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Preparation and thermal decomposition studies of the title
molecule (3,6-di-p-chlorophenyl-1,2,4,5-tetraoxacyclohex-
ane) were carried out in tetrahydrofuran solution in the
52–130�C temperature range. The overall reaction follows
a first-order kinetic law up to at least 60% diperoxide
conversion. The activation parameters (DH# ¼ 15.1�
0.7 kcal mol�1 and DS#¼�35.5� 1.9 cal mol�1 K�1) for
the unimolecular rupture of the O�O bond in the diper-
oxide molecule were obtained by measuring the undecom-
posed diperoxide at different reaction times by the HPLC
technique. P-chlorobenzaldehyde, p-chlorobenzoic acid,
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and chlorobenzene were detected by GC as the major
organic products of the reaction.

Keywords: cyclic diperoxide, di-p-chlorophenyl diperoxide,
tetraoxacyclohexane, thermolysis

Introduction

It is commonly accepted that explosive materials, like fuels, are
highly energetic compounds that, upon initiation, release their
energy content in a fast, exothermic reaction. In recent years,
the analysis and detection of one class of explosives, namely per-
oxide explosives, has become particularly important in forensic
investigations because of the emergence of terrorist threats and
crimes in which these explosives were used. Peroxide explosives
generally can be made from hydrogen peroxide and a few other
well-known chemicals, such as ketones or aldehydes. A small
amount of acid (sulfuric or hydrochloric) is added as a catalyst.
Intuitively, it is expected that the peroxide-based explosives
would liberate much energy upon decomposition and that their
energy content would depend on the carbon=oxygen ratio [1].

On the other hand, organic peroxides have industrial appli-
cations; they are used as active components of cosmetics and
pharmaceuticals, as sources of free radicals in styrene polymer-
ization [2,3], as hardener and curing agents for plastics such as
unsaturated polyester and fiber glass resins, and they have bio-
chemical effects related to gastric necrosis, metabolic acidosis,
and homolysis [4].

The unusual reactivity of peroxides is generally attributed
to weakness of the O�O bond linkage, and it is expected that
their thermal decomposition would be initiated by homolytic
dissociation of the peroxide bond.

Here we report an alternative method for preparation of the
cyclic diperoxide derived from p-chlorobenzaldehyde (3,6-di-p-
chlorophenyl-1,2,4,5-tetraoxacyclohexane, DClPT) (Scheme 1).
Toourknowledge, there arenovibrational analysis andkinetic stu-
dies published for this compound, so we consider it of great interest
to examine in depth the experimental IR spectra for absorption
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bands of thismolecule and to carryoutakinetic studyof its thermal
decomposition reaction in tetrahydrofuran (THF) solution.

Experimental

Preparation of p-Chlorobenzaldehyde Diperoxide

In this work is presented an alternative technique of synthesis of
p-chlorobenzaldehyde diperoxide. It is prepared by drop-wise
addition of p-chlorobenzaldehyde (8.85mmol) in ethanol (10mL)
to a vigorously stirred mixture of hydrogen peroxide (9.45mmol)
and 12.5mL of sulfuric acid (90% V=V) in ethanol (8.75 mL),
cooled at �18�C.

After stirring for 2 h at �18�C the mixture was filtered and
washed with cold distilled water (0�C) until the excess of acid
was eliminated.

The white solid obtained (45% product crude) was recrys-
tallized from boiling carbon tetrachloride. Caution: DClPT
must be handled with care because it can be detonated by
shock.

The product obtained by this improved method is the same
as that obtained by the technique described in the literature [5].
Its purity was also checked by HPLC and the FTIR (KBr)
absorption bands were obtained with a Nicolet spectrometer.

Scheme 1. Ph-Cl represent p-Chloro Phenyl group.
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Solvents

Tetrahydrofuran solvent employed in the reaction was purified
with the appropriate techniques [6,7] and its purity was
checked by HPLC analysis.

Kinetic Methods

Pyrexglass tubes (7 cm long� 6mmo.d.) half filledwith theappro-
priate DClPT solution were thoroughly degassed under vacuum at
�196�C and then sealed with a flame torch. To perform the runs,
the ampoules were immersed in a thermostatic silicone oil bath
(�0.1�C) and withdrawn after predetermined times, stopping
the reaction by cooling them in an ice-water bath (0�C). The
DClPT remaining and the reaction products were determined
by quantitative analysis with high-resolution liquid chromatogra-
phy (HPLC Hewlett-Packard instrument series 1050 C), making
use of a reverse-phase column (ODS Hypersil, 5mmm, 100mm
long� 4.6mm), UV detection (k ¼ 254nm), and gradient elution.
The starting mobile phase employed to analyze the diperoxide was
an elution system: 0min acetonitrile=water (60:40), and the linear
gradient is run over 3.5min to a final proportion of acetonitrile=
water=tetrahydrofuran 60:20:20 with a flow rate of 1mL=min.
Under these conditions, the retention time of DClPT was
7.4min. The solvents employed were of HPLC quality.

