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II. PROJECT DESCRIPTION 

A.	 Overview	and	Significance

The aim of this project is to develop new methods for those involved in the Homeland Security Enterprise 
(HSE) to collect, handle and store explosives. Because there are many applications where explosives must 
interact with other materials, a number of approaches have been developed. To date, the applications of this 
study have been safe trace explosive sources for canine and instrument training and explosive sampling de-
vices (swabs), which are effective at pick up and release of explosive residue.
Military explosives are rarely used pure, meaning without a plasticizer or other formulating agent.  So, too, 
homemade explosives (HMEs), may require admixture with other materials. Considering only use by the HSE, 
understanding how HMEs react with other materials is necessary for a number of applications: safe handling 
and storage of HME; creation of better swabs; creation of better vapor concentrators; creation of canine 
training aids; and creation of trace and bulk simulants.  Whatever the reason, for the sake of safety and for 
proper selection of materials, we must understand their interactions.  This project has focused on finding the 
best materials for such devices as canine training aids, swab material and pre-concentrators.  One successful 
application of our studies is polymer encapsulation to facilitate handling of volatile, sensitive explosives, e.g. 
triacetone triperoxide (TATP). This approach promises canine handlers and instrument vendors with safe, 
store-able access to hazardous explosives. It has been received with enthusiasm. We are presently negotiat-
ing licensing with a commercial vendor.
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Along with the discovery of potential applications, metrics for assessment are being developed.   Our studies 
have employed a closed vapor chamber as a metric for sorption. The quantity of a sorbed explosive is deter-
mined by exhaustive extraction. Desorption of explosives in many applications is accomplished by heating. A 
thermogravimetric analyzer (TGA) coupled with infrared and/or mass spectrometry determines desorption 
quantity, purity and the presence of decomposition products.  Atomic Force Microscopy (AFM), using the 
jump-off point, has been used as a way to measure the adhesive forces between the polymer and explosive.
R1-C.2 has resulted in two papers authored at URI [1, 2] and two from our partner at a minority-serving-in-
stitution (MSI) [3, 4], as well as a provisional patent [5]. Both our MSI partner and our group have been 
awarded further Department of Homeland Security (DHS) funding for certain aspects of this research [6, 7].  
This work has also resulted in a graduate student award [8] and partnerships with three vendors supporting 
trace explosive detection.

B.	 State-of-the-Art	and	Technical	Approach

This project uses a variety of tools to determine compatibility of various materials with explosives. In ad-
dition to standard laboratory analysis methods, this project has explored the use of reaction and titration 
calorimetry, AFM, TGA-IR, and various gas and liquid chromatographs as tools to aid this work. This project 
has also investigated new methods to package sensitive HME and novel ways to collect explosives residues 
with the goal of an on-off collection methodology. For example, this project has focused on safe and long-lived 
canine training aids for peroxide explosives, and exploring methods to encapsulate these hazardous materi-
als.  Scientists at NIST have since reported a similar approach and sent us a congratulatory email after seeing 
our presentation at the Trace Explosive Detection conference (April 2014).  Recently, their paper has been 
sent to us for review (see reference [10]); in fact in the last year we have been asked to review over 40 papers 
dealing with explosive, suggesting our expertise is valued in this field. The following sections B.1-B.3 discuss 
the various elements of the R1-C.2 effort. 

B.1.		 Encapsulation	and	coating	of	energetics

In the explosives detection community, there is a need for an insensitive, storage-stable source of HMEs and 
in particular the high-sensitive, peroxide explosives. To meet the demand for safe forms of TATP, we have 
sublimed TATP onto scrupulously clean filter paper.  While this approach fulfilled immediate needs of canine 
trainers and instrument suppliers, preparation was arduous; and the aids were effective for only about 90 
minutes. To enhance the work- and shelf-life of the product, we developed a method to encapsulate TATP. The 
approach, best matching our laboratory resources, was emulsification. A polymer shell-coating material was 
added, with stirring, to the dispersed phase solvent; i.e. dichloromethane, DCM.  Once all the shell material 
had dissolved, TATP was added. When the TATP had completely dissolved in the polymer solution, the entire 
solution was added to water with 2% of polyvinyl alcohol and stirred at ~900 rpm until the DCM evaporated, 
allowing the formation of solid plastic microspheres (~1hr).  Additional water was added with stirring to aid 
filtration and solid microspheres were recovered by vacuum filtration.   
While there were batch-to-batch variations, typically the microspheres contained 20-25wt% TATP.  The 
amount of TATP, the temperature at which it was released from the microsphere, and the purity of its signa-
ture was assessed using thermogravimetric analysis (TGA) with the off-gas analyzed by infrared (IR) spec-
troscopy. With TGA, it was possible to distinguish between release of pure explosive, explosive decomposi-
tion products and polymer decomposition products.  It also allowed the researcher to select the scent. Figure 
1 on the next page (red) shows an IR spectrum of evolved gas from heating polycarbonate beads of TATP; for 
comparison, pure TATP vapor is the blue trace. The scent sources prepared in this fashion are easier to pro-
duce than the previous ones, but the main benefit is that encapsulated TATP has been shown to be stable for 
up to three years. Figure 2 on the next page shows the TGA traces of TATP encapsulated in polystyrene-fresh 
and 2.5 years old.  The TATP content remained at 16.0%, as judged by TGA.  
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A total of nine polymers were investigated for encapsulation of TATP (see Table 1 on the next page).  While 
polystyrene remained an acceptable encapsulating polymer, for a variety of reasons, polycarbonate became 
the material of choice.  Our top choices in encapsulated TATP were tested by actual aging or by accelerated 
aging (see Fig. 2).  Thermal stability proved to be exceptional (see Table 2 on the next page).
This work resulted in a paper [9], a student homeland security innovation award of $10,000 [10], and part-
nership with a vendor desiring to design and market the heating device.  Future work includes a rigorous cal-
ibration of heating schemes for releasing TATP upon demand; working with the vendor to design the heating 
device for TATP and HMTD heating specification; determining the most appropriate polymer for encapsula-
tion of HMTD (hexamethylene triperoxide diamine).

