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ABSTRACT
THE APPLICATION OF SINGLE PARTICLE AEROSOL MASS
SPECTROMETRY FOR THE DETECTION AND IDENTIFICATION OF HIGH
EXPLOSIVESAND CHEMICAL WARFARE AGENTS
By
Audrey Noreen Martin

Single Particle Aerosol Mass Spectrometry (SPAMS) was evaluated as areal-time
detection technique for single particles of high explosives. Dual-polarity time-of-flight
mass spectra were obtained for samples of 2,4,6-trinitrotoluene (TNT), 1,3,5-trinitro-
1,3,5-triazinane (RDX), and pentaerythritol tetranitrate (PETN); peaks indicative of each
compound were identified. Composite explosives, Comp B, Semtex 1A, and Semtex 1H
were aso anayzed, and peaks due to the explosive components of each sample were
present in each spectrum. Mass spectral variability with laser fluence is discussed. The
ability of the SPAMS system to identify explosive components in a single complex
explosive particle (~1 pg) without the need for consumables is demonstrated.

SPAMS was aso applied to the detection of Chemical Warfare Agent (CWA)
simulants in the liquid and vapor phases. Liquid simulants for sarin, cyclosarin, tabun,
and VX were analyzed; peaks indicative of each simulant were identified. Vapor phase
CWA simulants were adsorbed onto alumina, silica, Zeolite, activated carbon, and metal
powders which were directly analyzed using SPAMS. The use of metal powders as
adsorbent materials was especially useful in the analysis of triethyl phosphate (TEP), a
VX stimulant, which was undetectable using SPAMS in the liquid phase. The capability
of SPAMS to detect high explosives and CWA simulants using one set of operational

conditions is established.
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Chapter 1: Introduction

1.1 Explosives Background

There are many ways to describe and classify ekme including end use,
chemical structure, and explosive potential. Thd ase of an explosive describes the
intended application of the material. This canlude military explosives, industrial
explosives commonly used in demolition and consiwa¢ as well as improvised
explosive devices (IEDs) that are homemade dewicdsno approved use. Explosives
from each of these categories have been used widddw terrorist events. Explosives
are also commonly divided into several classesdasetheir structure. Nitroaromatics,
nitroamines, and nitrate esters are the most comiymes of nitrated explosivésand
contain C-N@, N-NGO,, and C-O-NQ groups, respectively. Examples include 2,4,6-
trinitrotoluene (TNT), which is a nitroaromatic,3]5-trinitro-1,3,5-triazinane (RDX),

which is a nitramine, and pentaerythritol tetraatgr (PETN), which is a nitrate ester

(Figure 1-1).
O,N
2 ON_ _~. NO, O,N
N N - \
02N O
NO, kN)
' O,N—O
ON NO, 2 O/N02
TNT RDX PETN
2,4,6-trinitrotoluene 1,3,5-trinitro-1,3,5-triazinane Pentaerythritol tetranitrate
MW 227.13 MW 222.12 MW 316.14

Figure 1-1: Chemical structures and molecular weights of aoaromatic, 2,4,6-
trinitrotoluene (TNT); a nitroamine, 1,3,5-trinittg3,5-triazinane (RDX); and a nitrate

ester, pentaerythritol tetranitrate (PETN).



The next classification of explosives is their @gie potential, typically
described as low versus high explosives. Low esipés have low burn rates (cm/s)
while high explosives exhibit detonation velocitiesveral orders of magnitude higher
(km/s)! Low explosives also deflagrate, meaning they hwith intense heat and light;
whereas high explosives detonate, which is a muense, supersonic burst of energy.
High explosives are classified as primary, secondar tertiary explosives. Primary
explosives are very sensitive to shock, frictiomg @are easily ignited by flame or héat.
Though these compounds are easily ignited, th&asel small amounts of energy and are
rarely used in terrorist events. Primary explosigee also called initiators, because their
main use is in blasting caps used to initiate thtomhtion of a secondary explosive.
Secondary explosives are less sensitive to shock ignition, and are therefore
commonly initiated using a primary explosive. Gmaatlg, any compound that is more
sensitive than PETN is considered a primary expé&gsivhile those less sensitive than
PETN are considered secondary explosiveBertiary explosives are even less sensitive
to shock and ignition, and require a large shooknfia secondary explosive in order to

detonaté.

Often, pure explosives are combined with other caumps in order to make a
useful and safe explosive. These composite, atiplaexplosives are commonly used for
both industrial and military applications. By nmgiindividual explosives with additives
such as plasticizers, waxes, or binders, the eixgas more malleable, so it can be
shaped into a device, and more stable, so it ier 4af store or handle over a wider
temperature range.Examples of common composite explosives includesition B

(Comp B), Semtex 1A, and Semtex 1H. Comp B is»tumne containing 63% TNT, 35%



RDX, and 1% oil/plasticizer. Semtex 1A contains588 PETN and 16.5% oil/plasticizer.
Semtex 1H contains 25% PETN, 60.5% RDX, and 14.4%plasticizer. Semtex 1H
caused the explosion of Pan Am Flight 103 over I8ndtin 1988 After this event,
increased pressure on the commercial explosive aomtynlead to the inclusion of
taggants in commercially produced explosives. @atgjare chemicals with high vapor
pressures that are added to the explosive durindugtion; the taggant is the target
compound for detection, which indicates the presaf@an explosive. 2,3-dimethyl-2,3-
dinitrobutane (DMNB) and ethylene glycol dinitrgieGDN) are two taggants that are
commonly used in commercial explosives producedha United States. The vapor
pressure of DMNB is 2.07 xT0Torr as compared to that of RDX (1.4 X1Uorr) or
TNT (3.0 x10° Torr)* Vapor-based detection methods focused on theepcesof a
taggant may aid in the detection or forensic aitiin of an explosive device.Several
methods have been developed and commercializedndnaidentify explosives based on

the presence of these taggants or the explosivp@ona itself.

1.2 Explosives Detection Methods

Sensitive and specific detection of explosives is amalytical issue that is
important for the prevention and attribution ofrégist activities. The ideal explosive
detector would be able to identify explosive traceghe air, on clothing, materials, and
the body of the terrorist with enough warning tiemel physical distance to minimize the
damage the explosive could cause. The Nationaledels Council Report on
Opportunities to Improve Airport Passenger Scregmith Mass Spectrometry describes
detection of explosives in terms of stand-off detecversus point detection, and bulk

detection versus trace detectforStand-off detection means that the detector operat



a set distance from the analyzed samples. For gleam stand-off detector at an
embassy would operate at the periphery of the ptppend be able to detect explosives
in an approaching vehicle before it was within &rsel radius. This type of detection
system would allow time for appropriate measueeg.(aising a physical blockade) to be
taken to avoid the destruction that would occuhé explosive were to reach its intended
target. Point detection relies on the detectoringnn close contact with the sample
being analyzed. An example of point detectioruggghge screening in an airport, where
the X-ray scanner operates within a meter of tmepé& For such systems, sampling
must be simple, the analysis must be quick, analarate of false positives and false
negatives in a variety of backgrounds is requirSthnd-off detectors are more applicable
to bulk analysis, where the explosive device ahalevis the target, while point detectors
possess the sensitivity necessary for trace detectihere the explosive is targeted at the
molecular level.

1.2.1 Bulk Explosives Detection Methods

Several bulk explosives detectors rely on imag@chhiques including X-ray
tomography and microwave imaging to identify quiesi of explosives that pose a
threat® These systems focus on detecting the actual dxplodevice by visual
characteristics such as the shape of the explosrial or detonatdr. Other bulk
detection techniques rely on the chemical structdrthe explosive, such as molecular
bending or twisting in terahertz (THz) spectroscapg Raman spectroscopy;’and the
molecular electric field gradients in nuclear quamie resonance (NQR)° THz
spectroscopy is particularly appealing becauseetiergy of the THz waves is much

lower than that of X-rays, and is thus safer f@r plersonnel who operate the instrunfent.



Raman spectroscopy has even been applied to thao$taletection of high explosives in
a silica matrix from up to 50 m awdy.NQR detection has also been modified for
standoff detection by adapting the receiving amhdmitting coils and using a narrow
bandwidth for detectioht The main disadvantage of bulk detection systesnthé
significant amount of explosive necessary to trigge alarm €.g. enough explosive,
wires, or detonation material present to be seemidible images); trace detection is
advantageous since trace levels of explosieas. §ingle particles) that may have been
transferred to the skin or a bag of a would-beotést can be detected before the actual
explosive device is us€d.

1.2.2 Trace Explosive Detection Methods

Trace detection of explosive compounds has recdagbn reviewed by Moore
and only a brief summary is included h&reExplosives are commonly identified using
colorimetry’® UV-absorption spectroscop¥, *° laser-induced fluorescence (LI¥),*’

immunoassay® ion mobility spectrometry (IMSY?3

and mass spectrometry (ion trap
and time-of-flight (TOF)}*3* It should be noted that research into explosiletection
is performed on gas, liquid, and/or solid phasdasipes, and that the sampling methods
and concepts of operation vary widely between ftifferdnt techniques. The limits of
detection for the various techniques are dependerthe sampling method and sample
phase, and therefore prevent a direct comparisamgrtine different techniques.
1.2.2.1 Colorimetric Tests

A common trace detection method in field applicasios a colorimetric test. This

involves adding a particular reagent to the suggkeekplosive, and observing the color

of the resulting complex. Plexus Scientific mask&xpray’, a detection kit that contains



aerosol sprays for the detection of different @asef explosived’ The first spray
detects nitroaromatics using tetrabutylammonium réwide, which forms a
Meisenheimer complex upon reaction with a polysitoonatic compount® Next,
sulfanilamide, N-ethylenediamine, and sulfaniliadaare sprayed onto the suspected
sample, which form an azo dye with the productsnfithe first spray®> This detects
nitroamines and nitrate esters. Finally, a thirchgpcontaining zinc powder is applied to
the sample, which detects inorganic nitrdfesThe manufacturer claims a limit of
detection (LOD) of 20 ng for RDX and 5 ng for TNThowever, testing on liquid
standards containing 5 ng of TNT and 20 ng of RDX¥veed no color chandgg. The
manufacturer also notes that some fertilizers andc@mpound containing nitrites may
produce a false positive result using Expray; hawethe spray may be advantageously
used to prescreen samples for further anafysis.
1.2.2.2 Laser Induced Fluorescence

Laser induced fluorescence (LIF) is a common aiwaltechnique that uses a
laser to excite a fluorophore, allowing detectioh tke emitted radiation. LIF in
conjunction with immunoassay is used for specifietedtion of explosives.
Immunoassays are based on the unigque bonding ¢hatobetween an antibody and an
antigen, and are commonly coupled with LIF detectioAn immunoassay can be
performed in several ways, one of which is a digpiaent assay. Andersen al. used
this technique for the detection of TN¥. Antibodies specific for antigen/TNT were
immobilized onto latex microspheres and treated hwitiuorescently labeled
trinitrobenzene (TNB) which bound to the antibodfthen TNT was introduced to the

beads, it displaced the TNB, and the reductioméfluorescence signal was quantitated.



This technique yielded an LOD of O4dg/L TNT and has the advantage of being
multiplexed’® However, the selectivity of immunoassay-basetinigpies can also be a
limitation as it prevents broad application to @ety of compounds including unknown
and novel explosives. Immunoassay detection schem& well as other detection
methods, also require consumables, which limitadstone capabilities.Bailey and
Wallenborg have also used LIF incorporated withelée electrokinetic chromatography
(MEKC) and capillary electrochromatography (CEC) the separation and indirect
detection of an Environmental Protection AgencyAEBtandard mixture of explosives
(EPA 8330) containing fourteen nitroaromatic antglamine explosives and degradation
products. By monitoring the LIF of a backgroungbfiophore (Cy-5) in the mobile phase,
the explosive compounds were detected as negate&spin the LIF signal. This
technique provided detection limits of 1-10 mg/lt the 12 nitroaromatic compounds;
whereas the nitroamines had much higher LODs dueth@wr low quenching
efficiencies'® Bailey and Wallenborg's detection scheme was adapted into a
microchip device capable of on-site analygisBy performing indirect LIF with MEKC
on the microchip, LODs of 1 ppm (mg/L) for the p#romatic compounds were
achieved, albeit with a narrow linear dynamic ratge
1.2.2.3 Ultraviolet Absorbance

CEC can also be used to detect explosives usingvidtet (UV) absorptiori* *
Bailey and Yan demonstrated this technique usiigatien at 254 nm for the analysis of
EPA 8330 Complete separation of the fourteen explosiviéls and without the use of
a surfactant to maintain electroosmotic flow waporéeed. Oehrle demonstrated the

analysis of fourteen explosives using micellar etddnetic capillary chromatography



(MEKCC) with direct UV absorption detection at seMewavelengths® The lowest
detection limits (0.11-0.59 mg/L) obtained with tb& absorption technique for most
explosives were achieved with a wavelength of 1185 except for 1,3,5-trinitrobenzene,
1,3-dinitrobenzene, and TNT, for which limits ofteleion (0.23-0.34 mg/L) were
optimal at 254 nm. The differences in optimal dets wavelength may be due to the
structural differences of the compounds, as thatie the higher wavelength of detection
are all nitroaromatic compounds.
1.2.2.4 lon Mobility Spectrometry

lon mobility spectrometry (IMS) is commonly used asdetection system in
airport security screening. A sample is commordilected using a sampling cloth to
wipe a surface or to adsorb vapors from a matefifle sample is then ionized from the
cloth, and the time it takes for the ions to migrdtrough an electric field inside a drift
tube at atmospheric pressure is measured. Sewmmraition sources for IMS are
common, including corona discharge, electrosprayzation, and atmospheric pressure
photoionization. Ewing and Miller employed a hdmld, gas-sampling, corona
discharge ionization IMS for the detection of sevesxplosives and taggarffs. They
estimated an LOD near 10 pplg(L) for the taggant EGDN in nitroglycerin-dynamfte
Tam and Hill used secondary electrospray ionizat{@ESI)-IMS for explosives
detectior?®> SESI involves ionization of the sample by reactans that are formed by
passing a solvated sample through a charged agpilltam and Hill applied SESI-IMS
with and without volatile and nonvolatile dopantisdietect several explosives in both the

liquid and vapor phases with an LOD in the low gpiy/L) range®®



While IMS is frequently used, it is limited in itapplication by sampling
requirements. The use of a sampling cloth to thice a sample to the instrument
assumes that explosive residue would have beeonitact with the wiped surface, that a
sufficient quantity of explosive is transferredth@ wipe, and that this quantity is within
the limits of operation of the IMS instruméhtGeneral Electric’'s EntryScaand Smiths
Detection’s lonscan Sentinel 1l are portal-basedSIgystems currently deployed in
airports that sample the air around a person gigndi the portal, eliminating this need
for a sample wipe to contact the explosive resfdu®. In general application, IMS has
limited ability to concurrently screen for the felbectrum of explosive compounds, due
to the optimization of several parameterg).ionization conditions, for a particular set of
compounds, and the added expense incurred forsauiment with such abilit§y. IMS is
also limited in its sensitivity, due to false poss, which requires the instrument to be
operated at a higher detection threshold, henceduating the potential of not detecting
explosives present at levels below this thresfold.
1.2.2.5 Mass Spectrometry

Mass spectrometry (MS) is a sensitive and selegtiadorm for the detection of
explosives in the vapor phase and on surfaces. igvi8ost commonly coupled with
another technique for sample introduction of thelesives. This provides an orthogonal
detection system, as well as a simple method opkamtroduction.

