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ABSTRACT: This manuscript explores the synthesis of new cyclo-peroxide compounds (CPs)
through a systematic approach involving 10 different ketones and two concentrations of H2O2.
Following spectroscopic analysis and calorimetric tests on 10 selected compounds, the percentage of
Power Index (%PI) was calculated. The study introduces a computational methodology based on the
Iterative Stochastic Elimination (ISE) algorithm. The newly constructed ISE model, with
demonstrated robust predictive capabilities indicated by its statistical parameters, was employed to
screen and score the CPs, assessing their potential as energetic materials. Comparison between %PI
obtained experimentally, and the ISE index derived computationally revealed consistent assessments
of the new CPs’ energetic potential. The research emphasizes that, particularly in the synthesis of
cyclic peroxides, the ISE model is a preferable and efficient tool for predicting a compound’s potential
as an energetic substance. Utilizing the ISE model ensures faster, more cost-effective, and safer
decision-making in experimental examinations, focusing attention only on compounds with the
highest ISE scores. Furthermore, the manuscript suggests an intriguing avenue for future research by
proposing the investigation of ester nitrates. The study advocates a comprehensive approach that combines experimental methods
(synthesis, spectroscopy, and DSC) with computational evaluation using the ISE model to identify potential high-energy
compounds. This integrated approach promises to enhance the efficiency and reliability of the energetic materials discovery process.

1. INTRODUCTION
High Energy Materials (HEMs) encompass chemical com-
pounds or mixtures that rapidly decompose when triggered by
external stimuli like heat, shock, friction, or ignition. This
reaction results in a sudden release of substantial energy (an
exothermic reaction) and the generation of expanding gas. The
ensuing shock wave, intense heat, and the large volume of
rapidly formed gases account for the destructive force of an
explosion, often indicated by distinctive exothermic peaks in
DSC thermograms. Examples of high-energy materials include
explosives, fuels, and propellants.1−5

Explosives are classified diversely based on various criteria,
as illustrated in Figure 1. They are broadly categorized into
Primary and Secondary Explosives. Primary explosives, highly
sensitive to shock, friction, and heat, detonate rapidly upon
ignition. Secondary Explosives, less sensitive to these stimuli,
ignite in small quantities but can also detonate. Secondary
explosives, mostly composed of organic compounds, exhibit
further classification based on functional groups.1,6,7

Improvised explosives, whether fertilizer-based (like ammo-
nium nitrate) or peroxide-based (e.g., TATP, known as the
’mother of Satan’), are crafted outside of controlled environ-
ments. They’ve become pivotal resources for terrorists and
criminals due to stringent regulations on conventional
explosives and easy access to raw materials, necessitating
heightened global security awareness.7−9

Peroxide-based explosives result from combining moderately
concentrated hydrogen peroxide solutions with alkyl ketones,
known as ketone precursors, in an acidic solution. This process
initiates the production of cyclic peroxides with diverse
substituents on carbon atoms.10

Organic cyclic structures are generally preferred over
aliphatic ones from a thermodynamic standpoint. This
preference emerges from the lower inherent potential energy
in cyclic formations compared to their acyclic counterparts,
making them more stable and, consequently, more thermody-
namically favorable. However, within cyclic products, varia-
tions exist. For instance, under acid catalysis involving
hydrogen peroxide and acetone, TATP (Triacetone triper-
oxide) emerges as the primary product. Changes in catalyst
type, concentration, and reaction temperature show minimal
impact on product composition, and DADP (Diacetone
diperoxide) formation remains absent under these conditions.
However, the transition from TATP to DADP arises in the
presence of strong inorganic acids at elevated molar ratios
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(n(acid)/n(acetone)>1) when the mixture is allowed to stand
in the acidic environment.11 DADP is the thermodynamically
favored product, while TATP is kinetically favored. Con-
sequently, elevated reaction temperatures promote the
production of DADP as the primary product over TATP.12

In our study, we pursued an exploration of novel organic
peroxides through two distinct avenues: experimental and
computational methodologies. Initially, peroxides were synthe-
sized by combining hydrogen peroxide (in two different
concentrations) with various ketones. Subsequent analyses,
including Thin-Layer Chromatography (TLC) and spectro-
scopic techniques (FTIR, NMR, MS), were performed on the
resulting compounds.
Utilizing Differential Scanning Calorimetry (DSC), we

determined the detonation energy of these products, enabling
the subsequent calculation of the Power Index (PI) for each
case. The products were then ranked based on their relative
explosive strengths, as derived from their PI values.
Concurrently, the Iterative Stochastic Elimination (ISE)

algorithm was employed to screen these peroxides, assigning
individual rankings. ISE is a generic algorithm designed to
discover optimal solutions for highly complex combinatorial
problems.13 The primary candidates discovered by the ISE
algorithm belong to the field of pharmaceuticals.14−19 Over the
past few years, our comprehensive study has explored the
applicability of this algorithm in identifying potential
candidates for new High Energetic Materials (HEMs). The
received approval underscores its versatile capability in this
regard.

2. METHODS
2.1. TLC Method Development. Developing a proper

TLC method was important to be able to monitor the
reactions. Most of these peroxides do not have a chromophore
and do not reveal spots on UV or iodine. Moreover, H2SO4
charring also proved unsuccessful. Finally, vanillin spray and
basic KMnO4 solution revealed the spots.

2.2. Spectroscopic Measurements. 1H and 13C NMR
spectra (CDCl3) were obtained on a Varian 300 MHz
spectrometer (Varian Inc., Palo Alto, CA) in tubes with 5
mm exterior diameters. Depending on solubility, either CDCl3
or DMSO (d6) were used as a solvent. ESI-MS was recorded
on a ThermoQuest, Finnigan LCQ-Duo instrument in positive
ionization mode. FTIR analysis was performed using a Smart
iTR ATR sampling accessory for a Nicolet iS10 spectrometer
with a diamond crystal [Thermo Scientific, (Waltham,
Massachusetts, USA)]. Comparison of the FTIR spectra of
the resulting peroxides with the starting materials should reveal
important information. The carbonyl peaks at ∼1720 cm−1

should disappear for peroxides. We monitored the reactions
similarly. ESI-MS was recorded on a ThermoQuest, Finnigan
LCQ-Duo instrument coupled to an ESI source and to a
Spectra System SCM 1000 gradient pump. The samples for
analysis by ESI-MS were dissolved in methanol. Samples were
introduced by injection through a 5 μL sample loop into a 200
μL/min flow of methanol/water (75:25) from the LC pump.
Ammonium acetate was used as a preionization buffer. All
measurement was Scanned for molecular ion peaks in positive
ionization mode.