Figure 1: IR spectrum TGA off-gas of beads (red) and pure TATP (blue).

Figure 2:  Polystyrene bead of TATP, fresh, 16.0% (left) and aged 873 days, 15.9% (right).
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B.2.		 New	explosive	collection	techniques

Current sampling techniques are inefficient and invasive. In an effort to make the release of explosives opti-
mal, we focused on the challenge that pickup is sub-optimal. To counteract inefficient pickup, swabbing great-
er surface area may increase the mass of explosive collected but only if there is explosive contamination over 
the whole surface. Screening of hands, headdresses and medical appliances requires physical contact that 
can be embarrassing and invasive and may expose passengers and screeners to biohazards. To avoid being 
intrusive or causing physical harm (medical devices), TSA operators may not swab certain areas otherwise of 
interest. Swabbing can also damage (scratch) some surfaces.
The aim of this work is to create a reversibly switching surface that can be used in a swab to maximize both 
pick up and release of analyte particles in a detector. Modern explosives swabs suffer from the fact that they 
can only either adhere analyte well and release it poorly, or adhere analyte poorly but release it well. Both 
aspects are important to adequate delivery of analyte to a detector system. Thus, we aim to overcome this 
obstacle by creating a surface that changes adhesion upon application of a small electric charge (less than 
that of a 9 V battery) or heat. Three approaches are being considered. Approach 1 and 2 do not required di-
rect contact. While not considered non-contact by the DHS definition (i.e. standoff of greater than 2 inches), 
the switchable swab would attract explosive particles from a distance of ½ inch away from the contaminated 
surface. This obviates the need for actual physical contact with a surface, and therefore speeds the sampling 
process, provides for greater privacy, may increase the overall swab lifetime, and may minimize collection of 
certain types of interfering compounds. These advantages, coupled with higher pickup and release efficien-
cies, will make for speedier, more pleasant, and more economical checkpoint operations while improving 
trace detector performance. Approach 3 involves new material synthesis, specifically creation of self-assem-
bled monolayers.

Table 1:  Polymers investigated for encapsulation of TATP.

Table 2:  Storage stability of encapsulated TATP.
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B.2.a.		 Approach	1

This proposed triboelectric enhancement would require no major change in the swabbing materials nor sen-
sor hardware but would allow a change in the technique as the swab would no longer need to be rubbed over 
a surface. Triboelectric charging, a subset of contact electrification, is a well-known phenomenon, e.g. chil-
dren rub balloons in their hair to make the balloon stick to the wall. Therefore, it is surprising that so much 
of the basic theory is subject to debate, even to the point of whether the charge is generated by transferring 
electrons, ions, or nanoparticles [11]. Nevertheless, static electricity is exploited in applications from laser 
jet printers to industrial air cleaners [12]. Electrostatic precipitators have been used for many years for dust 
and other particle collection [13]. Moreover, though there must be a balance of charge between the two neu-
tral surfaces that are rubbed together to create the positive and negative charges, these charges can persist 
long after the two surfaces are physically separated [12]. However, the electrostatic precipitator imparts a 
net charge to the particle [13]. In contrast, our technique charges the collector, which temporarily induces a 
dipole in the particle. This dipole dissipates as soon as the charge on the collector is neutralized. The precip-
itator charges the particles; the enhanced swab only redistributes charge temporarily so that the particle is 
attracted to the collector.
The concept is to enhance the pickup and release efficiency of current swabs used by TSA for the collection 
of particulate explosives from a variety of surfaces. This enhancement approach can be applied to any swab 
material of low conductivity, e.g. plastic or cloth. Such a material will be statically charged, e.g., by triboelec-
tric effect or corona discharge. The statically charged swab attracts the explosive particulate through space. 
However, when the swab is inserted into the inlet of the detection instrument, the static charge is dissipated; 
thus, it is no longer attractive to the particulate and the analyte is readily released into the inlet. Because the 
particulate was never pressed into the substrate or the material of the swab by rubbing, it is readily collected 
and released into the detector. This concept is demonstrated in Figure 3. A Teflon swab charged by rubbing 
on a polyamide fabric picks up an easily visible amount of pentaerythritol tetranitrate (PETN). This method 
of charging develops up to -7 kV of static charge on Teflon.