Perret al. demonstrated increased selectivity and picogratactden limits for
several explosives using gas chromatography (G&itipe chemical ionization MS/MS
with an ion trap mass analyz8r.However, since the vapor pressure of many exygssi

is low (10°-10° Torr)* extensive heating is often required to get thepsarnmto the gas



phase. One limitation of such analyses is thatnites important for forensic attribution
of an explosive event can be destroyed in thisitgattep. An alternative analysis
system is liquid chromatography-mass spectrom&iB¢NIS) since LC does not rely on
the explosives being vaporized and hence, doesthesmally degrade the samples.
Wood et al. reviewed the use of LC-MS for explosives detecticiting several studies
that detected TNT, RDX, and PETN both individualhd in mixed sample¥. Colorado
described the use of LC-MS/MS for the analysis NffTand RDX standard®. The LC
separation was performed with a mobile phase oémiabpropanol:methanol (60:30:10)
with 0.1% chloroform added to allow for adduct faton during ionization.
Atmospheric pressure chemical ionization (APCI) wiaed to ionize the sample with
high pressure argon as it exited the LC column,aagdadrupole mass analyzer was used
to achieve LODs of 1 pphug/ L) for both explosives. MS/MS was used to farth
separate and confirm the identity of the explosimalytes. By selecting a precursor ion
for further ionization (m/z 227 for TNT and m/z 2%t RDX) additional fragment ions
were detected that confirmed the identity of thasie >

Recently, the Cooks group has developed desorplentrospray ionization
(DESI) using an ion trap mass analyzer and haseapfe technique for the sampling
and detection of explosives from material surf£€e¥. In DESI, an explosive sample on
a solid is exposed to an electrospray of solvemically water/methanol, which creates
secondary ions that are introduced into the maa$yzer. This technique has achieved
LODs in the laboratory setting as low as 5 pg f@Rspiked onto a paper sampfe.A
further development in DESI is the addition of gadot to the electrospray solvent such

that specific adducts of the analyte are formedhduonization. This reactive DESI was
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applied to the detection of RDX by adding 0.05% HE&lthe water/methanol solution;

this allowed the LOD to reach 1 pg on a spiked papenple by detecting an RDX+Cl

adduct. Reactive DESI was also applied to com@a@siplosives, such as Semtex 1H by
detecting this same adduct ith. A significant benefit of DESI is that sampling is
achieved at atmospheric pressure, which is advaateggfor point detection; however, it

requires consumables in the form of the electrogutasolvents and is not capable of
directly analyzing aerosolized particles.

Mass spectrometry has also recently been appliegftmsives detection in novel
ways. Gillenet al. analyzed explosive particles deposited on a silisarface using
secondary ion mass spectrométtyBy using a @ cluster primary ion beam, parent ions
of TNT as well as adducts of TNT, RDX, and PETN evdetected. Hankiat al. have
applied femtosecond ionization to the detectioneaplosives using a TOF mass
analyzer® By desorbing a solid sample of TNT and severatstlegradation products
with a 5 ns, 266 nm laser pulse, followed by arfis300 nm ionization laser pulse, they
were able to generate an increased amount of intatécular ion versus nanosecond
ionization schemes. The presence of the intaceoutdr ion is important in that it is
makes identification of the analyte rapid and mfa@le. Mullenet al. have employed
single photon ionization with 118.2 nm light frotmet frequency-tripled third harmonic
output of an Nd:YAG laser for the detection of savgas-phase explosives using a TOF
mass analyzef Analysis of TNT yielded the parent molecular @most exclusively;
however, the technique is limited to molecules wiathization energies below 10.49 eV
due to the limited energy produced by the 1&8eyageet al. have collaborated with

Sandia National Laboratory to combine a preconeéinyy particle sampling portal
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similar to the Sentinel Il described in section.2.2 with a photoionization quadrupole
ion trap-TOF (QIitTOF) MS for the point detection whce explosives’® Detection
limits in the picogram range were reported when TRDX, and PETN samples were
introduced to the detectora a heated tube connected to the sampling inletekewy it
was noted that the LOD increased approximatelydvaers of magnitude when sampled
directly from the portaf?
1.3 Chemical Warfare Agents Background

A nonconventional form of warfare or terrorism égishat involves the use of
nonexplosive chemicals to cause illness or dise&®emical warfare was outlawed by
the United Nations in the Chemical Weapons ConeentfCWC) of 1993° The CWC,
currently signed by 180 countries, declared tha groduction or stockpiling of
Chemical Warfare Agents (CWAs) was prohibited, axisting stockpiles should be
destroyed by 200%. Many classes of chemicals have been used as C\liag;are
typically classified as blood agents, vesicants(bling) agents, pulmonary agents, riot-
control (incapacitating) agents, and nerve agént®lood agents, such as cyanogen
chloride, contain a cyanide group (-CN) and inhib& body from properly using oxygen
when exposed to high concentrations of the ageesicant, or blistering agents, such as
mustard gas, cause damage and blistering to theaskl eyes. Pulmonary agents, such
as phosgene, affect the lungs and prevent thenvittom breathing properly. Riot-
control agents, for example 2-chlorobenzalmalomi@i{CS), are non-lethal agents that
mainly induce lacrimation (tearingj. Nerve agents are the final class of CWAs and are

related to organophosphorus pesticides.

12



Nerve agents exert their toxic effects as chotearase inhibitors, binding
acetylcholinesterase in tissue and red blood cahsl butyrylcholinesterase in blood
plasma. When the nerve agent is bound to thedenebterases, the body is no longer
able to hydrolyze acetylcholine, which results miacreased level of acetylcholine that
continuously stimulates the orgalls. The nerve agent binding is permanent unless
actively treated with therapeutics before the ereyrarve agent complex has ‘aged.’
Aging occurs when a small side chain of the enzyere agent complex spontaneously
splits from the compound, which prevents a therapa&xime from degrading the agent
into harmless fragments.

Nerve agents are subdivided into G-type and V-tggents. G agents include
sarin, soman, tabun, and cyclosarin and are so chae to their discovery in Germany
in the 1930s and 40s. The discovery of the V agoitowed in Great Britain with the
synthesis of O-ethyl S-(2-diisopropylaminoethyl) thdphosphonothioate, commonly
known as VX% % Both types of nerve agents are commonly liquitlsstandard
temperature and pressures; however they can etagorthe vapor phase. Thus there is
the possibility for CWA exposure in the liquid capor phase, creating a challenge for
detection. The V-type agents, VX in particulare &ss volatile than the G-type agents
and hence are described as being highly persis&®i@WA is considered persistent if it
remains hazardous for over 24 hotits.

The common names, chemical names, toxicity, amakility of several common
nerve agents are shown in Table 1-1. As seenreinatble, the V-type agent, VX, has an
extremely low vapor pressure, and also has theebigtoxicity in the liquid phase.

Toxicity in the vapor phase is listed as k& the (L)ethal dose in (C)oncentration per
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(ime in mg-min/m. Toxicity in the liquid phase is listed as & the dose in
milligrams that is lethal to 50% of a populatiomable 1-2 shows the chemical structure
of the CWAs along with those of several CWA simtganSimulants are used for CWA
research because of the toxicity risks of workimgatly with CWAs. Simulants are

chosen based on similarities in structure, votgtibr synthesis to the actual agent.

CWA Toxicity Vapor Pressure |Aging Time
Vapor Liquid | (mm Hg, 25 °C)
(mg-min/m3|  (Mg)

Sarin
O-Isopropyl 35-100 100-1709 2.9 5.2-12 K
methylphosphonofluoridate
Soman
O-Pinacolyl 25-80 50-350 0.4 40 s-10 m
methylphosphonofluoridate
Tabun
Ethyl N,N-dimethyl 70-400 200-1500 0.07 40 s-10 M
phosphoramidocyanidate
Cyclosarin
Cyclohexyl <35 350 0.044
methylphosphonofluoridate
VX
O-ethyl-S-[2(diisopropylamin 5-100 <5-15 0.007 40s-10
ethyl] methylphosphonothioa]e

Table 1-1: Chemical Warfare Agent (CWA) listed by common naand chemical name.
Toxicity in the vapor phase is listed as kg the (L)ethal dose in (C)oncentration per
(time in mg-min/m. Toxicity in the liquid phase is listed as & the dose in

milligrams that is lethal to 50% of a populatidh.** *°
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CWA CWA Simulant
Sarin DMMP o
O-Isopropyl Dimethyl ~d
methylphosphonofluoridate e} methylphosphonate —d ©
)\ NF MW 124.08
o\
DEEP
Diethyl ethylphosphona] K
MW 166.07 e—h=0
o
Soman | PMP
O-Pinacolyl o/ Pinacolyl o_/
methylphosphonofluoridate F/P\o methylphosphonate //P\OH
MW 180.09 ©
Tabun A~ DEPA
. O . .
Ethyl N,N-dimethyl N Diethyl phosphoramidate O _NH,
phosphoramidocyanidate NN MW 153.05 e
o] o]
Cyclosarin TEP
Cyclohexyl o fF /O Triethyl phosphate Qb
. %P \
methylphosphonofluoridate /o MW 182.07 /\O/P\;J
VX DEP o
O-ethyl-S-[2(diisopropylaming O\\P/ > Diethyl phthalate
. P N o
ethyl] methylphosphonothioate~ g \SI MW 222.09 .
A
O

Table 1-2: Chemical name and structure of several chemicafane agents and the
simulants commonly used to study their detection.
1.4 CWA Detection Methods

Sensitive and specific detection of CWAs is alsoassary to prevent or mitigate
the casualties of a chemical attack. ldeal CW/Ad&in would have similar qualities as
an explosives detector: the capability to detethee amount of CWA with enough time
and physical distance to minimize the number otiwis exposed, and the level of
exposure. To this end, a standoff trace detectaidvbe ideal, and would operate in the

same manner as the explosives detector descrileetbpsly. The speed of the detection
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system for CWAs is especially important becausatitnent should be administered to
victims of exposure before the CWA-enzyme complas hged beyond repair. Bulk
detection is not a viable option for CWAs, as oalgmall amount is needed to create
panic or serious injury; therefore, trace methagseral of which are described below,
have been the focus of detection research.

1.4.1 Surface Acoustic Wave Sensors

Surface Acoustic Wave (SAW) chemical sensors comdig transducer that is
functionalized with a polymer that selectively adsoa particular gas. A wave is
propagated from one side of the SAW device to arpthhen a gas is adsorbed onto the
transducer, the frequency of the wave is changéus, by monitoring the frequency of
the wave, the presence of a particular gas caretectgéd. McGillet al. at the Naval

Research Laboratory developed tH¢éRL-SAWRHINQO” which is an automated SAW

sensor sensitive to G-type nerve agents and sonstarduagents® They reported a
detection range of 200 ppt to 400 ppm (200 ng/¥@06 mg/L) for G-type agents when
using a trap-and-purge gas-solid chromatograpHienoo (TAP-GSC) to preconcentrate
and separate the gases before introduction tongteument. The MITRE Corporation
has also developed a CWA sensor using SAW techgdloghe Joint Chemical Agent
Detector (JCAD) is a two pound, 40 idetector sensitive to nerve agents (G-type and V-
type), blister agents, and blood agents due toniterporation of eight transducers. The
main limitation of SAW technologies is that theg amly sensitive to the gaseous forms

of CWAs and are unable to detect liquid agentsnenli
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1.4.2 Colorimetric Tests

Colorimetric tests serve as the main CWA detecsigstem for military personnel.
Each United States soldier is equipped with a supplABC-M8 paper, which can be
used to sample a suspected liquid chemical agéné paper must be placed in contact
with the liquid, and the type of agent presenniicated by the color of the paper: dark
green for V-type agents, yellow for G-type agemtsd red for blister agent&. The
Japanese National Defense Agency uses a similarim@tric test where the test strips
are impregnated with several pigments and a pHcatdi’® Depending on the agent
present in the liquid sample, one of the pigmestsalubilized or the pH changes,
causing a color reaction that is sensitive tothent level. Setcet al. demonstrated the
use of this paper on CWAs but also found severahtbals, such as acetone, ethyl
acetate, carbon tetrachloride, and aniline whiaregafalse positive color chanffe.

1.4.3 Amperometric Biosensor

Electrochemical methods have also been used fodétection of CWAS? An
amperometric biosensor was used by Mulchan@aral. for the detection of several
organophosphate nerve agettsThe amperometric biosensor consisted of a thidf s
of carbon coated with an organophosphorus hydrgl@agdd)-infused nafion film. When
exposed to a liquid nerve agent, the OPH hydrolyhesnerve agent to p-nitrophenol,
which is electrochemically active, and oxidized by application of an anodic
potential® OPH was also used to create p-nitrophenol fovenagent detection in a

flow through amperometric detector, with a shoralgsis time of approximately two

minutes>?
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1.4.4 lon Mobility Spectrometry

IMS has also been used to detect CWAs in the saarer as IMS is used to
detect explosives. A field-deployable IMS, the piraved Chemical Agent Monitor,’
relies on a radioactive ionization source and catea G-type and V-type CWAs after a
one-minute exposur8. Since the IMS identifies an analyte based ortithe it takes to
travel through an electric field at atmosphericsprge, the instrumental conditions must
be tuned towards the detection of specific classeompounds, so novel or unknown
agents may be difficult to identify, as previoudlgcussed for explosive detection.

1.4.5 Mass Spectrometry

Similar to the analysis of explosives using MS adiéed previously, CWA
detection with MS is often coupled to another teéghe for sample introduction. A
variety of ionization methods and mass analyzeve heen used for CWA detectich.

