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Abstract

Third-hand smoke is the residue left remaining on surfaces during smoking events, and is
composed of particles and vapors that form upon heating. The phrase “third-hand smoke” is
primarily used to describe nicotine and other chemicals from cigarettes, but any residues formed
from the smoking of various substances could be classified similarly. There has been an increasing
body of research on third-hand smoke from cigarettes in the last decade, but little has been done in
regards to understanding the persistence of particles and vapors from illicit drugs. In this work,
small samples of cocaine and methamphetamine were volatilized to produce an illicit drug smoke
that was collected onto various surface materials and left exposed to ambient conditions over 672
hours (four weeks). Chemical analyses by electrospray ionization-mass spectrometry of residues
on silicon, plastic, laminate, and artificial leather surfaces indicated a rapid decrease in recovery of
the parent molecule, with varied formation of decomposition products over the first 168 hours of
exposure. Measurable amounts of the parent molecule were still present after 672 hours, exhibiting
a strong persistence of these drugs on various household materials. This is important in a forensic
science context, as third-hand smoke residues could provide a viable source of trace evidence
previously not utilized.

Introduction

According to the 2013 National Survey on Drug Use and Health, an estimated 24.6 million
Americans over the age of 12 are users of illicit drugs.! The illegal activity conducted for the
creation, sale, purchase, and use of these drugs impacts our health care and criminal justice
systems, the environment, and businesses. However, the negative effects of drug use affect
not only persons directly involved with drug activity, but also others as a result of indirect
contact with a variety of illicit drugs. Research attempting to measure these indirect impacts
on the environment and public health aim to understand things such as how many people use
or abuse drugs in a population, what concentrations of these toxic chemicals are released
into water supplies or air, do they persist once they are there, and how are places that have
been contaminated with such chemicals affecting the average person? Studies by groups
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around the world have been undertaken to investigate licit (e.g., nicotine, caffeine) and illicit

(e.g., cocaine, methamphetamine) drugs in the public drinking water,2-3 waste water,48 and
ir7-9

air.

An increasing body of research has focused on the human health and environmental
implications of air quality inside the home associated with drug use.19-1° Much has been
learned about sorption and emission rates of semi-volatile organic chemicals (SVOCs)
through cigarette chamber studies. When the tobacco in cigarettes undergoes combustion it
creates aerosol particles, ranging in size from tens of nanometers to several microns, as well
as SVOCs that can be inhaled. The thermal combustion products that adhere to clothing and
surfaces are called third-hand smoke.2? Nicotine poses the largest threat to indoor air quality
from third-hand smoke, which can become more carcinogenic under exposure to

oxygen,1® 17 and has the ability to reemit from porous substrates like painted wallboard and
clothing materials.11: 14. 16 Researchers found that neither ventilation of, nor furnishings
within, the room was enough to reduce the persistent indirect exposure of nicotine.12 It was
also observed that nicotine and other third-hand smoke chemicals persist in homes at least
two months after smokers vacate a residence, and emission occurs even after homes have
been cleaned and prepared for new non-smoking residents.2! Dust also appears to be an
efficient collection media for third-hand smoke chemicals.2?

The established literature on nicotine presses the issue of passive or indirect exposure to
similar thermal combustion products from illicit drugs. Pyrolysis of powdered drugs has
been shown to produce aerosol particles,23-25 and the resulting decomposition products can
have vapor pressures equivalent to other SVOCs (vapor pressure range between 1075 Pa to
10 Pa).10 The products resulting from pyrolysis of cocaine and methamphetamine have been
well documented by a variety of research groups. Though some of the thermally generated
products are temperature dependent, the most common analytes observed for cocaine
included cocaine, anhydroecgonine methylester (methylecgonidine), and benzoic

acid.24 26-30 some other less frequently identified fragment ions were methyl
cycloheptatriene carboxylates,2”-28 norcocaine, cocaethylene,2® methyl benzoate, and N-
methylbenzamide.2” Methamphetamine, by nature of its chemical structure and lability,
produces many thermal decomposition products besides methamphetamine. These analytes
of interest include amphetamine-like structures (amphetamine, dimethylamphetamine,
benzylethyltrimethylammonium),3! various substituted benzenes (benzene, toluene,
ethylbenzene, styrene, methylstyrene, cumene, propyl benzene, allylbenzene, 1-
phenylpropene, and phenylacetone), 2%-3and multi-ring aromatics (bibenzyl2® and 3-
methylisoquinoline3l).

Indirect exposure to these decomposition products is directly related to the presence and
persistence of third-hand smoke residues remaining from smoking illicit drugs within
occupied spaces. Work from the State Department32 examined effects of opium abuse on
women and children in homes in Afghanistan. Findings showed significantly high
concentrations of morphine and codeine in biological samples, bedding, utensils, and toys.
Researchers investigating methamphetamine have shown similar results to that of the opium
study, where residues can accumulate on clothing, blankets, walls, and even the oils in skin
just from coming into contact with the smoke and the residues it leaves behind.33-35
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Reemission of persistent methamphetamine contamination and similar chemicals from
painted walls has been observed,35 and would be a risk factor in places where smoking or
manufacturing of methamphetamine have taken place.

The persistent nature that makes smoke residues an environmental concern also makes them
a potentially useful source of trace evidence in forensic investigations. Trace detection of
illicit drugs is a necessary part of many criminal investigations. Much research is done to aid
forensic science as a discipline. Topics such as fragmentation pathways of

molecules,2”: 36-37 effects of adulterants and solvents,38-40 and the ability to detect drugs in
various media*1-42 increases understanding of how drugs react under different conditions
while also improving detection during analysis in the laboratory. Some researchers are
developing techniques that can be utilized for robust analysis of trace drugs in the near
future including ambient ionization strategies*3-46 and Raman spectroscopy.*”-48 Both
techniques exhibit plausibility for ease of use and eventual deployment in the field. Lastly,
research on the practical use of current analysis techniques for examining real world samples
is vital to improving forensics. Studies that investigate samples confiscated from airports and
border patrol locations,*9-51 or recovery methods to test the remediation of clandestine
methamphetamine labs®2-54 would be examples of such practical uses.

The goal of this preliminary study was to begin understanding the chemical and physical
characteristics of illicit smoke residues, and determine if recovery of these residues from
surfaces was both practical and useful for forensic trace detection. Small deposits of cocaine
freebase and methamphetamine hydrochloride were heated to volatilization and collected
onto four different substrate materials with the intention of mimicking smoke depositing
onto household surfaces. A persistence study was performed to evaluate and identify what
chemicals were being produced after being thermally volatilized, how exposure to an
ambient atmosphere affected the recovery of these smoke residues, and how the chemistry
changed over a specified period of time. Samples were also examined to determine if there
were any specific chemical or physical markers present that could determine any noteworthy
differences from unsmoked powders. Though no specific markers were positively identified
in this investigation, the persistence of drug residues on both model and realistic surfaces
helped improve understanding on the relevance that these smoke residues may have as a
form of trace evidence.