Figure 4 on the next page illustrates two points: 1) the larger the charge on the swab, the more particles are 
picked up; and 2) particle size does not appear critical. In Figure 4, the pickup efficiency is demonstrated on 
sugar particles ranging ~150 µm to ~800 µm in size. In Figure 5, on the next page, this is demonstrated for 
TNT (2,4,6-trinitrotoluene). (Note macroscopic pickup is more visual, but microscopic pickup has also been 
demonstrated (vide infra)).

Figure 3: Bulk PETN attraction to statically-charged Teflon.
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Figures 3 to 5 illustrate static generated by contact electrification attracting explosives on the macroscale. In 
such testing, we have demonstrated the technique is effective on several substrates including glass, polymer 
resin, card stock, rough vinyl, and human hair. Moreover, the technique is easily employed on the microscale. 
For example, when strands of hair which had been purposely exposed to explosive vapor were swabbed with 
a charged and an uncharged swab, the charged swab resulted in detection on the FLIR Fido X3 while the un-
charged swab did not (see Fig. 6). (Our premise is that the explosive vapor adhered to dust particles which 
were subsequently attracted to the charged swab.) Additionally, when a C-4 fingerprint was analyzed using 
a charged swab, it resulted in detection on a Morpho Itemizer IMS (ion mobility spectrometer). It should be 
noted that all swabbing experiments were performed at 3 mm standoff. 

Electrostatically charged swab materials will reduce the introduction of interfering and masking compounds 
to the detector inlet. Most of these compounds are not very volatile, have high molecular weights, and typi-
cally adhere strongly to surfaces, e.g. oils on skin or hair and common plasticizers. During contact sampling, 
these compounds are typically collected from the surface along with the explosive particles. Electrostatically 
enhanced sampling appears to provide some selectivity based on the strength of surface adherence. Loose 
explosive particles are more likely to be picked up by electrostatically charged swabs than oils. Figure 7 
on the next page illustrates the effect. The left and middle sets of bars represent “clean” glass (blanks) and 
“clean” hair. With the non-charged contact swabs (blue), the interfering compounds on the hair caused a 
background response four times as large as the response on glass. The charged swab, which did not need to 
contact the hair, did not pick up these interfering compounds. Thus, the hair background was as clean as with 
the blanks on the glass slide. On the other hand, when explosives were present, as in a TNT contaminated 
thumbprint (right bars), the charged swabs collected almost as well as the uncharged contact swabs. While 
this was a small data set, charged swab sampling appears to reduce background response significantly while 

Figure 4: Pickup of sucrose of two particle sizes.  Figure 5: Pickup of TNT of two particle sizes.  

Figure 6: Setup of TNT-exposed hair, depressors for set standoff (left), “No hit” with uncharged (middle left), & “hit” with 
charged swab (FLIR FidoX3, middle right). Hit with charged swab (Morpho Itemizer, right).
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response to explosive was only slightly reduced. Swabs in this case were Nomex.

Non-obtrusive detection of trace amounts of illicit materials has long been a goal of detection companies 
and security firms. Though detector technology continues to improve, a key challenge remains in collection 
and release of sufficient analyte, e.g., explosives or precursors, into the detector. In fact, many detection com-
panies choose swabs with the best release profile rather than the best collection profile. Hence, materials 
such as Teflon, Nomex, and metal mesh have been employed. An electrostatically enhanced swab improves 
the collection efficiencies of these poorly collecting materials. When the swab is placed in the desorber, the 
charge is dissipated and desorption occurs. Because the collection is done near-field, there is less wear on the 
swab material, and therefore the swab has a longer life-time. Furthermore, because the swab does not rely 
on physical adhesion of particles, the particles are readily released when the static field is dissipated. Thus, 
more residue can be collected, and more residue can be released, facilitating faster and more accurate iden-
tification of threat materials. The breadth of explosives and precursors attracted by this method will yield 
operational benefits in speed and ease with which objects may be screened with greater scrutiny for threat 
materials. Our swabbing technique will deliver a collection enhancement greater than 50% over comparable 
sampling techniques currently in use. Desorption efficiency are greater than 90%. Table 2 (D.1) shows that 
reproducible release in macroscopic samples is 97% (standard deviation less than 3%). Charging time is less 
than 5 seconds. Desorption time is unchanged from traditional swabbing methods. No additional instrument 
maintenance or downtime is required. Temperatures tolerated by the swab depend on its chemical makeup, 
but an electrostatically enhanced Teflon swab is compatible with thermal desorption systems operating at 
greater than 400 °C.
In near-field mode, the sampled surface is not impacted. We have demonstrated operation on several surface 
substrates. The near-field mode also spares wear on the swab and enhances its life-time, reducing swab costs 
below threshold. Reuse of a swab for which there was no alarm is simply a matter of recharging. As a side 
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benefit, it has been noted that in the near-field mode less contamination is collected on the swab (see Fig. 7). 
Shelf life for Teflon or Nomex swabs is greater than one year. 