GC-MS is a common tool for CWA detection. GC-MSan Organization for the
Prohibition of Chemical Weapons (OPCW) approvedneue for analysis of CWAs,
and is used in laboratory proficiency and certifima testing’® Inficon has developed a
semi-portable GC-MS called HapS$itewhich is battery operated and weighs
approximately 35 Ib3! Hapsit&€ has several sample introduction methods that aitow
air, soil, or water sampling. After separationtire GC, the sample components are
introduced to the mass spectrometer, ionized usiegtron impact ionization, and
analyzed in a quadrupole ion trédpSekiguchiet al. used the Hapsifedetection system
for the analysis of vapor phase CWAs, reportingciiin limits of 0.2, 0.5, and &y/m?®,
respectively, for sarin soman, and tab(8N = 3)*> Unfortunately, CWA vapor

detection requires the use of a preconcentratieg ahd lengthens the analysis time to
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approximately ten minuté$.>> Another draw back of GC-MS is that samples watév |
volatility must be derivatized before analysis twrease their volatility and allow
separation and detection.

LC-MS is also a common technique for CWA analysigh the advantages of LC
over GC described for explosive detection also dpeipplicable to CWA detectioli.

D’Agostinoet al.used LC-ESI-MS for the identification of CWAs iqueous extracts of

office media (paper, carpet, drywalf). Sarin, cyclosarin, soman, and TEP were all
recovered from the materials, with efficiencieswestn 20-100%. The wide range in
recovery efficiencies was attributed to the differes in the media onto which the CWAs
were deposited. Latex-painted drywall, for examplas hypothesized to absorb some of
the CWAs and prevent their recovery, leading to 28éovery for cyclosarin and

somarr® D’'Agostinoet al. also used DESI to analyze CWAs on office médiafter

spiking the various media with CWA, the materiabvpdaced in a sealed vial, and a solid
phase microextraction (SPME) fiber was exposedhw lteadspace for three minutes.
The SPME fiber was then used as the sample for @E&lysis, with the solvent directly
electrosprayed onto the fiber. Sarin and taburewetected gig-CWA/g-media in this
manner’’

IMS has recently been used as a sample sepaw@tinntroduction device for
mass spectrometry. Hi#t al. used electrospray ionization to introduce a ligGM/A
sample into an IMS where the sample was separatseldbon ion mobility through the
drift region>’ After exiting the drift region, the ions were f@ed into a TOF-MS for
further analysis. The orthogonal nature of theadalbtained from the IM(TOF)MS

allowed the separation and identification of numer€ WA degradation products both
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neat and in water samples with LODs less than 30 (pg/L) for most compound?.
The analysis of 10 ppm (mg/L) vapor phase samplas also demonstrated using
preconcentration and introduction through a heasaillary or membran®. Hill et al.
also demonstrated the analysis of aerosolized DMIgiRg IM(TOF)MS. A 100 ppm
(mg/L) solution of DMMP was aerosolized in wateerésene, gasoline, and diesel,
producing the same drift times and masses of isth@ DMMP sampled in the aqueous
phase’®
1.5 Single Particle Aerosol Mass Spectrometry

Single Particle Aerosol Mass Spectrometry (SPAMSan MS technique that is
capable of detecting single particles of analytéhm solid or liquid phase. Samples can
be directly introduced to SPAMS with little or narsple preparation. SPAMS also can
be operated in on-line mode, continuously samplive environment for contaminants.
On-line SPAMS has been reviewed by Noble and Pr&theginning with the pioneering
work of Davis®® Since its invention, SPAMS has evolved to includgous components.
A particle sizing region was incorporated into tfrent end of SPAMS? which
determines the size of each particle that is sulmsdty analyzed. This adds an extra
layer of selectivity to the system in that partagukizes of particles can be selectively
ionized. SPAMS has also evolved to include two Ti@&ss analyzers, allowing the
simultaneous acquisition of positive ion and negaton spectr&® This increases the
reliability of the instrument by creating two corapientary sets of mass-to-charge data
in a single analysis.

The SPAMS system at Lawrence Livermore Nationaldratory (LLNL) uses

laser desorption/ionization to create ions that iateoduced to the two TOF mass
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analyzers. SPAMS at LLNL was previously known asarosol Mass Spectrometry
(BAMS) and has been applied to the detection oibuarspecies of Bacillus spor&s’
viruses>* toxin simulant$? fungi®® and Mycobacteri&? with and without the use of a
chemical matrix to aid in ionization. Matrix-fregstems are ideal for real-time and on-
line detection systems, as no sample preparatidrttars very few reagents are needed
for the analysis. The BAMS system has the abibtgletect a small number of particles
against a high background, creating the selectofityhe method. Using a matrix of 2,5,-
dihydroxybenzoic acid, detection limits as low a& Zeptomol of gramicidin S per
particle have been reported using the BAMS systdamonstrating the achievable
sensitivity of the instrument,

SPAMS also provides real-time detectma an automated data analysis system
which could allow for early warning of a potentihteat. By detecting single particles in
the micrometer size range (picograms) with higldighput, these systems are capable of
detecting trace quantities and allowing differetiia of signal from the background
environment. As this work will show, an additiorslvantage of the SPAMS system is
that it can be applied to the detection of chemagnts and high explosives without
modification, making it a single instrument suiglfbr point detection and capable of
continuously monitoring an environment for a wigeigty of threats.

1.6 Research Overview

The goal of the work presented here was to deternfisPAMS was a viable
detection system for high explosives and chemigaings. Single particles of several
high explosives (TNT, RDX, PETN, Comp B, Semtex l#d Semtex 1H) were

analyzed in order to determine the optimal instmitaleconditions for their detection. To
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do so, the mass spectral response of these exgdosias studied as a function of
ionization laser energy. The composite exploswese studied to determine if the
explosive components within could be detected uSRQMS. Using SPAMS for high
explosive detection creates a trace point detéhtdris capable of on-line monitoring for
these compounds, even in small (picogram) amounts.

Next, liquid CWA simulants (DMMP, DEEP, DEPA, DERnd TEP) were
studied to determine if SPAMS could also functienaadetector for these compounds.
The mass spectral response of the CWA simulants sttadied as a function of the
ionization laser energy in order to determine thsthonization conditions for analysis.
Once the optimal conditions for liquid CWA simulanwere determined, studies were
performed to detect CWA simulants in the vapor phaSince CWA vapors are difficult
to detect, several solid support materials (aatiddatarbon, zeolite, alumina, silica,
manganese powder, tungsten powder, and titaniumd@)wwere investigated to
determine their ability to adsorb CWA simulant vegoand aid in their detection by direct
sampling into the SPAMS instrument. By studyindhbliquid and vapor phase CWA
simulants, a technique was developed that coultyzm& WA samples independent of
their phase. This work expands the known appbostiof SPAMS to include high
explosives detection and chemical warfare agerdgctien in both the liquid and vapor
phases. It also applies SPAMS to the detectiovapbr-phase analytes, which is a new
application of the technology. Since the SPAM&non-line monitoring system capable
of single particle analysis, this work may offems®improvements over currently used

detection techniques.
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Chapter Two: Materials and Methods
2.1 Liquid Analyte Preparation

2.1.1 Liguid Explosive Sample Preparation

TNT, RDX, PETN, Comp B, Semtex 1A, and Semtex 1Henabtained as solids
from the High Explosives Applications Facility (HEMat LLNL. Stock solutions were
made by dissolving approximately 10 mg of explosivdk mL acetone (reagent grade,
Sigma-Aldrich, St. Louis, MO). The stock solutionmsre made in glass vials, and stored
in plastic secondary containers for the duratiothefexperiment. A 2pL aliquot of the
explosive stock solution was diluted in 10 mL meibla (Burdick & Jackson,
biotechnology grade 99.9+%, Muskegon, MI) for asaly A control blank solution was
made by the addition of 2hL acetone (Burdick & Jackson, HPLC grade 99.9+%,
Muskegon, MI) to 10 mL methanol.

Safety ConsiderationsAll explosives used in this study were secondaglosives and
should be handled with care. No more than 10 mgach explosive were present in the
laboratory, and whenever possible, samples werd asd stored in solution. Safety
glasses and nitrile gloves were worn when handhegsolutions.

2.1.2 Liguid Chemical Warfare Agent Simulant Sanfskparation

Five chemical warfare agent (CWA) simulants, dingetimethyl phosphonate
(DMMP, a sarin simulant), diethyl ethyl phosphon@@®=EP, a sarin simulant), triethyl
phosphate (TEP, a cyclosarin simulant), diethyl spinoramidate (DEPA, a tabun
simulant), and diethyl phthalate (DEP, a VX simtjamere obtained in their liquid form
from Sigma-Aldrich (St. Louis, MO). A 10 mL aliquef the CWA simulant was

directly analyzed with no further preparation.
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Safety ConsiderationsWhile the chemicals used were simulants for cleamiarfare
agents, they still possess some toxicity. Safédgsgs and nitrile gloves were always
worn when handling the solutions, and the minimunoant of each agent was used.

2.2 Liquid Analyte Sample Introduction

2.2.1 Collison Nebulizer

The liquid samples were aerosolized using a sixXgetvolume glass Collison
nebulizer (BGI Inc., Waltham, MA, product # CN-2%)2 The Collison nebulizer was
developed by W. E. Collison as a simple and efiectiay to create uniform aerosdfs.
The Collison nebulizer is shown in Figure 2-1. Tebulizing nozzle was a 316 stainless
steel flat bottomed cylinder with six-jets evenpased around the lower perimeter of the
cylinder”® The nozzle was placed into the liquid sample Wiitted the small well of
the glass jar. A house nitrogen line was attacloethé gas inlet on the “T-shaped”
portion of the nebulizer, and carbon doped congaditibing transferred the aerosolized

samples from the nebulizer to the diffusion drier.
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Figure 2-1: Schematic of the small-volume Collison nebuliz&litrogen gas is passed
through the center tube and out through the s g@tthe base of the cylinder. The
sample aerosol forms in the nebulizer, and thegbestare passed out the exit poid
carbon doped conductive tubing to the diffusioredri

2.2.2 Diffusion Drier

Once the sample was aerosolized it was passedgthraudiffusion drier to
remove moisture and allow the solvent time to evaggo from the particles. The
diffusion drier was built in-house at LLNL and &t with silica. The silica was replaced
when the color changed from blue to pink, signifyisaturation. The same diffusion
drier was used for all samples in this work. Carldoped conductive tubing transferred
the aerosolized sample from the diffusion driethe inlet of the single particle aerosol

mass spectrometer.
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2.3 Vapor Analyte Preparation

2.3.1 Vapor Chemical Warfare Agent Simulant SarRpdparation

The liquid CWA simulants were also vaporized andaoaded onto various
surfaces before analysis by SPAMS. Adsorptiorhef@WA simulant vapors was tested
on manganese powder, tungsten powder, titanium egveeolite, alumina, silica, and
activated carbon (Sigma-Aldrich, St. Louis, MO)Several methods of adsorbing the
vapors were investigated, as described below.
2.3.1.1 Method One: Direct Vapor Adsorption

A 1 mL aliquot of the liquid CWA simulant was platen a small watch glass,
which was in turn placed in a glass Petri dish.pdpimately 300 mg of adsorbent was
placed directly into the Petri dish, which was aede and allowed to interact for
approximately two hours. The CWA-impregnated adeot sample was then placed in a
glass vial; a clean stainless-steel nut was adddtig vial to aid in aerosolization by
increasing the number of particle-particle contagents. The sample was directly
introduced to the SPAMS with carbon doped condectivbing connected to either a
modified vial cap made in-house, shown in Figurg, 2+ a 50 mL Sterile Disposable

Vacuum Filtration Vial (Millipore Corp., BillericaylA), shown in Figure 2-3.
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Figure 2-2: Schematic of direct powder sample introductionl.viaThe CWA-
impregnated adsorbent powder is placed in theal@lg with a stainless steel nut. The
vial is then shaken to introduce the powder patsidirectly to the SPAMSia carbon

doped conductive tubing.

Outlet to SPAMS ::[%
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Figure 2-3: Schematic of a 50 mL Sterile Disposable Vacuumdittn Vial. The solid
analyte is placed in the plastic vial along witlstainless steel nut. The vial is then
shaken to introduce the solid particles directly the SPAMS via carbon doped

conductive tubing.
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2.3.1.2 Method Two: Vapor Chamber Adsorption

A small piece of filter paper (Whatman Inc., Flarh#&@ark, NJ) was folded and
inserted into a small sample vial (~1.5 mL voluns®)aked with approximately 250
of CWA simulant, and placed in a large glass vi&@Q mL volume). Approximately 0.5
g of adsorbent was placed in the large glass vidle glass vial was then placed on a
vortexer at a low setting for approximately 30 miess For sample introduction into the
SPAMS, the small glass vial was removed, a staandésel nut added, and the modified
vial cap placed on the large vial to connect to thetrument with carbon doped
conductive tubing.
2.3.1.3 Method Three: Wet Particle Adsorption

Approximately 0.25 g of adsorbent was placed imalkvolume plastic nebulizer
(Salter Labs, Arvin, CA). A 2 mL aliquot of CWArsulant was added and introduced to
the SPAMS through the diffusion drier in the samannmer as the liquid samples
described above.
2.4 Solid Analyte Preparation

2.4.1 Solid Explosive Sample Preparation

A solid sample of TNT was obtained by allowing #eetone storage solvent to
evaporate. The solid sample was crushed and érmedfto a 50 mL Sterile Disposable
Vacuum Filtration Vial, and a stainless-steel midexd to aid in particle contact. The vial
is shown in Figure 2-3. The vial was connectedthhe SPAMSvia carbon-doped

conductive tubing and shaken to introduce the sanagpthe instrument.

28



2.5 Description of Single Particle Aerosol Mass Spgometer

2.5.1 Sample Introduction and Focusing

The Single Particle Aerosol Mass Spectrometer (SBAM a commercial single
particle mass spectrometer (TSI, Inc., Shoreview) Mhat was highly modified in-house

at LLNL®® and is shown in Figure 2-4.

