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I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email 

Jimmie Oxley Co-PI URI joxley@chm.uri.edu

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

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Tailor Busbee PhD URI 5/2020

Kevin Colizza PhD URI 5/2018

Ryan Rettinger PhD URI 12/2018

Alex Yeudakemau PhD URI 12/2020

Rachael Lenher B.S. URI 5/2021

Maxwell Yekel B.S. URI 5/2017

II. PROJECT DESCRIPTION 

A. Project Overview

To reveal detonability/initiability with small-scale tests is our ultimate goal [1]. There is no precedent for 
this type of test, but the goal is of such value to the Homeland Security Enterprise (HSE) that it is worth the 
effort. To double our chances of achieving this goal, two very different approaches are being pursued: 1) An 
approach using a research-grade mass spectrometer in a typical chemistry laboratory; and 2) Detonation 
studies, which require a special facility where explosives can be tested.  A mass spectrometric technique, 
termed “survival yield,” has been adapted to our purpose. We are employing Energy Resolved Mass Spec-
trometry (ERMS), a similar technique to monitor and collect the energy required to “breakdown” a species 
using a linear ion trap mass spectrometer.  

B. State of the Art and Technical Approach

In pursuing methods of evaluating potential detonability, we must differentiate between characterizing the 
relative ease with which a detonation is initiated and the tendency to detonate.  Over the decades the military 
has developed a number of tests to characterize stability of energetic materials (EM). Drop weight impact, 
electrostatic discharge, and friction testing are routinely performed as soon as a few grams of a new energetic 
material are available. Yet, the results of these tests are highly variable—relative to the machine they are test-
ed on, the operator who tests them, and the particle size and crystal morphology. The results with precisely 
produced military explosives vary widely from facility to facility and operator to operator [1]. Needless to say, 
attempts to characterize homemade explosives in this manner have failed despite all efforts to use standard-
ized materials. An “intrinsic” stability test is needed. 
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Molecular stability can be used to predict chemical and physical properties of a material, and that may in-
clude its potential to be explosive [2]. In order to elucidate stability of existing and emerging materials, we 
are attempting to combine the power of mass spectrometry and calorimetry. Mass spectrometry is one of the 
major tools in structural elucidation and quantification, while calorimetry can be used to measure the energy 
change for a chemical reaction or transition.
It is often speculated that overall stability of a compound can be related to the ease of loss of its first function-
al group. Although, no applications in mass spectrometry exist which directly measure this phenomenon, we 
believe that Energy Resolved Mass Spectrometry (ERMS) can be employed to investigate molecular stability 
via resonance frequency fragmentation. 
While all ions can be monitored by mass spectrometry (MS), mass spectrometers with ion trap capability 
(common in most triple quads) allows the user to isolate, trap and fragment selected precursor ions (one 
nominal mass at a time) and monitor resulted product ions. In the ion trap, the ERMS technique gradually 
increases the energy imparted onto the precursor ion until the weakest bond(s) breaks. This initiation of 
fragmentation corresponds to the precursor decomposition. Unique to ion trap MS is the ability to input en-
ergy only at a specific resonance frequency, thus fragmenting only the precursor ion.
Approach details: The energy ramp in the ion trap causes breakdown of the introduced molecular ion. In-
creasing the energy in small increments (0.2 eV) allowed observation of the precursor when it was complete-
ly (100%) present to when it was completely dissociated (0%) (Figure 1). Use of a maximum normalized 
collision energy of 50 eV ensured that virtually any ion should have been completely fragmented. During this 
process, all energy levels were recorded. Further, statistical analysis could potentially uncover additional 
chemical and physical properties of molecules; but as the experiment is currently formatted, collision time 
is fixed for all species and energies. This is somewhat analogous to a thermal scan (it is also possible to vary 
collision time at a fixed energy, analogous to an isothermal experiment).  In the resulting energy scan, the en-
ergy change to the onset point in eV represents sensitivity of compounds relative to other species. A common 
reference point can be established by calibrating a metric in the future (e.g. thermometer ions)[3], or by cross 
comparison to other sensitivity methods to observe any common trends (e.g. comparing Table 1 to Table 2). 
The energy change between the onset and offset points (Figure 1) represents molecular stability and can be 
compared across a wide range of compounds. Survival yield is frequently used in literature [4–6], where cal-
culations are dependent upon the resultant fragments. This technique is difficult to apply to most explosives 
as few, if any, fragments are observed depending on ion type (e.g. sodium adduct vs. proton adduct) being 
observed. To that end, the metric selected that captures most of the information in one data point we coin as 
the “fragmentation resilience 50” (FR50), the point at which 50% of precursor ion is gone, and 50% of corre-
sponding fragments are formed. This can be based solely on the parent loss.
With respect to fragments, the intensities of the observed fragments are indicative of how stable they are, 
with the most intense being the most stable. The advantage of using ion trap is that the energy input is specif-
ic to the precursor ion. This means that the fragments formed from the precursor (parent) ion persist since 
added energy is tuned to the resonance frequency of the precursor, not the product ions. Thus, the intensities 
of the product ions are a measure of the statistically favored decomposition pathway (MS2). 
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By comparing the precursor ion signal decrease to the fragment intensity increase, a specific fragment can 
be associated to the parent molecule. Figure 2 illustrates the manner in which the “cross intersect” method 
indicates the association of precursor and fragment ions. The assumption of this method is that as precursor 
ions are being fragmented, the related and corresponding fragments are being formed at the same rate. If 
both energies are normalized (to either average or maximum intensities), the traces of the breakdown curves 
can be plotted on the same scale and overlaid. If two fragments overlap at approximately 50% of normalized 
intensities, then we assume the fragment and the precursor ions are related; otherwise, they are statistically 
different and presumed to come from different sources. We believe these two methods (FR50 and cross inter-
sect) can provide strong fundamental basis for probing chemical and physical properties of not just energetic 
materials, but of any type of molecules. Having two independent methods of analysis that provide similar 
outcomes reinforces the validity of the proposed technique. Additionally, it offers extra versatility if one of the 
analytical methods cannot be used as mentioned above when no fragments are present. The FR50 could still 
be used to analyze the precursor ion trace, but the “cross-intersect method” would not provide data.
Our instrument (Thermo Scientific LTQ Orbitrap XL) is a linear ion trap interfaced with an Orbitrap high 
resolution mass detector. It has been used to collect the ERMS data summarized in Tables 1 and 2. In this ion 
trap MS, the applied resonance energy can be gradually increased to produce precise breakdown curves of 
the material under investigation; it might be compared to having an ion isolated in a gas-phase test tube. We 
have tested a variety of explosive and non-explosive compounds in this fashion and developed a computer 
algorithm to assign the point at which fifty percent of the molecules fragment. Our first observations indi-
cate that explosives (Table 1) in general, do not require as much fragmentation energy as the non-explosives  
(Table 2), although the nitroarene explosives, with the exception of tetryl, require more fragmentation ener-
gy than the other explosives. Interestingly, Table 1 shows that fragmentation energy correlates well with the 
Explosive Hazard Index of sensitivity assigned in a Navy study summarizing impact and shock tests, where 