The corresponding first-order rate constant values were
calculated from the slope of the line obtained by a least-
mean-squares treatment of this reaction data when plotting
the values of ln [DClPT] concentration vs. reaction times. The
activation parameters were calculated according to the Eyring
equation, and the errors were worked out by the Arrhenius equa-
tion method using a least-mean-squares data treatment [8].

Product Analyses

The qualitative determination of the organic reaction products
was performed by GC in a DB-5 capillary column (5% biphenyl,
95% dimethyl polysiloxane, 30m� 0.32mm I.D., 0.25mm
film thickness) installed in a Konik 2000C gas chromatograph
with nitrogen as carrier gas and flame ionization detection.
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The oven temperature was maintained at 60�C for 1 min and
then programmed at a rate of 10�=min to 150�C.

Results and Discussion

Vibrational Analysis of DClPT

It is of interest to examine in depth the experimental
IR spectra for absorption bands of the molecule
3,6-di-p-chlorophenyl-1,2,4,5-tetraoxacyclohexane, which might
be related to the O�O linkages.

Table 1 gives the position of the characteristics vibrations
by IR spectroscopy of the DClPT. Bands between 679 and
480 cm�1 (679, 625, 550, 523, 517, 507, and 480) correspond
to skeletal deformations, OCC, COO, OCO, and OCH.

Bands located between 550 and 507 cm�1 correspond to tor-
sion angles coupled with CH rocking modes.

The bands at 841–801, 750–737, 679, and 625 cm�1 are
assigned as COO deformation modes, out-of-phase ring substi-
tuted aromatic, CO stretching; out-of-plane ring, CCl out-of-
plane deformation, CCl out-of-phase deformation, bending of
the ring, H out-of-plane; asymmetric and symmetric ring defor-
mation O1, 2, 4, 5 and OCO deformation modes, respectively.

Because of the similarity of the masses of the carbon and
oxygen atoms, there may be no bands due to vibrations exclu-
sively of the O�O bond, and instead complicated skeletal
vibrations of the systems would probably be observed. The cor-
responding O�O stretching modes of the ring are located at
951–905 cm�1 as single modes, the bands at 951 and 905 cm�1

correspond to the asymmetric and symmetric O�O coupled
stretching modes, respectively.

Bands at 1005, 1016–1027 cm�1 correspond toC�O and C�C
stretching modes, respectively. The OCO deformation mode at
1090 cm�1 is coupled with wag and CH rocking modes. The
COO stretching modes located at 1197 cm�1 are coupled with
CH bending and twisting (tetraoxacyclohexane ring) modes.

The skeletal vibrational wave numbers involving C�C and
C�O stretches show a small shift from those of n-alkanes. The
C�O bond force constant is nearly the same as that of the C�C
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Table 1
Characteristic vibrational frequencies and assignments of

the 3,6-di-p-chlorophenyl-1,2,4,5-tetraoxacyclohexane

IR vibrational
frequencies cm�1 Assignments

480 Out of plane bending ring, dOCC
507 dOCH, sOCOO, sHCOO
517 sOCOO, sHCOO, dOCH, mCO
523 sHCOO, dOCH
550 dOCH, dOCC, CH rocking
625 Sym ring deformation O1,2,4,5, dOCO,

CH rocking, mCO, CH out of plane deformation
679 Asymmetric ring deformation O1,2,4,5,

CH rocking, CH bending, mOCO, dOCO
737 CCl out of phase deformation, bending of

ring, out of plane H.
750 Out of plane ring, CCl out of plane deformation
801–841 Out of phase ring substituted aromatic,

dOOC, mCO
905 Sym mOO
951 Ring deformation, Asym mOO, CH twisting,

CH rocking, mCCC
1005 Ring deformation, mCO, CH wagging,

CH rocking
1016–1027 mCO, mCC, CH wagging, CH rocking
1090 mCO, mCC, CH wagging, CH rocking, dOCO
1197 CH bending (tetraoxacyclohexane ring), mCO,

sym mCH, mCOO, CH twisting
1282 Out of phase m CCO, out of phase sym m CCC
1290 Out of phase m CCO, out of phase asym

m CCC, out of phase m HCO
1332–1352 CH bending, dOCO, CH wagging, CH rocking,

sym m CH
1412 CH bending (tetraoxacyclohexane ring)
1485 Sym mC=C
1578–1597 Asym mC=C
2956 Sym m CH (aromatic ring)
3091 Asym m CH (aromatic ring)
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bond since the masses of O and C do not differ greatly. This
means that C�O and C�C bonds interact strongly. The bands
between 1290 and 1282 cm�1 correspond to CCO out-of-phase
stretching, symmetric and asymmetric CCC out-of-phase
stretching, and HCO out-of-phase stretching.

Experimental band at 1412 is assigned as CH bending (tetra-
oxacyclohexane ring). Those bands between 1332 and 1352,
1332 cm�1 correspond to CH wagging, CH bending, CH rocking,
symmetric CH stretching and OCO deformation.

Bands between 1597 and 1485 cm�1 are assigned as C=C
stretching corresponding to the aromatic ring.