Diffusion Drier

Pressure Flow Reducer

Collison Relaxation Chamber

Nebulize
Focusing Lens

Tracking Region
660 nm diode lasers

| |
[N —]

Positive lons Negative lons

Reflectron Source Reflectron

TOF-MS : TOF-MS
Region 266 nm

Microchannel Q-switched

Plates Nd'YAG
Figure 2-4: Schematic of a Single Particle Aerosol Mass Speaatter (SPAMS) used to

obtain positive and negative ion time-of-flight mapectra of high explosives and CWA
simulants. Aerosol samples are dried and samplted the SPAMS where they are
aerodynamically focused, tracked, and charactenmstlecules from the aerosol particles
are desorbed and ionized by a Nd:YAG laser (266 ngsitive and negative ion spectra
of single particles are simultaneously collectecalijual-polarity reflectron time-of-flight

mass spectrometer.
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The particles from the diffusion drier enter theASFS through a pressure flow reducer
and an aerodynamic focusing lens. The pressure feducer reduces the flow and
pressure of the analyte stream as it enters thteument, which must operate under
vacuum. The aerosol is passed through two headegfaconical apertures which

decimate the flow. The flow then reaches a relaxathamber which removes the
directionality of the particles. The particlee ghen introduced to the aerodynamic
focusing lens which consists of nine thin lensed tenter the particles traveling through
the cavity, and accelerate the focused flow throtighinstrument. The speed of the
particle through this region of the instrument ependent on its size; smaller particles
travel faster than larger particles. After leavitigg aerodynamic focusing lens, the
particles pass through the tracking region of tRAMS. The tracking region contains
up to six continuous wave 660 nm diode lasers gaigh six channel photomultipliers

(CPMs, part c962, Perkin EImer Optoelectronics,t&&iara, CA), all in series (three of
each were used in these experiments). Each CPMure=aa constant signal from one of
the diode lasers. As a particle passes through keaer beam, it scatters the laser light,
reducing the signal reaching each CPM. The tintesden the scattering events of each
consecutive laser is used to determine the velafitihe particle with software and a
field-programmable gate array. This velocity isedisto calculate the particle’s

aerodynamic size (diameter) based on a calibrati@ated by running a series of
polymeric beads (Bangs Laboratories, Inc., Fishéxs, and Duke Scientific Corp,

Fremont, CA) of known size. Aerodynamic size iparameter used to describe an
aerosol particle, and is defined as the diametea ohit-density spherical object that

moves with an equal velocity through a flifd.The sized particle then passes into the
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ionization source region of the mass spectrometdnternal electronics use the
aerodynamic size and particle velocity to calcutagetime when the particle reaches the
center of the source region. At this time, theodgon/ionization (D/l) laser is triggered
and fires at the particle, desorbing and ionizihgcieating positive and negative ions.
The D/l laser was a Q-switched frequency-quadrupNedYAG laser (Ultra CFR, Big
Sky Laser Technologies, Inc., Bozeman, MT) opegatin266 nm with 7 ns (full width
half-maximum, FWHM) pulses. The positive and neagatons generated in the source
region are accelerated in opposite directions tnamwvo linear reflectron-time-of-flight
mass analyzers (length = 536 mm). Two spectrahamefore obtained simultaneously:
one due to the ions formed with a positive chaage, one due to the ions formed with a
negative charge. The dual-polarity nature of dahique generated complementary sets
of information on the structure of the sample.

2.5.2 Mass Analyzers

A time-of-flight mass analyzer is based on the aeieation of the mass of an ion
by measuring the time of its arrival at a detectiber traveling through a field-free drift
region into which it was accelerated by an eledigtd.” ® This time is calculated by
Equation 2-1, where m is the mass of the ion (#g} the distance the ion travels to the
detector (m), z is the charge of the ion, e isdharge of an electron (C), and i€ the

accelerating voltage (V).

t2 _ md2
2ze\g

Equation 2-1: Transit time of an ion in a time-of-flight mass yzer.”

31



The reflectron time-of-flight mass analyzer was @leped to correct for the error in the
time of arrival of ions of equal masses due toatayn in their time of ionization and
initial kinetic energy® A reflectron is added to the end of the massyaesj the
reflectron is composed of a retarding field thaflesd#s ions back through the flight tube.
lons with larger kinetic energies enter this dewgleg region and travel deeper into it
than those with lower energies. Those with lowesrgy are reflected quickly, and travel
back towards the source region, whereas those higfier energy are slowed slightly.
This results in an increased resolution for thesueament, in that the ions of equal mass
will reach the detector in a shorter time pacRetlons were detectedia ring-shaped
microchannel plates (MCP, Burle Technologies, lhancaster, PA) that surround the
entrance from the source region. The MCP signal dvgitized (Signatec, Inc., Newport
Beach, CA, PDA1000) at 8 bits with 256 arbitrarytsifa.u.) on a 333 mV scale.

2.5.3 Description of Laser Optics

The optical setup of the Nd:YAG laser is shown igufe 2-5. The emitted
radiation of the Nd:YAG laser passes through tvemfrency doublers to create the 266
nm beam. The beam then passes through an apéotiemove the lower energy
periphery of the beam, a rotatable half-wave plaitéch controls beam energy, and a
vertical polarizer to select only one polarizednglaf light. The transmitted light is then
imaged through a 10 cm plano-convex focusing lemt® dwo mirrors and into the
spectrometer source region. The resulting light aaspproximately 33Qm diameter
spot at the point of intersection with the partickam. The cross-sectional profile of the
beam was near flat-t8pwith some areas of lower energy, especially nearedges of

the beam. Laser pulse energy was controlled bysadent of the rotation of the half-
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wave plate, and was measured behind the lasepgt@al window at the rear of the ion
source chamber with a laser power meter (Cohelrent, Santa Clara, CA, J25LP-MUV)
with digital readout. Power measurements wereraated for each experiment and are
reported as an average of 50 pulses and correotetthd measured energy loss in the
back window. The variation in the laser energyrfrpulse to pulse was determined, and
was typically less than 5%. Fluence is a measttieeolaser energy per unit of the beam
and was calculated by dividing the net laser enbsgthe cross-sectional area of the laser
beam (0.0855 mf). The energy incident on a particular particleswalculated by
multiplying the laser fluence by the cross-sectiom@a of the particle, assuming a

spherical geometry.

) ) Mass Analyzer
Vertical Polarizer y

[

Frequency Doublers

AN

Nd:YAG I & = Mirrors
Adi ! tabl 10 cm plano-
Aperture justable convex lens
Half-wave
Plate

Figure 2-5: Schematic of laser optic system. Radiation froddaYAG laser is passed
through two frequency doublers, creating a 266 eamntn The beam then passes through
an aperture, an adjustable half-wave plate whials&l to control the laser energy, and a
vertical polarizer to isolate one polarizationight. A 10 cm plano-convex lens and two

mirrors are used to image the beam into a;88Gpot inside the mass analyzer.
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2.5.4 Data Analysis

The particle size data and mass spectra were regtarsing a program developed
in-house using MatLAB (The Mathworks, Inc., NatidkA). Software parameters were
set to record a specific number of mass spectraexeeriment; generally 1000 spectra
were obtained for the liquid samples, and 500 spdot the solid samples for statistical
purposes. Spectra were saved and analyzed usamg’] an in-house program written in

MatLAB. ‘Iren€ allowed spectra to be integrated, specific regtonise probed, spectral

averaging, and spectral sorting by ion signal @ariicular m/z value.
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Chapter 3: Analysis of High Explosives Using SPAMS

3.1 Motivation and Background

This chapter describes the use of SPAMS to obtaassmspectra from high
explosives. The motivation for this research s tieed for a fast, sensitive, and specific
detection system that is applicable to a wide nurobeompounds. Current technologies
for explosives detection, such as IMS, are limitethat the instrument must be tuned to
optimize the detection of specific classes of conmuis® Others, such as LIF, require
consumables or extensive sample preparation tHates their viability for fast analyses
and may reduce the selectivity of the measurerfedthough other mass spectrometry
techniques have been applied to the detection plbsives!? 2* 28 31 33, 3739, 7784 .
polarity single particle detection has not beerfggared. SPAMS has been previously
used for the detection of biological compoun¥&’and it is shown herein that similar
success was achieved for the detection of highoskm@s First, experiments calibrating
the SPAMS D/l laser are described. Next, masstspet crushed 2,4,6-trinitrotoluene
(TNT) particles are analyzed and compared to tlidSENT particles nebulized from a
methanol solution in order to validate the samphmgthod. Mass spectral response as a
function of D/I laser fluence is then discussed TNT, 1,3,5-trinitro-1,3,5 triazinane
(RDX), and pentaerythritol tetranitrate (PETN). eTlanalysis of several composite
explosives, Composition B (Comp B), Semtex 1A, 8edhtex 1H is then described. Itis

concluded that SPAMS is a successful techniqueherdetection and identification of

high explosives.
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3.2 Laser Calibration

The power of the D/I laser was adjusted by rotatd the half-wave plate as
described in Chapter Two. The laser power was thad from a laser power meter that
measured the laser beam through an optical windotheaback of the sample region.
Error may exist in the power readings because dl simeunt of energy is adsorbed by
the optical window; this adsorption increases asatical window as it ages. In order to
account for this energy loss, the laser power regdivere calibrated by recording the
laser energy for a series of half-wave plate rotesti This energy reading was the energy
that was read on the meter during an experimerd,iaciudes the energy lost in the
optical window. The back optical window was themoved, and the measurements
repeated. This laser energy reading was a meastie energy inside the source region
that a sample particle would experience during xgeement. The laser energy from
both measurements was plotted as a function of-pghaié rotation; the resulting
calibration curve was used to correct the measlaser values for all measurements.
The calibration procedure was repeated when afgignt change in the maximum laser
energy reading occurred, generally once a monthe dalibration curve used for all
experiments with explosives is shown in Figure 3-1A second calibration curve was
made before the experiments involving CWA simulamtsch was used to correct the

laser energy values in that study.
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Laser Energy vs. Half-Wave Plate Rotatiol
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Figure 3-1 Calibration curve describing the laser power metading with and without
the back optical window in place. Gray trianglesctibe the case where the optical
window is removed and represents the actual eneojyent on a particle in the center of
the source region. Black squares describe thewhsa the optical window is in place

and represents the energy measured during expggamen

3.3 Method Validation

Explosive samples are typically encountered ingbigd phase. Trace explosive
residues consist of small solid particles of expighat can easily be transferred to
clothing or luggage, for example. However, solattigles are difficult to directly and
reproducibly produce for analysis with SPAMS; thilg technique was developed using
samples of explosives in solution. These samplere vaerosolized from a methanol
solution and passed through conductive tubing addfasion drier, so they were most
likely dried particles by the time the sample rezclthe SPAMS; however, it was not

certain that the resulting mass spectra could Ipdeapto direct solid samples. In order
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to validate that results obtained using liquid skemp@re indicative of those from solid
samples, a study was performed using a small anuwatid sample for comparison.
TNT was prepared as a liquid sample in methanalessribed in Chapter Two
and introduced to the SPAM@a the Collison nebulizer and diffusion drier. Mass
spectra and size information were recorded for 1p&Qicles using a laser fluence of
0.70 nJim?, which corresponds to an average energy of O.@dartitle. This laser
fluence was chosen based on preliminary data thetated a significant peak from the
parent ion of TNT was obtained with this energyigufe 3-2A shows the concatenated
positive and negative mass spectra obtained in daends from five consecutively
analyzed particles (diameter 1.08), RSD 5.0%) from the liquid TNT samples. A solid
TNT sample was also analyzed using SPAMS. Thed ssdimple was crushed and
introduced directly to the instrument using a 50 &terile Disposable Vacuum Filtration
Vial as described in Chapter Two. Mass spectra andrgizenation were recorded for
ten solid particles using a laser fluence of 0.3fum? Figure 3-2B shows a spectrum

obtained from one of these solid particles (diam&i28um).
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Figure 3-2: (a) Single particle mass spectra of five consgeusingle TNT particles

(diameter 1.08 + 0.06m) obtained at a laser fluence of 0.70und. These spectra for
successive particles are shown to present the aly@hot-to-shot variation of the
technique. (b) Single particle mass spectrum sigle TNT particle introduced into the

SPAMS system from a crushed powder with no solvastained at 0.75 nath?.
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Although the mass spectra were obtained over & larg@ range (-500 to 500 amu), only
the m/z range containing observed peaks (-250 t &@u) is shown (except inset).
Slight variations in peak height are present frggactrum to spectrum of the nebulized
particles, but the diagnostic peaks for TNT aresené in all spectra, and are discussed
below. As seen in the figure, the single solidtipha spectrum contains the same peaks
in the negative spectrum that are used to idedMy as the nebulized particles, as well
as several peaks in the positive ion spectrum ¢hf7, +210, +226) that are not present
in the nebulized sample but are also indicativd N ([TNT-NO]*, [TNT-OH]J", and
[TNT-H]", respectively). The presence of these additigealks could be due to the
difference in sampling or there could be slightaténces in the TNT sample itself, as the
solid TNT sample was from a previously obtainedthan the nebulized liquid sample.
Because of the similarity of the negative ion speeind the suitability of either sample
for the evaluation of high explosives detectionngsiSPAMS, either aerosolization
method could have been used for subsequent expgemeé&or reasons of safety, ease of
aerosolization, and patrticle size consistency,igast from nebulized solutions were used

for the remainder of the experiments.

3.4 Signal Reproducibility of SPAMS

The 1000 mass spectra obtained from single pastioiehe liquid TNT sample
with a laser fluence of 0.70 md’ were analyzed to determine if the signal was
reproducible from particle to particle. The averagameter of the 1000 detected TNT
particles was 1.0am (RSD 38.4%). The particle size histogram wasditio a Gaussian
curve (R=0.960) and z values were used to eliminate 27evyghrticles at a 99.99%

level of confidence. Removal of these particlesfitbie size analysis yielded an average
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diameter of 1.0um (RSD 10.8%). In order to compare the consistesfcthe spectra,
the peak area for the [TNT-Hpeak at m/z -226 was calculated for each partiekr a
three m/z window (-228 to -225 amu) to includepatent ion contributions. The average
peak area for the 1000 spectra was calculated t468.3 arbitrary units (a.u.), RSD =
38.2%, resolution ~ 430 (1208.9 a.u., RSD = 37.8fh wutliers removed). The high
peak area variation has several potential souradsding: the particle size variation, the
variation in particle morphology, and the differenim laser energy received by each
particle. The particles were treated as spheré¢Bearcalculations; however, particles of
various shapes and morphologies are a more readissiumption. The orientation of an
asymmetrical particle in the laser beam may exgame variation in the area. Variation
also exists in the energy present in the laser bearavious research has shown that the
optics used in focusing the D/l laser create arlasefile that has a roughly “flat top”
distribution of energy as described in Chapter Fivbpwever particles that are focused
near the edges of the beam may experience a loftenBrgy®’ Also, the laser fluence
of 0.70 nJim? is an average value of 50 consecutive laser putsegariation exists shot-
to-shot, although it is typically less than 5%.