Figure 1: Fragmentation resilience (FR50) method for statistical analysis of TNT. Onset point (in eV) indicates relative 
sensitivity of the compound; FR50 point is the metric for cross comparison between compounds; energy (in eV) be-
tween onset and offset points indicates compound overall stability [a = lowest asymptote; b = highest asymptote; c = 
slope at d; d = inflection point].

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-B.1



the lower the number, the more sensitive the explosive [7]. It also follows thermal trends as represented by 
differential scanning calorimetric (DSC) results [8,9].

Several interesting questions arise from the data shown in Tables 1 and 2: (1) Does molecular stability (as 
established by MS) directly correlate with thermal stability (as determined by calorimetry)?; (2) Can ther-
modynamic parameters be calculated from fragmentation energy?; (3) What are the effects of varying the 
ionization source [ESI vs. atmospheric pressure chemical ionization (APCI)], introducing adducts, varying 
concentration, or enlarging the energy window; (4) Can an ERMS analysis obviate the need for chromatogra-
phy on the front end of the MS?; and (5) Are the compounds listed as non-explosives in Table 2, but exhibiting 
fragmentation energies close to those of the nitroarene explosives potentially detonable? Each of these ques-
tions suggests a fruitful line of inquiry.   

Figure 2: Cross-intersect method for assigning correct fragments to TNT ion (m/z 226.0095). The fragment should inter-
sect at approximately half-height of normalized intensity.

