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ABSTRACT

This dissertation expounds growing insight of the electrospray droplet ionization
mechanism following ablation of dried hydrophobic and hydrophilic molecules using
femtosecond laser pulses and mass analysis of the gas phase ions. Both hydrophobic and
hydrophilic molecules were laser vaporized into an electrospray solvent opposite in
polarity revealing appreciable ion intensity for all samples in contrast to ESI-MS and
DESI measurements were solubility of the analyte in the spray solvent is a prerequisite.
Quantitative analysis of equimolar protein solutions was established using LEMS
reporting over three decades of quantitave response with little evidence of ion
suppression. In contrast, ESI-MS measurements of similar equimolar protein solutions
revealed severe ion suppression eliminating ion current from one of the protein analytes.
Finally, the nature of an analyte following nonresonant laser vaporization has been the
subject of debate. Aqueous trypsin was laser vaporized into an electrospray solvent
containing either buffer or acid with substrate. LEMS measurements using buffer
revealed enzyme-substrate intermediate charge states and continued enzymatic activity
while the lack of enzyme-substrate intermediates and stymied enzymatic activity
observed using acid suggests nonresonant laser vaporization preserves solution phase
structure.
This dissertation also extends considerably the use of LEMS for identification
and characterization of energetic materials in their pre- and post-blast forms without
sample preparation. The use of mulivarate analysis for the classification of large sample
sets was also demonstrated showing high fidelity assignment of commercial formulations
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to their manufacturer. Five unburnt smokeless powders investigated using LEMS
revealed unique combinations of organic molecules such as stabilizers and plasticizers
using a simple electrospray solvent. Principal component analysis (PCA) provided exact
classification of the mass spectra with respect to the manufacturer of the ordinance.
LEMS measurments were then obtained from five commercial gunshot residue samples,
or post-blast smokeless powder, revealing trace amounts of organics such as the
stabilizers and large quantities of inorganic barium originating from the primer. Principal
component analysis (PCA) again provided exact classification of the gunshot residue
mass spectra with respect to the manufacturer of the ordinance.The use of a common
transition metal complexation agent enabled full characterization of eight gunshot residue
samples to include the heavy metals contained in the primer and the organics such as the
stabilizers and plasticizers without any sample preparation or pre-concentration
procedures. Principal component analysis (PCA) again provided high fidelity
classification of the gunshot residue mass spectra with respect to the manufacturer of the
ordinance after mass analysis with LEMS. Finally, highly energetic formulations such as
composition 4 (C-4) and detonation cord subjected to nonresonant femtosecond laser
vaporization enabled full characterization of these complex compositions identifying
binders, stabilizers, the explosive ingredient and age-related decomposition derivative
signature molecules with appreciable ion current detected using both positive and
negative ion modes.
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CHAPTER 1
INTRODUCTION
1.1 The History Leading to the Development of Atmospheric Pressure Mass
Spectrometry
In the early part of the 20th century shortly after the development of the first mass
spectrometer, at that time called a parabola spectrograph by Sir J.J. Thompson,
experimentalists had devoted an enormous amount of labor and resources into developing
novel technology that improved the operation and capabilities of the mass spectrometer.
After decades of improvements in mass resolution, limits of quantitation and limits of
detection, mass spectrometry naturally extended to a wide breadth of interdisciplinary
research to include the discovery of isotopes, the exact determination of atomic weights,
the characterization of new elements, quantitative gas analysis, stable isotope labeling, fast
identification of trace pollutants and drugs, and the characterization of molecular structure.
However, the growth of mass spectrometry was stymied in one important aspect, the
inability to analyze macromolecules with masses larger than ~1 kDa.
Attempts to extend the sensitivity and accuracy of mass spectral analysis to large polar
organic molecules commonly found in biology and medicine had been discouraging due to
the challenges of transforming such molecules into gas-phase ions. These large
macromolecules cannot be vaporized without considerably harsh experimental conditions
that induce extensive decomposition. Therefore, classical ionization techniques such as
electron-, photo- and chemical ionization were abandoned in pursuit of “soft” ionization
methods to produce intact ions from burgeoning molecular weights and decreasing lability.
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Between the late 1960s to late 1980s, experimentalists developed a number of
“soft” ionization techniques with varying degrees of success. An early premise for
numerous techniques involved rapid deposition of energy into a surface that contains the
analyte of interest resulting in vaporization followed by detection before the onset of
decomposition (1). Plasma desorption (PD) (2), secondary ionization mass spectrometry
(SIMS) (3) and laser desorption (LD) (4) share the same concept of rapid energy
deposition, however, the energy carriers in each method are radioactive isotopes such as
high-energy ions (Cf+/Cs+), and photons, respectively. In 1989, PD, SIMS and LD were
successful in producing intact molecular ions from 45 (5), 24 (6) and 120 kDa (7) analyte
species, respectfully, however, irreversible effects to the analyte coupled with poor signal
intensity indicated that continued research was needed.
A pivotal improvement in the lineage of the development of mass spectrometry
occurred with the discovery of dispersing the analyte in a suitable matrix. In this scenario,
the matrix absorbs then transfers energy to the analyte resulting in a much softer form of
ionization. Fragmentation is significantly abated if the appropriate sample/matrix
combination is found. Plasmas desorption (PD) discovered a significant reduction in
peptide fragment generation from the analyzed protein using a nitrocellulose substrate (8).
In liquid SIMS, commonly known as Fast Atom Bombardment (FAB), the analyte was
dissolved in glycerol and resulted in significantly reduced fragmentation of the molecular
ion. Although these improvements preserved the intact molecular ion, product ion currents
were typically very small.
The pursuit of generating massive gaseous ions was critical to mass spectrometry
becoming a ubiquitous analysis tool. A different subset of researchers believed that this
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goal could be achieved by subjecting the sample to extremely high electrostatic fields to
extract ions. Field desorption (FD) (9), developed in the 1970s, employs strong electric
fields (~1010 V m-1) applied to whisker-bearing wires, also called activated emitters, to
induce electron tunneling between the analyte and substrate material resulting in ionization
of atoms and molecules under vacuum (10-11). The natural evolution of FD occurred with
the development of electrohydrodynamic (EH) ionization (12), whereby, the analyte is
dissolved in a nonvolative liquid and injected into an evacuated chamber through a small
capillary tubing that is maintained at high potential. EH ionization occurs through the
interaction of the strong electrostatic field at the end of the capillary with the liquid
meniscus (13). EH, a clear ascendant to electrospray ionization (ESI), saw little application
due to the need for liquids with low volatility that can act as a good solvent, however, EH
demonstrated that relatively robust ion current could be generated directly from the liquid
state and laid the foundation for a new family of ionization techniques.
In the early 1980s, several ionization techniques that make use of high electric
fields to desorbs ions such as thermospray (TS), aerospray (AS), and electrospray (ES)
were born. Sample solution enters an electrospray chamber through a stainless steel
hypodermic needle at some high potential (~4-5 kV) relative to a counter electrode several
mm away. The resulting electric field at the needle tip imparts charge to the solution surface
while also electrophoretically driving the solution towards the counter electrode.
Coulombic forces in the parent charged droplet increase the surface charge density as a
function of desolvation until the Rayleigh limit is reached, the point at which the Coulomb
repulsion matches the surface tension, and ultimately tears the droplet apart generating a
fine mist of charged progeny droplets. This order of events repeats until a singly charged
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analyte remains although the exact ionization mechanism was not well understood at the
time.
Dole (14) and Thomson (15) published a series of investigations that proposed two
principally different ionization mechanisms from a charged droplet coined as the chargeresidue and ion evaporation models, respectively. Dole’s pioneering experiments consisted
of polystyrene electrosprayed from an acetone-benzene solution at atmospheric pressure
using a concurrent N2 bath gas and a novel skimmer nozzle electrostatic lenses interface.
The technology at the time prevented detection of singly charged marcomolecules (> 10000
amu) and Dole resorted to using a blocking potential (Vr) prior to measuring the ion current
using a faraday cup collector and inferred the velocity of the ion from this measurement.
Although Dole’s experimental results were not conclusive, the successful generation of
macroions at atmospheric pressure followed with differential pumping to sample the newly
formed ions would become the bedrock principle behind electrospray ionization mass
spectrometry (ESI-MS).
Shortly after Dole’s pioneering experiments, Iribarne and Thomson investigated
the direct emission of ions from liquid droplets (15). An electrospray ion source is coupled
with a 4-grid time-of-flight (TOF) mobility analyzer to measure the reduced mobility,
which is related to the cross sectional area of the ion, for pure water and various
concentrations of NaCl in the spray solution. The mobility spectra, for both positive and
negative ions, consistently show a high mobility ion that is significantly reduced with
greater (10-4 M) NaCl concentration suggesting that most droplets evaporate to a dry salt
residue before conditions favorable to ion evaporation are reached. Iribarne and Thomson
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demonstrated that ion evaporation from charged droplets does occur and this phenomenon
is believed to be one of the primary ionization mechanisms of ESI-MS.
In the mid-1980s, John Fenn developed an instrument with an identical ion source
and skimmer interface as the Dole apparatus, however, he replaced the blocking potential
analyzer with a quadrupole analyzer with a low mass range of about 450 daltons (16). In
this experiment, Fenn was able to detect intact protonated arginine ions without any
fragmentation. Prior to this investigation, amino acids were notoriously difficult to analyze
with mass spectrometry due to their inability to be vaporized without decomposition. These
results were highly intriguing and provided the impetus for continued mass spectral
development into the higher mass range to determine if electrospray ionization can produce
intact macroions.
In 1989 following years of continued mass spectral development, John Fenn
demonstrated that electrospray ionization can produce intact macromolecules with
molecular weights greater than 130 kDa (17). In this investigation, the mass range of the
quadrupole analyzer was extended to 1500 m/z, which coupled with several other
improvements such as the use of a dielectric glass capillary, enabled the generation of
macromolecular ions, such as proteins, with no observed fragmentation. The reception for
his work was immediate and massive spawning developments such as tandem MS and
protein sequencing. Fenn’s work demonstrated that ESI permits the mass analysis of
proteins with large molecular weights and resulted in a Nobel prize.

1.2 The Development of Laser Desorption and its Use as an Ionization Source
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Albert Einstein, in his famous paper “On the Quantum Theory of Radiation”
proposed that an exited atom in isolation can return to a lower energy state by the emission
of a photon, a process he coined spontaneous emission. In addition, he postulated that when
a stray photon of the correct wavelength interacts with a large collection of atoms with a
great deal of internal energy, the photon will stimulate the atoms to relax to a lower energy
state, in unison, generating an enormous number of photons traveling in the same direction
with identical frequency and phase as the original photon. Thirty-six years later, the first
microwave amplification by stimulated emission of radiation (MASER) (18) was
developed followed seven years after with the light amplification by stimulated emission
of radiation (LASER) (19). Shortly after its invention, the use of the laser with mass
spectrometry was immediate and its influence has been vital to the evolution of the
technique.
Three years after development of the laser, its implementation as an ionization
source for a mass spectrometer was established (20). The continued development of laser
and mass spectral technology which focused on laser spatial resolution resulting in the
development of Q-switching (21) and reduced spot diameters (22) and increased mass
spectral capabilities such as ion production, mass spectral resolution and the development
of a transmission configuration for ion production and extraction (23). Seminal laser
desorption experiments focused on the vaporization and ionization of metals such as iron,
silver, lead and copper that progressed to the detection of small organic salt molecular ions
such as 1-hexyl sulfonate (4, 24). The revelation that lasers could both desorb and ionize
molecules generating appreciable ion intensity for the molecular ion was coined laser
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microprobe mass spectrometry (LAMMA) (25) and was demonstrated to be a powerful
analytical tool.
The direct deposition of energy into the analyte molecule using light has undesired
effects. The substantial amount of energy deposited into the internal energy of the molecule
does cause vaporization and ionization, however, it also results in considerable
fragmentation and a wide kinetic energy distribution that ultimately results in low ion
current. After years of laser desorption development, in 1985, Hillenkamp et al discovered
that nonabsorbing amino acids showed enhanced ion yield and significantly lower
threshold irradiance when mixed with an absorbing amino acid deemed a matrix (26).
Hillenkamp termed his technique matrix-assisted laser desorption ionization (MALDI) and
exhibited the ability to desorb and ionize mellitin (MW 2843) and gramicidin-S (MW
1140) with no fragmentation in the presence of the appropriate matrix (27). In 1988,
Tanaka et al were able to detect intact proteins and polymers with m/z greater than 100,000
using a matrix consisting of ultra-fine cobalt powder and glycerol (28). MALDI revealed
the ability to generate intact singly charged molecular ions of large biological
macromolecules without fragmentation and resulted in Tanaka being awarded the Nobel
Prize.

1.3 Desorption Electrospray Ionization (DESI)- the Bellwether of Ambient Mass
Spectrometry
The development of ESI and MALDI revolutionized mass spectrometry research
particularly in proteomics, genomics and structural biology. However, ESI and MALDI
have limitations that has caused these techniques to be complementary rather than direct
competitors. ESI cannot perform spatial analysis of large samples such as tissue. ESI
requires homogenization of the sample and dissolution in the appropriate solvent and
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additional preparation steps before analysis can occur. To compound the problem, ESI
suffers from ion suppression (29), a well-studied phenomenon onset with large
concentrations resulting in the preferential selection of surface active hydrophobic analytes
in comparison to solvent dwelling hydrophilic analytes, requiring a separation step prior to
analysis. Hence, ESI has severe analysis issues with biological samples due to high
concentrations of analyte, buffer and salts. MALDI, in contrast, is well-suited for spatial
analysis providing submicron resolution capabilities (30), but requires sample altering
conditions such as freeze drying prior to ultra-high vacuum conditions. MALDI’s sample
preparation procedure requires solubility of the analyte and matrix in the same solvent. In
contrast to ESI, MALDI has shown enhanced tolerance to ion suppression effects and
seems better suited for biological samples, however, several investigations have shown
severe ion suppression effects due to either contaminants or unique physical properties of
the analyte and matrix (31). Although these two methods have made mass spectrometry
one of the most powerful and ubiquitous analysis techniques in industrial, academic and
governmental research, the fundamentally different approaches to sample preparation and
analysis conditions suggested the need for a technique that can provide rapid analysis at
ambient conditions with high throughput and minimal sample preparation.
In 2004, mass spectrometry sampling under ambient conditions became possible
using a technique termed desorption electrospray ionization (DESI) (32) creating a new
genre designated ambient ionization mass spectrometry and galvanized the proliferation of
over thirty new ionization techniques (33). In DESI, the electrospray emitter is connected
to a high voltage power supply and directed at the sample surface rather than centered and
parallel with respect to the capillary inlet and the horizontal. The vanguard electrospray
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droplets, assisted by a fast nebulizing gas jet, impact the sample surface producing a thin
solvent film into which the analyte dissolves. The subsequent arrival of additional
electrospray solvent droplets impinging the film releases microdroplets containing
dissolved analyte in a momentum transfer event termed the “droplet pick-up” mechanism.
The progeny droplets containing analyte proceed towards the mass spectrometer where
they are detected. This clever technique has been applied successfully to an enormous
number of samples that vary physiochemically such as explosives (34-35), peptides and
proteins (36-37), tissue (38), pharmaceuticals (36, 39), anabolic steroids (40), reaction
monitoring (41-43) and tissue imaging (44-46).
DESI’s unique sample analysis method that occurs almost instantaneously at
atmospheric pressure has pioneering mass spectral spatial imaging research. Prior to DESI,
MALDI and SIMS were the primary ionization methods for mass spectral imaging, but
suffered from very low ionization probabilities and matrix/ion suppression effects (47).
DESI has performed 2D imaging of biological tissue and 3D imaging of thin sections
produced using a cryo-microtome procedure, which is needed due to DESI’s lack of depth
profiling. However, DESI suffers from the inability to desorb and ionize proteins in excess
of 25 kDa. In addition, seminal DESI imaging experiments suffered from poor spatial
resolution (~250 μm) (44) in comparison to techniques such as MALDI and SIMS,
although two years later, improved resolution (~40 μm) (48) was attained.
Nanoelectrospray desorption ionization (Nano-DESI), a technique that uses two fused
silica capillaries the first to produce the spray and a second to convey the surface analytes
to the mass spectrometer, was able to achieve 10 μm spatial resolution rivaling the
capabilities of some ambient laser desorption techniques (49). Due to the novelty of these

-9-

techniques and the enormous interest in mass spectral imaging research, improvements in
spatial resolution are forthcoming.
Although DESI pioneered ambient mass spectral surface analysis, there has been
an enormous effort during the last decade to emulate DESI’s remarkable ionization
capabilities using laser desorption followed with capture and ionization in either an
electro/nano-spray plume. The remainder of this introduction will chronicle the laser
desorption subset of the ambient mass spectral analysis genre and conclude with the
development of nonresonant femtosecond laser vaporization with electrospray postionization coined laser electrospray mass spectrometry (LEMS). LEMS will be thoroughly
explained in the introduction, and subsequent chapters, as it is the analysis method used for
the investigations described in this dissertation.

1.4 Ambient Mass Spectral Analysis using Laser Desorption and Electrospray Postionization
The continued improvement of laser desorption (LD) of analyte molecules from
surfaces at atmospheric pressure coupled with electrospray ionization resulted in the
development of several new LD ambient MS techniques. Although there are varieties of
these LD MS techniques, the four titans are electrospray-assisted laser desorption
ionization (ELDI), matrix-assisted laser desorption electrospray ionization (MALDESI),
laser ablation electrospray ionization (LAESI) and IR-laser assisted desorption
electrospray ionization (IR-LADESI), which will be discussed below in chronological
order of development.

1.4.1 Electrospray-assisted Laser Desorption/Ionization (ELDI)
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Laser desorption techniques vary due to wide disparity in commercial lasers and their
facile combination with an ESI mass spectrometer. The type of laser provides a degree of
selectivity in the nature of the target analytes due to the specific modes and power used for
excitation. The laser produces ions, liberates neutrals and larger solid particles from the
sample surface through a process called energy-sudden activation, where extreme
oscillations induced in the sample material results in an outward acceleration of the sampleair interface and rapidly breaks up the sample into gaseous ions, molecules and small solid
particles (50). In ELDI, a UV laser is used to desorb analytes from the sample surface
followed with capture and ionization in an electrospray plume.
The development of ELDI in 2005 by Shiea et al (51), for the first time, demonstrated
the ability to produce mass spectra of intact proteins using laser desorption without adding
a matrix under ambient conditions. ELDI uses a pulsed nitrogen laser of 337 nm with a
pulse duration of 4 ns, operating at 10 Hz and with an incidence angle fixed at 45○.
Cytochrome c with and without matrix (α-cyano-4-hydroxycinnamic acid) were spotted,
dried, subjected to laser vaporization and captured in an aqueous 0.1% acetic acid spray
solution. The ELDI mass spectrum depicted a charge state distribution characteristic of
fully denatured cytochrome c. When ELDI was performed using a methanol/water spray
solution in absence of acetic acid, a bimodal cytochrome c charge state distribution
indicative of both the denatured and native states were observed. Finally, when ELDI
analysis was performed with the matrix/sample mixture and in the presence of acetic acid
in the ESI solution, the charge state distribution indicated cytochrome c detected
exclusively in its native form. This investigation suggested that a laser desorbed protein’s
conformation structure can be inferred using its mass spectral charge state distribution and
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future research will determine if the ELDI laser desorption mechanism itself, or its sample
preparation protocol induce undesired conformational alterations.
Although ELDI demonstrated the ability to desorb proteins directly from the solid
phase under ambient conditions, sample preparation required a drying step prior to laser
vaporization and could cause perturbation to the protein’s conformational structure. Liquid
ELDI was proposed in an attempt to vaporize and detect proteins from an aqueous
environment. Liquid ELDI takes a small sample aliquot and adds inert particles, such as
carbon powder, that resonantly absorb the irradiated laser energy, and subsequently,
transfers energy to the surrounding solvent and analyte molecules. This energy transfer
results in desorption of the solvent and analyte molecules that are entrained and ionized in
an electrospray plume. A resonant absorption of the laser pulse occurs when the spacing
between energy levels is equal to energy of one photon, hν, where h is planck’s constant
and ν is the frequency of the photon. Liquid ELDI analysis of aqueous myoglobin solutions
in the absence of carbon powder indicated that the solution was transparent to the UV laser
pulses due to the lack of myoglobin ion signal (52). In liquid ELDI, the presence of fine
particles, such as carbon powder, is required for desorption, however, it is plausible that
the carbon powder may provide a surface for the protein to interact resulting in
denaturation. Measurements have suggested that in the case of myoglobin, its structural
conformation is not perturbed due to the carbon powder at moderate concentrations (0-0.8
mg/mL), however, after spotting a small aliquot on the sample plate and allowing
evaporation and enrichment of the carbon powder, considerable denaturation was observed
(52).

1.4.2 Matrix-assisted Laser Desorption Electrospray Ionization (MALDESI)
- 12 -

MALDESI is a hybrid ionization technique that employs a UV laser and an organic
acid matrix that increases sensitivity, extends the limit of detection and molecular weight
range in comparison to ELDI. MALDESI was envisioned as an ionization source which
retained and exploited the multiple-charging phenomena observed in ESI and the high mass
resolving power of Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR
MS), a mass analyzer not suited for singly charged high molecular weight molecules
typically produced using MALDI. In the seminal investigation, 1:1 mixtures of
peptide/protein with either 2,5-dihydrobenzoic acid (DHB) or sinapinic acid (SA) were
spotted and dried on stainless steel slides followed with laser impingement and ionization
using nanoESI. The detection of multiply charged proteins, such as angiotensin I and
bradykinin, and the consistent preferential ionization of bradykinin in comparison to
angiotensin I, a phenomenon known as ion suppression, regardless if either protein was
made in the electrospray solution or vaporized from the sample plate suggested that ESI is
the predominant ion generation mechanism (53).
MALDESI combines atmospheric pressure MALDI (AP-MALDI) and ESI. These two
techniques, separately, have inherent flaws, but when combined complement each other
well, severely reducing their shortcomings and providing a more versatile technique.
Several of the advantages sought with MALDESI were improved shot-to-shot
reproducibility, abatement of ion suppression effects and search for a matrix that
maximizes sensitivity gains for both UV and IR lasers (54). Poor shot-to-shot
reproducibility, a result of the heterogeneity of the analyte/matrix co-crystallization during
sample preparation, was rectified by using a liquid sample, such as glycerol for vacuum
applications, thereby eliminating the co-crystallization step and demonstrating improved
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shot-to-shot reproducibility (55). Gains in sensitivity were demonstrated in comparison to
ELDI due to the geometric optimization of the source region and the usage of new matrices
for either the UV (DHB and SA) or IR laser system (H2O/Ice and AgNO3) (56-57). In
addition, MALDESI demonstrated higher tolerance for ion suppression effects due to
homogeneity of the matrix within a sample such as in a liquid environment or a small layer
of ice deposited across a tissue section. An IR-MALDESI investigation used a wavelength
tunable (2800 - 3100 nm) 7 ns pulse width mid-IR laser firing at 20 Hz for whole-body
mouse imaging. A 25 um thick section of whole body neonate mouse was frozen in place
on a microscopic slide that contained a uniform distribution of cocaine acting as an analyte
standard. The IR-MALDESI measurements depicted no imaged regions exhibiting
complete ion suppression of cocaine showcasing the response for individual analytes
within complex biological systems (58).

1.4.3 Laser Ablation Electrospray Ionization (LAESI)
Three laser desorption techniques were developed within a very short time period (~
15 months) all of which use IR laser desorption for sample introduction into a mass
spectrometer. Those techniques are presented in chronological order: Laser Ablation
Electrospray Ionization (LAESI), Infrared Laser Assisted Desorption Electrospray
Ionization (IR-LADESI) and Infrared Matrix Assisted Laser Desorption Electrospray
Ionization (IR-MALDESI). These three techniques perform laser ablation of water-rich
targets in the mid-infrared region. Laser energy is coupled into the target through the strong
absorption band due to -OH vibrations resulting in sample ablation that is post-ionized in
an electrospray plume and aspirated by a mass spectrometer. LAESI, developed by Vertes
et al in 2007 (59) demonstrated, for the first time, the ability to analyze complex biological
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fluids and tissue samples without sample preparation due to their inherent water content.
In addition, in vivo profiling of plant tissue using LAESI demonstrated higher sensitivity
in comparison to AP IR-MALDI (60) and enabled the detection of low-concentration
species with minimal damage to the organism suggesting that LAESI would be the ideal
candidate for in situ mass spectral imaging of complex biological samples.
LAESI employs a Er:YAG Q-switched laser at a wavelength of 2940 nm and a pulse
duration of <100 ns operating at 5 Hz and a 90○ incidence angle. The material expelled due
to laser ablation was intercepted by an electrospray plume for post-ionization. Mid-IR
absorption leads to improved desorption yield, due to higher IR penetration depth (59, 61),
and lower ionization yields and thus enhanced sensitivity (59, 62) in comparison to UV
laser pulses. LAESI’s seminal investigation exhibited exceptional quantitative abilities
showcasing four orders of magnitude dynamic range without the need for an internal
standard in contrast to previous ambient methodologies such as AP-IR MALDI and DESI.
In addition, ion suppression was not observed for the studied analytes (59).
Imaging experiments of biological tissue samples using mid-IR laser sources is
befitting due to the ubiquity of water and its usage as an absorption matrix. The initial
LAESI imaging investigation demonstrated 350 μm spatial resolution dictated by the focal
spot of the laser and one to two order of magnitude high ion yields in comparison to IRAP MALDI (62). Subsequent LAESI investigations focused their efforts in obtaining
tighter focal spots for higher imaging spatial resolution. The tightest IR focal spot achieved
was around 30-40 μm using an etched tip GeO2-based glass fiber (63). In 2015, picosecond
infrared laser ablation electrospray ionization (PIR-LAESI) showed a 5-fold and 3-fold
improvement in limit of detection and lateral resolution, respectively, in comparison to
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nanosecond LAESI (64). The picosecond infrared laser (PIRL) is a mid-IR laser with a
wavelength at 2880 nm, a pulse duration of ~80 ps and a repetition rate of 100 Hz. The ion
source was identical to LAESI employing an electrospray ionization emitter positioned 8
mm from the mass spectrometer inlet aperture and a 3D translation sample stage biased to
400 volts. PIR-LAESI exhibited the ability to provide high spatial analysis (< 100 μm) of
biological lipids and proteins from animal and plant tissue without the need for an etched
glass fiber system. In addition, PIR-LAESI revealed little evidence of thermal damage to
the tissue due to the ultrafast deposition of energy into the sample comparable to secondary
structure rearrangement, such as helical rearrangement (65) and the nucleation growth of
the laser ablation process (66-67). It should be noted that PIR-LAESI requires a laser burst
containing 10 pulses to produce sufficient ion current for detection with the mass
spectrometer (64).

1.4.4 Infrared-laser assisted Desorption Electrospray Ionization (IR-LADESI)
Two months after the development of LAESI, Murray et al (68) in 2007, introduced
infrared-laser assisted desorption electrospray ionization (IR-LADESI) which joined the
burgeoning ambient ionization genre. A pulsed Er:YAG laser at 2.94 μm wavelength and
a 100 ns pulse duration operating at 10 Hz was relayed to the mass spectrometer using a
450 μm core diameter germanium oxide optical fiber whose output was collimated and
focused on the sample surface. A nanoelectrospray emitter was positioned 6 mm from the
skimmer cone inlet aperture inlet and 5 mm above and parallel with the sample stage. Laser
impingement of sample with either endogenous or exogenous water desorbs neutrals, small
particles and ions that are entrained in an electrospray plume and aspired by a mass
spectrometer for analysis. The IR-LADESI ablation mechanism is fundamentally identical
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to LAESI in that it uses water as a matrix to resonantly absorb laser energy for
desorption/ionization. IR-LADESI enabled detection of aqueous cytochrome c,
bradykinin, untreated human whole blood and urine samples, and pharmaceuticals such as
acetaminophen, however, due to the earlier development and reporting of LAESI, any
ambient Mid-IR laser ablation/ionization mass spectral investigation bears its name.

