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Abstract 

Over the last several decades, mass spectrometry has become one of the principle methods for compound 

identification and quantification. While for analytical purposes, fragments which are not fully 

characterized in terms of origin and intensity as a function of experimental conditions have been used, 

understanding the nature of those species is very important. Herein we discuss such issues relative to 

triacetone triperoxide (TATP) and its frequently observed fragment at m/z 89. This “fragment” has been 

identified as the gas phase reaction product of TATP with one or two methanol molecules/ions. 

Additionally, the origin and conditions of other fragments at m/z 91, 75 and 74 associated with TATP will 

be addressed. Similar analytical issues associated with other multi-peroxide organics compounds 

[hexamethylene triperoxide diamine (HMTD), methyl ethyl ketone peroxides (MEKP)] will also be 

discussed. Solution storage conditions for TATP, HMTD and tetramethylene diperoxide diamine 

dialdehyde have been determined. 
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Table S-1.  Stability of TATP, HMTD and TMDDD reported as % accuracy to nominal concentration. 

 

 
 

Level Day 7 Day 40 Day 60 Day 7 Day 40 Day 60 Day 7 Day 40 Day 60**

Room Temp 10000 108 108 104 97 86 87 100 100 112

(~22°C) 2500 103 104 101 99 85 81 94 107 110

1000 101 100 98 99 83 84 97 131 115

Refrigerator 10000 112 105 104 97 100 94 101 102 114

(4°C) 2500 109 103 102 95 99 93 95 108 110

1000 103 100 97 101 98 93 95 114 114

Freezer 10000 108 105 101 97 100 94 105 91 108

(-20°C) 2500 103 100 98 99 100 93 100 106 106

1000 100 93 95 101 100 94 102 107 106

Autosampler 10000 7 203 194

(8°C) 5000 11 201 177

*HMTD standard contains 1.00% TMDDD and TMDDD standard contains 1.57% HMTD

**Increase at day 60 may be due to a new batch of TMDDD standard.

TATP HMTD* TMDDD*



 
Figure S-1.  The same HMTD standard curve sample (10000 ng/mL) injected on day 1 and day 7 for 

autosampler stability. 

 

 

 

Table S-2.  Mean concentration (N=3) of TATP in vapor by direct sampling and analysis by LC/MS. 

 

 
 

 

Vessel Mean (ng TATP/mL vapor) SD (+/- ng/mL vap)

A 1L 354 34

B 1L 388 54

A 500mL 384 1.6

B 500mL 379 64

Mean 376

Standard Error 8



 
Figure S-2. Infusion of TATP, d18-TATP and MEKP onto APCI source in Me18OH and 10 mM NH4OAc 

solution.   

 



 

 

Figure 1.  Structures of peroxides analyzed 

 
Table 1.  MS Interface Methods with Reported LOD for Peroxide Explosives 

Peroxide LOD (ng) Monitored Ions (m/z) Ionization Mode Ref 

TATP 

 62.5 [245], 215, 81 APCI 23 

 20 [229] EESI 24 

 15 [240], 242, 224, 223, 210 DBDI 25 

 10 [245], 240, 223, 215, 91, 74 DESI 26 
 25 252, 240, 194, 107, 102, 91, [89], 90, 75 APCI  21 

 1-50 [240], 245, 223  DESI 22 
 0.8-148 [223], 240, 132, 91, 74 APCI 27 
 0.88 240.1441, 89.0597 APCI 28 
 1 89.0597 APCI 29 
 0.1 348.1869 APCI 30 

HMTD 

 3 [229], 209, 191, 145, 104 APCI 31 
 1 [231], 247, 209 DESI 26 

 10,000 [224], 177, 207, 209 APCI 32 

 0.08-12 [118], 207, 191, 147, 72, 58 APCI 27 
 - [209], 224, 207, 179, 145, 88 DART 33 
 0.43 [207.0975], 209.0768, 179.0666, 145.0606 APCI 28 
 2.5 207.0976 APCI 29 
 1 [209], 207, 179, 106, 90, 62 APCI 34 
 0.2-0.5 207.0615, 177.0861 APCI 30 

LOD – limit of detection, [m/z] – most abundant observed ion, APCI – atmospheric pressure chemical ionization, ESI – electrospray ionization, 
DESI – desorption electrospray ionization, DART – direct analysis real time, DBDI – dielectric barrier discharge ionization, EESI - extractive 
electrospray ionization. 

 



 

Figure 2.  Evaporative loss of TATP (aqueous 100 µM sample) held at 37 °C in a shaking dry bath.  
 
 

 

Figure 3.  TATP MP infusion into linear gradient of methanol (right) & observed 89/240 m/z ratio (left). 
 

 



 

Figure 4.  Chromatogram of mixture of TATP, d18-TATP, and MEKP with mobile phase of MeOH or 
PrOH.  Peak locations varied due to different chromatography conditions to accommodate the stronger 
solvent properties of PrOH vs MeOH. 
 

  



Table 2.  Products ions associated with TATP and MEKP with and without incorporation of alcohols 

 

TATP only
Proposed Structure Product Material/solvent Exact Mass Molecular formula Observed Mass ΔPPM Comments

U/CH3OH 89.0597 C4H9O2+ 89.0587 -11.2 Infusion experiment
D18/CH3OH 95.0974 C4H3D6O2+ 95.0964 -10.5 Infusion experiment
U/CD3OD 92.0785 C4H6D3O2+ 92.0776 -9.8 Infusion experiment
U/PrOH 117.091 C6H13O2+ na na Contaminant present in solvent

D18/PrOH 123.1287 C6H7D6O2+ 123.1298 8.9 Observed in chromatogram

U/CH3
18

OH 91.0639 C4H9O
18

O+ 91.0651 13.2 Infusion experiment

D18/CH3
18

OH 97.1016 C4H3D6O
18

O+ 97.1027 11.3 Infusion experiment

U/CH3OH 91.0390 C3H7O3+ 91.038 -11.0 Infusion experiment
D18/CH3OH 94.0578 C3H4D3O3+ 94.0568 -10.6 Infusion experiment
U/CD3OD 95.0641 C3H3D4O3+ 95.0631 -10.5 Infusion experiment
U/PrOH 119.0703 C5H11O3+ 119.0715 10.1 Weak signal, Observed in chromatogram

D18/PrOH 122.0891 C5H8D3O3+ 122.0903 9.8 Weak signal, Observed in chromatogram

U/CH3
18

OH 93.0432 C3H7O2
18

O+ 93.0443 11.8 Infusion experiment

D18/CH3
18

OH 96.0620 C3H4D3O2
18

O+ 96.0632 12.5 Infusion experiment

U/CH3OH 89.0597 C4H9O2+ 89.0588 -10.1 Infusion experiment
D18/CH3OH 92.0785 C4H6D3O2+ 92.0776 -9.8 Infusion experiment
U/CD3OD 95.0974 C4H3D6O2+ 95.0964 -10.5 Infusion experiment
U/PrOH 145.1223 C8H17O2+ 145.1226 2.1 Observed in chromatogram

D18/PrOH 148.1411 C8H14D3O2+ 148.1415 2.7 Observed in chromatogram

U/CH3
18

OH 93.0682 C4H9
18

O2+ 93.0693 11.8 Infusion experiment

D18/CH3
18

OH 96.0870 C4H6D3
18

O2+ 96.0881 11.4 Infusion experiment

U/CH3OH 91.0390 C3H7O3+ 91.0380 -11.0 Infusion experiment
D18/CH3OH 97.0766 C3HD6O3+ 97.0757 -9.3 Infusion experiment
U/CD3OD 92.0452 C3H6DO3+ 92.0443 -9.8 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