Materials & Methods

[llicit Drugs and Standards

Powdered methamphetamine hydrochloride (Lot #: 098K0693, purity 100 %) and cocaine
hydrochloride (Lot #: 028K1165, purity 98.3 %) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). A known mass of the powdered drug was weighed out and dissolved in 1
mL of solvent (Optima LC/MS grade water from Fisher Scientific (Pittsburgh, PA, USA) for
methamphetamine, Photrex Reagent grade acetone from J. T. Baker for cocaine) to make
drug standard solutions. The methamphetamine hydrochloride was used as received and
without any further purification. The cocaine hydrochloride was first converted to its
freebase form using a slight variation of a method described elsewhere.>® Details of the
method used in this work can be found in the Supplemental Information.
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Deuterated certified reference materials, methamphetamine-Ds (1 mg/mL in methanol) and
cocaine-D3 (1 mg/mL in acetonitrile), were purchased from Cerilliant (Round Rock, TX,
USA) and used as internal standards. Each deuterated standard was diluted to nominally 1
ug/mL using LC/MS grade methanol (Fisher Scientific). These were subsequently used to
create approximately 250 mL of a 10 ng/mL deuterated internal standard in methanol, which
was used for the extraction of all aerosol samples, as well as the creation of calibration
curves.

Four different substrates were used during the course of these experiments. Round, pre-
cleaned silicon wafers (diameter 2.54 cm, single sided polish) were purchased from Virginia
Semiconductor, Inc. (Fredericksburg, VA, USA) and used as received. These wafers were
chosen to represent an ideal smooth surface for their ease of imaging and removal of
captured aerosols. Blue acrylonitrile butadiene styrene (ABS) plastic, green paper-backed
plastic laminate, and tan artificial leather were used to simulate surfaces often found in
homes and vehicles (e.g., credit cards, countertops, and car seats or sofas) to examine more
realistic evidence collection. Round 2.54 cm diameter tokens were cut from these three
substrates in order to standardize surface area across all samples. The plastic, laminate, and
artificial leather were all cleaned prior to use by sonication in a beaker with isopropanol
(Certified ACS Plus, Fisher Scientific) to remove any adventitious carbon and excess dirt
from the surfaces. In the case of the artificial leather, sonication in isopropanol also helped
extract excess dye molecules from the leather backing that could have interfered with the
mass spectrum signal.

Aerosol Generation and Collection

Drug samples for volatilization to aerosols were prepared by taking the stock drug standards
and pipetting an aliquot onto a cleaned and heat pre-treated aluminum dish to yield an
approximate 500 pg total mass of drug to be sampled. Aerosol generation was performed
inside an enclosed acrylic container within a biosafety cabinet with front downdraft flow to
eliminate the escape of any drug vapors from the experiment. Sampling was completed
either passively or dynamically. Passive collection comprised the majority of samples
collected during this study, where any vapors that were lifted through a condensing tube by
convection were collected onto the various substrates. These samples were used to measure
the persistence of drug residues on different substrates while being exposed to ambient
environmental conditions (22 °C + 1 °C, 1.01 x 10° Pa, and 16 % RH * 2 %) over the course
of four weeks (672 h). Dynamic aerosol collection was performed using a MSP Corporation
Micro-Orifice Uniform Deposit Impactor (MOUDI) (Shoreview, MN, USA) to learn about
the size of the aerosol particles being generated during volatilization. A detailed description
of each sampling method, as well as results from dynamic particle sizing experiments, can
be found in the Supplemental Information.

Sample Extraction

Each token was extracted using methanol containing 10 ng/mL of the appropriate deuterated
internal standard (IS). Extraction of the hard substrate tokens (silicon, plastic, laminate) was
completed by placing the token into a 25 mL beaker with 1 mL of IS. The tokens were then
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agitated by hand for 10 s to remove any drug particles/vapors collected on the surface. The
solvent was then removed from the beaker and placed into a 1.5 mL amber glass screw cap
vial for analysis. Since the artificial leather could not be submerged without the possibility
of extracting any remaining loose dye molecules or losing solution to absorption by the
leather, a glass fiber filter (Whatman, 47 mm, grade GF/A) was cut into 1.27 cm squares and
wet with 100 pL of plain methanol. The leather was then wiped thoroughly and the filter
placed into a 1.5 mL conical centrifuge tube with 0.5 mL of plain methanol. The tubes were
centrifuged at 1047 rad/s for 3 min, after which the solvent was removed and placed into a
1.5 mL amber glass screw cap vial. The vials were left uncapped in the back of the fume
hood to evaporate to dryness, usually overnight. A 1 mL aliquot of 1S was then added to the
vial. Extraction efficiency analyses were conducted by depositing a known amount of
analyte onto the surface of each of the four substrate tokens and the glass vials used for
collection and storage, then performing the same extraction procedures as with the
volatilized samples (details in Supplemental Information).

Electrospray lonization-Mass Spectrometry

Samples analyzed by mass spectrometry were diluted prior to injection by diluting 50 pL of
the residue sample up to 500 L total volume using IS. Chemical analysis was primarily
performed using a JEOL AccuTOF JMS T100LP mass spectrometer (JEOL USA, Peabody,
MA, USA) equipped with an electrospray ionization source (ESI-MS) operated in positive
ionization mode. The protonated molecular ions, [M+H]*, were selectively monitored for the
drug and the internal standard (/7/2 304 and m/z 307 for cocaine, and /m/z 150 and /7/z 155
for methamphetamine). In addition, major decomposition products such as benzoylecgonine
(mlz290) from cocaine, and the 1-phenylpropane and benzyl carbocations (/772119 and 91,
respectively) from methamphetamine were identified. Calibration curves ranging from 0
ng/mL to 500 ng/mL were constructed from standard solutions made from the powdered
drugs used for experiments, and diluted serially with 10 ng/mL IS. The extract from each
sample token (three for each time point) was analyzed using 5 injections to yield 15 data
points for each time point, from which averages and standard deviations/errors were
obtained.

Infrared Spectroscopy

Samples of drug smoke were also collected onto low emission MirrIR slides (Kevley,
Chesterland, OH, USA) by volatilizing a small quantity of powder directly under the slide to
produce a visible residue. These slides were examined immediately following collection,
and then over the next 672 hours to observe any changes that may corroborate the ESI-MS
time study data. The residues were analyzed using a Smiths IlluminatIR Il infrared
microscope (Smiths Detection, Edgewood, MD, USA). An attenuated total reflectance
(ATR) objective with a diamond crystal was used, averaging signal from a 100 pm x 100 um
scanned area 128 times with 8 cm™1 resolution. Images of the area to be scanned were also
captured with a 10x objective in brightfield.

