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THERMOCHEMISTRY OF OZONIDES DECOMPOSITION 
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Little is known about ozonides and their decomposition notwithstanding the growing interest for these compounds in medicinal chemistry
or as intermediates in chemical synthesis. Using the Van Krevelen’s group increment approach we have calculated the theoretical
decomposition enthalpies of a series of olefins ozonation products adopting the simple assumption that the ozonides decompose into
aldehydes and carboxylic acids but also by-products of ozonation like polyozonides, bis-peroxides and polycarbonyloxide decompose into
the same products. It was found that all the homologous series of 1-olefin ozonides decompose with a ΔHdec = -267 kJ mol-1 and
considering the other by-products the decomposition range of the entire crude ozonation mixture of 1-olefins is given by ΔHdec = -272±20
kJ mol-1. For the homologous series of symmetrical olefins of the type R-CH=CH-R the canonical ozonides with 1,2,4-trioxolane ring
decompose with ΔHdec = -298 kJ mol-1 while considering the other by-products the decomposition range of the entire crude ozonation
mixture of symmetric olefins is given by ΔHdec = -288±10 kJ mol-1. Asymmetric olefins of the type R-CH=CH-R’ with R ≠ R’can be
represented by the monounsaturated fatty acids series or by the methyl and the ethyl esters of fatty acids. Also for this homologous series
the canonical ozonides with 1,2,4-trioxolane ring decompose with ΔHdec = -298 kJ mol-1 while considering the other by-products the
decomposition range of the entire crude ozonation mixture of symmetric olefins is given by ΔHdec = -288±10 kJ mol-1. 
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Introduction 

Previously1 we have shown that the decomposition 
enthalpy of  ethyl oleate ozonide can be predicted by a 
simple thermochemical estimation using the group 
increment approach proposed by Van Krevelen2 and 
integrated with that of Benson.3 

The first calculation was the determination of the enthalpy 
of formation (ΔH°f) of the ozonide in the 1,2,4-trioxolane 
form (in an hypothetical gas phase) under standard 
conditions of temperature and pressure (25 °C and 1 bar). It 
was made by using the group increment values proposed by 
Van Krevelen2 and using a group increment of -114.1 kJ 
mol-1 for the peroxide group of the 1,2,4-trioxolane ring, 
which was determined in the previous work from various 
sources and considerations.1 The ether group of the 1,2,4-
trioxolane ring has the canonical Van Krevelen’s value of -
120 kJ mol-1.1 A similar calculation is performed on the 
ΔH°f of the classical decomposition product of ozonide i.e. 
aldehydes and carboxylic acids using again the group 
increment approach. The thermal decomposition of fatty 
acids ozonides was investigated for the first time by Privett 
and Nickell.4 The accepted mechanism of the ozonide 
thermal decomposition involves the homolytic cleavage of 
O-O bond, which is also considered to be the rate-
determining step leading to aldehydes, carboxylic acid and 
other minor products. The difference between the ΔH°f of 
the decomposition products of the ozonide and the 
formation enthalpy of the latter gives the reaction enthalpy 
ΔH°R which corresponds to the decomposition enthalpy 
(ΔH°dec) of the ozonide. 

This paper is an extension of our thermochemical 
calculation approach to a series of other olefins determining 
again the ΔH°dec of the resulting ozonides.  

The 1,2,3-trioxolane adduct formed in the early stages of 
olefin ozonolysis rearranges not only into the canonical 
ozonide with 1,2,3-trioxolane ring but may give other side 
products like polymeric ozonide, polycarbonyl oxide 
oligomer and bis-peroxides as shown in Scheme 1. In this 
paper we show through calculations that the presence of 
these side products have a minimal effect on the 
decomposition enthalpy of the ozonide because the 
decomposition of the side products lead to ΔH°dec values 

analogous to those found for the canonical ozonides. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. General ozonolysis reaction products of ethyl oleate 