U/CH3OH 75.0441 C3H7O2+ 75.0431 -13.3 Infusion experiment
D18/CH3OH 81.0817 C3HD6O2+ 81.0808 -11.1 Infusion experiment
U/CD3OD 76.0503 C3H6DO2+ 76.0494 -11.8 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

U/CH3OH 74.0362 C3H6O2•+ 74.0353 -12.2 Infusion experiment
D18/CH3OH 80.0739 C3D6O2•+ 80.0730 -11.2 Infusion experiment
U/CD3OD 74.0362 C3H6O2•+ 74.0353 -12.2 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

MEKP only (Deuterated material not available)
Proposed Structure Product Material/solvent Exact Mass Molecular formula Observed Mass ΔPPM Comments

U/CH3OH 103.0754 C5H11O2+ 103.0765 10.7 Not present when using PrOH

U/PrOH 131.1067 C7H15O2+ 131.1078 8.4 Not present when using MeOH

U/CH3
18

OH 105.0796 C5H11O
18

O+ 105.0807 10.5 Infusion experiment

U/CH3OH, R=Me 89.0597 C4H9O2+ 89.0609 13.5 Also from MEKP fragment similar to Product E
U/CH3OH, R=Et 103.0754 C5H11O2+ 103.0765 10.7 May also be from Product G 

U/PrOH, R=Me 145.1223 C8H17O2+ 145.1226 2.1 Observed in chromatogram
U/PrOH, R=Et 159.13796 C9H19O2+ na na Contaminant present in solvent

U/CH3
18

OH, R=Me 93.0682 C4H9
18

O2+ 93.0693 11.8 Infusion experiment

U/CH3
18

OH, R=Et 107.0839 C5H11
18

O2+ 107.0849 9.3 Infusion experiment

9 U/CH3OH 88.0519 C4H8O2•+ 88.0531 13.6 Cyclic Trimer only

U/CH3OH = Unlabled material/Methanol solvent D18/PrOH = D18-Material/Propyl alcohol solvent

D18/CH3OH = D18-Material/Methanol solvent U/CH318OH = Unlabled material/
18

O-labled Methanol

U/CD3OD = Unlabled material/D-labled solvent D18/CH318OH = D18-Material/
18

O-labled Methanol
U/PrOH = Unlabled material/Propyl alcohol solvent Red structural components suggest incorporation of solvent alcohol

1
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Figure 5.  MP infusion of d18-TATP in CH3OH showing low mass range and proposed assignments. 
 

 

 

Figure 6.  APCI source data from A) direct infusion of 20 µL/min d18-TATP vs. B) 20 µL/min d18-TATP 
infused into a mobile phase containing 90% MeOH/10 % 10 mM NH4OAc at 230 L/min. 
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Scheme 3 
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Introduction 

Terrorist incidents and resulting government focus on so-called “homemade” explosives have resulted in 

a number of researchers examining the organic peroxides.  Synthesized triacetone triperoxide (TATP)[1], 

hexamethylene triperoxide diamine (HMTD)[2], and methyl ethyl ketone peroxides (MEKP)[3] (Fig.1) 

are the most commonly encountered due to their ease of formation. With attention being on rapid 

detection and analysis, traditional analytical tools, infrared[4], Raman[4, 5], and x-ray[5] have been 

applied. However, screening usually employs ion mobility mass spectrometry (IMS)[6–8]. Spectroscopy, 

which offers no possibility of separation from interferences, has reported limits of detection (LOD) 

ranging between 1[9] and 5 ppm[10] in standoff mode. IMS, which has some ability to separate 

interferences, has a reported LOD of 23.3 ng for TATP and 0.2 ng for HMTD.[8] For unequivocal 

identification and quantification some type of separation is essential prior to detection. 

 

 

 

Figure 1.  Structures of peroxides analyzed. 

 

Volatile organic compounds have traditionally relied on separation by gas chromatography (GC) coupled 

to either a mass spectrometer (MS)[11–15] or electron capture detector (ECD).[13, 16]. In one of the 

earliest reports of TATP detection in a criminal case study, both GC/MS electron ionization (EI) and 

chemicals ionization (CI) techniques were used.[17] Since that time, the number of GC/MS applications 

for TATP and HMTD have grown exponentially; today it is one of the prominent techniques for their 

detection. The reported LODs for TATP in a condensed phase range between 0.05 and 2 ng,[18] 
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depending on the mode of ionization and type of mass spectrometer used; even lower LODs (<0.1 ng) are 

recorded for headspace analysis.[19] Low nanograms levels were reported by DART™-time-of-flight-

MS[20] for HMTD analysis. The major drawback using GC is the potential for thermal degradation of 

explosives in the inlet or ion source. For this reason, liquid chromatography mass spectrometry (LC/MS) 

is becoming a predominant technique for unequivocal structural elucidation and quantification of most 

organic molecules. The benefits over GC include room temperature sample introduction, availability of 

soft ionization techniques, and high resolution accurate mass capability.[21, 22] Selected MS interface 

methods with monitored ions and LODs are presented in Table 1.  

 

Table 1.  MS Interface Methods with Reported LOD for Peroxide Explosives 

Peroxide LOD (ng) Monitored Ions (m/z) Ionization Mode Ref 

TATP 

 
62.5 [245], 215, 81 APCI [23] 

 
20 [229] EESI [24] 

 
15 [240], 242, 224, 223, 210 DBDI [25] 

 
10 [245], 240, 223, 215, 91, 74 DESI [26] 

 
25 252, 240, 194, 107, 102, 91, [89], 90, 75 APCI [21] 

 
1-50 [240], 245, 223 DESI [22] 

 0.8-148 [223], 240, 132, 91, 74 APCI [27] 

 0.88 240.1441, 89.0597 APCI [28] 

 1 89.0597 APCI [29] 

 0.1 348.1869 APCI [30] 

HMTD 

 
3 [229], 209, 191, 145, 104 APCI [31] 

 
1 [231], 247, 209 DESI [26] 
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10,000 [224], 177, 207, 209 APCI [32] 

 
0.08-12 [118], 207, 191, 147, 72, 58 APCI [27] 

 - [209], 224, 207, 179, 145, 88 DART [33] 

 0.43 [207.0975], 209.0768, 179.0666, 145.0606 APCI [28] 

 2.5 207.0976 APCI [29] 

 1 [209], 207, 179, 106, 90, 62 APCI [34] 

 0.2-0.5 207.0615, 177.0861 APCI [30] 

LOD – limit of detection, [m/z] – most abundant observed ion, APCI – atmospheric pressure chemical ionization, ESI – electrospray ionization, 

DESI – desorption electrospray ionization, DART – direct analysis real time, DBDI – dielectric barrier discharge ionization, EESI - extractive 

electrospray ionization. 

 

Much of the reported research utilizing LC/MS was performed on nominal mass instruments making 

some assignments and fragment origins questionable.[25] For example, though many researchers identify 

or quantify TATP using m/z 89,[6, 7, 21, 29] exact mass MS shows this fragment contains four carbons, 

which cannot readily be explained from the structure of TATP (Fig. 1). Our work investigates the origin 

of that fragment and addresses chromatographic and mass spectrometric parameters (e.g. solvents,[35] 

temperatures, gas flows and voltage differentials) that can affect ion production. 

 

Materials and Methods 

Chemicals and Reagents 

Caution:  The organic peroxides mentioned below are powerful explosives.  Take all necessary precautions 

when working with these compounds. 