Scanning Electron Microscopy

Drug smoke deposits were collected onto silicon wafers, both passively and dynamically, for
analysis by electron microscopy to identify the physical structures that compose the
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volatilized drug sample. Samples volatilized onto individual substrate tokens were exposed
to the same ambient laboratory conditions as those for extraction (from 0 h to 168 h), but
were instead were examined using scanning electron microscopy (SEM). Individual tokens
were used for each exposure time, and were not reused after imaging because interaction
with the electron beam may induce damage to the sample. SEM was performed with an FEI
Quanta 200F environmental scanning electron microscope (Hillsboro, OR, USA) that uses a
field emission gun operating in high vacuum mode. Secondary electron images were
captured with a beam energy of 5 kV and spot size of 3, using an integrated capture mode.

Results & Discussion

Cocaine and Methamphetamine Persistence on a Model Surface

Chemical analysis to obtain the mass of cocaine and methamphetamine from a sample of
drug smoke residue was performed with ESI-MS. The extracted mass is that which was
determined from each diluted sample, adjusted for dilution errors. These extracted masses
were then back calculated using extraction efficiencies to reveal the actual deposited mass of
drug on a given substrate. The calculated deposited masses from model silicon wafers are
plotted in Figure 1. The inset plots in 1A (cocaine) and 1B (methamphetamine) magnifies
the first 24 h of time spent exposed to the ambient atmosphere for each drug examined.
Figure 1 exhibits, on average, a rapid decay in the recovered mass calculated from the
observed signal beginning in the first 24 h. An almost steady state was reached after
approximately 48 h to 72 h. Detection of the parent drug molecule for cocaine and
methamphetamine was still viable after 672 h of exposure to ambient laboratory conditions,
with some extracted masses measuring as low as 1.5 ng.

Some common decomposition products were also identified in all of the silicon samples
examined. For cocaine, the protonated ion m/z 290 corresponding to benzoylecgonine (BE)
exhibited a rise in integrated intensity with respect to the internal standard over the first 72 h
of exposure (Figure 2A, red data points). The temporal data pointed to a formation and
increase of BE even as the signal from m/z 304 decreased over the same time period. This
suggests that the product was progressively formed as a result of exposure to the
atmosphere, most likely undergoing hydrolysis of the methyl ester as is often seen in the
metabolism of cocaine.?® As the m/z 290 intensity began to decrease, ecgonidine, the major
fragment and common metabolite of BE ([M+H]* m/z168), was not detected in any of the
samples. An interesting observation was that neither of the two most common fragment ions,
anhydroecgonine methylester or benzoic acid,?4 26-30 were detected by this method.
Competitive ionization between the cocaine molecules, internal standard molecules, and the
various decomposition products was believed to be the main cause for not detecting their
presence. This competition, as well as a constantly varying ratio of cocaine to BE in
volatilized samples, prevented any attempts to quantify benzoylecgonine concentrations.

Methamphetamine exhibited two major decomposition product peaks at /7/z119 and /m/z 91.
Both of these ions were identified in experimental sample spectra as well as in the spectra
from standard calibration curve solutions. The literature suggests that the /2119 ion
originates from a protonated 1-phenylpropene, allylbenzene, or methylstyrene
molecule.2%-31 However, since there is no chromatographic separation, the signal here could
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result from a contribution of all three fragments. The peak at /7/z91 is most likely a benzyl
carbocation fragment remaining from toluene losing a hydrogen. Upon measuring these
fragments in the standards, /m/z91 exhibited a relatively constant integrated area equaling
3.5 % of the m/z 150 area for concentrations of 5 ng/mL to 100 ng/mL, whereas m/z119
was not detectable in the lower concentrations and did not trend in a similarly consistent
manner. Like BE, competitive ionization prevented quantification of the decomposition
products in experimental samples. Changes in the products’ integrated intensity compared to
that of /7/z 150 from silicon experiments (Figure 2B) showed a marginally slower decrease
in the products. Upon examining the ratio of 7/z91 to m/z 150, a very slight increase with
time could be seen, which could be the result of a small amount of product formation by
exposure as well as by ionization. Aside from these fragments, no other characteristic peaks
(e.g. benzene, amphetamine) were observed.

The decomposition products from cocaine and methamphetamine exhibited very different
trends over the course of several weeks’ exposure to ambient laboratory conditions. The
exact reasoning for this is currently not known, but is most likely related to the chemical
nature inherent to each compound. For example, the vapor pressure of cocaine, at 2.55 x
107° Pa, is much lower than that of methamphetamine, at 21.73 Pa,%’ indicating much
stronger intermolecular forces in cocaine. Benzoylecgonine is predicted to have a higher
boiling point and enthalpy of vaporization than cocaine,®-59 suggesting an even more stable
molecule. The small molecule fragments of methamphetamine are predicted to have lower
boiling points and enthalpies®-63 than the parent drug, signifying less stable molecules. The
increased stability of the cocaine decomposition product compared to the parent molecule
could be a reason for why an increase in BE was seen over a week of exposure time, but
neither the substituted benzenes or the benzyl carbocation showed an increase in the
methamphetamine volatilizations.

Cocaine and Methamphetamine Persistence on Realistic Surfaces

Similar decreasing trends in the recovery of cocaine and methamphetamine with respect to
exposure time were observed for the ABS plastic, laminate, and artificial leather substrates
as shown in Figure 3. Of the four substrates, cocaine displayed the greatest persistence on
ABS plastic over the longest period of time (Figure 3A). Though there was a large decline in
the first 12 h, the mass recovered over the next 120 h remained relatively stable before
exhibiting another sharp drop. With the cocaine molecule being hydrophobic, non-polar, and
aromatic in nature one could posit that there may be a chemical affinity for the surface of the
non-polar, hydrophobic ABS plastic. Artificial leather maintained a similar profile to silicon
and laminate over time, but exhibited the lowest overall extracted mass of cocaine among the
four substrates, possibly a result of physico-chemical interactions with the surface,
penetration into the porous substrate, or the method of removal used (swipe versus
submersion). Laminate, with very good extraction efficiency, surprisingly yielded the lowest
deposited masses.

Normalizing the mass obtained at each time point to that at time zero enabled comparison
between the four substrate data sets on a single scale. This process made apparent some
variability in the experimental process. For instance, performing an individual volatilization
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for each substrate token could have produced small differences in the amount of residue
collected, depending on how well heat was transferred to the aluminum dish and convection
currents within the enclosed chamber. Figure 3A (inset) shows an increase in the amount of
cocaine after 1 h to 6 h of equilibration with the ambient laboratory environment for three of
the four substrates. Repeat experiments exhibited similar variations in extracted mass among
the first few time points, suggesting inconsistencies in the amount of drug smoke collected
during each volatilization. However, since the desired goal was more focused on observing
the general trends upon exposure and less about measuring the absolute mass collected onto
a given substrate, these variations do not greatly impact the overall result.

Methamphetamine trends from the four substrates exhibited some similarities to those of
cocaine (Figure 3B). The silicon, plastic, and laminate substrates all showed an increase in
the amount of methamphetamine recovered after 1 h to 6 h, but not to the same extent as was
seen with cocaine (Table S3). In the case of artificial leather, the extracted recoveries were
significantly lower than any of the other substrates, but maintained a relatively sustainable
yield over the course of 168 h. Even corrected for extraction efficiency, the calculated
deposited masses of methamphetamine on leather were very low. This is illustrated by the
lowest efficiencies being recorded for leather, but all four substrates displayed significantly
low extraction of methamphetamine compared to the glass vial (Table S1).

