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ABSTRACT
SEPARATION AND QUANTITATION OF NITRATED EXPLOSIVES USING
THIN-LAYER CHROMATOGRAPHY AND CHARGE-COUPLED DEVICE
CAMERA IMAGING
By
Melissa Sue Meaney

In recent years, the analysis of nitrated explosives has become
increasingly important in the forensic community. In cases of national security or
on the front lines of international conflicts, sophisticated technologies for
explosives detection are available and widely used. For less prominent cases,
however, state and local law enforcement and forensic laboratories are not
equipped with such state-of-the-art, field-ready equipment. One of the most
common preliminary screening techniques used in these situations is thin-layer
chromatography (TLC) with spray reagents, followed by identification by visual
inspection. This project has sought to improve the TLC separation of nitrated
explosives using less toxic solvents to decrease safety concerns while
maintaining the inherent simplicity. An analysis procedure was identified to
separate an unknown explosive sample containing up to 12 explosives in two
steps. In addition, fluorescence imaging has been utilized for quantitation of
nitrated explosives and degradation products following TLC separation.
Explosives were quantitated over three orders of magnitude with practical
detection limits in the low microgram range. This method is appealing because it

can be performed with commonly-used equipment such as a handheld UV light

source and a digital camera.
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CHAPTER 1. INTRODUCTION

In recent years, the determination of nitrated explosives has become
increasingly important in the forensic community. In cases of national security or
on the front lines of international conflicts, sophisticated technologies for
explosives detection are available and widely used. For less prominent cases,
however, state and local law enforcement and forensic laboratories are not
equipped with state-of-the-art equipment such as handheld explosives sensors or
dedicated instrumentation for explosives detection. One of the most common
preliminary screening techniques used in these situations is thin-layer
chromatography (TLC) with spray reagents, followed by visual inspection.™ This
project has sought to improve the TLC separation of nitrated explosives using
less toxic mobile phases to decrease safety concerns while maintaining the
inherent simplicity. In addition, a fluorescence quenching method has been
utilized for quantitation of nitrated explosives and degradation products in a
single step following TLC separation. This method offers several advantages
over colorimetric methods for the detection of nitrated explosives following TLC,
and can be performed with commonly-used equipment such as a handheld UV
light source and a digital camera. This method provides qualitative and
quantitative information simultaneously, and the sample can be preserved on the
TLC plate and extracted from the stationary phase for further analysis in its

original form.



11 Explosives

Nitrated explosives are divided into groups according to their use, where
high explosives are described as detonating charges and low explosives as
propellants." The distinction arises because high explosives detonate at
velocities in km/s, while propellants burn instead of detonating at velocities of
cm/s to m/s.>* Low explosives are used to initiate a more powerful explosive
reaction by transferring energy to the main explosive charge. Because the
burning rate of low explosives increases rapidly with pressure, they are also
found as propellants in ammunition cartridges.? Two common low explosives are
black powder (nitrate salt, charcoal, and often sulfur) and smokeless powder
(nitrocellulose and possibly nitroglycerin and nitroguanidine).'*® High explosives
or detonating charges are usually shock initiated, and are divided further to
reflect their chemical composition as either organic or inorganic. Inorganic
explosives are common in homemade explosive devices, as ammonia-based
explosives can be easily formulated from fertilizers.2* For example, the devices
used in the 1993 World Trade Center bombing and the 1995 Oklahoma City
bombing were created from ammonia-based fertilizers.>” Ammonium nitrate is
one example of a common inorganic explosive.*

Organic nitrated explosives are of greatest interest in this project because
these materials are very common and comprise a majority of military and
industrial explosives.>* Organic explosives are divided into three classes based
on the atom to which the nitro group (NO.) is attached. Common nomenclature

and abbreviations for the explosives of interest are given in Table 1.1, and
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structures are given in Figure 1.1. Nitroaromatic explosives contain nitro groups
attached to aromatic carbon atoms and include explosives such as TNT and
picric acid. Nitramine explosives contain nitro groups attached to nitrogen atoms
and include RDX and HMX. Tetryl is a unique explosive compound in that it has
both nitroaromatic and nitramine character (Figure 1.1). Nitrate ester explosives
contain nitro groups attached to oxygen atoms and include NG and PETN. In
many cases, particularly when investigating aged explosive materials or those
that have been detonated, degradation products will also be identified. Many
degradation products are also synthetic by-products, and may be found in even
recently manufactured explosive materials. Because TNT is the most commonly

encountered aromatic explosive,*

its degradation products may therefore be
important in a forensic investigation. Structures of some common nitroaromatic
degradation products of TNT used in this work are given in Figure 1.2.

Military explosives often consist of combinations of various organic and
inorganic explosives, as shown by the examples listed in Table 1.2." The relative
percentage of individual components in each mixture varies slightly between
manufacturers and also between batches from the same manufacturer. In
addition to variation in composition, inert binders such as plasticizers, putties, or
rubbers are added to military explosives to increase mechanical strength,
stability, and lifetime of the materials.* In their crystalline forms, many explosives
are not easily pressed or are highly shock sensitive. The addition of a binder to

manufactured materials allows the explosive to be formed into any size or shape,

as well as prevent accidental detonation through handling and transport.
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Figure 1.2. Some common degradation products of TNT used in this work: (8)
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Homemade explosive devices are often packaged in metal or glass to
increase detonation power of the explosive or to increase the damage caused by
added shrapnel.® All explosives, legally manufactured or illicitly assembled, may
be housed in a variety of casings, for the purpose of confinement, transport, or

concealment.®

1.2 Explosives as Evidence

Explosives are an important class of forensic evidence, and their detection
is instrumental in many criminal investigations. Undoubtedly, the most common
type of explosive encountered in the forensic laboratory is smokeless powder in
the form of gunshot residue (GSR). In 2003, the US Bureau of Justice Statistics
reports over 366,000 victims of firearm-related crimes,® including over 10,000
homicide victims.? Comparatively, less than 400 bombings were reported by the
US Bureau of Alcohol, Tobacco, Firearms, and Explosives in that same year."°
Common analyses involve identification of GSR on the hands or clothing of a
suspect indicating that a gun was recently fired, as well as identification of GSR
on a target to identify bullet holes.?