1.5 Laser Electrospray Mass Spectrometry (LEMS)
The development of a Fourier transform limited self-mode locked Ti:sapphire laser
(69) and the chirped pulse amplification (70) technique resulted in the genesis of a new
area of research known as ultrafast spectroscopy. Following the development of this
technology, femtosecond (fs), picosecond (ps) and nanosecond (ns) laser ablation of solids
were investigated (71). During the interaction of low intensity short laser pulses with metal
targets, the laser energy is absorbed by free electrons, the absorbed energy is thermalized
within the electron subsystem, energy is transferred to the lattice, and finally energy losses
due to electron heat transport into the target area. Due to very short time scales for
femtosecond laser ablation, laser pulse duration (τL) is much shorter than the electron
cooling (τe) and lattice heating times (τi), the process can be considered as a direct solidvapor transition. The structural lattice, in the case of metals, is heated on a picosecond time
scale (~1 ps), which results in the generation of vapor and plasma phases followed by rapid
expansion. In addition, thermal conduction into the target can be neglected. These
advantages of femtosecond laser pulses have benefits to various enterprises, such as precise
laser-processing of metals and other solids, and have demonstrated profound effects on
small and large molecules analyzed with mass spectrometry.
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Picosecond laser ablation results in the lattice temperature remaining much less in
comparison to the electron temperature. Therefore, picosecond laser ablation is
accompanied by electron heat conduction and formation of a melted zone inside the sample
target. At the surface, evaporation occurs as a direct solid-vapor transition, however, the
presence of the liquid phase inside the target sample impacts the molecular integrity of the
sample. Nanosecond laser ablation delivers much longer laser pulses that, when absorbed,
heat the target surface to the melting point and then to the vaporization temperature. With
the longer laser pulse, there is enough time for the thermal wave to propagate into the target
generating a large layer of melted material where vaporization can then occur (71).
The marriage of femtosecond ionization with mass spectrometry was conceived as a
means to ionize and detect gas phase molecules, in vacuo, without coupling into a specific
resonance in the molecule (72). Nonresonant absorption occurs when the energy obtained
from an incident photon, needed for an electron to elevate from its ground state to some
excited state, is not equal to hν. Nonresonant multiphoton absorption occurs with high laser
intensities (~1013-14 W cm-2), and thus, short laser pulses are typically used. In principle,
this suggests that femtosecond lasers can couple into all molecules regardless of their
electronic or vibration transitions. Due to the high intensities required for nonresonant
absorption, one would expect extensive molecular fragmentation, however, many
investigations have shown limited fragmentation with the parent ion dominating the mass
spectrum (72) in contrast to longer nanosecond pulses, which cause significant
fragmentation at similar intensities (73).
This difference in parent ion survival yield for nanosecond and femtosecond laser
pulses is attributed to the ladder switching and ladder climbing mechanism, respectively
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(73). At low nanosecond laser intensities, parent ions are formed by multiphoton ionization.
At high laser intensities, the ions absorb further photons to energy levels above the
fragmentation threshold resulting in either immediate or delayed decomposition. As the
molecule’s internal energy increases, fragmentation occurs faster on a time scale much
shorter than the nanosecond laser pulse duration. The newly formed fragments can absorb
additional photons from the lingering laser pulse exacerbating and accelerating
decomposition into smaller fragments. In addition, the electronic structure of the ions
provokes fragmentation due to the much higher density of electronic states in comparison
to neutral molecules, and results in enhanced photon absorption. In the case of shorter
femtosecond pulse durations, the ladder climbing method suggests that if the pulse is much
shorter than the lifetime of the dissociative state, ionization should take place before the
molecule has a chance to fragment. In addition, if the molecule does happen to fragment,
a process which is much longer in time than the duration of the femtosecond pulse, neutral
fragments will lack the energy source for ionization and additional fragmentation.
Therefore, in principle, femtosecond vaporization should provide high ionization
efficiency and appreciable ion abundance of the parent molecular ion.
In 2009, Brady et al used an ultrafast femtosecond laser pulse centered at 800 nm for
laser desorption followed with electrospray ionization for entrainment and ionization using
a homebuilt mass spectrometer (74). The use of a femtosecond laser enabled much higher
intensities (1013 W cm-2) than the laser electrospray techniques previously reported. This
technique was coined laser electrospray mass spectrometry (LEMS) and a typical
experimental layout is depicted in Figure 1.1. In the LEMS investigation, samples in
various states (liquid, dried, mixtures, tissue, commercially shaped, etc.) have been
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vaporized and analyzed at ambient conditions. The laser vaporization mechanism appears
universal providing quantitative measurements of single analytes (75)

and complex

mixtures (76-77). In addition, high classification fidelity has been achieved for multiple
explosive compositions (78-79) and biological systems such as plant tissue (80-81). LEMS
employs an ultrafast laser operating at 10 Hz with a ~70 fs pulse duration corresponding to
~1.5 mJ per pulse and spot sized ranging from 100-350 μm. Nondiscriminatory laser
ablation couples into all molecules investigated to date resulting in a sample ablation
plume, of which the overwhelming majority are neutrals, that are entrained and ionized by
an electrospray plume.
In the seminal LEMS paper, non-resonant femtosecond vaporization of a wide variety
of samples including a pseudoproline dipeptide, protoporphyrin IX and vitamin B12 with
and without matrix, 2,3-dihydroxybenzoic acid (DHB), was investigated to determine if
the use of a non-resonant fs laser pulse overcomes the need for a resonant absorption. Each
analyte was dried exclusively and in a 1000:1 (matrix/sample) mixture with DHB. Nonresonant fs vaporization of the matrix/sample mixture, fs-MALDESI, revealed an order of
magnitude increase in ion intensity in comparison with the neat sample suggesting slight
assistance from the matrix in the vaporization process. In addition, a slight decrease in
fragmentation was observed for the sample/matrix mixture in comparison to the neat
sample. These measurements demonstrated that non-resonant femtosecond laser
vaporization was capable of transferring thin film samples into the gas phase without the
need for a resonant absorption producing neutral and intact sample molecules that leads to
“soft” ionization through the electrospray process.
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Since the initial LEMS investigation, a wide breadth of samples in various forms
(solid, liquid, tissue) have been explored to include pharmaceuticals (82), inorganic (78),
organic (79) and high explosives (83), lipids (84), proteins (76, 84-87), supercharging and
charge-reducing agents (87), human blood (75, 85), natural blends of proteins (75),
enzymes and amino acids (milk) (85), and plant (80-81, 88) and mammalian tissue (75). In
addition, high resolution mass spectral imaging was performed using a high precision
sample stage and a commercial Bruker Micro-QTOF mass spectrometer (89). Femtosecond
laser vaporization was performed using a low energy, fiber-based femtosecond laser with
a wavelength centered at 1042 nm suggesting that femtosecond laser vaporization can be
coupled to any ESI mass spectrometer with a relatively inexpensive fiber-base laser system
(88, 90). This setup ameliorated the capital and spatial requirements needed to couple nonresonant femtosecond laser vaporization with most ubiquitous commercial mass
spectrometers.
Early LEMS investigations focused on the detection of small analytes such as
pharmaceuticals (82), explosives (78, 83) and biological macromolecules such as proteins,
peptides and small bacteria (75, 81, 84-85). Non-resonant femtosecond laser vaporization
was employed in the direct analysis of an Atenolol and Claritin tablet identifying the active
pharmaceutical ingredient without any sample preparation or matrix deposition. Several
common pharmaceutical ingredients such as loratadine, atenolol and oxycodone were
spotted, dried and laser vaporized from multiple surfaces including steel, wood, glass and
polyester fabrics demonstrating the nondiscriminatory nature and trace detection
capabilities of femtosecond laser vaporization.
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Initially, subjecting a highly intense (1013 W cm-2) femtosecond laser pulse to a
biological macromolecule such as a protein was anticipated to result in extreme alteration
of its secondary and tertiary structure. Femtosecond laser vaporization followed with
ionization in an electrospray plume was performed using concentrated samples of
lysozyme and ovalbumin (10-3 M) in deionized water (75). Non-resonant femtosecond laser
vaporization of hen egg lysozyme from aqueous solution resulted in the discovery of folded
charged states. The aqueous aliquot containing lysozyme was then dried and subjected to
fs laser vaporization revealing higher charge states suggesting a more perturbed, or
denatured, tertiary structure. Finally, dried lysozyme was rehydrated and subjected to fs
laser vaporization revealing a shift in the charge state distribution to lower charge states
suggesting a more folded tertiary structure. These measurements reveal that an intense
femtosecond laser pulse is capable of transferring aqueous lysozyme into the gas phase
without fragmentation. The data further suggests that lysozyme is vaporized without
detectable structural modifications such as the disruption of the disulfide bonds that
influence lysozyme’s tertiary structure.
Nonresonant laser vaporization mass spectrometry is an intriguing and unique addition
to the ambient ionization mass spectral genre. The nondiscriminatory laser vaporization
mechanism coupled with the orders of magnitude shorter energy deposition timescale in
comparison to the protein unfolding timescale suggests that laser induced vaporization of
proteins and complex biological samples should preserve their native structure and
function. In 2011, Brady et al revealed LEMS charge-state distributions for cytochrome c
post-ionized in a binary aqueous organic electrospray solvent suggesting a more native
conformation in comparison to conventional ESI measurements (86). In this investigation,
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aqueous cytochrome c was laser vaporized into multiple pH controlled binary aqueous
organic ESI solvents measured at pH 7.18, 6.07, 5.06 and 4.06. Conventional binary
aqueous organic ESI solutions containing cytochrome c were measured at pH 7.18, 6.07,
5.06 and 4.06 and revealed charge-state distributions with a bimodal distribution of
folded:unfolded charge states that shift towards high intensity unfolded charge states at the
expense of low intensity native charge states as a function of decreasing solution pH. The
LEMS measurements suggest that the protein’s native conformation is preserved due to the
use of the ultrashort laser pulse and the protein’s short interaction time and nonequilibrium
partitioning in the electrospray droplet (~5 ms).
The nondiscriminatory laser vaporization mechanism of LEMS allows the
simultaneous detection of all analytes present in solution. This laser vaporization
mechanism enables the transfer of the analyte from the solid/solution phase into the gas
phase where it interacts briefly with the electrospray droplet. This brief interaction time
has a profound effect on the mass spectrum in comparison to conventional ESI-MS. The
short interaction time causes a nonequilibrium partition effect which is the result of the
newly entrained analyte molecules not having enough time to diffuse fully into the
electrospray droplet and results in analyte accumulation at the droplet surface where the
excess charge resides. This phenomenon enables more native mass spectral and superior
quantitative analysis in comparison to ESI-MS at much higher solution concentrations. In
2015, Karki et al laser vaporized aqueous cytochrome c, lysozyme, myoglobin or ubiquitin
into an electrospray droplet containing trifluoroacetic acid, acetic acid or formic acid with
m-nitrobenzyl alcohol, a common super-charging agent (87). Cytochrome c and
myoglobin, both acid-sensitive proteins, demonstrated a shift to higher average charge
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states (Zavg) using LEMS in comparison to conventional ESI suggesting that the
disproportionately high interaction time with the droplet surface, where the excess charge
resides, results in greater charge density exposure to the protein in the LEMS experiment.
Lysozyme and ubiquitin, both acid-tolerate proteins, under identical solvent conditions as
the cytochrome c and myoglobin LEMS measurements, exhibited a decrease in Zavg
suggesting that the reduced analyte interaction time in the electrospray droplet prevents
extensive denaturation. These measurements demonstrate the unique ability of nonresonant
laser vaporization to provide ex vivo analyte conformational and physiochemical
information rapidly, without sample preparation or separation.
Prior to the seminal LEMS investigation, it was presumed that the use of a high
intensity laser pulse (1013 W cm-2) for laser desorption under ambient conditions would
cause substantial analyte fragmentation. However, initial LEMS measurements
demonstrated minor increase in fragmentation of Vitamin B12 in comparison to an
analyte:matrix mixture, 2,5-dihydroxybenzoic acid (DHB) (fs-MALDESI) (85). This slight
increase in fragmentation of the molecular ion for Vitamin B12 in the LEMS measurements
suggests that additional internal energy is imparted from the femtosecond laser pulse. To
investigate the additional internal energy imparted from the LEMS technique, the survival
yield of a set of benzylpyridinium (BzPy) salts, commonly referred to as “thermometer”
molecules, was measured and compared to conventional ESI (91). Substituted
Benzylpyridinium salts were engineered to have a common and simple fragmentation
pattern, loss of neutral pyridine leaving the benzyl cation. Due to the similar masses,
structures, and degrees of freedom of the multiple para-substituted benzylpyridinium salts,
well-characterized internal energy distributions can be calculated.
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The internal energy distribution of molecules vaporized by nonresonant
femtosecond laser pulses centered at 800 nm were characterized using the mass spectra of
five para-substituted benzylpyridinium ions (p-Cl, p-Me, p-MeO, p-CN and p-NO2), both
dried and liquid states on glass and metal, and compared to conventional ESI-MS. The
survival yield, which is simply the ratio of the parent molecular ion to the sum of the parent
molecular ion and its fragments, was determined for each benzylprydinium molecule. The
calculated survival yields were plotted as a function of capillary exit voltage to reveal
breakdown curves. The capillary exit voltage that gave the greatest spread in the internal
energy distribution for ESI was selected to plot the LEMS survival yields as a function of
benzylpyridinium critical energy (E0). This plot produces an internal energy sigmoidal
curve, and its derivative provides the internal energy distributions <Eint> for conventional
ESI, dried and liquid LEMS shown in Figure 1.3. The measured internal energy
distributions for conventional ESI-MS, dried LEMS, and liquid LEMS were 1.62 ∓ 0.06,
2.0 ∓ 0.5, and 1.6 ∓ 0.3 eV, respectively. The data suggests that dried LEMS deposits
more energy into the molecule in comparison to conventional ESI-MS. Furthermore, liquid
LEMS energy deposition is comparable to conventional ESI-MS, which is truly remarkable
and suggests that nonresonant laser vaporization is an ideal candidate for laser induced
vaporization for protein and ex vivo mass spectral analysis.
Quantitative response was demonstrated using femtosecond laser induced
vaporization for lysozyme depicting over 4 decades of quantitative ability (75). A thorough
investigation of the quantitative response for LEMS using mixtures of small molecules was
performed (77). In this investigation, the response of small molecule, singly charged ions
in two-, and four- component equimolar, and two-component nonequimolar mixtures were
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measured and compared to conventional ESI. The four analytes used were atenolol,
tioconazole, tetraethylammonium bromide (TEABr) and tettrabutylammonium iodide
(TBAI). TBAI has high instrumental response using ESI-MS and its inclusion at high
enough concentrations should cause ion suppression, a well-studied phenomenon in
electrospray ionization that diminishes the response from low surface active analytes and
will be thoroughly discussed in chapter 3. The ESI-MS measurements of the fourcomponent mixture resulted in TBA and tioconazole having the highest intensities
followed by atenolol and TEA. At high concentrations, the large intensity of TBA resulted
in significant mass spectral suppression of atenolol, tioconazole and TEA. In contrast, the
LEMS measurements demonstrate a linear mass spectral response of the four analytes as a
function of concentration. A similar observation was determined using the two-component
nonequimolar mixtures where one analyte concentration was constant while the other
analyte was varied. In these experiments, significant ion suppression is observed in the
conventional ESI-MS measurements in contrast to the LEMS measurements where ion
suppression is significantly mitigated. This investigation suggests that femtosecond laser
vaporization coupled with electrospray ionization mass spectrometry has the ability to
provide quantitative information from complex mixtures. The experiment regarding
quantitation of protein multicomponent mixtures will be discussed in Chapter 3.
The nondiscriminatory nature of nonresonant laser vaporization combined with its
quantitative abilities for multicomponent mixtures suggest that LEMS analysis of complex
samples such as biological tissue would provide an unprecedented level of sensitivity and
specificity under ambient conditions and without sample altering preparation procedures.
In 2011, Judge et al performed laser induced vaporization of different regions of

- 26 -

aphelandra squarrosa (zebra plant) leaves (81). The zebra plant gets its name from the
distinct contrast between the green and white stripes along the veins of the green leaf.
LEMS measurements were obtained from the green and white sections of the same leaf
depicting a clear distinction in mass spectral response for the two tissue types.
Classification of the tissue of the zebra left was performed using a compressive linear
classifier demonstrating 97 and 100% accurate assignment of the LEMS mass spectra to
either the white or green tissue type. The offline classifier identifies critical biomarkers that
are used to distinguish different tissue type within the same organism. Furthermore, this
method was used in a later investigation distinguishing eight phenotypes from a single
plant organ class. Eight impatiens flower petals were analyzed and discriminated using
their LEMS mass spectral response with offline multivariate statistical analysis (80).
Principal Component Analysis (PCA) transforms the raw data set into a reduced number
of new variables called principal components (PC) that accentuate the correlations and anticorrelations between similar mass spectra. Performing PCA on a matrix of LEMS mass
spectra containing a large number of mass spectra from each of the eight impatient flowers
enabled differentiation with high accuracy. In addition, PCA identifies critical biomarkers
in the LEMS mass spectra suggesting that LEMS analysis followed with PCA has the
ability to classify complex biological samples and diagnose diseased tissue. The use of
PCA in LEMS will be thoroughly explained in Chapters 5-7.
The detection of explosives and home-made formulations is an area of research
where LEMS has made considerable advances and is attributed to its ability to couple into
the large chemical diversity commonly found in explosive compositions. In the initial
explosives investigation, Brady et al detected, stock prepared and dried, conventional high
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explosives from a stainless steel substrate including 1,3,5-trinitroperhydro-1,3,5-triazine
(RDX),

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) and a common explosive
taggant, 2,3-dimethyl-2,3-dintrobutane (DMNB) from less than 8 nanogram quantities
(83). In addition, LEMS analysis of an RDX pellet provided from a ballistic laboratory
revealed RDXs molecular and fragment ions and ethyl centralite a common organic
stabilizer. Nonresonant laser vaporization’s ability to couple into all molecules without
sample preparation provides an analytical technique that has been highly competitive with
highly lauded industrial techniques due to impressive sensitivity, reliability and throughput
for explosive detection.
The wars in Afghanistan and Iraq and the ongoing war of terror generated a rapid
and enormous interest on the mitigation of improvised explosive devices (IEDs) to both
the civilian and military populace. IEDs have been used almost exclusively in civilian
terrorist attacks, however, it was not until the Iraq war and the deadly effectiveness of IEDs
in nonconventional warfare tactics against the US military that IEDs received national
recognition. Energetic compositions are categorized as either high explosives including
unstable peroxides (TATP and HMTD) and nitrated organics (RDX, HMX, TNT and
PETN) or low explosives including strong inorganic ion oxidizers (nitrates, chlorates and
perchlorates) and smokeless gunpowder propellants (nitrocellulose). The wide variety of
explosives with a large diversity in chemical structure and vapor pressure requires multiple
techniques depending on the investigated explosive and its state (pre-, post-blast). LEMS
ability to couple into all molecules presents a sensitive and robust analytical method
capable of detecting all explosive types simultaneously with a single instrument. The
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experiments regarding detection and classification using PCA of unburn smokeless
powders, gunshot residue (GSR) and GSR with ethylenediaminetetracetic acid (EDTA)
revealing heavy metals originating from the primer will be thoroughly explained in Chapter
5, 6 and 7, respectively.
In 2012, a LEMS investigation demonstrated the ability to detect neutral, cationic
and anionic molecules originating from inorganic-based improvised explosives (78). The
major components typically found in inorganic explosives are inorganic oxidizers such as
nitrates, chlorates and perchlorates, and accelerants, such as fuel oil, charcoal, sulfur, sugar,
and metals. Other components commonly found in inorganic IEDs are ammonium nitrate,
urea nitrate, black powder and their derivatives. Femtosecond laser vaporizations ability to
desorb all molecule regardless of their structure enables the potential detection of all
components in the sample, however, the ionization mechanism of electrospray ionization
mass spectrometry restricts either the detection of cations or anions. To overcome this
limitation and detect both cations and anions in positive ion mode ESI-MS, two cationic
ion pairing agents, a lipid, and sodium acetate were added to the electrospray solvent.
Complexation with pairing agents enables detection of monovalent, divalent and trivalent
anions. In addition, complexation of low m/z cations translates the ion to higher m/z regions
where sensitivity and specificity are improved and reduces obfuscation with lower mass
solvent features.
The four IED types analyzed using LEMS were chlorate, perchlorate, sugar (CPS),
ammonium nitrate (AN), preblast black powder (BP) and postblast black powder (BPpost
simulated). The complexation of inorganic cations and anions with the pairing agents
revealed an enormous number of mass spectral features from each IED type. Anions such
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as sulfide (HS-), chloride (Cl-), chlorate (ClO3-) and perchlorate (ClO4-), which would
otherwise go undetected in positive ion mode, were converted to an overall positive ion
and detected simultaneously with neutrals such as sucrose that require protonation, and
cations such as ammonium (NH4+) and magnesium (Mg2+). The combination of specific
anions, cations and neutrals distinguishes each formulation and allows for rapid
multidimensional analysis facilitating accurate identification. Using PCA and a common
classifier, 96, 100, 100 and 100% of CPS, AN, BP and BPpost testing set mass spectra were
correctly classified. The use of a complexation agent to transfer anions into overall positive
ions bolstered the chemical information that was obtained in a single LEMS experiment
and enabled explosive discrimination with high fidelity using an offline classifier.

1.6 Scope of this Dissertation
The ability to detect nonpolar and polar analytes in an electrospray solvent opposite in
polarity is presented in Chapter 2. A subset of molecules detected only in a similar polarity
electrospray solvent were analyzed using LEMS and an electrospray solution opposite in
polarity. Using LEMS, each molecule was laser vaporized, entrained, ionized and detected
with appreciable ion intensity in an electrospray solution opposite in polarity to the
molecule suggesting that LEMS has the ability to detect all molecules regardless of polarity
or electrospray solvent conditions.
Quantitative measurements of equimolar multicomponent protein mixtures are
highlighted in Chapter 3. The LEMS mass spectral response for three equimolar proteins
were measured and compared with conventional ESI-MS. The LEMS measurements
revealed a monotonic increase in mass spectral response as a function of concentration due
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to significantly abated ion suppression. In comparison, ESI-MS measurements resulted in
severe ion suppression of low surface activity proteins as a function of concentration and
suggests that ESI-MS of multicomponent protein mixtures is not quantitative.
A previous LEMS investigation suggested that nonresonant laser vaporization does
not alter a protein’s primary, secondary or tertiary structure. The evidence is a clear shift
in a protein’s charge state distribution towards lower charge states for the LEMS
measurements suggesting a more native conformation in comparison to ESI-MS
measurements depicting higher charge states suggesting a more unfolded conformation.
Chapter 4 details laser vaporization of an enzyme entrained in an electrospray solvent
containing a small substrate. The LEMS mass spectrum reveals the enzyme-substrate
intermediate state and the cleaved substrate ion suggesting preserved enzymatic activity
following laser vaporization in the electrospray droplet. The LEMS measurements infer
that preserved enzymatic activity occurs only if the protein’s conformation structure was
unadulterated following laser induced vaporization.
Chapter 5 describes the detection of stabilizers, plasticizer and their derivatives,
common additives to smokeless powder formulations, using LEMS and classification using
multivariate statistical analysis. The powder from four commercial ammunitions and one
high-grade munition were removed from their casings and subjected to laser electrospray
mass spectrometry. The combination of multiple smokeless powder constituents allows
discrimination and classification of the five powders using PCA and an offline classifier.
PCA with an offline classifier of the mass spectral features observed from the five
smokeless powders resulted in high fidelity classification.
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Chapter 6 highlights the detection of stabilizers and their derivatives, and the
revelation of multiple mass spectral features originating from the primer were detected in
gunshot residue (GSR) directly from the residual casing using LEMS and classification
using multivariate statistical analysis. The residue from five commercial ammunitions were
vaporized from their casing and ionized using a commercial Bruker Micro Q-TOF mass
spectrometer. The combination of multiple GSR constituents originating from residual
powder additives and the primer allows discrimination and classification of the five
residues using PCA and an offline classifier. PCA with an offline classifier of the mass
spectral features observed from the five GSRs resulted in high fidelity classification. In
addition, recycled casings practices employed by certain ammunition manufacturers
resulted in high PCA variability. After further scrutiny, LEMS measurements suggest
origin of PCA variability is due to presence of residue from the penultimate loading. It
should be noted this is the first demonstration of mass spectral analysis of GSR from an
expended casing under ambient conditions.
Gunshot residue detection of both heavy metals contained in the primer and the
residual organics remaining from the propellant is described using LEMS with a heavy
metal complexation agent and classification using multivariate statistical analysis. Chapter
7 details the use of a complexation agent with high affinity for heavy metals reveals
multiple mass spectral features that were undetected in a previous LEMS GSR
investigation. The combination of these mass spectral features are unique to gunshot
residue samples and provide additional signature ions that assist in distinguishing multiple
GSR samples. These new signature ions enable the identification of the manufacturer
employing heavy metal and heavy metal free primer compositions. The combination of the
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organics remaining from the propellant and the newly discovered heavy metal ions enables
discrimination of eight GSR samples originating from eight commercial ammunitions
using PCA and an offline classifier. PCA with an offline classifier of the LEMS mass
spectral features from the eight GSR casings enabled high fidelity classification. It should
be noted that this is the first exhibition of simultaneous inorganic and organic constituent
detection from GSR using ambient mass spectrometry.
Laser induced vaporization of high explosive formulations such as composition-4
(C4) and detonating cord is described in Chapter 8. LEMS measurements reveal the
propellant, RDX and PETN, and several plasticizers such as DCA. The chemical taggant,
DMNB, was detected in both formulations. The use of a high intensity laser pulse to a high
explosive commercial formulation resulted in the vaporization of the material from a metal
substrate without any reaction or decomposition. High sensitivity LEMS measurements of
complex commercial high explosive compositions requiring no sample preparation and
under ambient conditions suggests that LEMS is a highly competitive method for energetic
detection.
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Figure 1.1. Schematic for femtosecond laser vaporization mass spectrometry method.
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Figure 1.2. ESI mass spectra of cyctochrome c (a-c) prepared in 1:1 (v:v) water:methanol
with 0.4% m-NBA and 0.1% trifluoroacetic acid, acetic acid and formic acid, respectively.
Laser induced vaporization of cytochrome c (d-f) into an ES solvent consisting of 0.4% mNBA and 0.1% trifluoroacetic acid, acetic acid and formic acid, respectively. The pH of
the ES solvent for trifluoroacetic acid, acetic acid and formic acid was 2.2, 2.9 and 2.5,
respectively. Reprinted with permission from Reference (87). Copyright 2015 American
Society for Mass Spectrometry.
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Figure 1.3. 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 panel a. The derivatives of the sigmoidal curves produced
the internal energy distributions (P(E)), as shown in panel b. The sigmoidal fit R2, mean
internal energy, <Eint>, and FWHM internal energy values for each technique are shown.
Reprinted with permission from Reference (91). Copyright 2014 American Society for
Mass Spectrometry.
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Figure 1.4. 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. Reprinted with permission from Reference (77). Copyright
2013 American Chemical Society.
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Figure 1.5. PCA analysis projected into three of the six dimensions for white (square), red
(circle), hot pink (triangle), light pink (triangle pointing down), light purple (diamond),
purple (triangle pointing right), and coral (hexagon) Impatiens plant flower petals. The
open and the filled colored symbols represent the training and testing sets for each
phenotype, respectively. Reprinted with permission from Reference (80). Copyright 2012
American Chemical Society.
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Figure 1.6. PCA analysis projected into three of the six dimensions for chlorate,
perchlorate, and sugar (red square), ammonium nitrate (green circle), preblast black
powder (magenta star) and simulated, postblast black powder (blue triangle) 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 phenotype,
respectively. Reprinted with permission from Reference (78). Copyright 2011 American
Chemical Society.
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CHAPTER 2
EFFECT OF ANALYTE SOLUBILITY INTO AN INSOLUBLE
ELECTROSPRAY SOLUTION FOLLOWING NONRESONANT
LASER VAPORIZATION

2.1 Overview
In this chapter, laser vaporization of molecules that are only soluble in aqueous
solution or molecules that are only soluble in hydrophobic solution into an aqueous
(MeOH/H2O) or nonaqueous (CHCl3/CH3CN, CHCl3/THF) electrospray solution revealed
appreciable ion intensity for the given analyte regardless of the composition of the
electrospray solution. Comparison of laser electrospray mass spectrometry (LEMS) data
with ESI and DESI measurements suggest that analyte solubility in the spray solvent is not
an important parameter in the LEMS measurement in contrast to ESI and DESI where
solubility of the analyte is critical.
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2.2 Introduction
The effect of analyte solubility in a charged electrospray droplet stream has been
investigated for ambient ionization techniques such as DESI (1) and fused-droplet
electrospray ionization (FD-ESI) (2-3). A FD-ESI investigation suggested that solubility
in the charged electrospray droplet was critical to detection and that the electrospray
solvent can be tailored to isolate different classes of analytes (2). An aqueous sample
solution containing cytochrome c with varying amounts of NaCl was aerosolized and
coalesced with an acidic methanol electrospray solution. The FD-ESI-MS mass spectra
contained only protonated cytochrome c ions in contrast to conventional ESI-MS where
the cytochrome c ion signal became indistinguishable from NaCl cluster ions with
increasing NaCl concentration (2). The origin of FD-ESI-MS’s tolerance to NaCl is due to
the considerably lower solubility of NaCl in methanol in comparison with solubility in
water.
An investigation of the role of analyte solubility in the extraction and ionization
processes has been performed for extractive electrospray ionization (EESI) (4). The pH
sensitive fluorescent dye, Nile Red, was employed to demonstrate mixing of an acidic or
basic sample spray with an electrospray stream (4). Nile Red has high solubility in
methanol (≤1 mg●mL-1) and low solubility in water (≤1 μg●mL-1) and displayed increasing
signal with increasing methanol concentration in a binary electrospray solution, suggesting
that analyte solubility in the EESI mechanism has a dramatic influence on ion signal (4).
Conventional DESI analysis uses an aqueous spray directed at an analyte deposited
on a given surface and desorbed ions are sampled with a commercial ion trap mass
spectrometer. DESI has been proposed to occur through the “droplet pick-up” mechanism
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(5-7). A comprehensive investigation of analyte solubility in non-aqueous DESI spray
solvents has been reported (1). The role of analyte solubility in the DESI droplet pick-up
mechanism was investigated by analyzing 43 different samples using MeOH/H2O (50:50),
CHCl3/CH3CN (50:50), and CHCl3/THF (50:50) as the spray solvent. Following DESI
analysis, the investigators classified the 43 compounds into three classes according to their
solubility in MeOH/H2O (50:50), class A, in non-aqueous CHCl3/CH3CN (50:50) and
CHCl3/THF (50:50), class B, and in both MeOH/H2O (50:50) and non-aqueous spray
solutions, class C. The measurements suggest that the solubility of a given analyte in the
aqueous or non-aqueous solvents is responsible for the detection of ion signal from the
particular solvent system. For instance, Sudan dye I, an analyte used in the DESI
measurements, which is completely insoluble in H2O is not detected in the polar solvent
system (1). Analytes, which have appreciable solubility in both aqueous and organic
solvents, are observed in either hydrophobic or hydrophilic electrospray solvents. This
study suggests that analyte solubility in the particular solvent mixture predicts mass
spectral detection using DESI.
Laser electrospray mass spectrometry (LEMS) is an ambient ionization technique
that has been developed to perform direct analysis of complex mixtures without sample
pre-processing. The LEMS technique couples nonresonant, femtosecond (fs) laser
vaporization with electrospray ionization mass spectrometry. The fs laser vaporizes all
analytes, regardless of chemical composition, followed by entrainment in an electrospray
plume, ionization, and transfer to the mass spectrometer. LEMS analysis has been
performed on pharmaceuticals (8), lipids (9), narcotics (10), inorganic salts (11), high
explosives (10), unburnt smokeless powders (12), benzylpyridinium molecules (13),

- 50 -

dipeptides (14), proteins (15-18), and plant tissue (19-20). The universal nature of the
femtosecond (fs) laser vaporization process suggests that LEMS should provide gas phase
analyte for all samples. However, an investigation probing the importance of the solubility
of a given analyte in a particular electrospray solvent has not been performed.
In this paper, we investigate nonresonant laser vaporization followed with
entrainment in either a binary polar (MeOH/H2O) or nonpolar (CHCl3/CH3CN,
CHCl3/THF) electrospray solvent system to determine whether analyte solubility is critical
to detection using LEMS. Using a subset of molecules that were reported to be detected in
either an aqueous or non-aqueous solvent (1), we perform ambient laser vaporization of
the analytes into an ESI solvent of opposite polarity followed by mass spectral analysis.

2.3 Experimental
2.3.1

Materials
Thiamphenicol, Dichloran, Furazolidone, Procymidone, Simazine, Trifluralin,

Bitertanol, 17-α-Ethynyl-estradiol and Sudan dye I were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acetonitrile (CH3CN), chloroform (CHCl3), methanol (MeOH),
tetrahydrofuran (THF) and water (H2O) were purchased from Fisher Scientific (Pittsburgh,
PA, USA). These solvents were used to make the three binary electrospray solutions:
MeOH/H2O (50:50), CHCl3/CH3CN (50:50) and CHCl3/THF (50:50). No acid was added
to the electrospray solutions.

2.3.2

Sample Preparation

- 51 -

Each chemical was dissolved in the appropriate solvent and diluted to 500 μM. The
solution was spotted and dried on a stainless steel plate (1 cm2) three times. A total of 10
slides were used for each analyte. The slides were then placed on a sample stage in the ESI
source chamber. The sample plate was supported by a three-dimensional translation stage,
which allowed analysis of fresh sample with each laser shot. The sample plate was raster
scanned while the incident laser fired at 10 Hz. At least 120 mass spectra were collected
for each compound.
Table 2.1: Solubility and ESI Polarity of Nine Analytes detected using LEMS
#

Common name

Chemical
Formula

M.W.
(g/mol)

Calculated Isotopes
(m/z)

Class A – MeOH/H2O (1:1) spray solution only
355.00 (100.0%), 357.00
(68.4%), 356.01 (13.3%),
359.00 (13.3%), 358.01
C12H15NO5SCl2
356.22
(8.7%), 357.01 (2.0%),
360.00 (1.9%), 358.00
(1.4%), 359.01 (1.2%),
356.00 (1.2%)
205.96 (100.0%), 207.96
(63.9%), 209.96 (10.2%),
C6H4N2O2Cl2
207.01
206.97 (6.6%), 208.97
(4.3%)

Solubility
in H2O
(g/L, 20-25
○
C)(1)

Solubility
in CHCl3
(g/L, 2025 ○C)(1)

(+/−)
ESI
Mode

5

1

−

0.0063
(6.7,
MeOH)

Soluble

−

0.04

Slightly
soluble(21
)

+

210

+

0.9

+

>1000

+

250

+

−

−

−

+

*

1

Thiamphenicol

2

Dichloran

3

Furazolidone

C8H7N3O5

225.16

225.04 (100.0%), 226.04
(10.0%), 227.04 (1.1%)

Class B – Non-aqueous (CHCl3/THF and CHCl3/CH3CN)
283.02 (100.0%), 285.01
(63.9%), 284.02 (14.3%),
C13H11NO2Cl2
284.14
287.01 (10.2%), 286.02
0.0045
(9.2%), 288.01 (1.5%),
285.02 (1.4%)
201.08 (100%), 203.08
C7H12N5Cl
201.66
(32.3%), 202.08 (9.6%),
0.0035
204.08 (2.5%)
335.11 (100%), 336.11
C13H16N3O4F3
335.28
0.001
(15.3%)
337.18 (100%), 338.18
C20H23N3O2
337.42
0.0029
(22.8%), 339.19 (2.3%)
296.18 (100%), 297.18
C20H24O2
296.40
0.0015
(22.0%), 298.19 (2.6%)
248.09 (100%), 249.10
Completely
C16H12N2O
248.28
(17.5%), 250.10 (1.8%)
insoluble
*

4

Procymidone

5

Simazine

6

Trifluralin

7

Bitertanol

8

17-α-Ethynylestradiol

9

Sudan dye I
*

Classes and solubility taken from DESI measurements(1)
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2.3.3

Laser Vaporization and Ionization
The LEMS system used in this experiment has been previously described (14).