The low extraction of methamphetamine from all substrates could indicate a few possible
scenarios: 1) that some form of equilibrium between methamphetamine molecules
partitioning to the air and the substrate was reached early on in the exposure process and
only a small amount of drug was then left on the surface to recover; 2) methamphetamine
may not have the chemical structure or properties that attracts it to these surfaces and very
little drug actually adsorbed to the substrate to be recovered; or 3) the wipe technique and/or
the solvent used was ineffective at removing all of the methamphetamine from the surface.
Future investigation into the efficacy of different solvents is needed to better understand the
best route to recovering various drug molecules from these surfaces. Examination of more
soft and porous substrates, like the artificial leather, would also be beneficial to identify
substrates that may require a different extraction protocol and the parameters needed for
field recovery situations.

There are surprisingly few studies involving the recovery of volatilized drugs from surfaces.
The majority of published literature has focused on liquid drug samples spotted onto
surfaces and either analyzed directly or removed for analysis, but studies that have examined
aging of drugs on various surfaces can be compared here.>2: 5 Lim Abdullah and Miskelly>2
used enclosed versus open experiments to observe the desorption of pseudoephedrine and
methamphetamine from different materials over two days’ time. They determined that
surface material and texture influences recovery, where only 50 % to 60 % of the deposited
sample was recovered from clean impermeable materials and that recovery decreased with
age primarily from volatilization of the two compounds. Other investigators researched the
use of newer technologies to test sample recovery from fabrics,*3 smooth and painted
surfaces,*® and building materials.>3
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The results from this work are most comparable to those collected in Martyny et. al.’s wipe
experiment with methamphetamine, even though the experimental parameters vary
significantly between the two studies. Their group performed simulated methamphetamine
smoking and cooking in a hotel room using between 100 mg and 2000 mg,33 whereas in this
study only 0.5 mg was volatilized at a time. The levels extracted from laminate substrates
here were slightly higher than Martyny reported from the table surfaces they measured, 5.9 x
1073 pg/cm? compared to 3.1 x 1073 pg/cm? for the lowest fractions and 0.38 pg/cm?
compared to 0.17 pg/cm? for the higher fractions. They also did not mention any
measurement of extraction efficiency for the substrates they tested. In that regard, this work
adds to the literature some context on how different volatilized drug molecules respond
differently to the same non-wipe extraction treatment on a few common substrate materials.

The small masses detected on each substrate in this experiment may represent the trace
quantities investigators may find adsorbed to various household or vehicular surfaces.
Forensic investigators already look for the presence of smoked or unsmoked drugs in drug
cases by swabbing or extracting empty packaging material and paraphernalia. They can also
examine more complex surfaces for minute drug residues such as carpets or bodily fluids on
clothing. The persistence of these drugs over the course of 504 h to 672 h, even after being
left open to ambient room conditions, is significant for potential recovery of drug evidence.
It should be noted that the experiments reported here only conducted a single volatilization
per substrate token, which would deposit a small amount of residue compared to cases of
multiple smoking sessions. In circumstances of habitual use within a given area, the
concentrations and lifetime of cocaine and/or methamphetamine would be expected to
increase.

Chemical and Physical Characteristics of Residues

Attenuated total reflectance (ATR) was performed on aerosol residues in addition to mass
spectrometry to corroborate findings. Macroscopic observation of cocaine residues showed
two distinct areas: those that were more opaque in color, usually around the edges of the
residue; and those where the residue appeared more translucent, normally at the middle.
Upon inspection with a light microscope, the more opaque areas tended to have a more
structured crystalline appearance, whereas the translucent areas appeared less ordered with
more amorphous features (Figure S3). Figure 4 illustrates the IR spectra obtained from areas
of higher crystallinity over the course of 672 h exposure to ambient conditions. The initial
spectra at time zero (gray) looks very similar to that for powdered cocaine freebase (black),
which is consistent with the mass spectral results from ESI-MS. Some of those characteristic
features were retained over the course of the next 672 h, though decreasing signal intensity
and peak broadening was observed indicating a loss of crystallinity.54 The more amorphous
areas exhibited the same spectral features; however these areas displayed more
heterogeneous broadening from the onset as well as slight shifts in peak position. These are
most likely the result of the reduced crystallinity in these areas, but may also be a function of
ATR operation.84-65

Methamphetamine aerosols also produced a white residue, visible to the eye, upon initial
volatilization. However, analysis with ATR did not yield the same quality spectra as with the
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cocaine residue. Macroscopically the methamphetamine residue was similar to the cocaine
in that the outer edges appeared more opaque, but investigation with the 10x objective
indicated a scattering of small amorphous particles at the edges sometimes clumped
together. In the middle of the residue, finding anything resembling particles or crystals with
the 10x objective was difficult, indicating much smaller sized particles and/or a thin film
covering the surface. The spectra resulting from analysis of these two regions were mostly
featureless at time zero and for readings through the next 168 h. However, between 24 h and
120 h crystals began to form in small clusters which began branching outward (Figure S4).
These needle-like crystal formations gave the most recognizable spectra for
methamphetamine.

The IR spectra of aerosol residues confirmed mass spectral results out through 672 h of
exposure to ambient conditions. This is significant in that the crystalline structure remains
well enough intact for chemical identification via matching through a spectral library. The
different crystal formations observed, where cocaine formed crystals more rectangular in
shape while methamphetamine exhibited longer more needle-like crystals that branched
outward from a center point, could potentially be useful in their own right. If a residue was
visible, light microscopy and IR spectroscopy could be used for identifying pure drug smoke
residues captured on surfaces. This observation could allow forensic investigators to
examine undisturbed, flat surfaces where drug vapors may settle for evidence of drug
activity. However, it is noted that these structures change over time during exposure to
environmental conditions. Adulterant or diluent chemicals may also alter the crystal
structures and the resulting IR spectra formed by these aerosols, and a chromatographic
technique coupled to a mass spectrometer would yield more identifiable information.

Identifying Physical Characteristics of Drug Aerosols

Since ESI-MS and IR did not indicate that there were any chemical differences between
smoked and unsmoked drug samples, powdered drugs and aerosols that had been collected
onto silicon wafers were examined by SEM to ascertain if there existed any distinguishing
physical features of interest. Figure 5 shows images of pure cocaine (Figure 5A) and
methamphetamine (Figure 5E) powders alongside smoke residues from three different time
points spanning the first 168 h of ambient exposure. The pure powders were jagged and
crystalline in appearance, with the cocaine freebase looking more amorphous than the salt.
The cocaine (Figures 5B-D) and methamphetamine (Figure 5F-H) aerosols, volatilized from
the dried deposits, exhibit some of the same particle characteristics of the powders, as well
as some other interesting features such as amorphous rounded particles, spotting, and rings
across the surface. Particles ranging in size from less than 250 nm to upwards of 10 pm were
observed over the course of exposure to ambient conditions for both drugs examined.
Clusters of these smaller particles were also seen as large as 80 um across. Size distribution
measurements were not attempted with the SEM, however more information on particle size
as measured with an inertial impactor can be found in the Supplemental Information.