In transportation security, passengers and baggage are screened for the
presence of explosive residues prior to commercial travel. Many federal and
state government buildings also require similar screening of visitors and
employees. These preliminary screening methods are used to identify low levels
of explosive residues present on a person or object, which may be critical to the
prevention of a dangerous and life-threatening incident. In the case of a

successful bombing or explosion, analysis of post-blast residues can provide



information about the type and source of the explosive used. In both cases,
rapid and accurate determination of trace explosive materials is a critical step in
the investigative process. In the absence of explosive material, the presence of
degradation products may indicate the type or manufacturer of the explosives
that was used. In many cases, degradation products have higher vapor
pressures than related explosive compounds, increasing their vapor

concentration and thus their ability to be detected.

1.3 Established Methodologies

Forensic detection of explosives and explosives residues is multi-faceted.
In the rare case that an explosive device is discovered intact, the analysis
involves a simple confirmation of the identity of the explosive. As a preventative
security measure, explosive residues, particles, and vapors must be identified
against a complex environmental background, demanding increased selectivity.
In a third scenario, explosive compounds must be identified in complex post-blast
residues containing ambient air, soot, or ash. Other matrix components may
include degradation products that form during production, storage, or the
explosion itself. In many instances, a separation method is often used to isolate
explosive materials from the complex matrix within which they are contained.
Many methods have been used for such separations, including TLC,"® gas

1,5,11-15

chromatography (GC), supercritical fluid chromatography (SFC),"'® liquid

chromatography ~ (LC),"*"""72° jon  chromatography (IC),"?' capillary

22,23 ) 24
1

electrophoresis (CE), capillary electrochromatography (CEC),“" and micellar

electrokinetic chromatography (MEKC).2%%



In addition to separation of explosives and residues from the surrounding
environment, a sensitive and selective detection method is also important. To
this end, detection and characterization of nitrated explosives in the laboratory

have been accomplished by colorimetric reactions,’*% densitometry,"® UV

1,5,17-20,28 5,29,30

absorbance, infrared spectroscopy (IR), nuclear magnetic

1,5,20 1,5,23,31-33

resonance (NMR),° electrochemistry, immunoassay, mass

spectrometry  (MS),"*  jon  mobility  spectrometry  (IMS),"%

13-15,37-40 ) 24-26,41
’

chemiluminescence, indirect laser-induced fluorescence (ILIF and

fluorescence quenching.?®4%0

Unfortunately, many of these methods are
difficult to adapt for field use owing to the size of laboratory-scale instrumentation
and the need for other accessories, such as large magnets for NMR or vacuum
systems for MS, that limit portability.

As mentioned previously, in cases of national security or on the front lines
of international conflicts, sophisticated field technologies for explosives detection
are available and widely used. The most common methods for on-site
explosives detection involve trained canines,® ion mobility spectrometry,®
chemiluminescence,® or fluorescence quenching of amplified polymers.
Detection systems based on these methods are often costly, and for smaller, less
frequent investigations, impractical. Despite the success of more sophisticated
separation techniques in a laboratory setting, TLC continues to be widely used in

the routine analysis of explosives because it is more rapid, portable, and

inexpensive than more complex methods.
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1.4 Thin-Layer Chromatographic Analysis of Explosives

Thin-layer chromatography, or TLC, is a separation method that involves a
thin, even layer of sorbent material deposited on a firm support, such as a glass
or plastic plate.®®* The sorbent material, or stationary phase, consists of small
silica or alumina particles and is typically deposited in a layer that is 0.10 to 0.25
mm in thickness. The compounds, or solutes, to be separated are deposited
from solution near one edge of the plate. The plate is then placed into a small
volume of mobile phase, which carries the solutes through the stationary phase
by capillary action. Separation of the solutes is based on their affinity for the
stationary phase relative to that of the mobile phase. Highly retained solutes will
remain near their original location, while less retained solutes will travel with the
mobile phase up the plate. The identity of a solute is determined from a
comparison of the distance traveled to that of a standard material on the same
plate.

Commonly, separation of explosives by TLC involves the use of toxic
and/or carcinogenic mobile phases.”®  Chloroform, carbon tetrachloride,
methylene chloride, and toluene are often used, either individually or in
combination with other mobile phases, because they maximize resolution of the
solutes in the shortest development time.> Despite their toxicity, these mobile
phases have been routinely used in a variety of combinations to separate all
classes of explosives.2*** These mobile phases pose numerous health risks
and often require use of a fume hood to minimize exposure to harmful vapors.®

The need for a fume hood as well as danger of accidental mobile phase spills
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limits the practicality of these mobile phases for field analysis. Identification of a
non-toxic alternative would be an improvement in safety and convenience in the

forensic science community.