B.2.b.		 Approach	2

Triboelectric charging of swabs presents a number of challenges: potential contamination during charging 
due to active rubbing of one surface on another; the time required for charging; and maintenance of the 
charge under high humidity conditions. Creating a swab with an electret surface overcomes these difficulties. 
An electret is defined as a “piece of dielectric material exhibiting quasi-permanent electrical charge”[14]. 
Quasi-permanence means that a significant decay in charge does not occur in the time scale of the exper-
iments (years). The electret can extend from the surface into layers of the material (10 to 100 microns). 
Electrets are created by exposing a dielectric material to an electrical field, thus polarizing it. The magnitude 
of the charge created on the dielectric material is dependent on the resistance and chemical stability of the 
material. When heated and exposed to a strong electrostatic field, the polar molecules at the surface of the 
dielectric (polymer) align themselves (see Fig. 8). The dielectric surface molecules solidify and maintain 
charge on cooling.

Swabs that are electrets can be created and used in a completely non-contact fashion; thus, reducing the 
possibility of contamination. The electrets should accept and maintain a charge similar in magnitude to that 
created by tribocharging (7-12kV). Our initial approach to making electrets would charge Teflon, β-PVDF, or 
Nomex using an external electric field, e.g., a tip-to-plane corona charging apparatus (see Fig. 9 on the next 
page). Charging will be performed at elevated temperatures, just under the glass-transition point of the poly-
mer, in order to increase their thermal stability.  The apparatus will be purged with dry nitrogen to ensure 
low humidity.  If higher voltage charging is required (> 30 keV), the chamber would be filled with a high di-
electric gas such as SF6; however, need for this high a charging apparatus is not expected.
Swab materials created by Approach 1 (triboelectric charging) will be compared to those created by Ap-
proach 2 (electrets). Both of these approaches create a swab that does not require direct contact, and neither 
approach transfers charge to the operator or the surface being swabbed. 

Figure 8: Notional diagram of electrets from [15].
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B.2.c.		 Approach	3

Lahann has reported that a hydrophilic/hydrophobic surface can be created by allowing (16-mercapto)hexa-
decanoic acid (MHA) to form a  self-assembled monolayer (SAM) on gold sputtered on silicon nitride [17]. 
The MHA was modified with an acid labile globular head group to produce low-surface packing density and 
conformational freedom. After SAM formation, the head group is removed to leave a carboxylic acid, which 
is deprotonated to the carboxylate. This negatively charged carboxylate is electrostatically attracted to or 
repelled from the gold surface to which it is bound. This attracting/repelling behavior is based on electric 
potential (see Fig. 10). When a positive potential is applied to the gold, the negatively charged head group is 
attracted to the surface, revealing an aliphatic (hydrophobic) backbone. Application of a negative potential 
repels the carboxylate group to its maximum extent, revealing a charged (hydrophilic) face.

Synthesis of the MHA ester and creation of the SAM on the gold surface was a multi-step process. We are 
presently simultaneously characterizing the MHA SAM created and investigating metrics available to us for 

Figure 9: Charging chamber for creating electrets from [16].

Figure 10: A representation of the reversibly switching surface reproduced from [8].
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probing its “switching” properties. Surface analyses explored include reflectance-infrared microscopy, Ener-
gy Dispersive X-ray Spectroscopy (EDS), Scanning Electron Microscopy (SEM), and Atomic Force Microscopy 
(AFM).

B.2.d.		 Summary

The enhancement proposed herein would require no major change in the swabbing materials nor sensor 
hardware but would require a change in the operational protocol as the swab would no longer need to be 
rubbed over a surface.  Each of the approaches to switchable swabs would require a different operational 
protocol. Approach 1 would require the swab be charged before each sample collection. Inserting the swab 
into the detection device would trigger the release of the analyte. In Approach 2, the swab would be perma-
nently charged at the factory, and sample release would be accomplished by heating in the detection device 
desorber. The swab could immediately be reused. Approach 3, like Approach 1, would require an alignment 
before every use, and switching would be accomplished at the inlet of the detection device.  The enhanced 
swab would attract explosives particles from a distance of ½ inch away from the contaminated surface. This 
obviates the need for actual physical contact with a surface and, therefore, speeds the sampling process, pro-
vides for greater privacy, may increase the overall swab lifetime and may minimize the collection of certain 
types of interfering compounds. These advantages, coupled with higher pickup and release efficiencies, will 
make for speedier, more pleasant and more economical checkpoint operations while improving trace detec-
tor performance.   
This work resulted in a DHS research award under BAA EXD 13-03 (Advanced Swabs for Near-Field Sam-
pling) with subcontractors, FLIR and DSA.