2.3. DSC Measurements. Samples (∼2 mg) were weighed
by microanalytical balance ±1 μg. The thermal behavior of the
compounds was monitored using a DSC Q4000 (TA
Instruments, New Castle, DE, USA). DSC thermograms
were recorded by gradual heating from −25 to 250 °C at a
rate 10 °C/min. No preheating or cooling cycle was
performed.

2.4. Power Index: Evaluating Explosive Potentials
through Systematic Analysis. Detonation is a rapid, violent
chemical reaction within a substance that propagates at
supersonic speeds. It involves the almost instantaneous
conversion of the substance into gases, accompanied by an
intense release of energy. This reaction generates a shock wave
that travels through the material, leading to its rapid
decomposition.20

Figure 1. General classification of explosives.
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1. Heat of Detonation. The energy released during
detonation is primarily in the form of heat, known as
the heat of detonation (Qdet), expressed in joules per
gram or kilojoules per kilogram of the compound
subjected to detonation. This measure assists in
evaluating the potential of a compound to function as
an energetic material. A higher heat of detonation
signifies that more energy is released per unit mass,
indicating a more potent explosive material.21

2. Gas Volume. The volume of gases (Vgas) generated
during detonation indicated of their potential for
expansion work.22 The gas volume released by each
substance can be determined using eq 1:

=V n Vgas gas m (1)

In this equation, ngas signifies the number of moles of
gases released during detonation.23

3. Detonation Products and Oxygen Balance. To
determine the number of moles in the gaseous
detonation products, it is essential to first identify the
type of reaction taking place. The general formula of a
potential energetic material is CaHbNcOdXxMm. In this
formula, C, H, N, and O represent carbon, hydrogen,
nitrogen, and oxygen, respectively. X signifies halogens
while M denotes any metal (alkali, alkaline earth, or
transition). The subscripts (a, b, c, d, x, and m) indicate
the respective quantities of these atoms within the
formula compound.24

The Oxygen Balance (%OB) is used to assess the adequacy
of oxygen atoms within a High Energy Material (HEM) to
completely oxidize hydrogens into H2O and carbons into CO2.
This measurement is calculated using eq 2:

=

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑd a M

M
%OB

2 (O)

(HEM)
100

b
2

(2)

where d, a, and b denote the quantities of oxygen, carbon, and
hydrogen atoms within the HEM molecule. M(O) represents
the molar mass of oxygen, while M(HEM) signifies the molar
mass of the specific High Energy Material under examina-
tion.23

During World War II, Kistiakowsky and Wilson formulated
the K−W rules, a set of guidelines. These rules prioritize the
conversion sequence during detonation: Initially, Carbon
atoms shift to CO, followed by Hydrogen atoms converting
to water. Any remaining Oxygen atoms trigger the conversion
of CO to CO2. It is crucial to emphasize that these guidelines
are specifically designed for High Energetic Materials (HEMs)
with %OB exceeding −40%. In cases where %OB is less than
−40%, the modified Kistiakowsky−Wilson rules come into
play. Scheme 1 facilitates the prediction of detonation
reactions by analyzing the atomic composition of the
compound, leveraging both Kistiakowsky-Wilson (K−W)
original and modified rules.25−27

4. Explosive power and Power Index. The calculation of
explosive power (Pe), based on the heat and volume of
gases released during detonation (eq 3), assesses a
material’s performance as a high-energetic material. The
higher the value, the more energetic the compound.

=P Q Ve det gas (3)

The Power Index (PI), represented by eq 4 in terms
of percentage, serves as a comparative numerical metric
used to assess the relative power of an explosive. This
evaluation is based on the heat and volume of gases
produced by the detonation of 1.0 g of the explosive
material. In the systematic evaluation of High Energetic
Materials (HEM) against standard explosives like picric
acid (or TNT), the Power Index is computed as follows:

=

=
Q V

Q V

%PI
P (HEM)

P (Picric acid)
100

(HEM) (HEM)

(Picric acid) (Picric acid)
100

e

e

det gas

det gas (4)

Consistency is achieved by measuring the heat of
detonation and gas volume for one gram of each
substance. For example, detonating 1.0 g of picric acid
releases 0.831 L of gas, with a reported heat of
detonation value of 3250 J/g. This standardized
approach ensures impartial and accurate comparisons,
offering an unbiased assessment of explosive poten-
tials.28,29

In our study, the heat of detonation for HEM was
determined using DSC. Gas volume calculations were executed
based on eq 1, following the prediction of products in
accordance with the K−W rules.

2.5. Screening of Cyclic Peroxides Using the ISE
Model: A Computational Approach for Predictive
Analysis. Iterative Stochastic Elimination (ISE) algorithm is
designed to create classification models specifically tailored to
distinguish between active and inactive molecules. Good
classification models enable a subsequent screening and
scoring of any molecules by these models in order to predict
their relevant properties. As an Artificial Intelligence technique,
ISE learns from distinct activity variations observed within
different molecular classes.
1. Learning Set Construction. The initial stage of building
an ISE model involves constructing a learning set
comprising both active and decoy molecules. This
process encompasses several steps:
a. Active Molecules. Searching active molecules
from literature or reliable sources. Subsequently,
these molecules undergo structural standardiza-
tion and calculation of some 206 2D MOE
descriptors (molecular physicochemical proper-
ties), using MOE2018.30 Based on these proper-
ties, an Applicability Domain (AD) is established.