Water, acetonitrile, methanol, 2-propanol (all Optima HPLC grade), ammonium acetate (NH4OAc), 

sodium acetate, lithium acetate, n-butanol (all HPLC grade), n-propanol (sequencing grade), tert-butanol, 

methyl ethyl ketone (MEK) and acetone (ACS grade) were purchased from Fisher Chemical.  Stable 

isotope labelled material was purchased from Cambridge Isotope Labs. Hexamethylenetetramine 
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(hexamine) was purchased from Acros Organics. Hydrogen peroxide (HP, 50%) was purchased 

from Univar. All mobile phase used for chromatography consisted of aqueous 10 mM NH4OAc prepared 

at neutral pH with methanol (MeOH) as the organic modifier unless otherwise stated.   

 

TATP, DADP, TMDDD and MEKP Synthesis: 

Triacetone triperoxide (TATP) and diacetone diperoxide (DADP) were synthesized according to literature 

methods.[13]  TATP was purified by recrystallizing once with 80/20 (w/w) MeOH/H2O and then with 

pentane [melting point (mp) 94-96 °C].  Deuterated TATP (d18-TATP) was synthesized as above[13] using 

d6-acetone. DADP was recrystallized in hot methanol (mp: 131-133 °C).   

For hexamethylene triperoxide diamine (HMTD) synthesis, a round-bottom flask equipped with magnetic 

stir bar was used to dissolve hexamine (2.43 g, 17.3 mmol) in 50% hydrogen peroxide (9.88 g, 145 mmol) 

and chilled in an ice bath. Anhydrous citric acid (3.61 g, 18.9 mmol) was added in small portions so the 

temperature did not exceed 10 °C.  The reaction mixture was left in the ice bath and stirred for 15-18 hours.  

Product was collected by vacuum filtration, washed with deionized water and room temperature methanol 

and allowed to dry.  This HMTD was used to produce tetramethylene diperoxide diamine dialdehyde 

(TMDDD), which was synthesized according to Wierbeczki et al.[36]  This crude product (mp: 156-157°C) 

was used for all TMDDD testing. 

Methyl ethyl ketone peroxides were synthesized by a modified literature method.[37] In a test tube 

containing a micro stir bar, hydrogen peroxide (50-wt%, 1.4 mL) was mixed with methyl ethyl ketone (0.82 

mL, 9.49 mmol). The solution was chilled in an ice bath and concentrated H2SO4 (0.5 mL, 9.38 mmol) was 

added slowly so that the temperature did not exceed 20 °C. Stirring continued for 15-18 hours before the 

solution was extracted with pentane, washed with saturated ammonium sulfate (3x3 mL), deionized water 

(3x3 mL) and dried with sodium sulfate. The product was stored as a solution in pentane and was pipetted 

into tared vials for immediate dilution with MeOH to desired concentrations.  
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Instrumentation 

Using a Thermo Electron LTQ Orbitrap XL or Exactive mass spectrometer equipped with an atmospheric 

pressure chemical ionization (APCI) interface, ions were generated and introduced into the ion transfer tube 

set between 180 to 275 ºC (depending on the experimental conditions being tested).  All work was 

performed using positive ion mode. Tune conditions for APCI infusion experiments were varied depending 

on the parameters being tested: discharge current, 2500-6000 µA; N2 sheath gas, 8-50 arbitrary units (AU); 

N2 auxiliary gas, 5-40 AU; vaporizer temperature 180-350 ºC; ion transfer tube, 14 V; tube lens, 35-70 V; 

and skimmer offset (Exactive), 0 V. Minor voltage changes were made at times to improve signal intensity 

for some compounds.  Mass resolution was set to 30000 (LTQ Orbitrap) and 50000 (Exactive) for all 

experiments.  Solvent delivery was performed using either Thermo infusion syringe pumps or Thermo 

Electron Accela quaternary pumps. A CTC Analytics HTS PAL autosampler injected directly from either 

amber, glass LC vials with PTFE septa (Agilent Technologies) or polypropylene, 1 mL 96-well plates with 

pre-slit silicone plate covers (Analytical Sales and Service).  Data collection and analysis was performed 

with Thermo Xcalibur software version 2.2, SP 1.48. All data collected within this work is APCI full scan 

MS unless otherwise noted. Chromatographic traces are all extracted ion chromatograms (XIC) with a mass 

window of 15 ppm of the expected exact mass. Note: All masses reported below are exact mass values 

within ±15 ppm for species less than 130 m/z and ±7.5 ppm for species over m/z 130. 

 

Methods 

TATP Analysis 

The mass spectrometry gas flows and temperature were originally optimized using a constant flow of 50% 

10 mM NH4OAc in pump channel B and 50% MeOH in channel A at 230 μL/min flow and directly infusing 

20 μL/min TATP standard (20 μg/mL/90.1 μM in MeOH) into the flow. Monitoring the [M+NH4]+ ion at 

m/z 240.1442, the vaporizer temperature was set to 250 °C, with the sheath gas at 40 AU and auxiliary gas 

at 20 AU. Using this optimized system, 40 μL sample volumes of TATP in 50/50 ACN/water were injected 

into a LC flow of 250 μL/min with 5% MeOH (channel A) and 95% aqueous 10 mM NH4OAc (channel B) 
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for introduction onto a Thermo Syncronis C18 column (2.1 x 50 mm, 5 µm). Initial conditions were held 

for 1.5 minute before a linear ramp to 35% A/65% B over 1.5 minutes followed immediately by a linear 

ramp to 95%A/5% B over the next minute. This concentration was held for 2 minutes before a 30 second 

transition to initial conditions with a hold of 1.5 minutes. As an internal standard (IS), d18-TATP at 10 

μg/mL (41.7 μM) in ACN was added 1:1 to aqueous TATP samples with a final concentration of 5000 

ng/mL (20.8 uM). XIC were integrated using the Genesis peak detection algorithm in Thermo Xcalibur 

Quan Browser. Linear dynamic range comparing concentration to peak area response ratio, relative to the 

IS, extended from 25 ng/mL (112.6 nM) to 20000 ng/mL (90.1 μM) using 10 points and 1/x weighting of 

the calibration curve. Identical procedures were followed for the calibration curve of DADP (discussed 

later). Stability determination for TATP did not use an IS and calibration was determined by peak area 

response vs. concentration (external calibration). Linear range and curve conditions were the same as above. 

All dilutions were made in 50/50 ACN/water. Stability was determined by comparing quality control (QC) 

samples made on day 1 to freshly prepared standards made on the day of stability determination. 

 

TATP Volatility 

Volatility of TATP was interrogated by 2 methods. The first involved incubating aqueous TATP at 37 °C 

in 1.5 mL Eppendorf tubes both open and closed. For this analysis, 995 µL of water was brought to 37 °C 

before addition of 5 µL of 20 mM TATP in ACN (final concentration 100 µM) to initiate the study (time 

0). At time 0, 15, 30, 45 and 60 minutes, 100 µL aliquots were removed and placed in 100 µL of ACN 

containing IS. Analysis were performed in duplicate and average values are displayed with RSD values less 

than 0.5%. The second method involved placing 100 mg of TATP powder in two separate 1L vessels (screw 

top) and two separate 500mL vessels (screw top). Each vessel was covered with aluminum foil, capped and 

allowed to sit at room temperature (~20 °C) for ~4 hours.  For each vessel, 3 labelled GC vials were filled 

with 500 µL of 50/50 ACN/water and capped with PTFE septa seals. At 4 hours, the cap was removed from 

the first vessel; a 2.5 mL, gas-tight hypodermic syringe penetrated the foil to withdraw 2.5 mL of vapor; 

and the cap was immediately replaced. The vapor was transferred into the GC vial ensuring the needle tip 
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was well under the liquid while the plunger was slowly depressed and the vial gently swirled. This was 

repeated 3 times for each vessel before sample solutions were injected onto the HPLC/MS system described 

above (without IS).  Samples were injected in duplicate; average TATP vapor concentration is reported.  