The interest in the thermochemistry of ozonides is 
primarily linked to the possibility to monitor the progress of 
an ozonation reaction simply by measuring the 
decomposition enthalpy of the ozonized reaction mixture as 
shown recently in the case of the ozonolysis of ethyl oleate.1  
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The ozonolysis reaction is of great importance in the 
industry for example for the preparation of vanillin from 
isoeugenol and azelaic acid from oleic acid but also a 
number of other organic and inorganic compounds.5 
Emerging fields of ozone applications regard drug 
synthesis,6 ozonolysis of terpenes7,8 and ozonolysis of 
vegetable oils.1,9-15 The latter topic is attracting a growing 
attention because it was discovered that the ozonides of 
vegetable oils have interesting germicidal and fungicidal 
properties and are being used as ingredients in 
pharmaceutical and cosmetic formulations.9-15 Even wound 
healing effects were attributed to ozonated vegetable oils 
and were proposed as ointments for the treatment of burns.14 
Stable ozonides were also found to display interesting anti-
malarial activity.16-22 Based on these current and potential 
applications of ozonides, it is interesting to explore more in 
detail their thermochemistry focused more on the stability of 
the ozonide, its thermal decomposition path. The present 
work is a continuation of our earlier work on the same 
subject.1 

Results and Discussion 

Thermochemistry of 1-alkene ozonides decomposition 

The calculations of the enthalpy of formation of a series of 
1-alkene ozonides were made according to the Van 
Krevelen procedure2 using a group increment of -114.1 kJ 
mol-1 for the peroxide group of the 1,2,4-trioxolane ring and 
adopting the canonical value of -120.0 kJ mol-1 for the ether 
group of the same ring.1 The calculations have also 
considered the ring correction for the five membered 1,2,4-
trioxolane group which is +20 kJ mol-1.2 

The results of thermochemical calculations are reported in 
Table 1. According to the Criegee mechanism,23  a series of 
expected products from the rearrangement of the 
molozonide or unstable primary ozonide, are shown in 
Scheme 1. However, terminal alkenes give little or no cross-
ozonide formation.23 Consequently, the main product of 
ozonization of terminal olefins is necessarily the asymmetric 
ozonide [A] shown in Fig.1, while the symmetric structure 
[B] of the  cross-ozonide is not formed or may be present in 
small amounts. Similarly, the cross-ozonide [C] is as well 
not formed from the ozonolysis of terminal olefins.23 

 

 

 

 

 

 

 

 

Figure 1. Ozonides formed from terminal olefins after the 
molozonide rearrangement. The main product is structure [A]. 

The ozonolysis of alkenes leads inevitably to the 
formation of polyozonides with structure [D] and [E] (Fig.1) 
as side or main reaction products in many cases.23-27 The 
polyozonide structure is analogous to the structure of the 
canonical ozonide but instead of being cyclic it is a straight 
chain and the resulting oligomer may be linear or even 
cyclic and may be asymmetric [D] and symmetric [E] 
reflecting the structure of the canonical ozonide in straight 
chain.  In the case of terminal olefins ozonation, the main 
products are the asymmetric ozonide [A] and its linear 
oligomer [D]. The enthalpy of formations of the cross-
ozonide with symmetric structure [B] and the corresponding 
polyozonide [E] are also given in Table 1. 

Table 1. Enthalpy of formation of 1-olefin ozonides (kJ mol-1) 

Asymmetric and symmetric ozonides and 
polyozonides  (Fig.1) 