Scheme 1. Predicting Detonation Reactions Based on K−W
Rules
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b. Decoy Molecules. After standardizing each
molecule in the database and computing the
same 206 2D MOE descriptors, the molecules
underwent filtration via the AD. Decoy molecules
(usually 100) were then randomly selected for
each active molecule from the subset that passed
this screening, maintaining a predetermined ratio.

c. Learning Set Formation. The learning set is
constructed within KNIME (version 2.10)31 by
combining n active molecules with decoys,
resulting in a set comprising 101n molecules,
each described by 206 2D descriptors. Descriptors
showing constant values or high correlation
(Pearson correlation coefficient >0.9) are exclu-
ded.

2 ISE Model Construction. The algorithm generates
diverse filters by randomly selecting five ranges from a
pool of 206 2D descriptors. These filters capture distinct
physicochemical properties of molecules. Subsequently,
the learning set undergoes screening through these
filters, evaluating each filter’s ability to discern between
active molecules and decoys. Each filter’s Matthews
Correlation Coefficient (MCC) is calculated, ranging
from −1 to 1, with 0 indicating random prediction.
Filters with the lowest MCC values are iteratively
removed until fewer than a million combinations remain.
All filters are then ranked based on their MCC scores,
from the highest to the lowest.

3 ISE Model Evaluation via Cross-Validation. This
involves splitting the learning set randomly into 5
folds, each comprising 20% of the molecules while
maintaining the ratio between active and inactive
(decoy) molecules. Five “submodels” are generated,
employing four folds for training and scoring the fifth
fold, with each “submodel” using a different fold as the
test set. The ISE algorithm processes the training set to
create property-based filters. The test set for each
“submodel” is screened through filters created by its
respective training set, assigning positive scores to
passing molecules and negative scores to failing ones.
In the end of this process, all the learning set molecules
receive scores, and filters were merged into a single
model. During the model construction process, various
criteria were employed to assess both the components of
the model (e.g., MCC) and its overall quality (e.g.,
Precision, Accuracy, Recall, EF, ROC curve, and AUC-
ROC).

4 Database Screening and Activity Evaluation. After
model validation, the ISE model is used to filter any set
of molecules, unlimited in size up to hundreds of
millions, scoring molecules based on their assigned
physicochemical properties and creating a molecular
index (MI). Typically, we screen vast libraries containing
millions of molecules, using a model to rank them and
select the highest scoring ones for experimental
validation. Each molecule received a Molecular Index
(MI), assessing its predictive activity based on how well
it passed through the model filters. The resulting MI
ranges from −1 to +1, where a positive MI indicates
activity, and a negative MI suggests inactivity. A higher
MI signifies an elevated likelihood of experimental
discovery as being active.32 In our study, we focused on

analyzing 26 cyclic triperoxides that were synthesized in
our laboratory.

Comprehensive descriptions elucidating the statistical and
mathematical aspects of the ISE algorithm can be found.13,33

3. MATERIALS
All ketones were purchased from Sigma-Aldrich, Rosh HaAyin,
Israel, and used as received. Two different concentrations of
hydrogen peroxide solutions were used (30% and 50% in
water), which were purchased from Sigma-Aldrich, Israel. All
solvents were analytical-grade from Sigma−Aldrich (Rosh
HaAyin, Israel) or BioLab (Jerusalem, Israel). They were used
without further purification. The extraction solvents (pentane,
diethyl ether, dichloromethane) were dried using anhydrous
magnesium sulfate (BioLab, Jerusalem, Israel).

4. SYNTHESIS
We employed a uniform reaction condition for all compounds,
following procedure 3 with a 2:1 H2O2 ratio.

34 The reaction
proceeded based on a specific molar ratio of ketone:-
H2O2:concentrated H2SO4 at 1:2:0.3, utilizing both 50% and
30% H2O2 concentrations. In a 5 mL screw-capped glass vial,
0.2 mL (or 0.2 g for solid ketones) of the ketone was added.
Subsequently, 2 equiv of H2O2 were introduced, and
homogeneity achieved by the addition of 1 mL of THF. The
reaction mixture was then cooled to below 0 °C using an ice-
salt bath.
Concentrated H2SO4 (0.3 equiv) was meticulously added

dropwise to the cold mixture over a 10 min period. Stirring
occurred for 2 h within an ice bath (∼4−5 °C), followed by an
overnight incubation (24 h) at room temperature. In instances
where a clear, homogeneous solution was not attained, 1 mL of
additional THF was added.
If immiscibility persisted, the mixture underwent 2 h of

vigorous stirring on the ice bath, followed by vortexing for 5
min at 30 min intervals for 12 h. Subsequently, the mixture
continued stirring at room temperature for an additional 12 h.
Each tube underwent scrutiny after 24 h for any signs of
separation. THF evaporation was executed using a nitrogen
stream.
Any solid formed underwent separation through decantation

and filtration, followed by a THF wash. Post-THF removal, 2
mL of pentane was added to each tube. The pentane layer was
separated and dried with anhydrous magnesium sulfate. The
aqueous layer underwent extraction with diethyl ether and
dichloromethane, and the organic layer was subsequently dried
using magnesium sulfate. Extracts from all samples underwent
TLC using the solvent system, DCM:MeOH 90:10. Solvents
underwent drying via a nitrogen stream, and resulting samples
were weighed to report the crude yield.
Finally, to each reaction tube, 1 mL of ether was added and

mixed thoroughly with Vortex for 1 min to facilitate separation.

5. RESULTS AND DISCUSSION
5.1. TLC. The TLC analyses revealed distinctive patterns for

the postreaction products of ketones treated with varying
concentrations of hydrogen peroxide. Acetone displayed a
transition from a single spot at 30% to two spots at 50%,
suggesting altered reaction pathways. Methyl ethyl ketone and
isobutyl methyl ketone exhibited two spots at 30%, expanding
to three spots at 50%, indicating potential multistage reactions.
Notably, 4-heptanone showed three spots at 30%, reducing to
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two at 50%, indicating a simplified reaction. In contrast, 2-
heptanone maintained a consistent two-spot pattern, suggest-
ing a stable reaction. Unfortunately, 3-pentanone exhibited no
spots at 30% but three at 50%, indicating incomplete reactions
or alternative pathways. Benzophenone displayed a consistent
two-spot pattern at both 30% and 50% H2O2 concentrations.
Compounds, such as cyclohexanone, cyclopentanone and
cycloheptanone, exhibited distinct TLC patterns between
concentrations, emphasizing diverse reactivity patterns influ-
enced by varying H2O2 concentrations in the postreaction
products.