Briefly, the system combines femtosecond laser vaporization of solid or liquid material
into the gas phase, with an electrospray ion source for capture and ionization of the
vaporized material. A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO)
generated a 300 mW pulse centered at 800 nm that seeded a regenerative amplifier
(Coherent, Inc., Santa Clara, CA) to create a 2.5 mJ, 70 fs pulse, operating at 10 Hz. A 16.9
cm focal length lens focused the laser spot size to approximately 300 μm in diameter. The
laser beam was incident at an angle of ~ 45° with respect to the sample plate. The intensity
of the laser at the sample substrate was approximately 2 x 1013 W/cm2. The high intensity
of the laser beam induces nonresonant absorption in the sample resulting in vaporization
of the analyte. The sample was vaporized from the sample stage and ejected into the spray
in a direction perpendicular to the electrospray plume. The sample is entrained and ionized
in the electrospray solvent droplets.

2.3.4

Mass Spectrometry
The electrospray ionization source consists of a stainless steel electrospray needle,

dielectric capillary, desolvation chamber and two rf ion funnels that are configured to
produce and transfer ions into a time-of-flight (TOF) reflectron mass spectrometer (Bruker
MicrOTOF-Q II, Bruker Daltonics, Billerica, MA). When using the spectrometer in
positive ion mode, the electrospray needle was maintained at ground while the capillary
inlet was biased to -4.5 kV to extract positive ions. To compensate for the distortion of the
electric fields in the ESI source, the sample stage was biased to -2.5 kV. In negative ion
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mode, the capillary inlet and sample stage were biased to 4 and 2 kV, respectively. The
ESI needle was 6.4 mm above the sample stage and was approximately 6.4 mm from the
capillary inlet. Vaporized analytes were captured using an electrospray solvent of either
1:1 (v:v) MeOH/H2O, CHCl3/CH3CN, or CHCl3/THF which had a flow rate of 3 μL/min
as set by a syringe pump (Harvard Apparatus, Holliston, MA). The nitrogen drying gas was
maintained at 180 °C with a flow rate of 4 L/min. The sample on the stainless steel plate
was subjected to a fs laser pulse resulting in vaporization and post-ionization producing a
LEMS mass spectrum. The mass spectrometer stores the average of 5000 spectra every
second. The analysis time for a given sample was two minutes.
An ESI background mass spectrum was obtained in the absence of laser
vaporization to enable subtraction of mass spectral features related to the ESI solvent.
Negative features observed in the background-subtracted mass spectra are due to charge
competition between vaporized analyte and solvent. The mass spectrometer was tuned for
the range of m/z 50 to 1000.
2.3.5

Safety Considerations
Appropriate laser eye protection was worn by all personal and the high voltage area

was enclosed to prevent accidental contact with the biased electrodes.

2.4 Results and Discussion
2.4.1

Analysis of Class A Molecules in Non-Aqueous ESI Solvents using LEMS
LEMS measurements were performed for both class A and class B molecules

(Table 1) in either aqueous or nonaqueous ESI solvent systems. The LEMS mass spectra
of the class A (hydrophilic) molecules were measured using either nonaqueous
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CHCl3/CH3CN or CHCl3/THF electrospray solvent and the resulting spectra are shown in
Figure 1. Figure 1a-b show Thiamphenicol (M-H- m/z 354.01) detected in negative ion
mode CHCl3/CH3CN and CHCl3/THF, respectfully. The blank spectra are displayed as the
black curve in all LEMS mass spectra. The additional features detected are a manifestation
of the isotope distribution of sulfur and chlorine (m/z 355.02, 356.01, 357.01 and 358.01).
The calculated isotopic distributions for all molecules investigated in this study are shown
in Table 1. Figure 1c-d show Dichloran (M-H- m/z 204.96, 205.96, 206.95, 207.95 and
208.95) detected in negative ion mode CHCl3/CH3CN and CHCl3/THF, respectfully.
Figure 1e-f show Furazolidone detected in positive ion mode CHCl3/CH3CN and
CHCl3/THF, respectfully. Figure 1e depicts Furazolidone (M+H+ m/z 226.27) detected in
the CHCl3/CH3CN solvent mixture. The M+H+, m/z 226.27 ion was not detected in the
CHCl3/THF solvent mixture, rather the ions detected in Figure 1f, m/z 243.18 (M + NH4+)
and its isotope 244.19 have appreciable ion intensity. The lack of the molecular ion peak,
m/z 226.27, in the CHCl3/THF measurement in comparison to the CHCl3/CH3CN
measurement was surprising. The ammonium adduct is presumably due to an impurity in
the THF solvent. Previous measurements of Furazolidone shows that it complexes with
ammonium forming the [M+NH4]+ adduct producing a peak at m/z 243 (22). The LEMS
data confirms that hydrophilic chemicals not detected in non-aqueous ESI/DESI solutions
are easily observed in the same non-aqueous solutions using LEMS.
2.4.2

Analysis of Class B Molecules in Aqueous ESI Solvent using LEMS
The mass spectra for class B molecules laser vaporized into MeOH/H2O

electrospray solvent are shown in Figure 2. Figure 2a displays the mass spectral features
for Procymidone with a most abundant peak at M+H+ m/z 284.22 in positive ion mode. The
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isotope pattern matches that calculated for the molecular formula shown in Table 1 (m/z
285.23, 286.23, 287.23 and 288.23). Figure 2b shows LEMS analysis of Simazine (M+H+
m/z 202.04, 203.04 and 204.03) detected in positive ion mode. The isotopes are the result
of chlorine in the molecule (Table 1). Figure 2c shows detection of Trifluralin (M+H+ m/z
336.12 and m/z 337.12) in positive ion mode. Figure 2d depicts Bitertanol (M+H+ m/z
338.16 and 339.16) in positive ion mode. Figure 2e shows the negative ion mode LEMS
mass spectrum of 17-α-ethynyl-estradiol (M-H- m/z 295.19, 296.18 and 297.17) with
appreciable ion intensity for the molecular ion peak. The isotopic distribution for 17-αethynyl-estradiol shown in Table 1 suggest that the m/z 297.17 should have much lower
signal intensity than the figure displays. This increase in intensity is attributed to the
superposition of the blank feature with the same m/z as the isotope (Figure 2e). Figure 2f
depicts Sudan dye I (M+H+ m/z 249.05 and 250.05) in positive ion mode. In addition, peaks
at m/z 247.03 and 248.03 were detected that may be the result of decomposition of the
Sudan dye I dimer (23). The LEMS data confirms that hydrophobic chemicals that are not
detectable in aqueous ESI/DESI spray solution are easily measured in aqueous solvent
using LEMS.
The DESI and LEMS sampling processes can be divided into two steps: analyte
desorption from the condensed phase and analyte ionization. Ionization occurs, in both
DESI and LEMS, through ESI charged droplet solvent evaporation. Analyte introduction
is fundamentally different in the LEMS and DESI methods. Analyte dissolution and
partitioning into the thin solvent film is critical for transfer into the mass spectrometer using
DESI. LEMS transfers analyte into the gas phase via a fs laser vaporization and the
vaporized material is collected in the electrospray droplets. The laser vaporization
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introduction method into a charged droplet results in the accumulation of analyte on the
droplet surface enabling ionization and detection of molecules not observed in ESI alone.
In the DESI experiment, the analyte must be soluble in the solvent to be entrained in the
charged droplets impinging on the sample surface. Partitioning into the droplets is not
necessary in LEMS, the analyte is free to remain on the droplet surface where the charge
resides. This experiment suggests that LEMS can detect appreciable ion intensity
regardless of the composition of the ESI spray solution and that analyte solubility has
limited contribution to the LEMS detection process of dried samples.
2.5 Conclusion
The ability to detect polar and nonpolar analytes using either aqueous or nonaqueous ESI solvent systems suggests that analyte solubility is not a prerequisite in the
LEMS ionization mechanism for dried samples. These measurements provide evidence
that LEMS has the ability to detect a wide array of molecules regardless of the composition
of the electrospray solvent and supports the notion that LEMS can detect all molecules in
a single experiment. In addition, this experiment suggests that solvent optimization is not
needed when conducting LEMS experiments. The ability to detect analytes regardless of
the composition of the electrospray solution suggests that the LEMS sampling mechanism
is fundamentally different in comparison to techniques such as ESI and DESI, where
detection is predicated on solubility. This finding provides additional support for the notion
that LEMS universally detects all sample components without additional sample
preparation or electrospray solvent optimization procedures.
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Figure 2.1 LEMS mass spectra (blank spectra in black) showing molecular ion for class A
molecules measured in different ESI solutions: (a) Thiamphenicol (-) (CHCl3/CH3CN), (b)
Thiamphenicol (-) (CHCl3/THF), (c) Dichloran (-) (CHCl3/CH3CN), (d) Dichloran (-)
(CHCl3/THF), (e) Furazolidone (+) (CHCl3/CH3CN) and (f) Furazolidone (+)
(CHCl3/THF). () and () indicates either the most abundant or subsequent less abundant
isotopes. (+) or (-) signifies either positive or negative ion MS mode.
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Figure 2.2 LEMS mass spectra (blank spectra in gray) showing molecular ion peaks for
class B molecules: (a) Procymidone (+), (b) Simazine (+), (c) Trifluralin (+), (d) Bitertanol
(+), (e) 17-α-Ethynyl-estradiol (-) and (f) Sudan Dye I (+). All spectra were measured using
MeOH/ H2O as ESI solution. () and () indicates either the most abundant or subsequent
less abundant isotopes. (+) or (-) indicates either positive or negative ion MS mode.
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CHAPTER 3
LASER ELECTROSPRAY MASS SPECTROMETRY MINIMIZES
ION SIGNAL SUPPRESSION FACILITATING QUANTITATIVE
MASS SPECTRAL RESPONSE FOR MULTI-COMPONENT
MIXTURES OF PROTEIN

3.1 Overview
In this chapter, a comparison of the mass spectral response for myoglobin,
cytochrome c, and lysozyme is presented for laser electrospray mass spectrometry (LEMS)
and electrospray ionization mass spectrometry (ESI-MS). Analysis of multi-component
protein solutions using nonresonant femtosecond (fs) laser vaporization with electrospray
post-ionization mass spectrometry exhibited significantly reduced ion suppression effects
in comparison with conventional ESI analysis, enabling quantitative measurements over
four orders of magnitude in concentration. No significant charge reduction was observed
in the LEMS experiment while the ESI measurement revealed charge reduction for
myoglobin and cytochrome c as a function of increasing protein concentration.
Conventional ESI-MS of each analyte from a multi-component solution reveals that the
ion signal detected for myoglobin and cytochrome c reaches a plateau and then begins to
decrease with increasing protein concentration preventing quantitative analysis. The ESI
mass spectral response for lysozyme from the mixture initially decreased, before
increasing, with increasing multi-component solution concentration.
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3.2 Introduction
Electrospray ionization mass spectrometry (ESI-MS) (1) is a powerful technique
for analyzing samples ranging from small molecules (2-3) to large protein mixtures (4-5).
Electrospray ionization has been extensively used for biological mass spectrometry of
intact protein molecular ions, however, the method suffers from ion suppression, a
phenomenon that can compromise interpretation of mass spectral data (6-7). Ion
suppression results when multiple analytes compete for available charge in the electrospray
droplet leading to a selective response, for example, of one protein over another (8-9). This
causes the measured mass spectral ion abundance to decrease with increasing protein
concentration. Ion suppression is a major concern for quantitative ESI-MS and has been
investigated in an attempt to enable analysis of multi-component solutions (10-13).
The ionization mechanism for electrospray remains controversial for large
molecules such as proteins and studies suggest that the ESI process most likely proceeds
through the Dole charged residue mechanism (14-15). Positive mode ESI begins with an
oxidation reaction at the needle tip, creating excess charge at the solution-needle interface
forming a Taylor cone that creates charged droplets containing the analyte of interest.
Solvent evaporation increases the charge density on the droplet surface until Columbic
repulsion equals the droplet’s surface tension. Further evaporation results in a fission event
that produces smaller offspring droplets. Continuous evaporation and fission events
ultimately lead to the formation of nanometer-sized droplets from which multiply
protonated ions are produced.
Ion suppression is an undesirable phenomenon observed in ESI-MS measurements
of multi-component mixtures (5, 16-17) and begins with the uneven nature of droplet
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fission events. Previous work has shown that progeny droplets carry away a small fraction
of mass with an incommensurately high amount of charge (18). Thus analytes with high
surface activity will disproportionately concentrate in the highly charged offspring
droplets. Analyte partitioning and charge competition effects in the droplet typically result
in the suppression of one analyte in the presence of other analytes. The suppression causes
a discrepancy between the ion intensity detected and the relative concentration of the
analyte in solution. In an attempt to explain this phenomenon, Enke et al. developed the
excess charge model which considers the electrospray droplet as two separate phases, the
charge containing surface layer and the neutral droplet interior (19). Analytes with
hydrophobic character will partition to the excess charge containing surface layer and
acquire the majority of charge. More hydrophilic analytes will remain in the droplet interior
and have a lower probability to acquire charge.
Proteins with a large number of hydrophobic residues will preferentially partition
to the droplet surface in comparison with proteins consisting primarily of hydrophilic
residues (20-21). Note that some polar side groups are necessary to facilitate ionization
(22-23). Thus, protein conformation should play a role in ion suppression with denatured
proteins having a higher signal response than native proteins (24-25). The higher ionization
efficiency is both a result of exposed hydrophobic residues interacting with a polar solvent
to promote droplet surface activity and the accessibility of additional polar groups to
facilitate ionization. In the native state, more of the amino acids are located in the interior
of the droplet with less exposure of ionizable side chains to surface charge in comparison
to denatured protein. These effects serve to diminish the mass spectral response of native
proteins in comparison with denatured proteins.
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An investigation of ion suppression in ESI-MS has been performed using several
concentrated protein mixtures (5). The measurements reveal that the concentration of an
analyte in solution is not an accurate gauge for determining where ion suppression becomes
significant. Rather, the concentration of available protein charge sites is a better indicator
for ion suppression. The protein charge site concentration is the product of the protein
concentration and the average charge in the protein’s charge state distribution and
represents the appropriate measure to be compared to the available excess charge. Proteins
with a large number of charge sites, such as myoglobin will approach the excess charge
limit quicker than proteins with a smaller number of charge sites, such as lysozyme, even
though the number of protein molecules in solution is equivalent. Thus the sum of available
charge sites enables prediction of the concentration where ion suppression will occur for a
given protein. It should be noted that the inherent protein structure should have impact on
its observed mass spectral response. The mass spectral response of individual ESI-MS
solutions containing myoglobin, cytochrome c and lysozyme show lysozyme reaching ion
deficient conditions at higher concentrations than the other two proteins (Supporting
Information: Figure 3.1). Lysozyme contains four disulfide bonds that constrict its structure
preventing denaturation to the extent seen in myoglobin and cytochrome c which lack these
disulfide bonds thus reducing the number the accessible charge sites and its ability to
competitively partition to the droplet surface. In addition to introducing the concept of
surface charge site concentration, this study also suggested that surface partitioning is not
a key factor for determining the signal response factor for a given protein.
ESI-MS measurements of α-globin and β-globin subunits of hemoglobin as a
function of both pH and protein concentration revealed that surface partitioning and
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desolvation may play a role in the signal response factor (24). The α-chain unfolds and βglobin retains its structure at a pH of 3.4 and under charge deficient conditions α-globin
suppressed the β-globin signal resulting in a large α:β peak intensity ratio. However, in the
limit of charge surplus, suppression effects were attenuated but the α:β peak intensity ratio
still remained above unity, suggesting that surface partitioning was not the only factor
responsible for the higher instrumental response of the α-chain. At a pH of 2.2, where the
degree of denaturation is similar for both proteins, the signal intensity of the α-globin
subunit remained significantly higher than that of β-globin with virtually identical α:β peak
intensity ratios for both charge excess and deficient conditions. Such experiments suggest
that a factor other than the surface activity and the availability of charge is responsible for
the observed bias in instrumental response. Declustering the proteins by increasing the cone
voltage led to the anticipated α:β ratio, suggesting that desolvation is also an important
factor in ion suppression.
When the excess charge in the electrospray droplet is much greater than the
concentration of analyte charge sites, ESI-MS can provide quantitative analysis over three
to four orders of magnitude. Deviations from linearity occur at high analyte concentration,
typically at 10-5 M for proteins, but varies based on experimental conditions (26) and is a
direct result of ion suppression. Several ESI-MS based experiments have shown an ability
to abate ion suppression. Desorption electrospray ionization (DESI) (17) and nanoelectrospray ionization (nESI) (11) significantly reduce charge deficient conditions. This
benefit results from DESI’s charge pick up mechanism and the ability of nESI to produce
much smaller droplets where surface partitioning is less important. An analysis technique
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that significantly reduces ion suppression effects providing quantitative data would impact
complex multi-component solution analysis.
Several laser-based techniques have been used to investigate multi-component
protein mixtures, and these include matrix-assisted laser desorption ionization (MALDI)
(27-28), electrospray-assisted laser desorption ionization (ELDI) (29), laser ablation
electrospray ionization (LAESI) (30) and matrix-assisted laser desorption ionization
electrospray ionization (MALDESI) (31). Suppression of ladder peptides was observed in
MALDI experiments when a hydrophobic matrix was employed (28). ELDI and
MALDESI investigations of various proteins and biological fluids attribute inconsistencies
in the data to ion suppression effects, without quantitative assessment.

A LAESI

investigation of verapamil and reserpine exhibited quantitative response over four orders
of magnitude dynamic range and no ion suppression effects (30). A comparison of ESI and
ELDI measurements of protein mixtures revealed a significant decrease in ion suppression
effects using laser desorption, suggesting that ELDI provides a more accurate measurement
of the solution’s composition (29, 32). ELDI measured ion signal for insulin, cytochrome
c, lysozyme and myoglobin from solution with added matrix. Quantitative measurements
were obtained even with myoglobin, a known ion suppression agent. When subjected to
conventional ESI-MS analysis, measurements revealed that myoglobin dominates the
spectrum, and no measurable ion signal was detected using either insulin or cytochrome c.
The development of laser electrospray mass spectrometry (LEMS) has enabled
rapid analysis of proteins with no sample preparation, and in particular, no matrix
application. LEMS combines nonresonant femtosecond laser vaporization with
electrospray ionization mass spectrometry to introduce nonvolatile samples into the mass
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spectrometer. Previous LEMS investigations of proteins and complex biological solutions
include human blood,(33-34) raw egg yolk (33), and milk (34). Linear mass spectral
response for hen egg lysozyme was observed as a function of concentration ranging from
10-3 to 10-6 M (33). Additional LEMS investigations revealed that solution phase protein
structure was preserved when subjected to intense, nonresonant ultrafast laser vaporization
into the electrospray droplets (35). LEMS analysis has also been conducted on a variety of
analytes such as pharmaceuticals, lipids (33, 36), narcotics (37), dipeptides (38), explosives
(39-40), black powders (41) and plant tissue organ type and phenotype (42-43).
In this study, equimolar mixtures of myoglobin, cytochrome c, and lysozyme were
analyzed with ESI-MS and LEMS. The mass spectral responses of multi-component
protein solutions were measured as a function of concentration. The response for
conventional electrospray is compared to that for laser electrospray mass spectrometry to
show how ion suppression effects are significantly reduced when a fs laser pulse is used to
vaporize proteins into the electrospray stream. The charge state distributions are measured
as a function of protein concentration to provide insight into the signal response factors
and charge suppression mechanisms for conventional electrospray and LEMS analysis.

3.3 Experimental
3.3.1

Materials
Myoglobin and cytochrome c were purchased from Sigma-Aldrich (St. Louis, MO,

USA) and lysozyme was purchased from USB Corporation (Cleveland, OH, USA). Stock
solutions were prepared by dissolving the protein in HPLC grade water (Fisher Scientific,
Pittsburgh, PA) in plastic containers at a concentration of 2 x 10-3 M.
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3.3.2

Sample Preparation
The stock protein solutions were diluted to 0.5, 1, 5, 10, 50 and 100 μM with

methanol (EMD Chemicals, Gibbstown, NJ, USA) to make electrospray solutions
comprised of 1% acetic acid, 1:1 (v/v) methanol/water. All protein mixtures were made at
equimolar concentrations similar to the individual solutions. All solutions were sonicated
prior to the addition of protein.

3.3.3

Protein Analysis using LEMS
The stock protein solutions were diluted to 50, 100, 500 and 1000 μM with HPLC

grade water. Prior to vaporization, 10 μL aliquots of solution were deposited using a
micropipette over an area of 150 mm2 on a stainless steel plate. Each mass spectrum was
obtained from a fresh aliquot of solution by translating the sample stage. Ten mass spectra
were obtained for each concentration.

3.3.4

Determination of Myoglobin [M + 22H]22+ and Cytochrome C [M + 16H]16+

ion abundance from unresolved peak at m/z 772.5
The molecular ions of myoglobin [M + 22H]22+ at m/z 772.8 and cytochrome c [M
+ 16H]16+ at m/z 773.5 are poorly resolved and a procedure was executed that approximates
each contribution to the unresolved peak at m/z 772.5. The unresolved peak was
deconvoluted by assuming a Gaussian distribution for the charge state distribution of both
proteins, as shown in Figures 3.6 and 3.7, respectively. The fraction of myoglobin is given
by the peak height of the Gaussian at m/z 772.5 divided by the peak height of the mass
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spectral feature at m/z 772.5. The difference of the unresolved peak height and the
myoglobin Gaussian peak height divided with the unresolved peak height gives the
approximated contribution ratio of cytochrome c to the unresolved peak at each
concentration measured. Repeating this procedure for the cytochrome c Gaussian fit results
in two independent tables of fractions as a function of concentration that are within 25%
of each other under charge deficient ESI conditions and 8% of each other when under
charge surplus LEMS conditions. Taking the average of the contribution ratios for
myoglobin and cytochrome c provides the approximate ESI and LEMS contribution
presented in Table 3.1 and 3.2, respectively.

3.3.5

Laser Vaporization and Ionization
A Ti:sapphire laser oscillator (KM Laboratories, Boulder, CO) seeded a

regenerative amplifier (Coherent, Inc., Santa Clara, CA) to create a 2.5mJ 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 1013 W/cm2. 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 peaks. Negative features in the background-subtracted mass spectra
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result from charge competition between the vaporized analytes alter the solvent ion
distribution. Positive peaks not labeled in the blank-subtracted mass spectra are solventrelated features.

3.3.6

Mass Spectrometry
The mass spectrometer used in this experiment has been previously described (38).

The system combines an intense femtosecond laser for the nonresonant transfer of analyte
into the gas phase with an electrospray ion source for capture and ionization of the
vaporized material. The electrospray ionization source (Analytica of Branford, Branford,
CT) was configured for positive ions. The ESI source consists of an electrospray needle
and dielectric capillary with a metal shroud and a 500 m inlet aperture. The electrospray
needle was maintained at ground while the inlet capillary was biased to -4.5kV to analyze
positive ions. The ESI needle was 6.4 mm above, and parallel to, the sample stage and
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). The ESI plume was dried by countercurrent nitrogen
gas at 180 °C before entering the inlet capillary. Upon exiting the dielectric capillary, the
ions traverse two hexapole ion guides to enter the pulsed extraction time-of-flight analyzer.
The first hexapole operates in a trapping mode, where the positive ions were collected at
10 Hz. After exiting the first hexapole, the ions were transferred to the pulsed extraction
region by a second hexapole, operating in continuous mode. Ions were injected
orthogonally into the linear time-of-flight analyzer and extracted via two high voltage
pulsers (Directed Energy Inc., Fort Collins, CO, and Quantum Technology Inc., Lake
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Mary, FL) triggered 180 μs after the ions exit the first hexapole. The positive ions were
then detected, and the resulting mass spectra were averaged using a digital oscilloscope for
50 laser shots (5 s) for LEMS analysis and for 5 s for conventional ESI-MS analysis.

3.3.7

Safety Considerations

Appropriate laser eye protection was worn by all lab personnel.

3.4 Results and Discussion
3.4.1

Electrospray Ionization of Equimolar Protein Mixtures
The signal response for multi-component mixtures is known to depend on solution

conditions and instrumental settings (5). To study the effect of ion suppression on the ESI
process, equimolar solutions of varying concentrations were prepared containing
myoglobin, cytochrome c, and lysozyme. The ESI solutions were made under denaturing
conditions using 1% acetic acid in a 1:1 water/methanol mixture by volume. The width of
the charge state distributions of the protein ions in the ESI mass spectra (Figure 3.2) suggest
that apomyoglobin (m/z 16958, [M +26H]26+ to [M +10H]10+), cytochrome c (m/z 12382,
[M + 18H]18+ to [M + 9H]9+) and lysozyme (m/z 14333, [M + 10H]10+ to [M + 8H]8+) were
in the denatured state. At low concentrations, 0.5 μM, the most intense molecular ions for
the three charge state distributions are [M + 20H]20+, [M + 14H]14+ and [M + 9H]9+ for
myoglobin, cytochrome c, and lysozyme, respectively. As the concentration increases to
100 μM, the distribution shifts to lower charge states, as seen in the shift of the most intense
molecular ions to [M + 17H]17+ for myoglobin and to [M + 13H]13+ for cytochrome c. While
the most intense ion remains the 9+ charge state for lysozyme, the 8+ state increases in
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relative intensity at the expense of the 10+ state. The formation of lower charge states at
higher protein concentrations has been observed previously using electrospray mass
spectrometry and is due to the limited available charge in the droplet surface layer with
increasing protein concentration (5, 44-45). The shift in the charge state distribution to
lower charge states and the significant suppression of cytochrome c and lysozyme charge
states observed in this investigation are in agreement with the previous studies.
To quantify ion suppression in multi-component mixtures, each protein’s mass
response was plotted as a function of concentration as shown in Figure 3.3. The charge
states of each protein were identified and integrated using the Cutter software package (46)
and the integrated intensity was plotted with respect to the protein’s concentration in the
equimolar solution. Myoglobin shows an unusual correlation between measured ion
abundance and concentration. The integrated area initially decreases from 0.5 to 1 μM.
Myoglobin’s integrate area increases significantly between 1 to 5μM before saturation and
roll over is observed for the remaining concentrations. Cytochrome c shows a linear
correlation between measured ion abundance and concentration over an order of magnitude
(500 nM – 5 μM). However, further increase in protein concentration results in a marked
decrease in the measured ion abundance indicating the onset of charge deficient conditions
in the electrospray droplet. The saturation and roll-over has been observed previously (5).
In addition, the high baseline observed in the 0.5 and 1 μM ESI multi-component mass
spectra introduces additional uncertainty in the integrated area of myoglobin and
cytochrome c. This elevated baseline could be responsible for the unusual response of
myoglobin, which shows a decrease in integrated area from 0.5 to 1 μM before significantly
increasing in the 5 μM spectrum. In contrast, the measured lysozyme ion abundance shows
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an initial anti-correlation with increasing lysozyme concentration. At 5 μM, ion
suppression nearly eliminates the lysozyme signal at m/z 1789.78 [M + 8H]8+. As the
concentration increases and the charge state distribution of the proteins shift to higher mass
to charge ratios (m/z), the lysozyme ion intensity increases slightly. These observations
suggest that ion suppression effects have a significant influence on the ESI-MS
measurements for the three proteins and will impair quantitative analysis of multicomponent protein solutions using conventional ESI-MS.
The resolution of the mass spectrometer and changing charge state distributions for
myoglobin and cytochrome c create challenges for quantification. In particular, the
molecular ions of myoglobin [M + 22H]22+ at m/z 772.8 and cytochrome c [M + 16H]16+ at
773.5 overlap in the ESI mass spectra. The unresolved peak was using the procedure
outlined in the experimental section. The contribution of cytochrome c to the unresolved
peak at m/z 772.5 was determined for the various concentrations. The ratio of the integrated
m/z 772.5 peak belonging to cytochrome c was estimated to be 45% for 0.5 μM, 25% for 1
and 5μM, 35% for 10 and 50 μM and 43% for 100 μM. The m/z 772.5 molecular ion is at
the lower end of the myoglobin charge state distribution and its contribution changes as the
collective solution concentration increases. The myoglobin [M + 22H]22+ ion contribution
was estimated to be 55% for 0.5 μM, 75% for 1 and 5μM, 65% for 10 and 50 μM and 57%
for 100 μM. Finally, we note that attribution of the unresolved peak (m/z 772.5) exclusively
to myoglobin or cytochrome c produced minimal change in the quantitative analysis of the
protein concentrations shown in Figure 3.3.
The anti-correlation of the lysozyme mass spectral intensity in the ESI MS
measurement with respect to the myoglobin and cytochrome c intensities as a function of
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concentration as shown in Figure 3.3 was surprising. The lysozyme integrated area initially
decreases with increasing mixture concentration and reaches a minimum at 10 M
followed by a slight increase in integrated area at higher concentration. The much lower
mass spectral response relative to cytochrome c and myoglobin suggests that lysozyme
partitions least to the surface of the droplet. The decreasing intensity as a function of
increasing concentration could also result from a combination of charge reduction and
instrumental response, in particular, the two hexapole ion guides used in the mass
spectrometer. The hexapoles were tuned to have higher transmission efficiency for low m/z
ions (higher charge states) in comparison with higher m/z ions (lower charge states). Ion
suppression effects, the spectrometer’s mass range and the shift of a protein’s charge state
distribution to higher m/z (lower charge states) with increasing protein concentration could
cause the initial decline of the lysozyme ion intensity with increasing concentration as this
protein has the highest m/z ions. In addition, the timing of the time of flight extraction
plates was also optimized for low m/z, which further enhances the spectrometer for higher
charge states. In ESI, the combination of the low transmission efficiency for high m/z ions
with the limited excess charge distributed among an increasing quantity of protein results
in less charge per protein providing lower cumulative signal response for higher m/z (lower
charge states). The increase in lysozyme ion signal at higher equimolar mixture
concentrations is likely due to charge reduction of the myoglobin and cytochrome c
creating higher m/z features. The transfer of signal from these ions into the same mass
range as lysozyme decreases suppression due to microchannel plate saturation. When the
experiment was repeated with the hexapole ion guides tuned for lower charge states (high
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m/z), lysozyme showed similar suppression effects as seen in Figure 3.3 for myoglobin and
cytochrome c (Figure 3.1).
The measurements suggest that ion suppression occurs around 1 to 5 μM, rendering
any quantitative ESI-MS measurements of protein mixtures above this concentration
unreliable. The sensitivity to mass spectral tuning suggests that charge reduction alone can
significantly affect the ability to perform quantitative measurement in ESI MS. This
experiment suggests that caution must be exercised when attempting to perform
quantitative measurements of multi-component protein solutions using ESI-MS and that
an alternative approach will be required for complex solutions.

