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Abstract 

The method for quantitative analysis of triacetone triperoxide (TATP) and hexamethylene 

triperoxide diamine (HMTD) in different matrices is presented. The method is suitable for 

polymer, plastic, or cellulose matrices. It is based on dissolving, or extraction of, peroxide in the 

solvent and measurement in cuvettes using the FT-IR technique. These methods may be useful in 

analytical methods of explosive detection and determination. 
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homemade plastic explosives, Fourier transform infrared, FT-IR, analysis of homemade 
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Introduction
Triacetone triperoxide (3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-hexaoxonane, TATP) and 

hexamethylene triperoxide diamine (3,4,8,9,12,13-hexaoxa-1,6-diazabicyclo[4,4,4]tetradecane, 

HMTD, Fig. 1) are primary explosives.1–3 Due to their low long term physical (TATP) and 

chemical (HMTD) stability as well as the low thermal stability of both peroxides4–7 they have not 

been found suitable for use in industrial primary explosive production.8–9 
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<Insert Figure 1>

However, the simplicity of their preparation, the availability of the starting materials and 

a well understood/known fabrication method (which is advertised widely via the internet) make 

TATP and HMTD ideal for those wishing to misuse such compounds for criminal or terrorist 

purposes.10 For example, HMTD was planned to be used as the primary explosive for intended 

bomb attack on Los Angeles International Airport during the 2000 millennium celebrations.11 

Triacetone triperoxide is an improvised explosive that is considered as the one used for the 

London bombings on June 7th 200512 and, together with another homemade explosive, 

pentaerythritol tetranitrate (PETN), for a failed bombing attempt on Northwest Airlines Flight 

253 from Amsterdam to Detroit on Christmas day, 25 December 2009.13 TATP was also used in 

the Paris attacks in November 201514 and in the Brussels bombings in March 2016.15–16  All of 

the above examples demonstrate that TATP and HMTD are still frequently being used as 

homemade explosives. They are not used only as individual explosives, but also in mixtures with 

other substances, which improve the various parameters of the final explosive mixture. For 

example, TATP and HMTD are sometimes used for the preparation of attractive homemade 

plastic explosives, in combination with some polymer binders, mineral oils etc.17–18 Numerous 

other homemade explosives based on TATP and HMTD can be found on extremist websites. 

From the above it is obvious that these organic peroxides are often the subject of analysis 

in forensic laboratories. Such analyses generally focus on the identification of the explosive in 

any samples obtained, and the determination of the correct concentration of the explosive in 

different matrices, in order to provide an abundant level of proof for the courts. Items containing 

peroxides for analysis may be plastic explosives, but also any materials contaminated by 

peroxides from their preparation and storage, such as filter papers. 

In addition, some training materials for sniffer dogs are based on explosives introduced 

into a cellulose matrix. The amount of peroxide in the matrices must be quantified to check the 

quality and safety of the product. The content of the peroxide in the material has to be between 

the minimal amount to guarantee both proper functioning and sufficient peroxide vapor pressure 

and the maximum admissible amount to ensure safety in handling the training material.19

In recent years, various analytical methods have been described for qualitative and 

quantitative determination of organic peroxide explosives.20–21 Fourier transform infrared (FT-

IR) spectroscopy has been used for a long time for the identification of both the peroxides in the 

Page 2 of 13

https://mc.manuscriptcentral.com/asp

Applied Spectroscopy

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

current study.22–25 The advantages of FT-IR analysis are the availability of spectrometers in 

laboratories plus the possibility of having portable FT-IR spectrometers at the scene of the crime 

for immediate identification, easy sample manipulation, low risk of contamination of inner parts 

of the device by inappropriate materials (e.g., contamination of LC columns by polymers or 

plastics) and usually rapid results. 

The current work has focused on direct qualitative and quantitative determination of 

peroxides via FT-IR. We present here the FT-IR identification and determination of the amount 

of TATP and HMTD in polymers, oils, and cellulose matrices, using cuvettes and multireflection 

attenuated total reflection (ATR) crystals. 