B.3.		 Metrics	for	explosive-polymer	interactions

The interactions of energetic materials and polymers have important implications in safety, long-term stor-
age and performance of explosives and explosive mixtures. AFM was used to investigate adhesion forces, 
at the molecular scale, of eight energetic materials [(1,3,5-trinitroperhydro-1,3-5-triazine (RDX), octahy-
dro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), pentaerythritol tetranitrate (PETN), and 2,4,6-trinitrotolu-
ene (TNT)), energetic salts (potassium chlorate and potassium nitrate), and homemade explosives (hexam-
ethylene triperoxide diamine (HMTD) and triacetone triperoxide (TATP))], on seven common polymers: 
polyethylene (PE), polyvinylalcohol (PVA), polystyrene (PS), poly(4-vinyl phenol) (P4VP), poly(2,6-dimethyl-
phenylene oxide) (PPO), poly(2,6-diphenyl-p-phenylene oxide) (Tenax®)  and polytetrafluoroethylene (Tef-
lon®). Teflon was the least adhesive polymer to all EMs, while no distinct trend could be elucidated for the 
other polymers. 
Typically, AFM is used to generate topographic images of surface features from atomic to micron scale [18]. 
However, AFM can also generate force curves between the cantilever tip and sample surface [19-23]. These 
force curves yield adhesive parameters for the two test materials. By using the AFM cantilever and sample 
stage, an explosive particle affixed to the cantilever is pressed into a sample material, or the sample material 
is deposited onto the cantilever tip and pressed into a monolayer of explosive [24] (see Fig. 11 on the next 
page). Previous work on energetic materials and AFM focused on adhesion to terminal group-functionalized 
self-assembled monolayers [25], and metal coupon finishes [26].
Commercial polymers were acquired and flattened on glass slides by gentle heating and pressing with a sil-
icon wafer of defined roughness (RRMS ~2 nm). This approach was particularly difficult with the polymers 
acquired as powders. PE, PS, and PVA yielded RRMS ranging from 15 to 45 nm, while Teflon gave a value of 
342 nm.  Explosive microcrystallites were adhered to tipless cantilevers using a micromanipulator and po-
larized light microscope. Particle size was estimated using an ocular micrometer; more accurate estimates of 
particle size were obtained by scanning electron microscopy (SEM). A microdrop of UV-curing glue (Loctite 
352, Henkel) was used to adhere the energetic microcrystallite (~40 micron long) to the cantilever. Tips 
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were inspected by SEM imaging. Each energetic tip was tested against Teflon, PE, PS, and PVA, while some 
tips were tested against all polymer surfaces.  If the energetic tip appeared damaged, it was replaced and all 
measurements were rerun. 
Before force curves were taken and after each polymer set, the modified cantilever was calibrated using the 
Thermal K function available on an Agilent 5500 AFM. Though many methods exist for calculating a cantile-
ver spring constant, this function employs thermal fluctuations of the cantilever as harmonic oscillation [29-
33]. One 50 μm x 50 μm area was raster scanned at 1 μm/s to collect force measurements at <20% relative 
humidity. Because the polymer surface was easily deformed, the vertical displacement of the force curve was 
adjusted after every few force curve measurements to prevent indentation of the polymer. 
Force measurements were taken using native tipped cantilevers, tipless cantilevers with only glue, a tipless 
cantilever with a polystyrene microsphere, and tipless cantilevers with fully adhered energetic microcrystal-
lites. The order of polymers examined against a given tip was altered to show that one data set had no effect 
on another; repeat measurements of an initial polymer were conducted after collecting measurements from 
a second polymer for the same reason. After collection of a number of force curves (usually 1000), unrepre-
sentative curves were culled for two primary reasons. First, significant indentation of the polymer after the 
jump-to-contact point was occasionally unavoidable, causing plastic deformation to the polymer or energetic 
material particle or transfer of significant amounts of polymer onto the particle. After the deformation or 
transfer, each successive force curve would be obtained with a unique particle (or polymer-coated particle), 
hindering comparison to other polymer force curves and other force curves within the same polymer set. 
Second, surface roughness of polymer substrates was potentially too high, causing unrepresentative adhe-
sion or detector saturation. Representative force curves were baseline-normalized and calibrated using the 
measured cantilever deflection sensitivity and force constant; then a histogram was created to determine the 
adhesion force with highest frequency. A representative histogram is shown in Figure 12.  Quantitative force 
measurements were collected for a virgin tipped cantilever and polystyrene microsphere on Teflon, PE, PS, 
and PVA (see Table 3 on the following page). Results confirm that none of the energetic adhesions resulted 
from artifacts of cantilever, glue, or polymer-polymer adhesion.  In fact, the obtained polystyrene-polystyrene 
adhesion force from the PS microsphere (335 nN) closely correlates to a previously calculated force (314 nN) 
[34].  

 

Quantitative force measurements were collected for eight energetic materials on the seven polymer sub-
strates. AFM data sets were run over a period of 18 months.  Table 3 on the following page presents the data 
collected over the last two intervals in order to exhibit the degree of reproducibility using different energetic 
material tips and different polymer substrates.  Table 3 shows both the number of scans and the standard de-
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Figure 11: Monomers units of polymers used. Figure 12:  Force histogram of KNO3 v. polyethylene.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R1: Characterization & Elimination of Illicit Explosives 