5.2. Spectroscopy. 5.2.1. Acetone. The FTIR analysis of
the peroxide formed by combining acetone with 30% H2O2
revealed the disappearance of peaks in 1711 and 900 cm−1

associated with peroxides, indicating peroxide formation.
Similar peak disappearance occurred with 50% H2O2,
confirming peroxide formation. 1H NMR analysis for both
concentrations showed peaks at 1.5 ppm, confirming the
presence of Triacetone Triperoxide (TATP). 13C NMR
identified a peak at 107 ppm, supporting the existence of the
peroxide group (−C−O-O−) in line with TATP formation.
ESI MS for acetone with 50% H2O2 detected ions at 348 and
422m/z, suggesting the presence of oligomeric peroxides.
Collectively, FTIR, 1H NMR, and ESI MS analyses confirmed
TATP formation in both concentrations, with 50% H2O2
resulting in more complex oligomeric peroxides.
5.2.2. Methyl Ethyl Ketone (MEK). For the product obtained

from MEK using 30% H2O2, FTIR revealed the disappearance
of characteristic peaks at approximately 1711 cm−1, 900 cm−1

(indicative of O−O stretching), and a broad absorption band
around 3200 cm−1 (associated with −OH stretching). In the
corresponding 1H NMR spectrum, signals were detected at δ =
1.1 ppm (representing methyl groups, t, 6H) and δ = 1.2−1.85
ppm (indicating methylene groups, m). Upon employing 50%
H2O2, similar FTIR and 1H NMR results were obtained,
displaying the disappearance of peaks around 1711 cm−1, 900
cm−1, and a broad band at 3200 cm−1. The NMR spectrum
exhibited resonances at δ = 1.1 ppm (methyl groups, t, 6H)
and δ = 1.2−1.85 ppm (methylene groups, m). Interestingly, in
addition to these observations, Electrospray Ionization Mass
Spectrometry (ESI MS) detected molecular ions at m/z 316,
404, 492, 580, 668, and 756, revealing the presence of
oligomeric peroxides with the formula H(OOC(CH3)-
CH2CH3)nOOH. Furthermore, ammonium ions with n values
ranging from 3 to 8 were identified, suggesting varying degrees
of polymerization. Notably, no significant observations were
made in terms of conductivity in either the oligomeric peroxide
or molecular ion tests for the 50% H2O2 reaction products.
5.2.3. Isobutyl Methyl Ketone. Upon employing 30% H2O2,

distinctive alterations were observed in the FTIR spectra of
Isobutyl methyl ketone. Notably, the disappearance of the
characteristic ketone carbonyl stretch (∼1711 cm−1) suggested
a significant chemical transformation involving the ketone
moiety. Concurrently, new signals emerged around 900 cm−1

(indicative of O−O stretching) and 3200 cm−1 (a broad −OH
stretch), implying the formation of oxygen-containing func-
tional groups, likely peroxides, resulting from the interaction
between the ketone and H2O2. Complementing these
observations, the 1H NMR analysis corroborated these
structural changes by revealing distinctive shifts in the chemical
shifts of hydrogen atoms. Specifically, peaks at δ = 1.1 ppm
indicated the presence of methyl groups (−CH3, t, 6H), while
a range between δ = 1.2−1.85 corresponded to methylene

(−CH2, m) protons, further supporting the formation of
altered chemical entities arising from the reaction. Conversely,
utilization of 50% H2O2 primarily displayed observable
changes in the FTIR and mass spectrometry analyses. Similar
to the reaction with 30% H2O2, the disappearance of the
ketone carbonyl stretch (∼1711 cm−1) in the FTIR spectra
indicated comparable reactivity, leading to the formation of
oxygenated compounds. Furthermore, under 50% H2O2
conditions, mass spectrometry (m/z in ESI MS) results
revealed molecular ions exhibiting multiple peaks (285, 398,
516, 632, 748) consistent with the recurring formula
H(OOC(CH3)CH2CH(CH3)2)nOOH. These ions, identified
as ammonium adducts, showcased varying oligomerization
states (n = 3, 4, 5, 6), indicating the formation of diverse
oligomeric species resultant from the reaction.
5.2.4. 4-Heptanone. When subjected to 30% H2O2, 4-

Heptanone exhibited incomplete reactivity. Subsequently,
when subjected to a 50% concentration of H2O2, distinct
observations emerged. Spectroscopic analysis revealed the
disappearance of peaks around 1710 and 900 cm−1, indicating
significant alterations in the chemical environment and the
presence of an O−O stretching vibration, respectively. Further
characterization via proton nuclear magnetic resonance (δ =
1.5 ppm) highlighted specific changes in the methyl (−CH3)
group, involving 6 hydrogen atoms. Electrospray ionization
mass spectrometry (ESI MS) showcased distinctive peaks at
m/z 312, 442, 572, and 702, signifying the formation of
H(OOC(CH2CH3)2)nOOH species, with n values ranging
from 2 to 5. Notably, NH4+ ions were not observed.
5.2.5. 2-Heptanone. The reaction employing 30% H2O2

