.howstuffworks.com/ied.htm
http://usatoday30.usatoday.com/news/nation/2010-10-30-improvised-explosives-terrorism_N.htm
http://usatoday30.usatoday.com/news/nation/2010-10-30-improvised-explosives-terrorism_N.htm
http://tribune.com.pk/story/619899/terrorists-weapon-of-choice/
http://tribune.com.pk/story/619899/terrorists-weapon-of-choice/
http://www.scientificamerican.com/article.cfm?id=boston-marathon-bomb-attack
http://www.dhs.gov/xlibrary/assets/prep_ied_fact_sheet.pdf


  

 - 257 - 

14. P. Lucena, A. Dona, L. Tobaria, J. Laserna. New challenges and insights in the 

detection and spectral identification of organic explosives by laser induced 

breakdown spectroscopy. Spectrochimica Acta Part B: Atomic Spectroscopy 66, 12 

(2011). 

15. Q.-Q. Wang, K. Liu, H. Zhao, C.-H. Ge, Z.-W. Huang. Detection of explosives with 

laser-induced breakdown spectroscopy. Frontiers of Physics 7, 701 (2012). 

16. F.C. De Lucia, J.L. Gottfried. Classification of explosive residues on organic 

substrates using laser induced breakdown spectroscopy. Appl. Opt. 51, B83 (2012). 

17. S. Botti, L. Cantarini, A. Palucci. Surface‐enhanced Raman spectroscopy for trace‐
level detection of explosives. J. Raman Spectrosc. 41, 866 (2010). 

18. B. Zachhuber, G. Ramer, A. Hobro, B. Lendl. Stand-off Raman spectroscopy: A 

powerful technique for qualitative and quantitative analysis of inorganic and organic 

compounds including explosives. Anal. Bioanal. Chem. 400, 2439 (2011). 

19. H. Östmark, M. Nordberg, T.E. Carlsson. Stand-off detection of explosives particles 

by multispectral imaging Raman spectroscopy. Appl. Opt. 50, 5592 (2011). 

20. N.R. Butt, M. Nilsson, A. Jakobsson, M. Nordberg, A. Pettersson, S. Wallin, H. 

Ostmark. Classification of Raman spectra to detect hidden explosives. Geoscience 

and Remote Sensing Letters, IEEE 8, 517 (2011). 

21. L.C. Pacheco-Londoño, J.R. Castro-Suarez, S.P. Hernández-Rivera. Detection of 

nitroaromatic and peroxide explosives in air using infrared spectroscopy: QCL and 

FTIR. Advances in Optical Technologies 2013, Article ID 532670 (2013). 

22. G. Reid Asbury, J. Klasmeier, H.H. Hill Jr. Analysis of explosives using 

electrospray ionization/ion mobility spectrometry (ESI/IMS). Talanta 50, 1291 

(2000). 

23. R.G. Ewing, D.A. Atkinson, G.A. Eiceman, G.J. Ewing. A critical review of ion 

mobility spectrometry for the detection of explosives and explosive related 

compounds. Talanta 54, 515 (2001). 

24. C.K. Hilton, C.A. Krueger, A.J. Midey, M. Osgood, J. Wu, C. Wu. Improved 

analysis of explosives samples with electrospray ionization-high resolution ion 

mobility spectrometry (ESI-HRIMS). Int. J. Mass. Spectrom. 298, 64 (2010). 

25. M.E. Sigman, C.D. Clark, R. Fidler, C.L. Geiger, C.A. Clausen. Analysis of 

triacetone triperoxide by gas chromatography/mass spectrometry and gas 

chromatography/tandem mass spectrometry by electron and chemical ionization. 

Rapid Commun. Mass Spectrom. 20, 2851 (2006). 

26. R. Schulte-Ladbeck, P. Kolla, U. Karst. Trace analysis of peroxide-based explosives. 

Anal. Chem. 75, 731 (2003). 



  

 - 258 - 

27. E. Tyrrell, G.W. Dicinoski, E.F. Hilder, R.A. Shellie, M.C. Breadmore, C.A. Pohl, 

P.R. Haddad. Coupled reversed-phase and ion chromatographic system for the 

simultaneous identification of inorganic and organic explosives. J. Chromatogr. A 

1218, 3007 (2011). 

28. M. Pumera. Analysis of explosives via microchip electrophoresis and conventional 

capillary electrophoresis: A review. Electrophoresis 27, 244 (2006). 

29. C. Sarazin, N. Delaunay, A. Varenne, C. Costanza, V. Eudes, P. Gareil. Capillary 

and microchip electrophoretic analyses of explosives and their residues. Sep. Purif. 

Rev. 39, 63 (2010). 

30. Z. Wu, C.L. Hendrickson, R.P. Rodgers, A.G. Marshall. Composition of explosives 

by electrospray ionization fourier transform ion cyclotron resonance mass 

spectrometry. Anal. Chem. 74, 1879 (2002). 

31. J.A. Mathis, B.R. McCord. The analysis of high explosives by liquid 

chromatography/electrospray ionization mass spectrometry: Multiplexed detection of 

negative ion adducts. Rapid Commun. Mass Spectrom. 19, 99 (2005). 

32. X. Zhao, J. Yinon. Forensic identification of explosive oxidizers by electrospray 

ionization mass spectrometry. Rapid Commun. Mass Spectrom. 16, 1137 (2002). 

33. I. Cotte-Rodriguez, Z. Takats, N. Talaty, H. Chen, R.G. Cooks. Desorption 

electrospray ionization of explosives on surfaces: Sensitivity and selectivity 

enhancement by reactive desorption electrospray ionization. Anal. Chem. 77, 6755 

(2005). 

34. I. Cotte-Rodriguez, H. Hernandez-Soto, H. Chen, R.G. Cooks. In situ trace detection 

of peroxide explosives by desorption electrospray ionization and desorption 

atmospheric pressure chemical ionization. Anal. Chem. 80, 1512 (2008). 

35. Z. Takats, I. Cotte-Rodriguez, N. Talaty, H. Chen, R.G. Cooks. Direct, trace level 

detection of explosives on ambient surfaces by desorption electrospray ionization 

mass spectrometry. Chem. Commun. 41, 1950 (2005). 

36. I. Cotte-Rodriguez, H. Chen, R.G. Cooks. Rapid trace detection of triacetone 

triperoxide (TATP) by complexation reactions during desorption electrospray 

ionization. Chem. Commun. 42, 953 (2006). 

37. D.R. Justes, N. Talaty, I. Cotte-Rodriguez, R.G. Cooks. Detection of explosives on 

skin using ambient ionization mass spectrometry. Chem. Commun. 43, 2142 (2007). 

38. J.M. Nilles, T.R. Connell, S.T. Stokes, H. Dupont Durst. Explosives detection using 

direct analysis in real time (DART) mass spectrometry. Propell. Explos. Pyrot. 35, 

446 (2010). 



  

 - 259 - 

39. F. Rowell, J. Seviour, A.Y. Lim, C.G. Elumbaring-Salazar, J. Loke, J. Ma. Detection 

of nitro-organic and peroxide explosives in latent fingermarks by DART-and 

SALDI-TOF-mass spectrometry. Forensic Sci. Int. 221, 84 (2012). 

40. Y. Zhang, X. Ma, S. Zhang, C. Yang, Z. Ouyang, X. Zhang. Direct detection of 

explosives on solid surfaces by low temperature plasma desorption mass 

spectrometry. Analyst 134, 176 (2008). 

41. J.F. Garcia-Reyes, J.D. Harper, G.A. Salazar, N.A. Charipar, Z. Ouyang, R.G. 

Cooks. Detection of explosives and related compounds by low-temperature plasma 

ambient ionization mass spectrometry. Anal. Chem. 83, 1084 (2010). 