Project R1-C.2



viations. As is typical for AFM measurements, standard deviations were large (see Table 4 on the next page).  
In cases where the standard deviation was larger than the measured force, the data are shown, with shad-
owing, but not included in the averages. Examining the trends across the seven polymers, Teflon and P4VP 
had the lowest adhesion forces for all eight energetic materials.  The average force exhibited with these two 
surfaces was almost as small as that observed with the bare cantilever. For Teflon, low adhesion force values 
are not surprising because it is valued for its “nonstick” properties.  Its higher relative surface roughness 
(RRMS 342 nm) may account for values with high standard deviations. In addition, the small values observed 
with P4VP could be attributed to high surface asperities throughout a rough substrate. We encountered great 
difficulty in creating a smooth surface for this material, acquired as a powder, and the resulting surface could 
have been so rough as to only create a miniscule contact area and subsequent low adhesion force.  The other 
five polymers had average adhesion forces ranging from 108 to 127 nN, which, considering the standard de-
viations, were essentially identical. 
The eight energetic materials studied represent the major classes of military explosives, as well as the im-
provised peroxide explosives and energetic oxidizers:   nitrate ester (PETN); nitroarene (TNT); nitramine 
(RDX and HMX); peroxides (HMTD and TATP); and salts (KNO3 and KClO3). (As explained above, shadowed 
data were not included in the averages). While the data in Table 3 on the next page allowed us to detect some 
differences among the polymer substrates, the diverse structural differences among the energetic materials 
could not be distinguished from adhesion measurements. For each energetic, the data sets collected in May 
were averaged separately from those collected in Sept/Oct.  Our purpose in averaging the two data sets sep-
arately was to see the magnitude of the differences in measured adhesion another researcher might observe 
using the same chemical but different microcrystal on the tip and same polymer but different surface prepa-
ration.  The overall average for a given energetic material across all polymers is shown in the far right column 
in Table 3 on the next page.  Little distinction is seen among them.
Two polymers, Teflon and P4VP, stand out as having low adhesion to the energetics.  This feature, especially 
in P4VP, deserves further examination.  However, there was generally little difference in the adhesion of the 
various energetics to a variety of polymers. This lack of differentiation among chemicals with diverse func-
tional groups suggests that the difference in functionality of the energetics is not the main factor affecting 
the adhesion forces. Macro scale considerations such as lattice structure, surface area, and surface roughness 
may have a greater effect on adhesion forces than the purely van der Waals-dominated interactions assumed 
herein.
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C. Major	Contributions

A primary consequence of this research is safety. Workers using explosives handle them with inert material, 
e.g. a container, a gloved hand, a detection instrument. They must be assured there are no unanticipated 
hazards. Second, most detection instruments contain plastic parts and many ETDs require pre-concentrators 
or swabs. Not only will this project seek the best way to evaluate the wealth of modern materials available, 
but it is likely to point to some of the best choices in these areas. This impacts both trace and bulk detection.
TATP has been successfully encapsulated both for canine training aids and for calibration of trace detection 
equipment. HMTD is presently being studied.
A non-contact swab has achieved sufficiently promising results to win additional funding.
AFM has been used to examine explosive/polymer interactions, and calorimetry is presently being employed 
for the same purpose.

 
En

er
ge

tic
 

M
at

er
ia

l

Fo
rc

e (
nN

)

St
 D

ev

Sc
an

s

Fo
rc

e (
nN

)

St
 D

ev

Sc
an

s

Fo
rc

e (
nN

)

St
 D

ev

Sc
an

s

Fo
rc

e (
nN

)

St
 D

ev

Sc
an

s

Fo
rc

e (
nN

)

St
 D

ev

Sc
an

s

Fo
rc

e (
nN

)

St
 D

ev

Sc
an

s

Fo
rc

e (
nN

)

St
 D

ev

Sc
an

s

Da
te

Av
e. 

Se
t

Av
e. 

Al
l

15 23 680 71 88 815 50 15 429 130 81 512 22 13 1035 103 47 948 May-14 76

119 85 953 186 70 948 152 51 895 184 14 973 Oct-14 160 118

40 31 906 95 48 907 52 77 969 80 50 976 43 16 679 74 82 859 185 40 803 May-14 89

31 23 968 113 15 974 59 26 967 59 26 967 Sep-14 66 101

86 124 940 98 44 937 77 73 855 42 56 818 56 60 932 May-14 88

41 24 983 117 83 978 270 94 941 101 93 967 Oct-14 132 117

23 17 804 87 32 952 98 44 937 17 8 938 May-14 56

99 49 944 161 17 980 125 26 934 238 48 976 Sep-14 156 106

10 22 835 81 55 935 205 82 863 60 5 1009 69 72 872 176 72 837 33 56 793 May-14 131

14 14 1081 89 35 936 100 32 636 26 57 964 Sep-14 95 119

51 55 528 328 82 989 49 16 434 149 77 818 149 75 706 May-14 169

22 40 951 118 21 998 85 59 954 110 43 944 Oct-14 104 141

46 30 1007 171 23 999 154 28 1003 70 47 908 43 22 941 58 31 889 125 56 377 May-14 95

41 24 976 49 24 952 85 21 980 44 7 982 Sep-14 55 81

TATP 28 34 1081 85 70 376 94 36 942 137 58 877 Oct-14 105 105

Ave. 55 127 117 108 36 122 119

PPO TenaxP4VP

KNO 3

Teflon PE PS PVA

HMTD

HMX

RDX

PETN

TNT

KClO 3

Table 3:  Energetic materials on polymer adhesion force summary.