Table 1: Fragmentation Energy for Explosive Compounds. Navy Hazard Index is attached in appendix. DSC (run at 20oC/
min) are from the URI database of explosive properties available online http://expdb.chm.uri.edu/.
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ERMS experiments suggested that an improved method exists for assigning fragments to a particular ion 
based on their breakdown characteristics or cross-intersect, rather than on a chromatographic retention 
time. Exploitation of this concept would allow one to assign a fragment to a particular precursor with a high 
degree of certainty, distinguishing it from background and/or unrelated fragment(s). This work can poten-
tially be extremely beneficial to the field of mass spectrometry, even beyond energetic materials. This would 
be especially true for the work done on nominal mass instruments [e.g. triple quadrupole mass spectrometer, 
ion-mobility mass spectrometer (IMS)]. 
While this report has focused in depth on the mass spectrometric approach, studies developing new small-
scale detonability tests are underway. Characterizing detonation behavior for sub-critical diameters of 
non-ideal energetics is extremely challenging. Energetic materials not hereto characterized as detonable 
(Table 2) may be in this category.  A material may fail to detonate because it is below its critical diameter or 
because it has no explosive character at all.  We are attempting to probe the explosivity of materials labeled 
“non-explosive” but possessing fragmentation energies similar to explosive materials. We have developed a 

Table 2:  Fragmentation energy for non-explosives.
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small-scale test using photon Doppler velocimetry where less than a pound of the material of interest is im-
pacted by a shock wave from a booster and the profile of shock wave structure through that material is cap-
tured at early times before edge effects become important (Figure 3). Evaluation of such profiles will reveal 
whether a material is detonable, but failed to detonate due to its small charge size, or whether the material’s 
chemical contribution is too slow and low energy ever to grow to detonation.  

C. Major Contributions

• Characterized the limitations of certain oxidizers in terms of terrorist use (Years 1-2) and detonability on 
the 5 kg scale (Years 4-5).

• Developed gentle destruction methods for HMTD (Years 3-4).
• Studied and revealed the modes by which peroxide explosive signature can be masked by solvent (Years 

3-4).
• Achieved determination of best practices in analyzing peroxide explosives in connection with Projects 

R1-A.1 and R1-C.2 (Year 5).
• ERMS is being pioneered in this project (Project R1-B.1) and we expect it to be widely adopted by those 

in the homeland security enterprise (Years 4-5).

D. Milestones

• For the field tests, PDV (photon Doppler velocimetry) has been established at our facility and successfully 
used to document fragment velocity.

• Successfully employed streak photography for characterizing sample detonability.
• Developed codes to process ERMS so that the “cross-intercept” point can be readily determined (see 

Figure 3). 

E. Future Plans (Year 6)

We believe initial publication on both novel techniques (MS for initiability) and (small-scale detonation) 
will reach the stage where publication is possibly. Once publication occurs, we expect both techniques to be 
highly popular in the HSE as well as other communities.   While MS instruments are not widely used in the 
field for explosive detection (there are at least three brands that are), we believe our MS techniques can be 
transitioned to the more common IMS instruments.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Characterization of HMEs is an ongoing research effort within DHS, including vendors and associated  

Figure 3: Schematic of initiation by booster (red) of detonation (orange) and its quenching by edge effects (green). 
Observations must be made before edge effects overtake the front.
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researchers, and impacting the entire HSE. Many vendors of explosive detection instrumentation have re-
quested access to the explosives database or asked for help in working with various materials characterized 
in this project. The characterization of these materials is published on our database, which is subscribed 
to by over 1000 individuals, about a quarter of which are from U.S. government agencies. We have directly 
worked with ten vendors of explosive detection instrumentation. We believe our MS techniques can be ap-
plied to ion mobility spectrometers to greatly reduce false alarms in these EDS instruments.

B. Potential for Transition

While  Research Thrust 1 (R1) is not focused on building detection devices, it provides essential input to 
those who do build such devices. Our publications and presentations have resulted in direct interaction with 
at least ten companies producing explosive detection instruments. In the past, this work entails building their 
libraries or evaluating their instrumentation; however, with this project we have reached the point where we 
believe a contribution can be made to enhanced algorithms.