 

HMTD/TMDDD Analysis 

Stability determination of HMTD ([M+H]+ ion of m/z 209.0768) and TMDDD ([M+NH4]+ ion of m/z 

224.0877) were performed by the same method used for TATP to keep analysis consistent for these 3 

compounds. All dilutions were made in 50/50 ACN/water. The HMTD 9-point external calibration curve 

was linear from 50 ng/mL (240 nM) to 20000 ng/mL (96.2 µM). TMDDD was linear over a 10-point 

external calibration from 25 ng/mL (121 nM) to 20000 ng/mL (97.1 µM). Stability was determined by 

comparing QC samples made on day 1 to freshly prepared standards made on the day of stability 

determination. 

 

MEKP Analysis 

With the MEKP’s lacking any true “standard”, stability determination or quantitative analysis of any 

specific one of these was not possible. Purification of these compounds, particularly the cyclic trimer 

(MEKP C3), was attempted using a CombiFlash Rf+ PurIon (Teledyne Isco, Lincoln, NE) system with C18 

cartridges. HPLC methods developed for this system are as follows. A 25 µL sample containing an 

estimated 20 µg/mL (by weight) of total MEKP was injected onto the Syncronis C18 column into 250 

µL/min flow of mobile phase 65% A/35% B. Initial conditions were held for 1 minute followed by a linear 

ramp to 80% A/20% B over 3 minutes and a 6-minute isocratic hold. Conditions were then changed to 98% 

A/2% B over 30 seconds and held for 1.5 minutes before dropping to initial conditions over 30 seconds 

with a 2-minute hold. Using this method, we were able to achieve baseline separation of what we believe 

to be the MEKP C3 ([M+NH4]+ m/z 282.1911) from other linear peroxides. 
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Isotope Incorporation Studies 

To examine the origin of certain products/fragments observed in the LC/MS experiments, isotope 

incorporation studies were performed as follows. Hydrogen/deuterium exchanged (HDX) began with 

concentrated (20 µg/mL), 0.5 mL samples of TATP and d18-TATP prepared in deuterium labeled 

methanol/water (CD3OD/D2O) and unlabeled (MeOH/H2O) solvents, respectively. An ammonium source 

was provided by the addition of 5 µL of 500 mM NH4OAC. Solutions were individually infused at 20 

µL/min. Two samples containing an estimated 30 μg/mL of total MEKP and 20 μg/mL of both TATP and 

d18-TATP were produced from highly concentrated standards prepared in MeOH. These samples were 

briefly placed under a light stream of N2 gas to evaporate the solvents but prevent significant evaporation 

of TATP. One sample was reconstituted in 100 μL of MeOH and 20 μL of water before infusion onto the 

optimized APCI-MS conditions for in-source fragment production (discussed later). Once this sample was 

successfully observed, the second sample was reconstituted in 100 μL of Me18OH and 20 μL of water and 

infused.   

 

Alcohol Incorporation and Infusion Experiments 

A 25 µL sample containing an estimated 20 μg/mL of total MEKP and 10 μg/mL of both TATP and d18-

TATP was injected onto the LC/MS system developed for MEKP (above).  Mobile phase transition from 

MeOH to isopropanol (IPA) or n-propanol (PrOH) required significant change due to the higher solvent 

strength and column back pressure of the larger alcohols. The same sample (25 µL) was injected into a 

mobile phase of 20% PrOH/80% B flowing at 200 µL/min onto the C18 column.  Conditions were held for 

1 minute followed by a linear ramp to 90% PrOH/20% B over 8 minutes. This was held for 1 minute before 

ramping to initial conditions over 30 seconds and holding for 2 minutes.   

Infusion of TATP into the APCI source was performed by two methods. To generally optimize MS 

voltages, TATP (20 µg/mL in 90/10 MeOH/10 mM NH4OAc) was directly infused onto the ACPI source 

at 20 μL/min. We termed this “direct infusion.” To assess the effects of temperature and gas flow, TATP 

(20 µg/mL in 90/10 MeOH/10 mM NH4OAc) was infused at 20 µL/min into a 230 μL/min flow of 95% 
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MeOH/5% 10 mM NH4OAc (total flow was 250 µL/min, the environment of TATP eluting from a C18 

column). This we termed “MP infusion.” An additional MP infusion study was performed but using the 

TATP gradient program (described above). Full scan data was collected from m/z 70 to 500, and the XIC 

data for TATP [M+NH4]+ and m/z 89.0597 were exported to Microsoft Excel for data analysis. Additional 

studies to show incorporation of various alcohols were performed by directly infusing 20 μg/mL samples 

of TATP and d18-TATP in 20% 10 mM NH4OAC/80% alcohol. Alcohols (other than MeOH) tested were 

ethanol (EtOH), PrOH, n-butanol (BuOH) and tert-butanol (t-BuOH). 

 

Results and Discussion: 

Stability and Volatility of Analytes 

Many unexpected challenges and unusual findings were encountered during the development of LC/MS 

analysis methods for the peroxide explosives TATP, DADP, HMTD, TMDDD and MEKP. Samples can 

be prepared and stored in ACN without issue as long as MeOH is used as the organic mobile phase modifier 

for reverse phase LC/MS and the compound is not eluting in the void volume. The peroxides described in 

this work are generally well-retained and free of acetonitrile in the source, which is washed away in the 

sample plug.  However, if ACN is present in the source using either ESI or APCI, the signal will be 

significantly reduced or almost completely eradicated.[35] 

Individually synthesized products of TATP, HMTD and TMDDD were treated separately for stability 

analysis. While attempts were made to purify HMTD, it always contained a small amount of TMDDD and 

vice versa. Solutions of each peroxide were prepared and stored in acetonitrile. Autosampler stability (for 

the 10000 and 5000 ng/mL samples), is presented in the Online Resource for the first reanalysis (day 7) 

since concentrations were changing rapidly once the container seal was compromised. Samples were run at 

N=2 (RSD <5%). Calibration curve values were within ±15% of nominal concentrations with R2 values > 

0.98 for 1/x or 1/x2 weighted curves. TATP showed ~9% recovery after 7 days storage in the refrigerated 
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autosampler (in a 96-well plate, Table S-1, Online Resource). This loss of TATP is attributed to its high 

volatility and the fact that the 96-well mat was no longer sealed; subsequent data supports this conclusion.   

The peak shape of HMTD on a C18 column was strongly dependent on the organic concentration in the 

sample plug. As the organic concentration increased, the peak fronting became severe, with optimal peak 

shape occurring at low organic content. By placing the samples in 50/50 ACN/water, peak shape and limit 

of detection for HMTD was compromised to keep sample processing consistent with the previously 

developed method for TATP analysis. Despite this compromise, HMTD curve and QC data was within 

acceptable criteria of ±15% accuracy. As ACN evaporated from the 96-well plate, concentration of HMTD 

and TMDDD increased significantly. Evidence of ACN evaporation was observed by the greatly improved 

peak shape of the HMTD sample after sitting in the autosampler for 7 days (Table S-1, Figure S-1, Online 

Resource). In fact, due to the change in concentration of HMTD or TATP, calibration samples run at the 

start of an analytical series did not replicate results if re-injected at the end of an analysis that lasted over 3 

or 4 hours. 