1.5 Detection of Explosives Following Thin-Layer Chromatography

Detection following TLC separation is typically accomplished by using a
colorimetric reaction for qualitative analysis and densitometry for quantitative
analysis." Colorimetric reactions are conducted on the TLC plate by spraying a
reagent mixture onto the plate and often accelerating the reaction through
application of a UV light. For nitrated explosives, the Griess and diphenylamine
(DPA) tests are most commonly employed.”*®! In the Griess test, nitrite ions
(NOy) are first liberated from nitrate-containing explosives by reaction with base.
Acidic sulfanilamide reacts with nitrites to form a diazonium salt, which in turn
reacts with naphthylamine to form a pink azo dye. Visual detection limits of 5-20
ng for tetryl, RDX, HMX, NG, and PETN are reported using the Griess spray test
following TLC.>* In the DPA test, acidic DPA reacts with nitrites, nitrates, and
other oxidizing agents to form a blue compound. Detection limits of 1 ug are
reported for inorganic nitrites following TLC using the DPA color test.! The
relative lack of specificity of the DPA test, however, makes the Griess test more
favorable and therefore more commonly used.

Although spot tests can indicate the presence or absence of explosives,
visual inspection of the colored product on the TLC plate does not provide
accurate quantitation of the compounds of interest. For explosives analysis,

quantitation and knowledge of method detection limits are necessary for
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evaluating utility of a technique. By measurement of the absorbance of a
derivatized solute zone at a given wavelength, the concentration can be
approximated by using Beer's Law.>® Because the stationary phase is opaque,
most densitometers operate in reflectance mode, measuring the amount of light
reflected from the surface of the plate. In contrast, a typical absorbance
measurement involves quantification of the amount of light transmitted through
the sample. Densitometry detection limits of 0.1 ug TNT/sample in human
urine® and 2 pg RDX/sample in manufactured explosives®® have been reported.
Linear dynamic ranges for densitometry have been reported as 100 — 1000 pg
TNT/sample in urine,* 1-10 pg RDX/sample,?*®* and 1-15 pg PETN/sample in
standard materials,® respectively.

Although coupling of derivatization and densitometry is sufficient in many
cases, the colorimetric reagent alters the chemical composition of the nitrated
explosive, prohibiting further analysis in its original form. Many colorimetric
reagents require 10-60 minutes of exposure to UV light and all require a second
step using densitometry for accurate quantitation. In addition, inhalation of or
skin exposure to DPA or Griess reagents is known to cause organ irritation and
damage.?*®” Consequently, development of a non-destructive, rapid, and simple
quantitation method would greatly improve the current status of nitrated explosive
analysis by TLC.

An alternative method to derivatization and densitometry for detection of
nitrated explosives is the use of trivial fluorescence quenching. Many TLC

stationary phases contain an embedded UV-active fluorophore such as
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manganese-activated zinc (~2% Zn, ~0.5% Mn). A solute that absorbs either
excitation or emission light will appear as a dark spot against the fluorescent
background of the plate. The dark spots are an example of trivial fluorescence
quenching, arising from primary or secondary filtering of the fluorescence by a
quencher molecule.®® Primary filtering results from absorption of the excitation
light from the source by another molecule before reaching the fluorophore.
Secondary filtering results from absorption of the emitted light from the
fluorophore by another molecule before reaching the detector.®® In both cases,
trivial quenching is related to absorptive processes and the observed decrease in
fluorescence power can be related logarithmically to the concentration or mass of
the quencher through a form of Beer's Law.

Although densitometers are capable of quantitating fluorescence
quenching as well as absorbance or reflectance, a laboratory must purchase a
densitometer and the relevant light source for such analyses. An alternative
method involves imaging of the TLC plate fluorescence under a handheld UV
lamp by using a digital camera. Photographic software can be used to quantitate
the amount of light reaching the camera at each pixel location. Simon and
coworkers demonstrated this method previously for the quantitative analysis of
several organic pharmaceuticals, including acetaminophen, caffeine, and
acetylsalicylic acid, following TLC.%® The linear range for this method extended
from the detection limit to 450 ng, with detection limits of 4.2 ng, 12.5 ng, and
71.1 ng for acetaminophen, caffeine, and acetylsalicylic acid, respectively. For

on-site detection of explosives, this method is favorable because the sample is
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retained in its original form and can be extracted from the stationary phase for
further analyses. In addition, handheld UV lamps and digital cameras are
standard equipment in all forensic laboratories, making this method easy to
implement with existing technology. Furthermore, the use of this method does
not preclude the use of colorimetric reagents, because the presence of the

fluorophore on the TLC plate does not alter the results of the Griess or DPA tests.

1.6 Research Objectives

The main objective of this research project was to identify safe, simple,
and cost-effective improvements for the determination of nitrated explosives by
using TLC. The first goal was to identify and characterize a less-toxic mobile
phase system that would allow resolution of nitrated explosives in the fewest
possible steps. The second goal was to optimize the CCD camera imaging
system to ensure that the highest quality data could be extracted from TLC plate
images. The final goal was to quantitate various nitrated explosives and
degradation products to determine the analytical figures of merit for this detection
method. Through the work presented here, the forensic science community will
be able to easily adapt current technology to improve their analysis of forensic

explosive evidence.
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CHAPTER 2. SEPARATION OF NITRATED EXPLOSIVES

The TLC separation of nitrated explosives and degradation products was
accomplished using mobile phase systems that are less toxic than those
currently in use. An analysis procedure was developed to separate an unknown
explosive sample containing up to 12 explosives in two steps. In the first
analysis step, nitroaromatic and nitrate ester explosives can be separated and
identified, while picric acid and nitramine explosives are analyzed in the second

step. This method was successfully applied in the analysis of two blind samples.
21 Experimental Methods