with 2-Heptanone was notably incomplete. In experiments
employing 50% H2O2, the FTIR analysis revealed the
disappearance of characteristic peaks at approximately 1715
and 900 cm−1, attributed to the stretching vibrations of O−O
bonds, suggesting substantial consumption of peroxide species.
Simultaneously, the 1H NMR spectrum exhibited a distinct
signal at δ = 1.5 ppm, corresponding to six equivalent methyl
protons (−CH3) within the 2-Heptanone structure. Further-
more, the analysis of oligomeric peroxides via ESI MS yielded
molecular ions at m/z (ESI MS) 441, 571, and 701. These ions
we r e t e n t a t i v e l y a s s i g n e d t o H(OOC(CH3 ) -
(CH2)4(CH3))4OOH and NH4+ species, indicating various
degrees of oligomerization (n = 3, 4, 5). No molecular ions
directly correlated to the initial 2-Heptanone starting material
were detected in the mass spectra.
5.2.6. 3-Pentanone. Under different H2O2 concentrations,

distinct reactions were observed in the study involving 3-
Pentanone. While the use of a 30% H2O2 concentration
resulted in an incomplete reaction, the employment of a 50%
H2O2 concentration yielded significant variations in product
outcomes. Analysis through FTIR spectroscopy demonstrated
the disappearance of characteristic peaks at approximately
1713 and 900 cm−1, attributed to the stretching vibrations
associated with O−O bonds in peroxides. Simultaneously, 1H
NMR spectroscopy revealed signals at δ = 1.5 ppm, indicative
of the presence of methyl groups (−CH3, 6H) within the
resulting product. Intriguingly, mass spectrometry (ESI MS)
unveiled molecular ions at m/z 358, 460, and 562,
corresponding to a complex oligomeric peroxide identified as
H(OOC(CH3CH2)2)5OOH. These ions were found in
conjunction with NH4+ at diverse oligomeric states (n = 3,
4, 5). Notably, molecular ions representative of the original 3-
Pentanone were conspicuously absent in the mass spectra.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03672
ACS Omega 2024, 9, 42746−42756

42750

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5.2.7. Cyclohexanone. In both instances (30% and 50%
H2O2), the FTIR spectra of the Cyclohexanone’s products
exhibited a disappearance of characteristic peaks around 1705
and 900 cm−1, indicative of O−O stretching vibrations typical
of peroxide formation. Concurrently, the 1H NMR spectra
showcased signals consistent with Cyclohexane in the range of
δ = 1.2−1.9 ppm for both 30% and 50% H2O2 concentrations,
affirming the retention of the cyclohexane moiety. In 50%
H2O2 concentration, a multiple molecular ions were detected
by ESI MS analysis at m/z 352, 452, and 552, correlating with
H(OOC(CH2)4)nOOH species, indicating oligomerization.
Further, the presence of NH4+ ions suggested varying
oligomeric sizes, specifically n = 3, 4, and 5 within these
structures. Additionally, the ESI MS unveiled a spectrum of
molecular ions, including m/z 229 (dimer), 247 (dimer +
NH4+), 264 (dimer +2 NH4+), m/z 343 (trimer), 360 (trimer
+ NH4+), and 378 (trimer +2 NH4+), illustrating the
complexity and diversity of the oligomeric peroxide composi-
tions at this higher concentration.
5.2.8. Cyclopentanone. The spectroscopic analysis of the

reaction product resulting from the interaction between
Cyclopentanone and 30% H2O2 reveals significant changes in
its chemical composition. The FTIR spectra display the
disappearance of characteristic peaks around 1705 and 900
cm−1, indicative of O−O stretching vibrations associated with
peroxide formation. Concurrently, the 1H NMR spectra
demonstrate signals consistent with Cyclopentane in the
range of δ = 1.4−1.8 ppm, confirming the retention of the
cyclopentane moiety. These findings are consistent with the
formation of cyclic peroxides. Upon utilizing a higher
concentration of H2O2 (50%), the reaction product’s
spectroscopic profile undergoes notable changes. The FTIR
spectra exhibit the disappearance of peaks around 1742 and
900 cm−1, indicating O−O stretching vibrations characteristic
of peroxide formation. The 1H NMR spectra continue to reveal
signals consistent with Cyclopentane in the range of δ = 1.4−
1.8 ppm, affirming the preservation of the cyclopentane
structure. The ESI MS analysis detects multiple molecular
ions at m/z 352, 452, and 552, corresponding to H(OOC-
(CH2)4)nOOH species, indicative of oligomerization. The
presence of NH4+ ions suggests varying oligomeric sizes,
specifically n = 3, 4, and 5 within these structures. Further
complexity is unveiled through the ESI MS spectra, which
display molecular ions at m/z 201 (dimer), 219 (dimer +
NH4+), 301 (trimer), 319 (trimer + NH4+), and 336 (trimer
+2 NH4+). However, no significant change is observed using
50% H2O2.
5.2.9. Cycloheptanone. At 30% H2O2 concentration, the

FTIR and NMR data suggest an incomplete reaction, as
specific peaks or signals indicative of peroxide formation are
not observed. However, at 50% H2O2 concentration,
significant changes are evident in the spectroscopic profile.
The FTIR spectra display the disappearance of peaks around
1698 and 900 cm−1, characteristic of O−O stretching
vibrations associated with peroxide formation. Simultaneously,
the 1H NMR spectra reveal signals at δ = 1.5 ppm,
corresponding to the methyl groups (−CH3) of Cycloheptane,
indicating the presence of cyclic peroxide. This is further
supported by spectral analysis, confirming the formation of
cyclic peroxides.
5.2.10. Hexafluoroacetone. At both 30% and 50% H2O2

concentrations, the FTIR spectra display the disappearance of
peaks around 1626 cm−1, indicating the presence of O−O

stretching vibrations characteristic of peroxide formation.
Spectral analysis confirms the formation of peroxides. The
disappearance of the 1626 cm−1 peak suggests the involvement
of Hexafluoroacetone in peroxide formation.