3.4.2

Laser Electrospray Ionization Mass Spectrometry of Equimolar Protein

Mixtures
Laser electrospray mass spectrometry was performed on an equimolar protein
mixture of myoglobin, cytochrome c and lysozyme to compare with the conventional ESIMS measurements. Figure 3.4 displays the LEMS mass spectra for the equimolar protein
mixture as a function of concentration. The charge state distribution does not shift to higher
m/z with increasing solution concentration in the LEMS measurements, unlike the
conventional ESI-MS measurements. The most intense molecular ion peaks from 50 μM
to 1 mM in the LEMS myoglobin, cytochrome c and lysozyme charge state distributions
are detected at m/z 847.5 [M + 22H]22+, m/z 824.8 [M + 15H]15+ and m/z 1591.3 [M + 9H]9+,
respectively. Comparison of the ESI-MS and LEMS charge state distributions as a function
of concentration suggests that the droplet environments are different. The LEMS
experiments reveal less charge reduction and significantly reduced ion suppression effects.
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Figure 3.5 displays the integrated area of the LEMS mass spectra for each protein
as a function of concentration in the equimolar solution. A monotonic increase in signal is
observed for myoglobin, cytochrome c and lysozyme with increasing concentration. Like
the ESI measurements, myoglobin dominates the mass spectral intensity, followed by
cytochrome c and then lysozyme. The ratio of signal for myoglobin to cytochrome c is
approximately 3:1, which is also similar to the ESI response. No roll over is observed in
the LEMS signal and the average and maximum charge state in the charge state distribution
does not change as a function of concentration. In the data shown in Figure 3.4, the heme
to myoglobin ratio remains relatively constant as a function of concentration, unlike the
ESI-MS measurement where the heme to myoglobin ratio decreases by a factor of three
with increasing concentration. Figure 3.2 shows that the heme is the largest feature in the
mass spectrum at 0.5 mM and reduces significantly in relative intensity compared to the
myoglobin features. Finally, the LEMS mass spectra exhibit little charge competition and
suppression effects. These trends suggest that ion suppression effects are minimized in
LEMS in comparison with ESI-MS and that the LEMS measurements are quantitative.
The mechanism by which LEMS provides quantitative data in comparison to
conventional electrospray mass spectrometry remains an open question. Previous work
shows the LEMS vaporization method results in approximately 1% capture efficiency of
the sample material in the electrospray plume (36). This may result in lower concentration
of protein in the droplet and thus greater charge availability with respect to the analyte
concentration. In addition, we propose that the reduced time analytes spend in the
electrospray droplet during the LEMS process prevents partitioning into the interior of the
droplet. In that event, a more hydrophilic analyte, such as lysozyme, would remain on the
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surface instead of partitioning to the inner phase of the droplet, promoting charging and
thus detection. Such non-equilibrium partitioning would reduce ion suppression effects
resulting in a more representative mass spectral response for otherwise low-surfacepartitioning analytes in concentrated multi-component solutions. The observations are in
agreement with the hypothesis that femtosecond laser vaporization into the electrospray
droplets prevents equilibration of analyte partitioning between droplet surface and interior
that occurs during conventional electrospray (35). The non-equilibrium nature results in a
more universal analysis of all components in solution and suggests that surface partitioning
of hydrophobic and hydrophilic proteins may be important for quantitative protein analysis
(24) in addition to surface charge state concentration (5).
The quantitative nature of lysozyme measurements using LEMS is evident when
compared to traditional electrospray. LEMS analysis of lysozyme shows a monotonic
increase in the mass spectral response with increasing solution concentration. The LEMS
measurements show a small increase in lysozyme ion intensity as a function of increasing
solution concentration, with a plateau in signal from 500μM to 1mM. The constant
lysozyme charge state distribution and increasing ion signal as a function of mixture
concentration suggests that ion suppression and charge reduction effects are significantly
reduced in comparison with conventional ESI-MS. The LEMS measurements suggest that
charge deficiency is not an issue in this set of proteins.
Another reason for the enhanced quantitative nature of LEMS vs. ESI-MS is that
the LEMS charge state distribution for a given protein is constant for multi-component
samples. This indicates that the analyte concentration in the droplet does not cause ion
suppression effects for the LEMS measurement. The LEMS mass spectra also reveal that
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the myoglobin [M + 22H]22+ and cytochrome c [M + 16H]16+ molecular ions at m/z 772.5
overlap similar to conventional electrospray measurements. However, the deconvolution
is straightforward for the LEMS measurement because ion suppression and charge state
reduction effects are not as significant. Using the procedure described for the ESI
measurement, the contribution of each protein to the 772.5 feature can be obtained. The
contribution of myoglobin [M + 22H]22+ to the detected ion signal was approximately 35%
for 50, 100, 500 and 1000 μM, therefore making the contribution of cytochrome c [M +
16H]16+ to be approximately 65%.

3.5 Conclusion
The ability to make quantitative measurements of all components in a mixture is
important for mass spectral analysis of complex systems. Ion suppression effects in the
electrospray ionization mass spectrometry experiment (ESI-MS) restrict the ability to
perform quantitative measurement. We have demonstrated that quantitative measurements
can be performed for equimolar protein mixtures of myoglobin, cytochrome c, and
lysozyme with laser electrospray mass spectrometry experiment. The LEMS measurements
as a function of concentration reveal no evidence for charge reduction with the result that
charge suppression effects are significantly reduced in comparison to ESI-MS. The
mechanism for the enhanced quantitative capability for LEMS may be due to both the nonequilibrium nature of the partitioning of the proteins in the droplet and the reduced
concentration in the droplet due to the ~1% pickup of the vaporized material. The enhanced
quantitative ability of LEMS is valuable for the analysis of complex samples like tissue
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and forensic samples where matrix effects present significant challenges for most mass
spectral methods.
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Figure 3.1 Integrated area of protein charge states versus solution concentration for ESIMS equimolar experiments with the system tuned to optimize high m/z ions. The data
shows similar ion suppression concentration profiles for the three proteins.
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Figure 3.2 Positive ion ESI mass spectra of different equimolar myoglobin, cytochrome c
and lysozyme solution concentrations: (a) 100, (b) 50, (c) 10, (d) 5, (e) 1 and (f) 0.5 μM.
The protein mixtures were electrosprayed in water / methanol (1:1 v/v) solutions with
acetic acid (1% v/v).
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Figure 3.3 Integrated area of protein charge states versus solution concentration for ESIMS equimolar measurements for myoglobin, cytochrome c and lysozyme.
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Figure 3.4 Positive ion LEMS mass spectra of different equimolar myoglobin, cytochrome
c, and lysozyme solution concentrations: (a) 1 mM, (b) 500, (c) 100 and (d) 50 μM. The
protein solutions were prepared in pure water and spotted on a metal sample plate in 10 μL
aliquots. The electrospray consisted of methanol and water (1:1 v/v) and acetic acid (1%
v/v).
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Figure 3.5 Integrated area of protein charge states versus solution concentration for LEMS
equimolar measurements for measurements for myoglobin, cytochrome c and lysozyme.
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Figure 3.6 Positive Ion ESI mass spectra of different equimolar myoglobin, cytochrome c
and lysozyme solution concentrations: (a) 100, (b) 50, (c) 10, (d) 5, (e) 1 and (f) 0.5 μM.
A Gaussian approximation shown as a dashed line for myoglobin (magenta) and
cytochrome c (cyan) is used to outline each protein’s charge state distribution. The
unresolved peak at m/z 772.6 is labeled (*, orange) for clarification.
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Figure 3.7 Positive Ion LEMS mass spectra of different equimolar myoglobin, cytochrome
c and lysozyme solution concentrations: (a) 1 mM, (b) 500, (c) 100 and (d) 50 uM. A
Gaussian approximation shown as a dashed line for myoglobin (magenta) and cytochrome
c (cyan) is used to outline each protein’s charge state distribution. The unresolved peak at
m/z 772.5 is labeled (*, orange) for clarification.
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Table 3.1 The percentage of the unresolved peak at m/z 772.5 measured with ESI-MS
corresponding to cytochrome c and myoglobin.
Concentration
[μM]
% Cytochrome
C
% Myoglobin

0.5

1

5

10

50

100

42.80

24.78

26.64

32.20

39.26

42.95

57.20

75.22

73.36

67.80

60.74

57.05

Table 3.2 The percentage of the unresolved peak at m/z 772.5 measured with LEMS
corresponding to cytochrome c and myoglobin.
Concentration
[μM]
% Cytochrome C
% Myoglobin

50

100

500

1000

67.00
33.00

66.19
33.81

65.89
34.11

65.66
34.34
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CHAPTER 4
PRESERVATION OF ENZYMATIC ACTIVITY INFERS CONDENSED PHASE
CONFORMATION IS MAINTAINED AFTER NONRESONANT LASER
VAPORIZATION

4.1 Overview
In this chapter, bovine trypsin was laser vaporized from aqueous solution into either
an ammonium acetate or 1% formic acid electrospray solution containing substrate, N2(carbobenzyloxy)-L-lysine-p-nitrophenyl ester (CPZ). The hydrolysis product α-CPZ-Llysine is observed in the electrospray mass spectrum. Acid-denatured bovine trypin laser
vaporized into an ammonium acetate electrospray buffer solution containing CPZ substrate
revealed no hydrolysis product of the CPZ substrate in the electrospray mass spectrum.
Hydrolysis of CPZ by trypsin and the detection of both free enzyme and trypsin-acyl-CBZ
intermediate species suggests that the condensed phase structure is preserved after laser
vaporization.
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4.2 Introduction
Protein conformation can be probed by measuring the charge state distribution in
the electrospray mass spectrum resulting from proton attachment to the available basic sites
of the protein. The availability of basic sites for protonation is determined by the
conformation of the protein in solution (1). Folded protein typically expose fewer basic
residues and thus has a lower average charge state in comparison with denatured protein,
Cytochrome c electrosprayed from increasing concentrations of trifluoroacetic acid with
acetic acid kept constant revealed a higher average charge state due to denaturation of the
protein in solution (1). In contrast, the charge state distribution of cytochrome c under low
pH conditions (pH = 1.4) revealed the average charge of the intact gas-phase protein ions
decreased as a function of decreasing pH (2.2 – 1.4) due to the anion effect (2). The anion
effect is the propensity for charge neutralization of the different anionic species presumed
to reflect the avidity of the anion-basic residue of the protein interaction and has been
proposed as a two-step mechanism. The first step occurs in solution, where an anion pairs
with a positively charged basic group on the protein. The second step occurs either during
the desolvation process or in the gas phase, where the ion pair dissociates to yield the
neutral acid and the protein with reduced charge state. This study contradicts fundamental
ESI conformational transitions in solution under acidic solutions and suggests that under
certain conditions ESI-MS charge states do not reflect solution state conformations.
Ion mobility measurements have been used to obtain structural information for
cytochrome c conformers in the gas phase by measuring the collisional cross section to
provide an estimate of three dimensional structure in the gas phase (3-4). Cytochrome c
ions electrosprayed from an aqueous/methanolic (1:1 v/v) solution produced charge states
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ranging from 7+ to 9+. The 7+ charge state, typically thought to represent the native
conformation, was isolated in a quadrupole mass spectrometer and its drift time was
measured. Three peaks were observed in a distribution ranging from 1300 – 2200 μs. A
small peak at ~1600 μs, a broad peak at ~ 1800 μs and an intense peak at ~2000 μs suggests
that the 7+ cytochrome c charge state must have conformations ranging between the native
and random coil limits. Higher charge states, produced with the addition of acid, correlated
to an increase in the drift time suggesting a greater extent of unfolding (4).
Electrospray-assisted laser desorption/ionization (ELDI) (5), laser ablation
electrospray ionization (LAESI) (6) and matrix-assisted laser desorption electrospray
ionization (MALDESI) (7) have demonstrated the ability to produce mass spectra of intact
proteins using laser desorption under ambient conditions. The measurements indicate
extensive unfolding due either to the energy deposition of the nanosecond laser pulses on
the time scale of molecular vibrations inducing thermal denaturation (8-10) or sample
preparation procedures such as the use of matrix, where the decrease in pH induces
denaturation. The use of high intensity lasers (1013-14 W cm-2) with ultrashort pulse
durations (~100 femtoseconds) under ambient conditions has resulted in detection of intact
ions with little increase in internal energy for a large swath of molecules (11-12). Laser
electrospray mass spectrometry (LEMS) has been employed for direct analysis of
pharmaceuticals (13), lipids (14), low- (15) and high explosives (16) directly from
commercial formulations, plant tissue (17-18), and proteins (19-20). Classification using
LEMS mass spectra has been performed for different inorganic IEDs (15), smokeless
gunpowders (21), and plant tissue types (17-18). In addition, quantitative analysis using
LEMS has been demonstrated for equimolar small molecule (22) and protein
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multicomponent mixtures (23). These investigations suggest that nonresonant laser
desorption is a gentle ionization technique that can be extended to all molecules without
sample preparation or additional analysis procedures. However, the state of the analyte
after laser vaporization, particularly in the case of proteins, is still under investigation and
is the subject of debate (24-27).
The effect of laser-induced vaporization on the three dimensional structure of
biological molecules has been compared to conventional ESI-MS (24). Cytochrome c
measurements using ESI-MS and LEMS under identical solution conditions revealed much
greater probability for native state conformers than denatured conformers as a function of
decreasing pH using LEMS. This investigation demonstrates that in conventional ESI-MS,
the composition of the electrospray solvent induces changes the protein’s tertiary structure.
In contrast, a typical LEMS experiment exposes the analyte to the electrospray solvent for
a transient period (~ 5 ms) enabling observation of conformers more reflective of their
condition in solution.
The extent to which gas-phase protein structures mirror those found in solution is
under debate (25-27). In response to the data suggesting folded structure is retained by
proteins following femtosecond laser vaporization with electrospray post-ionization,
evidence was presented that gas phase proteins can unfold and reorganize (25, 28). Proton
transfer reactivity of native (disulfide-intact) and denatured (disulfide-reduced) charge
states of lysozyme with neutral reference bases of known gas-phase basicity revealed
charge states below 8+, of both forms, have indistinguishable reactivities. The disulfidereduced lysozyme charge states below 8+ are not formed directly from the ESI process but
rather by proton transfer from higher charge states to neutral reference bases indicating that
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disulfide-reduced ions fold in the gas phase (28). Molecular dynamics simulations imply
that transient unfolding could facilitate new noncovalent interactions within a protein
producing more stable gas-phase structures (29). The crux of this argument centers around
the relationship between charge state and folded/unfolded protein detected using mass
spectrometry. Evidence from gas-phase hydrogen-deuterium exchange (HDX) (30),
electron capture dissociation (ECD) (31-33), ion mobility (IM) (4, 34-35) and molecular
dynamics (MD) (36-37) suggest that low charge states are more compact/folded and high
charge states are more extended/denatured. The LEMS measurements suggest that a
protein’s three-dimensional structure is not significantly perturbed following laser
vaporization that transfers the protein from the condensed phase to the gas phase under
ambient conditions. The LEMS measurements do not suggest that a protein’s native state
is maintained following desolvation and transfer into vacuum, as has been suggested (25).
The justification for this hypothesis is due to the distinctive ESI mass spectral signature for
both ESI and LEMS subjected to identical solution conditions. Although there is
compelling evidence to support the claim femtosecond laser vaporization preserves protein
tertiary structure, the method’s reliance on charge states to infer structure information will
continue to stimulate debate and, therefore, new approaches to investigating gas phase
structure are of interest.
In this investigation, LEMS is employed to determine whether nonresonant laser
vaporization significantly perturbs the native structure of trypsin upon transfer into the gas
phase. We infer the structure of the enzyme using a well-characterized substrate hydrolysis
reaction following laser vaporization of the enzyme into electrospray droplets containing
the substrate. Here, hydrolysis of N2-(carbobenzyloxy)-L-lysine-p-nitrophenyl ester (CPZ)
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by trypsin is employed as the assay. CPZ, a substrate for trypsin, is placed in the
electrospray buffer solution and is thus incorporated into the charged droplets. Upon laser
vaporization of trypsin, the CPZ catalyzed product ion, α-CPZ-L-lysine, and the trypsinCPZ-acyl intermediate ions are monitored to determine trypsin’s catalytic activity,
providing an indication of the vaporized protein’s structure.
4.3 Experimental
4.3.1

Materials
Bovine Trypsin (Cat. No. T1426; salt-free lyophilized powder treated with L-1-

tosyamide-2-phenyethyl chloromethyl ketone to reduce chymotrypsin activity to less than
0.001% of that of trypsin) and CPZ (Cat. No. C3637) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Methanol (MeOH) and water (H2O) were purchased from Fisher
Scientific (Pittsburgh, PA, USA). The 5mM ammonium acetate salt (NH4Ac), purchased
from EM Science (CAS. No. 631-61-8), was made in MeOH/H2O (50:50) with a measured
pH of 6.85.
4.3.2

Sample Preparation
Three ESI-MS solutions containing 5mM NH4Ac in MeOH/H2O (50:50) were

prepared. The contents of those solutions included only NH4Ac as the blank, 10 μM CBZ,
and 10 μM CBZ and 1μM Trypsin for comparison with LEMS measurements. When
performing LEMS analysis, a 5mM ammonium acetate buffer solution containing 10 μM
CBZ in MeOH/H2O (50:50) was used as the electrospray solution. 1 mM of aqueous trypsin
was prepared for laser desorption. To compare effects of trypsin in an acidic electrospray
solution, a 10 μM CBZ, 1μM Trypsin, 1% formic acid MeOH/H2O (50:50) solution was
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employed. For LEMS analysis, a 10 μM CBZ, 1% formic acid MeOH/H2O (50:50) solution
was used as the electrospray solution. 10 μL of 1 mM aqueous trypsin was spotted on a
stainless steel slide (1cm2) for LEMS analysis. The slide was then placed on a sample stage
in the ESI source chamber. The sample plate was supported by a three-dimensional
translation stage, which allowed analysis of fresh sample with each laser shot.
4.3.3

Laser Vaporization and Ionization
The LEMS system used in this experiment has been previously described (11).

Briefly, the system combines femtosecond laser vaporization of solid or liquid material
into the gas phase, with an electrospray ion source for capture and ionization of the
vaporized material. A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO)
generated a 300 mW pulse centered at 800 nm that seeded a regenerative amplifier
(Coherent, Inc., Santa Clara, CA) to create a 2.5 mJ, 70 fs pulse, operating at 10 Hz. A 16.9
cm focal length lens focused the laser spot size to approximately 300 μm in diameter. The
laser beam was incident at an angle of ~ 45° with respect to the sample plate. The intensity
of the laser at the sample substrate was approximately 2 x 1013 W/cm2. The high intensity
of the laser beam induces nonresonant absorption in the sample resulting in vaporization
of the analyte. The sample was vaporized from the sample stage and ejected into the spray
in a direction perpendicular to the electrospray plume. The sample is entrained and ionized
in the electrospray solvent droplets.
4.3.4

Mass Spectrometry
The electrospray ionization source consists of a stainless steel electrospray needle,

dielectric capillary, desolvation chamber, two rf ion funnels, an rf-only hexapole, a
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quadrupole with the ability to isolate precursor ions, and a quadrupole configured to
operate in rf-only mode and constructed as a collision cell to produce and transfer ions into
a time-of-flight (TOF) reflectron mass spectrometer (Bruker MicrOTOF-Q II, Bruker
Daltonics, Billerica, MA). When using the spectrometer in positive ion mode, the
electrospray needle was maintained at ground while the capillary inlet was biased to -4.5
kV to extract positive ions. To compensate for the distortion of the electric fields in the ESI
source, the sample stage was biased to -2.0 kV. The ESI needle was 6.4 mm above the
sample stage and was approximately 6.4 mm from the capillary inlet. Vaporized analytes
were captured using a 1:1 (v:v) MeOH/H2O 5 mM ammonium acetate and 1% formic acid
electrospray solvent, which had a flow rate of 3 μL/min as set by a syringe pump (Harvard
Apparatus, Holliston, MA). The nitrogen drying gas was maintained at 180 °C with a flow
rate of 5 L/min. The sample on the stainless steel plate was subjected to a fs laser pulse
resulting in vaporization and post-ionization producing a LEMS mass spectrum. The mass
spectrometer records a spectrum every second, where each mass spectrum is the average
of 5000 mass spectra.
An ESI background mass spectrum was obtained in the absence of laser
vaporization to enable subtraction of mass spectral features related to the ESI solvent.
Negative features observed in the background-subtracted mass spectra are due to charge
competition between vaporized analyte and solvent causing an alteration of the solvent ion
distribution. The high resolution mass spectrometer was tuned for a wide m/z range 50 to
3000.
4.3.5

Safety Considerations
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Appropriate laser eye protection was worn by all personal and the high voltage area
was enclosed to prevent accidental contact with the biased electrodes.
4.4 Results and Discussion
The reaction scheme for the trypsin-catalyzed hydrolysis of CBZ shown below is
based on the well-characterized reaction model as described by Ascenzi et al (38)
𝑘1
𝑘2
𝑘3
𝐸 + 𝑆 ⇌ 𝐸 ∙ 𝑆 ⇌ 𝐸 ∙ 𝑃 + 𝑃1 ⇌ 𝐸 + 𝑃2
𝑘−1
𝑘−2
𝑘−3

Equation 1

where S is CBZ (m/z = 402.17), E is Trypsin, EP is trypsin-acyl intermediate, P1 is ρnitrophenolate and P2 is α-CBZ-L-lysine (m/z 281.14), respectively. The pH-dependent
kinetics of bovine trypsin were investigated revealing k3 as the rate limiting step at low pH
conditions (~2.6). In this investigation, we exploit the transient lifetime of the electrospray
droplet (~5 ms) in an attempt to observe the trypsin-acyl-CBZ intermediates to test the
hypothesis that nonresonant laser vaporization does not alter condensed phase
conformation. The use a neutral pH 5mM ammonium acetate buffer in the electrospray
solvent is two-fold. First, the composition of the electrospray solution should not induce
denaturation of the enzyme. Second, due to the dynamics of the LEMS capture mechanism,
the short exposure time (~5 ms) of the enzyme with the electrospray solvent necessitates
solution conditions that promote fast catalysis.
Figure 1 is a comparison of the trypsin-catalyzed hydrolysis of CBZ using ESI-MS
and LEMS. Panels 1a-b insets exhibit the mass spectra of the trypsin-catalyzed hydrolysis
of CBZ in an ammonium acetate buffer using ESI-MS and LEMS, respectively. Panels 1a,
1c, and 1e represent the ESI-MS measurements of the 10+, 9+ and 8+ charge states of trypsin
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measured using a 5mM ammonium acetate solution containing 10 μM CBZ and 1 μM
trypsin. The three panels show low ion abundance for the protonated trypsin 10+, 9+ and 8+
molecular ions at m/z 2330.16, 2589.07 and 2917.28, respectfully, rather there is
considerable adduction with the solvent and counter anions, such as chlorine. In the LEMS
experiment, 1mM aqueous trypsin was vaporized and captured in a 5mM ammonium
acetate solution containing 10 μM CBZ. The LEMS mass spectra shown in panels 1b, 1d
and 1f correspond to the trypsin 10+, 9+ and 8+ charge states, respectfully. The LEMS
measurements reveal an entirely different mass spectral distribution in comparison with the
ESI measurements. Panel 1b shows the protonated trypsin 10+ charge state with the largest
ion abundance in comparison to the adduct features. In addition, the trypsin 10+-acyl-CBZ
intermediate was observed at m/z 2356.42. This species was not observed using
conventional ESI (panel 1a). Panel 1d displays the protonated trypsin 9+ charge state and
trypsin 9+-acyl-CBZ intermediate at m/z 2589.07 and 2618.28, respectfully, with high ion
abundance using LEMS. Again, ESI-MS show no trace of this intermediate state. The
protonated trypsin 8+ charge state and 8+-acyl-CBZ intermediate at m/z 2912.69 and
2945.30, respectfully, are detected with high ion abundance using LEMS, Figure 1e. The
trypsin 10+- acyl-CBZ intermediate, 9+-acyl-CBZ intermediate and 8+- acyl-CBZ
intermediate charge states match trypsin-intermediate CBZ ions detected in a previous
investigation (39). In that study, a simple mixing apparatus initiated the trypsin-catalyzed
hydrolysis of CBZ under low pH conditions (pH = 2.55) prolonging the lifetime of the
acyl-enzyme intermediate states allowing detection using ESI-MS (39).
The detection of the trypsin-CBZ intermediate charge states suggests that the
enzyme’s tertiary structure is preserved following nonresonant laser vaporization. To
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further test this hypothesis we analyze the substrate and product region of the mass
spectrum. Figure 2 shows the CBZ molecular ion (m/z 402.17) as the most abundant ion
for both the ESI and LEMS measurements. The CBZ hydrolysis product, α-CBZ-L-lysine,
m/z 281.14, was measured with 15.8% relative ion intensity to the CBZ molecular ion in
the ESI measurement. Upon laser vaporization of trypsin into the ESI droplets, the α-CBZL-lysine ion at m/z 281.14 relative intensity increases to 24.9% of the CBZ molecular ion.
The combination of observed trypsin-CBZ intermediate mass spectral features and an
increase in ion abundance of the product ion relative to its molecular ion suggests continued
enzymatic function and activity following laser vaporization and suggests that nonresonant
femtosecond laser-induced vaporization preserves condensed phase structure.
No enzymatic reactivity is anticipated for denatured trypsin. Figure 3 presents a
comparison of the trypsin-catalyzed hydrolysis of CBZ in an acidic electrospray solution
(1% Formic Acid, pH = 2.67) using ESI-MS and LEMS. The panels 3a-b insets exhibit the
mass spectra of the trypin-catalyzed hydrolysis of CBZ in an acid electrospray solution
using ESI-MS and LEMS, respectively. Panels 3a and 3c depict the 10+ and 9+ charge states
of trypsin measured from a 1:1 (v:v) MeOH/H2O 1% formic acid solution containing 10
μM CBZ and 1 μM trypsin using ESI-MS. The two panels show the protonated trypsin 10+
and 9+ molecular ions at m/z 2330.16 and 2589.07, respectfully, with high ion abundance.
The native conformers show a shift in their charge state distribution centered around the
trypsin 10+ ion in comparison to the ammonium acetate buffer ESI measurements. The two
trypsin charge states show considerable adduction with the solvent and counter anions,
such as chlorine. Note that there is no trace of the trypsin-CBZ 10+ and 9+ intermediate
species at m/z 2356.42 and 2618.28, respectively. The LEMS measurements reveal
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significant adduct reduction of trypsin with the solvent and counter ions. Panel 3b and 3d
reveal the protonated trypsin 10+ and 9+ molecular ions at m/z 2330.16 and 2589.07,
respectfully, with high ion abundance. The trypsin-CBZ intermediate species for the 10+
and 9+ molecular ions were not detected using LEMS suggesting significant denaturation
of the conformers capable of CBZ hydrolysis during the finite lifetime of the droplet. The
acidic electrospray solution used in both the ESI and LEMS experiments eliminates the
trypsin 8+ species from the mass spectra.
The CBZ molecular ion (m/z 402.17) was observed as the dominant ion measured
from a 1:1 (v:v) MeOH/H2O 1% formic acid solution for both the ESI and LEMS
measurements as shown in Figure 4. The CBZ hydrolysis product α-CBZ-L-lysine, m/z
281.14, was observed with 0.42 and 0.37% relative intensity to the CBZ molecular ion for
ESI (4a) and LEMS (4b), respectively. These mass spectra contrast the CBZ hydrolysis
product measurements observed using an ammonium acetate buffer (Figure 2) and suggest
that nonresonant laser vaporization of trypsin and its limited interaction with the
electrospray solution produces predominately protonated molecular species with minimal
adduction in comparison to ESI under identical conditions. The data also suggests that
significantly decreased enzymatic activity due to denaturation in low pH conditions curtails
hydrolysis preventing detection of the α-CBZ-L-lysine product ion.
Typical LEMS experiments vaporize proteins from aqueous solution to measure
solution phase ESI-MS signature ions. In these measurements, acid exposed trypsin was
prepared for laser vaporization into an ammonium acetate buffer containing substrate to
further probe LEMS ability to observe condensed phase conformers. We would anticipate
little to no enzymatic activity due to preservation of acid exposed conformers following
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laser vaporization. Aqueous trypsin containing 1% formic acid at pH = 2.43 was laser
vaporized into a 5 mM ammonium acetate 10 μM CPZ 1:1 (v:v) MeOH/H2O electrospray
buffer (pH = 6.85). The panel 5a inset exhibits the mass spectra of the trypin-catalyzed
hydrolysis of CBZ laser vaporized from an acidic solution into an ammonium acetate
electrospray stream using LEMS. Panels 5a-c represent the 10+, 9+ and 8+ charge states of
acid exposed trypsin measured from a 5mM ammonium acetate solution containing 10 μM
CBZ using LEMS. Panel 5a shows the protonated trypsin 10+ charge state with the largest
ion abundance in comparison to adduct features. No trypsin 10+-acyl-CBZ intermediate
was observed at m/z 2356.42. Panel 5b depicts the protonated trypsin 9+ and 9+-acyl-CBZ
intermediate at m/z 2589.07 and 2618.28. Panel 5c shows the protonated trypsin 8+ and 8+acyl-CBZ intermediate at m/z 2912.69 and 2945.30. Both protonated charge states exhibit
high ion abundance in comparison to adduction peaks. The detection of the trypsin-acyl
intermediate states was surprising, but not unreasonable. Trypsin is an acid tolerant enzyme
that has the ability to maintain native conformers under acidic conditions. Bovine trypsin
contains six disulfide bonds that retain globular structure at highly acidic conditions (pH <
2), however, catalytic activity is significantly diminished presumably due to alternations
of secondary structure and the active site.(38) The appearance of trypsin-acyl intermediate
states following laser vaporization of acidic aqueous trypsin suggests that exposure of the
enzyme to the neutral electrospray buffer initiates slight renaturation including reactivation
of the binding site.
Enzymatic hydrolysis following laser vaporization of acid exposed trypsin into an
electrospray buffer containing substrate was portrayed in Figure 6. The CBZ molecular ion
(m/z 402.17) was observed as the dominant ion measured from 5 mM ammonium acetate
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10 μM CPZ 1:1 (v:v) MeOH/H2O electrospray buffer (pH = 6.85) solution. The CBZ
hydrolysis product α-CBZ-L-lysine, m/z 281.14, was observed with 10.30 and 11.49%
relative intensity to the CBZ molecular ion just prior to (6a, ESI)) and during (6b, LEMS)
laser vaporization. These measurements suggest that exposure of the enzyme to the neutral
electrospray solvent promotes slight renaturation that allows the substrate to bind and
undergo cleavage, but hydrolysis is significantly reduced due to retention of the initial,
denatured condensed phase configuration.
4.5 Conclusion
Previous LEMS investigations of biomolecular samples, such as proteins and
tissue, suggested that the method preserves condensed phase structure due to the
observation of native state ESI signature ions. In this investigation, we employ a wellcharacterized enzyme-substrate reaction to infer structural information based on continued
enzymatic activity following laser vaporization. Laser induced vaporization of aqueous
trypin into an electrospray solution containing substrate enabled detection of enzymesubstrate intermediate states and product ion. Continued trypsin catalytic activity following
nonresonant laser vaporization suggests that the enzyme’s condensed phase structure is
preserved. In addition, LEMS analysis reveals high ion abundance of naked trypsin charge
states in comparison to ESI-MS suggesting diminished electrospray solvent perturbation
presumably due to the transient lifetime of the electrospray droplet (~5ms). Finally, LEMS
analysis has demonstrated the ability to probe enzymatic-intermediate states without
extensive sample preparation procedures or complex mixing apparatuses.
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Figure 4.1 Mass spectra of the trypsin-catalyzed hydrolysis of CBZ highlighting the trypsin
10+, 9+ and 8+ charge states using ESI-MS (a, c, e) and LEMS (b, d, f), respectively. The
ESI and LEMS mass spectra show the different charge species of the trypsin ions (m/z and
charge in plain text) and the different charge species of the acyl-trypsin ions (m/z and
charge in boldfaced underlined text). The insets in panels (a-b) represent the mass spectra
for the trypsin-catalyzed hydrolysis of CBZ using ESI-MS (a) and LEMS (b), respectively.
Ion intensities above m/z 2000 in the insets are magnified 10x.
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Figure 4.2 Mass spectra of the trypsin-catalyzed hydrolysis of CBZ detailing the CBZ
molecular ion (CBZ, m/z 402.17) and its hydrolyzed product ion (α-CBZ-L-lysin, m/z
281.14) prior to (a) and during (b) laser vaporization of trypsin.