42. N. Na, C. Zhang, M. Zhao, S. Zhang, C. Yang, X. Fang, X. Zhang. Direct detection 

of explosives on solid surfaces by mass spectrometry with an ambient ion source 

based on dielectric barrier discharge. J. Mass Spectrom. 42, 1079 (2007). 

43. C. Mullen, A. Irwin, B.V. Pond, D.L. Huestis, M.J. Coggiola, H. Oser. Detection of 

explosives and explosives-related compounds by single photon laser ionization time-

of-flight mass spectrometry. Anal. Chem. 78, 3807 (2006). 

44. J.J. Brady, E.J. Judge, R.J. Levis. Identification of explosives and explosive 

formulations using laser electrospray mass spectrometry. Rapid Commun. Mass 

Spectrom. 24, 1659 (2010). 

45. D.S. Moore. Recent advances in trace explosives detection instrumentation. Sens. 

Imaging 8, 9 (2007). 

46. K.A. Hargadon, B.R. McCord. Explosive residue analysis by capillary 

electrophoresis and ion chromatography. J. Chromatogr. A 602, 241 (1992). 

47. B.R. McCord, K.A. Hargadon, K.E. Hall, S.G. Burmeister. Forensic analysis of 

explosives using ion chromatographic methods. Anal. Chim. Acta 288, 43 (1994). 

48. C. Johns, R.A. Shellie, O.G. Potter, J.W. O'Reilly, J.P. Hutchinson, R.M. Guijt, M.C. 

Breadmore, E.F. Hilder, G.W. Dicinoski, P.R. Haddad. Identification of homemade 

inorganic explosives by ion chromatographic analysis of post-blast residues. J. 

Chromatogr. A 1182, 205 (2008). 

49. L. Barron, E. Gilchrist. Ion chromatography-mass spectrometry: A review of recent 

technologies and applications in forensic and environmental explosives analysis. 

Anal. Chim. Acta 806, 27 (2014). 

50. K.G. Hopper, H. LeClair, B.R. McCord. A novel method for analysis of explosives 

residue by simultaneous detection of anions and cations via capillary zone 

electrophoresis. Talanta 67, 304 (2005). 

51. J.P. Hutchinson, C.J. Evenhuis, C. Johns, A.A. Kazarian, M.C. Breadmore, M. 

Macka, E.F. Hilder, R.M. Guijt, G.W. Dicinoski, P.R. Haddad. Identification of 



  

 - 260 - 

inorganic improvised explosive devices by analysis of postblast residues using 

portable capillary electrophoresis instrumentation and indirect photometric detection 

with a light-emitting diode. Anal.Chem 79, 7005 (2007). 

52. B. McCord, M. Bottegal, J. Mathis, "Mass spectrometry for the analysis of low 

explosives." in Detection of biological agents for the prevention of bioterrorism, ed. 

J. Banoub. Springer: The Netherlands, 2011, pp 221. 

53. X. Zhao, J. Yinon. Characterization of ammonium nitrate by electrospray ionization 

tandem mass spectrometry. Rapid Commun. Mass Spectrom. 15, 1514 (2001). 

54. T. Tamiri. Characterization of the improvised explosive urea nitrate using 

electrospray ionization and atmospheric pressure chemical ionization. Rapid 

Commun. Mass Spectrom. 19, 2094 (2005). 

55. M.E. Sigman, P. Armstrong. Analysis of oxidizer salt mixtures by electrospray 

ionization mass spectrometry. Rapid Commun. Mass Spectrom. 20, 427 (2006). 

56. J. Pavlov, A.B. Attygalle. Direct detection of inorganic nitrate salts by ambient 

pressure helium-plasma ionization mass spectrometry. Anal. Chem. 85, 278 (2012). 

57. E.P. Nesterenko, P.N. Nesterenko, B. Paull. Zwitterionic ion-exchangers in ion 

chromatography: A review of recent developments. Anal. Chim. Acta 652, 3 (2009). 

58. P.M. Flanigan IV, D. Ross, J.G. Shackman. Determination of inorganic ions in 

mineral water by gradient elution moving boundary electrophoresis. Electrophoresis 

31, 3466 (2010). 

59. E.-G. Kobrin, H. Lees, M. Fomitsenko, P. Kuban, M. Kaljurand. Fingerprinting post-

blast explosive residues by portable capillary electrophoresis with contactless 

conductivity detection. Electrophoresis, DOI: 10.1002/elps.201300380 (2014). 

60. J.J. Brady, E.J. Judge, R.J. Levis. Mass spectrometry of intact neutral 

macromolecules using intense non-resonant femtosecond laser vaporization with 

electrospray post-ionization. Rapid Commun. Mass Spectrom. 23, 3151 (2009). 

61. P.M. Flanigan, J.J. Perez, S. Karki, R.J. Levis. Quantitative measurements of small 

molecule mixtures using laser electrospray mass spectrometry. Anal. Chem. 85, 3629 

(2013). 

62. E.J. Judge, J.J. Brady, R.J. Levis. Mass analysis of biological macromolecules at 

atmospheric pressure using nonresonant femtosecond laser vaporization and 

electrospray ionization. Anal. Chem. 82, 10203 (2010). 

63. J.J. Brady, E.J. Judge, R.J. Levis. Nonresonant femtosecond laser vaporization of 

aqueous protein preserves folded structure. P. Natl. Acad. Sci. USA 108, 12217 

(2011). 



  

 - 261 - 

64. J.J. Perez, P.M. Flanigan, S. Karki, R.J. Levis. Laser electrospray mass spectrometry 

minimizes ion suppression facilitating quantitative mass spectral response for multi-

component mixtures of proteins. Anal. Chem. 85, 6667 (2013). 

65. E.J. Judge, J.J. Brady, D. Dalton, R.J. Levis. Analysis of pharmaceutical compounds 

from glass, fabric, steel, and wood surfaces at atmospheric pressure using spatially 

resolved, nonresonant femtosecond laser vaporization electrospray mass 

spectrometry. Anal. Chem. 82, 3231 (2010). 

66. J.J. Brady, E.J. Judge, R.J. Levis. Analysis of amphiphilic lipids and hydrophobic 

proteins using nonresonant femtosecond laser vaporization with electrospray post-

ionization. J. Am. Soc. Mass. Spectrom. 22, 762 (2011). 

67. E.J. Judge, J.J. Brady, P.E. Barbano, R.J. Levis. Nonresonant femtosecond laser 

vaporization with electrospray postionization for ex vivo plant tissue typing using 

compressive linear classification. Anal. Chem. 83, 2145 (2011). 

68. P.M. Flanigan, L.L. Radell, J.J. Brady, R.J. Levis. Differentiation of eight 

phenotypes and discovery of potential biomarkers for a single plant organ class using 

laser electrospray mass spectrometry and multivariate statistical analysis. Anal. 

Chem. 84, 6225 (2012). 

69. J.J. Brady, P.M. Flanigan, J.J. Perez, E.J. Judge, R.J. Levis. Multidimensional 

detection of explosives and explosive signatures via laser electrospray mass 

spectrometry. Presented in part at Proc. SPIE: Chemical, Biological, Radiological, 

Nuclear, and Explosives (CBRNE) Sensing XIII, Baltimore, MD 8358, 83580X 

(2012). 

70. J.J. Perez, P.M. Flanigan, J.J. Brady, R.J. Levis. Classification of smokeless powders 

using laser electrospray mass spectrometry and offline multivariate statistical 

analysis. Anal. Chem. 85 296 (2013). 

71. P.K. Martinelango, J.L. Anderson, P.K. Dasgupta, D.W. Armstrong, R.S. Al-Horr, 

R.W. Slingsby. Gas-phase ion association provides increased selectivity and 

sensitivity for measuring perchlorate by mass spectrometry. Anal. Chem. 77, 4829 

(2005). 

72. R.J. Soukup-Hein, J.W. Remsburg, P.K. Dasgupta, D.W. Armstrong. A general, 

positive ion mode ESI-MS approach for the analysis of singly charged inorganic and 

organic anions using a dicationic reagent. Anal. Chem. 79, 7346 (2007). 