Parent olefin 

[D]  [A]  [E]  [B]  
Ethylene -278.1 -258.1 -278.1 -258.1 
Propene -304.8 -284.8 -331.5 -311.5 
1-Butene -326.8 -306.8 -375.5 -355.5 
1-Pentene -348.8 -328.8 -419.5 -399.5 
1-Hexene -370.8 -350.8 -463.5 -443.5 
1-Heptene -392.8 -372.8 -507.5 -487.5 
1-Octene -414.8 -394.8 -551.5 -531.5 
1-Nonene -436.8 -416.8 -595.5 -575.5 
1-Decene -458.8 -438.8 -639.5 -619.5 
1-Undecene -480.8 -460.8 -683.5 -663.5 
1-Dodecene -502.8 -482.8 -727.5 -707.5 
1-Tridecene -524.8 -504.8 -771.5 -751.5 
1-Tetradecene -546.8 -526.8 -815.5 -795.5 
1-Pentadecene -568.8 -548.8 -859.5 -839.5 
1-Hexadecene -590.8 -570.8 -903.5 -883.5 
1-Heptadecene -612.8 -592.8 -947.5 -927.5 
1-Octadecene -634.8 -614.8 -991.5 -971.5 

In our calculation, we estimate the difference in the 
formation enthalpy between the asymmetric ozonide [A] and 
its straight chain oligomer [D] by considering +20 kJ mol-1 
as correction for 5 ring for the ozonide [A]. In this way, the 
formation enthalpy of [A] is systematically higher by 20 kJ 
mol-1 than the formation enthalpy of the corresponding 
polyozonide [D] and the same applies for the cross-ozonide 
[B] toward the corresponding polyozonide [E] (see Table 1).  

 

 

 

 

 

 

 

 

Figure 2.  Other products formed in terminal olefin ozonolysis 
reactions 
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The reason why the asymmetric ozonide [A] (and its 
oligomer [D]) is by far the main ozonolysis product of 
terminal olefins is due to the fact that the molozonide of any 
1-alkene decomposes into two fragments, the most alkylated 
being under the form of carbonyl oxide while the less 
alkylated fragment gives the aldehyde.23 Since the carbonyl 
oxide of the type CH3-(CH2)n-CH+-O-O- is the main 
fragment of molozonide decomposition, in addition to the 
regular ozonide with asymmetric structure [A], it can also 
give a series of other products shown in Fig. 2 and 
consisting of the bis-peroxide with structure [F] and the 
polycarbonyloxide oligomer with structure [G].23-25 

In Table 2 are reported the enthalpy of formation of a 
series of bis-peroxides derived from terminal olefins. In this 
case the difference in the enthalpy of formations between 
the cyclic structure [F] and the straight chain of the 
polycarbonyloxide structure [G] is only  -3 kJ mol-1 for the 
former, so that it is assumed that the free energy of 
formation of [F] is practically identical to that of [G]. 

Table 2.  Enthalpy of formation (kJ mol-1) of aldehydes and 
carboxylic acid derived from the decomposition of ozonides; 
enthalpy of formation of cyclic peroxide [F] and [G] of Fig. 2 

Products Parent Olefin 

Aldehyde Carboxylic acid [F] and [G] 
Ethylene -118 -381 -275.2 
Propene -171 -439 -3178 
1-Butene -193 -461 -361.8 
1-Pentene -215 -483 -405.8 
1-Hexene -237 -505 -449.8 
1-Heptene -259 -527 -493.8 
1-Octene -281 -549 -537.8 
1-Nonene -303 -571 -581.8 
1-Decene -325 -593 -625.8 
1-Undecene -347 -615 -669.8 
1-Dodecene -369 -637 -713.8 
1-Tridecene -391 -659 -757.8 
1-Tetradecene -413 -681 -801.8 
1-Pentadecene -435 -703 -845.8 
1-Hexadecene -457 -725 -889.8 
1-Heptadecene -479 -747 -933.8 
1-Octadecene -501 -769 -977.8 

Having determined the enthalpy of formation of all key 
ozonolysis products of terminal olefins and reasonably 
assuming that their thermal decomposition leads in any case 
to the formation of aldehydes and carboxylic acids, we have 
also calculated the enthalpy of formation of the expected 
aldehydes and carboxylic acids from the decomposition of 
the ozonides of terminal olefins according to the general 
scheme:  

[A]  HCOOH + CH3(CH2)nCHO                   (R1) 

[A]  HCHO + CH3(CH2)nCOOH                   (R2) 

[D]  HCOOH + CH3(CH2)nCHO                   (R3) 

[D]  HCHO + CH3(CH2)nCOOH                   (R4) 

[B]  CH3(CH2)nCHO + CH3(CH2)nCOOH     (R5) 

[E]  CH3(CH2)nCHO + CH3(CH2)nCOOH     (R6) 

The enthalpy of formation of the corresponding acids and 
aldehydes are reported in Table 2. 

