
R1-C.2: Explosive Polymer Interactions

Abstract— This project focuses on the interaction of explosives with “inert” materials.   The focus to 
date has been explosive/polymers interactions.  Explosives are exposed to polymers for a variety of 
reason: when they are “plasticized” for shaping; when they are encased for safe handling, (e.g. dog 
training aids); and when they are collected for forensic evidence or stored.   Whatever the reason, 
for the sake of safety and for proper selection of materials, we must understand their interactions.  
This project has focused on fi nding the best materials for such devices as canine training aids, swab 
material and pre-concentrators.  Along with discovery of potential application, metrics for assess-
ment are being developed. 

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Jimmie Oxley Co-PI URI joxley@uri.edu

Jim Smith Co-PI URI jsmith@chm.uri.edu

Sze Yang Co-PI URI syang@chm.uri.edu

Gerald Kagan Post-Doc URI gkagan@chm.uri.edu

Students

Name Degree Pursued Institution Month/Year of Graduation

Jon Canino PhD URI Summer 2014

Kaushi Purohit PhD URI Spring 2014

Michelle Gonsalves PhD URI 2018

Guang Zhang PhD URI 2014

Jie Mei PhD URI 2019

Rebecca Levine PhD URI 2018

Devon Swanson PhD URI 2018

II. PROJECT OVERVIEW AND SIGNIFICANCE

This project focuses on the interaction of explosives with “inert” materials. Explosives are exposed to poly-
mers for a variety of reason: when they are “plasticized” for shaping; when they are encased for safe handling, 
(e.g. dog training aids); and when they are collected for forensic evidence or stored.   Whatever the reason, 
for the sake of safety and for proper selection of materials, we must identify and understand the interaction 
involved.  This project has focused on inding the best materials for devices used as canine training aids, 
swab materials and pre-concentrators.  Along with potential applications, metrics of assessment are being 
examined.     
A primary consequence of this research is safety.  Workers using explosives handle them with inert mate-
rial—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.
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 III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

This project is addressing three different problems relevant to explosive detection and characterization—
pre-concentration, swabbing, training aids for instruments and canines—in concert.  Each material, to which 
a given explosive is exposed, is evaluated and metrics established.  The application of MIPs in explosives re-
search is relatively new; functionalized carbon nanotubes are new, as well; and electrostatics, as it is applied 
to this project, has not been done previously.  The latter has been put forward for patenting.

A.1   TATP encapsulation 

To meet the demand for safe forms of triacetone triperoxide (TATP), we have sublimed TATP onto scrupu-
lously clean ilter paper.  While this approach ful illed immediate needs of canine trainers and instrument 
suppliers, preparation was arduous; and the aids were effective for only about 90 minutes. To enhance the 
product’s work- and shelf-life, we developed a method to encapsulate TATP. The approach, making best use 
of our laboratory resources, was emulsi ication.  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. This emulsion mixture was allowed to stir 
until the DCM evaporated, allowing the formation of solid plastic microspheres (~1hr).  Additional water was 
added with stirring to aid iltration and solid microspheres were recovered by vacuum iltration.  
Thermogravimetric (TGA) experiments were used to determine release temperatures of the explosive from 
the polymer, amount of explosive present in the polymer, and quality; i.e. purity of the scent. With TGA, it was 
possible to distinguish between release of pure explosive, explosive decomposition products and polymer 
decomposition products.  It also allowed the researcher to select the scent. Figure 1 (red) shows an infrared 
(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 produce than the previous ones, but 
the main bene it 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. 

Figure 1: IR spectrum TGA off gas of beads (red) and pure TATP (blue).
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A.2   Evaluation explosive-polymer interaction  

The above encapsulation process for TATP makes no guarantee that the polymer of choice will be compat-
ible with other explosives.  Furthermore, for a variety of reasons, encapsulation using highly inert polymeric 
materials is desirable.  For example, we have shown that addition of parts-per-million (ppm) amounts of gen-
erally-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 stability at 
room temperature.  Applying the same approach to 30% HP requires elevated levels of metals which would 
negatively in luence shelf-life.  This could be avoided by encapsulating the metals with a coating 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 and expose the HP to the degrading effect of the metal.  
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.