The images from this time lapse study suggest that there are some small physical differences
between the aerosols and the unsmoked powders. A number of possible reactions could
happen during the volatilization process, including transformations that may occur once the
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aerosols and vapors deposit onto the surface. Solid aerosol particles were seen with
characteristics very similar to that of the powder, which may indicate that small solid chunks
are physically being ejected from the heated surfaces. It also could be the result of a melting
and reformation process where volatile gas phase molecules condense from the air as they
cool to form liquid droplets and subsequently very small particles.56 These could deposit
onto the substrate if there is sufficient time from when they begin to condense to the time
they reach the substrate. The crystal growth and formation exhibited by methamphetamine
suggests that this process can occur once the molecules are already on the surface. Some
evidence of this was also seen with cocaine, where small square crystals formed at the center
of small droplets or around the edges of rings (Figure S5). This migration of molecules to
eventually form small crystals may account for a dearth of noticeable particles in the centers
of the wafers at time zero, which showed some large particles scattered near the edge of the
wafer more than anywhere else. Though interesting, these small physical differences may
not be of any practical use in forensic investigations.

Conclusions

The goal of this work was to understand the chemical and physical characteristics of illicit
drug smoke residues, as well as if their recovery and use was practical as trace evidence in
forensic investigations. Immediately after volatilization at 200 °C, samples of cocaine
extracted from the four different substrates and analyzed by ESI-MS were primarily
composed of the characteristic molecular ion. Methamphetamine samples contained not only
the molecular ion, but two major decomposition products as well. Different trends were
observed for the decomposition products in relation to the parent molecule.
Benzoylecgonine (/m/z 290) showed an increase even while the parent cocaine molecule
decreased over time, whereas the substituted benzenes (1-phenylpropene, allylbenzene,
methylstyrene) and the benzyl carbocation fragments did not display any significant changes
with time. Overall, chemical analysis successfully showed that trace quantities of illicit drug
residue adhered to various household-type surfaces (ABS plastic, laminate, artificial leather)
and could be viably recovered for at least four weeks under the conditions examined (22 °C
+1°C, 1.01 x 10° Pa, and 16 % RH * 2 %). Masses as low as 1.5 ng were detected in
extracted samples out through 672 h of exposure to ambient laboratory conditions. This
would be useful to investigators who may need to prove evidence of drug abuse for days or
weeks after a smoking event and without needing to have the powdered drug present. The
identifications of these drug residues were confirmed by IR spectroscopy using ATR, and
crystalline features unique to the aerosols were observed using light and electron
microscopy.

The work from this study has important implications in other areas besides forensic science.
For example, swipe sampling for trace explosives and narcotics often uses an oven
temperature between 200 °C and 250 °C. By volatilizing drug samples at 200 °C, this work
is a first step to understanding how temperature affects volatilization in ambient ionization
techniques. With the particle impactor, we collected approximately 10% to 20% of the drug
as particles, but an unknown amount was either in the form of vapor phase molecules or was
lost. Investigation into how temperature affects the particle/vapor ratio would be important
to the detection and analysis of these chemicals of interest. This ratio may also be affected
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by the presence of other drugs, adulterants, or cutting and bulking agents. This work is also
relevant to public and environmental health concerns regarding exposure to third-hand
smoke, which is directly related to persistence. As was discovered here, the deposited
particles and vapors that compose the smoke residue from a single small scale volatilization
persisted for four weeks under relatively calm ambient conditions. Different environmental
conditions, in conjunction with multiple smoking events, could produce a sustained
persistence of these drugs or even convert them to more toxic products. Individuals
indirectly exposed to those residues would then be at risk.

This persistence and aging study has provided an important introduction into the area of
realistic smoke residues from illicit substances, a topic which has been largely absent from
the literature. Physical characterization shed light on particle shape at different time frames,
and chemical analysis helped provide understanding into the persistence and decomposition
of smoke residues. These combined results imply that aerosol residues from drug smoking
activity possess promising chemical and physical characteristics that could be utilized in
future forensic investigations. However, deeper investigation is necessary to determine the
robustness of these smoke residues as a form of trace evidence, including being able to
quantify decomposition products. An in depth study exploring various extraction protocols
for different substrate materials, and an examination of realistic environmental exposure
conditions found in homes would acquire much needed information on persistence and
viability of these smoke products. Additional work on mimicking realistic smoking events
with multiple exposures over prescribed intervals of time would be useful in obtaining
chemical information on build up and break down products. Future studies wish to address
these key issues.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

JLB would like to thank the National Research Council for funding this work through a postdoctoral fellowship.
She would also like to thank her colleagues: Matt Staymates for providing machined and printed parts for the
experimental set-up, Ed Sisco for help with instrument set-up and data analysis, Bob Fletcher for helpful
discussions about aerosols, Jeff Lawrence for inkjet printing samples, and Greg Gillen for jumpstarting the work
and with help brainstorming ideas.

References

[1]. Bose, J., Downey, K., Han, B., Hedden, SL., Hughes, A., Kennet, J., Lipari, R., Muhuri, P,
O'Neill, G., Painter, D., Tice, P. Results from the 2013 National Survey on Drug Use and Health:
Summary of National Findings. U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES,
Substance Abuse and Mental Health Services Administration, Center for Behavioral Health
Statistics and Quality; Rockville, MD: 2014.

[2]. Huerta-Fontela M, Galceran MT, Ventura F. Stimulatory Drugs of Abuse in Surface Waters and
Their Removal in a Conventional Drinking Water Treatment Plant. Environ. Sci. Technol. 2008;
42:6809. [PubMed: 18853793]

[3]. Boleda MR, Galceran MT, Ventura F. Behavior of Pharmaceuticals and Drugs of Abuse in a
Drinking Water Treatment Plant (Dwtp) Using Combined Conventional and Ultrafiltration and
Reverse Osmosis (Uf/Ro) Treatments. Environ. Pollut. 2011; 159:1584. [PubMed: 21459501]

Drug Test Anal. Author manuscript; available in PMC 2018 April 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Bitter

Page 13

[4]. Zuccato E, Chiabrando C, Castiglioni S, Calamari D, Bagnati R, Schiarea S, Fanelli R. Cocaine in
Surface Waters: A New Evidence-Based Tool to Monitor Community Drug Abuse. Environ.
Health. 2005; 4:14. [PubMed: 16083497]

[5]. Boleda MR, Galceran MT, Ventura F. Trace Determination of Cannabinoids and Opiates in
Wastewater and Surface Waters by Ultra-Performance Liquid Chromatography—Tandem Mass
Spectrometry. J. Chromatogr. A. 2007; 1175:38. [PubMed: 17980892]