Furthermore, also the bis-peroxide [F] and the 
polycarbonyloxide [G] decompose in a similar way: 

[F] CH3(CH2)nCHO + CH3(CH2)nCOOH + ½ O2     (R7) 

[G]CH3(CH2)nCHO + CH3(CH2)nCOOH + ½ O2     (R8) 

Using the calculated enthalpies of formation reported in 
Table 1 and 2, we have calculated the enthalpies of reactions 
R1-R8 which are the theoretical decomposition enthalpies of 
the ozonides and the ozonolysis products and are reported in 
Table 3. 

The calculations show that for any terminal olefin ozonide 
with structure [A], irrespective for its alkyl chain length, the 
decomposition enthalpy according to R1 and R2 is 
approximately -270 kJ mol-1 (see Table 4). The 
corresponding decomposition enthalpy of the polyozonides 
with structure [D] and with reaction paths R3 and R4 is 
about -250 kJ mol-1. 

Table 3. Enthalpy of reaction for the decomposition of ozonides 
and peroxides considered in the text. 

Reaction kJ mol-1 
R1 -267.2 
R2 -272.2 
R3 -247.2 
R4 -252.2 
R5     -298.5(*) 
R6      -278.5(*) 
R7 -292.2 
R8 -295.2 

(*) Calculated but not occurring 

Although the formation of symmetric ozonide  [B] and the 
corresponding polyozonide [E] is  not expected in terminal 
olefins, their calculated decomposition enthalpies according 
to R5 and R6 are -298.5 kJ mol-1and -278.5 kJ mol-1 
respectively. Instead, the formation of the bis-peroxide [F] 
and the corresponding polycarbonyloxide [G] are, at least, 
expected as side products in the ozonation of terminal 
olefins and their decomposition enthalpy according to R7 
and R8 are respectively -292.2 kJ mol-1 and -295.2 kJ mol-1 
once again irrespective of the length of the side alkyl chain 
of the ozonide (see Table 4). 

The conclusion from these thermochemical estimations is 
that any ozonide from a terminal olefin should decompose 
with a release of energy comprised from a minimum of -295 
kJ mol-1 to a maximum of -250 kJ mol-1 depending on the 
proportion of canonical ozonide [A] or polyozonide [D] 
present in the reaction mixture and the bis-peroxide [F] or 
the polycarbonyloxide [G] eventually present. 

This is a very important result because it shows that both 
terminal olefin ozonides and regular ozonides or the 
corresponding polyozonides have the same decomposition 
enthalpy. The decomposition enthalpy can increase if there 
is the formation of the bis-peroxide [F] and the 
polycarbonyloxide [G]. For 1-decene some authors26,27 have 
shown that the ozonide [A] yield is about 55% at room 
temperature the remaining 45% can be described as a 
mixture of [D], [F] and [G].  
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Table 4. Calculated decomposition enthalpy of a series of 1-alkene ozonides expressed in kJ mol-1 and in J g-1 

Molecular weight Average Hdec value Upper limit  Alkene  
 Olefine Ozonide kJ mol-1 J g-1  kJ mol-1 J g-1 