 

TATP concentration was relatively unchanged over 60 days under conditions where the storage vessel 

was airtight. HMTD degraded ~15% in 40 days at room temperature and about 7% in the refrigerator or 

freezer in 60 days (Table S-1, Online Resource). This loss corresponds to a similar increase in TMDDD 

levels in the HMTD samples. This suggests that in ACN, HMTD oxidizes into TMDDD. QC 

concentrations were kept intentionally high (10000 to 1000 ng/mL) compared to the curve limits in order 

to identify degradation products (if possible) and to quantify the conversion of HMTD to TMDDD or vice 

versa. Concentrations of TMDDD did not appear to decrease, suggesting that this compound did not 

decompose under the experimental conditions. Storage in methanol or water was not attempted due to the 

lack of solubility of one or more of the compounds in these solvents. 

The vapor pressure of TATP is known to be extremely high for a solid. When aqueous solutions of TATP 

(concentration 100 µM) were incubated at 37 °C for 60 minutes in an open 1.5 mL, polypropylene 

Eppendorf tube, the concentration of TATP dropped ~ 40% every 15 minutes. To assure that the 
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compound was not degrading under these conditions, the same experiment was performed simultaneously 

with the snap-cap lid closed. Figure 2 clearly shows that evaporation, not degradation, is the problem that 

must be overcome during quantitative analysis. This effect is exaggerated at lower TATP concentration 

samples (<10 µM kept in closed 1.5 mL Eppendorf tubes) where periodic opening of the tube to remove 

aliquots resulted in significant evaporative loss up to 3% per tube sampling. 

 

Figure 2.  Evaporative loss of TATP (aqueous 100 µM sample) held at 37 °C in a shaking dry bath.  

 

By directly extracting the TATP vapor from the headspace of pure TATP in sealed containers, bubbling 

that vapor into a solvent system, and quantifying by LC/MS, the concentration of TATP in the headspace 

was determined to be 376 ng TATP/mL, based on 12 individual trials analyzed in duplicate (Table S-2, 

Online Resource).  Using the ideal gas law, with a temperature of 20 °C (293K), the partial pressure of 

TATP was calculated to be 4.1 ± 0.1 Pa.  This is in excellent agreement with the determined partial 

pressure by headspace GC of 7 Pa in 2005.[16]  It is quite possible that some of the TATP was not fully 

trapped by the solvent, resulting in a slightly lower partial pressure by this technique.   
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TATP and MEKP In-Source Fragmentation/Reaction 

During the LC optimization of TATP and its fully deuterated analog, d18-TATP (used as an IS), several 

unexpected “fragment” peaks were observed. Coeluting with the TATP [M+NH4]+ XIC at m/z 240.1442 

was an apparent fragment of m/z 89.0597 corresponding to molecular formula C4H9O2
+. Since each TATP 

ring is comprised of three C3H6 units separated by peroxide linkages, making a 4 carbon fragment is 

rather unlikely. When observing the deuterated analog of the [M+NH4]+ ion at m/z 258.2571, the major 

fragment observed switched from m/z 89.0597 to m/z 95.0974, associated with the molecular formula 

C4H3D6O2
+. We speculated that the source of the non-deuterated methyl group was derived from the 

addition of the solvent methanol into TATP, as we had observed for HMTD[38] and proposed by 

Rondeau, et al for dialkyl mono-peroxides.[14] In order to determine the extent of methanol dependence 

for the m/z 89 signal, TATP was infused post-column into the normal LC gradient used for TATP 

analysis. Initially, m/z 240 increased with increasing methanol (as would be expected with increased 

organic modifier), but that signal quickly leveled off and began to diminish while m/z 89 continued to 

increase. Although the levels of ammonium were also decreasing, as this was present only in the aqueous 

phase, the absolute signal of m/z 89 was significantly larger than the loss of m/z 240. To clearly illustrate 

the effect of methanol on the m/z 89 fragment, the ratio of m/z 89 to m/z 240 was plotted against time and 

compared to the methanol concentration of the gradient (Figure 3). There was a significant increase in 

m/z 89 when ramping the gradient from 5% to 95% methanol. This accounted for some of the previously 

unexplained variations we had experienced between levels of m/z 89 and m/z 240.   
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Figure 3.  TATP MP infusion into linear gradient of methanol (right) and m/z 89/240 ratio (left). 

 

It was noted that under similar LC/MS conditions as used for TATP, each of the MEKP peaks had 

fragments of m/z 89.0597. This is a reasonable fragment for MEKP since each subunit consists of 4 

carbons. A far more abundant ion at m/z 103.0754, associated with the formula C5H11O2
+, was also 

present for each MEKP chromatographic peak. This “fragment” could be explained readily by the 

incorporation of methanol. To support the hypothesis of methanol incorporation into TATP and MEKP, 

the mobile phase was changed from methanol to n-propanol or isopropanol. The results (Figure 4) 

demonstrate the concept of alcohol incorporation into one of the polymer units for each of these 

compounds. All fragments associated with methanol disappeared with incorporation of propanol (Table 2 

and Figure 4). Note that for MEKP C3, an additional m/z 282.1911 peak was detected but presumed to be 

the in-source fragment of the major linear MEKP dihydroperoxy trimer (DHP3, [M+NH4]+ m/z 316.1966) 

since their XIC peak shapes matched (Figure 4). Furthermore, fragments other than m/z 95.0975 related 

to d18-TATP MeOH incorporation were consistently observed at m/z 97.0766 (C3HD6O3
+) and m/z 

92.0785 (C4H6D3O2
+). To probe these findings, complete HDX experiments were performed on TATP 

and d18-TATP. Multiple fragments were observed (Table 2). Figure 5 shows the full scan spectra (from 

~m/z 50 to 120 for resolution purposes) of the infusion of d18-TATP and TATP with the proposed in-
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source fragment assignments.  The fragment m/z 92.0785 corresponds to the incorporation of 2 alcohol.  

Importantly, for non-deuterated TATP, this peak is also m/z 89.0975. This is critical since every molecule 

of TATP present may react with either 1 or 2 molecules of alcohol depending on the conditions of the 

method. Slight variations in the method generally result in vastly different results when monitoring any of 

these low mass fragments, particularly m/z 89.  

 

 

Figure 4.  Chromatogram of mixture of TATP, d18-TATP, and MEKP with mobile phase of MeOH or 

PrOH.  Peak locations varied due to different chromatography conditions to accommodate the stronger 

solvent properties of PrOH vs MeOH. Multiple minor m/z 89 arise from normal fragments of MEKP. 
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Table 2.  Products ions associated with TATP and MEKP with and without incorporation of alcohols.

 

TATP only
Proposed Structure Product Material/solvent Exact Mass Molecular formula Observed Mass ΔPPM Comments

U/CH3OH 89.0597 C4H9O2+ 89.0587 -11.2 Infusion experiment
D18/CH3OH 95.0974 C4H3D6O2+ 95.0964 -10.5 Infusion experiment
U/CD3OD 92.0785 C4H6D3O2+ 92.0776 -9.8 Infusion experiment
U/PrOH 117.091 C6H13O2+ na na Contaminant present in solvent

D18/PrOH 123.1287 C6H7D6O2+ 123.1298 8.9 Observed in chromatogram

U/CH3
18

OH 91.0639 C4H9O
18

O+ 91.0651 13.2 Infusion experiment

D18/CH3
18

OH 97.1016 C4H3D6O
18

O+ 97.1027 11.3 Infusion experiment

U/CH3OH 91.0390 C3H7O3+ 91.038 -11.0 Infusion experiment
D18/CH3OH 94.0578 C3H4D3O3+ 94.0568 -10.6 Infusion experiment
U/CD3OD 95.0641 C3H3D4O3+ 95.0631 -10.5 Infusion experiment
U/PrOH 119.0703 C5H11O3+ 119.0715 10.1 Weak signal, Observed in chromatogram