[6]. Banta-Green CJ, Field JA, Chiaia AC, Sudakin DL, Power L, De Montigny L. The Spatial
Epidemiology of Cocaine, Methamphetamine and 3,4-Methylenedioxymethamphetamine
(Mdma) Use: A Demonstration Using a Population Measure of Community Drug Load Derived
from Municipal Wastewater. Addiction. 2009; 104:1874. [PubMed: 19624572]

[7]. Cecinato A, Balducci C. Detection of Cocaine in the Airborne Particles of the Italian Cities Rome
and Taranto. J. Sep. Sci. 2007; 30:1930. [PubMed: 17638364]

[8]. Cecinato A, Balducci C, Nervegna G. Occurrence of Cocaine in the Air of the World’s Cities: An
Emerging Problem? A New Tool to Investigate the Social Incidence of Drugs? Sci. Total Environ.
2009; 407:1683. [PubMed: 19081126]

[9]. Postigo C, de Alda M. J. Lopez, Viana M, Querol X, Alastuey A, Artifiano B, Barcel6 D.
Determination of Drugs of Abuse in Airborne Particles by Pressurized Liquid Extraction and
Liquid Chromatography-Electrospray-Tandem Mass Spectrometry. Anal. Chem. 2009; 81:4382.
[PubMed: 19425532]

[10]. Van Loy MD, Lee VC, Gundel LA, Daisey JM, Sextro RG, Nazaroff WW. Dynamic Behavior of
Semivolatile Organic Compounds in Indoor Air. 1. Nicotine in a Stainless Steel Chamber.
Environ. Sci. Technol. 1997; 31:2554.

[11]. Van Loy MD, Riley WJ, Daisey JM, Nazaroff WW. Dynamic Behavior of Semivolatile Organic
Compounds in Indoor Air. 2. Nicotine and Phenanthrene with Carpet and Wallboard. Environ.
Sci. Technol. 2001; 35:560. [PubMed: 11351729]

[12]. Singer BC, Hodgson AT, Guevarra KS, Hawley EL, Nazaroff WW. Gas-Phase Organics in
Environmental Tobacco Smoke. 1. Effects of Smoking Rate, Ventilation, and Furnishing Level on
Emission Factors. Environ. Sci. Technol. 2002; 36:846. [PubMed: 11918006]

[13]. Singer BC, Hodgson AT, Nazaroff WW. Gas-Phase Organics in Environmental Tobacco Smoke:
2. Exposure-Relevant Emission Factors and Indirect Exposures from Habitual Smoking. Atmos.
Environ. 2003; 37:5551.

[14]. Singer BC, Revzan KL, Hotchi T, Hodgson AT, Brown NJ. Sorption of Organic Gases in a
Furnished Room. Atmos. Environ. 2004; 38:2483.

[15]. Destaillats H, Singer BC, Lee SK, Gundel LA. Effect of Ozone on Nicotine Desorption from
Model Surfaces: Evidence for Heterogeneous Chemistry. Environ. Sci. Technol. 2006; 40:1799.
[PubMed: 16570600]

[16]. Petrick L, Destaillats H, Zouev I, Sabach S, Dubowski Y. Sorption, Desorption, and Surface
Oxidative Fate of Nicotine. Phys. Chem. Chem. Phys. 2010; 12:10356. [PubMed: 20582338]

[17]. Petrick LM, Sleiman M, Dubowski Y, Gundel LA, Destaillats H. Tobacco Smoke Aging in the
Presence of Ozone: A Room-Sized Chamber Study. Atmos. Environ. 2011; 45:4959.

[18]. Schick SF, Farraro KF, Perrino C, Sleiman M, van de Vossenberg G, Trinh MP, Hammond SK,
Jenkins BM, Balmes J. Thirdhand Cigarette Smoke in an Experimental Chamber: Evidence of
Surface Deposition of Nicotine, Nitrosamines and Polycyclic Aromatic Hydrocarbons and De
Novo Formation of Nnk. Tob. Control. 2014; 23:152. [PubMed: 23716171]

[19]. Quintana PJE, Matt GE, Chatfield D, Zakarian JM, Fortmann AL, Hoh E. Wipe Sampling for
Nicotine as a Marker of Thirdhand Tobacco Smoke Contamination on Surfaces in Homes, Cars,
and Hotels. Nicotine Tob. Res. 2013; 15:1555. [PubMed: 23460657]

[20]. Winickoff JP, Friebely J, Tanski SE, Sherrod C, Matt GE, Hovell MF, McMillen RC. Beliefs
About the Health Effects of “Thirdhand” Smoke and Home Smoking Bans. Pediatrics. 2009;
123:e74. [PubMed: 19117850]

[21]. Matt GE, Quintana PJE, Zakarian JM, Fortmann AL, Chatfield DA, Hoh E, Uribe AM, Hovell
MF. When Smokers Move out and Non-Smokers Move In: Residential Thirdhand Smoke
Pollution and Exposure. Tob. Control. 2011; 20

Drug Test Anal. Author manuscript; available in PMC 2018 April 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Bitter

[22].

[23].
[24].

[25].

[26].
[27].

[28].

[29].

[30].
[31].

[32].

[33].

[34].
[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

Page 14

Whitehead TP, Metayer C, Park J-S, Does M, Buffler PA, Rappaport SM. Levels of Nicotine in
Dust from Homes of Smokeless Tobacco Users. Nicotine Tob. Res. 2013; 15:2045. [PubMed:
23884321]

Snyder CA, Wood RW, Graefe JF, Bowers A, Magar K. “Crack Smoke” Is a Respirable Aerosol
of Cocaine Base. Pharmacol., Biochem. Behav. 1988; 29:93. [PubMed: 3353436]

Wood RW, Shojaie J, Fang CP, Graefe JF. Methylecgonidine Coats the Crack Particle.
Pharmacol., Biochem. Behav. 1996; 53:57. [PubMed: 8848461]

Klous MG, Lee WC, van den Brink W, van Ree JM, Beijnen JH. Volatilisation of
Diacetylmorphine: /n Vitro Simulation of 'Chasing the Dragon'. Die Pharmazie. 2006; 61:438.
[PubMed: 16724542]

Martin BR, Lue LP, Boni JP. Pyrolysis and Volatilization of Cocaine. J. Anal. Tox. 1989; 13:158.

Cook CE, Jeffcoat AR. Pyrolytic Degradation of Heroin, Phencyclidine, and Cocaine:
Identification of Products and Some Observations on Their Metabolism. NIDA Res Monogr.
1990; 99:97. [PubMed: 2267015]

Nakahara Y, Ishigami A. Inhalation Efficiency of Free-Base Cocaine by Pyrolysis of ‘Crack’ and
Cocaine Hydrochloride. J. Anal. Tox. 1991; 15:105.