73. J.W. Remsburg, R.J. Soukup-Hein, J.A. Crank, Z.S. Breitbach, T. Payagala, D.W. 

Armstrong. Evaluation of dicationic reagents for their use in detection of anions 

using positive ion mode ESI-MS via gas phase ion association. J. Am. Soc. Mass. 

Spectrom. 19, 261 (2008). 



  

 - 262 - 

74. M.M. Warnke, Z.S. Breitbach, E. Dodbiba, E. Wanigasekara, X. Zhang, P. Sharma, 

D.W. Armstrong. The evaluation and comparison of trigonal and linear tricationic 

ion-pairing reagents for the detection of anions in positive mode ESI-MS. J. Am. 

Soc. Mass. Spectrom. 20, 529 (2009). 

75. Z.S. Breitbach, M.M. Warnke, E. Wanigasekara, X. Zhang, D.W. Armstrong. 

Evaluation of flexible linear tricationic salts as gas-phase ion-pairing reagents for the 

detection of divalent anions in positive mode ESI-MS. Anal. Chem. 80, 8828 (2008). 

76. X. Zhang, E. Wanigasekara, Z.S. Breitbach, E. Dodbiba, D.W. Armstrong. 

Evaluation of tetracationic salts as gas - phase ion - pairing agents for the detection 

of trivalent anions in positive mode electrospray ionization mass spectrometry. 

Rapid Commun. Mass Spectrom. 24, 1113 (2010). 

77. K.R. Jonscher, J.R. Yates III. The quadrupole ion trap mass spectrometer-a small 

solution to a big challenge. Anal. Biochem. 244, 1 (1997). 

78. J.W. Hager. A new linear ion trap mass spectrometer. Rapid Commun. Mass 

Spectrom. 16, 512 (2002). 

79. W.C. Byrdwell, W.E. Neff. Dual parallel electrospray ionization and atmospheric 

pressure chemical ionization mass spectrometry (MS), MS/MS and MS/MS/MS for 

the analysis of triacylglycerols and triacylglycerol oxidation products. Rapid 

Commun. Mass Spectrom. 16, 300 (2002). 

80. S.M. Blair, E.C. Kempen, J.S. Brodbelt. Determination of binding selectivities in 

host-guest complexation by electrospray/quadrupole ion trap mass spectrometry. J. 

Am. Soc. Mass. Spectrom. 9, 1049 (1998). 

81. C.A. Schalley. Molecular recognition and supramolecular chemistry in the gas 

phase. Mass Spectrom. Rev. 20, 253 (2001). 

82. J.G. Shackman, C.J. Watson, R.T. Kennedy. High-throughput automated post-

processing of separation data. J. Chromatogr. A 1040, 273 (2004). 

83. J.L. Gomez-Ariza, A. Arias-Borrego, T. Garcia-Barrera, R. Beltran. Comparative 

study of electrospray and photospray ionization sources coupled to quadrupole time-

of-flight mass spectrometer for olive oil authentication. Talanta 70, 859 (2006). 

84. K.L. Duffin, J.D. Henion, J.J. Shieh. Electrospray and tandem mass spectrometric 

characterization of acylglycerol mixtures that are dissolved in nonpolar solvents. 

Anal. Chem. 63, 1781 (1991). 

85. N.B. Cech, C.G. Enke. Practical implications of some recent studies in electrospray 

ionization fundamentals. Mass Spectrom. Rev. 20, 362 (2001). 



  

 - 263 - 

86. K.E. Gregory, A. Ostrinskaya, R.R. Kunz. Reagent assessment for detection of 

ammonium ion‐molecule complexes. Rapid Commun. Mass Spectrom. 27, 2797 

(2013). 

87. R.R. Hensel, R.C. King, K.G. Owens. Electrospray sample preparation for improved 

quantitation in matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry. Rapid Commun. Mass Spectrom. 11, 1785 (1997). 

88. M.S. Russell, The chemistry of fireworks. Royal Society of Chemistry: Cambridge, 

UK, 2000; p 117. 

89. C.L. Sherman, J.S. Brodbelt. An equilibrium partitioning model for predicting 

response to host-guest complexation in electrospray ionization mass spectrometry. 

Anal. Chem. 75, 1828 (2003). 

90. M. Hilario, A. Kalousis, C. Pellegrini, M. Muller. Processing and classification of 

protein mass spectra. Mass Spectrom. Rev. 25, 409 (2006). 

91. J.L.S. Lee, I.S. Gilmore, "The application of multivariate data analysis techniques in 

surface analysis." in Surface analysis - the principal techniques, ed. J.C. Vickerman, 

I.S. Gilmore. John Wiley & Sons, Ltd.: Chichester, UK, 2nd edn., 2009, pp 563. 

92. S. Wold, K. Esbensen, P. Geladi. Principal component analysis. Chemometr. Intell. 

Lab. 2, 37 (1987). 

93. A.C. Tas, J. Van der Greef. Mass spectrometric profiling and pattern recognition. 

Mass Spectrom. Rev. 13, 155 (1994). 



 

 

- 264 - 

 

CHAPTER 5  

PHENOTYPE DISCRIMINATION AND DISCOVERY OF POTENTIAL 

BIOMARKERS FOR A SINGLE PLANT ORGAN CLASS  

 

5.1 Overview 

This chapter details an experiment using laser electrospray mass spectrometry 

(LEMS) coupled with offline multivariate statistical analysis for the discrimination of 

eight phenotypes from a single plant organ class and the discovery of potential 

biomarkers. Direct analysis of the molecules from the flower petal is enabled by 

interfacing intense (10
13

 W/cm
2
), nonresonant, femtosecond laser vaporization at ambient 

pressure with electrospray ionization for post-ionization of the vaporized analytes. The 

observed mass spectral signatures allowed for the discrimination of various phenotypes 

using principal component analysis (PCA) and either linear discriminant analysis (LDA) 

or K-nearest neighbor (KNN) classifiers. Cross-validation was performed using multiple 

training sets to evaluate the predictive ability of the classifiers, which showed high 

fidelity for both LDA and KNN classifiers. Linear combinations of significant mass 

spectral features were extracted from the PCA loading plots, demonstrating the capability 

to discover potential biomarkers from the direct analysis of tissue samples. 

 

5.2 Introduction 

Mass spectral analysis techniques, such as gas chromatography-mass 

spectrometry (GC-MS) (1) and liquid chromatography-mass spectrometry (2) often 

require extensive sample preparation for analysis and identification of molecules from 
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tissue samples including, for example, homogenization, filtration, and extraction. Direct 

analysis can be performed on whole tissue samples to provide spatial information for 

imaging profiles (3-5). Secondary ion mass spectrometry (SIMS) (6-8) and matrix-

assisted laser desorption ionization (MALDI) (3-6, 9-15) have been extensively used for 

ex vivo tissue analysis; however, the tissue sample has to be freeze-dried prior to analysis 

due to the high vacuum experimental conditions. Vacuum MALDI in transmission 

geometry has been employed to image biological tissues and cells with sub-cellular and 

sub-micron spatial resolution (14).  

Atmospheric pressure mass spectral techniques, such as desorption electrospray 

ionization (DESI) (16-30), leaf spray (31), atmospheric pressure MALDI (AP-MALDI) 

(32-35), electrospray-assisted laser desorption ionization (ELDI) (36), and laser ablation 

electrospray ionization (LAESI) (37-40), permit ex vivo analysis of the tissue sample in 

its native state. For example, DESI uses an electrospray plume to impinge a tissue sample 

resulting in desorption of molecules through a droplet pickup mechanism. Leaf spray, 

derived from paper spray (41), utilizes the plant itself as an electrospray source when an 

electrical potential is applied to the leaf. Although leaf spray allows for direct mass 

analysis of certain molecules from plant samples, no spatial information can be obtained. 