- 110 -

Figure 4.3 Mass spectra of the trypsin-catalyzed hydrolysis of CBZ highlighting the trypsin
10+ and 9+ charge states using ESI-MS (a, c) and LEMS (b, d), respectively. The ESI and
LEMS mass spectra show the different charge species of the trypsin ions (m/z and charge
in plain text). The insets in panels (a-b) represent the mass spectra for the trypsin-catalyzed
hydrolysis of CBZ using ESI-MS (a) and LEMS (b), respectively.
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Figure 4.4 Mass spectra of the trypsin-catalyzed hydrolysis of CBZ detailing the CBZ
molecular ion (CBZ, m/z 402.17) and its hydrolyzed product ion (α-CBZ-L-lysin, m/z
281.14) prior to (a) and during (b) laser vaporization of trypsin.
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Figure 4.5 Mass spectra of the trypsin-catalyzed hydrolysis of CBZ highlighting the trypsin
10+, 9+ and 8+ charge states using LEMS (a-c), respectively. The mass spectra show the
different charge species of the trypsin ions (m/z and charge in plain text) and the different
charge species of the acyl-trypsin ions (m/z and charge in boldfaced underlined text). The
inset in panel (a) represent the mass spectrum for the trypsin-catalyzed hydrolysis of CBZ
using LEMS. Ion intensities above m/z 2000 in the inset are magnified 50x.
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Figure 4.6 Mass spectra of the trypsin-catalyzed hydrolysis of CBZ detailing the CBZ
molecular ion (CBZ, m/z 402.17) and its hydrolyzed product ion (α-CBZ-L-lysin, m/z
281.14) prior to (a) and during (b) laser vaporization of trypsin.
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CHAPTER 5
THE CLASSIFICATION OF SMOKELESS GUNPOWDER USING LASER
ELECTROSPRAY MASS SPECTROMETRY AND OFFLINE MULTIVARIATE
STATISTICAL ANALYSIS

5.1 Overview
In this chapter, a direct, sensitive and rapid method for the detection of smokeless
powder components, from five different types of ammunition, is demonstrated using laser
electrospray mass spectrometry (LEMS). Common components found in powder, such as
ethyl centralite, methyl centralite, dibutyl phthalate and dimethyl phthalate, are detected
under atmospheric conditions without additional sample preparation. LEMS analysis of the
powders revealed several new mass spectral features that have not been identified
previously. Offline principal component analysis and discrimination of the LEMS mass
spectral measurements resulted in perfect classification of the smokeless powder with
respect to manufacturer.
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5.2 Introduction
The discrimination of ammunition is important for forensic science given the large
number of firearms produced annually in the United States (~5,000,000 per year) (1) and
the prevalence of such ordinance in criminal activities. According to the Bureau of Justice
Statistics, firearms were the weapon of choice for homicides and burglaries in the United
States from 1980 to 2008 (2). As a result, the need for a technique that can rapidly identify
and discriminate firearm ammunition and gunshot residue (GSR) would be of value for
forensic science and crime scene analysis. This paper focuses on the first of these
challenges.
Smokeless powder is a nitrocellulose-based propellant that is commonly used in
civilian and military ammunition and can be found either as an unburned solid or as burned
gunshot residue. Manufacturers add various energetic compounds that determine the
overall blast power and enable its use in high caliber ammunitions. The addition of high
explosives dictates the discrimination of smokeless powders as single-, double-, or triplebased (3). Single-based powders, composed of nitrocellulose as the primarily energetic
material in the composition, can be found in medium caliber rifle ammunitions, such as the
M16 and AK47. Double-based powders contain nitroglycerin in addition to nitrocellulose
to provide higher energy output for use predominately in pistol, revolver and shotgun
ammunition. Triple-based powders contain nitrocellulose, nitroglycerin and nitroguanidine
and are commonly used in large caliber military grade weapons, such as the Browning M2
0.50 caliber machine gun, due to the need for high chemical energy output. While the
differences in the three classes are linked to the chemical additives, the three classes all

- 120 -

contain similar compounds that provide various unique properties to the powder such as
burn rate, flash suppression and shelf life preservation.
Smokeless powder composites also contain several additives that allow tailoring
for weapon ammunition (4). For example, the addition of dinitrotoluene (DNT) prevents a
secondary flash at the muzzle of the weapon. Plasticizers, such as dimethyl phthalate
(DMP) and dibutyl phthalate (DBP) are added to allow safe handling and flexibility.
Opacificers, such as carbon black, are added to ensure reproducible burn rates. Stabilizers,
such as ethyl centralite (EC), methyl centralite (MC), and diphenylamine (DPA), are added
to react with nitrous oxide, a decomposition product of nitrocellulose, in an effort to
stabilize the composition. These compounds are added in different concentrations
depending on the desired powder type: single-, double- or triple-based and the
manufacturer’s specifications.
Developing a technique that detects and classifies explosives accurately is a
challenging endeavor because smokeless powders are a complex composition of chemicals
that are commonly encountered in various industries. Therefore, identification is
challenging using only one component. For instance, nitrocellulose is used in varnishes
and pharmaceuticals. Nitroglycerin is a common ingredient in pharmaceutical preparation
and treatment for angina. Dibutyl phthalate and diphenylamine are heavily used in the
rubber, plastic and food industries. These chemicals are used in the discrimination of
smokeless powders, but alone they are not conclusive evidence for the presence of the
smokeless powder composition. Conversely, EC and MC are regarded as distinguishing
compounds in smokeless powders and their detection provides evidence for the presence
of unburned smokeless powder or firearm discharge residue.
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A variety of techniques have been investigated as a means to determine the
molecular makeup of smokeless powder including gas chromatography (5), capillary
electrophoresis (6-7), thin-layer chromatography (8), high performance liquid
chromatography (9), ion mobility spectrometry (IMS) (10-11), desorption electrospray
ionization (DESI) (12-14), electrospray ionization (ESI) with tandem mass spectrometry
(15-16), nanoelectrospray ionization mass spectrometry (nESI-MS) (17), and Raman
spectroscopy (18-20). Ion mobility spectrometry is the most common analysis method due
to sensitivity and speed, but requires additional sample preparation steps and is subject to
interferents providing potential false positives and false negatives (21).
An analytical technique with high sensitivity is needed to detect the organic
stabilizers, which are present at low concentration in smokeless powders. When the
stabilizer measurements are coupled with other smokeless powder components,
classification may be facilitated. Using gas and liquid chromatography coupled to mass
spectrometry can result in problems in the analysis of smokeless powders. Gas
chromatography can cause thermal degradation and increase reactivity for analytes such as
DPA, skewing the results of the analysis (8). Liquid chromatography is limited due to the
wide range of polarities of the compounds present in the composite. Electrospray ionization
(16, 22) eliminates the need for a separation step and demonstrated the capability to detect
MC, DPA and its derivatives; however, ESI has not shown the capability to detect multiple
stabilizers and plasticizers simultaneously. Nanoelectrospray ionization (17) with tandem
mass spectrometry was used to detect organic stabilizers and plasticizers in smokeless
powder with high sensitivity to both the organic stabilizers and plasticizers present in the
composition, however, additional time consuming solvent extraction steps were required.
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Although nanoelectrospray ionization and electrospray ionization have similar
mechanisms, nanoelectrospray produces much smaller droplets in comparison to
electrospray. The smaller droplets allow the production of gas phase ions directly
circumventing the uneven droplet fission process, resulting in better analyte response and
higher sensitivity than conventional ESI.
Raman spectroscopy was recently employed to identify the organic components
found in smokeless powder and gunshot residue (19-20). Burned and unburned smokeless
powder

displayed

Raman

bands

corresponding

to

EC,

DNT,

DPA,

N-

nitrosodiphenylamine (N-NO-DPA), 2-nitrodiphenylamine and 4-nitrodiphenylamine (4NDPA). The Raman analysis required extensive sample preparation for unburned powder,
including desolvation, centrifugation and spotting on a sample plate. Powder signature
molecules could be identified directly from the GSR particle, but sample preparation prior
to analysis required either the removal of GSR particles from the contaminated material
followed with desolvation, spotting and drying, or spreading GSR particles uniformly over
an aluminum plate and analyzing directly. Even with the extensive sample preparation
required, Raman spectroscopy did not detect compounds such as the plasticizers.
Explosives detection would benefit from an analytical technique that has high
sensitivity, the capability to detect volatile and thermally labile compounds, and the
capability to provide rapid analysis of all of the molecules in a sample without time
consuming sample preparation. Laser electrospray mass spectrometry (LEMS) has been
developed to perform direct analysis of complex mixtures without sample pre-processing
at atmospheric pressure. The LEMS technique couples nonresonant, femtosecond (fs) laser
vaporization with electrospray ionization mass spectrometery. The nonresonant fs laser
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vaporizes all analytes, regardless of chemical composition, followed by capture, ionization
and transfer to the mass spectrometer by an electrospray plume. LEMS has been used to
detect and classify different types of explosives, such as inorganic salts (23) and high
explosives (24). Furthermore, LEMS analyses have been conducted on a variety of analytes
such as pharmaceuticals (25), lipids (26), narcotics, dipeptides (27), proteins (28-29), and
plant tissue (30-31).
In this paper, we investigate nonresonant laser vaporization coupled with an ESI
mass spectrometer to enable direct analysis of an unburned powder composition as a means
to detect the organic stabilizers and plasticizers from the explosive formulation with no
sample preparation. We investigate whether principal component analysis (PCA) with Knearest neighbor (Euclidean and cityblock) and linear discriminant analysis (LDA) can be
used to classify similar types of powder on the type and quantity of the stabilizers and
plasticizers introduced during the manufacturing process by using the laser electrospray
mass spectra.

5.3 Experimental
5.3.1

Ammunition
Five different smokeless powders were investigated in this experiment. A high

grade smokeless powder and a powder from Remington (Remington Arms Co., USA)
manufactured for a 0.223 medium caliber rifle were analyzed. The remaining three
powders analyzed, Remington, Federal (Alliant Techsystems Inc, USA) and Hornady
(Hornady Manufacturing Co, USA), were manufactured for 0.40 caliber pistols. Previous
investigations16 suggest that the two rifle ammunitions (Remington Rifle and the High
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Grade) are single-based and that the three pistol ammunitions (Federal, Hornady and
Remington Pistol) are double-based powders.
5.3.2

Sample Preparation
Each smokeless powder was removed from the cartridge and spread evenly with a

spatula on a piece of double-sided tape affixed to a stainless steel plate to cover
approximately seven cm2. Polyethylene double-sided tape (3M, St. Paul, MN) was used to
ensure the powder remains immobile during laser vaporization. The sample plates were
then placed on a sample stage in the ESI source chamber. The sample plate was supported
by a three-dimensional translation stage, which allowed analysis of fresh sample with each
laser shot. The sample plate was raster scanned while the incident laser fired at 10 Hz. At
least 10 mass spectra were collected for each powder sample.
5.3.3

Laser Vaporization and Ionization
The LEMS system used in this experiment has been previously described.(27)

Briefly, the system combines a femtosecond laser, used to induce nonresonant vaporization
of propellant components into the gas phase, with an electrospray ion source for capture
and ionization of the vaporized material. A Ti:sapphire laser oscillator (KM Laboratories,
Inc., Boulder, CO) generated a 300 mW pulse centered at 800 nm that seeded a regenerative
amplifier (Coherent, Inc., Santa Clara, CA) to create a 2.5 mJ, 70 fs pulse, operating at 10
Hz and synchronized with the electrospray ion source. A 16.9 cm focal length lens was
used to focus the laser spot size to approximately 300 μm in diameter. The laser beam was
incident at an angle of ~ 45° with respect to the sample plate. The intensity of the laser at
the sample substrate was approximately 2 x 1013 W/cm2. The high intensity of the laser
beam induces nonresonant absorption in the sample resulting in vaporization of the powder
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components. The sample was vaporized from the sample stage and ejected into the spray
in a direction perpendicular to the electrospray plume. The sample is captured and ionized
in the electrospray solvent droplets.
5.3.4

Mass Spectrometry
The electrospray ionization source (Analytica of Branford, Inc., Branford, CT)

consists of a stainless steel electrospray needle, dielectric capillary, skimmer and two
hexapoles that are configured to produce and transfer positive ions into a home built timeof-flight (TOF) mass spectrometer. The electrospray needle was maintained at ground
while the capillary inlet was biased to -4.5 kV to extract positive ions. To compensate for
the distortion of the electric fields in the ESI source, the sample stage was biased to -2 kV.
The ESI needle was raised 6.4 mm above the sample stage and was approximately 6.4 mm
from the capillary inlet. Vaporized analytes were captured using an electrospray solvent of
1% acetic acid, 1:1 (v:v) methanol/water, which had a flow rate of 3 μL/min as set by a
syringe pump (Harvard Apparatus, Holliston, MA). The ESI plume was subjected to a
nitrogen drying gas at 180 °C before entering the capillary inlet. The first hexapole was
operated in the trapping mode, where the positive ions were collected for 250 μs. After
exiting the first hexapole, the ions are transferred to the TOF extraction region by a second
hexapole (Ardara Technologies, Ardara, PA). Once in the extraction region, two high
voltage pulsers (Directed Energy Inc., Fort Collins, CO, and Quantum Technology Inc.,
Lake Mary, FL) are triggered injecting the ions orthogonally into the linear TOF analyzer.
The positive ions were then detected, and the resulting mass spectra were averaged using
a digital oscilloscope for 50 laser shots (5 s) for LEMS analysis. The smokeless propellant
sample on the stainless steel plate was subjected to a fs laser pulse resulting in vaporization
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and post-ionization producing a LEMS mass spectrum. The analysis time for a given
powder sample was less than one minute. Ten mass spectra were averaged per powder
sample.
A LEMS background mass spectrum was obtained by vaporizing double sided tape
without powder at the beginning of the experiment to facilitate subtraction of mass spectral
features related to the ESI solvent and the adhesive tape. Due to the high volatility of EC
and DPA, large mass spectral features of these analytes were present in the ESI background
mass spectrum when the powder sample was in the ESI source. Negative features are
observed in the background-subtracted mass spectra due to charge competition between
vaporized analyte and solvent causing an alteration of the solvent ion distribution.
5.3.5

Principal Component Analysis
The mass spectra were collected and saved as data files in a custom Labview 8.5

program (National Instruments, Austin, TX, USA). The Matlab code was written in-house
producing PCA loading and scores values which we report for the first three principal
components. At least 10 mass spectra were collected for each ammunition. Three randomly
selected mass spectra from each ammunition were designated as the training set, while the
remaining mass spectra were assigned as the testing set. The PCA scoring and loading plots
were produced in Origin 7.5.
5.3.6

Safety Considerations
Smokeless powders were not removed from cartridges until just prior to LEMS

analysis by trained personnel. All cartridges were sequestered by brand and stored in dry
locations at room temperature. Appropriate laser eye protection was worn by all personal
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and the high voltage area was enclosed to prevent accidental contact with the biased
electrodes.
5.4 Results and Discussion
5.4.1

Detection of Organic Stabilizers
The simultaneous detection of the stabilizers and plasticizers listed in Table 5.1 can

serve as signatures in the ESI-MS system to discriminate the different types of smokeless
powder. When LEMS was used to analyze five powder formulations, positive ions
resulting from protonation were observed in the obtained mass spectra (Figure 5.1, Table
5.2). The signature ions that were detected are in agreement with previous studies of
smokeless powders (16-17, 20). Figure 5.1a displays the mass spectrum of the Federal
powder. The distinguishing feature in the Federal powder mass spectrum is the high
abundance [EC + H]+ peak at mass-to-charge (m/z) 269 (peak 7). The LEMS mass spectrum
suggests that EC is the main distinguishing ion in the composition, discriminating the
Federal powder from the other four smokeless powders analyzed as the remaining powder
formulations show only traces of EC (Figure 5.1b-e). The high ion abundance of EC in the
Federal powder composition is suggested by the prominent peaks at m/z 291 (peak 9), 307
(peak 10) and 559 (peak 14) corresponding to [EC + Na]+, [EC + K]+ and [2EC + Na]+,
respectively. Methyl centralite, another commonly used stabilizer added to certain powder
compositions, was found in the Federal LEMS mass spectrum (Figure 5.1a) at m/z 242
(peak 6), [MC + H]+. The MC peak has a low ion abundance and shows no capability to
form stable adducts in the ESI TOF-MS used in these studies.
Diphenylamine, the most commonly used stabilizer in single-based powders, was
detected in four of the five analyzed powders. The Federal powder showed no trace of
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DPA, at m/z 170 (peak 1) as its protonated form ([M + H]+), with adducts, or as a derivative
molecule. The DPA stabilizer was detected in the Remington Pistol, Hornady, Remington
Rifle and High Grade powders (Figure 5.1b-e). Laser electrospray mass spectrometry
analysis reveals the DPA mass spectral feature as the peak with the highest ion abundance
in three of the four mass spectra but was only the fifth most abundant peak in the
Remington Rifle mass spectrum (Figure 5.1d). Diphenylamine acts as a scavenger that
binds nitrogen oxides, such as NO and NO2, in an effort to increase stability and shelf life
of the powder. Diphenylamine reacts with these nitrogen oxides to form 4-NDPA (m/z 215,
peak 4) and N-NO-DPA (m/z 199, peak 3), which can be seen in the LEMS mass spectra.
The by-product 4-NDPA was detected in the High Grade LEMS mass spectrum (Figure
5.1e) only and with relatively low ion abundance. The detection of 4-NDPA was not
surprising since the High Grade smokeless powder was stored for approximately seven
years prior to analysis. The N-NO-DPA ion detected at m/z 199, was detected in three of
the five powders analyzed using LEMS. The by-product N-NO-DPA is a modestly intense
peak in the Hornady, Remington Pistol and High Grade powder mass spectra (Figure 5.1b,
5.1c, and 5.1e, respectively) indicating the powders were in the nascent stages of
decomposition. Note that LEMS has been shown to have a monotonic to linear response as
a function of analyte concentration (26). Thus, the measured signal intensities of the ethyl,
methyl centralite, diphenylamine and its derivative features likely indicate the relative
concentrations of the species in the formulation. In addition, several low ion abundance
DPA by-product peaks were detected; however, any peaks with a signal-to-noise (S/N)
ratio lower than three were not reported in this analysis.
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The presence of diphenylamine in large concentrations results in the production of
several DPA-containing adducts in the LEMS analysis. Previous nanoelectrospray
measurements reported that DPA forms adducts resulting in mass spectral features at m/z
227 (peak 5), 316 (peak 11) and 456 (peak 13) corresponding to [DPAα + H]+, [DPAβ +
H]+ and [DPAγ + H]+ respectively, where α, β and γ denote the different DPA adducts (17).
The LEMS mass spectra confirm the presence of these adducts in several of the powders
analyzed. The [DPAα + H]+ adduct was detected as the third most abundant peak in the
Remington Pistol mass spectrum (Figure 5.1b). Interestingly, this peak was not detected in
the Hornady, Remington Rifle and High Grade powders (Figure 5.1c-e), with the High
Grade mass spectrum displaying comparable [DPA+H]+ ion intensity as the Remington
Pistol mass spectrum. Scherperel et al (17). noted similar concentrations using
nanoelectrospray analysis wherein only one of the seven powders displayed a high ion
abundance for the [DPAα + H]+ adduct ion. The second DPA adduct at m/z 316 [DPAβ +
H]+ was detected in the Remington Pistol, Hornady, and Remington Rifle ammunitions
(Figure 5.1b-d). The [DPAβ + H]+ adduct varies drastically in ion abundance depending on
the powder being analyzed. The Remington Pistol and Hornady powders contained
relatively low ion abundance peaks for the [DPAβ + H]+ adduct; conversely, the [DPAβ +
H]+ adduct has the second most abundant mass spectral feature in the Remington Rifle
spectrum. The [DPAβ + H]+ adduct peak is unique to the Remington Rifle mass spectrum
and should contribute significantly to powder differentiation. The third DPA adduct, [DPAγ
+ H]+, was detected as a low abundance mass feature at m/z 456 in the Hornady and
Remington Pistol LEMS mass spectra (Figure 5.1b-c). Note that the High Grade powder
showed no trace of this adduct (Figure 5.1e).
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5.4.2

Detection of Plasticizers
The identification of the various plasticizers used in smokeless powders is

important when conducting a multicomponent characterization of multiple powders.
Previous studies of smokeless powder have detected various plasticizers and adducts (17).
Dimethyl and dibutyl phthalate were detected in smokeless powder as protonated
molecular ions, [DMP + H]+ and [DBP + H]+, at m/z 195 (peak 2) and 279 (peak 8),
respectively, using nESI-MS. Dimethyl phthalate was detected in two of the five powders
(Federal and Remington Rifle, Figure 5.1a and 5.1d, respectively) with relatively low ion
abundance in LEMS analyses.
Dibutyl phthalate is a commonly encountered plasticizer found in smokeless
powders (17, 32-33). The [DBP + H]+ adduct ion was detected at m/z 279 in four of the
five smokeless powders analyzed in this experiment. The Federal ammunition mass
spectrum (Figure 5.1a) showed no trace of the DBP ion, while the remaining four powders
displayed DBP with varying ion abundances. The deviations in ion abundance are
significant given the quantitative nature of the LEMS measurements (26). The Remington
Pistol and High Grade smokeless powders displayed low abundance DBP ion signals
(Figure 5.1b and 5.1e), while the Hornady and Remington Rifle powders revealed much
more prominent mass spectral signal for this signature ion (Figure 5.1c-d). In addition, a
trace amount of the dibutyl phthalate adduct(17) [DBPδ + H]+, was detected at m/z 448 for
the Remington Pistol, Hornady and High Grade powder mass spectra (Figure 5.1b, 5.1c
and 5.1e).
5.4.3

Unidentified Peaks Detected in LEMS
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One goal of this investigation was to measure the useful signatures resulting from
organic stabilizers, plasticizers and additional additives in an energetic composition using
nonresonant vaporization and capture by an electrospray plume. Numerous unidentified
mass spectral features were observed that were not identified in previous literature. Without
tandem MS capabilities, we cannot determine whether these are adducts, fragments or
clusters of the powder components already identified. Table 5.3 lists the unidentified peaks
that were observed in the five powder formulations. There are several unidentified peaks
that contribute to the discrimination of each powder. The peak at m/z 149 was observed in
trace quantities for the Federal and Hornady ammunitions (Figure 5.1a and 5.1c), but had
the third highest ion abundance in the Remington Rifle mass spectrum (Figure 5.1d).
Previous work using tandem MS has shown that ethyl centralite will fragment producing
an ion at m/z 148 (34). However, the Remington Rifle LEMS mass spectrum shows no
traces of EC in the composition, suggesting that this peak must be some other component.
Scherperel et al. conducted nanoelectrospray ionization with multistage tandem mass
spectrometry experiments using smokeless powders and confirmed that a DBP fragment
results in an ion at m/z 148 (17). The Remington Rifle mass spectrum shows that this
particular powder has the largest concentration of DBP (Figure 5.1d); therefore, the large
peak at m/z 149 is consistent with a protonated DBP fragment. Additionally, the ion
abundance of the protonated DBP peak at m/z 279 present in the Hornady mass spectrum
(Figure 5.1c) was about half of that observed in the Remington Rifle mass spectrum (Figure
5.1d), yet only a trace of the fragment ion at m/z 149 was detected in the Hornady mass
spectrum. Although this could be the result of some subtle difference in the system and
electrospray process that facilitated fragmentation during LEMS analysis of the Remington
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Rifle propellant, it is likely that this molecular ion is some additional additive unique to the
Remington Rifle ammunition.
An additional feature that may play a role in the differentiation of the five powders
is the mass spectral feature observed at m/z 163. The peak is present in three of the five
powders analyzed but is not present in the Federal and Remington Pistol brands. This mass
spectral feature was detected in trace quantities for the Hornady and High Grade powders
(Figure 5.1c and 5.1e); conversely, the Remington Rifle mass spectrum shows the m/z 163
ion as the dominant peak (Figure 5.1d). Previous tandem MS studies of smokeless powder
show that N-NO-DPA fragments produce a signature ion at m/z 169 (17). The difference
in m/z ratio and the fact that this ion was observed under tandem MS conditions, suggests
that the ion detected in the LEMS mass spectra is probably another entity not previously
detected. Note that traditional electrospray and nanoelectrospray experiments require a
solvent extraction step using either methanol or methyl ethyl ketone, and this sample
workup step may not extract all components in the powder. Since all components are
vaporized in the LEMS method, the production of signature ions not previously detected
is possible.
The mass spectral feature at m/z 419 is common to all five of the smokeless powders
analyzed, although its ion abundance varies depending on the composition. The presence
of various adducts at higher m/z ratios can be seen in Figure 5.1. For instance, the ions at
m/z 580 and 596, which are observed in the Remington Rifle mass spectrum (Figure 5.1d),
are probably a sodium (Table 5.3: Remington Rifle VIII) and potassium (Table 5.3:
Remington Rifle IX) adduct of some unknown component.
5.4.4

Principal Component Analysis and Smokeless Powder Classification
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The detection of DPA or DBP alone does not confirm the presence of smokeless
powder. While only ethyl and methyl centralite are considered unique identifiers of
smokeless powders, the LEMS data reveals that only one of the five powders contains both
ethyl and methyl centralite. Thus, relying on the presence of ethyl and methyl centralite to
confirm the existence of a particular powder will lead to false negatives. Multiple
signatures indicating the presence of smokeless powder will reduce the possibilities of
misclassification in false positive and false negative scenarios.
Principal component analysis was performed on the mass spectral data using three
randomly selected mass spectra as the training set for each powder type and all remaining
mass spectra were designated as the testing set. Principal component analysis was
performed on the training set using Matlab, yielding a transformed data set consisting of a
mean-adjusted training set (15 x 10000 matrix) and the calculated eigenvectors (10000 x
10000 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 spectra of each of the smokeless powders. The PCA scores
were plotted for the first three principal components (PCs) in Figure 5.2, which shows the
projection of the training and testing sets used for the smokeless powders. The training sets
and the testing sets are denoted by the unfilled and filled symbols, respectively. The PCA
results showed excellent separation and clustering of the five analyzed powders when
projected into the first three PCs. Classification of the testing data was performed in Matlab
using K-nearest neighbor (Euclidean and cityblock) and linear discriminant analysis
classifiers (35-36). The cumulative variance was plotted as a function of the first five PCs
(Figure 5.3) depicting 97.8% explained variance for the first three principal components.
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Each of the classification methods on the five smokeless powders resulted in 100% fidelity
following PCA.
Principal component analysis was able to determine critical low explosive
smokeless powder identifiers, which enabled discrimination of the five commercial
powders investigated with LEMS. The PCA loading plots, corresponding to the collective
training set for the five smokeless powders, were plotted for the first three PCs in Figure
5.4. The PCA loading plots indicate that EC is an important signature for identifying the
various powder formulations and has a positive loading value, which is projected in the
positive PC1 score plot (Figure 5.2). EC immediately separates the Federal powder from
the remaining four powders, which lack this important identifier. In addition, the PCA
loading plots indicate that DPA is another important signature for identifying powder that
has a negative PC1 loading value. The remaining four powders project negative PC1 scores
and showed a diminished ability to discriminate based solely on PC1. When considering
the second and third PCs, which are composed of linear combinations of m/z 149
(unknown), 163 (unknown), DPA, EC, MC, N-NO-DPA, DMP, DBP and DPAα, excellent
separation and clustering of smokeless powders by type and manufacturer is observed. This
classification suggests that LEMS with offline multivariate analysis has the ability to
extract critical low explosive indicators that can be implemented in the discrimination and
identification of complex explosive formulations.
LEMS is in the nascent stages of its development as an energetic composition
detection technique. Previous LEMS investigations of explosives and the present work
suggest that LEMS has potential to supplement current forensic methods, particularly due
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to the capability for rapid discrimination of diverse explosive samples and the ability to
measure all chemical species in a single analysis.
5.5 Conclusion
LEMS measurements of five different ammunitions have been performed revealing
the distinct chemical makeup of each smokeless powder. We have demonstrated that the
method is capable of detecting all of the components previously detected as well as several
new additives. When the training set consisted of just three mass spectra from each powder,
perfect classification was achieved for the remainder of the measurements using K-nearest
neighbor or linear discriminant analysis. Thus, we have shown that LEMS analysis can
determine the manufacturer of the powder analyzed. Previous studies using other analytical
techniques have shown that relevant information can be obtained from smokeless powder,
such as the components and additives, providing critical information pertaining to the
caliber of the bullet and firearm that was used. However, most of these methods require
additional time consuming sample preparation steps whereas analyses with LEMS involve
rapid sampling with minimal sample preparation due to direct surface analysis. The rapid
means to classify could provide a triage method for samples given the short analysis time
(~seconds) providing forensic scientists with a reduced sample set for generating
adjudicative data. We anticipate that the method’s ability to detect all molecules in a sample
in a single experiment would be valuable for forensic analysis. Finally, the capability to
determine powder type would become an asset to forensic investigations and suggests that
LEMS has potential for extensive applications in the detection of energetic compositions.
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Table 5.1 Organic Stabilizers and Plasticizers found in smokeless powder
Abbreviation

Compound name

[M+H+]
(m/z)

DPA

Diphenylamine

170

DMP

Dimethyl phthalate

195

N-NO-DPA

N-nitrosodiphenylamine

199

4-NDPA

4-nitrodiphenylamine

215

MC

Methyl centralite

242

EC

Ethyl centralite

269

DBP

Dibutyl phthalate

279
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Structure

Table 5.2 LEMS powder analysis
Component

Peak
Ion
Remington
Remington
Federal
Hornady
Number (m/z)
Pistol
Rifle
1
170
–
+
+
+
2
195
+
–
–
+

DPA
DMP
N-NO3
199
–
+
+
DPA
4-NDPA
4
215
–
–
–
a
DPA
5
227
–
+
–
MC
6
242
+
–
–
EC
7
269
+
–
–
DBP
8
279
–
+
+
EC + Na
9
291
+
–
–
EC + K
10
307
+
–
–
b
DPA
11
316
–
+
+
DBPd
12
448
–
+
+
DPAc
13
456
–
+
+
2EC + Na
14
559
+
–
–
+ and – indicate presence or absence of smokeless powder component
a, b, c
Unidentified DPA-like adduct/complex(17)
d
Unidentified DBP adduct/complex(17)
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High
Grade
+
–

–

+

–
–
–
–
+
–
–
+
–
–
–

+
–
–
–
+
–
–
–
+
–
–

Table 5.3 Summary of unidentified peaks in the smokeless powder samples
Remington
Remington
Federal
Hornady
High Grade
Peak
Pistol
Rifle
(m/z)
(m/z)
(m/z)
(m/z)
(m/z)
I
149
126
183.5
149
163
II
181.5
149
185.5
163
181
III
391
163
265
181
205
IV
419
175
309
205
302
V
181
183.7
302
401.5
VI
183.5
419
401.5
419
VII
185.5
425
419
641
VIII
254
433
580
657
IX
299
596
X
309
641
XI
326
657
XII
352
XIII
367
XIV
391
XV
419
XVI
433
XVII
471
XVIII
544
XIX
579
XX
591
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Figure 5.1 Laser electrospray mass spectra showing the identified smokeless powder
component peaks for five smokeless powders: (a) Federal, (b) Remington Pistol, (c)
Hornady, (d) Remington Rifle, and (e) High Grade. Peaks confirmed with literature are
numbered and listed in Table 5.2. All unidentified peaks are listed in Table 5.3. Ion
intensities above m/z 350 are magnified 10x.
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Figure 5.2 Principal component analysis of five different commercially available powders
projected into three dimensions for High Grade (red, ●), Remington Rifle (blue, ♦ ),
Remington Pistol (cyan, ■), Hornady Pistol (magenta, ▲) and Federal Pistol (orange, )
which shows separation between manufactures’ powders. The open symbols (○, ◊, □, Δ
and ) and the filled, colored symbols (●, ♦, ■, ▲ and ) represent the training and testing
sets for each smokeless powder, respectively.
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Figure 5.3 The calculated cumulative variance for the first five principal components.
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Figure 5.4 PCA loading plots for the first three PCs, (a-c), respectively, from the LEMS
analysis of five different smokeless powders, which show important powder mass spectral
components that are used to identify and discriminate each ammunition.
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CHAPTER 6
THE CLASSIFICATION OF GUNSHOT RESIDUE USING LASER
ELECTROSPRAY MASS SPECTROMETRY AND OFFLINE MULTIVARIATE
STATISTICAL ANALYSIS