In order to determine if the shot-to-shot variatawuld be accounted for by these
sources of error, the area of the m/z -226 peak veashalized to the total area of the
negative ion spectrum from m/z -500 to -1, yieldlh$90 normalized a.u., RSD = 28.8%
(0.157 normalized a.u., RSD = 28.3% with outlieesnoved). While this RSD is
approximately 10% lower than that of the raw ddtes still very high; thus, while some
of the variance can be attributed to particle smerphology, and laser intensity, other

sources of error must be present.
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3.5 Power Study of TNT

The effect of laser energy on the desorption/idionaof TNT was investigated
by obtaining mass spectra using laser energiesspat the possible output range of the
D/l laser (approximately 0 to 0.6 mJ for this studgrresponding to 0 to 7 min?).
Laser energies near 0.05, 0.1, 0.2, 0.4, and O.&vend targeted; however, variation in
laser output resulted in some variation in the @ctunergy measured. The laser energy
for each sample, corrected using the calibrati@tudised previously and converted to
fluence, is reported. Average mass spectra of 100@idual TNT particles obtained

with laser fluences of 0.70, 1.51, 2.51, 5.21, &r9® nJim? are shown in Figure 3-3.
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Figure 3-3: Single particle mass spectra of aerosolized TNIaser fluences of 0.70,

1.51, 2.51, 5.21, and 6.99 pif (note differences in ion signal). Each spectrarthi
average of 1000 single particle spectra. The aeeparticle was 1.05 + 0.08m in
diameter. Note the [TNT-H]peak at m/z -226 is present at all laser fluenc&be

spectrum obtained at a laser fluence of 0.7Qum3/also contained peaks at higher

masses, shown in the inset; the spectrum obtain@®% nJim?” also contains an inset to

show the presence of the m/z -226, -212, -210-38d peaks, although the signal is low.
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The average patrticle size was 1108 (RSD 7.2%) for all laser powers. The molecular
ion is present in the spectra, which is typicaindfoaromatic explosives that typically
have peak absorbances near 254*hmhich is close to the 266 nm at which the laser
was operated. At 0.70 rp.imz, the [TNT-HJ is most prevalent, which is observed at m/z
-226. As the laser power is increased, this pammtis fragmented, resulting in a
decreasing parent ion peak intensity accompaniedrbincrease in fragment ions. At
higher fluences, the [TNT-Hjon is not the major peak in the spectrum; howgeitas

still apparent in the spectrum obtained, even2f ﬁJumz. The increased fragmentation
is apparent in the higher laser energy spectraravhemerous peaks appear due to loss
of nitrate groups (m/z -46, +30, +63, +72, +89) dhed breaking of the aromatic ring
(m/z -197, -66, -42, -26, +81). Interestingly, 8pectra taken at 0.70 pd# also contain
peaks at m/z well above the mass of TNT (insetyreigl). These peaks are possibly due
to the dimerization of TNT; [2(TNT-H)+NaJm/z -475), [2TNT-NQ-H+K]" (m/z -446),
and [2TNT-NQ-2H] (m/z -406). Peaks due to the dimerization of TiNile previously
been described at m/z -408 and -447, which areogoak to the dimers detected in this
study with the addition of protoff8. Several other high mass peaks which have been
previously identified 3> *attributed to [TNT-CH]", [TNT-OHJ, and [TNT-NO] (m/z
-212, -210 -197, respectively) that are distinctna low energy TNT spectra are greatly
reduced at high energies, presumably due to exterfsagmentation. Thus, spectra
obtained with lower D/I laser fluences (0.70 anfil1nJim?) allow for the more facile

identification of TNT, due to the presence of tlaegmt ion and other high mass peaks.
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3.6 Power Study of RDX
Averagemass spectra of 1000 individual RDX particlesasel fluences of 0.57,

1.39, 2.63, 4.83, and 7.80 i’ are shown in Figure 3-4.

45



604 ([RDX+NOg (-284)  [RDX - 2(NO,)+H] (-131) 0.57 NJn?
{ | [RDX +NO," (-268) [RDX - 3(NOy)+2H[" (+86) s
401 /[RDX+CI]'(-257) INOJ" (62) INO,I" (-46)  [RDX-2(NGp)+HI* (+131)
20- / -129 o
] +42
O_ wut ||/ ‘ Naf.\
200 4 : : E[RDX-CHZNNOZ-I\:OZE]!'({OZ) NIO+I (+30) 1.39 nJhrm?
4 ) ;o \ il ! |
. '[RDX-NOg" (-111) ! : !
100] 1 i ! [CN]" (-26) :
I 11 T 1
1 i J / g
— l l A el da b el I -
s 01T ) L e ! 2
3 2004 1 i [CNOJ" (-40) i ol 2.63 nJim
(_U i | P -: " . | I | 1 |
.5 ; : : [RDX - 3(NO,)] .('8.:2) : C ;
v 1001 , i P P i
c .ot .
2 1" 1 o o !
O N . ) PPN " 1 ] |
4 ! L L
200 - -284 ] INNO,]” (-60 - 4.83 nJum?
, g 255 ![ N0 !( !) Nt ﬂl
{2 EENE AT ;
1004 280 260 |' - ! ! R i
| 1 .
4 1, . !
L 1
0 - dhenctinaliinga .
4 284 -255] | 7.80 nJum?
150 - , .
2 h -268 . | I
0= nha s o M i : |
_-280 -260 : ;
504 ! ! i : i
1 1 | .
O , . 1] I‘. — |l I
250  -200  -150  -100 -50 0 50 100 150

Mass-to-Charge Ratio (m/z)
Figure 3-4: Single particle mass spectra of aerosolized RDMser fluences of 0.57,

1.39, 2.63, 4.83, and 7.80 pdf (note differences in ion signal). Each spectrarthi
average of 1000 single particle spectra. The aeeparticle was 1.00 + 0.08n in
diameter. Note the [RDX+N{D peak at m/z -284 is present at all laser fluencas.

inset is shown for the spectra obtained at hidgwser fluences to allow visualization of

the peaks between m/z -290 and -250.
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The average patrticle size was 1,00 (RSD 2.7%) for all laser powers. The parent ©n i
present in neither the positive nor the negativecspm; this has been previously
documented and it has been suggested that thiseistalthe low bond energy of N-
NO,.2* 3* However, several peaks are present that can éx tosidentify RDX. The
[RDX + NO3] ion is the most prominent in the 0.57mf spectrum (m/z -284% but its
intensity decreases as the D/l laser energy inesea$he same trend is seen for [RDX +
NO,]  and [RDX + CI] (m/z -268, -257, respectivel§y. ** *° Possibly, as the laser
energy increases, less RDX remains intact to raadtform these RDX adducts. At a
laser fluence of 7.80 nih? the peak at m/z -257 is not present; however a peak at
m/z -255 is seen. The source of this peak is uwkralthough it is not likely to be due to
a chlorine adduct since no isotopic pattern is gaes The peak at m/z -102, due to
[RDX-CH,NNO,-NO,], is typically seen in the mass spectra of nitrasffy 3! and is
present in the RDX spectra obtained with all |dkeznces. The most prominent peak in
the positive ion spectra is attributed to [RDX N8k)]" (m/z +86). The intensity of this
peak increases almost a factor of four from lakmmice 0.57 ngim® to 1.39 nlim?, and
then decreases as the D/l laser energy is increfaséar. It is possible that there is
insufficient energy at the lowest laser fluencedmpletely remove all the nitro groups
from the RDX. This hypothesis is supported by ith@ease in intensity of the [ND
and [NQ] ions as laser fluence is increased above 1.3@miJ/ The decrease in
intensity of the m/z +86 peak as the laser powéurther increased may be due to more
extensive fragmentation. Several other peaks sttmvsame trend, such as [RDX-
2(NQG,) + H] (m/z -131). A peak at m/z -46 due to the chamstic NQ of explosives

is present in the negative spectrum of RDX, as a&lin the negative spectrum of TNT.
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However, a peak at m/z -60 is also seen in RDXclwhs attributed to N-N® which
could aid in distinguishing a nitramine from a aé@romatic explosive. Since more high
mass peaks were identified in the spectrum obtaiidda laser fluence of 0.57 piw’,

this was chosen as the optimal detection energREnX.

3.7 Power Study of PETN

Average mass spectra of 1000 individual PETN padiat laser fluences of 0.57,

1.33, 2.88, 5.39, and 7.95 pif* are shown in Figure 3-5.
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Figure 3-5: Single particle mass spectra of aerosolized PBTMser fluences of 0.57,
1.33, 2.88, 5.39, and 7.95 pdf (note differences in ion signal). Each spectrarthe
average of 1000 single particle spectra. The aeeparticle was 1.10 + 0.12m in
diameter. Note the [PETN+ND peak at m/z -378 is present at all laser fluendesets

are included to highlight the presence of ion pdaitsveen m/z -390 and -310.
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The average particle size was 14h (RSD 10.6%) for all laser powers. A small but
significant signal from the parent ion is seen & A317 at a fluence of 0.57, 5.39, and
7.95 nJim?. It is unclear why this peak is not seen witheflues of 1.33 and 2.88
nJium?. The most prominent peak at all laser fluencesttisbuted to [NG|" at m/z -62,
due to the presence of nitrate esters in PETNhe [PETN + NG complex can be seen
at m/z -378 and its intensity increases with laseergy®® allowing more facile
identification of PETN when using higher D/I lasarergies. A [PETN+Ng& complex

is also seen at m/z -362, as well as [PETN+QHhJz -333), both of which follow the
same trend towards higher laser fluerntefew fragments appear in the spectrum due to
the symmetry of the molecule, and fragments thataoserved are more prevalent at
higher laser fluences. The main fragments charatiteof PETN may be [€H3N,0s]
and [GH3N2O4]" occurring at m/z -147 and -131, respectively. a8er fluence of 0.57

nJfim? was also chosen as the optimal detection fluenicBETN.

3.8 Power Study of Comp B

Several plastic explosive compositions were alsayaed by SPAMS to test the
ability of the instrument to identify individual plosives within a particle of mixed
composition. Comp B is approximately 63% RDX, 3%%T, and 1% wax or binder to
make the mixture safer to handle by preventingifiicdetonatiorf. Mass spectra were
obtained at 0.50, 1.47, 2.77, 5.34, and 8.0um?/ The average particle size was 1.00
um (RSD 5.0%) for all laser powers. Figure 3-6 shdhe average spectra of Comp B
taken at a laser fluence of 0.50ymf compared to the average spectra of TNT at 0.70
nJqim? and RDX at 0.57 ndm? the optimal fluences determined for these two

explosives.
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Figure 3-6: Single particle mass spectra of aerosolized TSdmMp B (63% TNT, 35%
RDX), and RDX at 0.70, 0.50, and 0.57 ymdf, respectively (note differences in ion
signal). Each spectrum is the average of 1000lesipgrticle spectra. Dashed lines
indicate mass peaks that are present in multiptepoainds. Note the presence of peaks
from TNT and RDX in the Comp B spectrum. The ingetincluded to allow the

visualization of the high mass peaks in Comp B.

Dashed lines identify mass peaks present in thepCBrspectrum that are attributed to
each component (TNT or RDX). Multiple peaks in hemp B spectrum match peaks
present in TNT; in fact, the [TNT-HJjon is the most prevalent peak in the Comp B

spectrum. The TNT dimer compounds, [2(TNT-H)+N@h/z -475), and [2TNT-N@
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H+K]" (m/z -446) are also visible in the Comp B spectruMany other peaks in the
Comp B spectrum match those in RDX: [RDX-2(W€H] (m/z -131), [RDX-3(NQ)]*
(+86) as well as peaks at m/z -115 and +178. Thezeseveral peaks in the Comp B
spectrum that cannot be identified as either TN'RDIX, such as m/z +92, +124, +164,
and +180. These peaks may be due to an unknowplerrbetween TNT and RDX
fragments or the plasticizers present in the comgou The identification of these
fragments was beyond the scope of this work.
3.9 Power Study of Semtex 1A

Semtex 1A is a common plastic explosive developethé 1960s in the former
Czechoslovakia that is made from a combination BTIR (83.5%) and plasticizers
(16.5%). Mass spectra were obtained at fluenée®d 51, 1.46, 2.70, 5.19, and 7.78
nJ,umz. The average patrticle size was 1,07 (RSD 4.7%) for all laser fluences. Figure
3-7 displays an average mass spectrum of Semtexaktén with 0.51 ngm? laser
fluence compared with the average mass spectrge BN btained with a laser fluence of

0.57 nJim?, the optimum fluence determined for PETN.
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Figure 3-7: Single particle mass spectra of aerosolized PEmHl Semtex 1A at laser
fluences of 0.57 and 0.51 pd#, respectively (note differences in ion signal)ack
spectrum is the average of 1000 single particletspe Dashed lines indicate mass peaks
that are present in both compounds. Insets ateded to highlight the presence of high

mass peaks in both spectra.

Dashed lines in Figure 3-7 indicate mass peaksptes the Semtex 1A sample and the
pure PETN sample. The [PETN+NOand [PETN+OH] peaks at m/z -378 and -333,
respectively, are present in the Semtex 1A sangieedl as peaks at -147 and -131. The
peak in the Semtex 1A spectrum at m/z +117 is nesgnt in the pure PETN sample.
This peak could be due to the presence of varitagtipizers in the Semtex 1A sample
which may cause additional fragmentation of the RE®r may fragment themselves.

However, further investigation was beyond the saufft@is work.
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3.10 Power Study of Semtex 1H

An additional composition of Semtex, Semtex 1H, a0 analyzed with the
SPAMS instrument. Semtex 1H contains PETN (25%)RDX (60.5%), along with oil
and plasticizers (14.4%) for stability. Mass speatere obtained at 0.57, 1.43, 2.66,
5.34, and 7.83 ngm?. The average particle size was 1,08 (RSD 12.8%) for all laser
fluences. The average mass spectrum of Semtex fidihed with a laser fluence of 0.57
nJfim? is shown in Figure 3-8 compared to the spectrETN and RDX obtained at

0.57 nJim? (the optimal fluence for the detection of the irdixal explosives).
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Figure 3-8: Single particle mass spectra of aerosolized PESEYtex 1H, and RDX at a
laser fluence of 0.57 ndh? (note differences in ion signal). Each spectrimthie
average of 1000 single particle spectra. Dashmesd indicate mass peaks that are present

in multiple compounds. Insets are included to hgdt the presence of high mass peaks

in both spectra.

Again, the dashed lines identify mass peaks praaanultiple spectra. The spectrum of

Semtex 1H is very similar to that of Semtex 1A, bohtains more peaks due to the

addition of RDX. In addition to the peaks discuspeeviously in Semtex 1A, peaks at

m/z -284 ([RDX+NQ]), -268 ([RDX+NQ]’), -147 (unknown fragment), -13IRDX -

2(NOy)+H]), -102 (RDX - CH,NNO, - NO;]), and +86 ([RDX-3(NQ)]") are present. The
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presence of many of these peaks due to PETN and iR(®émtex 1H was previously

reported®® The data from the composite explosives are suimethin Table 3-1.