DESI and laser-based methods, such as AP-MALDI, ELDI, and LAESI have enabled 

spatially resolved mass analysis of tissues, usually on the order of ~200 μm. LAESI was 

utilized to profile single cells with spot sizes of 30-40 μm using an etched tip of GeO2-

based glass fiber (42-44). Recently, nano-DESI (45-47) and atmospheric-pressure 

scanning microprobe MALDI (34) have achieved higher spatial resolutions of ~10 μm for 

tissue imaging. Neuropeptides in mouse pituitary gland were imaged with 5 μm spatial 
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resolution using AP-MALDI (35). A method utilizing AP-femtosecond laser desorption 

and ionization was used to image onion epidermis cells with ~10 μm spatial resolution 

(48). In addition to lateral spatial information, laser-based methods allow for depth 

profiling (38-39, 49). 

Tissue samples have been mass analyzed using many other ambient-based 

techniques. A broad overview of in vivo and in situ biological tissue and cell imaging 

using ambient mass spectral techniques is reported here (50). A few interesting methods 

are described as follows. Indirect mass spectral imaging of tissue samples has been 

performed after imprinting the tissue sample onto a different substrate for subsequent 

DESI analysis of the substrate (22, 30, 51-52). Biological tissues were mass analyzed in 

real-time by laser desorption/ionization using ultraviolet or far-IR laser pulses and 

transfer of the ionized molecules to the mass spectrometer by a Venturi air jet pump (53). 

Two methods for ambient analysis of tissue samples without the use of lasers or an 

electrospray directed at the surface include probe electrospray ionization mass 

spectrometry (PESI) (54-56) and rapid evaporative ionization mass spectrometry 

(REIMS) (57-58). PESI, utilizing a solid needle as the sampling probe and electrospray 

emitter, has been used for imaging of mouse brain with 60 μm resolution (54). REIMS 

utilizes thermal evaporation and ionization of tissue samples during electrosurgery and 

laser surgery to create gaseous ions that are transferred by a Venturi Pump for mass 

analysis. A method similar to REIMS analyzed brain tissue through the use of an 

ultrasonic surgical aspirator for removal of brain tissue, a Venturi pump for transfer of 

the material, and a supersonic spray for mass spectrometry (59).  
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Recently, direct tissue analysis was enabled by a novel laser-based mass 

spectrometric technique called laser electrospray mass spectrometry (LEMS). Different 

Impatiens plant organs (flower petal, leaf and stem) and green and white regions of the 

zebra plant were mass analyzed using LEMS and discriminated with an offline classifier 

(49). LEMS is an ambient mass spectrometric method that utilizes a nonresonant, 

femtosecond (fs) laser for vaporization prior to post-ionization by an ESI source. The 

femtosecond laser pulse vaporizes the nonvolatile sample material without the necessity 

of a particular resonant transition in the sample or a matrix due to the nonlinear 

absorption of the laser pulse. The nonresonant absorption of the radiation is enabled by 

the high intensity of the laser pulse (10
13

 W/cm
2
). The gas phase analyte released as a 

result of the process is subsequently captured and ionized by an electrospray plume prior 

to transfer into the mass spectrometer for mass analysis. In this manner, LEMS has 

enabled mass spectral analysis for small biomolecules (60-61), proteins (62-64), lipids 

(65), explosives (66-69), narcotics and pharmaceuticals (70) adsorbed onto surfaces at 

atmospheric pressure, without extensive sample preparation. 

The application of mass spectrometry to the analysis of complex mixtures often 

requires multidimensional or multivariate statistical analysis for the characterization and 

differentiation of the constituents composing the sample. Multivariate data analysis 

reveals the relationship between many variables, and in the case of mass spectrometry, 

these consist of the distribution of mass-to-charge (m/z) ratios. These relationships can 

then be used for the detection of similar profiles, the differentiation between profiles, and 

classification of unknown mass spectra according to predefined classes (71). Statistical 

analysis has been previously used to classify mass spectra of tissue samples obtained with 
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GC-MS (1), SIMS (8), and MALDI (11-12). Hierarchical cluster analysis and principal 

component analysis (PCA) were used for phenotype classification of Arabidopsis leaves 

based on GC-MS metabolic fingerprinting (1). Individual cell types were identified 

within heterogeneous cultures through the use of PCA and partial least squares-

discriminant analysis (PLS-DA) of SIMS mass spectra (8). In addition, PCA was used to 

differentiate regions of animal tissues in mass spectral images obtained with MALDI (11-

12).  

Multivariate analysis frequently starts with a dimensionality reduction method, 

such as PCA, to address the problem of high dimensionality and small sample sizes, thus 

reducing the size of the variable set prior to analysis (72). PCA transforms raw variables 

(i.e., m/z ratios for mass spectral data) from the data set into a limited number of new 

variables, called principal components (PCs), that are constructed as linear combinations 

of the original variables (71, 73-74). Principal components are orthogonal functions that 

contain the maximum amount of variance in the data set with a minimum number of 

functions. Principal components are often ordered according to the decreasing amount of 

variance (e.g., PC1 contains the largest amount of variance, PC2, orthogonal to PC1, 

displays the next largest amount of variance, etc.). Extracting a handful of variables from 

a large initial data set not only simplifies the classification but also often results in the 

discovery of biomarkers, and this is one motivation for performing biological mass 

spectrometry experiments (72), especially on tissues. For example, mass spectrometry 

combined with multivariate discriminant analysis and classification procedures can lead 

to the differentiation of tissue samples into classes, such as diseased vs. non-diseased. 

The biomarkers characteristic to each class could be used for diagnostic purposes (75). 
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Two previous LEMS investigations were subjected to multivariate data analysis 

that resulted in high fidelity classifications. The first investigation involved the 

discrimination of different plant tissues using a compressive linear classifier (CLC) and 

linear discriminant analysis (LDA) (49). Briefly, the CLC reduced the dimensions of the 

raw mass spectral data with an empirically-set intensity threshold. A matrix (M) 

containing the reduced mass spectra was multiplied by a randomized matrix (T), yielding 

a transformed matrix (MT) that was classified using LDA. The process of applying 

random perturbations to the T matrix and reclassification of MT was repeated iteratively 

until misclassifications in the LDA process were minimized. The CLC resulted in 98.5% 

overall accuracy and outperformed principal component regression (PCR) analysis for 

this data set. The second investigation concerned the discrimination of improvised 

explosive device (IED) signatures for inorganic salts (67) that was explained in detail in 

Chapter 4.  

Here, the use of LEMS with an offline classifier, a combination of PCA with 

either LDA or K-nearest neighbor (KNN) classifiers, is further explored for the 

discrimination of various phenotypes of the same organ type. Figure 5.1 shows a 

representation of the LEMS experiment for phenotype classification of tissue sample. 

This experiment demonstrates that the analysis of the various phenotypes of Impatiens 

plant flower petals results in different mass spectral features, and these can be used to 

categorize the phenotype with a high success rate. In addition to phenotype 

discrimination, linear combinations of the mass spectral features responsible for 

phenotype differentiation are identified as potential biomarkers through the use of PCA 

loading plots. 
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Figure 5.1. Representation of the experimental scheme for phenotypic discrimination of a 

single tissue class using LEMS and multivariate statistics. 
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5.3 Experimental 

5.3.1 Sample Preparation 

Eight phenotypes (Figure 5.2; white, red, hot pink, light pink, light purple, purple, 

orange, and coral) of the Impatiens plant flower petals were obtained from the Temple 

University campus. The flower petals were cut in 5 mm x 15 mm rectangles immediately 

before analysis and affixed to a stainless steel slide using double-sided tape. The sample 

slide was then placed in the LEMS source chamber on a metal plate that was situated on a 

three-dimensional translational stage, which allowed for the stage and the flower petal to 

be raster scanned in order for new sample to be analyzed with every laser pulse. 