6.1 Overview
In this chapter, nonresonant laser vaporization combined with high resolution
time-of-flight mass spectrometry enables analysis of a casing after discharge of a firearm
revealing organic signature molecules including methyl centralite (MC), diphenylamine
(DPA), N-nitrosodiphenylamine (N-NO-DPA), 4-nitrodiphenylamine (4-NDPA), and
multiple unidentified features not observed in previous mass spectral measurements.
Collision-induced dissociation measurements of unknown GSR signature ions reveals
inorganic barium and derivatives BaOH, BaOHCH3, BaCH3COO remaining from the
primer. Offline principal component analysis and discrimination of the LEMS mass
spectral measurements resulted in perfect classification of the gun shot residue with
respect to manufacturer. Principal component analysis of recycled and reloaded casings
resulted in classification of the penultimate manufacturer with accuracy of 64%.
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6.2 Introduction
The number of firearms manufactured and imported into the United States,
excluding firearms produced for the US military, increased annually from (~9,750,000)
(1) in 2011 to (~13,350,000) (2) in 2012. According to the Bureau of Justice Statistics,
firearms were the prevalent weapon for homicides, aggravated assaults, and burglaries in
the United States from 1993 to 2011 and the probability of firearm use in violent crime
has remained constant over the last 20 years (3). A technique that can rapidly identify and
discriminate gunshot residue (GSR) remaining after discharge of a firearm would be of
value for forensic science and crime scene analysis.
Considerable resources have been devoted to connecting firearms with suspected
firearm-related incidents. The classification of firearms used in criminal activities
requires a highly sensitive analytical technique that can detect both the unburnt powder
and any remaining discharge. Most of the current analytical techniques focus on the
detection of inorganic compounds in GSR (4-7). According to the European Network of
Forensic Science Institutes, antimony, lead, and barium are the key elements present in
GSR due to their detectable quantities and composition in the primer (4, 8). Modern
weapons use a percussion primer, which produces heat when the impact-sensitive
compounds are struck, igniting the propellant and firing the projectile. The chemical
composition of primers varies between manufacturers, but the most common formulation
is composed of lead styphnate, barium nitrate and antimony sulphide (9). Inorganic
residues such as nitrates, nitrites, and metallic particles originate from both the primer
and propellant. Such residues are found on the cartridge case, projectile jacket or core,
and weapon barrel. Previous investigations indicate that environmental sources, including
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paints, cars, and fireworks yield signatures that resemble inorganic GSR (6, 10). With the
relatively recent introduction of heavy-metal free primers, there is renewed interest in the
identification and detection of organic components found in GSR for forensic analysis
(10).
The organic compounds found in GSR originate from the powder and are a result
of incomplete combustion. Manufacturers add various energetic compounds to smokeless
powder to create the overall blast power for the intended use and to improve shelf life (11).
Generally, the organic compounds found in smokeless powder composites fall into five
main categories: propellant, plasticizers, opacifiers, stabilizers, and flash suppressors (12).
For example, the propellant consists of different combinations of nitrocellulose (NC) and
nitroglycerin (NG). Plasticizers, such as dimethyl phthalate (DMP) and dibutyl phthalate
(DBP) are added to allow safe handling. Opacificers, such as carbon black, are added to
ensure reproducible burn rates. Stabilizers, such as ethyl centralite (EC), methyl centralite
(MC), and diphenylamine (DPA), are added to react with nitrous oxide, a decomposition
product of nitrocellulose, to stabilize the composition. The addition of dinitrotoluene
(DNT) prevents a secondary flash at the muzzle of the weapon.
In this investigation, we focus on smokeless powder, a nitrocellulose-based
propellant that is commonly used in civilian and military ammunition. Smokeless powders
are a complex composition of chemicals and therefore identification is challenging using
only one component. The organic components found in smokeless powders are commonly
encountered in various industries. For instance, nitrocellulose (NC) is used in varnishes
and pharmaceuticals. Nitroglycerin (NG) is a common ingredient in pharmaceutical
preparation and treatment for angina. Dibutyl phthalate (DBP) and diphenylamine (DPA)
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are used in the rubber, plastic and food industries (11). These chemicals can be used in the
discrimination of smokeless powders (13), but alone they do not provide definitive
evidence for the presence of the smokeless powder. Ethyl centralite (EC), methyl centralite
(MC) and nitrated dipheylamine derivatives are regarded as characteristic compounds in
smokeless powders and their detection provides compelling evidence for the presence of
unburned smokeless powder or GSR. (12, 14-16) Note that the presence of both hydrophilic
and hydrophobic species makes the measurement of all signatures with a single spray
impossible to date.
A variety of techniques have been investigated as a means to determine the
molecular components of unburnt smokeless powder including gas chromatography (17),
capillary electrophoresis (CE) (18-19), thin-layer chromatography (TLC) (20), high
performance liquid chromatography (HPLC) (21), ion mobility spectrometry (IMS) (2224),

electrospray ionization

(ESI)

with

tandem

mass

spectrometry

(25-26),

nanoelectrospray ionization mass spectrometry (nESI-MS) (12), Raman spectroscopy (27),
and time-of-flight secondary ion mass spectrometry (TOF-SIMS) (28). All of these
techniques require time consuming sample preparation steps. Recently, laser electrospray
mass spectrometry demonstrated the ability to detect multiple organic components directly
from the powder without any sample preparation procedures (13). Investigation of GSR
using LEMS is of interest because of the ability to analyze hydrophobic and hydrophilic
compounds in the same measurement (13, 29-30) and in a rapid manner (1 s).
A number of techniques have also been employed to analyze organic components
found in GSR, including CE (31-32), TLC and HPLC (33-35), IMS (36), gas
chromatography mass spectrometry (GC-MS) and gas chromatography/thermal energy
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analyzer (GC-TEA) (37), ESI-MS (14, 34), nESI-MS (12), Raman spectroscopy (38-39),
desorption electrospray ionization (DESI) (40-42) and time-of-flight secondary ion mass
spectrometry (TOF-SIMS) (43). Analytical methods such as CE and liquid
chromatography-tandem mass spectrometry (LC-MS) are well-suited for gunshot residue
due to the highly adulterated post-blast chemical environment and trace quantities of
residue. All of these techniques require additional, time consuming sample preparation
steps and preclude the ability of direct analysis from the bullet casing, with the exception
of DESI. In addition, analysis of very small amounts of organic GSR remaining after a
firearm-related incident typically requires sample recovery, pre-concentration and
treatment steps prior to analysis. The combination of the trace amount of GSR, the reduced
number of organic constituents coupled with the emergence of newly formed inorganic
constituents, various interferants, and the potential for a large number of GSR samples at
a given crime scene requires a method that reduces data complexity and enables the
interpretation and classification of a large data set.
The LEMS technique couples nonresonant femtosecond (fs) laser vaporization with
electrospray ionization mass spectrometry. The nonresonant fs laser vaporizes all analytes,
regardless of chemical composition, followed by entrainment in an electrospray plume,
ionization and transfer to the mass spectrometer. LEMS has been used to detect and classify
different types of explosives, such as inorganic salts (44), high explosives (45), and unburnt
smokeless powders (13). Furthermore, LEMS analyses have been conducted on a variety
of analytes including pharmaceuticals (46), lipids (29), narcotics (46), benzylpyridinium
molecules (47), dipeptides (30), proteins (48-51), and plant tissue (52-53) suggesting
LEMS would be applicable for GSR analysis.
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A recent LEMS investigation of smokeless powder focused on the analysis of gram
amounts of propellant spread evenly across double-sided tape fixed to a stainless steel
substrate (13). The combination of unique mass spectral features such as DPA and its
derivatives, EC and DBP enabled accurate classification of the formulation with respect to
the manufacturer. The home built mass spectrometer employed in that investigation did not
have MS2 capabilities precluding identification of unknown features or the sensitivity and
resolution for the nano- to picograms of GSR typically remaining after deflagration of a
smokeless powder (54). Using the current setup, we have demonstrated low (<70)
femtomole detection limits for electrospray deposited Victoria blue (Sistani et al.
submitted).
In this paper, we investigate nonresonant laser vaporization coupled with a Bruker
micrOTOF-Q II mass spectrometer with MS2 capabilities to enable direct analysis of GSR
from an expended bullet. We report the ability to identify unknown explosive signature
ions using MS2. We investigate whether principal component analysis (PCA) with Knearest neighbor (Euclidean and cityblock) and linear discriminant analysis (LDA) can be
used to classify the residue from the nano- to picomole GSR remaining on the casing
following firearm discharge using the laser electrospray mass spectrometry data. Principal
component analysis of the recycled casings is used to determine if the residue from the
different headstamps will classify to the same manufacturer, indicating identical smokeless
powder formulation.

6.3 Experimental
6.3.1

Ammunition
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Five different commercial smokeless powders were investigated in this experiment:
PMC Bronze, Remington Hollow Point, Remington Golden Saber and Freedom munitions
manufactured for 0.40 caliber pistols, and PMC X-TAC manufactured for a 0.223 medium
caliber rifle. The listed munitions were fired at a local gun range using a 0.40 Glock pistol
and a 0.223 AR-15. Multiple casings were collected for each commercial munition and the
firearm was cleaned prior to firing a different commercial munition. After firing and
collecting each munition, the bullet casings were placed into individual sealed containers
and transported to the lab for analysis. The time from firing the bullet to analysis using
LEMS was ~ 4 hours.
Freedom Munitions
Freedom Munitions is an ammunition manufacturer that recycles used bullet
casings and resells them with their patented smokeless powder composition. Most
commercial manufacturers create their own bullet casings and put their signature symbol
or head stamp on the casing, however, Freedom Munitions buys spent casings and inserts
their smokeless powder composition and primer for resale. The box of ammunition used in
this study had numerous bullet brandings including Federal, FC 13, Win and Winchester
shown in Figure 6.1. Each bullet hallmark was treated as its own ammunition type for mass
spectral measurements.
6.3.2

Sample Preparation
Each bullet casing was cut using metal sheers into a 4 cm2 section that was then

placed on a sample stage in the ESI source chamber. The sample plate was supported by a
three-dimensional translation stage enabling analysis of fresh sample with each laser shot.
The sample plate was raster-scanned while the incident laser fired at 10 Hz. Three LEMS
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mass spectra were collected from each bullet casing section. At least 10 mass spectra were
collected for each residue.
6.3.3

Laser Vaporization and Ionization
The LEMS system used in this experiment has been previously described (30).

Briefly, the system combines a femtosecond laser to induce nonresonant vaporization of
solid phase propellant components into the gas phase with an electrospray ion source for
capture and ionization of the vaporized material. A Ti:sapphire laser oscillator (KM
Laboratories, Inc., Boulder, CO) generated a 300 mW, 100 MHz pulse train centered at
800 nm that seeded a regenerative amplifier (Coherent, Inc., Santa Clara, CA) to create a
2.5 mJ, 70 fs pulse, operating at 10 Hz. A 16.9 cm focal length lens was used to focus the
laser spot size to approximately 300 μm in diameter. The laser beam was incident at an
angle of ~ 45° with respect to the sample plate. The intensity of the laser at the sample
substrate was approximately 2 x 1013 W/cm2. The high intensity of the laser beam induces
nonresonant absorption in the sample resulting in vaporization of GSR. The sample was
vaporized from the sample stage and ejected into the spray in a direction perpendicular to
the electrospray plume. The sample was entrained and ionized in the electrospray solvent
droplets.
6.3.4

Mass Spectrometry
The electrospray ionization source consists of a stainless steel electrospray needle,

dielectric capillary, desolvation chamber and two rf ion funnels that are configured to
produce and transfer positive ions into a time-of-flight (TOF) reflectron mass spectrometer
(Bruker MicrOTOF-Q II, Bruker Daltonics, Billerica, MA). The electrospray needle was
maintained at ground while the capillary inlet was biased to -4.5 kV to extract positive ions.
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To compensate for the distortion of the electric fields in the ESI source, the sample stage
was biased to -2 kV. The ESI needle was 6.4 mm above the sample stage and was
approximately 6.4 mm from the capillary inlet. Vaporized gunshot residue analytes were
captured using an electrospray solvent of 1% acetic acid, 1:1 (v:v) methanol/water, which
had a flow rate of 3 μL/min set by a syringe pump (Harvard Apparatus, Holliston, MA).
The nitrogen drying gas for ESI was maintained at 180 °C with a flow rate of 4 L/min. The
gunshot residue sample on the stainless steel plate was subjected to a fs laser pulse resulting
in vaporization and post-ionization producing a LEMS mass spectrum. The analysis time
for a given residue sample was less than one minute.
An ESI background mass spectrum was obtained by operating the instrument
without laser vaporization to enable subtraction of mass spectral features related to the ESI
solvent. Negative features observed in the background-subtracted mass spectra are due to
a reduction in solvent features resulting from charge competition between vaporized
analyte and solvent causing an alteration of the solvent ion distribution. The high resolution
mass spectrometer was tuned for the m/z range from 50 to 1000.
6.3.5

Principal Component Analysis
The mass spectra were collected, and saved as data files, in the Bruker data analysis

program version 4.0 SP 1. Matlab (MatLab R2016a) code was written to evaluate PCA

loading and score values for the first three principal components. At least 10 mass spectra
were collected for each manufacturer. In this investigation, PCA was performed on the
LEMS measurements with three randomly selected mass spectra serving as the training set
for each manufacturer and all remaining mass spectra used as the testing set. Each LEMS
mass spectra consists of an array of 153,504 data points that correspond to a m/z range of
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44.9 – 3006. The mass spectra were truncated at m/z 700 as there were no ions detected
above this value and the truncation reduced the amount of computer memory needed to
perform the classification. In addition, all LEMS mass spectra had the background
subtracted giving rise to negative features resulting from charge competition between the
analyte and the solvent. Any negative values were set to zero to eliminate them from the
classification procedure. Principal component analysis was performed on the training set
using Matlab, yielding a transformed data set consisting of a mean-adjusted training set (15
x 63011 matrix). The eigenvectors calculated resulted in a 63011 x 63011 matrix. The
eigenvectors with the largest three eigenvalues were then multiplied by the mean-adjusted
data of the testing set (65 x 63011 matrix).
6.3.6

Safety Considerations
Weapons were fired in the appropriate environment and bullet casings were

immediately collected. Appropriate laser eye protection was worn by all personal and the
high voltage area was enclosed to prevent accidental contact with the biased electrodes.
6.4 Results and Discussion
6.4.1

Detection of Organic Stabilizers
Representative mass spectra resulting from LEMS analysis of the GSR samples

from the five manufacturers are shown in Figure 6.2. Of the five GSR samples analyzed,
two sets of residues are manufactured from the same company (Remington and PMC), but
have different applications. The two Remington munitions are designed to be fired from a
0.40 caliber pistol, but the two projectiles (hollow point and full metal jacket) are
anticipated to have significantly different powder compositions due to manufacturerspecified projectile velocity. The two PMC munitions formulated for a 0.40 caliber pistol
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and a 0.223 caliber rifle also require different powder formulations. Figure 6.2 shows the
direct analysis of the five GSR samples from the bullet casing and clearly suggests that
residues originating from the same manufacturer, but different smokeless powder
formulation have different chemical formulations with respect to constituents and
concentrations. Table 1 summarizes the stabilizers detected from each residue and the
results are in good agreement with previous LEMS measurements of unburnt smokeless
powder (13).
Diphenylamine, one of the most commonly used stabilizers in smokeless powders,
was detected in the PMC 0.223 (Figure 6.2a) and PMC Bronze (Figure 6.2b) GSR with
low ion abundance of [DPA + H]+ at m/z 170 (peak 1). In addition, DPA derivatives
including [N-NO-DPA + H]+ with m/z 199 (peak 2) and [4-NDPA + H]+ with m/z 215 (peak
3) were detected. The distinguishing feature in the PMC 0.223 GSR mass spectrum is the
high abundance peak at m/z 199 corresponding to [N-NO-DPA + H]+. The remaining GSRs
show only trace signal for N-NO-DPA in the PMC Bronze, Remington Hollow Point and
Freedom residues (Figure 6.2b, d-e). The ion was not detected in the Remington Golden
Saber residue (Figure 6.2c). 4-NDPA, a reaction product of DPA, is considered a
characteristic organic gunpowder component and is a strong indicator of organic GSR (16).
The 4-NDPA ion at m/z 215 (peak 3) was detected in four of the five residues using LEMS
and had moderate ion intensity in the PMC 0.223, Remington Hollow Point and Freedom
residues. The Freedom GSR sample showed low abundance for this ion.
The stabilizer EC was not detected in these measurements, however, MC was
detected in low abundance in two of the five residues investigated using LEMS. MC is a
chemical additive that is considered unique to smokeless powders and is the primary focus
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in most investigations (15). MC was found in the Remington Golden Saber and the
Freedom munitions LEMS mass spectra, however, due to its low mass spectral abundance
and its low PCA loading value (Figure 6.4), MC has limited contribution to those residues’
PCA scores, as will be discussed.
Comparison to previous LEMS measurements of unburnt smokeless power (13)
reveals a reduction in the number of components detected for GSR. Smokeless powder
additives such as EC, DMP, and DBP were not detected in the GSR samples, however,
MC, DPA and derivatives, and several mass spectral features that have not been reported
previously in literature, were observed. These unidentified peaks, which dominate the mass
spectra in all residue samples except the PMC 0.223, contribute to the discrimination of
each residue, as will be discussed. The previous LEMS investigation of smokeless powders
demonstrated the ability to simultaneously detect the organic stabilizers and plasticizers
present in the powder composition, however, the instrument employed in that study lacked
the sensitivity to detect traces of these components in post-blast residue samples (13). The
sensitivity and high mass spectral resolution combination of the Bruker MicrOTOF-Q II
mass spectrometer employed here enabled gunshot residue analysis because of increased
sensitivity and mass spectral resolution (47).
6.4.2

Unidentified Peaks Detected Using Laser Electrospray Mass Spectrometry
Numerous unidentified mass spectral features were observed and are listed in Table

2. The features detected at m/z 113, 141, and 182 have low to moderate ion abundance and
were detected in the PMC 0.223, PMC Bronze, Rem Hollow Point or Freedom GSRs
(Figure 6.2). The mass spectral feature at m/z 113 was found in low abundance in the PMC
0.223 and Freedom mass spectra and may be the result of nitrocellulose decomposition
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(28). The mass spectral feature at m/z 141 was found in low abundance in the PMC Bronze
and Rem Hollow Point residues, moderate abundance in the Freedom residue and high
abundance in the PMC 0.223 residue. This feature was not present in the blank or the
methanol extracted ESI mass spectrum (Figure 6.6), yet showed appreciable ion intensity
in 4 of the 5 LEMS mass spectra suggesting the feature is a novel signature ion unique to
GSR. The peak at m/z 182 was found with low abundance (15574 counts) in the Freedom
residue and moderate abundance (31683 counts) in the PMC 0.223 residue. This ion was
detected in a previous LEMS investigation of unburnt smokeless powders (13) and
represents another signature ion unique to smokeless powders and their GSR. While these
unidentified features have little contribution to the first two principal components, they do
influence the third principal component (Figure 6.3) which accounts for 8.5% of the total
variance (Figure 6.5) and contributes to the discrimination of the five residues.
PCA analysis reveals that the mass spectral features at m/z 196.92, 256.94, 266.99
and 274.95 contribute significantly to the discrimination of the five residues. Tandem MS
of methanol extracted GSR was applied to these ions and the measurements are shown in
Figure 6.6. The four ions result in a similar fragmentation distribution after collisioninduced dissociation suggesting that each feature derives from a common chemical
component. Gunshot residue contains products from the propellant and primer. The primer
consists of heavy metals such as antimony, lead and barium. The peak at m/z 196.92 was
detected in both the LEMS mass spectra (Figure 6.2) and the methanol extraction ESI mass
spectrum of the residue (Figure 6.6). The peak at m/z 196.92 is found as a common
fragment in the m/z 256.94, 266.99 and 274.95 MS2 mass spectra. The precursor ion at m/z
196.92 was fragmented by collision-induced decomposition in a collision cell (filled with
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nitrogen gas) followed by measurement of the product ions. The product ions observed
were at m/z 137.90 (Ba), 154.90 (BaOH) and 169.89 (BaHOCH3), each of which matches
the monoisotopic mass calculated for each proposed ion as shown in Figure 6.7a, and
agrees with previous MS studies of barium found in GSR (43, 55). These product ions
suggest that the precursor ion at m/z 196.92 (BaCH3COO) is a derivative of inorganic
barium. In addition, the ions at m/z 137.90 and 154.90 have the characteristic isotope
pattern for barium (56). The parent ion at m/z 256.94 displayed a similar fragmentation
pattern to that observed for the m/z 196.92 ion with fragment ions detected at m/z 137.90,
154.90, 169.89, 196.92, 214.92, and 232.94, as seen in Figure 6.7b. The fragmentation
pattern of the m/z 256.94 ion suggests that this signature ion is probably a barium
derivative, or adduct.
The parent ion at m/z 266.99 had product ions at m/z 154.90, 169.89, 196.91,
214.93, and 224.97 as seen in Figure 6.7c. The m/z 266.99 precursor shows the m/z 169.89
ion with low abundance. The parent ion at m/z 274.95 revealed a similar fragmentation
pattern as the m/z 266.99 ion. The product ions detected were at m/z 154.91, 196.92, and
214.92, as seen in Figure 6.7d. The m/z 274.95 parent ion lacked the m/z 169.89 ion
indicating a potentially different structure in comparison with the m/z 266.99 ion, however,
the low ion abundance for the isolated parent ion m/z 274.95 and its fragments following
collision induced dissociation is probably the origin of the missing fragment. Potential
structures based on the fragmentation patterns corresponding to the 196.92, 256.94, 266.99,
274.95 and 316.96 peaks are provided in Figure 6.8.
6.4.3

Principal Component Analysis and Smokeless Powder Gunshot Residue

Classification
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Principal component analysis (PCA), a multivariate statistical analysis method
often used to reduce the dimensionality of complex data, was employed as a tool for
differentiating between the various GSR mass spectra. PCA of GSR samples was
performed previously using Raman spectroscopy to classify GSR samples originating from
two different caliber firearms (38). The PCA score plot showed substantial overlap of the
two data sets and only accounted for 88.7% of the variance in the first three principal
components suggesting a more selective analysis technique may be required for
classification. Mass spectral measurements of smokeless powders have demonstrated the
ability to discriminate based on the manufacturer of the ordinance with excellent predictive
ability with the top three principal components accounting for 98.8% of the total variance
(13, 28).
We performed PCA of the LEMS measurements of the various gunshot residues
and the resulting PCA scores are plotted in Figure 6.3 for the training and testing sets of
the various manufacturers. The PCA results showed excellent clustering of the five
analyzed residues. Classification of the testing data was performed in Matlab using Knearest neighbor (Euclidean and cityblock) and linear discriminant analysis classifiers (5758). The cumulative variance was plotted as a function of the first five PCs (Figure 6.5)
with 98.8% of the variance captured by the first three principal components. Each of the
methods applied to the five smokeless powder GSRs resulted in 100% classification
fidelity following PCA.
The PCA loading plots, corresponding to the collective training set for the five
smokeless powders, are plotted for the first three PCs in Figure 6.4. The PCA loading plot
indicates that the combination of the m/z 196.92 (BaCH3COO), m/z 256.94 (Ba-derivative,
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Figure 6.8), m/z 266.99 (Ba-derivative, Figure 6.8) and m/z 274.95 (Ba-derivative, Figure
6.8) are important signatures for discriminating the powder residues and have a large
positive loading value (Figure 6.4), which is projected in the positive PC1 score plot
(Figure 6.3). These peaks immediately separate the Remington Hollow Point residue from
the remaining four residues due to their large mass spectral intensity. In addition, the PCA
loading plot indicates that m/z 215 (N-NDPA) and 285 (unknown) have a slightly negative
loading value, which projects the Remington Golden Sabre and PMC 0.223 residues in the
negative PC1 direction, but shows a diminished ability to discriminate based solely on PC1.
The second and third PCs are composed of linear combinations of m/z 141 (unknown),
DPA, 196.92 (BaCH3COO), N-NO-DPA, 4-NDPA, MC, 256.94 (Ba-derivative, Figure
6.8), 266.99 (Ba-derivative, Figure 6.8), 274.95 (Ba-derivative, Figure 6.8), 285
(unknown), 316.96 (Ba-derivative, Figure 6.8), 321 (unknown) and 327 (unknown). The
use of all three principal components separates and clusters the smokeless powder residues
as a function of manufacturer with high fidelity.
The classification of ordinance manufacturer from GSR suggests that LEMS in
combination with offline multivariate analysis has the ability to extract the critical residue
signatures in firearm discharge samples that can rapidly provide adjudicative information.
This experiment also indicates that LEMS provides new identification signatures for
forensic analysis. The new features observed in these measurements are attributed to the
ability of LEMS to analyze all samples regardless of their chemical functionality with a
single electrospray solvent. These features add significantly to the classification accuracy.
6.4.4

Principal Component Analysis and Freedom Ammunition Gunshot Residue

Classification
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Inspection of the five manufacturer’s ammunition revealed that the head stamp, a
marking on the bottom of the cartridge case stating who manufactured the case (Figure
6.1), indicating that numerous initial manufacturer’s casings were reloaded. In contrast, the
other four commercial ammunitions revealed only a single head stamp on each bullet for a
given manufacturer. The heads stamps embossed on the Freedom ammunition investigated
here were FC 13, Federal, Win, and Winchest. The LEMS measurements of the GSR
corresponding to each head stamp in the Freedom ammunition were subjected to PCA to
determine whether each head stamp would classify as a single GSR or cluster into several
small groups suggesting the presence of GSR from a previous manufacturer in addition to
that from the Freedom charge.
Figure 6.3 depicts PCA projection of the LEMS mass spectra obtained from the
Freedom ammunition as red spheres (testing set) or triangles (training set). Ten mass
spectra were collected from each of the four headstamps (FC 13, Federal, Win and
Winchest) for a total of 40 LEMS measurements for the Freedom ammunition. The three
mass spectra identified as the training set were randomly selected from the 40 LEMS mass
spectra measured and the remaining mass spectra were designated as the testing set.
Following PCA, all training and testing set mass spectra obtained from the Freedom
ammunition showed clustering suggesting that all 40 LEMS GSR samples were similar in
chemical composition. The large variability in the Freedom PCA scores was unique to this
formulation in comparison to the other four commercial munitions, suggesting that further
scrutiny was required.
The large dispersion of the Freedom ammunition in the PCA plot in comparison to
the other four manufacturers suggested the possibility that residue from a previous
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manufacturer may remain on the casing. To test this hypothesis, the measurements in
Figure 6.3 were replotted depicting each hallmark for the Freedom ammunition as a
separate symbol (Figure 6.9). Each hallmark shows clustering with the exception of the
Winchest casings. Due to the clustering of the Freedom casings with different head stamps,
classification was performed using the eigenvectors corresponding to Figure 6.3 and
updating the classifier to consider eight possible manufacturers. The Freedom samples
were classified correctly with an accuracy of 54% (Figure 6.11). This is considerably larger
than the 25% classification expected for random classification of 4 different head stamps.
This implies that reloaded casings from different initial manufacturers results in
measurable variations of the GSR chemical constituents remaining from the previous
loading.
To determine whether improved classification of the original casing manufacturer
in the Freedom munition was possible, PCA analysis was rerun adding three random LEMS
measurements from each of the Freedom head stamp types to the training data set. The
remaining 28 LEMS Freedom measurements were then assigned to the testing set. Again,
PCA results (Figure 6.10) showed excellent clustering of the eight possible casing types.
100% of the smokeless powder manufacturers were classified correctly. Within the
Freedom manufacturer, 64% of the 28 Freedom measurements in the testing set were
successfully classified to the correct head stamp of the penultimate powder manufacturer
(Figure 6.12). Again, this is well above the 25% expected for random classification of the
four head stamp types in the Freedom measurements. The fact that the Freedom munition
with the Win head stamp classifies with 100% accuracy is remarkable and may reflect the
possibility that these casings came from the same batch in the penultimate loading. The
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Winch, Fed, and FC13 classified with 71%, 57%, and 29% accuracy, respectively, and this
may be attributable to the casings coming from different batches in the penultimate
loadings. All of the Freedom head stamp classifications return accuracies above the
anticipated 25% for random assignments for four possible manufacturers. The data
suggests that the origin of the variability in Freedom munitions casings is the result of
residue remaining from prior loading in the bullets.
The PCA loading plots corresponding to the collective training set for the four
smokeless powder residues and the four Freedom head stamp residues are plotted for the
first three PCs in Figure 6.13. The loading values are almost identical to the original loading
values (Figure 6.4) with slight variations in intensity for high abundance features in PC1
and PC2. In Figure 6.13, PC3 accounts for different combinations of signature ions
including N-NO-DPA, unknown m/z 141, unknown m/z 182, Ba-derivatives (m/z 257, 267,
275, 317) and unknown m/z 285 and provides a large contribution to the discrimination of
the Freedom casings. This suggests that PCA is not using variations in the casing alloy for
classification.
These measurements, along with past LEMS explosives investigations (13, 46, 5960) suggest that LEMS analysis supplemented with offline classification analysis would be
a powerful technique for forensic science applications due to the rapid discrimination of
various energetic formulations and their post-blast residues. Furthermore, LEMS analyzes
all chemical components, regardless of their solubility in a given electrospray measurement
in a single experiment.

6.5 Conclusion
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Ambient mass spectrometry can be performed directly on a spent bullet casing.
LEMS measurements of gunshot residues originating from five different commercial
ammunition vendors revealed the presence of organic stabilizers, their derivatives, and
additional signatures not previously reported. The high sensitivity of the method enabled
the simultaneous detection of DPA and multiple nitrated-DPA derivatives in a single
experiment. Using principal component analysis, the manufacturer of the smokeless
powder formulation was classified perfectly after discharge. Residue found on reloaded
bullet casings with different hallmarks or commercial head stamps, were classified with
respect to both the penultimate, and ultimate manufacturer of the smokeless powder. Thus,
LEMS analysis has the ability to determine the manufacturer of the powder formulation
using the remaining gunshot residue found on the cartridge case. The measurement and
classification is rapid (~seconds) and reduces large sample sets into small classes indicating
the ordinance manufacturer. The method provides forensic investigators with a rapid
method for generating adjudicative data.
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Table 6.1: LEMS Gunshot Residue analysis

Component

Structure

Peak
Ion PMC PMC
Number (m/z) 0.223 Bronze

Remington Remington
Freedom
Golden
Hollow
Munitions
Saber
Point

DPA

1

170

+

+

–

–

–

N-NODPA

2

199

+

+

–

+

+

4-NDPA

3

215

+

+

–

+

+

MC

4

242

–

–

+

–

+

EC

5

269

–

–

–

–

–

+ and – indicate presence or absence of smokeless powder component
b
Unidentified DPA-like adduct/complex(12)
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Table 6.2: Summary of unidentified peaks in the gunshot residue samples

Peak
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI

PMC
0.223
(m/z)
79.9
97.9
99.9
113
115
139
141
142.9
154.9
156.9
177.2
181.9
183.9
201
320.9
327

PMC
Bronze
(m/z)
136.9
141
183
327
349
591

Remington
Golden Saber
(m/z)
121
136.9
183
185
302.9
327
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Remington
Hollow Point
(m/z)
141
183
327
377.9
407.2
452.8
522.9

Freedom
Munitions (m/z)
113
141
158
181.9
201
327
344
378
407.2
467
475.9

Figure 6.1: Freedom ammunition with numerous headstamps purchased from commercial
vendor.
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Figure 6.2 Laser electrospray mass spectra showing the identified smokeless powder
component peaks for the five smokeless gunshot residues: (a) PMC 0.223, (b) PMC
Bronze, (c) Remington Golden Saber, (d) Remington Hollow Point, and (e) Freedom
Munitions. Peaks confirmed with literature are numbered and listed in Table 1. All
unidentified peaks are listed in Table 6.2.
- 171 -

Figure 6.3 Principal component analysis of five different gunshot residues originating from
commercially available powders projected into three dimensions for Freedom munitions
(red, ●), Remington Hollow Point (green, ●), Remington Golden Sabre (blue, ●), PMC
Bronze (cyan, ●) and PMC 0.223 (orange, ●) which shows separation between
manufactures’ powders. The filled tetrahedrons (▲) and the filled spheres (●) represent
the training and testing sets for each gunshot residue, respectively. It should be noted that
the Freedom munitions classification (red, ●) shows correct classification of the residue
regardless of cartridge branding.
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Figure 6.4 PCA loading plots for the first three PCs, (a-c), respectively, from the LEMS
analysis of five different smokeless gunshot residues, which show important mass spectral
components that are used to identify and discriminate each residue.
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Figure 6.5 The calculated cumulative variance for the first five principal components.

- 174 -

Figure 6.6 Methanol extraction ESI mass spectrum of Remington Hollow Point GSR.
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Figure 6.7 Tandem MS analysis of five unknown mass spectral features at m/z (a) 197,
(b) 257, (c) 267, (d) 275 and (e) 317.