Experimental
Caution 

TATP and HMTD are highly sensitive primary explosives. Synthesis and handling of these 

explosives are hazardous and all the safety precautions for handling primary explosives need to 

be strictly followed even when working with small quantities.

Synthesis

Triacetone triperoxide was prepared in gram scale from acetone and hydrogen peroxide (30%) 

catalyzed by hydrochloric acid. The molar ratio of catalyst to acetone was 0.25, and the molar 

ratio of acetone to hydrogen peroxide was 1.25.26

Hexamethylene triperoxide diamine was prepared according to the Girsewald procedure 

from hexamethylene tetramine, hydrogen peroxide (30%) and citric acid.27,28 The molar ratio of 

citric acid to hexamethylene tetramine was 1.0, and the molar ratio of hexamethylene tetramine 

to hydrogen peroxide was 0.25.29

Peroxide Formulation Preparation

Plastic explosives with TATP and HMTD were prepared using Vaseline Mogul A00 or mineral 

oil OEMIN–Kolben 1.0 as a plasticizer by carefully incorporating the organic peroxide into the 

binder. Polymer-bonded explosives (PBXs) with TATP or HMTD were prepared using 

polystyrene as a binder by dissolving the polystyrene in toluene, addition of peroxide and 

removing of the solvent as described by Vodochodský and Matyáš.17 The amount of organic 
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peroxide in the plastic explosive was in the range of 60–70%. The physical appearance of some 

peroxide formulations with a plastic binder is illustrated in Fig. 2.

Cellulose kits for training of dogs to detect explosives were prepared by incorporating 

HMTD or TATP into the cellulose matrix.19

Apparatus and Solvents

The infrared spectra were collected using a Nicolet iS50 FT-IR spectrometer (Thermo Scientific, 

USA) with an ATR single reflection diamond accessory GladiATR (Pike) and a zinc selenide ten 

reflection ATR accessory GladiATR (Pike). Measurement parameters were the spectral region 

4000–400 cm–1, resolution 4 cm–1 and the number of scans was 64. For transmission, barium 

fluoride and sodium chloride cuvette windows with 0.5 mm spacers were used. Filters used for 

dosing of the sample solutions to the cuvette were Profill PTFE/0.2 µm. OMNIC 9.3 software 

was used for collection as well as work with the collected spectra. TQ analyst 9.4 software was 

used for calibration and quantitative analysis evaluation. 

Dimethylsulfoxide (99.8+ %, Acros) and chloroform (p.a., Penta) were used as solvents 

for dissolving peroxides. Chloroform of p.a. purity stabilized by amylene, 55 parts per million 

(ppm), was distilled before use to obtain a suitable purity for spectroscopic analysis. 

High-performance liquid chromatography (HPLC) analysis was performed using an 

Agilent 1200 Series (Thermo) with reverse-phase column Separon SGX C-18, particle size 5 µm. 

A 60:40 acetonitrile–water mixture was used as the mobile phase. Evaluation at 210 nm.

Processes for Analyte Preparation

Plastic explosive samples (peroxides in mineral oil) were dissolved in dimethylsulfoxide using 

the following procedure: nominally 50 mg (± 0.10 mg, with an accuracy of 0.1 mg) of plastic 

explosive with TATP or HMTD and mineral oil were placed in a 10 mL volumetric flask, 10 mL 

of DMSO (weighed with an accuracy of 0.1 mg) were added and the flask closed with a stopper. 

The mixture was placed in an ultrasonic bath for 20–30 minutes. After dissolving of all the 

plastic explosive in the solvent, the sample was placed in the barium fluoride cuvette or on an 

ATR crystal. 

Peroxides in the polystyrene matrix (PBX) or in Vaseline (plastic explosives) were 

determined as follows: nominally 50 mg (± 0.10 mg, with an accuracy of 0.1 mg) of the sample 
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with organic peroxide and Vaseline or polystyrene were placed in a 10 mL volumetric flask, 

10 mL of chloroform (weighed with an accuracy of 0.1 mg) were added and the flask closed with 

a stopper. The mixture was placed in an ultrasonic bath for 15–30 minutes. After all the plastic 

was dissolved in the solvent, the sample was placed in the sodium chloride cuvette. 