 

5.3.2 Laser Vaporization 

The laser vaporization, ionization, and detection apparatus has been previously 

described in detail (49, 60, 62-63, 65-67, 70). Briefly, the laser system used for 

vaporization is comprised of an oscillator (KM Laboratories, Inc., Boulder, CO, USA) 

that seeds a regenerative amplifier (Coherent, Inc., Santa Clara, CA, USA), which creates 

70 fs, 2.5 mJ pulses centered at 800 nm. The laser’s repetition rate was set to 10 Hz to 

allow for fresh sample to be vaporized for each laser pulse and to enable synchronization 

with the hexapole of the electrospray ion source (60), which was operated in trapping 

mode. The femtosecond laser pulse was focused to a spot size of ~ 300 μm in diameter 

using a 16.9 cm focal length lens, with an incident angle of 45° with respect to the 

sample. The intensity of the laser at the area sampled was approximately 2 x 10
13

 W/cm
2
. 

The vaporization volume was approximately 300 micron in diameter and 10 micron deep. 

The sample was positioned 6.4 mm below and 1 mm in front of the electrospray needle.  
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Figure 5.2. Photograph of the eight different phenotypes of Impatiens plant flower petals 

labeled with their respective colors. 
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The steel sample plate was biased to –2.0 kV to compensate for the distortion of the 

electric field between the capillary and the needle caused by the introduction of the 

sample stage. As a result of laser irradiation, analytes were ejected in a direction 

perpendicular to the electrospray plume, where capture and ionization occurred. 

 

5.3.3 Ionization and Mass Spectrometry 

The electrospray source (Analytica of Branford, Inc., Branford, CT, USA) used to 

capture, ionize, and transfer the vaporized material utilizes an electrospray needle, 

dielectric capillary, skimmer, and a hexapole. The electrospray source was operated in 

positive ion mode wherein the electrospray needle was maintained at ground while the 

inlet capillary was biased to –4.5 kV. The ESI needle was 6.4 mm in front of the capillary 

entrance and 6.4 mm above and parallel to the sample stage. The acidified electrospray 

solvent, 1:1 (v:v) water–methanol (Fisher Scientific, Fair Lawn, NJ, USA) with 1% acetic 

acid (Fisher Scientific), was pumped through the needle by a syringe pump (Harvard 

Apparatus, Holliston, MA, USA) at a flow rate of 3 μL/min. The electrospray plume was 

dried by counter current nitrogen gas at 180°C before entering the inlet capillary. 

The created ions were transferred to a hexapole contained within the electrospray 

ion source via a dielectric capillary. Trapping was performed in the hexapole for 250 s 

at a repetition rate of 10 Hz to increase the ion yield. After trapping, the ions were 

transferred into a pulsed orthogonal time-of-flight (o-TOF), via a RF only hexapole 

(transmission mode), where mass separation and detection occurred. Each experiment 

consisted of averaging 50 laser shots (10 Hz repetition rate for a total of 5 second 

acquisition time) for a mass spectrum, which were averaged using a digital oscilloscope 
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(LeCroy Wavesurfer 422, LeCroy Co., Chestnut Ridge, NY, USA). Three separate flower 

petals of each phenotype were analyzed with 10 experiments performed on each sample 

for a total of 30 experiments of each phenotype. 

An ESI solvent background mass spectrum was acquired before vaporization of 

each sample set to allow background subtraction of solvent-related peaks. Negative 

features observed in the blank-subtracted mass spectra result from the vaporized analytes 

competing for charge and thus altering the solvent ion distribution. Positive features in 

the mass spectrum that are not labeled in the blank-subtracted mass spectra are solvent-

related features. 

The ESI-o-TOF mass spectrometer, constructed in-house, was calibrated using an 

ESI tuning solution (Agilent Technologies, Inc., Santa Clara, CA, USA) containing 

species that form ions with known m/z values from m/z 100 to 3000. The flight times of 

the ionized species were used to calibrate the m/z range of the ESI-o-TOF using a 

quadratic fit in a custom Labview 8.5 program (National Instruments, Austin, TX, USA). 

The estimated error for m/z values, which was calculated using the theoretical m/z values 

and the experimental m/z values for the analytes from the ESI tuning solution, was 

approximately 0.1% (1000 ppm). The resolution of the instrument was determined to be 

~220 m/Δm using the FWHM for the peak at m/z 463.5 from the red flower phenotype. 

Note that due to the mass accuracy and the low resolution of the instrument, the 

experimental m/z values are rounded to the nearest 0.5 m/z and thus may differ slightly 

from reported values. 
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5.3.4 Principal Component Analysis and Classification 

The raw mass spectral data files obtained from the digital oscilloscope were saved 

using a custom Labview 8.5 program and imported into Origin 7.5 (OriginLab, 

Northampton, MA, USA) for data manipulation. The major pre-processing steps prior to 

classification included baseline subtraction, which was written into the Labview code 

used to save the mass spectra, and spectral realignment to a solvent feature common to all 

the mass spectra at m/z 279.0 (not shown in blank subtracted mass spectra in Figure 1). 

From the 30 experiments obtained for the eight phenotypes, a randomized training 

set was created consisting of 5 spectra for each of the eight phenotypes, yielding a 40 x 

4300 matrix. Note that the m/z range was reduced from m/z 1 to ~5600 (10000 data 

points) to m/z ~75 to 1600 (4300 data points) for quicker computations. PCA was 

performed on the training set using Matlab, yielding a transformed data set [score matrix 

(40 x 4300 matrix) times the transposed matrix of the calculated eigenvectors (4300 x 

4300 matrix)]. The eigenvectors, also known as coefficients or loadings, obtained from 

PCA of the training set were then multiplied by the mean-adjusted data of the testing set, 

which contained the remaining 25 spectra of each of the eight phenotypes (resulting in a 

200 x 4300 matrix). Classification of the testing data was performed in Matlab using 

linear discriminant analysis or K-nearest neighbor (k = 2, cityblock metric) classifiers.  

Cross-validation (CV) methods have been used to evaluate the predictive ability 

of statistical analysis methods in the classification of mass spectral data (72, 76-80). To 

assess the overall accuracy and robustness of the predictive model, repeated sub-sampling 

cross-validation was performed using the phenotype tissue LEMS data. The 30 mass 

spectra for each tissue phenotype (240 total) were split into six different sets, where the 
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training sets consisted of 5 random spectra for each phenotype (40 total) and the testing 

sets comprised of the remaining 25 spectra for each phenotype (200 total). After a mass 

spectrum was used in a training subset, it was ruled out for other training subsets, so each 

spectrum of the 240 total spectra was used in a training set exactly once. Table 5.1 lists 

the mass spectra of each phenotype used for the CV training sets. Low values for the 

root-mean-square deviations (RMSD) of the cross-validation reveals robustness in the 

classification procedure (73). The RMSD metric arises from analysis of the spread of 

classification error as the training set cycles through the data set. 

 

5.3.5 Safety Considerations 

 Appropriate laser eye protection was worn by all lab personnel. 

 

5.4 Results and Discussion 

5.4.1 Laser Electrospray Mass Spectrometry of Impatiens Plant Flower Petals  

In a previous study, nonresonant femtosecond laser vaporization with electrospray 

post-ionization was successfully used as a means for differentiation of diverse plant organ 

types (Impatiens leaf, stem and petal; green and white zebra plant leaf) (49). In the 

current investigation, LEMS and multivariate statistical methods were used to 

discriminate eight different phenotypes (Figure 5.2) of Impatiens plant flower from the 

same organ class. Figure 5.3 shows the representative LEMS mass spectra of the flower 

petals in the lower mass region. Most of the peaks below m/z 400, such as those at m/z 

165.0, 177.0, 194.5, 198.5, 219.0, and 344.5, are common to all phenotypes. Some of 

these features correlate with the small organic acids p-coumaric acid, ferulic acid–H2O  
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Table 5.1. List of mass spectra used for each cross-validation training set. 