2.1.1 Chemicals

Conventional manganese-activated zinc silicate TLC plates (Silica gel 60,
5x10 cm and 5x20 cm, 150-A pores, 250-um layer thickness, Whatman, Florham
Park, NJ) were used for explosives separation. Reagent and spectral grade
solvents used in TLC plate preparation and explosives separation included
acetone (Sigma-Aldrich, St. Louis, MO), acetonitriie (Sigma-Aldrich),
benzaldehyde (Fisher Scientific, Waltham, MA), benzonitrile (Eastman Organic,
Rochester, NY), cyclohexane (Sigma-Aldrich), hexane (Honeywell Burdick &
Jackson, Morristown, NJ), methanol (Sigma-Aldrich), methylene chioride
(Spectrum, Gardena, CA), methylethylketone (Columbus Chemical Industries,
Columbus, WI), pentane (Jade Scientific, Canton, MI), tetrahydrofuran
(Spectrum), and triethylamine (Spectrum). Analytical standards of 2-NT, 4-NT,

2,4-DNT, 2,6-DNT, 4-am-DNT, TNT, tetryl, picric acid, HMX (Sigma-Aldrich),
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RDX, NG, PETN (Radian, Austin, TX), and NB (Mallinckrodt, Hazelwood, MO)
were used as received in methanol or acetonitrile solution. Standard solutions
(107" to 10* M) were prepared for each explosive in spectroscopic grade
methanol or acetonitrile (Honeywell Burdick & Jackson). Working concentrations
and application volume of the nitrated explosives solutions were chosen for TLC

analysis to yield solute zones visible to the eye under UV irradiation.

2.1.2 Plate Preparation

Prior to chromatographic analysis, plates were pretreated to remove loose
particles and contamination that may lead to irreproducible retention or
fluorescence backgrounds. The TLC development chamber (Kodak, Rochester,
NY) used for plate pretreatment consisted of a glass mobile phase reservoir and
two textured glass plates between which the TLC plates were placed during the
washing step. Plates were incubated in pure solvent in the development
chamber for 1 hour and heated at 90 °C for at least 24 hours to remove residual
solvent or adsorbed compounds. Plates were stored in the 90 °C oven until use
to prevent adsorption of water or other contaminants from the laboratory
environment that may deactivate the silica.

Several common solvents of varying solvent strength were investigated for
use in plate pretreatment, including acetone, acetonitrile, hexane, methanol, and
methylene chloride. Test plates were partially developed in each solvent and the
fluorescence was observed for the washed and unwashed sections of each plate.
Upon visual comparison, plates developed in acetonitrile, hexane, and methanol

had equivalent fluorescence after washing, while the fluorescence of plates
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cleaned using acetone and methylene chloride had significantly less
fluorescence. In addition, a build-up of contamination at the solvent front was
observed on plates cleaned in acetonitrile and methanol that was not observed
on plates washed in hexane. The visible build-up indicated greater removal of
non-fluorescent compounds from plates washed in methanol and acetonitrile. In
consideration of application to field use by forensic scientists, methanol is a
better choice of solvent because the cost of acetonitrile is approximately 2.5
times greater than that of methanol. For these reasons, methanol was used for
plate pretreatment for all subsequent measurements.

Standard solutions were applied in 5 pL increments ~1 cm from the
bottom of cleaned plates using a capillary tube (PCR Micropipettes, to deliver 1-5
pl, Drummond, Broomall, PA). Application was repeated in 5-uL increments
until the desired mass of solute was reached. An alternative method in which
solutes were applied using a 10-uL syringe (Hamilton, Reno, NV) was found to
be more time intensive than using a capillary tube. The increase in time required
for application with the syringe allowed evaporation of volatile solutes (e.g.,
nitrobenzene) and resulted in decreased signal for the same solute concentration

compared to the capillary tube application.

2.1.3 Plate Development

An enclosed developing chamber (Desaga, Heidelburg, Germany) was
used for development of plates after solute application. The glass lid was sealed
to prevent loss of mobile phase vapors and to allow plate development under

equilibrium conditions. Plates were placed inside the apparatus such that the
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mobile phase level was less than 1 cm from the bottom of the plate. Plates were
developed until the mobile phase front reached 1 cm from the top (Figure 2.1, a
and b). The plate was removed from the development chamber and the mobile
phase was allowed to evaporate. A handheld UV lamp (254 nm, Ultraviolet
Products, Upland, CA) was then used to visualize the solutes on the plate, seen
as dark zones against a fluorescent background (Figure 2.1, c-f). The distance
traveled by the solute was measured from the center of the zone at both the
initial and final locations on the plate. Relative solute retention was determined
by comparison of calculated retention factors, or Rs values, as described by
Equation 2.1.

_ solute distance
' solvent front distance

2.1)

Solutes that are highly retained and remain near the original location will have
small R values, near zero. Solutes that are non-retained or travel to the solvent

front will have large Ry values, near unity.