The determination of the peroxide amount in the cellulose matrix was as follows: TATP 

or HMTD were extracted from cellulose (filter paper, training kits for dogs) with 

dimethylsulfoxide using ultrasound. The typical procedure for peroxides in cellulose-based 

training kits (expected content of peroxide 0.1–10%) was 1 g (± 0.25 g) of cellulose with 

peroxide was weighed with an accuracy of 0.1 mg, placed in an Erlenmeyer flask, 15 mL of 

dimethylsulfoxide (p.a.) were added (weighed with an accuracy of 0.1 mg) and the flask closed 

with a stopper. The mixture was put into an ultrasonic bath for 20–30 minutes and then dosed by 

injection from a syringe through a filter to a cuvette with a barium fluoride window or to a ten 

reflection ATR accessory. 

Calibration Solutions and Cuvette Thickness

At least five calibration solutions for each calibration were prepared by dissolving a given 

quantity (to cover the range) of peroxide in 10 mL of solvent in a 10 mL volumetric flask. The 

solvent was weighed with an accuracy of 0.1 mg. The flask was placed in an ultrasonic bath for 

10–15 minutes. The range of calibration for each peroxide and solvent is shown in Table I. 

Table I. Overview of the range for calibration settings.

Peroxide/solvent Range (g/10 mL) Range (wt%)

TATP/dimethylsulfoxide 0.005–0.150 0.04–1.5

TATP/chloroform 0.005–0.080 0.03–0.5

HMTD/dimethylsulfoxide 0.005–0.100 0.04–1.0

HMTD/chloroform 0.005–0.070 0.03–0.5

Calibration for TATP and HMTD in dimethylsulfoxide was suitable for a ten reflection 

ATR accessory and for measuring in a barium fluoride cuvette. Calibration for TATP and 

HMTD in chloroform was suitable for measuring in sodium chloride cuvette. The width of the 

cuvettes was 0.5 mm in both cases.
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Results and Discussion
Qualitative Analysis 

The presence of both TATP and HMTD in plastic explosives with Vaseline or mineral oil may 

be detected directly by FT-IR using the single reflection ATR technique. The FT-IR spectra of 

plastic explosives with organic peroxide content 60–70% mainly correlate with organic peroxide 

spectra (Fig. 3). The presence of organic peroxides in filter paper used for filtration of the 

product (after preparation of peroxide) is visible by direct measurement and can be identified by 

comparison of the spectra with standard. If the content of organic peroxide in cellulose matrices 

is lower (e.g., in training kits or in filter paper after some of the peroxide is washed away or 

evaporated), the presence of peroxides is evident after subtraction of cellulose by software 

subtraction, or collecting the sample spectra after cellulose has been used as a background as 

shown in Fig 4. TATP (or HMTD) on a filter paper can be identified even if the amount of 

peroxide is as low as 1.5%. 

Quantitative Analysis

For determining the content of organic peroxides in matrices, the peroxide must be used in 

solutions, so that the quantitative technique in a cuvette or with an ATR crystal may be applied. 

Cuvettes with a pathlength of 0.5 mm were used as in the procedure described in the 

experimental section. Regarding the ATR technique, to get a sufficient level of absorbance, 

multireflection ATR crystals should be used, with ten reflections in the crystal being found to be 

optimal for measuring samples in this case. 

Dimethylsulfoxide and chloroform were used as the solvents for dissolving plastic 

matrices with TATP or HMTD and extraction of peroxides from cellulose. These solvents meet 

the criteria of sufficient ability to dissolve TATP and HMTD, compatibility with cuvette 

materials and the FT-IR spectrum of a real sample has a sufficient number of peroxide bands not 

overlapped with the solvent or other components of the matrix. As for solubility, many solvents 

that were considered (e.g., acetonitrile or dimethylformamide) cannot dissolve a sufficient 

amount of HMTD, which is poorly soluble in most solvents.5 

Sodium chloride cuvettes are suitable for chloroform solutions and barium fluoride 

cuvettes can be used for samples dissolved in dimethylsulfoxide. For measurement using internal 
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reflection elements (IRE), dimethylsulfoxide is the preferred solvent because chloroform may 

partially evaporate. 