              
Propene 42.08 90.08 -270 -2997 -295 -3275 
1-Butene 56.11 104.11 -270 -2594 -295 -2834 
1-Pentene 70.14 118.14 -270 -2286 -295 -2497 
1-Hexene 84.16 132.16 -270 -2043 -295 -2232 
1-Heptene 98.19 146.19 -270 -1847 -295 -2018 
1-Octene 112.22 160.22 -270 -1685 -295 -1841 
1-Nonene 126.24 174.24 -270 -1550 -295 -1693 
1-Decene 140.27 188.27 -270 -1434 -295 -1567 
1-Undecene 154.30 202.30 -270 -1335 -295 -1458 
1-Dodecene 168.32 216.32 -270 -1248 -295 -1364 
1-Tridecene 182.35 230.35 -270 -1172 -295 -1281 
1-Tetradecene 196.38 244.38 -270 -1105 -295 -1207 
1-Pentadecene 210.41 258.41 -270 -1045 -295 -1142 
1-Hexadecene 224.43 272.43 -270 -991 -295 -1083 
1-Heptadecene 238.46 286.46 -270 -943 -295 -1030 
1-Octadecene 252.49 300.49 -270 -899 -295 -982 
1-Nonadecene 266.51 314.51 -270 -859 -295 -938 
1-Eicosene 280.54 328.54 -270 -822 -295 -898 
1-Heneicosene 294.57 342.57 -270 -788 -295 -861 
1-Docosene 308.59 356.59 -270 -757 -295 -827 
1-Tricosene 322.62 370.62 -270 -729 -295 -796 
1-Tetracosene 336.65 384.65 -270 -702 -295 -767 

 

Thus, the decomposition enthalpy of 1-decene ozonide, 
intended as crude mixture, should be expected to have a 
minimum value at -295 kJ mol-1, while the decomposition 
enthalpy of the pure ozonide [A] marks the average 
temperature limit, i.e. -270 kJ mol-1 (which is indeed the 
approximate average between the lower limit of -295 kJ 
mol-1 and the upper limit of -250 kJ mol-1). 

This result represents a correction of our earlier estimation 
which suggested a higher decomposition enthalpy for 1-
decene ozonide because of a mistake.1 Furthermore, the 
decomposition enthalpy of 1-decene ozonide measured by 
Anachkov et al.28 as 349 kJ mol-1 appears considerably 
higher than the expected value from  those reported in the 
present work. 

Although the Table 4 shows that the decomposition 
enthalpy of 1-alkene ozonides is constant when reported in 
kJ mol-1, it is not constant if it is expressed as J/g because 
the decomposition enthalpy is smaller for compounds 
having higher molecular weight. This could seem obvious 
but since the decomposition enthalpy is measured by DSC 
and automatically expressed in J/g, the Table 4 could be 
used for the immediate judgement of the results and for the 
quick conversion from J g-1 to kJ mol-1. 

Thermochemistry of symmetric alkene ozonides decomposition 

The enthalpies of formation of the ozonides of symmetrical 
alkenes having the general structure as shown below, 

CH3-(CH2)n-CH=CH-(CH2)n-CH3 

were similarly obtained through the Van Krevelen group 
increment approach.2 

Table 5. Calculated enthalpies of formation of a series of 
symmetric alkene ozonides, polyozonides, bis-peroxides and 
aldehydes and carboxylic acids derived from the decomposition 
reaction of the ozonides (in kJ mol-1) 
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2-Butene -331 -311 -171 -439 -326 
3-Hexene -375 -355 -193 -461 -370 
4-Octene -419 -399 -215 -483 -414 
5-Decene -463 -443 -237 -505 -458 
6-Dodecene -507 -487 -259 -527 -502 
7-Tetradecene -551 -531 -281 -549 -546 
8-Hexadecene -595 -575 -303 -571 -590 
9-Octadecene -639 -619 -325 -593 -634 
10-Eicosene -683 -663 -347 -615 -678 

The enthalpies of formation of the resulting ozonides, the 
polyozonides and the cyclic bis-peroxide or the linear 
polycarbonyloxide are reported in Table 5. In this table, are 
also reported the formation enthalpies of the expected 
products derived from the decomposition of the ozonides 
and the decomposition of the bis-peroxides of these series to 
the corresponding aldehydes and carboxylic acids. 