2.2 Theory of Adsorption Chromatography

The retention of any compound in TLC depends primarily on the relative
adsorption energies of the functional groups within the solutes. The Q/°
parameter is a dimensionless representation of the free energy of adsorption for
a functional group i.' Values of Q° depend on the nature of the functional group
and are different for substituents on aliphatic, aromatic, and combined aliphatic
and aromatic backbones (Table 2.1). Assuming that each substituent is

independent, the energy of adsorption for each nitrated explosive is estimated by
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Figure 2.1. Sample plate containing (l) a reference sample and (ll) an unknown
sample. Designated plate areas include (a) the original location and a
completely retained solute (Rs = 0), (b) the solvent front, (c,e) a solute (R{c) =
0.21, Rie) = 0.66) that is detected in the reference sample but undetected in the
unknown sample, (d) a solute (R¢ = 0.56) that is detected in both the reference
and unknown samples at similar concentrations, and (f) a solute (R¢ = 0.87) that
is detected at a higher concentration in the reference sample than in the
unknown sample.
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Table 2.1. Group adsorption energies for substituents common to nitrated
explosives and degradation products.’

Q’

Substituent, i Aliphatic  Aromatic
Carbon (-C-) 0.25 0.25
Methylene (-CH2-) -0.05 0.07
Methyl (-CHa) 0.07 0.11
Ether (-O-) 3.61 0.87
Hydroxyl (-OH) 5.60 4.20
Tertiary amine (-N<) 5.80 2.52°
Primary amine (-NH>) 8.00 5.10
Nitro (-NO2) 5.71 2.77

2 Tertiary amine value is for mixed aliphatic-aromatic substituent.

26



the sum of the group adsorption energies, Q° (Table 2.2)."2 When comparing
two solutes, the molecule with the greater net adsorption energy will be predicted
to be adsorbed most strongly and therefore most retained.

Of the substituents common to nitrated explosives, carbon-based groups
contribute the least to the adsorption, while amine, hydroxyl, and nitro groups
contribute most. For carbon-based functional groups, aromatic substituents have
higher adsorption energies than aliphatic groups. Conversely, for stronger
adsorbing groups such as those containing nitrogen or oxygen, aliphatic forms
are more strongly adsorbed than aromatic groups. In addition, increasing the
number of functional groups increases the adsorption of the molecule. From 2-
NT to 2,6-DNT to TNT, for example, the adsorption energy increases with
addition of aromatic nitro substituents (Q° = 2.77). For 4-am-DNT, the addition
of an aromatic amine substituent (Q° = 5.10) results in increased adsorption
energies relative to 2,6-DNT. Similarly for picric acid, the addition of an aromatic
hydroxyl substituent (Q;° = 4.20) results in increased adsorption energies relative
to TNT. Tetryl contains an additional aliphatic nitro substituent (Q° = 5.71) and
an aliphatic/aromatic tertiary amino substituent (Q° = 2.52), also increasing the
adsorption energy relative to TNT. In addition, nitramine and nitrate ester
explosives are expected to be more strongly adsorbed than nitroaromatic
explosives, as the group adsorption energy for aliphatic nitro substituents (Q° =
5.71) is twice that for the same group on an aromatic molecule (Q° = 2.77). The
adsorption energies of HMX and PETN are greater than those for RDX and NG,

respectively, as expected from the addition of the fourth nitro substituent.
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Table 2.2. Net adsorption energies for explosives and degradation products.

Compound (Q%)net
TNT 9.92
Picric acid 14.01
Tetryl 17.99
RDX 34.38
HMX 45.84
NG 28.21
PETN 37.53
NB 427
2-NT 4.38
2,4-DNT 7.15
2,6-DNT 7.15
4-am-DNT 12.25

? Net values calculated according to Reference 2.
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In addition to primary adsorption effects represented by Q° values,
secondary effects must also be considered.® Although adsorption energies
calculated in this way can provide some information about relative adsorption
strength, secondary structural and electronic effects are also important in
molecules with substituent groups that are not independent. For example,
concerted adsorption may be possible for molecules in which two non-interacting
functional groups in close proximity can simultaneously interact with the surface.
Concerted adsorption can enhance adsorption relative to the same groups when
separated.® Conversely, interaction between groups in close proximity can
reduce or prevent adsorption of either group, resulting in an antagonistic effect
on adsorption relative to the same groups when separated. Electron-donating
and -withdrawing substituents can also enhance or diminish adsorption by
causing intramolecular inductive effects in aromatic systems. In addition,
adsorption can be diminished sterically by bulky, non-interacting groups that can
limit access of other substituents to surface sites. Similarly, increased linearity
and planarity of molecules can lead to increased adsorption through
simultaneous interaction of multiple sites with the surface. Understanding the
impact of secondary effects can allow predictions about the adsorption of a group
of solutes, such as nitrated explosives.

The interaction between the mobile phase and the surface must also be
considered when predicting retention behavior. In adsorption chromatography,
the mobile phase acts as a displacing agent during the separation. The retention

therefore depends on the solvent strength parameter, £°, of the mobile phase.
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The solvent strength parameter describes the relative adsorption of a pure
mobile phase on a given adsorbent. Solvent strengths are measured relative to

pentane, the simplest hydrocarbon mobile phase (defined as €° = 0), where a

% value implies increased displacing power." Measured strengths for

large ¢
mobile phases used in this study are given in Table 2.3. When a single mobile
phase cannot provide adequate separation of solutes of interest, two or more
solvents can be combined to produce a mobile phase of intermediate strength.

For a binary mixture of a bulk mobile phase component (a) and modifier (b), the

combined solvent strength can be estimated by using Equation 2.2.