Gayton-Ely M, Shakleya DM, Bell SC. Application of a Pyroprobe to Simulate Smoking and
Metabolic Degradation of Abused Drugs through Analytical Pyrolysis*. J. Forensic Sci. 2007;
52:473. [PubMed: 17316254]

Shakleya DM, Plumley AE, Kraner JC, Bell SC, Callery PS. Trace Evidence of Trans-
Phenylpropene as a Marker of Smoked Methamphetamine. J. Anal. Tox. 2008; 32:705.

Sato M, Hida M, Nagase H. Analysis of Pyrolysis Products of Methamphetamine. J. Anal. Tox.
2004; 28:638.

Goldberger, BA., Martin, DM., Gold, MS. Opium Smoke: The Study of Second-and Third-Hand
Exposure in Women and Children of Afghanistan. Department of State, Bureau for International
Narcotics and Law Enforcement Affairs; Folsom, CA: 2010.

Martyny JW, Arbuckle SL, McCammon CS Jr, Erb N, Van Dyke M. Methamphetamine
Contamination on Environmental Surfaces Caused by Simulated Smoking of Methamphetamine.
J. Chem. Health Saf. 2008; 15:25.

Morrison G, Shakila NV, Parker K. Accumulation of Gas-Phase Methamphetamine on Clothing,
Toy Fabrics, and Skin Oil. Indoor Air. 2015; 25:405. [PubMed: 25244432]

Poppendieck D, Morrison G, Corsi R. Desorption of a Methamphetamine Surrogate from
Wallboard under Remediation Conditions. Atmos. Environ. 2015; 106:477.

Garg A, Solas DW, Takahashi LH, Cassella JV. Forced Degradation of Fentanyl: Identification
and Analysis of Impurities and Degradants. J. Pharm. Biomed. Anal. 2010; 53:325. [PubMed:
20462721]

Bijlsma L, Sancho JV, Hernandez F, Niessen WMA.. Fragmentation Pathways of Drugs of Abuse
and Their Metabolites Based on Qtof Ms/Ms and Mse Accurate-Mass Spectra. J. Mass Spectrom.
2011; 46:865. [PubMed: 21915950]

Logan BK, Stafford DT, Tebbett IR, Moore CM. Rapid Screening for 100 Basic Drugs and
Metabolites in Urine Using Cation Exchange Solid-Phase Extraction and High-Performance
Liquid Chromatography with Diode Array Detection. J. Anal. Toxicol. 1990; 14:154. [PubMed:
2374404]

Jeanville PM, Estapé ES, de Jeanville IT-N. The Effect of Liquid Chromatography Eluents and
Additives on the Positive lon Responses of Cocaine, Benzoylecgonine, and Ecgonine Methyl
Ester Using Electrospray lonization. Int. J. Mass Spectrom. 2003; 227:247.

Gosti¢ T, Klemenc S, Stefane B. A Study of the Thermal Decomposition of Adulterated Cocaine
Samples under Optimized Aerobic Pyrolytic Conditions. Forensic Sci. Int. 2009; 187:19.
[PubMed: 19278799]

Peterson KL, Logan BK, Christian GD. Detection of Cocaine and Its Polar Transformation
Products and Metabolites in Human Urine. Forensic Sci. Int. 1995; 73:183. [PubMed: 7657184]
Cailleux A, Bouil AL, Auger B, Bonsergent G, Turcant A, Allain P. Determination of Opiates
and Cocaine and Its Metabolites in Biological Fluids by High-Performance Liquid

Drug Test Anal. Author manuscript; available in PMC 2018 April 01.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Bitter

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].
[59].
[60].

[61].

Page 15

Chromatography with Electrospray Tandem Mass Spectrometry. J. Anal. Toxicol. 1999; 23:620.
[PubMed: 10595850]

Talaty N, Mulligan CC, Justes DR, Jackson AU, Noll RJ, Cooks RG. Fabric Analysis by Ambient
Mass Spectrometry for Explosives and Drugs. Analyst. 2008; 133:1532. [PubMed: 18936830]
Soparawalla S, Salazar GA, Sokol E, Perry RH, Cooks RG. Trace Detection of Non-Uniformly
Distributed Analytes on Surfaces Using Mass Transfer and Large-Area Desorption Electrospray
lonization (Desi) Mass Spectrometry. Analyst. 2010; 135:1953. [PubMed: 20539884]

Grange AH, Sovocool GW. Detection of Illicit Drugs on Surfaces Using Direct Analysis in Real
Time (Dart) Time-of-Flight Mass Spectrometry. Rapid Commun. Mass Spectrom. 2011; 25:1271.
[PubMed: 21491529]

Demoranville LT, Brewer TM. Ambient Pressure Thermal Desorption lonization Mass
Spectrometry for the Analysis of Substances of Forensic Interest. Analyst. 2013; 138:5332.
[PubMed: 23869379]

Weston RG. Quick Screening of Crystal Methamphetamine/Methyl Sulfone Exhibits by Raman
Spectroscopy. J. Forensic Sci. 2010; 55:1068. [PubMed: 20345801]

Penido CAFO, Pacheco MTT, Zangaro RA, Silveira L. Identification of Different Forms of
Cocaine and Substances Used in Adulteration Using near-Infrared Raman Spectroscopy And
infrared Absorption Spectroscopy. J. Forensic Sci. 2015; 60:171. [PubMed: 25428273]
Hargreaves MD, Page K, Munshi T, Tomsett R, Lynch G, Edwards HGM. Analysis of Seized
Drugs Using Portable Raman Spectroscopy in an Airport Environment—a Proof of Principle
Study. J. Raman Spectrosc. 2008; 39:873.

Guerra-Diaz P, Gura S, Almirall JR. Dynamic Planar Solid Phase Microextraction—lon Mobility
Spectrometry for Rapid Field Air Sampling and Analysis of Illicit Drugs and Explosives. Anal.
Chem. 2010; 82:2826. [PubMed: 20205382]

Weyermann C, Mimoune Y, Anglada F, Massonnet G, Esseiva P, Buzzini P. Applications of a
Transportable Raman Spectrometer for the in Situ Detection of Controlled Substances at Border
Controls. Forensic Sci. Int. 2011; 209:21. [PubMed: 21185662]

Abdullah, A. F. Lim, Miskelly, GM. Recoveries of Trace Pseudoephedrine and
Methamphetamine Residues from Impermeable Household Surfaces: Implications for Sampling
Methods Used During Remediation of Clandestine Methamphetamine Laboratories. Talanta.
2010; 81:455. [PubMed: 20188946]

Moran J, McCall H, Yeager B, Bell S. Characterization and Validation of lon Mobility
Spectrometry in Methamphetamine Clandestine Laboratory Remediation. Talanta. 2012;
100:196. [PubMed: 23141328]

Madireddy SB, Bodeddula VR, Mansani SK, Wells MJM, Boles JO. Wipe Sampling of
Amphetamine-Type Stimulants and Recreational Drugs on Selected Household Surfaces with
Analysis by Ultra-Performance Liquid Chromatography Quadrupole Time-of-Flight Mass
Spectrometry. J. Hazard. Mater. 2013; 254-255:46.