It is interesting to note that the symmetric olefins give 
cross-ozonides having the same structure as the canonical 
ozonides. This simplifies greatly the complexity of the 
possible reaction products between ozone and the olefin 
after the Criegee rearrangement. 

Indeed symmetric olefins were used to study another 
curious phenomenon of the structure of ozonides which may 
occur in cis and trans form.29,30  
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Unfortunately the group increment approach in 
thermochemical calculations is not enough refined to be able 
to distinguish between the cis and trans isomers of ozonides. 
Another interesting general result in the ozonation of 
symmetric olefins is the fact that the ozonation of a cis 
olefin leads predominantly to a cis ozonide and 
viceversa.29,30 We cannot go through the subtle reasons for 
these results which are in any case explained well in ref.,23 
and involve the stereospecific 1,3 dipolar cycloaddition of 
ozone to a double bond. 

Another aspect of the symmetric olefin ozonation is the 
ozonide yield. Cis-olefins give systematically a significantly 
higher canonical ozonide yield (as total sum of cis and trans 
ozonide) than the trans olefins. At higher olefin 
concentration in the reaction mixture the typical ozonide 
yield is 66% in the ozonation of a cis-olefin and only 33% in 
the ozonation of the trans-olefin. These yields can be 
increased respectively to 95% and 65% if the ozonation is 
conducted at high dilution in an inert solvent like 
pentane.29,30 The effect of dilution on the yield is an 
important point. The dilution minimizes the formation of 
polyozonides and polycarbonyloxides and increases the 
yield of regular (canonical) ozonide. Conversely, at high 
olefin concentration the formation of the polyozonides and 
polycarbonyloxides is favoured especially if the starting 
substrate is the trans-olefin.29,30 

In Table 6 are reported the calculation results regarding 
the decomposition enthalpy of the ozonides of symmetric 
olefins. Also in this case the canonical ozonide releases the 
largest amount of decomposition energy i.e. -298 kJ mol-1 
followed by the decomposition enthalpy of the bis-peroxide 
or polycarbonyloxide at -284 kJ mol-1 and, finally by the 
polyozonide at -278 kJ mol-1.  It is interesting to note that 
the decomposition enthalpy of the four main ozonolysis 
products are spread into a narrow region of -288±10 kJ mol-

1while in the case of terminal olefin ozonides the range  was 
-272±22 kJ mol-1.  

These theoretical calculations are of practical importance 
in predicting the decomposition enthalpies of the mixtures 
of crude ozonation products derived from the ozonolysis of 
olefins and in showing that the ozonide decomposition 
enthalpy is the same for a selected homologous series if 
expressed in kJ mol-1. 

The decomposition of the ozonides of unsaturated fatty 
acids esters 

The purpose of this study is to predict the decomposition 
enthalpy of oleic acid ethyl ester and to compare the 
resulting value with the decomposition enthalpy of ozonides 
of all other unsaturated fatty acids ethyl ester. Furthermore, 
the theoretical values of the decomposition enthalpy are 
compared with the experimental values. Although a series of 
unsaturated fatty acids are listed in Table 7, we focus our 
attention to the oleic acid ethyl ester. 

The calculated enthalpy of formation of ethyl oleate 
ozonide (Fig. 3 structure H) is -998.5 kJ mol-1.1 If a +20 kJ 
mol-1 is taken as the correction for the ozonide ring,2 then 
the mentioned value is more correctly attributable to the 
ethyl oleate polymeric ozonide (Fig. 3 structure I), while for 
the canonical ozonide the enthalpy of formation is -978.5 kJ 
mol-1. 