 

Cross-validation 

Training Set 

Mass spectrum number for 

each phenotype 

1 1,  8, 16,  23, 30 
2 2,  7,   9,  17, 24 
3 3, 10, 18, 25, 29 
4 4, 11, 14, 19, 26 
5 5, 12, 15, 20, 27 
6 6, 13, 21, 28, 22 
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Figure 5.3. LEMS mass spectra (blank-subtracted) of the lower m/z region for the eight 

Impatiens plant flower petal phenotypes. Peaks, which are identified with their 

m/z values, are listed in Table 5.2 with their possible corresponding biological 

compounds. 
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and ferulic acid at m/z 165.0, 177.0 and 194.5, respectively, which are typically found as 

acylations of major compounds found in plants (81-82). Although these phenolic moieties 

are usually observed in negative ion mode ESI due to higher ion abundance, they can also 

be observed in positive ion mode ESI (83-84). Table 5.2 lists the possible peak 

assignments based on those found in literature (33, 81-82, 85-90) since tandem MS 

analysis could not be performed with the instrument used in this study. Although the 

majority of the features are common among the mass spectra, some peaks may help 

distinguish the different phenotypes, such as the unique features observed at m/z 284.0, 

287.5, and 301.0 for the light purple, coral, and red mass spectra, respectively, as 

observed in Figure 5.3. Two of these features likely correspond to cyanidin (m/z 287.5) 

and peonidin (301.0) that are anthocyanidins, known plant pigments that contribute to 

coloring of the coral and red flower petals, respectively (91-92).  

The representative LEMS mass spectra of the higher m/z region (m/z 400 – 850) 

for the eight phenotypes (Figure 5.4) contain the peaks with the highest ion abundances 

in the mass spectra for all phenotypes. The major features observed in this region, m/z 

433.5, 449.5, 463.5, 465.5, 535.0, 551.0, 565.0, 579.5.0, 595.0, 609.0, 610.5, 741.0, 

771.0, 783.0, and 801.0 are most likely due to flavonoids, including water-soluble 

anthocyanins that constitute the different phenotypes of the flower petals. Since few 

peaks are common to all phenotypes, e.g., m/z 449.5 and 595.0, this mass spectral region 

should contain distinguishing features. Some peaks in the mass spectra are common to all 

phenotypes except for one phenotype, such as m/z 579.5 and 741.0 that are absent in the 

white and light purple mass spectra, respectively. Unique features observed in the mass 

spectra for individual phenotypes include m/z 463.5, 609.0, and 690.0 for the red  
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Table 5.2. List of features and peak assignments for the Impatiens plant flower petals 

based on results from literature. 

 

Peak m/z Peak assignment References 
1 127.0    

2 131.0    

3 145.0 p-coumaric acid – H2O* (81-82) 

4 159.0    

5 165.0 p-coumaric acid* 

rhamnose* 

(81-82) 

(82) 

6 177.0 ferulic acid – H2O* (81-82) 

7 180.0 hexose sugar (glucose or galactose)* 
caffeic acid* 

(81-82) 
(82) 

8 191.0    

9 194.5 ferulic acid* (81) 

10 198.5    

11 203.0 p-coumaric acid + K+ 

rhamnose + K+ 

(81-82) 

(82) 

12 210.0    

13 215.0 ferulic acid + K+ (81) 

14 219.0 hexose sugars + K+ (33) 

15 284.0    

16 287.5 kaempferol  
luteolin 

(85, 88) 
(85, 90) 

17 301.0 Peonidin (90) 

18 319.0 Myricetin (88) 

19 326.0 Rutinose (81-82) 

20 335.5    

21 339.5    

22 344.5    

23 360.5 trans/cis clovamide* (85) 

24 365.5 sucrose + Na+ (33) 

25 411.5 sesamolinol + K+ (33) 

26 433.5 kaempferol-3-O-rhamnoside 

pelargonidin 3-glucoside 
genistin, apigenin-7-O-B-D-glucoside 

luteolinidin 5-glucoside 

(88) 

(82, 90) 
(85) 

(82) 

27 449.5 cyanidin 3-gluocoside 

kaempferol-3-O-hexoside, quercitrin 

luteolin 7-O-B-D-glucoside 

(82, 86, 90) 

(88) 

(85) 

28 463.5 peonidin 3-glucoside 

pratensein 7-O-B-D-glucoside 

(82, 90) 

(85) 

29 465.5 delphinidin-3-glucoside 

delphinidin 3-galactoside  

hyperoside, isoquercitrin 

(81-82, 86, 90) 

(82) 

(85) 

30 479.0 petunidin 3-glucoside 
quercetin-3-glucoside 

petunidin 3-galactoside 

(82, 86, 90) 
(90) 

(82) 

The asterisk (*) denotes that the experimental m/z value differs by one m/z unit from the 

literature reference. 
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Table 5.2. continued  

 

Peak m/z Peak assignment References 
31 481.0    

32 487.5    
33 493.0 malvidin 3-glucoside 

malvidin 3-galactoside 

(82, 86, 90) 

(82) 

34 495.0    

35 509.5    

36 535.0 malvidin 3-acetylglucoside 

cyanidin 3-(3"-malonoyl)glucoside, cyanidin 3-(6"-

malonoyl)glucoside 

(90) 

(82) 

37 551.0 isoquercitrin 6"-O-malonate 

gallic acid + sucrose + K+ 

(85) 

(33) 

38 556.0    

39 565.0 pelargonidin + 1hexose + 1pentose 

pelargonidin 3-sambubisoside 
thymidine-diphosphate-D-glucose +H+ 

(81) 

(82) 
(33) 

40 579.5 pelargonidin-3-rutinose (81-82, 86) 

41 595.0 cyanidin 3-coumaroylglucoside 

kaempferol-3-O-rutinoside, kaempferol-3-,7 hexose-rhamnoside 

cyanidin 3-(glucosyl)rhamnoside 

(81, 90) 

(88) 

(82) 

42 609.0 peonidin 3-coumaroylglucoside 

pelargonidin 3-(feruloyl)diglucoside 

(90) 

(82) 

43 610.5 delphinidin 3-coumaroylglucoside 

cyanidin 3,5-diglucoside 

rutin 

delphinidin 3-rutinoside 

(81, 90) 

(82, 86, 89-90) 

(88) 

(82) 
44 625.0 petunidin 3-coumaroylglucoside 

peonidin-3,5-diglucoside 

(81, 90) 

(89-90) 

45 670.0    

46 690.0    

47 741.0 pelargonidin + rutinose + 1 hexose, pelargonigin-3-rutinose-5-

glucoside 

(81) 

48 757.0 pelargonidin+3 hexose, Pelargonidin-3-sophorosize-5-glucoside 

pelargonidin 3-diglucoside-5-glucoside 

cyanidin 3-coumaroyl-5-diglucoside 

(81) 

(86) 

(82, 90) 

49 771.0 peonidin 3-coumaroyl-5-diglucoside 

pelargonidin 3-(feruloyl)diglucoside 

(90) 

(82) 

50 783.0    
51 801.0 malvidin-3-coumaroyl-5-diglucoside (81, 86, 90) 

52 813.0 peonidin-3-O-(6-O-p-coumaryl)-5-O-diglucoside (87) 

53 1067.5    

54 1096.0    

55 1127.0 cyanidin 3-(sinapoyl)(p-coumaroyl)diglucoside-5-glucoside* 

cyanidin 3-(feruloyl)(feruloyl)diglucoside-5-glucoside* 

pelargonidin 3-(p-hydroxybenzoyl)(caffeoyl)diglucoside-5-

(malonoyl)glucoside* 

(82) 

(82) 

(82) 

56 1189.0    

57 1220.5    

58 1235.5    
59 1521.0    
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Figure 5.4. LEMS mass spectra (blank-subtracted) of the higher m/z region for the eight 

Impatiens plant flower petal phenotypes. The features above m/z 1050 are 

magnified 10x. Peaks, which are identified with their m/z values, are listed in 

Table 5.2 with their possible corresponding biological compounds.  
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phenotype, 813.0 for the hot pink phenotype, 670.0 for the light purple phenotype, 481.0, 

495.0, and 509.5 for the purple phenotypes (purple and light purple) and 556.0 for the 

coral phenotype. Distinguishing the eight phenotypes without multivariate analysis would 

be an arduous task as there are more than 50 relevant features in the mass spectra. 