A.3    Sorption/desorption experiments

Studying the interaction of polymers and metals provides a basis for assessing compatibilities of polymeric 
components in detection instruments and sensors. We have examined numerous specialty polymers used as 
pre-concentrators and as enhancement devices for sensors. We have studied molecularly imprinted polymers 
(MIPs), conductive polymers and a variety of commercial-off-the-shelf materials for a variety of applications. 
Associated with diverse applications are a number of molecular/physical interactions; thus, a variety of eval-
uation techniques are required.  We have conducted numerous isothermal adsorption/desorption studies 
starting with sealed containers permeated with explosive vapor. We have used this technique routinely with 
TATP, TNT, and RDX, in order of decreasing vapor pressure. (We have also used this method with PETN, but 
saturation times were measured in weeks rather than hours.)  For vapor deposition of TNT the substrates of 
interest were exposed for 1 hour at 60°C. Once the substrate was exposed, it was removed from the exposure 
container and split into two fractions. One portion was solvent extracted, and the TNT in the extracts was 
quanti ied by gas chromatography with electron capture detector (GC-μECD).  The second portion was placed 
in a thermal desorption unit, and the TNT was thermally driven from the substrate and directly into a GC-
μECD for quanti ication of amount desorbed. (To prevent saturation of the μECD detector different ratios of 
sample were used in each vial type due to differences in sorption/desorption ef iciency of the substrate ma-
terial. This is re lected in Table 1 on the next page, the column headed “solution/headspace”). In Table 1 on 
the next page, the amount of TNT adsorbed is calculated from the TNT found in the solvent extracts and the 
amount desorbed from the thermal desorption. Several polymers were examined along with swipes provided 

Figure 2:  Polystyrene bead of TATP, Fresh, 16.0% (left) and Aged 873 days, 15.9% (right).
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by the vendors. Interestingly, those swabs most ef icient at adsorbing TNT were not the ones most ef icient 
at desorbing it.  Yet, it is notable that many of the vendors’ swabs, despite their low release ef iciency, release 
signi icant quantities because their initial pickup was high.

Sample Solution / Head-

space

TNT Adsorbed 

(ng/mg)

TNT Thermally 

Desorbed (ng/

mg)

% Desorbed

Tenax 50 / 50 6.5 0.4 6%

Tefl on 90 / 10 1.4 1.4 100%

Nomex 90 / 10 1.4 1.4 99%

Polystyrene 80 / 20 5.3 1.1 20%

Poly(4-vinyl phenol) 80 / 20 8.7 0.76 9%

Poly(2,6-dimethyl-1,4-

phenylene oxide)

70 / 30 5.6 0.43 8%

Poly(ethylene terephthalate) 50 / 50 1.5 0.11 7%

Poly(vinyl alcohol) 50 / 50 0.05 0.02 40%

Smith's Benchtop Swabs 90 / 10 14.6 6.2 42%

Smith's Portable Swabs 90 / 10 19.0 6.8 36%

PVA:PANI (1:1) 90 / 10 14.0 3.2 23%

Quantum Sniff er (IP) Swabs 90 / 10 24.4 9.3 38%

GE Swabs 90 / 10 3.2 1.1 35%

Polystyrene: 2% divinyl 

benzene

90 / 10 5.2 0.69 13%

Scintrex metal mesh 90 / 10 0.72 0.17 24%

A.4   Atomic Force Microscopy (AFM)