- 176 -

Figure 6.8 Potential molecular structures of inorganic barium ion and its derivatives
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Figure 6.9 Principal component analysis of five different gunshot residues originating
from commercially available powders projected into three dimensions for four Freedom
munitions hallmarks [(FC 13, Red Sphere, ●), (Fed, Red Circle, ●), (Win, Red, ) and
(Winchest, Red, ■)], Remington Hollow Point (green, ●), Remington Golden Sabre
(blue, ●), PMC Bronze (cyan, ●) and PMC 0.223 (magenta, ●) which shows separation
between manufactures’ powders. The filled tetrahedrons (▲) and the filled spheres (●)
represent the training and testing sets for each smokeless powder, respectively. It should
be noted that the Freedom munitions classification (red, ●) shows correct classification of
the residue regardless of cartridge branding.
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Figure 6.10 Principal component analysis of eight different gunshot residues originating
from commercially available powders. The mass spectral measurements are projected into
three dimensions using the PCA loading scores. Four sample sets are derived from
Freedom munitions casings with varying head stamps [FC13 (black, ●), Fed (red, ●), Win
(green, ●) and Winchest (blue, ●)]. Additional manufacturers include Remington Hollow
Point (cyan, ●), Remington Golden Sabre (magenta, ●), PMC Bronze (yellow, ●) and PMC
0.223 (dark yellow, ●). The filled tetrahedrons (▲) and the filled spheres (●) represent the
training and testing sets for each gunshot residue, respectively. A () indicates
misclassification of a residue shaded using the color of the original gunshot residue training
set.
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Figure 6.11 Classification of the testing spectra using original principal components from
the four head stamp freedom residues (FC13, Fed, Win, Winch) and the remaining four
commercial ammunitions (Rem Holl, Rem GS, PMC B and PMC 5.56) with respect to the
manufacturer.
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Figure 6.12 Classification of the testing spectra using updated principal components from
the four head stamp freedom residues (FC13, Fed, Win, Winch) and the remaining four
commercial ammunitions (Rem Holl, Rem GS, PMC B and PMC 5.56) with respect to the
manufacturer.
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Figure 6.13 PCA loading plots for the first three PCs, (a-c), respectively, from the LEMS
analysis of eight different smokeless gunshot residues, which show important mass spectral
components that are used to identify and discriminate each residue.
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López-López, M. a.; Delgado, J. J.; García-Ruiz, C. Ammunition identification by
means of the organic analysis of gunshot residues using Raman spectroscopy.
Analytical Chemistry 2012, 84 (8), 3581-3585.

40.

Zhao, M. X.; Zhang, S. C.; Yang, C. D.; Xu, Y. C.; Wen, Y. X.; Sun, L. S.;
Zhang, X. R. Desorption electrospray tandem MS (DESI-MSMS) analysis of
methyl centralite and ethyl centralite as gunshot residues on skin and other
surfaces. J. Forensic Sci. 2008, 53 (4), 807-811.

41.

Cotte-Rodríguez, I.; Takáts, Z.; Talaty, N.; Chen, H.; Cooks, R. G. Desorption
electrospray ionization of explosives on surfaces: sensitivity and selectivity
enhancement by reactive desorption electrospray ionization. Analytical Chemistry
2005, 77 (21), 6755-6764.

42.

Morelato, M.; Beavis, A.; Ogle, A.; Doble, P.; Kirkbride, P.; Roux, C. Screening
of gunshot residues using desorption electrospray ionisation-mass spectrometry
(DESI-MS). Forensic Science International 2012, 217 (1-3), 101-106.

43.

Coumbaros, J.; Kirkbride, K. P.; Klass, G.; Skinner, W. Characterisation of 0.22
caliber rimfire gunshot residues by time-of-flight secondary ion mass
spectrometry (TOF-SIMS): a preliminary study. Forensic science international
2001, 119 (1), 72-81.

44.

Flanigan, P. M.; Brady, J. J.; Judge, E. J.; Levis, R. J. Determination of Inorganic
Improvised Explosive Device Signatures Using Laser Electrospray Mass
Spectrometry Detection with Offline Classification. Analytical Chemistry 2011,
83 (18), 7115-7122.

45.

Brady, J. J.; Judge, E. J.; Levis, R. J. Identification of explosives and explosive
formulations using laser electrospray mass spectrometry. Rapid Communications
in Mass Spectrometry 2010, 24 (11), 1659-1664.

- 186 -

46.

Judge, E. J.; Brady, J. J.; Dalton, D.; Levis, R. J. Analysis of pharmaceutical
compounds from glass, fabric, steel, and wood surfaces at atmospheric pressure
using spatially resolved, nonresonant femtosecond laser vaporization electrospray
mass spectrometry. Analytical Chemistry 2010, 82 (8), 3231-3238.

47.

Flanigan IV, P. M.; Shi, F.; Perez, J. J.; Karki, S.; Pfeiffer, C.; Schafmeister, C.;
Levis, R. J. Determination of internal energy distributions of laser electrospray
mass spectrometry using thermometer ions and other biomolecules. Journal of the
American Society for Mass Spectrometry 2014, 25 (9), 1572-1582.

48.

Brady, J. J.; Judge, E. J.; Levis, R. J. Nonresonant femtosecond laser vaporization
of aqueous protein preserves folded structure. Proceedings of the National
Academy of Sciences of the United States of America 2011, 108 (30), 1221712222.

49.

Judge, E. J.; Brady, J. J.; Levis, R. J. Mass Analysis of Biological
Macromolecules at Atmospheric Pressure Using Nonresonant Femtosecond Laser
Vaporization and Electrospray Ionization. Analytical Chemistry 2010, 82 (24),
10203-10207.

50.

Karki, S.; Flanigan IV, P. M.; Perez, J. J.; Archer, J. J.; Levis, R. J. Increasing
Protein Charge State When Using Laser Electrospray Mass Spectrometry. Journal
of the American Society for Mass Spectrometry 2015, 1-10.

51.

Perez, J. J.; Flanigan IV, P. M.; Karki, S.; Levis, R. J. Laser Electrospray Mass
Spectrometry Minimizes Ion Suppression Facilitating Quantitative Mass Spectral
Response for Multicomponent Mixtures of Proteins. Analytical Chemistry 2013,
85 (14), 6667-6673.

52.

Judge, E. J.; Brady, J. J.; Barbano, P. E.; Levis, R. J. Nonresonant Femtosecond
Laser Vaporization with Electrospray Postionization for ex vivo Plant Tissue
Typing Using Compressive Linear Classification. Analytical Chemistry 2011, 83
(6), 2145-2151.

53.

Flanigan, P. M.; Radell, L. L.; Brady, J. J.; Levis, R. J. Differentiation of Eight
Phenotypes and Discovery of Potential Biomarkers for a Single Plant Organ Class
using Laser Electrospray Mass Spectrometry and Multivariate Statistical
Analysis. Analytical Chemistry 2012, 84 (14), 6225-6232.

54.

Taudte, R. V.; Beavis, A.; Blanes, L.; Cole, N.; Doble, P.; Roux, C. Detection of
gunshot residues using mass spectrometry. BioMed research international 2014,
2014.

55.

Patiny, L.; Borel, A. ChemCalc: a building block for tomorrow’s chemical
infrastructure. Journal of Chemical Information and Modeling 2013, 53 (5), 12231228.

- 187 -

56.

Nier, A. O. The isotopic constitution of strontium, barium, bismuth, thallium and
mercury. Physical Review 1938, 54 (4), 275.

57.

Jolliffe, I. T. Principal component analysis. 2nd ed.; Springer-Verlag New York,
Inc.: New York, 2002.

58.

Kemsley, E. K. Discriminant analysis of high-dimensional data: a comparison of
principal components analysis and partial least squares data reduction methods.
Chemometrics and Intelligent Laboratory Systems 1996, 33 (1), 47-61.

59.

Brady, J. J.; Flanigan, P. M.; Perez, J. J.; Judge, E. J.; Levis, R. J. In
Multidimensional detection of explosives and explosive signatures via laser
electrospray mass spectrometry, SPIE Defense, Security, and Sensing,
International Society for Optics and Photonics: 2012; pp 83580X-83580X-9.

60.

Flanigan IV, P. M.; Brady, J. J.; Judge, E. J.; Levis, R. J. Determination of
inorganic improvised explosive device signatures using laser electrospray mass
spectrometry detection with offline classification. Analytical Chemistry 2011, 83
(18), 7115-7122.

- 188 -

CHAPTER 7
CHARACTERIZATION OF INORGANIC AND ORGANIC CONSTITUENTS
FOUND IN GUNSHOT RESIDUE USING LASER ELECTROSPRAY MASS
SPECTROMETRY AND OFFLINE MULTIVARIATE STATISTICAL
ANALYSIS
7.1 Overview
In this chapter, nonresonant laser vaporization of gunshot residue components from
eight gunshot residues into an electrospray solvent containing ethylenediaminetetraacetic
acid (EDTA), a bivalent metal complexation agent, enabled the simultaneous detection of
inorganic and organic constituents.

Common organic components such as methyl

centralite (MC), ethyl centralite (EC), diphenylamine (DPA), N-nitrosodiphenylamine (NNO-DPA), 4-nitrodiphenylamine (4-NDPA), dimethyl phthalate (DMP) and dibutyl
phthalate (DBP) were observed. Inorganic constituents were revealed to include sodium
(Na), barium (Ba), aluminum (Al), potassium (K), copper (Cu) and lead (Pb). Principal
component analysis of these signatures enabled classification of eight gunshot residues to
their respective manufacturer with greater than 96% accuracy.
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7.2 Introduction
The analysis of gunshot residue the past four decades has focused on the detection
of either inorganic (IGSR) or organic (OGSR) residue constituents. SEM coupled with
wavelength or energy-dispersive X-ray (SEM-EDX) detection has become the
internationally accepted analysis method for IGSR. However, the introduction of heavy–
metal-free priming ammunition, which replaces acknowledged GSR inorganic signature
ions such as antimony (Sb), barium (Ba) and lead (Pb) with more innocuous constituents
such as titanium (Ti), strontium (Sr) and copper (Cu) prompted efforts to improve the
detection of OGSR with many methods relying upon mass spectrometry.
OGSR mainly originates from the additives found in the propellant powder. The
additives typically detected include stabilizers and plasticizers used to increase the stability
and workability of the formulation (1-3). The organic stabilizers found in smokeless
powder formulations are ethyl centralite (EC), methyl centralite (MC) and diphenylamine
(DPA). In addition, nitrated-DPA by-products 2-nitrodiphenylamine (2-NDPA), 4nitrodiphenylamine (4-NDPA) and N-nitrosodiphenylamine (N-nDPA) are commonly
observed. Plasticizers are often phthalates such as dimethyl-(DMP) and dibutyl phthalate
(DBP) added in different concentrations during manufacture. The combination of
stabilizers and plasticizers added in various quantities during manufacture suggests a
method with sensitivity for trace amounts of GSR and quantitative ability can discriminate
between smokeless powder formulations.
The identification of IGSR is commonly achieved using SEM-EDX to detect lead
(Pb), barium (Ba) and antimony (Sb), in discrete GSR particles simultaneously. A serious
disadvantage using SEM for GSR is the excessively long time required to search for and
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locate a particle. SEM-EDX searches a large sample area analyzing and rejecting large
numbers of non-firearm related particles and suffers from extraneous materials such as
fibres and skin debris screening GSR signal (4). Pb, Ba and Sb originate from salts
contained in the primer. Positive identification of GSR using SEM-EDX requires detection
of these three elements. The primer is a shock sensitive chemical composition that
deflagrates the main propellant accelerating the bullet through the firearm barrel. Exposure
to dangerous airborne levels of lead and other toxic metals contained in the primer required
development of non-toxic heavy-metal-free ammunition. As a consequence, analysis of
heavy metal-free GSR using SEM-EDX will result in false negatives.
Analysis of GSR from non-toxic heavy-metal-free Sintox ammunition developed
by Dynamite Nobel AG using SEM-EDX discovered mainly Titanium (Ti) and Zinc (Zn)
(5). Additional commercial heavy metal-free primer compositions contain strontium (Sr)
and various other metals such as copper (Cu), nickel (Ni) and chromium (Cr) (6). These
new potential IGSR signature molecules require updates to current SEM-EDX instruments
to detect low atomic number atoms. Additionally, the non-toxic GSR particles identified
using SEM-EDX are not characteristic to GSR but only indicative due to potential
environmental interferents. A new analytical method using mass spectrometry that has to
ability to measure both IGSR and OGSR constituents simultaneously, to the best of our
knowledge does not exist, and is highly sought.
Ethylenediaminetetraacetic acid (EDTA) can be employed to complex all
coordination positions of a metal regardless of oxidation state (7). Cotton swabs containing
2% aqueous EDTA followed with inductively coupled plasma mass spectrometry (ICPMS) enabled detection of high concentrations of Pb, Ba and from shooter’s hands. A
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comparison of analyte recovered from an individual’s hand prior to and after firing a
weapon revealed a considerable increase in the concentration of heavy metals indicative of
GSR. The use of EDTA collection in conjunction with ICP-MS provides an effective
means for suspect and IGSR identification through analysis of signature metal atoms.
Combining inorganic signatures with organic signatures should then provide an even more
powerful classification method.
The LEMS technique couples nonresonant femtosecond (fs) laser vaporization with
electrospray post-ionization to provide a universal analysis tool with limits of detection in
the femtomol range (8-10). The nonresonant fs laser vaporizes all analytes, regardless of
chemical composition, followed by entrainment in an electrospray plume, ionization and
transfer to the mass spectrometer. A recent LEMS investigation demonstrated the ability
to detect organic GSR constituents such as ethyl centralite (EC), diphenylamine (DPA) and
dibutylpthalate (DBP) directly from a smokeless powder formulation without any sample
preparation. LEMS analysis of GSR observed appreciable amounts of inorganic GSR
including barium oxide adducts with acetate. LEMS has also been used to detect and
classify different types of explosives, such as inorganic salts (11), high explosives (10),
and unburnt smokeless powders (12). Furthermore, LEMS analyses have been conducted
on a variety of analytes including pharmaceuticals (13), lipids (9), narcotics (13),
benzylpyridinium molecules (14), dipeptides (15), proteins (16-19), and plant tissue (2021). These investigations and LEMS’s ability to detect both organic and inorganic GSR
signatures using a single electrospray solvent suggests LEMS could be tailored to detect
both classes of signatures simultaneously.
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In this paper, we investigate nonresonant laser vaporization coupled with an ESI
mass

spectrometer

employing

an

electrospray

solvent

that

contains

ethylenediaminetetraacetic acid (EDTA), a hexadentate chelating agent with a high affinity
for metal ions, to enable direct analysis of both inorganic and organic GSR from an
expended bullet. In addition, we investigate whether principal component analysis (PCA)
with K-nearest neighbor (Euclidean and cityblock) and linear discriminant analysis (LDA)
can be used to classify the residue from the residue deposited on the casing following
firearm discharge using the laser electrospray mass spectrometry data.
7.3 Experimental
7.3.1 Ammunition
Eight different commercial smokeless powders were investigated in this
experiment including Blazer, Fiocchi, Freedom, Remington Golden Sabre, Remington
Hollow Point and MagTech Clean Range ammunitions manufactured for 0.40 caliber
pistols, and MFS and TulAmmo manufactured for a 5.56 mm medium caliber rifle. The
listed munitions were fired at a local gun range using a 0.40 Glock pistol and a 5.56 mm
AR-15. Multiple casings were collected for each commercial munition and the firearms
were cleaned prior to firing a different commercial munition. After collecting each
expended casing, the bullet casings were placed into individual sealed containers and
transported to the laboratory for analysis. The time from firing the bullet to analysis using
LEMS was ~ 2-4 hours.
7.3.2

Sample Preparation
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Each bullet casing was cut using metal sheers into a 4 cm2 section that was then
placed on a sample stage in the ESI source chamber. The sample plate was supported by a
three-dimensional translation stage enabling analysis of fresh sample with each laser shot.
The sample plate was raster-scanned while the incident laser fired at 10 Hz. Three LEMS
mass spectra were collected from each bullet casing section. At least 10 mass spectra were
collected for each residue.
7.3.3

Laser Vaporization and Ionization
The LEMS system used in this experiment has been previously described (15).

Briefly, the system combines a femtosecond laser to induce nonresonant vaporization of
solid phase propellant components into the gas phase with an electrospray ion source for
capture and ionization of the vaporized material. A Ti:sapphire laser oscillator (KM
Laboratories, Inc., Boulder, CO) generated a 300 mW, 100 MHz pulse train centered at
800 nm that seeded a regenerative amplifier (Coherent, Inc., Santa Clara, CA) to create a
2.5 mJ, 70 fs pulse, operating at 10 Hz. A 16.9 cm focal length lens was used to focus the
laser spot size to approximately 300 μm in diameter. The laser beam was incident at an
angle of ~ 45° with respect to the sample plate. The intensity of the laser at the sample
substrate was approximately 2 x 1013 W/cm2. The high intensity of the laser beam induces
nonresonant absorption in the sample resulting in vaporization of GSR. The sample was
vaporized from the sample stage and ejected into the spray in a direction perpendicular to
the electrospray plume. The sample was entrained and ionized in the electrospray solvent
droplets.
7.3.4

Mass Spectrometry
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The electrospray ionization source consists of a stainless steel electrospray needle,
dielectric capillary, desolvation chamber and two rf ion funnels that are configured to
produce and transfer positive ions into a time-of-flight (TOF) reflectron mass spectrometer
(Bruker MicrOTOF-Q II, Bruker Daltonics, Billerica, MA). The electrospray needle was
maintained at ground while the capillary inlet was biased to -4.5 kV to extract positive ions.
To compensate for the distortion of the electric fields in the ESI source, the sample stage
was biased to -2 kV. The ESI needle was 6.4 mm above the sample stage and was
approximately 6.4 mm from the capillary inlet. Vaporized gunshot residue analytes were
captured using an electrospray solvent of 100 μM EDTA 1% acetic acid, 1:1 (v:v)
methanol/water, which had a flow rate of 3 μL/min set by a syringe pump (Harvard
Apparatus, Holliston, MA). The nitrogen drying gas for ESI was maintained at 180 °C with
a flow rate of 4 L/min. The analysis time for a given residue sample was less than one
minute.
An ESI background mass spectrum was obtained by operating the instrument
without laser vaporization to enable subtraction of mass spectral features related to the ESI
solvent. Negative features observed in the background-subtracted mass spectra are due to
a reduction in solvent features resulting from charge competition between vaporized
analyte and solvent causing an alteration of the solvent ion distribution. The high resolution
mass spectrometer was tuned for the m/z range from 50 to 1000.
7.3.5

Principal Component Analysis
The mass spectra were collected, and saved as data files, in the Bruker data analysis

program version 4.0 SP 1. Matlab (MatLab R2016a) code was written to evaluate PCA
loading and score values for the first three principal components. At least 10 mass spectra
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were collected for each manufacturer. In this investigation, PCA was performed on the
LEMS measurements with three randomly selected mass spectra serving as the training set
for each manufacturer and all remaining mass spectra used as the testing set. Each LEMS
mass spectra consists of an array of 153,504 data points that correspond to a m/z range of
44.9 – 3006. The mass spectra were truncated at m/z 500 as there were no ions detected
above this value and the truncation reduced the amount of computer memory needed to
perform the classification. In addition, all LEMS mass spectra had the background
subtracted giving rise to negative features and these were set to zero to eliminate them from
the classification procedure. Principal component analysis was performed on the training
set using Matlab, yielding a transformed data set consisting of a mean-adjusted training set
(24 x 61861 matrix). The eigenvectors calculated resulted in a 61861 x 61861 matrix. The
eigenvectors with the largest three eigenvalues were then multiplied by the mean-adjusted
data of the testing set (56 x 61861 matrix).
7.3.6

Safety Considerations
Appropriate laser eye protection was worn by all personal and the high voltage area

of the LEMS system was enclosed to prevent accidental contact with the biased electrodes.
Table 7.1 LEMS Gunshot Residue Analysis
Component

Peak
Ion
Number (m/z)

Blazer Fioc Freedom

Rem Rem MFS Tula
MagTech
GS Holl 5.56 5.56

DPA

1

170

+

+

+

+

–

–

–

–

DMP

2

195

+

+

+

+

+

–

–

–

Baa

3

197

+

+

+

+

+

+

+

–

N-NODPA

4

199

+

+

+

–

+

+

+

–
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Table 7.1, continued
4-NDPA

5

215

–

–

+

–

+

+

+

–

MC

6

242

–

–

+

–

–

+

+

–

Bab

7

257

+

+

+

+

+

+

+

–

Bac

8

267

+

+

+

+

+

+

+

–

EC

9

269

–

–

–

–

–

–

–

+

Bad

10

275

+

+

+

+

+

+

+

–

DBP

11

279

–

+

+

+

+

–

–

+

Na*

12

315

+

+

–

+

–

+

+

–

Bae

13

316.9

+

+

+

+

+

+

+

–

Al*

14

317

–

–

–

–

–

–

–

+

K*

15

331

–

–

+

–

–

+

+

–

Cu*

16

354

–

–

–

–

–

–

–

+

Ba*

17

429

+

+

+

+

+

+

+

–

Pb*

18

499

+

+

+

+

+

+

+

–

+ and – indicate presence or absence of smokeless powder component
a-e

Ba-like adduct/complex

*

Complexation/Adduction with EDTA

7.4 Results and Discussion
7.4.1

Detection of Organic Stabilizers
Figure 1 displays the LEMS mass spectra for the eight GSRs investigated. Both

inorganic and organic components were revealed simultaneously from the GSR and listed
in Table 1. The organic components arise from protonation in the electrospray droplet,
while the inorganic constituents are the result of complexation with EDTA with the
exception of barium acetate adducts. Six of the eight GSR samples were obtained from
ammunition intended for a 0.40 caliber pistol, while the remaining two GSR samples were
designed for a 5.56 mm rifle. Diphenylamine [DPA + H]+ at m/z 170 (peak 1) the most
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common stabilizer observed in this and past LEMS smokeless powder investigations, was
detected in four of the eight GSRs including Blazer, Fiocchi, Freedom, Remington Golden
Sabre and Remington Hollow Point. The Blazer LEMS GSR spectrum revealed DPA as
the most abundant ion, while Freedom, Fiocchi and Remington Golden Sabre exhibit low
ion intensity for this signature. DPA was not observed in a previous LEMS GSR
investigation for the Freedom and Remington Golden Sabre munitions presumably due to
increased sensitivity following improvements to our Bruker MicroQTOF mass
spectrometer and analysis time following firearm discharge (< 2 hours).
Nitrated-DPA by-products were observed in the LEMS measurements of the
casings at m/z 199 (Peak 4) [N-NO-DPA + H]+ and 215 (Peak 5) [4-NDPA + H]+,
respectfully. N-NO-DPA was detected in seven of the eight GSR with high ion intensity
for the Blazer, Fiocchi and Remington Golden Sabre GSRs, moderate ion abundance for
the Remington Hollow Point and MFS 5.56 residues and trace amount for the TulAmmo
residue. 4-NDPA was observed in four of the eight GSRs with high ion intensity in the
MFS 5.56 residue, moderate ion abundance in the TulAmmo 5.56 spectrum and low ion
intensity in the Freedom and Remington Hollow Point residues.
Methyl- (MC, Peak 6) and ethyl centralite (EC, Peak 9), two unique smokeless
powder additives, were observed in the Freedom, MFS 5.56, TulAmmo 5.56 and MagTech
formulations. MC is widely used in Chinese- and overseas-made ammunition rather than
EC.(22-23) MC was detected in trace levels for the Freedom munition, while the rifle
formulations, MFS 5.56 and TulAmmo 5.56 revealed high ion abundance for this signature
ion. EC was detected solely, and as the most abundant feature, in the Magtech ammunition
residue. The majority of the ammunition companies used in this investigation are
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manufactured overseas. Fiocchi, MFS and TulAmmo are located in Italy, Hungary and
Russia, respectively. Remington, Blazer and Freedom munitions are produced in the
United States, while MagTech is manufactured in Brazil. The detection of MC in several
of these formulations suggest the use of international powder suppliers.
Dimethyl phthalate (DMP) (Peak 2) and dibutyl phthalate (DBP) (Peak 11),
common smokeless powder plasticizers, were observed in the LEMS GSR mass spectra.
DMP was observed in five of the eight smokeless powders. DMP was found with high ion
intensity in the Fiocchi residue and with moderate ion abundance in the Blazer, Freedom,
Remington Hollow Point and MFS 5.56 discharge samples. DBP was observed in five of
the eight munitions used in this investigation. DBP was detected with appreciable ion
intensity in the Fiocchi, Freedom, Remington Golden Sabre and MagTech residues and
trace amount in the Remington Hollow Point residue. DMP and DBP were not observed in
a previous LEMS GSR investigation. The detection of these plasticizers in combination
with the other organics provides adjudicative evidence of a firearm discharge event and
permits discrimination of the residues as will be discussed.
7.4.2

Detection of Inorganic Primer Components
Previous LEMS MS2 measurements of GSR revealed inorganic barium oxide and

numerous adducts in varying quantities for the five discharge samples. These unique
inorganic GSR signature ions had a considerable contribution to the discrimination and
classification of the five residues using PCA. Inorganic barium adducts at m/z 197, 257,
267, 275 and 316.9 were observed for seven of the eight GSR samples. Figure 1 reveals
barium complexation with acetate at m/z 197 (Baa, Peak 3) observed in seven of the eight
residues to include Blazer, Fiocchi, Freedom, Remington Hollow Point and MFS 5.56 with
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appreciable ion intensity and Remington Golden Sabre and TulAmmo 5.56 with high ion
abundance. The barium complex (Bab, Peak 7) at m/z 257 was also observed for seven of
the eight GSR samples as the most abundant molecular ion in the Freedom, Remington
Golden Sabre and TulAmmo residues. The Blazer, Fiocchi, Remington Hollow Point and
MFS 5.56 residues contain the Bab signature ion with moderate ion intensity (> 104 counts).
The barium complex (Bac, Peak 8) at m/z 267 was observed for seven of the eight GSR
samples with moderate ion intensity for the Blazer and Remington Golden Sabre and
appreciable ion abundance for the Fiocchi, Freedom, Remington Hollow Point, MFS 5.56
and TulAmmo 5.56 residues. The barium complex (Bad, Peak 10) at m/z 275 was observed
for seven of the eight GSR samples. The Remington Golden Sabre and TulAmmo residues
contain the Bad complex with moderate ion intensity (> 104 counts) while the Blazer,
Fiocchi, Freedom, Remington Hollow Point and MFS 5.56 exhibit low ion abundance. The
final Barium complex, Bae at m/z 316.9 was observed for seven of the eight GSR samples.
The Remington Golden Sabre and TulAmmo depict this signature ion with high ion
intensity whereas the Blazer, Freedom and MFS 5.56 residues reveal moderate ion
intensity. The Fiocchi and Remington Hollow point discharge samples contain low ion
abundance for the Bae ion. The heavy-metal free MagTech ammunition contained no trace
of barium.
Complexation of EDTA with alkali metals does not occur, however, EDTA will
form cationic salts with alkali metals (24). The LEMS mass spectra of the eight GSRs
shown in Figure 1 depict sodiated (Peak 12) and potasiated EDTA (Peak 15) at m/z 315
and 331, respectively. These two mass spectral features were observed in the blank
spectrum presumably due to sodium and potassium being common contaminants in HPLC
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grade solvents and glassware. Sodiated EDTA at m/z 315 was observed with high ion
abundance in the Blazer, Remington Golden Sabre, MFS 5.56 and TulAmmo 5.56 GSRs,
while the Fiocchi residue revealed moderate ion intensity. Potasiated EDTA at m/z 331 was
observed with low ion intensity in the Freedom residue and trace amounts in the MFS 5.56
and TulAmmo 5.56 residues. Due to the presence of the Na- and K-EDTA mass spectral
features in the blank, each feature was considered present in the measurement if the
intensity exceeded 1000 counts following blank subtraction.
The complexation of EDTA with transition metals found in the eight GSRs are
listed and presented in Table 1 and Figure 1, respectively. The LEMS mass spectra
highlight the presence of heavy metals such as Ba and Pb found in the most common primer
formulations. In addition, several unusual transition metals such as Cu and Al were
observed in the lead-free primer composition. The Blazer, Fiocchi, Freedom, Remington
Golden Sabre, Remington Hollow Point, MFS 5.56 and TulAmmo 5.56 residues contained
Ba and Pb complexed with EDTA at m/z 430 (Peak 17) and 499 (Peak 18), respectively.
The Ba-EDTA complex was observed with low ion intensity for the seven residues
presumably due to considerable barium adduction with the acetate counter ion. The PbEDTA complex was observed with moderate ion intensity for the Blazer, Freedom and
Remington Hollow Point residues. The Fiocchi, Remington Golden Sabre, MFS 5.56 and
TulAmmo 5.56 GSR LEMS mass spectra detected the Pb-EDTA complex with low ion
intensity. The MagTech green residue contained no trace of the Pb-EDTA ion. The
revelation of these new mass spectral features combined with the detected organic
constituents unequivocally confirms the identification of smokeless powder formulations
and suggests that the seven residues employ heavy-metal primers.
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LEMS analysis of MagTech clean range munition, containing a heavy-metal free
primer, revealed no trace of Ba or Pb. The MagTech LEMS GSR mass spectrum in Figure
1 illustrates complexation with Al-EDTA at m/z 317 (Peak 14) and Cu-EDTA at m/z 354
(Peak 16) with moderate and high ion intensity, respectively. The detection of these new
mass spectral signature ions combined with the organic stabilizers and plasticizers suggests
GSR identification using LEMS as commercialization of heavy-metal free primers
advances.
7.4.3

Unidentified Peaks Observed Using Laser Electrospray Mass Spectrometry
LEMS analysis of the eight smokeless gunpowder residues revealed several

unidentified mass spectral features shown in Table 2. The unknown ions at m/z 139, 155,
158, 172, 183, 229 and 236 contribute to separation of the eight residues using the first
three principal components. The m/z 139 ion was detected in the MFS 5.56 and TulAmmo
5.56 mass spectra with low ion abundance. This signature ion was observed in a previous
LEMS GSR investigation exclusively in a PMC 5.56 munition and suggest this feature is
unique to rifle ammunition formulations. The m/z 155 and 172 ions were detected
exclusively in the MagTech clean range ammunition with high ion intensity suggesting
these features are additional mass spectral signature ions for heavy-metal free ammunition.
The m/z 158 ion was observed in the seven heavy metal containing residues with
low- to moderate ion intensities. This feature was not observed in a previous LEMS GSR
investigation employing a simple 1% acetic acid, 1:1 (v:v) methanol/water electrospray
solvent suggesting the m/z 158 ion is due to the presence of EDTA and could be the result
of protonation and sodiation with EDTA [M + H + Na]2+. The m/z 183 ion was revealed
exclusively in the MFS 5.56 residue and is another unique signature ion observed in past
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LEMS unburnt powder (12) and GSR investigations. The m/z 229 ion was observed in the
Remington Golden Sabre and TulAmmo residues with low ion intensity that contribute to
the discrimination of the eight residues. The m/z 236 ion was observed in the Freedom and
Remington Hollow Point residues with low ion intensity and as the most abundant ion,
respectfully. Again, this feature was not observed in a previous LEMS GSR investigation
employing a simple 1% acetic acid, 1:1 (v:v) methanol/water electrospray solvent
suggesting its appearance is due to the presence of EDTA.
7.4.4