 

5.4.2 Multivariate Classification 

In this current investigation, LEMS mass spectra obtained from the eight 

Impatiens phenotypes, as seen in Figure 5.3 and Figure 5.4, were subjected to 

multivariate data analysis to evaluate the potential for discrimination of different 

phenotypes from the same organ type. Unlike the previous classifications of LEMS data 

(49, 67), the samples were of the same organ type and the classification was performed 

on the whole mass spectral range of interest rather than focusing on the integrated 

intensities of selected signature features as was performed in the prior inorganic 

explosives investigation (67). Figure 5.5 shows the projection of the training and testing 

data from cross-validation (CV) set 1 using the first three PCs. The training set and 

testing set are denoted by the unfilled and filled symbols, respectively. The PCA 

projection plots are magnified to show separation among white, light pink, and coral 

flower petals in Figure 5.6 and hot pink, light purple, and purple flower petals in Figure 

5.7. As can been seen, the PCA procedure clustered the different phenotypes well, 

allowing for the accurate categorization with LDA and KNN classifiers.  

To extract the maximum information from a mass spectrometric data set, one 

needs to make certain assumptions regarding data generation. Linear discriminant  
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Figure 5.5. PCA score plot for the eight Impatiens plant flower petal phenotypes. The 

PCA score plot is projected in three dimensions (first three PCs) for white 

(■), red (●) hot pink (▲), light pink (▼), light purple (♦), purple (◄), 

orange (►), and coral (dark cyan, hexagon) flower petals showing 

separation among the groups. The open and the filled colored symbols 

represent the training and testing sets for each phenotype, respectively. 
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Figure 5.6. Magnified PCA score plot for the white, light pink, and coral Impatiens plant 

flower petal phenotypes. 
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Figure 5.7. Magnified PCA score plot for the pink, light purple, and purple Impatiens 

plant flower petal phenotypes.  
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analysis, a parametric approach, assumes that the data has a Gaussian probability 

distribution (72) and is one of the most widely used classification methods for mass 

spectrometry data. Because LDA struggles with the high dimensionality problem, a 

dimensionality reduction method, such as PCA (67, 93) or its supervised complement, 

PLS (78), is usually performed before LDA to ensure the best classification results (73). 

The K-nearest neighbor classifier is non-parametric and makes no prior assumptions 

about the training data (72). KNN classifies an object to the class most common from the 

training set in the local vicinity, which is defined by the parameter k, the number of 

neighbors to be used for classification. For example, if k = 3, an object is classified based 

on the majority of the three closest training points and their respective classes.  

The results from the classification using LDA and KNN are shown as divisions of 

the six different CV testing subsets and by flower petal color in Table 5.3 and Table 5.4, 

respectively. Although KNN slightly outperformed LDA, both methods classified the 

testing sets with high fidelity, resulting in accuracies of 96.8% and 93.7%, respectively. 

The RMSD of the cross-validation were 2.3% and 1.4% when comparing among CV sets 

(Table 5.3) and 7.6% and 5.1% when comparing among phenotypes (Table 5.4) for LDA 

and KNN, respectively. The RMSD values were higher for the phenotype data as there 

was more variation in the range of correctly classified spectra among the flower petals 

(i.e., 78.7 % to 100.0% for LDA) than the CV sets (i.e., 91.0% to 97.5% for LDA). These 

low RMSD values show the robustness of the classification procedure for the current data 

set. The phenotypes with the highest percentage of misclassifications, in decreasing 

order, were the white, coral, and light pink flower petals. This is not surprising given the 

fact that the three phenotypes are closely grouped together in the three-dimensional PCA  
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Table 5.3. Classification of the eight Impatiens phenotypes for the six cross-validation 

(CV) sets. 

CV set  

Linear Discriminant Analysis K-Nearest Neighbor 

Samples Correctly 

Characterized 
Percent  

Samples Correctly 

Characterized 
Percent  

Set 1 195/200 97.5 % 198/200 99.0 % 

Set 2 194/200 92.5 % 194/200 97.0 % 

Set 3 189/200 91.0 % 189/200 94.5 % 

Set 4 194/200 91.5 % 194/200 97.0 % 

Set 5 191/200 94.0 % 191/200 95.5 % 

Set 6 195/200 95.5 % 195/200 97.5 % 

Total  1124/1200 93.7 % 1161/1200  96.8 % 

 
Root-Mean-

Square Deviation 
2.3 % 

Root-Mean-

Square Deviation 
1.4 % 

 

 

 

 

 

Table 5.4. Classification of the eight Impatiens phenotypes for each flower petal color 

shown as a summation of the six cross-validation sets. 

Flower Petal 

Color 

Linear Discriminant Analysis K-Nearest Neighbor 

Samples Correctly 

Characterized 
Percent 

Samples Correctly 

Characterized 
Percent 

White 118/150 78.7 % 131/150 87.3 % 

Red 147/150 98.0 % 150/150 100.0 % 

Hot Pink 150/150 100.0 % 149/150 99.3 % 

Light Pink 135/150 90.0 % 148/150 98.7 % 

Light Purple 150/150 100.0 % 150/150 100.0 % 

Purple 150/150 100.0 % 150/150 100.0 % 

Orange 146/150 97.3 % 150/150 100.0 % 

Coral 128/150 85.3 % 133/150 88.7 % 

Total 1124/1200 93.7 % 1161/1200 96.8 % 

 
Root-Mean-Square 

Deviation 
7.6 % 

Root-Mean-

Square Deviation 
5.1 % 
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projection plot (Figure 5.6). Most likely, these three phenotypes would be better 

discriminated if PCA was performed on a smaller set of phenotypes. Note that only 

77.1% of the variance was explained by the first three PCs and it takes nine PCs to 

explain 95.7% of the variance (as seen in Figure 5.8). The distribution of variance into 

nine components offers an explanation for the minor number of misclassifications using 

the first three components. Variations in the relative peak intensities are expected since 

flower petals may not be in the same stage of growth and may have varying amounts of 

the same compound (94), which may also affect the classification, as LDA has a 

Gaussian distribution bias. However, the clear separation in three-dimensional space and 

the accurate classification of the different phenotypes, as evaluated with cross-validation, 

demonstrates that PCA with LDA or KNN classifiers can be can be used to discriminate a 

large number of variations of the same tissue type. 