0_0
|og(xb1o°‘""(‘Sb ) +1-xbj
0 0

€p =&, T
ab a anb (2-2)

From Equation 2.2, the combined solvent strength parameter (%) is related to
the solvent strength parameters of the bulk mobile phase constituent (%) and
modifier (¢°,), the adsorbent activity function (o, taken to be unity), the mole

fraction of the modifier (X,), and the molecular area of the modifier (n.;,).1

2.3 Separation of TNT and Degradation Products

In the literature, common mobile phase mixtures used to separate
nitroaromatic explosives have ranged from 7:3 cyclohexane:chloroform (e%p =
0.17) to 3:1 hexane:acetone (% = 0.33).* The numerical average of the ¢°
values for eleven mobile phases used to separate these compounds is 0.24.* In
our studies, this solvent strength was first approximated by using a mixture of

80:20 cyclohexane: MEK(sOab = 0.25). This mixture, however, did not move the
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Table 2.3. Properties of common TLC mobile phases.’

Solvent Strength Molecular

Mobile phase Parameter, &° (SiO2) Area, n (A)
Pentane 0.00 59
Hexane 0.03 6.0
Cyclohexane 0.03 6.0
Carbon tetrachloride 0.1 5.0
Benzene 0.25 6.0
Chloroform 0.26 5.0
Methylene chloride 0.32 41
THF 0.35% 5.0
MEK 0.39% 49
Acetone 0.47 42
Acetonitrile 0.50 10.0
Methanol 0.73 8.0

2 Values estimated based on Reference 2.
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solutes from their original location. A combination of 85:15 hexane:THF (% =
0.20) is also of appropriate strength to provide sufficient separation of
nitroaromatic explosives and degradation products. However, this combination
did not provide sufficient resolution of TNT from NB (Figure 2.2). To determine
the mobile phase composition necessary to fully resolve TNT from all
degradation products, the percent THF in the mobile phase was decreased
systematically from 15% to 8%, and the resulting retention factors are compared
in Figure 2.2. Because THF is a stronger displacing agent than hexane,
decreasing the fraction of THF decreased the R; values for NB, 2-NT, 2,4-DNT,
2,6-DNT, and 4-am-DNT at a similar rate. The Rs value for TNT, however,
decreased more dramatically in this range, overlapping NB at high percentages
of THF and nearing 2,6-DNT at low percentages of THF. The optimum mobile
phase for separation of nitroaromatic explosives and degradation products was
88:12 hexane:THF (e, = 0.18), which allowed separation of TNT and NB while
maximizing the R value for 4-am-DNT, which was highly retained. Using this
mobile phase composition, the observed retention order was 4-am-DNT, 2,4-
DNT, 2,6-DNT, TNT, NB, and 2-NT, and the precision of R; values are
summarized in Table 2.4.

Of TNT and the degradation products, 4-am-DNT was the most retained,
as expected from the calculated adsorption energies (Table 2.2). Both 2,4-DNT
and 2,6-DNT were more retained than TNT, although the group adsorption
energy of TNT is greater. The presence of the electron withdrawing p-nitro

substituent of TNT (Figure 1.2) may have an intramolecular inductive effect on
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Table 2.4. The precision of retention factors for nitroaromatic explosives and
degradation products in 88:12 hexane:THF.

Solute Retention Factor, R¢
NB 0.698 + 0.007°
2-NT 0.754 £ 0.007
2,4-DNT 0.383 £ 0.006
2,6-DNT 0.442 + 0.006
4-am-DNT 0.080 £ 0.005
TNT 0.618 £ 0.005

? Precision calculated as the standard deviation of 8 replicate measurements.
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both o-nitro substituents, decreasing adsorption of these groups relative to the
same substituents in 2,6-DNT. In addition, simultaneous adsorption of the two o-
nitro substituents may be sterically hindered by the presence of the methyl group,
decreasing adsorption for TNT and 2,6-DNT relative to 2,4-DNT. Taken together,
these secondary adsorption effects result in TNT being less retained than was
predicted by the adsorption energy. This trend was also reported by Zou and
coworkers in the separation of TNT, DNT, and am-DNTs in normal phase liquid
chromatography using a silica stationary phase.® Lastly, although NB is
predicted to be the least retained compound, 2-NT is less retained than NB. For
2-NT, the steric effect of the methyl substituent may decrease the adsorption

energy of the nitro group, resulting in less than predicted retention.

2.4 Separation of Nitroaromatic Explosives

The effect of mobile phase composition was also investigated for the
nitroaromatic explosives. Tetryl has an adsorption energy more similar to that of
the nitroaromatic than nitramine explosives, and was therefore separated with
the nitroaromatic compounds. A mixture of 88:12 hexane:THF (%, = 0.18)
resulted in strong retention of picric acid (R; = 0). Picric acid was also completely
retained in a mixture of 80:20 hexane:THF (%, = 0.22), while TNT traveled in the
solvent front (R¢ = 1). Based on these two separations, no mixture of hexane and
THF would retain TNT and cause migration of picric acid simultaneously. A
combination of 70:30 cyclohexane:MEK (% = 0.28), however, yielded less
extreme retention of both picric acid and TNT. Using this mobile phase

composition, the observed retention order was picric acid, tetryl, and TNT, and
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the reproducibility of the retention factors is summarized in Table 2.5.

Although picric acid was most retained, tetryl was predicted to be the most
retained compound based on calculated adsorption energies (Table 2.2). One
explanation is that intramolecular inductive effects are possible for picric acid in
which the presence of the electron-donating hydroxyl group may increase
adsorption of nitro substituents. In addition, concerted adsorption of the hydroxyl
and both o-nitro substituents may also be possible for picric acid, resulting in
increased retention. Combined, these two effects may have resulted in the

retention of picric acid being stronger than predicted by net adsorption energies.