Prepared samples are not intended for long-term storage. We recommend analyzing 

solutions, especially for HMTD, without any unnecessary delay and preferably within a few days 

after preparation. HMTD is not generally stable in the solvents and its concentration diminishes 

in time. The decrease in concentration of HMTD in a dimethylsulfoxide solution stored at a 

temperature of 21 °C was approx. 5 wt% after a week and 20 wt% after six weeks. 

Different matrices require different techniques for analyte preparation. Because cellulose 

is not soluble in dimethylsulfoxide or chloroform, TATP or HMTD should be extracted from 

cellulose matrices before proceeding to analysis. An ultrasonic bath was used for extraction and 

to transfer the extract to the cuvette. A syringe with a filter was used to hold solid particles which 

could affect the measurement. 

Plastic explosives and PBXs with peroxides are soluble in chloroform or 

dimethylsulfoxide depending on the composition and there is no possibility of selective 

extraction of peroxides. Plastic explosives with mineral oil as a binder are dissolved in 

dimethylsulfoxide. Vaseline and polystyrene are not soluble in dimethylsulfoxide at the level 

required for this analysis and so explosives with these binders should be dissolved in chloroform. 

It is necessary to prepare solutions in suitable concentrations, so that the concentration of 

organic peroxide is below the solubility limit and a complete dissolution of all the peroxide can 

be guaranteed. 

To determine the peroxide content there are several bands suitable for all the matrices 

described. Combinations of peroxide with solvents are summarized in Table II, where the most 

suitable bands are marked in bold. The detailed assignments of some bands of organic peroxides 

are published in the literature, for example.30–32 

Table II. Frequencies of possible bands for quantitative analysis.

Peroxide/solvent Band frequencies suitable for evaluation

TATP/CHCl3 1367, 1274, 945, 885 cm–1

TATP/DMSO 1234, 1201, 1185, 844, 787 cm–1

HMTD/CHCl3 1391, 1359, 1334, 1053, 1036, 980, 957, 878 cm–1

HMTD/DMSO 1256, 1227, 877 cm–1
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<AQ>Please provide an explanation for the frequencies in bold in Table II.</AQ>

For peaks mentioned in Table II, the presence of binder (mineral oil, Vaseline, or 

polystyrene) does not affect the overall absorption of the sample, as illustrated for HMTD in 

chloroform. This was verified on samples with 100% concentration of the binder (no peroxide). 

This is shown in Fig. 5, where spectra of solvents with binders are compared to spectra of pure 

solvent and spectra of solvent with peroxide content. 

The dependence of absorbance on concentration of the peroxide in the measured samples 

for the various bands mentioned in Table II for dimethylsulfoxide is demonstrated in Fig. 6.

The software evaluation of the readings was performed with the TQ Analyst software 

using the linear dependence of absorbance on concentration in accordance with Beer–Lambert 

law. In the ideal case, the evaluation was done for bands and frequencies with zero baseline 

absorbance. Nevertheless, the evaluation is possible even for bands that do not have a flat 

baseline (shown in Fig. 7). Evaluation is possible from both the height of the peaks as well as 

from the peak area within the selected wavenumber range.

The quantitative analysis methods mentioned above were verified. Samples with known 

concentrations of organic peroxides were measured and the results of the analysis were 

compared with known concentrations. 

A cellulose matrix with TATP or HMTD was prepared and the concentration of organic 

peroxides was determined using HPLC. For samples of plastic explosives, no other analytical 

method is known or available to us, which is also the reason for developing the method described 

in this paper. The concentration of organic peroxides in the plastic explosives was determined 

from the amount of TATP or HMTD that was used for preparation of such plastic explosives. 