Comp B Semtex 1A Semtex 1H
m/z Compound m/z Compound m/z Compound

TNT [-475  [2(TNT-H)+Na]
-446  [2TNT-NO,-H+K]
-406  [2TNT-NO,-2H]
-226  [TNT-H]

-212 [TNT-CH,]

-210  [TNT-OH]

-197  [TNT-NOJ

RDX -284  [RDX+NOg]"
-268 RDX+NO,|’
-147  RDX fragment -147  RDX fragment
-131  [RDX-2(NO,)+H] -131  [RDX-2(NO,)+H]
-115 RDX fragment
-102  [RDX-CH,NNO,-NO,]" -102  [RDX-CH,NNO,-NO,|
86 [RDX-3(NO,)+2H]" 86 [RDX-3(NO,)+2H]"

104 RDX fragment
108 RDX fragmen

PETN -378  [PETN+NOy” |-378  [PETN+NOy
-333  [PETN+OH] |-333 [PETN+OH]
317 [PETN+HJ

-147  PETN fragment147  PETN fragment
-131  PETN fragmer|-131  PETN fragmer

Other |-62 NO, -62 NOy -62 NOy
-46 NO, -46 NO, -46 NO,
178 TNT or RDX 117 unknowr 117 unknowr

Table 3-1: Summary of mass spectral data from Comp B, Seri#exand Semtex 1H
obtained at laser fluences of 0.50, 0.51, and 887m? respectively. Peak position

(m/z) and the suggested origin of the peak are show
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3.11 Summary

The SPAMS system was shown to be capable of thectiten of explosive
samples introduced to the system in the liquid pHdsssolved in methanol). TNT was
used to demonstrate that this sample introductiethad provided similar particle size
and mass spectral information to direct solid sampiroduction. TNT was also used to
determine the particle to particle reproducibilif the method, which was 5.5% when
peak area was normalized for each mass spectrumpl&s of pure RDX and PETN
were successfully analyzed to demonstrate the cgiplity of SPAMS to a variety of
classes of explosivesd. nitramines and nitrate esters as well as nitroatms).

The analysis of composite explosive samples lygted a benefit of the SPAMS
single particle analysis system, since informatmn the specific components of an
individual particle can be obtained. TNT and RDXrw identified in the spectra of
Comp B. The contribution from the individual exgide components confirms their
presence in a composite mixture. In comparingsgrectra from Semtex 1A and Semtex
1H, the presence of the peaks due to RDX corroesrtite information that the 1H
variety also contains a percentage of RDX while ii#e does not. As composite
explosives such as Semtex are commonly used iworigrractivities, the ability to
determine the composition of these materials hibldgotential to identify their synthetic
origin, which may provide information to aid in thevestigation and attribution of

terrorist attacks.
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Chapter 4: Analysis of Chemical Warfare Agent Simuants Using SPAMS

4.1 Motivation and Background

This chapter illustrates the application of SPAKSobtain mass spectral data
from Chemical Warfare Agents (CWA), specifically rme agent simulants. This
research is driven by the need for a sensitive saidctive instrument that can detect
small quantities of CWAs in the liquid and vaporapls. Currently, no system exists that
has such capabilities without extensive samplimgirements. The research is focused
on detection of CWA simulants in both phases bex&M/As are toxic in both phases
and can be found in either form, depending on tbkatiity of the particular agent.
Several technologies have been used to detect CakAgheir simulants. Colorimetric
tests are the military standard presumptive tespéssible CWAs, but they suffer from a
wide range of false positivés.*® Surface acoustic wave sensors have been used to
successfully detect vapor-phase CWAS’ but the technique is not capable of liquid
agent detection. IMS is perhaps the most commdeployed detection system, but the
need for specific operating conditions limits tlaage of agents which it can detect in a
given experiment.*® Mass spectrometric techniques have also beeredpm CWA
detection®” °* >**®however, no dual-polarity single particle data hegn published.
Because of the success of SPAMS for the detectfohiaogical samples and high
explosives, the technique was tested for the aisabfsliquid CWA simulants. CWA
simulants were chosen to represent a variety ofp8-herve agents, as well as one V-
type agent, VX. The chosen CWAs represented a waidge of volatilities spanning four
orders of magnitude (0.007 — 2.9 mm Hg), which aaatthe phase in which the agents

would likely persist and their duration. Initiallywo liquid sarin simulants, dimethyl
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methyl phosphonate (DMMP) and diethyl ethyl phos@te (DEEP), were analyzed
with SPAMS to determine the mass spectral respasse function of D/l laser fluence.
Diethyl phosphoramidate (DEPA), a tabun simulamig &riethyl phosphate (TEP), a
cyclosarin simulant, were then analyzed in theitljarm, although analysis of TEP was
unsuccessful. Next, diethyl phthalate (DEP), seyvas a VX simulant, was studied
under various laser fluences. Once the abilitysBAMS to detect most liquid CWA
simulants was established, vapor phase detectia imgestigated. Using activated
carbon, alumina, silica, zeolite, and tungstemntium, and manganese powders, each
vapor-phase CWA simulant was adsorbed onto pastialbich were analyzed using
SPAMS. Successful detection of each vapor-phasatagas achieved, including TEP.
It is concluded that SPAMS is capable of detectind differentiating several chemical
agents in the liquid and vapor phases under the sgrarating conditions.
4.2 Power Study of Neat DMMP

Liquid samples of CWA simulants were prepared asculeed in Chapter Two
and introduced to the SPAMS. The effect of lasmrgy on the desorption/ionization of
neat DMMP was investigated. Laser fluences welectsl to cover the output range of
the D/l laser as discussed previously. Averagesmsgectra of 1000 individual DMMP
particles obtained with laser fluences of 0.58,11.2.57, 5.05, and 7.66 pit’ are

shown in Figure 4-1.
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Figure 4-1: Single particle mass spectra of aerosolized DViVIRser fluences of 0.58,
1.11, 2.57, 5.05, and 7.66 pif* (note differences in ion signal). Each spectrarthe
average of 1000 single particle spectra. The aeeparticle was 1.15 + 0.09m in
diameter. Note the [DMMP+Hpeak at m/z -125 is present at all laser fluencEise

structure of DMMP is included as an inset in thédoa spectrum.
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The average patrticle size was 1,d (RSD 7.8%, n=1000) for all laser powers. The
RSD for the liquid CWA simulants is often higheaththat determined for the nebulized
explosive samples. Although the explosive samplese nebulized in solution, the
diffusion drier removes moisture and solvent, soghrticles analyzed in the SPAMS are
most likely crystallized solid particles with a maw size range. Since the CWA
simulants are liquids at room temperature, someatran may exist in the droplet size

introduced to the SPAMS.

The negative molecular ion [DMMP+HWas present in all the spectra, and is
most prevalent when a D/I laser energy of 2.5fm3Mas used. As the laser energy
was increased, increased fragmentation occurred les&l molecular ion and other
characteristic negative peaksd.m/z -277, -141) were present. At the lower DAela
energies (2.57 ndih? and below) several fragments of DMMP were ideedifincluding
[CsHid, [P(OH)OCH], [DMMP-OC; +2H], [DMMP-CHs, and [DMMP-
OCHs;+H,0] at m/z -58, -79, -95, -109, and -111, respectivelgny of which have been
seen in previous studies involving DMMP 2% 886 The maximum signal from each of
these peaks was also seen using a laser energyhaim?®. The negative ion spectra
also contain several peaks above the mass of ttemtp@n. The hydroxyl adduct of
DMMP is seen at m/z -141, and again showed thegsigsignal when obtained using the
2.57 nJjim? laser energy. The peak at m/z -166, is one ofithset prominent peaks in
the spectra obtained at low laser fluences, wishniaximum signal at 1.11 pdf®.
Since this peak is above the mass of DMMP, it issuoprising that its maximum signal
occurs at a lower laser fluence than the fragmdaesribed above; at fluences above

1.11 nJim? this compound may itself be fragmented. Thiskpeauld be due to an

61



unknown adduct of DMMP, or fragmention of a DMMPRmdir. Several other peaks
related to DMMP dimers are also seen at the lowrlasergies: [2DMMP+g&s]” and

[2DMMP+51] are present at m/z -277 and -299, respectivelipes& compounds are
only present when the sample is ionized at 0.581ahdl nJtm? at higher fluences the

energy incident on the particles may be too gieatlow dimer formation.

The positive ion spectra also contain identifighéaks due to DMMP fragments
and dimers. The most prominent peak in the spectbtained at 0.58 nith® is at m/z
+117 and is seen in the spectra obtained at al laisergies. The origin of this peak is
unknown, but it is hypothesized that it is due tofragment of a DMMP dimer.
[P(OCH)OCT is seen at m/z +88; this peak is present in tleetsp obtained at lower
laser energies, but is absent at 7.6im3/ The parent dimer may not form or greater
fragmentation could occur at this high laser fllehz prevent this fragment from being
seen. Other peaks due to the dimerization of DM\ also seen in the positive ion
spectra: [2DMMP-O] and [2DMMP+HT, at m/z +232 and +249, respectively; the
[2DMMP+H]" peak has been previously reportédSeveral unknown peaks at m/z +278,
+290, and +343 are seen at low laser fluences5z 2Jim?), but are not present in the
higher energy spectra. These unidentified peai&gshamught to be due to adducts of the
DMMP dimer, but have not yet been confirmed. Dé¢ifinei identification of these peaks
could be determined by tandem mass spectrometrgriexents (MS/MS) to isolate and
fragment these compounds, but was outside the sifdpés study. The absence of these
peaks at higher laser fluences may be a resuheofricreased energy preventing stable
dimerization. The presence of the identifiableifpos ion peaks, combined with the

information from the negative ion spectra, espécitle presence of the molecular ion,
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allow the identification of DMMP. As with many tiie explosives, the low laser fluence

(0.58 nJim?) appears to be the optimal fluence for detectioRMMP.
4.3 Power Study of Neat DEEP

Liquid samples of the CWA simulant DEEP were predaas described in
Chapter Two and introduced to the SPAMS. The efigc laser energy on the
desorption/ionization of neat DEEP was investigatsithg four laser fluences. Average
mass spectra of 1000 individual DEEP particles iobth with laser fluences of 1.18,

2.77,5.13, and 7.59 nin’ are shown in Figure 4-2.
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Figure 4-2: Single particle mass spectra of aerosolized DEERser fluences of 1.18,

Mass-to-Charge Ratio (m/z)

2.77,5.13, and 7.59 min? (note differences ion signal). Each spectrunhésaverage of

1000 single particle spectra. The average panvele 1.11 + 0.1@um in diameter. Note

the [DEEP] peak at m/z -166 is present at all laser fluencHse structure of DEEP is

included as an inset in the bottom spectrum.

The average patrticle size was 14rh (RSD 8.9%, n=1000) for all laser powers. The

negative molecular ion [DEEPyas present in all the spectra, with the greatigtal
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when a D/l laser fluence of 2.77 mdiz was used. At the highest laser power (7.59
nJfim?) the parent ion was still distinguishable from teekground. However, at these
high laser energies, few other identifying peaks seen in the spectra, as increased
fragmentation broke the particles into smaller andre common fragments, making
definitive identification more difficult. Peaks 34 and -153, due to the loss offom
DEEP and [DEEP+H-CH, are present at the low energies (5.1um3/and below),
again with a maximum signal when a laser fluenc®.87 njim? is used. The spectra at
lower D/l laser energies show several fragments riietch those seen in the spectra of
DMMP; m/z -109, -79, -58, corresponding to [DEER], [P(OH)OCH]", [CsH1q,
respectively® % 8 Fragments common to both DMMP and DEEP are noxpewed,
due to the similarity in structures of the two slamis. The low energy spectra also
contain some high mass peaks including [2DEEP-é@nd [2DEEP-2(OCEJ+3H], at
m/z -300 and -245, respectively, again due to itheedzation of the parent ion. Thus,
these mass peaks are not seen at high energiassbdaba increase in laser fluence either

prevents their formation, or fragments the dimemngletely.

The positive ion spectra of DEEP contain severajumpeaks. [CHCH3]", due
to fragmentation of the ethyl group from DEEP, eéers at m/z +29 at all laser fluences,
with increased signal as the energy and hencegdegfrfragmentation, increase. Peaks
at m/z +91 and +105, due to [DEEP-O$£EH,CHs-H]" and [DEEP-OCHCHs-O]"
respectively, are also the result of fragmentattérDEEP. Loss of @ from DEEP is

present in the mass peak at m/z +134.

A peak at m/z +117 is the most prominent peak enrttass spectra at the laser

fluences of 2.77 nim® and below, as was also the case for DMMP. In @it peak at
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m/z +232 was observed in the DEEP spectra; adaspeak was also present in DMMP
spectra. However, neither the peak at m/z +117therpeak at m/z +232 have been
identified. While several peaks in the DEEP speeat@ similar those obtained in the
DMMP spectra, several peaks (m/z -245, -153, -84, +105, +134) are present that
can distinguish the two compounds. A laser flueatd.18 njim? appears to be the

optimal laser energy for the detection and difféegion of DEEP.

4.4 Power Study of Neat DEPA
Liquid samples of DEPA were prepared as describedChapter Two and

introduced to the SPAMS. The effect of laser epengthe desorption/ionization of neat
DEPA was investigated. Laser fluences above 5J4m3i were not tested due to the
lack of significant spectral differences betweetadibtained at fluences of 2.78 and 5.14
nJqim?. Average mass spectra of 1000 individual DEPAtigias obtained with laser

fluences of 0.69, 1.17, 2.78, and 5.14uni are shown in Figure 4-3.
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Figure 4-3: Single particle mass spectra of aerosolized DBEPkser fluences of 0.69,
1.17, 2.78, and 5.14 nin? (note differences in ion signal). Each spectrarthée average
of 1000 single particle spectra. The average @artvas 1.16 = 0.03m in diameter.

Note the [DEPA+H] peak at m/z +154 is present at all laser fluencEse structure of

DEPA is included as an inset in the bottom spectrum
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The average patrticle size was 1,@ (RSD 2.5%, n=1000) for all laser powers. The
mass spectra of DEPA are much simpler than thosBMMP or DEEP due to the
identical side chains (OGKHH;) and the similar weights of the NHand O groups
(16.023 versus 15.999 amu). The negative ion spemintains a peak due to the
molecular ion [DEPA]at m/z -153. A peak at m/z -109, a peak which alas present
in spectra for DMMP and DEEP, is due to [DEPAHGN] and was present at all laser
energies, with the highest signal obtained wittuarfce of 5.14 njim®>. No evidence of
dimer formation was seen in the negative spectost iikely due to the small number of

negative ions that was detected.