In solid state, 3,6-di-p-chlorophenyl-1,2,4,5-tetraoxacyclo-
hexane displays bands at 3091 and 2956 cm�1, which are
assigned as the stretching modes asymmetrical CH and stretch-
ing modes symmetrical CH, respectively.

Thermal Decomposition of DClPT in Solution

The thermal decomposition reaction of DClPT was studied in
tetrahydrofuran solution at the temperature range of 52–130�C
(Table 2) and initial concentration ca. 10�3 M. It was found that
the kinetic behavior of this system is according to a first-order
kinetics law up to at least ca. 60% of organic diperoxide conver-
sion. It seems that under the experimental conditions of the pre-
sent work there are no contributions from second-order processes
inducing the decomposition of DClPT at higher conversions.

The temperature effect on the experimental rate constant
values (kexp) for the unimolecular reaction investigated can
be represented by the following Arrhenius equations (Eq. (1))

Table 2
Rate constant values for the thermolysis of

DClPT in tetrahydrofuran solution

Temp, �C 105kexp, s�1

52 0.807
65 1.75
80 9.16

100 13.7
130 104
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where the errors shown are standard deviation from a least-
mean-squares data treatment [8] and the activation energy is
expressed in cal mol�1.

ln kexp; s
�1 ¼ ð12:8� 1:9Þ � ð15816� 667Þ=RT ð1Þ

The Arrhenius equation plot is lineal (r ¼ 0.988) in a relatively
large temperature range (ca. 78�C), which suggests that the
calculated activation parameters values for the DClPT reaction
belong to a single process, which could be its unimolecular ther-
mal decomposition through the O�O bond cleavage (Eq. (2)).
The rate-determining step is the biradical formation that
further decomposes by either C�C, C�O, or O�O bond rup-
tures, originating final organic products like chlorobenzene
and p-chlorobenzaldehyde. The p-chlorobenzoic acid detected
is formed by oxidation of p-chlorobenzaldehyde in the reaction
media [9].

ð2Þ

In previous work, it was demonstrated that the O�O bond
dissociation energy is influenced by solvent [10], substituents
[11], and ring size [12]. In the special case of those studies in dif-
ferent solvents it was concluded that the activation parameters
are higher in the more non-polar solvents where the rate constant
values are the lowest. The activation parameters values (DH#¼
15.1� 0.7 kcal mol�1 and DS#¼�35.5� 1.9 cal mol�1 K�1) cor-
responding to the unimolecular thermal decomposition reaction
of DClPT in tetrahydrofuran (Eq. (2)) are of the order of those
values obtained for others cyclic peroxides in polar solvents like
1,4-dioxane, chlorobenzene, and 2-propanol [10,2,13,14].

Conclusions

Experimental vibrational analysis has been performed on
DClPT six-membered ring prepared in this laboratory through
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an alternative method. From the spectroscopic point of view, the
most important contribution is the assignment of all the features
of experimental IR spectra of the molecule and the prediction of
the location at 951 and 905 cm�1 as single modes of asymmetric
and symmetric O�O stretching modes, respectively.

The thermolysis of DClPT in THF solution follows a first-
order kinetics law up to at least 60% diperoxide conversion.
The activation parameters derived correspond to the initial
homolysis of the O�O bond of the diperoxide molecule. Analysis
of the reaction products is insufficient to propose a complete
mechanism of the thermolysis of the DClPT, but studies are
in progress to clarify it.

References

[1] Dubnikova, F., R. Kosloff, J. Almong, Y. Zeiri, R. Boese, H.
Itzhaky, A. Alt, and E. Keinan. 2005. Decomposition of triace-
tone triperoxide is an entropic explosion. Journal of the
American Chemical Society, 127: 1146–1159.

[2] Ca~nnizo, A. I., G. N. Eyler, G. Morales, and J. R. Cerna. 2004.
Diethyl ketone triperoxide: thermal decomposition reaction in
chlorobenzene solution and its application as initiator of poly-
merization. Journal of Physical Organic Chemistry, 17: 1–6.

[3] Cerna, J. R., G. Morales, G. N. Eyler, and A. I. Ca~nnizo. 2002.
Bulk polymerization of styrene catalyzed by bi- and trifunctional
cyclic initiators. Journal of Applied Polymer Science, 83: 1–11.

[4] Mittleman, R. E., L. A. Romig, and E. J. Gressman. 1986. Sui-
cide by ingestion of methyl ethyl ketone peroxide. Forensic
Science, 31(1): 662–669.

[5] Bertrand, M., S. Flisz�aar, and Y. Rousseau. 1968. Mass spectro-
metry of cyclic organic peroxides. Journal of Organic Chemistry,
5: 1931–1934.

[6] Riddick, J. A. Y. and W. B. Bunger. 1970. In A. Weissberger
(ed.), Organic Solvents, Vol. II. Chap. V. New York: Wiley
Interscience 704–706.

[7] Perrin, P. P. and W. L. F. Armarego. 1988. Purification of
Laboratory Chemicals. 3rd ed. Oxford: Pergamon Press.

[8] Huyberechts, S., A. Halleux, and P. Kruys. 1955. Une applica-
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