D18/PrOH 122.0891 C5H8D3O3+ 122.0903 9.8 Weak signal, Observed in chromatogram

U/CH3
18

OH 93.0432 C3H7O2
18

O+ 93.0443 11.8 Infusion experiment

D18/CH3
18

OH 96.0620 C3H4D3O2
18

O+ 96.0632 12.5 Infusion experiment

U/CH3OH 89.0597 C4H9O2+ 89.0588 -10.1 Infusion experiment
D18/CH3OH 92.0785 C4H6D3O2+ 92.0776 -9.8 Infusion experiment
U/CD3OD 95.0974 C4H3D6O2+ 95.0964 -10.5 Infusion experiment
U/PrOH 145.1223 C8H17O2+ 145.1226 2.1 Observed in chromatogram

D18/PrOH 148.1411 C8H14D3O2+ 148.1415 2.7 Observed in chromatogram

U/CH3
18

OH 93.0682 C4H9
18

O2+ 93.0693 11.8 Infusion experiment

D18/CH3
18

OH 96.0870 C4H6D3
18

O2+ 96.0881 11.4 Infusion experiment

U/CH3OH 91.0390 C3H7O3+ 91.0380 -11.0 Infusion experiment
D18/CH3OH 97.0766 C3HD6O3+ 97.0757 -9.3 Infusion experiment
U/CD3OD 92.0452 C3H6DO3+ 92.0443 -9.8 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

U/CH3OH 75.0441 C3H7O2+ 75.0431 -13.3 Infusion experiment
D18/CH3OH 81.0817 C3HD6O2+ 81.0808 -11.1 Infusion experiment
U/CD3OD 76.0503 C3H6DO2+ 76.0494 -11.8 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

U/CH3OH 74.0362 C3H6O2•+ 74.0353 -12.2 Infusion experiment
D18/CH3OH 80.0739 C3D6O2•+ 80.0730 -11.2 Infusion experiment
U/CD3OD 74.0362 C3H6O2•+ 74.0353 -12.2 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

MEKP only (Deuterated material not available)
Proposed Structure Product Material/solvent Exact Mass Molecular formula Observed Mass ΔPPM Comments

U/CH3OH 103.0754 C5H11O2+ 103.0765 10.7 Not present when using PrOH

U/PrOH 131.1067 C7H15O2+ 131.1078 8.4 Not present when using MeOH

U/CH3
18

OH 105.0796 C5H11O
18

O+ 105.0807 10.5 Infusion experiment

U/CH3OH, R=Me 89.0597 C4H9O2+ 89.0609 13.5 Also from MEKP fragment similar to Product E
U/CH3OH, R=Et 103.0754 C5H11O2+ 103.0765 10.7 May also be from Product G 

U/PrOH, R=Me 145.1223 C8H17O2+ 145.1226 2.1 Observed in chromatogram
U/PrOH, R=Et 159.13796 C9H19O2+ na na Contaminant present in solvent

U/CH3
18

OH, R=Me 93.0682 C4H9
18

O2+ 93.0693 11.8 Infusion experiment

U/CH3
18

OH, R=Et 107.0839 C5H11
18

O2+ 107.0849 9.3 Infusion experiment

9 U/CH3OH 88.0519 C4H8O2•+ 88.0531 13.6 Cyclic Trimer only

U/CH3OH = Unlabled material/Methanol solvent D18/PrOH = D18-Material/Propyl alcohol solvent

D18/CH3OH = D18-Material/Methanol solvent U/CH318OH = Unlabled material/
18

O-labled Methanol

U/CD3OD = Unlabled material/D-labled solvent D18/CH318OH = D18-Material/
18

O-labled Methanol
U/PrOH = Unlabled material/Propyl alcohol solvent Red structural components suggest incorporation of solvent alcohol

1

2

3

7

8

4

5

6
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Figure 5.  MP infusion of d18-TATP (top) and TATP (bottom) in CH3OH showing low mass range and 

proposed in-source fragment assignments. Incorporated solvent MeOH molecules are red. 

 

To test the conditions which contribute to fragment formation, 20 µg/mL of the d18-TATP (90% 

MeOH/10% 10 mM NH4OAc) was infused post column at 20 µL/min into 230 µL/min of LC flow (90% 

MeOH/10% 10 mM NH4OAc— high concentration to ensure observation).  The m/z values of 258, 97, 95 

and 92, correspond to the parent d18-TATP and products 4, 1 and 3, (Table 2), respectively. At a vaporizer 

temperature of 250 ºC, the signal for all ions seemed to be optimized, with 3 being the most intense ion 

followed closely by 1. As gas flow from the auxiliary/sheath gas was increased, 1 began to dominate over 
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3 with little change in either parent or 4 (which was only marginally detected). However, when the LC 

flow was removed and the same d18-TATP solution was directly infused at 20 uL/min into the high gas 

flow at 250 ºC, product 4 became the most intense ion with nearly the same intensity as the parent. As gas 

flow was pushed even higher, parent and product 4 were nearly all that could be seen, with no 3 present at 

all. As gas flow was dropped to minimal values (sheath 8 AU and aux 5 AU), product 1 dominated the 

spectrum, and 3 became slightly more intense than 4, which had dropped significantly. This suggests that 

at higher gas flows, ions are pushed into the MS more rapidly with either less time in the corona region or 

less time exposed to the vaporizer temperature to react with the solvent to form alcohol-incorporated 

products. Additionally, when infused into the mobile phase (vs. direct infusion) which contains a 

significantly higher population of MeOH ions/molecules, far more of the alcohol incorporated products 

are observed (Figure 6). 

 

 

Figure 6.  APCI source data from A) direct infusion of 20 µL/min d18-TATP vs. B) 20 µL/min d18-TATP 

infused into a mobile phase containing 90% MeOH/10 % 10 mM NH4OAc at 230 L/min. 
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To assure that the incorporation of the alcohol is completed, a study with the infusion of TATP, d18-TATP 

and MEKP in Me18OH was performed. Complete incorporation of both the carbon and the oxygen from 

MeOH into each of the proposed products was observed (Figure S-2., Online Resource). For this analysis, 

source conditions that favored the formation of the alcohol incorporated products were used. Due to the 

cost of the 18O solvents, we were unable to attempt this at mobile phase levels; therefore, doubly 

incorporated products at m/z 93.0693and 96.0881 were not as significant as shown in Figure 6B. Scheme 

1 shows the proposed mechanism for the formation of Product 1, Table 2. Note that an interfering 

component at m/z 117.0920 was present in either PrOH or IPA that obscured detection of the PrOH-

TATP product.  

 

 

Scheme 1. 

 

Scheme 2 shows the proposed mechanism for the addition of the second alcohol from the product of 

Scheme 1.  With the abundance of this fragment (depending on conditions used) it may transform by a 

more concerted mechanism than proposed.  It should be noted that as the alcohol chain length increased, 

the addition of two alcohols seemed to became more significant that the addition of one alcohol.  Also, 

formation of the tert-BuOH product for either 1 or 2 additions of alcohol was nearly non-existent.  This 

supports the proposed mechanisms since steric interactions would prevent this reaction. 
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Scheme 2. 