The positive ion spectra of DEPA also show sintilkasi to DMMP and DEEP.
Peaks at m/z +91 and +105 are seen in the DEPAD&P spectra, and peaks at m/z
+117 and +232 are seen in the DEPA, DEEP and DMpHetsa. The recurrence of
these peaks in the spectra of DMMP, DEEP, and DiEPéxpected, as the structural
similarities of the molecules would lead to the saimagments being formed. Peaks at
m/z +124 and +135 are more abundant as the lasegyeimcreases, and are attributed to
[DEPA-C;Hs]" and [DEPA-HO]". A large peak due to [DEPA+HAt m/z +154 is also
present in the spectra; in fact, it is the secomdtrabundant ion in the spectra. This is
expected due to the high proton affinity of thertiEral amine in DEPA? Although no
peaks due to dimers were seen in the negativerapéise positive spectra contain two
peaks due to the formation of dimers: 2[DEPA*hd [2DEPA+H+Na], at m/z +308
and +330, respectively. Again, the large signaifithese dimer peaks is expected due to
the ease with which DEPA can accept a proton, whisb explains the lack of dimers in

the negative spectra. Even though many of thegeathe DEPA spectra match those of
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DMMP and DEEP, the presence of the molecular iospeeially the protonated
molecular ion at m/z +154, allows the definitiveemdification of DEPA. For DEPA
detection, a laser fluence of 1.17 ;mdf would be optimal, as this fluence allows the

detection of the fragment peaks in addition to ificent signal from the dimers.

4.5 Power Study of Neat DEP
Liquid samples of the CWA simulant DEP were predaas described in Chapter

Two and introduced to the SPAMS. The effect of efasenergy on the
desorption/ionization of neat DEP was investigateflverage mass spectra of 1000
individual DEP particles obtained with laser fluesof 1.17, 2.77, 5.10, and 7.83umi?

are shown in Figure 4-4.
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Figure 4-4: Single particle mass spectra of aerosolized DERsa&r fluences of 1.17,
2.77,5.10, and 7.83 min? (note differences in ion signal). Each spectrarthe average
of 1000 single particle spectra. The average @artvas 1.36 = 0.1mm in diameter.

Note the [DEP+2H] peak at m/z +224 is present at all laser fluencBse structure of

DEP is included as an inset in the bottom spectrum.

The average particle size was 136 (RSD 10.9%, n=1000) for all laser powers. The

spectra obtained with DEP are quite different tlthnse of the organophosphate
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simulants described above. The most abundantipethle negative ion spectra obtained
at 1.17 nlim® occurs at m/z -148 and is attributed to a fragmenDEP, [DEP-
C(O)OGHs-H]. The next most abundant peak is [DEfE at m/z -193. These two
fragments are seen at all laser energies, althtlugih relative abundance changes; the
m/z -193 has a higher ion signal in the spectraiobt with laser fluences of 2.77 — 5.10
nJium?, and the signal intensity is approximately equakafluence of 7.83 ndim?.
These peaks are formed as the side chains are dragchfrom DEP. Several other
peaks, due to similar losses, are seen at m/z -123, -105, and -77. A peak due to
[DEP+2H] is seen at m/z -224, with the greatest intendit9.a7 nJim?. The oxygen
adduct of the parent ion is also present at m/8B.-2%everal high mass peaks are
observed, for example at m/z -342 and -372, whrehdae to the fragmentation of the

DEP dimeryia loss of the side chains from the DEP dimer.

The positive ion spectra of DEP also contain pehkes to the loss of DEP side
chains. Peaks at +105, +134, +149, and +178 ar¢adsuch fragments. The low energy
spectra have significant contributions from highsm#ns also. The [DEP+2Hjon is
observed and can be used to identify the presehd®E®. Adducts at m/z +246,
identified as [DEP+H+N4d] and +252, which was not identified, are also @nésn all
the spectra. The formation of these high mass ¢ondd be aided by the fragmentation
of the side chains which creates fragment ions ttaat in turn react with other
compounds in the plume. At laser powers of 5.¥m3and above, ions at +77 and +91
become more prevalent. These ions are due toinigestructure of DEP, indicating
[CeHs]” and the tropyllium ion, [€H7]", respectively. At these laser fluences, the

fragmentation in DEP is extensive, but identifyjpgaks, for example m/z -224, -193, -
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121, +224 and +246, are still present. As the tspecobtained with a laser fluence of
1.17 nJ{m? contained significant identifiable peaks, this wa®sen as the optimal

detection fluence of DEP.
4.6 Power Study of Neat TEP

Liquid samples of the CWA simulant TEP were prepaas described in Chapter
Two and introduced to the SPAMS. No particles wagtected in the tracking region of
the instrument, although aerosolized droplets cheldeen in the nebulizer. The reason
for the lack of transport is unclear; the vaporsgree of TEP is similar to that of DMMP
(4.81 x10° mm Hg at 25.2C% versus <0.1 mmHg at 2tC 2° respectively), and the
viscosity and specific gravity of TEP are withiretbounds of the rest of the chemical

agents studie®° The analysis of neat TEP was not pursued further.
4.7 Analysis of Vapor Phase CWA Simulants

Vapor phase CWA simulants were studied by expoaisgpport material to the
simulant vapors for various amounts of time. Salvsupport materials were tested,
including zeolite, silica, alumina, and activateabon. Several metal powders, titanium,
tungsten, and manganese, were also investigatedodine low spectral background of
the metals. It was hypothesized that the simpi&dpaund spectra of the metal supports
would allow for easy identification of new peakstltould be due to adsorbed species.
A variety of methods, described in Chapter Two, evested to determine if the vapor
phase agents could be detected. However, not dlade were investigated for all
simulant vapors due to the success of certain mdsth@ll samples were analyzed using

SPAMS with a laser fluence near 3mf. This laser fluence was chosen as a median
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output of the laser, and because peaks were see imeat samples at this power. For
each experiment, 500 spectra of the support méteitia absorbed agent were obtained,

as well as 500 spectra of each unexposed supptetiaido serve as background spectra.

4.7.1 Analysis of Vapor Phase DMMP

Zeolite is an alumino-silicate substance with adtire that stores cations inside
its pores. Zeolite is commonly used as a desicoargtdsorbent, as the cations in the
pores can be replaced by water or a cation ofasterZeolite was used to determine if
DMMP could adsorb into its pores. Zeolite was pthin a Petri dish and exposed to
DMMP for three hours as described in Method OneCbépter Two (section 2.3.1.1).
The zeolite sample was then introduced directlghis SPAMS using a 50 mL Sterile
Disposable Vacuum Filtration Vial. The averagecspan of 500 particles of zeolite
exposed to DMMP analyzed with a laser fluence @&43nJum? did not show any
additional significant peaks other than the zedbéekground. The in-house software
analysis program, ‘Irene,” allowed for individuadnicle mass spectra to be sorted based
on the ion signal at an m/z defined by the usehis Tvas useful when analyzing the
adsorbed CWA simulants on the supports, as it $sipte that the CWA simulant did not
adsorb onto every solid particle. The presencthede pure particles with no adsorbed
simulant may skew the average spectra and prevgnsimulant from being seen in the
average. In order to determine if this was theectise DMMP-exposed zeolite single
particle spectra were sorted based on the ion sijeat m/z -123 ([DMMP-H). By
viewing the individual spectra, individual partisleean be investigated for DMMP
adsorption. After this sorting, a small peak wasesved at m/z +125, [DMMP+H]

(20.9 a.u., S/N >3) in the average of the top Bglsiparticle spectra. Although this peak
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indicates the presence of DMMP on several of thelitee particles, the lack of

reproducibility prevented this technique from befagher pursued.

Silica (SiQ), commonly used in separations or filtrations, \ab tested for its
ability to adsorb DMMP for subsequent SPAMS analySilica was exposed to DMMP
vapors for three hours using a Petri dish as desdrin Method One of Chapter Two.
The particles were then introduced to the SPAMSigus 50 mL Sterile Disposable
Vacuum Filtration Vial, analyzed with a laser fleenof 3.79 ndim?, and the data
analyzed using ‘Irene’. Even when sorted by m25-{DMMP+H]), the mass spectra
did not show any significant difference over themage background spectrum; thus, the
use of Silica for DMMP detection was not pursuedhfer.

Alumina was also tested for DMMP analysis using pgrocedure described in
Method One of Chapter Two. After exposure for ¢hifeours, 500 particles were
analyzed at a laser fluence of 3.74und. The average spectrum obtained as compared

to the background spectrum is shown in Figure 4-5.
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Figure 4-5: Single particle mass spectra of (A) DMMP-exposdéamina and (B)
unexposed alumina at a laser fluence of 3.74um¥/ (note differences in ion signal).
Each spectrum is the average of 500 single parsjpéetra. The structure of DMMP is

included as an inset in (B).

Several peaks were present in the DMMP-exposed iatuthat were not seen in the
alumina background. Peaks at m/z -147, -130, &d -62, due to [DMMP+Na]
[DMMP+Na-OJ, [P(OH)CH3]", and [CHOP], as well as m/z +46, +78, +92, +108, and
+165, due to [CKP]', [PO,CHs]*, [DMMP-OCH,]*, [DMMP-O]*, and [DMMP+K+2H]
are significantly greater than the background digidne peaks attributed to DMMP and
its fragments in the vapor phase were differennth@se seen in the liquid phase
analysis. This is due to the difference in iorimatconditions the DMMP experiences
due to the addition of the adsorbent support madterdin liquid analysis, solution phase
reactions may occur during laser desorption/ioirathat cause new compounds to be

formed. In the vapor analysis these solution phrasetions may not occur, and the
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presence of the support material may provide a&sajhization process since the support
can absorb the laser energy and in turn transterettergy to the simulant molecules.
With a soft ionization technique, less fragmentatreould be expected since the energy
ionizing the analyte is lower due to the transteanhd from the support. However, the
peaks indicative of DMMP and its fragments can beduto identify DMMP in either
phase. DMMP adsorption on alumina was also testsdg the Method Two as
described in Chapter Two (section 2.3.1.2). Alumimas exposed to DMMP vapors
using this configuration for 1.25 hours and theinaduced to the SPAMS using a glass
vial and modified plastic vial cap described inu¥ig 2-2. Using this method, no signal
above background was seen from the DMMP on aluniinghe average spectrum
obtained at a laser fluence of 3.68um¥. DMMP was only identified when ‘Irene’ was
used to sort the spectra by m/z +125, [DMMP*%*HThis method was not further pursued
due to the successful and superior detection of VAdsorbed onto alumina in the first
method described previously.

The utility of activated carbon as a possible dosot for DMMP was tested
using SPAMS. Method One was used to expose theated carbon to the DMMP
vapors with an exposure time of three hours. Thedered sample was then introduced
to the SPAMS as a solid using a 50 mL Sterile Dssjpte Vacuum Filtration Vial
attached to the instrument with conductive tubihgthe average of 500 spectra obtained
with a laser fluence of 3.66 mi’no peaks above background were detected for DMMP.
To determine if the lack of DMMP was due to an ffisient time of exposure to the
solids, the experiment was repeated using expasues of six hours, and overnight.

The mass spectra were obtained using laser flueote8.92, and 2.44 ndm?,
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respectively. Upon spectral sorting by m/z -14ihgsirene’, ten or fewer spectra were
identified containing any signal above backgroufdr this reason, activated carbon was
not pursued as an adsorbent for DMMP, and Method ®as not used for any other
CWA simulants.

Several metal powders were also tested as posgistEbents for DMMP vapors.
Titanium powder was exposed to DMMP vapor using hddt Two as described in
Chapter Two. After two hours of exposure, the DMBM¥posed titanium was introduced
to the SPAMSvia the glass vial with modified plastic cap. No sipabove background
was seen in the average spectrum obtained withea fauence of 3.86 nih? however,
when sorted for m/z -123 [DMMP-Hlsing the software, a small peak was present in
several of the top spectra [DMMP-HR6.1 a.u., SIN>8, for average of top ten). Since
the technique was not reproducible for DMMP detettin the 500 spectra collected,
titanium was not pursued as an adsorbent material.

Tungsten powder was used for DMMP adsorption atingr the procedure
described in Method Three of Chapter Two (sectidh123). The liquid sample was
introduced to the systemia conductive tubing. Spectra were obtained withaset
fluence of 3.44 njm% however, the background tungsten peaks were msept, so it
was concluded that the particles being analyzee weat DMMP, with no signal from
DMMP adsorbed on tungsten. This method of DMMPosxpe was not pursued further.

The final metal powder tested for DMMP vapor asa&ywvas manganese powder.
Manganese was exposed to DMMP vapor using Method dsvdescribed in Chapter
Two. The metal powder was exposed to the vapar5 hours and subsequently

introduced to the SPAMS using the glass vial witbdified plastic cap. 500 particles
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were obtained with a laser fluence of 3.98umf/ A small peak at m/z -125
[DMMP+H]" was present in the average spectrum of the 50lear(6.8 a.u., S/N >4).
When the spectra were sorted by m/z -125 the peakmore pronounced. Figure 4-6
shows the average of the top 50 mass spectra vdaleat m/z -125 for DMMP-exposed
manganese. The manganese background spectra lsersogted by peak intensity at

m/z -125 and the average of the top 500 spectks@sshown.
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Figure 4-6: Single particle mass spectra of (A) DMMP-exposeanganese and (B)
unexposed manganese at a laser fluence of 3.p&h{fote differences in ion signal).
Each spectrum is the average of the top 50 singtdcfe spectra sorted by m/z -125

using computer software. The structure of DMMih@uded as an inset in (B).
Although the spectra contain many peaks, the DMMposed manganese shows a

significant peak at m/z -125 ([DMMP+H]that is not present in the background (45.4

a.u., S/N >12). This method of vapor analysis sftb@ molecular ion peak that can be
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easily distinguished from the background. Thus, NDRMvapor can be analyzed with

SPAMS when adsorbed onto a manganese powder sigupfate.

4.7.2 Analysis of Vapor Phase DEEP

Vapor phase DEEP was studied in the same mannelessibed above for
DMMP, investigating zeolite, silica, alumina, titam powder, and manganese powder
as support materials. DEEP vapors were exposéhetsolid supports using Method
Two as described in Chapter Two, and introducetth@oSPAMS using a glass vial with
the modified plastic cap.

Zeolite was exposed to DEEP vapors for 30 minateslescribed above. Mass
spectra were obtained using a laser fluence of BJ#n? for 500 particles of DEEP-
exposed zeolite. The average DEEP-exposed zepldetrum showed a slight peak at
m/z -137 [DEEP-CHCH;z] ™ that was not present in the background, but ttengity was
very small and no other identifying peaks were se€his limited signal resulted in the
exclusion of zeolite as a means of analysis for BEEpors.

Silica was also exposed to DEEP vapors for 45 regas previously described.
500 mass spectra were collected with a laser fliesfc3.67 ndim?. The average
spectrum of DEEP-exposed silica showed a peak7a(1X9.3 a.u., S/N >5), which could
be due to [P(OHLH3] or [PG:+H,0], that was not present in the silica background. A
slight peak at m/z +165, due to [DEEP*Hjvas also seen in this average spectrum.
Upon sorting by m/z +165 this signal was signifitaimcreased. The average of the top
50 spectra in this sorted condition for the DEEPesed silica and a similarly sorted

background are shown in Figure 4-7.
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Figure 4-7: Single particle mass spectra of (A) DEEP-exposiethsand (B) unexposed
silica at a laser fluence of 3.67 md’ (note differences in ion signal). Each spectram i
the average of the top 50 single particle speatréed by m/z +165, using computer

software. The structure of DEEP is included asaat in (B).