2.5 Separation of Nitroaromatic and Nitrate Ester Explosives

In the literature, several mobile phase combinations have been used for
the separation of nitrate ester explosives, ranging from 4:1 petroleum
ether:dichloroethane (e%» = 0.17) to 4:1 carbon tetrachloride:acetone (c%p =
0.32).* The numerical average of the £ values for seven mobile phases used to
separate these compounds is 0.24.* Because this £° value is similar to that used
to separate TNT and its degradation products, a similar mobile phase of 88:12
hexane:THF (e = 0.18) was used to separate the nitrate ester explosives from
TNT. In addition, because TNT and tetryl have similar adsorption energies,
separation of tetryl from TNT, NG, and PETN was also possible using this mobile
phase. The observed retention order was tetryl, NG, TNT, and PETN, and the R;
values measured for these solutes are summarized in Table 2.6.

Despite the observed retention order, calculated values of adsorption

energy indicate that the nitrate ester explosives should be most highly retained,
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Table 2.5. The precision of retention factors for nitroaromatic explosives in 70:30
cyclohexane:MEK.

Solute Retention Factor, Rf
TNT 0.53 + 0.01®
Tetryl 0.40 £ 0.02
Picric Acid 0.07 £ 0.01

2 Precision is calculated as the standard deviation of 8 replicate measurements.
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Table 2.6. The precision of retention factors for nitroaromatic and nitrate ester
explosives in 88:12 hexane:THF.

Solute Retention Factor, Rf

TNT 0.59 £ 0.02°
Tetryl 0.096 + 0.005
NG 0.28 + 0.04

PETN 0.78 + 0.02

® Precision is calculated as the standard deviation of 8 replicate measurements.
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followed by tetryl and TNT. As mentioned previously, the calculated adsorption
energies assume that substituents are independent because they are bonded to
aliphatic or aromatic carbon atoms, which is not the case for NG and PETN.
Thus, the adsorption energies for —O-NO; groups may be greater than those for
aromatic nitro groups alone. Interestingly, PETN is less retained than NG,
although PETN contains an additional —O-NO, functionality that increases its
calculated adsorption energy and predicted retention. From the construction of
molecular models, it appears that concerted adsorption is more sterically

favorable for NG than for PETN, therefore increasing the retention.

2.6 Separation of Nitramine Explosives

Compared to those used for separation of nitroaromatic and nitrate ester
explosives, stronger mobile phase combinations have been reported in the
literature for separation of nitramine explosives.* These mobile phase mixtures
range from 10:1 chloroform:nitromethane (% = 0.31) to 9:1
dichloromethane:acetonitrile (¢’ = 0.41).* The numerical average of ¢° values
for six mobile phases used to separate these compounds is 0.37.* Because
RDX and HMX have been separated in stronger mobile phases than most
nitroaromatic and nitrate ester explosives, a combination of 88:12 hexane:THF
(e%b = 0.18) was not sufficient for their separation, resulting in R values of zero
for both solutes. Increasing the proportion to 75:25 hexane:THF (c%s = 0.23) still
resulted in unsatisfactory separation, with both solutes having similar retention
factors. Increasing the proportion further to 50:50 hexane:THF (% = 0.29)

improved the separation, and the reproducibility of retention factors obtained with
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this mobile phase is shown in Table 2.7. As predicted by adsorption energies,
HMX was more retained than RDX.

Because picric acid was highly retained in 88:12 hexane:THF, analysis of
picric acid with the nitramine explosives may be more effective in method
development than analysis with nitroaromatic explosives.  Using 50:50
hexane:THF (€%, = 0.29), picric acid and HMX were not resolved. To increase
solvent strength, a combination of 65:35 hexane:MEK (£, = 0.30) was used with
a retention order of picric acid, HMX, and RDX. Measured R; values for these
solutes are summarized in Table 2.8. As predicted by the calculated adsorption
energies (Table 2.2), RDX was less retained than HMX. Picric acid, however,
was significantly more retained relative to RDX and HMX than predicted by
calculated adsorption energies. As discussed previously, concerted adsorption
of the hydroxyl and both o-nitro substituents may be possible for picric acid,

resulting in greater than predicted retention.

2.7 Precision of Retention Factors

Reported in Tables 2.3-2.7 is the precision associated with replicate
measurements of Ry values for each solute. For all solutes except NG, the
relative standard deviation (RSD) in the R value was less than 8%. For weakly
retained solutes (R; > 0.38), the RSD was less than 4%, with an average of 1.6%.
For more strongly retained solutes (Rf < 0.38), the RSD was significantly greater
at 7.9%. The greatest error in measurement of R; values in TLC resulted from
accurately determining the center of the solute zone, which was increasingly

difficult for weakly retained solutes. Although the magnitude of the deviation is
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Table 2.7. The precision of retention factors for nitramine explosives in 50:50
hexane:THF.

Solute Retention Factor, Rf

RDX 0.21 £ 0.02°
HMX 0.138 + 0.009

2 Precision is calculated as the standard deviation of 8 replicate measurements.
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Table 2.8. The precision of retention factors for nitramine explosives and picric
acid in 65:35 hexane:MEK.