 
 
 
 
 

 
 

Reference Tip Substrate 
Adhesion Force 
(nN) 

Standard 
Deviation/Error 

8 Energetics 
Functionalized 
monolayers 20-130 10-50 

9 Energetics Acrylic coatings 16-110 5-24 

18 Polystyrene Polypropylene 250-400 40% 

19 
Polystyrene 
Latex Silicon 127 21 

20 Polystyrene Silica 1000-2000 N/A 

Table 4:  Typical adhesion forces and standard deviations.
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D.	 Milestones

Our present approach to TATP canine training aids is presently being adapted to another peroxide explosive, 
HMTD. Whether this approach can be adapted to the low-melting HME erythritol tetranitrate (ETN) is a sub-
ject of present experimentation.  
Efforts toward switchable swabs have just begun. In terms of specially prepared polymers, we have synthe-
sized a polymer which should have the desired characteristics. However, complete characterization of that 
polymer must be done before the “switchable” properties can be confirmed and applied to the target mate-
rials.
We are also examining charged swabs for their pick-up and release capabilities. We have taken a two-prong 
approach, using electrostatics, a temporary charge, as well as electrets, for a more permanent approach. Both 
approaches need to be tested for long term viability.

E.	 Future	Plans

All three areas outlined above continue to be the subject of active research. 
Coating and encapsulation of materials will continue to be of interest.  Not only will we investigate encap-
sulation of energetic materials, but also the encapsulation of potential additives to energetics. For example, 
we have shown that addition of parts-per-million (ppm) amounts of generally-recognized-as-safe (GRAS) 
metals to 3% or 12% hydrogen peroxide (HP) prevents its concentration by heating, instead promoting its 
decomposition. Furthermore, at ppm levels, the metals do not affect the stability of hydrogen peroxide at 
room temperature.  Applying the same approach to 30% HP requires elevated levels of metals which would 
negatively influence shelf-life.  This could be avoided by encapsulating the metals with a coating which can 
be degraded by heating.  Thus, at room temperature, the 30% HP would be stable, but if heated, rather than 
concentrate the HP, the heat would remove the polymer coating from the metals and expose the HP to their 
degrading effect.  This requires that the polymer be compatible with both the metal and the HP and that it can 
be removed or softened by heating; hence, the need for metrics.
Work on switchable polymers and swabs, which has just begun and will continue, including electrostatics 
and electrets.  In addition, each task requires its own metrics.  Last year, we investigated vapor chamber ex-
posure followed by total extraction (solvent).  That tool we now thoroughly understand in terms of use and 
limitation.  This year we have examined AFM, and in coming year’s calorimetry will be explored.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A.	 Course,	Seminar	or	Workshop	Development

“Advanced Studied in Explosives” course was offered for the first time in spring of 2015 with 15 graduate 
students in attendance.
In May 2015, a hands-on course entitled “Explosive Analysis” was offered for the first time; six members of 
the HSE came to URI to attend.
Graduate student Devon Swanson was selected to give an award talk at the Trace Explosive Detection confer-
ence for his work on AFM of explosives (April 2015, Pittsburgh).
Dr. Smith presented “An Introduction to the Properties of Explosive and Trace Detection” at the IEEE HST ‘15 
ALERT Tutorial Session: Introduction to Explosives/Threat Screening Tools and Technologies in April 2015. 
Courses were presented for the Army, Navy, Air Force, and the Transportation Security Administration (TSA-
TSIF, 10 classes and 200 people) and TSA explosive specialists (TSA-TSS-E, 5 classes and 110 people). 
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A.1.	 Invited	Lectures	

Thermal Stability and Chemistry of Difficult Energetic Materials”, New Trends in Research Energetic Materi-
als; Pardubice, CZ, April 11, 2015.
JANNAF, December 10, 2014, Academic Research to Real Life Application, ABQ
7th Annual CBRNe Convergence, October 28-30 2104, New York, NY, tutorial to first responders
Recognizing Improvise Drug vs Explosive Labs, 23rd Annual Haz-Mat Training Conf. September 18, 2014, 
Plymouth, MA, tutorial to first responders

B.	 Student	Internship,	Job	or	Research	Opportunities

Each URI project supports one or more graduate students. This is their best learning experience. Undergrad-
uates are also supported on the projects as their class schedules permit.  
A newly minted PhD from our group, Jon Canino, accepted a position at Signature Science and is working at 
the Transportation Security Laboratory in New Jersey.

C.	 Interactions	and	Outreach	to	K-12,	Community	College,	Minority	Serving	Institution	Students	or	Faculty

We have continued our K-12 outreach by hosting high school teachers in the summer and providing chemical 
magic shows at schools K-12.  High school teachers conduct research in URI labs for 8 to 10 weeks under the 
mentorship of a graduate student. As a result, two have gone back to seek advanced degrees. 
In addition, in the summer of 2014, we hosted 2 forensic scientists from Qatar and a West Point cadet for 
several weeks. For the summer of 2014, we hosted a professor from Tuskegee University and one of her 
students. In summer of 2015, we hosted two Navy midshipmen and a Penn State engineer, and air force em-
ployee will be placed at URI to begin work on a master’s degree.