C. Data and/or IP Acquisition Strategy

As data from the program becomes available, it will be provided to the community through DHS, publications, 
and presentations. We have received requests to license the explosive database; however, to date, vendors 
have not offered sufficient security protocols.

D. Transition Pathway 

Results will primarily be transferred to the user community by publications, presentations, and classes. (The 
results of this work reach over 300 HSE researchers annually through classes they request.)

E. Customer Connections

The connections to DHS (central), TSL, and TSA are strong. To date, the FBI is the major agency outside of 
DHS which is aware of the details of this project.   

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. We have had 13 classes on seven different topics which were attended by a total of 275 people in 

Year 5—three of those classes were specifically for TSA employees.  
2. Student Internship, Job, and/or Research Opportunities

a. Four graduate students completed their degrees with DHS ALERT support. Two students are 
now employed at Applied Research Associates (ARA) at Tyndall Air Force Base (Florida), work-
ing on TSA screening equipment, and a student are employed at Signature Science, supporting 
TSL, and one at the FBI.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. We hosted researchers from the Netherlands Forensic Institute. They are collaborating with us 

on a European Union examination of methods of ETN production.
4. Training to Professionals or Others
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a. See “New and Existing Courses Developed” (Section IV.H).

B. Peer Reviewed Journal Articles 

1. Bakhtiyarov, S.I; Oxley, J.C., Smith, J.L., & Baldovi, P.M. “A Complex Variable Method to Predict a Range 
of Arbitrary Shape Ballistics.” Journal of Applied Nonlinear Dynamics, 6(4), December 2017, pp. 521-
530. DOI:10.5890/JAND.2017.12.007

2. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.” The Journal of Physical 
Chemistry C, 121(30), July 2017, pp. 16137-16144. 

3. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., & Zeiri, Y. “Thermal Decom-
position of Erythritol Tetranitrate: A Joint Experimental & Computational Study.” The Journal of Phys-
ical Chemistry C, 121(30), July 2017, pp. 16145-16157. DOI:10.1021/acs.jpcc.7b04668

C. Other Publications

1. Oxley, J.C., Smith, J.L., Porter, M, Yekel, M.J., & Canaria, J.A. “Potential Biocides: Iodine-Producing 
Pyrotechnics.” Propellants, Explosives, Pyrotechnics, 42(8), July 2017, pp. 960-973. https://doi.
org/10.1002/prep.201700037

D. Peer Reviewed Conference Proceedings

1. Oxley, J.C. “Analysis of Peroxide Explosives.” 44th annual North American Thermal Analysis Society 
(NATAS) Conference, University of Delaware, August 7-9, 2017.

E. Other Conference Proceedings

1. “The Future of Energetic Materials.” Bar Ilam University, Israel, September 7, 2017.
2.  “Adventures in Analyzing Peroxide Explosives.” ISADE, Oxford, UK, September 17-21, 2017.  
3.  “Why Study Energetic Materials?” Texas Tech University, November 13, 2017.
4. “Difficulties in Analyzing Peroxide Explosives.” JANNAF, December 5, 2017.

F. Other Presentations 

1. Poster Sessions
a. Student poster for the Centers of Excellence Summit, Arlington, VA, May 2018. 

2. Short Courses
a. See Section IV. H for details. 

3. Briefings 
a. See presentations above.

4. Interviews and/or News Articles 
a. Gormly, K.B. “Sept. 17, 1862 — The Day Pittsburgh Exploded.” Pittsburgh Quarterly, July 2017. 

https://pittsburghquarterly.com/pq-people-opinion/pq-history/item/1487-sept-17-1862-
the-day-pittsburgh-exploded.html (Article about the 1862 Allegheny Arsenal explosion during 
the Civil War). 

b. Jones, C. “Outrageous Acts of Science.” August 2017 (About explosivity of frozen gasoline).
c. Kemsely, I. ACS C&EN, September 2017. (About explosion of Arkema peroxides after tropical 
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storm Harvey knocked out power).
d. Hinnant, L. AP, September 2017. (About London train bombing). 
e. Silver, A. “They’ve only gone and made a chemical-threat-detecting ring.” The Register (London), 