Solute Retention Factor, Rf

Picric Acid 0.13+0.01°
RDX 0.509 £ 0.007
HMX 0.32 £ 0.02

2 Precision is calculated as the standard deviation of 8 replicate measurements.
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consistent for all solutes, the RSD was greater for weakly retained solutes. The
large RSD observed for NG (15%) was likely a result of both low signal and
nonlinearity of the adsorption isotherm, as a high concentration was needed to
accurately determine the R¢ value. This combination made determination of the

center of the solute zone difficult, leading to more variability in the Ry value.

2.8 Separation of an Unknown Explosive Sample

Based on the mobile phase optimization studies discussed above, an
analysis scheme was developed and applied for the separation of two unknown
explosive mixtures. Each blind sample was applied by a volunteer onto three
5x10 cm TLC plates. The use of multiple small plates allowed rapid development
and therefore reduced analysis time. Three of the nine explosive standards were
also applied to the plate for direct comparison. The three plates were developed
simultaneously in 88:12 hexane:THF for determination of nitrate ester and
nitroaromatic explosives and degradation products in less than 10 min. By
comparison of the Ry values for the unknowns with each of the standards (Table
2.9), unknown 1 was determined to contain TNT and 4-am-DNT. Unknown 2
was determined to contain 2,6-DNT (Table 2.10), as well as highly retained
compounds (picric acid, HMX, or RDX) that must be separated in the second
step using 65:35 hexane:MEK for the separation of nitramine explosives and
picric acid. Standards of picric acid, HMX, and RDX, as well as unknown 2, were
applied to a fourth plate and developed in 65:35 hexane:MEK in less than 10 min.
By comparison of the R¢ values for the unknown and standard samples (Table

2.10), unknown 2 was determined to contain picric acid and RDX, in addition
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Table 2.9. Analysis of unknown explosive sample 1.

R¢ Value
Solute Standard Unknown

2-NT 0.74
NB 0.68

TNT 0.60 0.60
2,6-DNT 0.47
2,4-DNT 0.44
Tetryl 0.13

4-am-DNT 0.11 0.11
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Table 2.10. Analysis of unknown explosive sample 2.

R¢ Value
Solute Standard Unknown
2-NT 0.71
NB 0.75
TNT 0.59
2,6-DNT 0.44 0.45
2,4-DNT 0.48
Tetryl 0.10
4-am-DNT 0.095
RDX 0.62 0.61
HMX 0.44
Picric acid 0.25 0.25
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to 2,6-DNT determined in the first step. Using this method, all explosives
contained in two blind samples were correctly identified with a maximum total

analysis time of 30 min.

2.9 Conclusions

Using the two mobile phase systems described and identified here, a two-
step separation can be used to determine all of the explosives considered in this
study. After application of an unknown mixture, plate development in 88:12
hexane:THF will separate nitroaromatic and nitrate ester explosives. Nitramine
explosives and picric acid will remain at the original location, as the hexane:THF
mobile phase is not strong enough to cause their migration. After identification
and quantitation of the nitroaromatic and nitrate ester explosives, development in
65:35 hexane:MEK will provide separation of the nitramine explosives and picric
acid. Using this method, up to 12 explosives and degradation products can be

separated in two steps.
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CHAPTER 3. QUANTITATION OF NITRATED EXPLOSIVES

Quantitation of nitrated explosives and degradation products following
TLC was accomplished by using images acquired with a computer-controlied
charge-coupled device (CCD) camera. The positions of system components
were adjusted for imaging of fluorescent TLC plates under UV irradiation, where
areas containing solute zones were dark against a fluorescent background. The
settings associated with image acquisition and manipulation were also
investigated to ensure collection of the highest quality data. Using the software
associated with the camera, images were corrected for illumination gradients.
The peak height and area of each dark zone were correlated to the mass of
solute using both a semi-logarithmic and logarithmic relationship. Explosives
were quantitated over three orders of magnitude with practical detection limits in
the low microgram (ug) range. This method was successfully applied for the

quantitation of two blind samples.

3.1 Positioning of Imaging System Components

An uncooled, computer-controlled CCD camera (model DXM1200F, Nikon,
Melville, NY) was used to image TLC plates under continuous illumination by two
mercury lamps (254 nm, Ultraviolet Products, Upland, CA) (Figure 3.1).
lllumination by UV lamps resulted in a fluorescent green background of the plate
with darkened zones that correspond to the solute locations. The relative
positions of the system components were adjusted to maximize fluorescence
from the plate as well as provide consistency between consecutive

measurements. The fluorescence power of the TLC plate was dependent on the
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Figure 3.1. Diagram of TLC plate imaging setup.
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distance and angle between the lamp and the plate. The greatest fluorescence
power was observed when the lamp was placed directly above and parallel to the
plate. Because this orientation was not possible for imaging, two UV lamps were
used to provide illumination from both sides of the TLC plate.

For positional reproducibility, the TLC plate was placed on a grid that was
fixed to the bench top. The two lamps were secured 7.5 cm above the plate at
~30° to the surface with a 7.5 cm separation between the two lamps. In addition,
the UV lamps required one hour of stabilization to obtain a constant fluorescence
power of the TLC plate, as shown in Figure 3.2. The stabilization time was a
result of fluctuation in the lamp output, not in the degradation of the fluorophore
or stationary phase. The lens of the CCD camera was positioned approximately
75 cm from the plate and the position was fixed by using a locking clamp. This
height was sufficient to image the entire plate with appropriate resolution. To
reduce extraneous light that may result in increased noise, all images were

acquired in the absence of natural or ambient light.

3.2 Optimization of Image Acquisition and Manipulation

Grayscale images were collected by using V for Windows software
(Version 3.5, Photometrics, Tuscon, AZ), which controlle<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>