Cellulose, containing organic peroxides, was analyzed using the dimethylsulfoxide method 

mentioned above. Calibration of TATP in dimethylsulfoxide was evaluated from the peak area 

for region 1205–1197 cm–1, with two points fixed as baseline at 1209.15 and 1193.72 cm–1. That 

gave us the calibration Eq. 1, A=2.87x+0.0102, R=0.9999, where A is absorbance, x is 

concentration in weight percent and R is reliability factor. The concentration of TATP in the 

sample measured calculated using this equation was 2.5%, which corresponds to the HPLC result 

(2.5%). The calibration Eq. 2 for HMTD in dimethylsulfoxide was A=16.9x+0.0807, R=0.9998  

for the peak area 1230–1222 cm–1 with baseline points at 1240.00 and 1209.15 cm–1. The result 
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for the sample measured was 2.1% of HMTD in cellulose and was again the same as for the 

HPLC analysis. The areas used for evaluation are also shown in Fig. 6 for both peroxides.

Plastic explosives were prepared using organic peroxides and Vaseline. Chloroform was used as 

the solvent for analysis of these samples. Calibration of TATP in chloroform was performed for 

peak area 889–881 cm–1 with one baseline point fixed at 894.81 cm–1. The calibration equation 

obtained was A=4.96x+0.0120, R=0.9999 (3). The concentration of TATP in the sample 

measured was calculated as 61.7%, which is very near to the amount used for the sample 

preparation (61.5%). The calibration equation for HMTD in chloroform was A=17.3x–0.144, 

R=0.9998 (4),  for an area 987–975 cm–1 and one baseline point at 968.09 cm–1. The analysis of 

the sample measured again corresponded well to the peroxide content. A plastic explosive with 

approx. 60.3% of HMTD was prepared and FT-IR analysis gave a result of 60.2%. Peaks that 

were used for quantitative analysis are shown in Fig. 7. The results are summarized in Table III. 

Table III. Results of quantitative analysis and validation.

Sample
Calibration 

equation

Range for 

calibration 

(cm–1)

Base line 

points (cm–

1)

Concentration 

using FT-

IR (%)

Validation 

(%)

TATP in 

cellulose

A=2.87x+0.0102

R=0.9999 (1)
1205–1197 

1209.15 

1193.72
2.5 2.5 a

HMTD in 

cellulose

A=16.9x+0.0807

R=0.9998 (2)
1230–1222

1240.00 

1209.15
2.1 2.1 a

TATP 

plastic

A=4.96x+0.0120

R=0.9999 (3)
889–881 894.81 61.7 61.5 b

HMTD 

plastic

A=17.3x–0.144 

R=0.9998 (4)
987–975 968.09 60.2 60.3 b

a According to HPLC; b according to amount used for preparation

Conclusion
This study provides a method for analyzing the organic peroxides triacetone triperoxide and 

hexamethylene triperoxide diamine using FT-IR. It is possible to detect and determine organic 

peroxides in polymer, plastic, or cellulose materials. Detection may be provided using a simple 
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ATR technique, which can be useful for mobile on-site spectrometers. The preparation of the 

samples for quantitative analysis can be accomplished by dissolving or extraction. In the case of 

plastic binders, all formulations were dissolved in dimethylsulfoxide or chloroform. In the case 

of cellulose, peroxides were extracted from the matrix. The quantitative measurement was 

carried out by using cuvettes with barium fluoride or sodium chloride windows. Non-volatile 

samples with DMSO can be analyzed using a ten reflection ATR accessory. 
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Fig. 1. Triacetone triperoxide and hexamethylene triperoxide diamine.

Fig. 2. TATP or HMTD in plastic explosive (left) and in PBX (right). 

Fig. 3. FT-IR spectra of TATP (left) and HMTD (right) in Vaseline matrices compared to spectra 

of pure peroxide. 

Fig. 4. Identification of TATP in cellulose matrices by software subtraction of cellulose. 

Fig. 5. FT-IR spectra of polystyrene (PS) formulation with HMTD in chloroform measured in a 

sodium chloride cuvette.

Fig. 6. FT-IR spectrum of TATP (left), HMTD (right) and mineral oil in dimethylsulfoxide.

Fig. 7. Calibration set for flat or raised baseline for TATP (left) and HMTD (right). For HMTD, 

both peaks 980 and 957 cm–1 are suitable for quantitative analysis and give the same results.
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