The peak at m/z -97 ([P(OkQH;3] or [PG; +H,0]) is very apparent in the sorted
average (38.1 a.u., S/N >3), as is the m/z +16% pREEP-H] (28.1 a.u., SIN >7).
This allows the DEEP vapors to be detected whérads used as an adsorbent.

Analysis of DEEP vapor using alumina after expedior 40 minutes yielded an
average spectrum (500 particles, laser fluence &3 8Jim?) with a small peak at m/z
+166 that was greater than the alumina backgroigmhlsat m/z +166. Upon sorting by
this mass, the m/z +166 peak [DMMRjas larger; however due to a slight background
signal in unexposed alumina at the mass, this bdabrwas not pursued.

DEEP vapor was also analyzed using titanium anadgauzese powder. The metal

powder was exposed to DEEP vapor for 120 minuteds3@nminutes, respectively. 500
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particles were analyzed for each sample with [lsences of 3.92 and 4.00 pdf>. No
difference was seen between the pure titanium deHexposed titanium mass spectra,
or the pure manganese and DEEP-exposed mangaresesplhese methods of DEEP
vapor analysis were not pursued further.

4.7.3 Analysis of Vapor Phase DEPA

Vapor phase DEPA was only studied using titaniawgter as a support material
due to time constraints. The titanium powder wgsosed to the vapor-phase agent for
50 minutes using Method Two as previously descrilzad introduced to the SPAMS
using a glass vial with modified plastic cap. 508ss1spectra were obtained with a laser
fluence of 3.75 njm?. The average mass spectrum of the DEPA-expostidles did
not show any significant signal over the backgrourtdowever, when sorted by m/z
+176, an average of the top 25 mass spectra shpeaks at m/z -109 [DEPA-8s-
CHs]” and m/z +176 [DEPA+N&] which were not present in a similarly sorted
background. An unidentified peak is also seen/at+il5. These spectra are shown in

Figure 4-8.
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Figure 4-8: Single particle mass spectra of (A) DEPA-exposganium and (B)
unexposed titanium at a laser fluence of 3.7um3/(note differences in ion signal).
Each spectrum is the average of the top 25 singiécfe spectra sorted by m/z +176

using computer software. The structure of DEPatuded as an inset in (B).

Although these peaks were not present in the dveradrage, the technique shows
promise and should be further investigated for vagmase analysis.

4.7.4 Analysis of Vapor Phase TEP

Vapor phase TEP was studied as described in Mélnadof Chapter Two using
manganese powder. The manganese powder was exjpo$ed vapor for 40 minutes,
and subsequently introduced into the SPAMS for ymsl 500 mass spectra were
collected with a laser fluence of 3.67 jmdf. No significant difference was seen in the
TEP-exposed manganese spectra. This method wasditeenot pursued any further.

An additional method for sample introduction wagestigated for the analysis of

TEP. Since TEP was not capable of detection inlithed phase, this method was
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developed to aid in transport of the particles. thdd Three described in Chapter Two
was used to analyze TEP using manganese powdee. lidind TEP and manganese
powder were added directly to a plastic nebulized atroduced to the SPAMS. 500
mass spectra were obtained with a laser fluenc® 48 nJim?. The average spectra
revealed peaks at m/z -153 and -94, due to [TE®JC and [TEP-2(OGHs) +2HJ,

respectively, and an unknown peak at m/z -113. &Jysage spectrum, and that of pure

manganese, is shown in Figure 4-9.
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Figure 4-9: Single particle mass spectra of (A) TEP-exposedhgaaese and (B)
unexposed manganese at a laser fluence of 3.481mJThe structure of TEP is included

as an insetin (B).
This result is significant because TEP could netdetected in the liquid phase; no
particles were transported to the SPAMS. The afsthe manganese powder as a

support allowed TEP to be detected using the system
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Tungsten powder was also tested for the adsorpfid@EP vapors using Method
Three. 500 mass spectra were obtained with a fassrce of 3.46 njm? for the TEP-
exposed powder. The average spectra revealed peakg -153, -125, -79, and -63, due
to [TEP-GHs], [TEP-2(GHs)+H], P(OH)OCH], and [OGHs+H,O], respectively.
Several smaller fragments were also present imégative ion spectrum. A peak was
seen at m/z +182, due to [TEP{ although there was a peak at this mass in the
background spectrum due to a tungsten isotope.sigmal intensity of the peak in the
TEP-exposed tungsten sample led to the conclusian[TEP] was present. Also, the
isotopic distribution of tungsten in this mass mang extremely distorted in the TEP-
exposed sample as compared to the background, \@tgohsupports the contribution of
TEP to this peak. The spectra were then sorteh/ay+182, and the average of the top

50 spectra of the TEP-exposed tungsten and thetlragsten are shown in Figure 4-10.
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Figure 4-10: Single particle mass spectra of (A) TEP-exposewdigsten and (B)
unexposed tungsten powder at a laser fluence & BMm?. Each spectrum is the
average of the top 50 single particle spectra ddsitem/z +182. The structure of TEP is

included as an inset in (B).

The large increase in signal at m/z +182 in thesgmee of TEP makes tungsten an ideal
solid support for TEP detection. The negative spectrum of tungsten contains very
few peaks compared to that of manganese; many &atgnof TEP can be clearly
distinguished from the background in this area. e Fnesence of the parent ion, in
addition to the large number of identifiable fragnse allows the facile identification of
TEP using tungsten.

4.8 Summary

CWA simulants were detected with the SPAMS systanbath the liquid and
vapor phases. Liquid samples of DMMP, DEEP, DEid, REPA were directly analyzed

with various laser powers. DMMP, DEEP, and DEPA bkaveral peaks in common due
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to their similar structures and thus similar fragma¢ion. Low laser fluences (0.5 — 1 nJ/
um?) appeared to be the most useful for detectingstireilants. These laser energies
allowed for fragments to be detected, as well @h hmass ions such as dimers and
adducts. TEP could not be analyzed as a liquidusez of difficulties in transporting the
particles to the SPAMS. The reason for this difiig is unknown.

Vapor phase detection of CWA simulants was als@stigated. Several solid
supports were tested to determine the utility eftéchnique. Vapors of CWA simulants
were adsorbed onto the solid particles, which wbrectly introduced to the SPAMS.
DMMP was identified when adsorbed onto aluminatmy presence of several fragment
ions as well as a sodium adduct seen at m/z -Hbivever, DMMP analysis on tungsten
powder seemed to be the most effective, where rafisignt signal from the parent ion
was detected, allowing confirmation that DMMP wagsent. The most successful
detection of DEEP using the solid supports waseadd using silica. Although the
spectra had to be sorted based on a user-defirgdansbntribution from the parent ion
was seen. DEPA detection on titanium allow thafdieation of a sodium adduct at m/z
+176. Metals were also successful in aiding thalyans of TEP; the simulant could be
transported to the instrument when a metal waseptesManganese and tungsten were
both successful although tungsten was more progidire to the presence of the parent

ion (m/z +182).
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

High explosives and CWAs present a threat to pudafety, and are an analytical
challenge in the terms of sampling and the needdsir analysis. The ideal detection
system should be capable of detecting trace levelhe chemical threat from a safe
distance i(e. stand-off detection) and identifying the target pmund quickly. SPAMS
is capable of detecting single particles of targetnpounds; however, until now, the
technique had never been specifically applied ® dbtection of high explosives and
CWAs. In this study, the potential application oP/AVIS to the detection of high
explosives and CWA simulants was investigated.

The effect of laser fluence on the mass spectr&xplosives obtained with
SPAMS was investigated. At low laser fluence (appmately 0.6 ndim?), all explosives
were detected and identified based on parent ioredducts. At higher laser fluence,
greater fragmentation was observed, which provatasctural information, and can be
used to confirm identifications. For screening leggpions, the instrument could be
operated at a low fluence such as 0.umd/ if a target molecule was identified at this
fluence, the laser fluence could then be tunedhimlaer setting if further information on
the explosived.g.fragmentation patterns) was desired.

Mass spectral data demonstrated in this work Higk#id the specificity of
SPAMS; parent ions of TNT (m/z -226) and PETN (r8%7) were detected and, while
no parent ion of RDX was detected, several addscish as [RDX + Ng), were seen
which are characteristic of the explosive. Thec#mity of SPAMS was also highlighted

in the detection of the individual explosive coments in composite explosives: Comp B,
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Semtex 1A, and Semtex 1H. The ability of SPAMSIétect these explosives under the
same operating conditions illustrates the broadiegpmn of the technique; three classes
of explosives (nitroaromatics, nitramines, andatéresters) can be detected with one
instrumental setting, both as neat compounds amdixtures. The dual-polarity of the
mass spectra obtained using SPAMS is also a signifiadvantage of the technique. It
provides complementary sets of data from both thetipe and negative ions generated
from a single particle, maximizing the analyticapebility of the instrument.

CWA detection was investigated to determine if SFA\Mas capable of detecting
CWAs in the liquid and vapor phases, as both fooimthe agents are toxic. All of the
CWA simulants were most easily identified at loveda fluences (approximately 0.6
nJiim?) due to the presence of the parent ion or addu&@snilar to the explosives,
higher laser fluences could then be used to obfaither fragmentation and hence,
structural information of the simulant. DMMP, DEERnd DEPA have similar
organophosphate structures, and therefore shared similar fragments and mass
spectral peaks in the liquid phase analysis. Heweidentification of a particular
compound was still possible due to the presencehafacteristic ions. DEP was also
successfully analyzed in the liquid phase with gigant contribution from the
protonated parent ion (m/z +224) and high mass@ddwHowever, it was not possible to
detect liquid TEP; particles were not efficienttgrisported into the SPAMS instrument
and hence, mass spectra could not be collecteghorfsthase analysis of the CWAs was
performed using several solid supports onto whiehviapors were adsorbed, which were
then analyzed. Successful detection of DMMP, DE&#R] DEPA was achieved using

various materials. Alumina and silica powders vaéld the detection of DMMP and
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DEEP vapor, respectively. Several metals were sscessfully used for CWA simulant
vapor detection: tungsten powder for DMMP and TERnium for DEPA, and
manganese for TEP. This is the first known usehef SPAMS for the detection of
vapor-phase compounds.

A key highlight of this research was the discovérgt TEP in the vapor phase
could be detected by SPAMS using metal powderdhi@solid support. This is critical
because the TEP was not detectable when aerosdiizedily in the liquid phase.
Significant peaks due to TEP were seen in the s@&stra, including the parent ion (m/z
+182).

SPAMS is sensitive, specific, reliable, and readged, and may provide a viable
option for trace sample screening. The abilitgthed SPAMS system to determine the
identity of a single particle is a valuable asséew the target analyte is dangerous in
small quantities, or has no legal reason for b@regent in an environment. Since the
presence of a particular compound can be identifiech just one particle (~1 pg),
SPAMS is an excellent system for differentiatinggéd compounds from a background.
The unique information in the spectra obtained fitbie compounds studied.§. parent
ion and adduct peaks) demonstrates the high sgiegitf the technique as well as its
application to a wide variety of compounds. Simo#ous acquisition of positive and
negative ion spectra provides complementary infétionathat is useful for spectral
analysis. This work described a method of detgdbimlogical, chemical, and explosive
threats using one instrument with no modificatioraking it a prototype universal point

detection system.
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5.2 Future Work

This work presented a new area of research thdtl cmupursued. Several peaks
in the mass spectra obtained remain unidentifiedthe explosives study, some of these
peaks are thought to be caused by the oils, plzsts; or other additives present in the
samples. In order to determine if this is the cas@ndards of common plasticizers or
additives, such as di-n-octyl phthalate or butytate, could be obtained, analyzed with
the SPAMS, and the mass spectra compared with tbbsthe explosive samples.
Another possible source of the peaks could be dueontaminants present in the
explosive samples themselves. The explosive saocmullel be purified and rerun on the
SPAMS to determine if this was the case; howevacespure explosive compounds are
not expected to be used in terrorist events, imjgortant to note that the explosive can
still be identified even if contamination is presenAnother possible experiment to
identify the unknown peaks would be to perform MS/Mxperiments on this ion.
MS/MS capabilities are not currently possible usBRAMS and hence, a different mass
analyzer, such as an ion trap or triple quadrupetajld be necessary. The MS/MS data
obtained will show the further fragmentation of tkelected ion, which may allow
identification of the daughter ion. Similar expeents could be performed for the CWA
simulants. The peak at m/z +117 in the mass spet¢tDMMP, DEEP, and DEPA is an
important peak to identify since it had a significéon signal in all of the spectra. Since
these compounds have similar structures, it is thgsized that this peak is caused by a
common fragment. This peak m/z +117 fragment cd@dsolated and fragmented to

gain more information on its structure that would ia its identification.
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The vapor analysis of the CWA simulants presenta@éresting preliminary
results that should be further investigated. HBhigly marks the first use of the SPAMS
for the detection of vapor-phase compounds, sopteéminary success of the project
should be exploited and expanded. Several suppaterials were tested; however, the
specific explanation for why different supportaled for the detection of different ions,
parent and fragments, was not explored. Testiegathount of CWA simulant that is
adsorbed onto each surface would provide informatio the utility of each support in
vapor analyses. Also, the way in which the preseot a solid support influences
ionization should be investigated. The presendde&upport can be likened to a simple
form of matrix-assisted laser desorption ionizati(MALDI), which would have
implications beyond the analytes currently explor&airther experiments on the method
in which the vapors are introduced to the solidpsufs would also be valuable. For an
on-line detector, a simple method of vapor precotreéion and introduction would be
necessary. Systems that could be tested includbaanber containing the support
material through which a vapor analyte could bespdsat a predetermined flow rate.
The support material could then be introduced ® 8PAMS after a set period of
exposure. Alternatively, the vapor phase analgidd:-be created in a chamber and the
solid support could be flowed through the chamber set rate and directly introduced to
the SPAMS.

The ability of SPAMS to detect explosives and CW#dants was demonstrated
in this work. However, ‘real-world’ samples weretmnalyzed. The next step in making
the SPAMS a viable detector for an end-user woeldobanalyze such samples. Sample

introduction methods should be tested to ensure tttea sampled particles are being
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transferred to the system. Cloth wipes similathtwse used in IMS can be tested. Since
the mass analyzer in SPAMS operates under vacuene i low-level suction at the
entrance to the instrument which could be usedutbparticles off such a cloth. Shoes
and clothing could also be tested to determinaifiples transferred to this objects could

be analyzed.
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