The evaluation approach described above addresses non-contact pickup. For contact pickup it would be ex-
pected that surface roughness and the physical act of swabbing would be factors in explosive pickup and 
release.  To examine that aspect of potential swab materials, an Agilent 5500 atomic force microscope (AFM) 
was employed. Small particles (~250-500 micron) of explosive (with the exception of HMTD) were created 
by gently milling them between two microscope slides to create particles of size of ~5 to 10 micron. Particle 
sizes were measured on a stage micrometer using a microscope which was calibrated via standardized mi-
crometer. Desired particles were centered on the microscope stage and adhered to AFM tip-less cantilevers 
using UV curing glue (Loctite 352) (Figure 3 on the next page). The cantilever was then subjected to UV light 
for 30 minutes. (SEM images were taken to ensure no glue adhered accidently to the contact face of the ex-
plosive crystal).  For initial experiments, polymer ilms were created using manual dip coating of a polymer 
solution in dichloromethane or tetrahydrofuran and dipping into the solution a microscope slide.  When data 
suggested the surfaces were too rough, the procedure was changed. In the altered protocol, the polymer was 
heated to its glass transition temperature or until soft, and a silicon wafer (roughness ~2 nm) was pushed 
onto it to create an atomically lat surface on which to measure forces. Before force curves were taken, the 
modi ied cantilever was calibrated using the Thermal K function available on the AFM. The modi ied canti-
lever was inserted into the AFM; and the desired polymer surface, loaded onto the sample stage. The entire 
apparatus was held in a humidity controlled chamber with relative humidity measured as less than 20%.

Table 1:  Sorption/ Desorption Experiments.
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Force measurements were obtained in contact mode. Jump-on, as well as jump-off, was observed (as seen in 
Fig. 4), but only the largest jump-off was recorded.  In initial experiments, 500 measurements were made at 
each of three locations and another 500 were made in raster mode over a 25 square micron area with 5 to 8 
microns de lection in 1 second.  In later experiments, only the raster scan, comprising 1000 force measure-
ments were collected.  Each force curve was composed of 800 data points with acquisition times ranging 
from 0.75 s to 2.5 s, depending on adhesion.   Jump-on/jump-off results which were anomalous were dis-
carded; an example is shown in Figure 5.

Where possible, the same explosive crystal was used for all measurements in one experimental set. Five to 
seven experimental sets were run over the course of this year.  The values obtained are quite high, and there 
is a fair amount of scatter.  Although humidity was controlled, various other factors could have affected the 
results: 
1. Particle Roughness
2. Particle Size

Figure 3: Explosive of cantilever tip:  PETN –polarized light microscopy (left); PETN-scanning electron microscopy (SEM, 

middle); RDX-SEM (right).

Figure 4: Typical Force Curve showing approach & snap-on (blue) and retract & snap-off  (red).

Figure 5:  Anomalous Force Curve with detector saturation & signifi cant hysteresis in contact range.
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3. Surface Roughness
4. Plastic Deformation
5. Friction
6. Triboelectric Charging
Table 3 on the next page shows the combined results of the ive to seven sets of experiments.  Those with * 
were run entirely in raster mode. We compared the data to determine if there were polymers to which the 
explosives preferentially adhered.  The average response of a substrate was examined across all seven explo-
sives (see Table 2). Only Te lon stood out as different from the other substrates, in that it showed the lowest 
adhesion force no matter the polymer. Examining the six explosives across all seven substrates, only HMTD 
and potassium nitrate (KNO3) showed results signi icantly different from the others. Both appeared to ad-
here more strongly to all substrates than the other explosives. 
Tests continue to evaluate effectiveness of AFM to measure adhesive properties associated with interactions 
of explosives with polymeric materials.

ave (nN) std dev

adhesion force all explosives

Tefl on 88 70

Polystyrene (PS) 165 53

Polyvinyl alcohol (PVA) 216 68

Poly-4-vinylphenol (P4VP) 160 42

Polymethylphenylene oxide 

(PPO)

217 47

Polyethylene (PE) 222 87

Tenax 196 133

adhesion force all polymers

HMTD 277 98

KCIO
3

145 61

KNO
3

244 41

HMX 159 59

RDX 185 84

PETN 124 57

TNT 127 66

Table 2: Average Across All AFM Data Sets.
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Table 3: All AFM Data Sets.
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B. Major contributions

Applications involving MIPs in explosives research is relatively new; functionalized carbon nanotubes are 
new as well; and electrostatics, as it is applied to this project, has not been done previously.  The latter has 
been put forward for patenting.