October 2017, https://www.theregister.co.uk/2017/10/11/chemical_threat_detector_ring
f. Freeman, C. Freelance for Daily Telegraph, October 2017. (Research on “master” bomb maker).
g. Mayall, C. Daily Planet, Discovery Canada [television show], November - December 2017 (URI 

created a small-scale model of the  Halifax Explosion (100th anniversary)).
h. Wellner, J. December 2017. (Former actor and researcher for CSI; questions about vapor switch-

es for bombs).
i. Owen, N. The Gazette Newpaper (UK), December 2017. (About storage of 15 tons of AN at Sharp-

ness Docks, Gloucestershire). 
j. Mosher, D. “A terrorist attacked New York City’s subway with a nail bomb — here’s how the de-

vices work and why his didn’t.” Business Insider, December 2017. http://www.businessinsider.
com/nyc-subway-attack-pipe-bomb-failure-explained-2017-12

k. Wood, R. Daily Planet, Discovery Canada, December 2017 (About NYC explosion). 
l. Hughes, T. February 2018 (Author about a 1907 murder by bombing). 
m. William Henningan, “How Bomb Investigators Piece Together the Clues After an Explosion.” 

TIME, March 22, 2018. http://time.com/5209610/austin-bombing-investigation/
n. Dexheimer, E. “For those with ill intent, many bomb items unregulated, easy to find.” Austin 

American-Statesman, March 21, 2018. https://www.mystatesman.com/news/for-those-with-
ill-intent-many-bomb-items-unregulated-easy-find/lzmOr4IRHgdywg9oAWdgUL/

o. Donovan, J.  Freelance writer in Atlanta, March 21, 2018. (About Austin bombing).
5. Other 

a. Dr. Oxley is a standing ACS Expert.

G. Student Theses or Dissertations Produced from This Project

1. Colizza, K. “Metabolism and Gas Phase Reactions of Peroxide Explosives using Atmospheric Pressure 
Ionization Mass Spectrometry.” Chemistry PhD, University of Rhode Island, May 2018.

H. New and Existing Courses Developed and Student Enrollment

Student enrollment is shown. Only one class is a first time offering (Explosive Field Testing); none resulted in 
a certificate.  A full description can be found at http://energetics.chm.uri.edu/node/95
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New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student 
Enrollment

New Certificate Explosive Field Testing Field instrumentation for explosive 
testing 

15

Existing Certificate Fundamentals for TSA Overview of explosive synthesis; de-
tailed review of ETD, X-ray, and Raman 
detection

20

Existing Certificate
Fundamentals of  
Explosives Eglin AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Fundamentals of  
Explosives Fallbrook 
AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Dynamic Diagnostics of 
Explosives

Theory of experimental design for 
explosive testing

34

Existing Certificate Explosive Components 
&  Firing Trains

Specific components for explosive test-
ing, special emphasis on firing trains

25

Existing Certificate
Fundamentals of  
Explosives EBAD

Overview of explosive principles, shock 
and detonation, forensics, and 
 detection

17

Existing Certificate
Fundamentals of Explo-
sives URI

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

37

Existing Certificate Explosive Analysis How to identify explosives in the lab 9

Existing Certificate Explosive Trains & Com-
ponents

Specific components for explosive test-
ing, special emphasis on firing trains

17

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and  
Raman detection

22

Existing Certificate HME Characterization & 
Analysis

Laboratory analysis with emphasis on 
mass spectroscopy

20

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and  
Raman detection

22

TOTAL 276

I. Technology Transfer/Patents

1. Oxley, J., Smith, J, & Canino, J.  “Non-Detonable Explosive or Explosive-Simulant Source.”  U.S. 
9,784,723 B1, October 10, 2017.

J. Software Developed

1. Over 1000 members in the University of Rhode Island’s Explosives Database: http://expdb.chm.uri.
edu/
a. About 250 members are with U.S. government agencies.
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K. Requests for Assistance/Advice

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

Group (IExTRAWG). In addition to group meetings, a representative was sent to URI for two days 
in August 2017, so that we could finalize the metric for selecting threat materials.  

c. Dr. Oxley was a member of the NAS committee on “Reducing the Threat of Improvised Explosive 
Device Attacks by Restricting Access to Chemical Explosive Precursors”  Report issued in May 
2018 http://dels.nas.edu/Study-In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-
66-86-I

d. TSA explosive specialists email in questions weekly and occasionally call.
1. From Federal/State/Local Government

a. The new URI bomb dog and his trainer rely on our lab for advice and explosives.
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