Table 6. Calculated decomposition enthalpies of symmetrical 
olefins ozonides type R-CH=CH-R 

Decomposition enthalpy, kJ mol-1 Compound 

 canonical 
ozonide 

 polyozonide  cyclic 
peroxide 

2-Butene -298,5 -278,5 -284,4 
3-Hexene -298,5 -278,5 -284,4 
4-Octene -298,5 -278,5 -284,4 
5-Decene -298,5 -278,5 -284,4 
6-Dodecene -298,5 -278,5 -284,4 
7-Tetradecene -298,5 -278,5 -284,4 
8-Hexadecene -298,5 -278,5 -284,4 
9-Octadecene -298,5 -278,5 -284,4 
10-Eicosene -298,5 -278,5 -284,4 

Table 7. A series of unsaturated fatty acids 

 Trivial name Systematic name  Mw 

Palmitoleic acid Z-9-Hexadecenoic acid 254,408 
Vaccenic acid (E-11)-Octadecenoic acid 282,461 
Paulinic acid (Z-13)-Eicosenoic acid 310,51 
Oleic acid (Z-9)-Octadecenoic acid 282,46 
Elaidic acid (E-9)-Octadecenoic acid 282,46 
Gondoic acid (Z-11)-Eicosenoic acid 310,51 
Erucic acid (Z-13)-Docosenoic acid 338,57 
Nervonic acid (Z-15)-Tetracosenoic acid 366,62 

The enthalpies of formation of a series of other products, 
which can be formed from the ozonolysis of ethyl oleate 
based on the Criegee mechanism, are reported in Table 8 
wherein the decomposition enthalpies are also listed in the 
last column. The chemical structures of these products are 
illustrated in Fig. 3. In our simplified model we have 
assumed that the thermal decomposition of the ozonides 
leads to the formation of a mixtures of carboxylic acid and 
aldehyde as already discussed in the previous sections for 
other simpler olefins. Knowing the enthalpies of formation 
of these acids and aldehydes it is possible to predict the 
decomposition enthalpy of the given ozonide to the 
carboxylic acid and aldehyde derivatives.  

The case of ethyl oleate ozonolysis is the most complex 
among those examined in the present work since the olefin 
is asymmetric and consequently it can give a rich mixture of 
ozonolysis products ranging from canonical ozonide, cross-
ozonide, polyozonides, symmetric and asymmetric bis-
peroxide and symmetric/asymmetric polycarbonyloxide (see 
Fig. 3).  

Table 8. Calculated enthalpies of formation of ethyl oleate 
ozonides, polyozonides and bis-peroxide and the resulting 
calculated decomposition enthalpy (all values in kJ mol-1); the 
structures are reported in Fig. 3. 

 Compound ΔH°f ΔHdec 

Canonical ozonide  [H] -978,5 -298,5 
Polyozonide  [I] -998,5 -278,5 
Canonical bis-peroxide  [J] -992,6 -284,4 
Alkyl-Alkyl cross-ozonide  [K] -619,5 -298,5 
Alkyl-Alkyl cross-polyozonide   [L] -639,5 -278,5 
Alkyl-Alkyl bis-peroxide   [M] -633,6 -284,4 
Ester-Ester cross-ozonide   [N] -1337,5 -298,5 
Ester-Ester polyozonide     [O] -1357,5 -278,5 
Ester-Ester bis-peroxide     [P] -1351,6 -284,4 
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Figure 3. Products derived from the ozonation of ethyl oleate or 
other fatty acids esters 

It is interesting to note that all the calculated values of 
decomposition enthalpy for any considered ozonolysis 
intermediate are between -278.5 to -298.5 kJ mol-1. This 
result is very important because it shows that any ozonation 
product of an asymmetric olefin like ethyl oleate will 
decompose with the release of approximately the same 
amount of energy. This implies that for the study of the 
decomposition of ozonides of asymmetric olefins there is no 
need to isolate the single canonical ozonide [H] and then 
study its own decomposition. Instead, it is sufficient to study 
the decomposition of the crude ozonation mixture without 
caring about the exact proportion of the various possible 
components ([H-P] of Fig. 3) because the amount of heat 
released will be necessarily inside the range lying between   
-278.5 to -298.5 kJ mol-1 assuming that the decomposition 
products are a mixture of aldehydes and carboxylic acids. 