5.3. DSC. TATP, a prevalent cyclic peroxide in improvised
explosives, has well-documented detonation heat values
ranging from 2454 to 2896 J/g, contingent on the heating
rate, with the higher rate correlating to a lower energy
release.35 In our research the heat flow was 10 °C
5.3.1. Acetone. Distinct thermal behaviors were observed

for Acetone-derived cyclic peroxide at 30% and 50% H2O2
concentrations. At 30%, a single exothermic peak at 69.76 °C,
with a heat flow of 2597.49 J/g, indicated a straightforward
reaction. At 50%, two peaks (65 and 108 °C) suggested a more
intricate decomposition, with the second peak exhibiting
significantly increased energy release (1640.96 J/g). The
higher concentration facilitated the formation of diverse
reaction products, leading to a different decomposition
pathway.
5.3.2. Methyl Ethyl Ketone (MEK). MEK-derived cyclic

peroxide exhibits concentration dependent reactivity with
hydrogen peroxide (H2O2). At 30%, no discernible detonation
temperature or heat flow was observed. In contrast, at 50%, a
detonation temperature of 169.73 °C and heat flow of 589.00
J/g, coupled with broad peaks from 122.6 to 193 °C, indicate a
complex decomposition process with diverse reaction prod-
ucts. This concentration-dependent difference underscores the
reaction’s sensitivity, with 50% H2O2 leading to a more
energetic and complex decomposition compared to the
minimal reactivity observed at 30%.
5.3.3. Isobutyl Methyl Ketone. At 30%, the resulting cyclic

peroxide exhibits complex decomposition, evidenced by two
broad exothermic peaks (87−198 °C) with shoulders at 87−
155 °C and 155−198 °C. Heat flows of 935.78 J/g and 256.44
J/g suggest involvement of multiple reaction steps or various
reaction products. At 50%, the cyclic peroxide displays a well-
defined exothermic peak at 186.97 °C, with a broad profile
(116.6−225 °C) and merged shoulders. The associated heat
flow of 1275.27 J/g indicates a more substantial energy release
during detonation compared to the 30% concentration,
suggesting a more intricate and energetically favorable process.
This highlights concentration-dependent variations in deto-
nation behavior and energy release, attributed to diverse
reaction pathways and product formations.
5.3.4. 4-Heptanone. At 30%, the cyclic peroxide displayed a

detonation temperature of 126.97 °C, accompanied by a heat
flow of 579.43 J/g. Two merged exothermic peaks were
observed, with one dominant peak covering approximately
80% of the reaction from 95 to 155 °C, and a secondary,
extremely small peak observed from 155 to 181 °C. This
intricate thermal profile suggests a nuanced decomposition
process, potentially involving multiple reaction steps or the
formation of various reaction products. At 50%, the cyclic
peroxide exhibited a detonation temperature of 140.67 °C,
with a substantially increased heat flow of 1342.61 J/g. A broad
and single exothermic peak ranging from 100 to 166 °C was
observed, indicating a more homogeneous explosive decom-
position process.
5.3.5. 2-Heptanone. Here, the cyclic organic peroxide

product demonstrated a detonation temperature of 142.92 °C
at 30%, accompanied by a heat flow of 672.64 J/g. A broad and
singular exothermic peak, ranging from 105 to 159 °C, was
observed, suggesting a relatively uniform explosive decom-
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position process. Upon increasing the concentration to 50%,
the cyclic peroxide exhibited a higher detonation temperature
of 149.88 °C, along with an elevated heat flow of 1001.56 J/g.
Here, a broad single exothermic peak ranging from 108 to 171
°C was observed, indicating a more energetically favorable
explosive decomposition process at the higher concentration.
5.3.6. 3-Pentanone. At 30%, the detonation temperature

and heat flow were not determined. However, at 50%, the
cyclic peroxide exhibited a detonation temperature of 187.45
°C, accompanied by a heat flow of 990.31 J/g. The thermal
profile revealed broad exothermic peaks ranging from 110 to
230 °C, with two merged shoulders. The first shoulder
spanned approximately 110−165 °C, and the second 165−230
°C. This complex thermal signature suggests a diverse and
energetic explosive decomposition process at the higher
concentration.
5.3.7. Cyclohexanone. At 30%, the cyclic peroxide

displayed a detonation temperature of 131.02 °C, accompanied
by a heat flow of 884.21 J/g. A broad and singular exothermic
peak ranging from 101 to 159 °C was observed, indicating a
relatively uniform and moderate explosive decomposition
process. In contrast, at 50%, the cyclic peroxide exhibited a
detonation temperature of 99.04 °C, with a significantly
increased heat flow of 2342.72 J/g. The thermal profile
revealed extremely broad exothermic peaks ranging from 58.6
to 191 °C, with two shoulders merged. One shoulder spanned
approximately 60−120 °C, and the other 120−190 °C. This
intricate thermal behavior suggests a more complex and
energetically favorable explosive decomposition process at the
higher concentration.
5.3.8. Cyclopentanone. The thermal analysis conducted on

the peroxidic cyclic organic product derived from the reaction
between Cyclopentanone and hydrogen peroxide at two
concentrations (30% and 50%) revealed concentration-
dependent variations in detonation temperature and heat
flow. At 30%, the cyclic peroxide displayed a high detonation
temperature of 185.95 °C, coupled with a substantial heat flow
of 1462.55 J/g. The thermal profile exhibited a sharp and
singular exothermic peak, suggesting a focused and energeti-
cally robust explosive decomposition process. Conversely, at
50%, the cyclic peroxide exhibited a lower detonation
temperature of 96.04 °C, with a decreased heat flow of
893.87 J/g. Nevertheless, a sharp and singular exothermic peak
was observed, indicating a distinctive yet energetically
favorable explosive decomposition process at the higher
concentration.
The presence of sharp, single exothermic peaks at both 30%

and 50% concentrations implies a simplified and efficient
decomposition, potentially resulting in a more uniform
reaction product.
5.3.9. Cycloheptanone. Unfortunately, at 30%, reaction

incomplete. However, at 50%, the cyclic peroxide exhibited a
detonation temperature of 179.27 °C, accompanied by a
substantial heat flow of 1889.32 J/g. The thermal profile
displayed extremely broad exothermic peaks ranging from 51
to 203 °C, with two shoulders merged. The first, smaller
shoulder spanned approximately 51−100 °C, while the second,
more pronounced shoulder, covered the range of 100−203 °C.
5.3.10. Hexafluoroacetone. At both 30% and 50% H2O2

concentrations, the product obtained from the reaction
between H2O2 and Hexafluoroacetone, exhibited no exother-
mic peaks in the DSC tests.