Principal Component Analysis and Classification of Gunshot Residue
Principal component analysis, a multivariate statistical analysis method, was used

to differentiate the 80 LEMS GSR mass spectra. PCA redefines high-dimensional data to
a number of principal components (PCs) that best describes the variance. Previous LEMS
investigations of smokeless powder and GSR employed PCA to accurately classify each
formulation with respect to its manufacturer. Here, we perform PCA with an offline
classifier on the LEMS GSR mass spectra containing signature ions from both the organic
and inorganic components to determine if the combination of unique mass spectral features
will facilitate discrimination of the eight residues based on the manufacturer of the
ordnance.
The PCA scores of the eight GSRs are plotted for the first three principal
components (Figure 2). Three random mass spectra from each residue were randomly
selected and used as the training set (Tetrahedrons, Figure 2) while the remaining mass
spectra were designated as the testing set (Spheres, Figure 2). The PCA plot depicts
excellent clustering of the eight analyzed residues. Classification of the testing data was
performed in MatLab using K-nearest neighbor (Euclidean and cityblock) and linear
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discriminant analysis classifiers.(25-26) The K-nearest neighbor offline classifier applied
to the eight smokeless powders resulted in 96.4% classification fidelity following PCA.
Two of the seven TulAmmo testing set mass spectra were misclassified as Remington
Golden Sabre. The cumulative variance was plotted as a function of the first seven PCs
with 93.6% of the variance captured by the first three PCs.
The PCA loading plots, corresponding to the calculated eigenvectors of the
collective training set for the eight smokeless powders, are plotted for the first three PCs
in Figure 3. Each PCA loading plot fundamentally describes varying degrees of correlation
and anti-correlation of signature ions within the LEMS mass spectral data. For example,
Figure 1 shows one of the eight GSRs (MagTech) containing EC while the remaining seven
formulations contain either DPA and/or a nitrated form of DPA and barium adducts. The
first principal component has a large positive loading value for EC, which projects the
MagTech LEMS mass spectra into the positive PC1 score plot. The remaining seven GSRs
contain a combination of DPA and/or its nitrated derivatives and heavy metal components
from the primer that project the remaining GSR LEMS mass spectra into the negative PC1
score plot. The remaining signature ions show a diminished ability to separate based solely
on PC1. Therefore, the first principal component (PC1) can be interpreted as the usage of
heavy-metal primers containing DPA or heavy-metal free primers with EC as a function of
manufacturer.
The PC2 loading plot details a linear correlation between N-NO-DPA, 4-NDPA,
Baa, EC, Bad, Bae, Cu-EDTA and unknown ions at m/z 155, 172 and 229, which
immediately projects the Remington Golden Sabre and TulAmmo 5.56 residues in the
positive PC2 score plot. The linear combination of DPA, DBP, Ba-EDTA, Pb-EDTA and
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the unknown ion at m/z 236 reveal a linear correlation that projects the remaining four
residues, Blazer, Fiocchi, Freedom and Remington Hollow Point in the negative PC2 score
plot with diminished ability to separate based solely on PC2. The unique combination of
high ion abundance Ba-acetate adducts such as Baa, Bab, Bac, Bad, Bae and EC in
comparison to the other observed signature ions for PC2 represents the variability in high
performance energetic formulations as a function of manufacturer. The Remington Golden
Sabre, MagTech and Rifle ammunitions (TulAmmo and MFS 5.56) are tailored for higher
performance applications. The data suggests the higher performance heavy-metal
containing energetic formulations deposit primarily barium products that complex with
acetate while the remaining GSR constituents such as DPA, nitrated-DPA, DBP and Pb are
either consumed or expelled, leaving trace quantities in the residue. The MFS 5.56 residue
is the exception to this trend, but shows considerable separation in PC3 as will be discussed.
The PC3 loading plot highlights the linear combination of signature ions such as
N-NO-DPA, 4-NDPA, MC, Na-EDTA and unknown signature ions at m/z 139, 155, 183
and 200 that project the MFS 5.56 residues mass spectra into the positive PC3 score plot.
The MFS 5.56 LEMS mass spectra exhibit the unknown ions at m/z 183, 200, 4-NDPA,
MC and Baa as the most abundant and results in a large positive PC3 score separating this
residue from the remaining four residues. The unknown ions at m/z 183 and 200 are unique
to the MFS 5.56 LEMS mass spectra and greatly contribute to its positive PC3 score. The
linear combination of DPA, Bab, Bac, DBP, Bae, Ba-EDTA and Pd-EDTA contain negative
loading values, or eigenvectors, and project the remaining four residues, Blazer, Fiocchi,
Remington Hollow Point and Freedom munitions, in the negative PC3 score plot.
Discrimination of the remaining residues enables accurate classification of these four
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residues and suggests PC3 represents the variability of the MC stabilizer and other
unknown additives and by-products in the eight energetic formulations.
7.5 Conclusion
The use of the ETDA heavy metal complexation agent combined with laser
electrospray mass spectrometry provides simultaneous measurements of inorganic and
organic constituents found in gunshot residue directly from an expended casing without
sample preparation and under ambient conditions. The high sensitivity of the method
enabled the simultaneous detection of DPA, multiple nitrated-DPA derivatives, MC, EC,
DBP, Al, Cu, Ba, Pb and additional signature ions not previously reported. The use of
principal component analysis enabled highly accurate classification of smokeless powder
manufacturers after discharge. PCA of eight ammunitions resulted in immediate separation
of two rifle ammunitions, one heavy-metal free munition and a high performance pistol
ammunition, a four conventional ammunitions designed to be fired from the same caliber
pistol. The four conventional pistol residues were classified to their respective
manufacturer, but clustered relatively close in three dimensional PCA score space. These
findings further suggest LEMS capacity for high fidelity characterization and detection of
energetic formulations in trace quantities without sample preparation.
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Table 7.2: Summary of unidentified peaks in gunshot residue samples

Pea
k

Blaze
Fiocch
r
i (m/z)
(m/z)

Freedo
m
(m/z)

Remingto
n Golden
Sabre
(m/z)

Remingto
MFS
n Hollow
TulAmm
5.56
o (m/z)
Point
(m/z)
(m/z)

MagTec
h (m/z)

I

158.1

158.1

149.0

158.1

158.1

140

158.1

153.1

II

177.2

235.2

158.1

177.2

177.2

158.
1

177.2

155.2

III

217.2

458.4

177.2

217.2

206.1

177.
2

228.9

160.1

IV

235.2

223.1

229

217.2

183

235.2

172.2

V

327

236.2

327

223.1

341.
9

289

219.0

404.
2

304.2

243.0

VI

289

236.2

VII

327

253.2

377

291.4

VIII

371.1

327

388.3

307.1

IX

387.3

387.3

404.2

317.1

X

404.2

339.4

XI

458.4

367.3

XII

386.3
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Figure 7.1 Laser electrospray mass spectra showing the identified smokeless powder
component peaks for the eight smokeless gunshot residues: (a) Blazer, (b) Fiocchi, (c)
Freedom, (d) Remington Golden Saber, (e) Remington Hollow Point, (f) MFS 5.56, (g)
TulAmmo 5.56 and (h) Magtech. Peaks confirmed with literature are numbered and listed
in Table 7.1. All unidentified peaks are listed in Table 7.2.
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Figure 7.2 Principal component analysis of eight different gunshot residues originating
from commercially available powders projected into three dimensions for Blazer (red, ●),
Fiocchi (green, ●), Freedom (blue, ●), Remington Golden Sabre (cyan, ●), Remington
Hollow Point (magenta, ●) MFS 5.56 (dark yellow, ●), TulAmmo 5.56 (navy, ●) and
Magtech (purple, ●) which shows separation between manufacturers’ powders. The filled
tetrahedrons (▲) and the filled spheres (●) represent the training and testing sets for each
gunshot residue, respectively.
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Figure 7.3 PCA loading plots for the first three PCs, (a-c), respectively, from the LEMS
analysis of eight different smokeless gunshot residues, which show important mass spectral
components that are used to identify and discriminate each residue.
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CHAPTER 8
CHARACTERIZATION OF PLASTIC EXPLOSIVES USING LASER
ELECTROSPRAY MASS SPECTROMETRY
8.1 Overview
In this chapter, nonresonant laser vaporization combined with electrospray postionzation is employed to characterize highly explosive plastic explosives including
composition C-4 and detonating cord directly under ambient conditions and without
sample preparation. Laser electrospray mass spectrometry (LEMS) measurements of
composition C-4 and detonation cord revealed primarily the energetic ingredients,
RDX and PETN, with the exception of the detonation cord sample. Negative ion
mode LEMS analysis of detonation cord also revealed DiPEHN, a PETN derivative
indicative of the age of the formulation. In addition, positive ion mode LEMS
analysis of composition C-4 revealed explosive ingredients such as RDX and HMX,
additive chemical taggents such as DMNB and plasticizers such as di-capryl adipate
(DCA) with high ion abundance for the molecular ion.
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8.2 Introduction
The rapid detection of explosive material has becoming increasingly important due
to their continued usage in terrorist activities. Explosive detection is extremely challenging
because of the wide variety of chemical structures and vapor pressures. Rapid detection,
ideally, should be done in situ, without sample preparation. The use of mass spectrometry
for in situ analysis was not viable until the genesis of ambient mass spectrometry pioneered
by desorption electrospray ionization (DESI) (1). Ambient mass spectrometry provides
high sensitivity for both organic and inorganic components found in trace amounts.
Therefore, ambient mass spectrometry appears to be the ideal candidate for in situ rapid
analysis of explosive formulations.
The detection of explosives has introduced challenges depending on the method
employed. Gas chromatography (GC) requires volatilizing (by heating) thermally unstable
materials (2). High performance liquid chromatography (HPLC) (3) size exclu,sion
chromatography (SEC) (4), ion chromatography (IC) (5-6), capillary electrophoresis (CE)
(6-7), electron monochromator mass spectrometry (8), secondary ion mass spectrometry
(SIMS) (9) and supercritical fluid chromatography (SFC) (10) have all been used for
explosive analysis. These methods lead to less chemical decomposition in comparison to
GC, however, each method requires sample collection and transportation to a laboratory
for analysis and/or extensive sample preparation.
The preeminent method for explosive detection is ion mobility (IM) due to adequate
sensitivity (nano- to picograms) (11-12) and employment under ambient conditions. IM
provides high speed response to low quantities of vaporized or gaseous chemicals. IM
ionizes sample vapors under ambient conditions and characterizes their gas phase
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mobilities in weak electric fields. An ion’s gas phase mobility is linked to its collisional
cross section and the carrier gas employed (13). IM has demonstrated the ability to detect
RDX, HMX, PETN, TATP, TNT, NG, EGDN and several taggants such as DMNB and
HFB (11, 14). IM has also demonstrated the ability to detect several components from a
military grade plastic explosive (composition b), although the active ingredient RDX was
not observed (14). IM’s success in the rapid analysis of explosives has resulted in its wide
application throughout the world including most airports, however, the technique suffers
from several difficulties such as high detection limits due to increased molecular ion
fragmentation, expensive construction of drift cells, and analysis of samples with low
volatility such as military grade explosives.
A critical problem using IM for explosive detection is its inability to detect low
volatility explosives. The most common analyte introduction methods for IM analysis are
thermal desorption such as flash heating and direct injection for liquid samples, however,
numerous sample introduction methods such as solid-phase microextraction (SPM),
ceramic evaporators, permeation tubes, laser desorption (LD), matrix-assisted laser
desorption ionization (MALDI) and electrospray ionization (ESI) have been developed to
improve sensitivity, robustness and automatability (15). Initial laser-based high explosive
experiments used a Q-switched 25 ns ruby laser to initiate high energetic ingredients such
as RDX and PETN under vacuum (16). An intriguing investigation employed high energy
pulsed lasers for sample introduction of low vapor pressure explosive material for detection
using IM. The use of low intensity laser conditions (2.0 x 104 - 1.5 x 106 W cm-2) under
atmospheric conditions resulted in desorption of mainly neutral species followed with
ionization by a 63Ni-β-foil (17-18). The benefits of laser desorption include significantly
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improved volatilization of explosives with relatively low vapor pressure, reduced
unwanted side products with solvents and obviated analysis under vacuum. The
measurements suggest use of very short laser pulses under ambient conditions for explosive
material reveals a gentler desorption mechanism in comparison to classical thermal based
desorption.
A laser diode desorption technology employing low cost laser diode modules
(LDM) to desorb dried sample from a needle tip, due predominately to thermal heating and
some resonant absorption, was developed (19). The vaporized sample was transferred to a
corona discharge (CD) source for ionization, separated based on collisional cross section
in an ion mobility cell and detected using mass spectrometry. Using a carbon tetrachloride
(CCl4) dopant gas, the limit of detection (LOD) calculated was 3, 42 and 14 pg for TNT,
PETN and RDX, respectively, with little observed fragmentation. Although these findings
are intriguing, there are issues with this method in its present state. The data suggests that
analyte desorption using LDMs is wavelength correlated. Therefore, characterization of an
unknown explosive formulation is not possible. The laser radiation can have detrimental
effects on the surface, which strongly depends on the type of material. Metals and
transparent plastics or glass surfaces showed no degradation, however, colored plastic and
paper materials showed strong degradation presumably due to absorption of laser
irradiation. Although the ability to laser desorb specific explosive signature ions for mass
spectral detection using low cost LDMs was demonstrated, the desire to detect all potential
explosive signature molecules simultaneous with superior LODs suggested a different
approach was necessary.
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Ambient ionization mass spectrometry methods, such as DESI, provide an in situ
analysis method that is ideal for rapid explosives screening. DESI analysis of high
explosive materials such as RDX, HMX, PETN, TATP and TNT from both certified
standard solutions (1, 20-24) and commercial compositions (21, 23-24) was demonstrated.
The detection and characterization of high explosive formulations such as the plastic
explosive Composition C-4 is highly desired due to obfuscation from complex matrices
such as plastic additives and xenobiotic background. DESI analysis of Composition C-4
revealed exclusively chlorinated RDX and HMX in negative ion mode (23-24). Common
explosive taggants and plasticizers found in plastic explosives were not observed using
DESI in negative ion mode. Analyte dissolution in the DESI solvent is critical to ionization
and lack of these features could be due to insolubility in the employed DESI solvent (25).
However, DESI analysis of plastic explosives demonstrated the ability to provide speed
and specificity for the active ingredient in high explosives from multiple surfaces and
suggests ambient ionization with mass spectrometry has the potential for immediate in situ
explosive characterization and detection.
Nonresonant laser vaporization coupled with electrospray post-ionization under
ambient conditions has exhibited the ability to non-preferentially vaporize all components
in a sample mixture. Laser electrospray mass spectrometry (LEMS) requires no sample
preparation, such as the addition of matrix, performs analysis under ambient conditions,
and has revealed the ability to desorb thermally sensitive molecules such as RDX, HMTD
and TATP with limited fragmentation (26). It should be noted, the capillary-skimmer setup
employed in the seminal LEMS explosive investigation and its harsh transfer conditions is
probably the origin of the observed fragmentation (27). LEMS and principal component
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analysis with an offline discriminator has been performed on smokeless powders (28) and
inorganic IED formulations (29) suggesting LEMS is suited for explosive classification
and detection. LEMS investigations have been performed on small molecules (30-31),
benzylpyridinium thermometer molecules (32), lipids (33-34), pharmaceuticals (33),
peptides (30), proteins (34-37), plant (38-39) and biological tissue (40). In addition,
femtosecond (fs) laser vaporization of biological molecules (41) and tissue (40) and
benzylpyridinium thermometer molecules (42) using a low energy 1042 nm fiber laser was
also performed. Finally, quantitative analysis of multicomponent small molecule (43) and
protein mixtures (44) has been demonstrated using LEMS suggesting that the
nondiscriminatory nature of fs laser vaporization followed with electrospray postionization is an ideal candidate for rapid in situ detection, characterization and
quantification of high explosive formulations and complex matrices.
In this investigation, fs laser vaporization of military grade plastic explosive
Composition C-4 and detonation cord followed with entrainment and ionization in an
electrospray plume will be performed. The nondiscriminatory nature of fs laser
vaporization should enable rapid detection (~ 1 s) of all components regardless of their
vapor pressure and solubility in a given electrospray solvent. In addition, we investigate
the decomposition of thermally unstable explosive ingredients following exposure to a high
intensity laser (2 x 1013 W cm-2) and analysis using a high resolution Bruker MicrOTOFQ II mass spectrometer with a soft dual ion funnel design. This investigation will exhibit
LEMS’s ability to retain sensitivity and specificity that characterize mass spectrometry,
provide very short analysis times (~1 s), require no sample preparation and enable detection
of all molecules and signature components in military grade plastic explosive formulations
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further suggesting LEMS potential for in situ rapid explosives identification on virtually
any surface at ultratrace levels.
8.3 Experimental
8.3.1

Materials
Military grade Composition C-4 and detonation cord were acquired from US Army

Research Laboratory RDRL-WML-C, Aberdeen Proving Ground, MD. Small sections of
explosive material (~4 cm2) were evenly spread across a stainless steel slide prior to
placement on the sample stage.
8.3.2

Sample Preparation
Two ESI-MS solutions containing either 1% acetic acid or 1 mM NaCl in

MeOH/H2O (50:50) were employed. Prior to laser vaporization, a blank measurement was
acquired. For LEMS analysis, explosive material was spread evenly across a stainless steel
slide (4 cm2). The slide was then placed on a sample stage in the ESI source chamber. The
sample plate was supported by a three-dimensional translation stage, which allowed
analysis of fresh sample with each laser shot.
8.3.3

Laser Vaporization and Ionization
The LEMS system used in this experiment has been previously described (30).

Briefly, the system combines femtosecond laser vaporization of solid or liquid material
into the gas phase, with an electrospray ion source for capture and ionization of the
vaporized material. A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO)
generated a 300 mW pulse centered at 800 nm that seeded a regenerative amplifier
(Coherent, Inc., Santa Clara, CA) to create a 2.5 mJ, 70 fs pulse, operating at 10 Hz. A 16.9
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cm focal length lens focused the laser spot size to approximately 300 μm in diameter. The
laser beam was incident at an angle of ~ 45° with respect to the sample plate. The intensity
of the laser at the sample substrate was approximately 2 x 1013 W/cm2. The high intensity
of the laser beam induces nonresonant absorption in the sample resulting in vaporization
of the analyte. The sample was vaporized from the sample stage and ejected into the spray
in a direction perpendicular to the electrospray plume. The sample is entrained and ionized
in the electrospray solvent droplets.
8.3.4

Mass Spectrometry
The electrospray ionization source consists of a stainless steel electrospray needle,

dielectric capillary, desolvation chamber, two rf ion funnels, an rf-only hexapole, a
quadrupole with the ability to isolate precursor ions, and a quadrupole configured to
operate in rf-only mode constructed as a collision cell to produce and transfer ions into a
time-of-flight (TOF) reflectron mass spectrometer (Bruker MicrOTOF-Q II, Bruker
Daltonics, Billerica, MA). When using the spectrometer in positive ion mode, the
electrospray needle was maintained at ground while the capillary inlet was biased to -4.5
kV to extract positive ions. To compensate for the distortion of the electric fields in the ESI
source, the sample stage was biased to -2.5 kV. In negative ion mode, the capillary inlet
and sample stage were biased to 4 and 2 kV, respectively. The ESI needle was 6.4 mm
above the sample stage and was approximately 6.4 mm from the capillary inlet. Vaporized
analytes were captured using an electrospray solvent of either 1% acetic acid or 1 mM
NaCl in MeOH/H2O (50:50) which had a flow rate of 3 μL/min as set by a syringe pump
(Harvard Apparatus, Holliston, MA). The nitrogen drying gas was maintained at 180 °C
with a flow rate of 4 L/min. The sample on the stainless steel plate was subjected to a fs
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laser pulse resulting in vaporization and post-ionization producing a LEMS mass spectrum.
The mass spectrometer stores the average of 5000 spectra every second. The analysis time
for a given sample was two minutes.
An ESI background mass spectrum was obtained in the absence of laser
vaporization to enable subtraction of mass spectral features related to the ESI solvent.
Negative features observed in the background-subtracted mass spectra are due to charge
competition between vaporized analyte and solvent. The mass spectrometer was tuned for
the range of m/z 50 to 1000.
8.3.5

Safety Considerations
Appropriate laser eye protection was worn by all personal and the high voltage area

was enclosed to prevent accidental contact with the biased electrodes.
8.4 Results and Discussion
8.4.1

Analysis of Composition C-4 using LEMS in Positive Ion Mode
The positive ion mass spectra are useful in highlighting the nonexplosive organic

constituents contained within C-4 although explosive ingredients such as RDX were
detected in low abundance. Previous investigations report Composition C-4 is ~91% RDX,
~5% diisooctyl sebacate (DOS) as plasticizer, 2% polyisobutylene (PIB) as binder and
1.6% motor oil (24, 45). DESI analysis of Composition C-4 observed only chlorinated
RDX and HMX in a methanol:water:HCl (1:1:0.05%) electrospray solution (24). Time-offlight secondary ion mass spectrometry (ToF-SIMS) analysis of Composition C-4 in both
positive and negative ion mode revealed RDX, HMX, DOS, PIB and TNT (9). ToF-SIMS
required solvent extraction using tetrahydrofuran (THF) followed with spin cast and/or
- 222 -

solution cast onto Si substrates generating a film for analysis. In contrast, the rapid analysis
of Composition C-4 (~1 s) using LEMS in either 1 mM NaCl or 1% acetic acid 1:1 (v:v)
MeOH/H2O electrospray solutions in positive ion mode are depicted in Figure 1a and 1c,
respectively. Panel 1a reveals protonated and sodiated RDX at m/z 223 [RDX + H]+ and
245 [RDX + Na]+ with low ion abundance. Deprotonated RDX with water and nitrogen
oxide (NO) adduction were observed at m/z 239 [RDX + H2O - H]+ and 251 [RDX + NO H]+ with low ion abundance. No RDX fragmentation was observed in the 1mM NaCl
positive ion mode LEMS measurements. Panel 1c reveals RDX adduction with water at
m/z 241 [RDX + H2O + H]+ and 259 [RDX + 2H2O + H]+ with moderate ion abundance.
DMNB is the preeminent explosive taggant used in the United States due to its
exceptionally high vapor pressure, however, detection of DMNB using IM significantly
diminished at normal (100 °C) and elevated operating temperatures (46-47). Panel 1a
exhibits sodiated DMNB at m/z 199 [DMNB + Na]+ as the second most abundant feature.
In addition, sodiated DMNB with water and methanol/water adduction at m/z 217 [DMNB
+ H2O + Na]+ and 281 [DMNB + 2MeOH + H2O + Na]+ with low ion abundance were
observed. Interestingly, sodiated DMNB was detected in the 1% acetic acid electrospray
solution while the protonated DMNB molecular ion was not observed (Panel 1c). Previous
investigations have noted this trend reporting DMNB’s affinity for trace amounts of
sodium (48). The LEMS measurements provide further evidence that nonresonant laser
vaporization is a gentle ionization method apropos for characterization of all explosive
components from an energetic formulation. To the best of the author’s knowledge, this is
the first identification of DMNB from bulk Composition C-4 using ambient mass
spectrometry.
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DCA is a commonly used plasticizer for military grade Composition C-4
manufactured in the United States (45). Panels 1a and 1c reveal sodiated and protonated
DCA at m/z 393 [DCA + Na]+ and m/z 371 [DCA + H]+, respectfully, as the dominant
feature in the two mass spectra. Panel 1a depicted low abundance for protonated DCA at
m/z 371 [DCA + H]+. Sodiated DCA dimer at m/z 764 [2DCA + Na]+ was observed in both
the 1mM NaCl (Panel 1a) and the 1% acetic acid (Panel 1c) LEMS spectra. Panel 1c
highlights sodiated and potasiated DCA in the 1% acetic acid electrospray solvent at m/z
393 [DCA + Na]+ and 409 [DCA + K]+, respectfully, revealing the plasticizer’s affinity for
trace amounts of those ions. Fragmentation of DCA at m/z 129 [CH3(CH2)7O]+ (45) and
adduction with water and methanol:water at m/z 147 [CH3(CH2)7O + H2O]+ and 179
[CH3(CH2)7O + H2O + CH3OH]+ were observed. The observation of DCA in large
quantities using LEMS confirms that the Composition C-4 sample is of United States
military origin.
8.4.2

Analysis of Composition C-4 using LEMS in Negative Ion Mode
Negative ion mode LEMS mass spectra in both 1mM NaCl (Panel 1b) and 1%

acetic acid (Panel 1d) electrospray solution lack the nonexplosive organic ingredients
found in Composition C-4 with the exception of trace amounts of deprotonated DMNB at
m/z 176 [DMNB - H]- in 1mM NaCl LEMS mass spectrum (Panel 1b). Explosive
ingredients such as RDX and HMX are observed with appreciable ion intensity in both
electrospray solvents. Panel 1b reveals chlorinated RDX at m/z 257 [RDX + Cl]- with the
largest ion abundance. Adduction of RDX with water, nitrite and nitrate at m/z 241 [RDX
+ H2O]-, 268 [RDX + NO2]- and 284 [RDX + NO3]-, respectfully, with low ion intensity
was observed. The chlorinated RDX dimer was observed at m/z 479 [2RDX + Cl]- with
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trace levels of ion intensity. Panel 1d reveals chlorinated RDX at m/z 257 [RDX + Cl]- with
the largest ion intensity. RDX adduction with nitrate and acetate at m/z 268 [RDX + NO2]and 281 [RDX + CH3CO2]- were also observed. More extensive RDX adduction with
water:methanol:acetate was observed at m/z 367 [RDX + 3H2O + CH3OH + CH3CO2]- with
moderate ion intensity.
HMX is a highly explosive secondary reaction product commonly observed from
the synthesis of RDX (45). Negative ion mode LEMS mass spectra using 1 mM NaCl and
1% acetic acid both identify this signature ion. LEMS analysis with a 1 mM NaCl
electrospray capture solvent (Panel 1b) revealed exclusively chlorinated HMX at m/z 331
[HMX + Cl]-. Panel 1d depicts chlorinated HMX at m/z 331 HMX [HMX + Cl]- with
appreciable ion intensity. HMX adduction with acetate at m/z 355 [HMX + CH3CO2]- was
observed with trace levels of ion abundance. In addition, adduction of methanol:acetate
with the HMX dimer at m/z 682 [2 HMX + CH3OH + CH3CO2]- was observed with trace
levels of ion intensity. Rapid analysis (< 1 minute) of Composition C-4 under ambient
conditions with a high intensity laser in both positive and negative ion mode was
demonstrated enabling characterization of both nonexplosive organics and explosive
constituents and ingredients found in plastic explosives with little observed fragmentation.
8.4.3

Analysis of Detonation Cord using LEMS in Negative Ion Mode
There is little precedent for the analysis of detonation cord using any analytical

method. Figure 2 exhibits analysis of military grade detonation cord using 1 mM NaCl and
1% acetic acid with the mass spectrometer operated in negative ion mode. Panel 2a (1 mM
NaCl) reveals PETN at m/z 315 [PETN - H]- and adduction with chloride, nitrite and nitrate
at m/z 351 [PETN + Cl]-, m/z 362 [PETN + NO2]- and m/z 378 [PETN + NO3]-, respectfully.
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In addition, PETN adduction with an additional PETN fragmentation product was observed
with appreciable ion intensity at m/z 393 [PETN + CH2NO2]-. Minor PETN fragmentation
was observed at m/z 306 [PETN - NO2 + Cl]-.
Panel 2b (1% acetic acid) revealed common PETN signature ions as observed using
1mM NaCl electrospray solution. Deprotonated and chlorinated PETN were observed at
m/z 315 [PETN - H]- and 351 [PETN + Cl]-. Adduction of PETN with nitrite, acetate and
nitrate was observed at m/z 362 [PETN + NO2]-, m/z 375 [PETN + CH3COO]- and m/z 378
[PETN + NO3]-, respectfully. In addition, adduction of acetate with a PETN fragment was
observed with high ion intensity at m/z 330 [PETN - NO2 + CH3COO]-. LEMS analysis of
military grade detonation cord depicts predominately PETN with little observed
fragmentation. Higher m/z ions were observed in both Panels 2a and 2b, initially presumed
to be PETN dimer adduction products. Analysis of the higher mass ions in the LEMS 1%
acetic acid mass spectrum (Panel 2b) revealed deprotonated DiPHEN at m/z 526 [DiPEHN
- H]- with appreciable ion intensity. Adduction of DiPHEN with nitric oxide, nitrite and a
common PETN fragment (CH2NO3) at m/z 554 [DiPEHN - NO]-, 571 [DiPEHN – NO2]and 599 [DiPEHN – CH2NO3]-, respectfully, was observed. DiPHEN is a naturally
occurring impurity of PETN and functions as a mild binder and stabilizer (49). It should
be noted that positive ion LEMS measurements revealed no trace of nonexplosive organic
constituents. Both positive and negative LEMS measurements suggest military grade
detonation cord is exclusively PETN with aging impurities. The LEMS measurements
enable characterization of highly unstable explosive ingredients with miniscule
fragmentation and have demonstrated the ability to detect PETN signature ions indicative
of the age of the energetic material. To the best of our knowledge, this is the first reporting
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of identification of a PETN by-production from military grade detonation cord under
ambient conditions using mass spectrometry.
8.5 Conclusion
Characterization of unstable energetic materials using LEMS has been
demonstrated suggesting nonresonant laser vaporization followed with electrospray
ionization is amenable to all explosive compositions. Previous LEMS explosive evidence
and these findings suggest LEMS is especially suited for low volatility and unstable
compositions such as plastic explosives and PETN due to the use of a high intensity laser
that results in desorption with little internal energy imparted to the energetic ingredient.
Nonresonant laser vaporization of Composition C-4 and PETN has enabled
characterization of the formulation identifying binders, plasticizers and aging by-products
not observed using ambient ionization mass spectrometry to date. LEMS analysis in both
positive and negative ion mode for an individual sample took no longer than a minute for
full characterization and suggests LEMS would be a powerful and robust analytical method
for rapid explosive screening and adjudication.
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Figure 8.1 Laser electrospray mass spectra of Composition C-4 entrained in 1mM NaCl
(8.1a-b) and 1% acetic acid (1c-d). Panels 8.1a and 8.1c were operated in positive ion mode
while panels 8.1b and 8.1d were operated in negative ion mode.
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Figure 8.2 Negative ion mode laser electrospray mass spectra of detonation cord entrained
in 1mM NaCl (8.2a) and 1% acetic acid (8.2b).
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CHAPTER 9
SUMMARY AND OUTLOOK
The development of nonresonant femtosecond laser vaporization with mass
analysis has stimulated numerous investigations probing a wide variety of molecules from
their native environment. The ability to minimize exposure of the analyte to the
electrospray solvent and prevent subjection to the harsh conditions of the Taylor cone has
produced compelling evidence of LEMS “soft” ionization mechanism. This direct
sampling method enables rapid analysis of a wide variety of molecules from many substrate
surfaces, materials and topographies under ambient conditions and has demonstrated the
ability to perform imaging investigations, previously presented using oxycodone. The
nondiscriminatory nature of the LEMS sampling method is well-suited for rapid forensic
adjudication due to high mass spectral sensitivity and large sample throughput capabilities.
In this dissertation, a deeper understanding of the influence of the femtosecond laser
pulse on the structure of the analyte and the effect of the ionization mechanism due to
solubility of the electrospray solvent and the analyte was advanced. The appearance of
enzyme-substrate intermediate charge states combined with mass spectral evidence of
continued enzyme catalyzed hydrolysis following laser vaporization into an electrospray
solvent buffer tailored for native conditions and the lack of these ions in a denaturant
electrospray solvent suggests nonresonant laser vaporization preserves solution phase
conformers. In addition, the quantitative capabilities of LEMS were thoroughly
investigated using equimolar protein mixtures at concentrations typically found in
environmental and biomolecular systems. LEMS exhibited quantitative response for
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multiple proteins at elevated concentrations in contrast to ESI-MS as severe ion
suppression onset almost immediately for the protein mixtures.
The investigation of LEMS ability to detect, characterize and classify a wide variety
of energetic formulations was considerably advanced. Unburnt smokeless powders and
residue deposited after discharge of a firearm revealed unique combinations of the organic
additives and both the organic additives and inorganic heavy metal constituents of the
primer for the former and latter, respectively. Due to the revelation of these inorganics
primer components, a bivalent metal complexation agent was added to the electrospray
solvent allow simultaneous detection of the organics and inorganics during mass analysis.
These new explosive signature ions combined with principal component analysis enable
an even more powerful classification method that allowed for the accurate classification of
gunshot residue samples to their manufacturer. Finally, highly volatile energetic materials
such as composition C-4 and detonation cord are vaporized with little observed
fragmentation providing further evidence to that nonresonant laser vaporization does not
induce decomposition. Using simple electrospray solvents and both positive and negative
ion mode mass analysis, rapid characterization of these explosive formulations without
sample preparation was achieved.
These experiments provide a greater understanding of the ionization mechanism
following nonresonant laser vaporization using femtosecond laser pulses using an
electrospray droplet stream for post-ionization. The “gentle” laser induced vaporization
mechanism does not inherently induce denaturation of biomolecules and has demonstrated
superior quantitative measurements of biomolecular solutions at concentrations that mimic
those typically found in nature. The explosive investigations have demonstrated that LEMS
- 236 -

is amenable to a wide range of explosive materials to include unburnt smokeless powders,
gunshot residue from both the propellant and primer, and highly unstable military grade
plastic explosives under ambient conditions without any sample preparation. These
experiments suggest that LEMS would be a highly competitive method with regards to
rapid detection and characterization of all energetic materials without sample degradation
or laser induced deflagration or detonation. These experiments further suggest that LEMS
would be an extremely powerful analytical method to the energetic recognition community.
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