 The fact that multivariate analysis of the 50 relevant features in the mass spectra can 

be used to distinguish the eight phenotypes suggests that the reproducibility of the LEMS 

measurement is good. A previous LEMS investigation (49) of different plant tissues (petal, 

stem and leaf) showed good reproducibility for the mass spectral response for measurements 

on different locations of the same tissue sample and on different tissue samples. It has been 

shown that the LEMS signal scales linearly with concentration in a two component lipid 

system (65). The quantitative nature of LEMS in the analysis of small biomolecule mixtures 

(61) has also been discussed in detail in Chapter 3. Such scaling is also beneficial for 

multivariate analysis. In addition, it should be noted that the limit of detection for LEMS has 

been shown to be about two orders of magnitude less sensitive than conventional ESI-MS 

(65), which is due to the ~ 1% neutral capture efficiency for the current apparatus (70). 
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Figure 5.8. Plot of variance explained for the individual principal components and the 

summed variance explained determined by PCA on the training data from 

CV set 1. The variance explained and summed variance explained are 

shown as red bar graph and blue squares and line, respectively. The total 

variance explained percentages for PCs 1-3, 1-6, and 1-9 are labeled on the 

plot for clarification. 
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5.4.3 Biomarker Discovery 

 For biological tissue analysis, the elucidation of biomarkers is important for the 

discovery of indicators for disease diagnosis. In closely related tissue types, no single 

mass feature is likely to be a biomarker; rather the linear combination of multiple masses 

will form the biomarker. This is precisely what PCA represents. To determine if the 

current classification method was capable of discovering biologically relevant features in 

high dimensional space from the LEMS phenotype plant flower petal data, the PCA 

loadings (for training subset 1) were plotted for the first three PCs in Figure 5.9. The 

loading value of a variable (i.e., a particular m/z ratio for the mass spectral data) indicates 

how much of that variable contributes to defining the PC (74). The m/z ratios that 

contribute the most to the PC have loading values furthest from zero. The set of PCs 

calculated from the mass spectral training set diagonalizes the matrix of mass spectral 

features, thus providing the maximal separation for each phenotype comprising the 

training set, ideally in reduced dimension. The use of PCA is necessary when each 

phenotype provides a distinct linear combination of the set of mass spectral features.  

For a given PC, variables correlated to a phenotype have loading values with 

similar signs (either positive or negative) to phenotypic score values whereas 

anticorrelated variables have opposite signs. An example using the orange phenotype to 

demonstrate how correlation affects the PCA loading and score values is shown in Figure 

5.10. The mass spectral variables m/z 433.5 and 741.0 have negative PC1 loadings and 

are positively correlated with the orange phenotype, which is projected into the negative 

PC1 scores. Conversely, the variables m/z 463.5, 609.0, and 771.0 have positive PC1  
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Figure 5.9. PCA loading plots for the first three principal components for CV set 1 from 

the LEMS analysis of the Impatiens plant flower petals. The loading values 

highlight important mass spectral features, which are labeled with m/z values 

for clarification, that comprise the potential biomarkers.  
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Figure 5.10. Diagram showing the effect of the correlation between the PC loading values 

and the mass spectrum on the PC score values using the orange phenotype 

as an example.  
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loadings and thus are negatively correlated to the orange phenotype. As seen in the 

orange phenotype mass spectrum, the features at m/z 433.5 and 741.0 are present while 

the features at m/z 463.5, 609.0, and 771.0 are either not observed or have very low ion 

abundance.  

Thus, the potential biomarkers for discrimination of Impatiens plant flower petals 

are composed of the PCs derived primarily from the features above m/z 400 in the mass 

spectra, specifically linear combinations of m/z 433.5, 449.5, 463.5, 579.5, 595.0, 609.0, 

741.0, 771.0, 783.0, and 801.0. Chemically, these features are mostly variants of 

anthocyanins (based on probable assignments (Table 5.2)), including cyanidin, malvidin, 

pelargonidin, peonidin, and petunidin, which give rise to the different colors of the flower 

petals that define their respective phenotypes (91). The PCA loading results of the first 

three principal components showed the same set of mass features for all six cross-

validation training sets (Figure 5.11). The ability to extract important variables from the 

PCA loading plots demonstrates that multivariate data analysis on LEMS mass spectra 

can be used to discover potential biomarkers for the discrimination of tissue samples. 
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Figure 5.11. PCA loading plots for the first three principal components comparing the 

results obtained from the six different CV sets. 
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5.5 Conclusions 

The ability to classify complex biological samples is an important step toward 

diagnosing diseased tissues. Discovering the linear combinations of features in high 

dimensional space that distinguish the classes is an important route to biomarker 

development for diagnosis because in complex samples, the probability that a single 

feature will provide robust classification is small. This chapter demonstrated that LEMS 

is capable of direct mass spectral analysis of ex vivo plant tissue samples for 

discrimination of various phenotypes. The femtosecond laser pulse nonresonantly 

vaporizes molecules directly from the plant tissue into the gas phase where they are 

captured by the electrospray solvent, ionized, and mass analyzed. Analysis of the mass 

spectra of the phenotypes reveals that multiple features, which are correlated to 

biologically relevant molecules, are required for discrimination. All eight phenotypes of 

the Impatiens flower petals were differentiated with high accuracy using an offline 

classifier, consisting of PCA followed by LDA or KNN. The robustness of the 

classification was confirmed with a cross-validation study. Important variables, which 

correlate well with compounds relevant to plant flower petals, were extracted from the 

PCA loading plots, demonstrating the ability to discover potential biomarkers from direct 

tissue analysis using LEMS. The capability to distinguish eight phenotypes from a single 

plant organ class is a precursor for the analysis and classification of more complicated 

biological tissue samples, such as diseased human tissues. 
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CHAPTER 6  

SUMMARY AND OUTLOOK 

 

Using femtosecond laser pulses for vaporization of surface molecules followed by 

capture and post-ionization with electrospray ionization-mass spectrometry (ESI-MS) 

enables universal surface analysis without any sample preparation requirements. Previous 

experiments using laser electrospray mass spectrometry (LEMS) have demonstrated the 

ability for femtosecond laser pulses to transfer a wide range of molecules into the gas 

phase through nonresonant vaporization, regardless of the size, polarity, and condensed 

phase of the molecule. Various biomolecules were transferred into the gas phase intact 

and mass analyzed, including lipids, peptides, proteins, and explosives. This direct 

sampling technique provides the benefits of atmospheric pressure analysis along with the 

capabilities for imaging applications, which was previously shown using oxycodone. 

In this dissertation, the understanding of the vaporization and post-ionization 

processes was advanced. The internal energy deposition was measured for nonresonant 

vaporization of dried and liquid samples with highly intense, femtosecond laser pulses. 

Analysis of dried samples using highly energetic, 800 nm laser pulses resulted in lower 

survival yields and higher mean internal energies compared to conventional ESI-MS. A 

two-photon excitation with 800 nm light was the probable cause of the excessive 

fragmentation as the fragmentation was reduced with lower energy, 800 nm laser pulses. 

Also, there was little to no fragmentation when using 50 μJ, 1042 nm laser pulse-bursts, 

resulting in similar internal energy distributions to nanospray measurements. 

Vaporization of molecules from liquid states using either laser wavelength resulted in 
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comparable internal energy deposition to the conventional analysis methods, leading to 

the conclusion that the mechanisms in the analysis of molecules from dried and liquid 

states are different. The quantitative aspects of LEMS were thoroughly examined using 

multiple mixtures of small biomolecules. LEMS was shown to be as quantitative as 

conventional electrospray, if not better, as ion suppression limited the mass spectral 

response at higher concentrations in ESI-MS. The lack of ion suppression with LEMS 

was presumed to be the result of the ~1% neutral capture efficiency and not due to non-

equilibrium partitioning as the analyte response factors were necessary for quantitative 

analysis. 

In addition to the previous experiments, classification and identification of 

potential biomarkers from LEMS experiments was advanced through the use of principal 

component analysis. Using a novel electrospray complexation mixture, many signatures 

from inorganic-based explosives could be identified rapidly and used for classification of 

the explosives. The complexation mixture was shown to be amenable to conventional 

explosive mixtures as well. Direct analysis of different colored plant flower petals 

allowed for the mass spectral identification of anthocyanins, which were the key 

biomarkers that allowed for the accurate classification of the phenotypes. 

These experiments contributed to the understanding of how the nonresonant 

vaporization and post-ionization processes proceed when using femtosecond laser pulses 

and electrospray post-ionization. The “soft” vaporization of analytes and the performance 

of quantitative measurements of mixtures have been explored and can be applied to other 

molecular systems. These experiments also laid the groundwork for imaging and 

classification of complex samples, including diseased vs. non-diseased tissue samples. 
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