 

Cyclic peroxides appear to have several analytical nuances that separate them from their linear 

counterparts.  The structure of TATP has, of course, been confirmed by X-ray diffraction and other 

spectroscopic techniques with subsequent DFT calculations to corroborate this data.[39],[40],[5] 

However, there has been no definitive identification of the cyclic MEKP species. MEKP product 9 (m/z 

88.0519) in Table 2 was only produced by the presumed cyclic MEKP C3 trimer.  Because TATP also 

forms this analog (product 6, Table 2) this suggests that the species we are calling MEKP C3 is indeed the 

cyclic trimer.  No other observed MEKP species (all presumably linear) formed product 9, suggesting that 

the cis configuration of the cyclic species is required to form this product. The mechanism is proposed in 

Scheme 3.  It is also notable that while the linear MEKP ionized quite well by electrospray ionization 

(ESI), the cyclic peroxides (TATP, MEKP C3 and HMTD) prefer APCI.  Attempts to isolate MEKP on 

the CombiFlash system using a C18 column gave inconclusive results for collection of the cyclic trimer 

using the ESI source for MS collection triggering.  When the APCI source was applied, a strong signal at 

nominal mass m/z 282 dominated the spectrum.  This suggests that the structure of this compound is 

fundamentally different from other components in the MEKP mixture and is most likely cyclic in nature. 
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Scheme 3 

 

Attempts to Enhance Signal Intensity  

Although the sodium adduct of TATP has been used by Desorption ESI (DESI)[26], Extractive ESI 

(EESI)[24] and LC-ESI[23] to produce abundant ions at m/z 245.0996, our attempts at adding controlled 

amounts of very low concentrations of sodium to the mobile phase for quantitative analysis ended with 

plugged electrospray capillaries. However, even using sodium we have been unable to approach the level 

of quantification provided by APCI for TATP (currently, 1 ng on column for m/z 240.1442 and 200 pg on 

column for m/z 89.0597). TATP (and all the peroxides associated with MEKP) have historically been 

observed only as ammonium or sodium adducts in our lab. While in ESI, the TATP sodium adduct is 

rather intense, the addition of lithium and potassium did not produce a significant signal compared to 

either sodium or ammonium, suggesting the size of these ions is optimal for gas phase adduction. 

As mentioned above, variation in gas flow affected the intensity and abundance of each ion associated 

with TATP. To optimized APCI conditions for either the TATP [M+NH4]+ or the m/z 89 signal, 

injections (N=3) were made on the C18 column at various conditions of temperature, gas flow and mobile 

phase modifier (the LC flow was kept at 250 μL/min). At a vaporizer temperature of 250 °C, gas flows 

ranged from (sheath/aux 1:1) 30 to 70 AU with the most intense [M+NH4]+ at 70 AU and for m/z 89, 30 

AU (nearly 1:1 signal for the d18-TATP m/z 95:92 fragments). Temperature was then varied from 210 °C 

to 450 °C with the gas flow set to 30 AU. At 210 °C, TATP [M+NH4]+ was the most intense signal with 

the m/z 89 peak optimized at 300 °C (nearly 2.5:1 signal for the d18-TATP m/z 95:92 fragments).  

Temperatures higher than this began to dramatically reduce the total signal.  Removal of the ammonium 
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source (mobile phase of water/MeOH) came with the expected reduction of the [M+NH4]+ signal (less 

than 1% of the total TATP signal). Surprisingly, the signal for the m/z 89 peak increased nearly 40% over 

the optimized conditions using 10 mM NH4OAc (m/z 95 was 70 % of the total signal and m/z 92 was 

30% for the d18-TATP sample). Based on this work, we have developed two methods for preferential 

detection of m/z 89 or m/z 240 for TATP.  For the analysis of intact TATP or related compounds, we use 

the method optimized for [M+NH4]+ where the mobile phase has 10 mM NH4OAc and MS conditions 

favoring m/z 240 production.  For low level quantification, we use the method favoring the m/z 89 

fragment with the aqueous mobile phase containing only 200 μM NH4OAc (a concentration that is 

comparable to no ammonium addition). Since the mobile phase flow rate would likely alter these 

conditions, and minor changes seem to correspond to significant ionization variability, each LC/MS 

instrument being used for the detection of peroxide explosives should be optimized for gas flow and 

temperature in addition to the instrument automatic signal optimization procedure.   

In our lab, DADP has not been observed as the adduct of hydrogen (m/z 149.0808), ammonium (m/z 

166.1074), sodium (m/z 171.0628) nor lithium (m/z 155.0890) at reasonable levels (<500 µM) for LC/MS 

analysis in ESI or APCI. At the level of 100 µg/mL (675 µM), m/z 166.1074 did begin to appear above 

the background noise. It is important to know that low concentrations of DADP can be observed as the 

alcohol incorporated fragment at m/z 89.0597 using APCI. On the LC system describe above for TATP 

analysis, DADP elutes about 40 seconds earlier than TATP. Using the d18-TATP as an IS, a dynamic 

range for DADP analysis was established between 20000 and 100 ng/mL with a LOD of 50 ng/mL.  

Inadequate separation of TATP from other peroxides could provide significantly skewed results. 

 

Conclusions 

Two cautionary notes come from this research.  First, while researchers have long been aware that TATP 

has a rather high vapor pressure for a solid, the fact that it readily volatilizes from solution has not been 

fully appreciated. Second, while low-levels of TATP may be quantified by LC/MS using the molecular 

fragment m/z 89, it must be recognized that this fragment has conditions.  It represents two different 
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species which are both dependent on the MeOH concentration, mobile phase modifiers, temperature, gas 

flow, and flow rate (among the parameters tested). Since the two most common LC/MS solvents for 

reverse phase chromatography are methanol and acetonitrile, the analyst is faced with a dilemma. If 

acetonitrile is used as the mobile phase, ionization is suppressed below reasonable levels of analytical 

detection.[35] If methanol is used, the compound will invariable react with the species in the gas phase. 

The gas-phase alcohol attack of peroxides (TATP, DADP, MEKP, and HMTD) at the α-carbon is 

apparently a general phenomenon.[14],[38] This phenomenon can be exploited to lower the limits of 

detection for these compounds. However, understanding the origins of a particular fragment is very 

important, and all variables must be considered prior to using these ions for quantification. Proper 

separation must be achieved to prevent unwanted materials (many small compounds may have a mass 

associated with C4H9O2
+) from providing a false positive response. Also, analytical conditions may 

significantly affect this particular signal response, making it more susceptible to interference from 

unknown, coeluting ion suppressors or enhancers. Lastly, other factors outside the scope of this research 

may influence the formation of peroxide products.[41]   

 

Online Resource: 

Supplemental Info_TATP_with_ROH.pdf 
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Table 1.  MS Interface Methods with Reported LOD for Peroxide Explosives 

Peroxide LOD (ng) Monitored Ions (m/z) Ionization Mode Ref 

TATP 

 
62.5 [245], 215, 81 APCI [23] 

 
20 [229] EESI [24] 

 
15 [240], 242, 224, 223, 210 DBDI [25] 

 
10 [245], 240, 223, 215, 91, 74 DESI [26] 

 
25 252, 240, 194, 107, 102, 91, [89], 90, 75 APCI [21] 

 
1-50 [240], 245, 223 DESI [22] 

 0.8-148 [223], 240, 132, 91, 74 APCI [27] 

 0.88 240.1441, 89.0597 APCI [28] 

 1 89.0597 APCI [29] 

 0.1 348.1869 APCI [30] 

HMTD 

 
3 [229], 209, 191, 145, 104 APCI [31] 

 
1 [231], 247, 209 DESI [26] 

 
10,000 [224], 177, 207, 209 APCI [32] 

 
0.08-12 [118], 207, 191, 147, 72, 58 APCI [27] 

 - [209], 224, 207, 179, 145, 88 DART [33] 

 0.43 [207.0975], 209.0768, 179.0666, 145.0606 APCI [28] 

 2.5 207.0976 APCI [29] 

 1 [209], 207, 179, 106, 90, 62 APCI [34] 

 0.2-0.5 207.0615, 177.0861 APCI [30] 

LOD – limit of detection, [m/z] – most abundant observed ion, APCI – atmospheric pressure chemical ionization, ESI – electrospray ionization, 

DESI – desorption electrospray ionization, DART – direct analysis real time, DBDI – dielectric barrier discharge ionization, EESI - extractive 

electrospray ionization. 
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Table 2.  Products ions associated with TATP and MEKP with and without incorporation of alcohols.