Most TCPs exhibited exothermic behavior. Detonation,
characterized by the rapid propagation of a shockwave through
a material and an immediate energy release, is typically
illustrated as a sharp, singular exothermic peak in a DSC curve
- similar to what is observed in the DSC results for TCP8.

5.4. Power Index. Under our experimental conditions, the
primary expected peroxide is the trimeric cyclic compound. We
calculated the %OB for each trimeric cyclic peroxide (TCP)
based on its atomic composition and eq 2. Table 1 displays the
structures of 10 ketones along with their corresponding
trimeric cyclic peroxides (TCP) and their respective %OB
values
All trimeric cyclic peroxides (TCPs) exhibited oxygen

balance values below −40%. In these instances, anticipated
reactions were determined following the K−W modified rules.
Table 2 presents the predicted detonation reactions for each
TCP, as per Scheme 1.
As outlined in the introduction, it is crucial to elucidate the

nature of the detonation process for calculating a power index.
Gas moles are precisely computed per 1.0 g of TCP,
considering the specific detonation reaction type. The heat
of detonation is determined from our conducted DSC
measurements. In instances where multiple exothermic peaks
were observed for the TCP, the most exothermic peak was
selected for calculation purposes. Gas volumes were computed
using eq 1, where the molar volume is set at standard
temperature and pressure (STP) conditions (22.40 L/mol). It
is important to note that the molar volume (Vm) is responsive
to variations in temperature and pressure. However, since the
molar volume is calculated for both the potential energetic
substance and the standard energetic substance (picric acid in
our case) in eq 4 as a ratio, the specific value of the molar
volume becomes inconsequential as long as it remains
consistent for both substances. Due to the elevated temper-
ature of the detonation reaction, all resulting products are in
gaseous form, with the exception of carbon, which remains in a
solid state.
Consequently, a power index was derived for each TCP

using eq 4. The findings are detailed in Table 3.
The Power Index (%PI) reflects the efficiency of energy

transfer from the explosive material to the surrounding
environment. Higher %PI values suggest more efficient energy
transfer, making the compound more potent in terms of
explosive power. As anticipated, TATP demonstrates a high %
PI. Notably, TCP07 exhibits a %PI very close to that of TATP
(86% and 88%, respectively).

5.5. ISE Model. 5.5.1. Constructing Learning Set. The ISE
Model was constructed on the basis of 202 HEMs obtained
from various sources.36−39 Duplicates were removed based on
their similarity (Tanimoto Index), using Chemistry Develop-
ment Kit (CDK) nodes40 integrated within the KNIME
(version 2.10) platform.31 The Applicability Domain (AD)
encompasses five key descriptors: the count of carbon,
nitrogen, oxygen atoms, and molecular weight. The determi-
nation of these domain descriptors relied on essential
parameters necessary for computing the oxygen balance of
energetic molecules and determining the volume of gases
released during its detonation reaction. The boundaries for
each of the five descriptors were established by considering the
mean plus standard deviation of these features, calculated for
all the 202 active molecules. Decoy molecules from the
Enamine database (∼2 million molecules)41 were selectively
chosen within the AD to be part of the learning set.
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Maintaining a ratio of 1:100 between active molecules and
decoys, the learning set of the model comprised 202 active
molecules and 20,200 decoys.
5.5.2. Model Evaluation. Table 4 presents the minimum,

maximum, and mean values of MCC, along with the AUC-

ROC scores, for the five folds. The observed stability in MCC
scores and the consistently high AUC-ROC values underscore
the reliability of our set of filters. These findings suggest that
our model exhibits robust performance across different test
scenarios, affirming its potential utility in accurately identifying
HEMs. Thus, it calls for combining the results of the folds−the
filters that have been created in each are combined.
The ROC curve analysis of the model reveals a high AUC-

ROC value of 0.98, emphasizing the model’s robustness in
accurately capturing the true positive rate while minimizing
false positives. This strong discriminatory capacity underscores
the model’s effectiveness in identifying HEMs within the data
set.
Table 5 displays the Confusion Matrix (CM) values at

different cutoff indexes, accompanied by computed metrics
such as True Positive Rate (TPR), False Positive Rate (FPR),
and Enrichment Factor (EF).

Table 1. Structures of Ketones, Corresponding TCP, and %
OB Values

Table 2. Predicted Detonation Reactions for TCP Based on
K−W Rules

TCP Detonation Reaction

TCP1 + +C H O 6H O 9C 3H9 18 6(s) 2 (l) (s) 2(g)

TCP2 + +C H O 6H O 12C 6H12 24 6(s) 2 (l) (s) 2(g)

TCP3 + +C H O 6H O 18C 12H18 36 6(s) 2 (l) (s) 2(g)

TCP4 + +C H O 6H O 33C 27H21 42 6(s) 2 (l) (s) 2(g)

TCP5 + +C H O 6H O 33C 27H33 66 6(s) 2 (l) (s) 2(g)

TCP6 + +C H O 6H O 15C 9H15 30 6(s) 2 (l) (s) 2(g)

TCP7 + +C H O 6H O 18C 9H18 30 6(s) 2 (l) (s) 2(g)

TCP8 + +C H O 6H O 15C 6H15 24 6(s) 2 (l) (s) 2(g)

TCP9 + +C H O 6H O 23C 14H23 40 6(s) 2 (l) (s) 2(g)

TCP10 + +C F O 6CO 3C 9F9 18 6(s) (g) (s) 2(g)

Table 3. Detonation Performance Metrics for TCPs

TCP n(gas) (mol) V(gas) (L) Q(J/g) %PI

TCP1 0.041 0.918 2597 88
TCP2 0.045 1.008 589 22
TCP3 0.052 1.165 1275 55
TCP4 0.054 1.210 1343 60
TCP5 0.059 1.322 1002 49
TCP6 0.049 1.098 990 40
TCP7 0.044 0.986 2342 86
TCP8 0.040 0.896 1463 49
TCP9 0.048 1.075 1889 75
TCP10 0.103 2.307 0 0

Table 4. Filter Counts, MCC Scores, and AUC across Five
Folds

Fold MCC Range AUC-ROC No. of Filters

1 0.75−0.83 0.99 590
2 0.74−0.82 0.98 577
3 0.76−0.83 0.96 486
4 0.76−0.82 0.99 484
5 0.76−0.84 0.97 603
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The TPR, FPR and EF where calculated by

=
+

TPR
TP

TP FN (5)

=
+

FPR
FP

FP TN (6)

= +
+ + + +

EF
TP/(TP FP)

(TP FN)/(TP TN FP FN) (7)

These metrics offer a comprehensive view of the model’s
performance across various threshold settings.
We calculated 206 Molecular MOE descriptors for each of

the 10 trimeric cyclic compound. Subsequently, we scored
each molecule using our developed ISE model. Table 6
presents their corresponding ISE scores.