C. Future plans

Having found one MIP which concentrates explosive up to 800%, we will seek other materials with this level 
of performance, as well as seek a basic understanding of physical properties that enhance explosive sorption.  
Having found a technique which works for preparing training aids using TATP, DADP and TNT, we will seek to 
expand this technique to other explosives and to develop a simple and effective thermal desorption system 
suitable for commercialization.  The use of electrostatically charged materials to collect explosives will be 
studied further to assess safety, limitations, and potential commercialization.

C.1   Future work

For canine training aids, reliable thermal desorption system for the encapsulated TATP training aids is to be 
designed.  Once implemented the encapsulated training aids will be distributed for evaluation of the effec-
tiveness of the product.  Product development will continue starting with HMTD. We will continue to explore 
AFM to determine if acceptable standard deviations can be obtained with tighter control on all parameters.  
Other techniques will be explored as well. 1H NMR is being considered for evaluations of molecular interac-
tions and contact angle for surface interactions.  

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Each URI project supports one or more graduate students. (See listing with projects.) This is their best learn-
ing experience. Undergraduates are also supported on the projects as their class schedules permit.  
This will be our 4th summer to host a Minority Serving Institute (MSI) professor.  Polymer work was shared 
with our MSI (minority serving institute) professor (Dr. Gan) and his student.  It resulted in one paper and 
follow-on funding for Dr. Gan at California State University Pomona.  Working with the interaction of explo-
sives with polymers has been a particularly useful area to share with our MSI professors.  This allows them 
to return to an institute where they cannot work with explosives and perform meaningful follow-on research.
Every summer our Center funds are used to support high school teachers. They conduct research in URI labs 
under the mentorship of a graduate student.   The teachers worked fulltime for 8-10 weeks. In addition, this 
summer (2014) we have 2 forensic scientists from Qatar and 2 professors and their students from West Point.
Eight professional classes were offered so far in 2014, providing training for well over 160 professionals.  For 
over a decade we have offered classes to DHS and its components. Since 2014, we have offered three week-
long courses with lecture and labs to TSA.  
K-12 outreach continues to be hosting high school teachers in the summer and providing chemical magic 
shows at schools K-12.

V. RELEVANCE AND TRANSITION

A. Anticipated end-user technology transfer

1. TSA and manufacturers of explosive detection instruments are potential customers for new swab method-
ologies.
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2. Manufacturers of explosive trace detection (ETD) instruments would be interested in the pre-concentra-
tion improvements.
3. Manufactures of ETD instruments, as well as trainers of explosive detection canines, are interested in the 
training aids.  Indeed, samples have already been sent to individuals in these communities for their use, as 
well as useful feedback.

VI. LEVERAGING OF RESOURCES

Three potential types of products are being studied.  Discussions are underway with a potential vendor for 
the training aids.  An initial approach has been made to a potential vendor of swabs.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Oxley, J.C.; Smith, J.L.; Brady, J.; Steinkamp, F.L.  “Factors In luencing Destruction of Triacetone Trip-
eroxide (TATP),” Propellants, Explosives, Pyrotechnics, 2014,39(2), 289-298.

2. Oxley, J.C.; Smith, J.L.; Steinkamp, L.; Zhang, G.  “Factors In luencing Triacetone Triperoxide (TATP) 
and Diacetone Diperoxide (DADP) Formation: Part 2,” Propellants, Explosives, Pyrotechnics, 2013, 
6841-851.

3. Oxley, J.C.; Smith, J.L.;Vadlamannati, S; Brown, AC;  Zhang,G.; Swanson, D.S.; Canino, J “Synthesis and 
Characterization of Urea Nitrate and Nitrourea;” Propellants, Explosives, Pyrotechnics, 2013, 38(3), 
35–344.

4. Oxley, J.C.; Smith, J.L.; Bowden, P.; Ryan Rettinger “Factors In luencing TATP and DADP Formation: 
Part I” Propellants, Explosives, Pyrotechnics 2013, 38(2), 244-254.