 

  

TATP only
Proposed Structure Product Material/solvent Exact Mass Molecular formula Observed Mass ΔPPM Comments

U/CH3OH 89.0597 C4H9O2+ 89.0587 -11.2 Infusion experiment
D18/CH3OH 95.0974 C4H3D6O2+ 95.0964 -10.5 Infusion experiment
U/CD3OD 92.0785 C4H6D3O2+ 92.0776 -9.8 Infusion experiment
U/PrOH 117.091 C6H13O2+ na na Contaminant present in solvent

D18/PrOH 123.1287 C6H7D6O2+ 123.1298 8.9 Observed in chromatogram

U/CH318OH 91.0639 C4H9O18O+ 91.0651 13.2 Infusion experiment

D18/CH318OH 97.1016 C4H3D6O18O+ 97.1027 11.3 Infusion experiment

U/CH3OH 91.0390 C3H7O3+ 91.038 -11.0 Infusion experiment
D18/CH3OH 94.0578 C3H4D3O3+ 94.0568 -10.6 Infusion experiment
U/CD3OD 95.0641 C3H3D4O3+ 95.0631 -10.5 Infusion experiment
U/PrOH 119.0703 C5H11O3+ 119.0715 10.1 Weak signal, Observed in chromatogram

D18/PrOH 122.0891 C5H8D3O3+ 122.0903 9.8 Weak signal, Observed in chromatogram

U/CH3
18

OH 93.0432 C3H7O2
18

O+ 93.0443 11.8 Infusion experiment

D18/CH318OH 96.0620 C3H4D3O218O+ 96.0632 12.5 Infusion experiment

U/CH3OH 89.0597 C4H9O2+ 89.0588 -10.1 Infusion experiment
D18/CH3OH 92.0785 C4H6D3O2+ 92.0776 -9.8 Infusion experiment
U/CD3OD 95.0974 C4H3D6O2+ 95.0964 -10.5 Infusion experiment
U/PrOH 145.1223 C8H17O2+ 145.1226 2.1 Observed in chromatogram

D18/PrOH 148.1411 C8H14D3O2+ 148.1415 2.7 Observed in chromatogram

U/CH318OH 93.0682 C4H918O2+ 93.0693 11.8 Infusion experiment

D18/CH3
18

OH 96.0870 C4H6D3
18

O2+ 96.0881 11.4 Infusion experiment

U/CH3OH 91.0390 C3H7O3+ 91.0380 -11.0 Infusion experiment
D18/CH3OH 97.0766 C3HD6O3+ 97.0757 -9.3 Infusion experiment
U/CD3OD 92.0452 C3H6DO3+ 92.0443 -9.8 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

U/CH3OH 75.0441 C3H7O2+ 75.0431 -13.3 Infusion experiment
D18/CH3OH 81.0817 C3HD6O2+ 81.0808 -11.1 Infusion experiment
U/CD3OD 76.0503 C3H6DO2+ 76.0494 -11.8 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

U/CH3OH 74.0362 C3H6O2•+ 74.0353 -12.2 Infusion experiment
D18/CH3OH 80.0739 C3D6O2•+ 80.0730 -11.2 Infusion experiment
U/CD3OD 74.0362 C3H6O2•+ 74.0353 -12.2 Infusion experiment
U/PrOH na na na na No alcohol incorporated

D18/PrOH na na na na No alcohol incorporated

MEKP only (Deuterated material not available)
Proposed Structure Product Material/solvent Exact Mass Molecular formula Observed Mass ΔPPM Comments

U/CH3OH 103.0754 C5H11O2+ 103.0765 10.7 Not present when using PrOH

U/PrOH 131.1067 C7H15O2+ 131.1078 8.4 Not present when using MeOH

U/CH318OH 105.0796 C5H11O18O+ 105.0807 10.5 Infusion experiment

U/CH3OH, R=Me 89.0597 C4H9O2+ 89.0609 13.5 Also from MEKP fragment similar to Product E
U/CH3OH, R=Et 103.0754 C5H11O2+ 103.0765 10.7 May also be from Product G 

U/PrOH, R=Me 145.1223 C8H17O2+ 145.1226 2.1 Observed in chromatogram
U/PrOH, R=Et 159.13796 C9H19O2+ na na Contaminant present in solvent

U/CH3
18

OH, R=Me 93.0682 C4H9
18

O2+ 93.0693 11.8 Infusion experiment

U/CH3
18

OH, R=Et 107.0839 C5H11
18

O2+ 107.0849 9.3 Infusion experiment

9 U/CH3OH 88.0519 C4H8O2•+ 88.0531 13.6 Cyclic Trimer only

U/CH3OH = Unlabled material/Methanol solvent D18/PrOH = D18-Material/Propyl alcohol solvent

D18/CH3OH = D18-Material/Methanol solvent U/CH318OH = Unlabled material/18O-labled Methanol

U/CD3OD = Unlabled material/D-labled solvent D18/CH318OH = D18-Material/18O-labled Methanol
U/PrOH = Unlabled material/Propyl alcohol solvent Red structural components suggest incorporation of solvent alcohol

1
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Figure 1.  Structures of peroxides analyzed. 

Figure 2.  Evaporative loss of TATP (aqueous 100 µM sample) held at 37 °C in a shaking dry bath. 

Figure 3.  TATP MP infusion into linear gradient of methanol (right) and m/z 89/240 ratio (left). 

Figure 4.  Chromatogram of mixture of TATP, d18-TATP, and MEKP with mobile phase of MeOH or 

PrOH.  Peak locations varied due to different chromatography conditions to accommodate the stronger 

solvent properties of PrOH vs MeOH. Multiple minor m/z 89 arise from normal fragments of MEKP. 

Figure 5.  MP infusion of d18-TATP (top) and TATP (bottom) in CH3OH showing low mass range and 

proposed in-source fragment assignments. Incorporated solvent MeOH molecules are red. 

Figure 6.  APCI source data from A) direct infusion of 20 µL/min d18-TATP vs. B) 20 µL/min d18-TATP 

infused into a mobile phase containing 90% MeOH/10 % 10 mM NH4OAc at 230 L/min. 

Scheme 1.  Proposed mechanism for the addition of one alcohol to TATP. 

Scheme 2.  Proposed mechanism for the addition of a second alcohol to TATP. 

Scheme 3.  Proposed mechanism for the formation of m/z 88 radical cation from MEKP C3. 
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Figure 1.  Structures of peroxides analyzed. 

 

 

Figure 2.  Evaporative loss of TATP (aqueous 100 µM sample) held at 37 °C in a shaking dry bath.  
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Figure 3.  TATP MP infusion into linear gradient of methanol (right) and m/z 89/240 ratio (left). 

 

 

Figure 4.  Chromatogram of mixture of TATP, d18-TATP, and MEKP with mobile phase of MeOH or 

PrOH.  Peak locations varied due to different chromatography conditions to accommodate the stronger 

solvent properties of PrOH vs MeOH. Multiple minor m/z 89 arise from normal fragments of MEKP. 
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Figure 5.  MP infusion of d18-TATP (top) and TATP (bottom) in CH3OH showing low mass range and 

proposed in-source fragment assignments. Incorporated solvent MeOH molecules are red. 
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Figure 6.  APCI source data from A) direct infusion of 20 µL/min d18-TATP vs. B) 20 µL/min d18-TATP 

infused into a mobile phase containing 90% MeOH/10 % 10 mM NH4OAc at 230 L/min. 

 

 

 

Scheme 1. 
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Scheme 2 
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