The combined results from experimental assessments (%PI)
and computational analyses (ISE Score) provide valuable
insights into the energetic potential of synthesized cyclo-
peroxide compounds (TCPs). Notably, TCP1, identified as
TATP, demonstrated the highest values in both %PI
calculation (88%) and ISE score (0.76), with TCP7 exhibiting
the second-highest %PI (86%) and ISE score (0.72),
reinforcing consistency between experimental and computa-
tional data. Additionally, TCP3, TCP4, and TCP8 displayed %
PI values of 55%, 60%, and 49%, respectively, aligning closely
with their corresponding ISE scores of 0.7. Conversely, TCP10
exhibited minimal energetic potential with a %PI of 0% and an
ISE score of 0.21, while TCP6 showed a %PI of 40% alongside
an ISE score of 0.26. TCP8 stood out with higher %PI and ISE
scores compared to TCP6 and TCP10, indicative of its
increased energetic activity. However, a discrepancy arose with

TCP2, which displayed a %PI of 22% despite consistently high
ISE scores of 0.7, suggesting that certain experimental factors
influencing %PI may not be fully captured by the computa-
tional model. We conducted a Pearson correlation analysis to
examine the relationship between ISE Score and %PI. The
correlation coefficient yielded a strong positive correlation of
0.691 (p = 0.027), indicating a significant association between
the two variables at the 0.05 level (2-tailed).
The agreement between experimental and computational

results underscores the reliability of the ISE model in
identifying energetic compounds. While the model effectively
discerned TCPs with low %PI values (TCP6, TCP10), the
misclassification of TCP2 highlights the need for further
refinement and consideration of additional experimental
variables in computational predictions. Furthermore, the
study emphasizes the efficacy of the ISE model as a valuable
tool for predicting the energetic nature of cyclo-peroxide
compounds. This computational approach proves to be a time-
saving and cost-effective preliminary screening tool, guiding
attention toward compounds with the highest predicted scores
for subsequent experimental examination.
Out of the 202 active molecules in the learning set, 22 are

peroxides. Calculating the degree of molecular similarity
(Tanimoto index) between the 10 molecules)TCP1 to
TCP10) scored by the model and these 22 molecules, it was
found that the highest Tanimoto index is 0.77, the lowest is
0.07, and the overall average is 0.24. These values suggest a
very low degree of molecular similarity between a group of
molecules in the learning set and the molecules synthesized
and tested. Therefore, our ISE model may be used also to
suggest synthesis of new cyclic peroxides that could have
different energy releasing abilities.

6. CONCLUSIONS
The synthesis of new energetic materials involves a meticulous
process, necessitates the use of various resources, and requires
safety considerations. This manuscript underscores the viability
of employing a computational pathway, specifically utilizing the
ISE model.
In this study, new cyclo-peroxide compounds (CPs) were

synthesized by reacting 13 different ketones with two
concentrations of H2O2. Following spectroscopic analysis,
we narrowed down our new compounds to 10, on which we
conducted calorimetric tests. Utilizing the calorimetric results
and K−W modified rules, we calculated %PI for these
compounds.
An ISE model was constructed, and the statistical metrics

results suggest that this model exhibits strong predictive
abilities. We then screened the new CPs through the model
filters, assigning each molecule a score based on its success in
passing the model’s filters.
Comparing the %PI obtained from the experimental

approach to the ISE index derived from the computational
approach led to the conclusion that both methods yield similar
assessments regarding the potential of a new compound as an
energetic material. Our research suggests that this observation
holds true, especially in the context of synthesizing new cyclic
peroxides. Consequently, it is indicated that, at least for cyclic
peroxidic compounds, utilizing the ISE model is preferable for
predicting the potential of a new compound to be an energetic
substance. By employing the ISE model, similar conclusions
can be reached in a faster, more cost-effective, and safer

Table 5. Values of the Confusion Matrix (CM) at Different
Cutoff Indexes

TP FP FN TN TPR FPR EF

Index 0 177 825 25 19375 0.88 0.04 18
Index 0.1 168 699 34 19501 0.83 0.03 20
Index 0.2 164 592 38 19608 0.81 0.03 22
Index 0.3 156 465 46 19735 0.77 0.02 25
Index 0.4 147 360 55 19840 0.73 0.02 29
Index 0.5 139 304 63 19896 0.69 0.02 32
Index 0.6 135 296 67 19904 0.67 0.01 32
Index 0.7 127 207 75 19993 0.63 0.01 38
Index 0.8 106 121 96 20079 0.52 0.01 47
Index 0.9 0 0 202 20200 0 0
Index 1 0 0 202 20200 0 0

Table 6. ISE Scores of TCPs

TCP ISE Score

TCP1 0.76
TCP2 0.70
TCP3 0.70
TCP4 0.70
TCP5 0.70
TCP6 0.26
TCP7 0.72
TCP8 0.64
TCP9 0.70
TCP10 0.21
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manner, ensuring that only new compounds with the highest
ISE scores undergo experimental examination.
Further investigation into ester nitrates can be intriguing,

utilizing both experimental (synthesis, spectroscopy, and DSC)
and computational approaches by scoring potential high-
energy compounds with the ISE model.
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