B. Other presentations

1. Seminars
a. Sensitivity and Stability of Fuel Oxidizer Mixtures J.C. Oxley; J.L. Smith; M. Donnelly ISICP; 

Poitiers;  June 2014
b. Peroxide Explosive-J.C. Oxley; J.L Smith; P. Bowen; J Brady; L. Steinkamp; J Canino ISICP; Poitiers; 

June 2014
c. URI Explosive Research” Ludwig-Maximilian University of Munich: June 2014
d. TED Conference “Explosive-Polymer Interactions”-J Oxley, J Smith, J Canino, D. Swanson, G. 

Zhang, Charlottesville, NC; April 8-11, 2014 
e. TED Conference New Approaches to Swabbing-J. Canino, J. Smith, J. Oxley Charlottesville, NC; 

April 8-11, 2014 
f. ISADA:  “Taming the Peroxides and Other HME” J. Oxley Oct, 2013 Den Haag
g. NATAS “Thermal Impact vs Sensitivity?”  Aug. 4, 2013; Bowling Green, KY

2. Short courses
a. Fundamentals of Explosives Jan, May  2014
b. Explosive Safety for Technicians  Feb 2014
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c. Fundamentals of Explosives for TSA-Explosive Specialists  Feb, April, May 2014
d. Combustion March 2014
e. Fundamentals of Explosives for EOD  Mar 2014
f. ABTI Regional Meeting; “Explosive Short Course” Colorado Spring; CO Sept 17, 2013

3. Brie ings
a. Safe Training Aids for Bomb-Snif ing Dogs--Eighth Annual National Security Innovation Compe-

tition-J. Canino, J. Oxley, J Smith April 2014
b. Alpha Chi Sigma “Explosive Studies for Safety & Security” Oct. 26, 2013; URI
c. Studying Energetic Materials for Safety and Security-J. Oxley Spring ield College; April 2014

4. Invited lectures
a. Energetic Materials Needs and R&D Goals GRC June 2014
b. Plenary Lecture: “Explosive Detection: How We Got Here and Where are We Going?” Interna-

tional Symposium on Chemical Propulsion & Energetic Materials June 2-6 2014; Poitiers, FR
c. “The Explosive Threat” McCabe Lecture Spring ield College, MA April 2, 2014
d. Alpha Chi Sigma “Explosive Studies for Safety & Security” Oct. 26, 2013; URI
e. ADSA (Algorithm Development for Security Applications Workshop), “Addressing Issues with 

Sample Collection” Oct, 22, 2013; Boston
f. CT Valley ACS “Explosive Research for Safety and Security” Oct 17, 2013
g. ISADE “The Explosive Threat: Is there Something New Under the Sun?” Oct 8, 2013 Den Haag, 

Netherlands

h. FACSS/SciX “Taming the Peroxide Explosives and Other HME;” Milwaukee; Oct 2 2013

C. Student theses or dissertations produced from this project

1. “Energetic Salts: Degradation & Transformation,” Sravanthi Vadlamannati, PhD dissertation in 
Chemistry, June 2013

2. “Transfer of Residue in Fingerprints,” Morgan Turano, MS Thesis in Chemistry, Sept 2013

D. Transferred Technology/Patents

1. Patent applications iled (including provisional patents)
a. Non-Detonable Explosive or Explosive-Simulant Source J Oxley, J Smith, J Canino
b. Non-Contact Collection of Explosive Residue Source J Oxley, J Smith, J Canino; G. Kagan, Composi-

tions for Security-Safe Hydrogen Peroxide     J Oxley, J Smith, J Brady
c. Melt Castable Explosive Formulations Containing Erythritoltetranitrate J Oxley, J Smith; A Broun, 

R Rettinger

E. Software developed   

1. Databases
a. Explosive Database founded 2007   ~ 600 registration, 119 between April 24, 2013 – Feb 7, 2014
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F. Requests for assistance/advice

1. From DHS
a. Several requests about threat compounds—con idential
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