D.	 Training	to	Professionals	or	Others

We trained 110 TSS-E (TSA explosive specialists) in five classes and approximately 230 other people involved 
in the homeland security industry in 12 classes, one of which was created to meet the needs of the U.S. Army 
forensic laboratory. 

IV. RELEVANCE AND TRANSITION

A.	 Relevance	of	Research	to	the	DHS	enterprise

• R1-C2 “encapsulation/coating” addresses safe samples of explosive. Evidence that this program has im-
portance are as follows:

o Requests from ETD (explosive trace detection) equipment vendors for product information; 
o Requests to license the vapor scent product; 
o An innovation award from the National Homeland Defense Foundation of $10,000 for the va-

por scent product. 

• R1-C2 novel sampling addresses novel, non-contact, switchable sampling of explosives. Metrics include:
o New initiative received DHS award (see overview and references therein).

B.	 Potential	for	Transition

• R1-C2 addresses safe samples of explosive. We receive requests to license the vapor scent product.
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• R1-C2 addresses sampling of explosives. A DHS award under BAA EXD 13-03 (see overview and referenc-
es therein) with transition partners FLIR and DSA is presently being negotiated.  

C.	 Transition	Pathway	

• R1-C2 addresses safe samples of explosive. We receive requests to license the product and are working 
with a potential vendor, although the product is presently available for free to those requesting it.

• R1-C2 addresses sampling partners are in place for transitioning this work.

D.	 Customer	Connections

We have been distributing the scent product for free to a number of users. This puts a customer base in place 
for future sales.

V. PROJECT DOCUMENTATION 

A.	 Peer	Reviewed	Journal	Articles	

1. Oxley, “Explosive Detection: How We Got Here and Where Are We Going?” International Journal of 
Energetic Materials and Chemical Propulsion; 2014, 13(4): 373-381.

2. Oxley, J.C.; Smith, J.L.; Canino, J.N. “Insensitive TATP Training Aid by Microencapsulation” J. Energetic 
Materials; 2015, 33(3), 215-228.

B.	 Other	Publications	

Pending- 

1. Oxley, J.C.; Smith, J.C.; Swanson, D.; Kagan, G. “Adhesion Forces of Energetic Materials on Polymer 
Surfaces, submitted to Propellants, Explosives, Pyrotechnics.

2. Oxley, J.C.; Smith, J.L.; Porter, M.; Colizza, K.; McLennan, L. ; Zeire, Y.; Kosloff, R.; Dubikova, F. “Syn-
thesis and Degradation of Hexamethylene triperoxide diamine (HMTD)”,  submitted to Propellants, 
Explosives, Pyrotechnics.

3. Oxley, J.; Smith, J.; Donnelly, M.; Rayome, S. “Thermal Stability Studies on IMX-101 (Dinitroanisole/ 
Nitroguanidine/NTO)”, submitted to Propellants, Explosives, Pyrotechnics.

C.	 Other	Conference	Proceedings

1. Smith, J. “An Introduction to the Properties of Explosive and Trace Detection.” IEEE HST ‘15 Tutorial 
Session: Introduction to Explosives/Threat Screening Tools and Technologies, April 2015. 

D.	 Other	Presentations	

1. Seminars
a. Devon Swanson (presenter) with J Oxley; J. Smith; G. Kagan “Adhesion Forces of Energetic Mate-

rials on Polymer Surfaces”  Trace Explosive Detection April 2015; Pittsburgh
2. Poster Sessions—for ALERT events
3. Short Courses-listed under education
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E.	 Student	theses	or	dissertations	produced	from	this	project

1. PhD Chemistry:   Jon Canino Dec. 2014 Polymer Systems and Explosives
2. PhD Chemistry:  Maria Donnelly May 2105 Thermal Stability & Sensitivity of Energetic Formulations 

F.	 New	and	Existing	Courses	Developed	and	Student	Enrollment

New or 
Existing

Course/Module/ 
Degree/Cert. Title Description Student  

Enrollment
New Certificate Explosive Analysis Lab Analysis of Explosives 6*

New Graduate credit Explosive Analysis Mass Spectroscopy; Thermal; Shock 15

Existing Certificate Pyrotechnics Raytheon K-Tech ABQ 12

Existing Certificate Fundamentals Fundamentals - Alcoa 12

Existing Certificate Air Blast Air Blast - Huntsville 14

Existing Certificate Materials Characterization Picatinny 14

Existing Certificate Fundamentals TSIF Fundamentals 50

Existing Certificate Fundamentals Fundamentals Eglin 28

Existing Certificate Fundamentals URI Fundamentals 32

Existing Certificate Air Blast Air Blast - LANL 15

Existing Certificate Materials Characterization Materials Characterizations - Navy 18

Existing Certificate Stability, Compatibility Stability, Compatibility - Navy 18

*   Included DHS personnel

G.	 Requests	for	Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-ES personnel
b. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working 

Group (IExTRAWG) 
2. From Federal/State/Local Government

a. Singapore, India, Turkey Defense groups ask questions, request classes; class request from India 
in review at Dept of State.

b. We have been asked to support Brookhaven National Lab in some of their international outreach.
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