The values for the decomposition of ethyl oleate ozonide, 
Table 8, are applicable to all the homologous series of 
asymmetric olefins (Table 7) either as ethyl ester or as 
methyl ester or as a free fatty acid. 

Although in theoretical calculation we considered all the 
possible reaction products in the ozonolysis of ethyl oleate 
(Fig. 3), the experimental reality is less complex.31-33 First, 
the cleavage of the ozonolysis products of oleic acid are 
essentially azelaic acid, azelaic semialdehyde, 
pelargonaldehyde and pelargonic acid.31 Second, the 
ozonation of methyl oleate or other unsaturated fatty acids 
give high yields of canonical ozonide [H] of Fig. 3 
especially if the reaction is conducted under dilution of an 
inert solvent like pentane.32,33 Of course the lack of dilution 
will favour the formation of other by-products like for 
example the cross-ozonides [K] and [N] of Fig. 3. The 
ozonation of methyl oleate or the ozonation of the trans 
isomer methyl elaidate give identical mixtures of cis and 
trans canonical ozonides [H].32,33 Our calculations are not 
refined enough to permit a distinction between cis and trans 
isomers of ozonides. Another important experimental fact is 
that the high yield of canonical ozonide [H] is also favoured 
when starting with a cis olefin like methyl oleate or ethyl 
oleate.32,33 The trans-olefin isomer like methyl elaidate and 
ethyl elaidate tend to give lower yield of canonical ozonide 
[H] of Fig.3 favouring other products including the 
polyozonide [I] of Fig. 3.32,33   

Indeed, in our earlier study on the decomposition of ethyl 
oleate ozonide (crude mixture) we measured a ΔHdec = -243 

kJ mol-1 while the calculated theoretical threshold is -278.5 
kJ mol-1.1 Further work is in progress in this field and it can 
be anticipated that with further experimental refinements the 
decomposition enthalpy of ethyl oleate ozonide matches the 
theoretical calculation range for ΔHdec.

34 

Conclusions 

With group increment calculation approach is shown that 
all the homologous series of terminal 1-olefin ozonation 
products decompose releasing an enthalpy of -272±22 kJ 
mol-1. The upper limit of the decomposition enthalpy is 
released by the decomposition of the bisperoxide structure 
[F] and polycarbonyloxide structure [G] of Fig. 2 with ΔHdec 
= -295 kJ mol-1. The canonical ozonide [A] of Fig. 1 shows 
an average ΔHdec = -270 kJ mol-1. In the ozonation of 
terminal olefin the latter compound is known to be 
preponderant. Finally, the polyozonide [D] of Fig. 2 
decomposition represents the lower limit with ΔHdec = -250 
kJ mol-1. 

The ozonation products of symmetrical olefins decompose 
releasing -288±10 kJ mol-1. The canonical ozonide (which is 
always preponderant as ozonation product and under certain 
reaction conditions the unique compound) shows a ΔHdec = -
298 kJ mol-1. The bis-peroxide and polycarbonyloxide show 
a ΔHdec = -284 kJ mol-1 and finally the corresponding 
polyozonide decomposes with a ΔHdec = -278 kJ mol-1. 

Monounsaturated fatty acids and fatty acid esters represent 
a case of asymmetrical olefin with two different substituents 
R and R’ attached to the double bonds (see Fig. 3). Also 
here, the analysis of all the possible ozonation products and 
their decomposition (see Fig. 3) leads to the conclusion that 
ΔHdec = -288±10 kJ mol-1 with the lower limit of -298 kJ 
mol-1 represented by the decomposition of the canonical 
ozonide [H] and cross-ozonides [K] and [N] which should 
be also the preponderant structures. The intermediate 
decomposition value is represented by the decomposition of 
bis-peroxide and polycarbonyloxide (structures [J], [M] and 
[P] of Fig. 3). The upper limit is represented by the 
polyozonide decomposition (structures [I], [L] and [O] of 
Fig. 3) with   ΔHdec = -278 kJ mol-1. 
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