Hatsukami D, Keenan R, Carroll M, Colon E, Geiske D, Wilson B, Huber M. A Method for
Delivery of Precise Doses of Smoked Cocaine-Base to Humans. Pharmacol. Biochem. Behav.
1990; 36:1. [PubMed: 2349253]

Dean RA, Christian CD, Sample RH, Bosron WF. Human Liver Cocaine Esterases: Ethanol-
Mediated Formation of Ethylcocaine. FASEB J. 1991; 5:2735. [PubMed: 1916095]

Mendoza A, de Alda M. Lépez, Gonzélez-Alonso S, Mastroianni N, Barcel6 D, Valcarcel .
Occurrence of Drugs of Abuse and Benzodiazepines in River Waters from the Madrid Region
(Central Spain). Chemosphere. 2014; 95:247. [PubMed: 24083902]

ChemSpider. Royal Society of Chemistry; Cambridge: "Benzoylecgonine,” CSID:395095. http://
www.chemspider.com/Chemical-Structure.395095.html [Nov 30, 2015]

ChemSpider. Royal Society of Chemistry; Cambridge: "Cocaine," CSID:10194104. http://
www.chemspider.com/Chemical-Structure.10194104.html [Nov 30, 2015]

ChemSpider. Royal Society of Chemistry; Cambridge: "2-Vinyltoluene," CSID:11410. http://
www.chemspider.com/Chemical-Structure.11410.html [Apr 12, 2016]

ChemSpider. Royal Society of Chemistry; Cambridge: "Allylbenzene,” CSID:8950. http://
www.chemspider.com/Chemical-Structure.8950.html [Apr 12, 2016]

Drug Test Anal. Author manuscript; available in PMC 2018 April 01.


http://www.chemspider.com/Chemical-Structure.395095.html
http://www.chemspider.com/Chemical-Structure.395095.html
http://www.chemspider.com/Chemical-Structure.10194104.html
http://www.chemspider.com/Chemical-Structure.10194104.html
http://www.chemspider.com/Chemical-Structure.11410.html
http://www.chemspider.com/Chemical-Structure.11410.html
http://www.chemspider.com/Chemical-Structure.8950.html
http://www.chemspider.com/Chemical-Structure.8950.html

1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Bitter
[62].
[63].

[64].
[65].

[66].

Page 16

ChemSpider. Royal Society of Chemistry; Cambridge: "Phenylpropene,” CSID:221081. http://
www.chemspider.com/Chemical-Structure.221081.html [Apr 12, 2016]

ChemSpider. Royal Society of Chemistry; Cambridge: "Methamphetamine,” CSID:10379. http://
www.chemspider.com/Chemical-Structure.10379.html [Nov 30, 2015]

Internal Reflection Spectroscopy. Interscience Publishers; New York: 1967.

Shimadzu Corporation; Columbia, MD: "Atr Precautions.”. http://www.shimadzu.com/an/ftir/
support/ftirtalk/letterl/atrl.html [June 2015]

Kulkarni, P., Baron, PA., Willeke, K. Aerosol Measurement: Principles, Techniques, and
Applications. 3rd ed. Wiley; Hoboken, NJ: 2011.

Drug Test Anal. Author manuscript; available in PMC 2018 April 01.


http://www.chemspider.com/Chemical-Structure.221081.html
http://www.chemspider.com/Chemical-Structure.221081.html
http://www.chemspider.com/Chemical-Structure.10379.html
http://www.chemspider.com/Chemical-Structure.10379.html
http://www.shimadzu.com/an/ftir/support/ftirtalk/letter1/atr1.html
http://www.shimadzu.com/an/ftir/support/ftirtalk/letter1/atr1.html

1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Bitter

Page 17

45F T 7 T T T T ]
45 T T
40 4.0'—£ A-'_'
' 35} 1]
3.5 3.0 =4
2.5i 1)
3.0 20 F E 11
= 15F 11
(o)) | 4
225 ok ol
8 05 * 1]
<20 ! 11
0.0 1 L L 1 L 1 1 1 1 1 1 1 1
.5 0 6 12 18 24
1.0 .
0.5 o ® o
e

0 0 1 A I 1 I L 1 n I 1 n n 1 L n 1 I L 1 I I 1

0 72 144 216 288 360 432 504
Exposure Time (hrs)

24 r| LA B B R B R | '2'4 '-_'I .' '. 'II .' '. 'II " " "II' .' 'Itlj
- 21} B.
L 18 | 9.
[ 15[ %_

2l e 1]
ol @ 14
6F s 3]
3f 1]
ol 114

0 6 12 18 24

6@ .

N ;
i o [©] [}
L Y o ]

0 | IV WY TN NN TN WY WO NN SN NN WO NN SN WU W [N SN SN W N SN S S N S S . |

0 96 192 288 384 480 576 672
Exposure Time (hrs)

Figure 1.
The calculated average masses of cocaine (A) and methamphetamine (B) recovered from

silicon wafers, which were extracted and analyzed by ESI-MS. Each data point for a given
exposure time is the resulting average from the extractions of three individual tokens. Each
extraction was injected five times to produce a total of 15 measurements. The error bars
represent the standard error of these 15 measurements. Inset is a plot illustrating in higher
detail the first 24 h of exposure time.
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Figure2.
The averaged integrated intensity of the parent molecular ion is presented as a ratio to the

internal standard (black filled circles) on the left y-axis. This is compared to the averaged
integrated intensity resulting from the decomposition product(s) presented as a ratio to the
internal standard (red open squares and blue open triangles) on the right y-axis for cocaine
(A) and methamphetamine (B) from 0 h to 672 h of exposure time. In (A) cocaine is
compared to the major product benzoylecgonine, and in (B) methamphetamine is compared
to the two products 1-phenylpropane (squares) and benzyl (triangles). Lines have been
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drawn connecting data points to assist the eye. The error bars represent the standard error of
15 measurements.
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Figure 3.
The normalized average recovery of cocaine (A) and methamphetamine (B) from all four of

the substrates investigated calculated from the deposited masses. Values were obtained by
normalizing the concentration calculated at each time point to that at time zero (i.e., time
zero = 1.0). Inset is a plot illustrating in higher detail the first 24 hours of exposure time.
Lines have been drawn connecting data points to assist the eye. The error bars represent the
normalized standard error of 15 measurements.
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Figure 4.

IR ATR spectra of cocaine freebase powder compared to that from the crystalline areas
within the cocaine residue after volatilizing onto a slide and leaving it exposed to ambient
laboratory conditions over the course of 672 h. Spectra are normalized to the tallest peak for

each time point.
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Figureb.
SEM images of cocaine (top) and methamphetamine (bottom) powders (A and E) shown

alongside aerosols collected after volatilization at 200 °C, and after being exposed to
ambient laboratory conditions for 6 h (B and F), 48 h (C and G), and 168 h (D and H). The
horizontal field width of each image is 102 pm.
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