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ABSTRACT 

Energetic Molecules as Future Octane Boosters: Theoretical and Experimental Study 

Mohannad Ali Abdullah Al-Khodaier 

The utilization of energetic strained molecules may be one way to mitigate carbon 

emissions or better and more economical fuel blends. To investigate candidate molecules, 

limonene and dicyclopentadiene, both theoretical and experimental procedures were 

implemented here. 

Computational quantum chemistry methods were employed to determine the 

thermodynamic properties and kinetic parameters for the hydrogen-abstraction reactions 

of limonene by a hydrogen atom. Geometry optimization and energy calculation was 

conducted for all stable species and transition states using Gaussian 09. The rate constants 

of the H-abstraction reactions were calculated using conventional transition state theory, 

as implemented in ChemRate software. The obtained values were fitted over the 

temperature range of 298 – 2000 K to obtain the modified Arrhenius parameters.  

Increasing the anti-knock quality of gasoline fuels can enable higher efficiency in spark 

ignition engines. This study explores blending the anti-knock quality of dicyclopentadiene 

(DCPD, a by-product of ethylene production from naphtha cracking), with various gasoline 

fuels. The blends were tested in an ignition quality tester (IQT) and a modified cooperative 

fuel research (CFR) engine operating under homogenous charge compression ignition 

(HCCI) and knock limited spark advance (KLSA) conditions. Ethanol is widely used as a 

gasoline blending component in many markets, due to current fuel regulations. The test 

results of DCPD-gasoline blends were compared to those of ethanol-gasoline blends. 



4 
 

  

Furthermore, the anti-knock properties of dicyclopentadiene (DCPD) as an additive to 

primary reference fuels (PRF) and toluene primary reference fuels (TPRF) have been 

investigated.  The research octane number (RON) and motor octane number (MON) were 

measured using cooperative fuels research (CFR) engine for four different fuel blends.  

Moreover, the ignition delay times of these mixtures were measured in a high-pressure 

shock tube at 40 bar and stoichiometric mixtures over a temperature range of [700-1200 

K]. Ignition delay measurements were also conducted using rapid compression machine 

(RCM) at stoichiometric conditions and 20 bar. An ignition quality tester (IQT) compared 

ignition delay times of iso-octane and DCPD. Furthermore, a chemical kinetic auto-ignition 

model was designed to simulate the IDT experiments.  
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Chapter 1: Introduction 

The worldwide trend in automotive fuels and engines development is generally directed 

towards achieving higher combustion efficiencies and lower emissions; this can potentially 

be achieved in several ways--through engine hardware modifications, fuel improvement 

and after-treatment system changes--either singly or in combination.  For gasoline spark 

ignition engines, evolution will involve down-sizing and boosting.  Down-sized boosted 

engines require high octane fuel that can resist knock under severe combustion conditions 

[1]. Current octane boosters like ethanol and MTBE are controversial in terms of food crop 

competition [2] and environmental issues [3] in addition to combustion related 

shortcomings due to the low energy content of oxygenates; therefore, future fuel 

development for such engines may offer the opportunity for energetic strained organic 

molecules to be used as fuel components. 

Strain in molecules arises for many reasons, but all of them will ultimately be attributed to 

an unfavourable conformation of the bonds or atoms in the molecule.  The effect of strain 

in a molecule is to increase the total energy of the molecule [4].  Such molecules may be 

considered as energy enriched and as such their higher energy density makes them 

desirable fuel components. 

The three main types of molecular strain are: 

1.1 Van der Waals strain 

This strain arises when non-bonded atoms are forced closer than their Van der Waals radii.  

The Van der Waals radius is equal to one half of the distance between two unbonded atoms 

when the electrostatic forces between them are balanced.  This can be illustrated in the 
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interaction of bromine atoms in 1,2-dibromocyclopropane (Figure 1.1).  The Van der Waals 

strain is increased as the size of the interacting molecules grows.  Typically, the Van der 

Waals strain energy value is about 0.5 to 1 kcal/mol [5]. 

 

Figure 1.1: Van der Waals Strain in 1,2-dibromocyclopropane 

 

There are three special cases of Van der Waals strain: 

1.1.1. Syn-pentane strain 

This strain occurs, uniquely, when the pentane molecule assumes a cyclopentane ring-like 

conformation (Figure 1.2).  The two terminal methyl groups are brought close to each other 

causing strain.  Typically, the syn-pentane strain energy value is around 3 kcal/mol [6]. 

 

 

Figure 1.2: Syn-pentane strain 
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1.1.2 Allylic strain 

This strain results from the interaction between a substituent (R1) bonded to an olefinic 

carbon atom and a substituent (R) bonded to a carbon atom in the α-position to the second 

carbon atom forming the olefinic double bond (Figure 1.3).  Typically, the allylic strain 

energy value is about 1 kcal/mol [7]. 

 

 

Figure 1.3: Allylic strain 

1.1.2. 1,3-diaxial strain 

This strain most commonly occurs in the case of the cyclohexane molecule and its 

derivatives (Figure 1.4). The strain arises when an axial substituent group, for example, 

one of the bromine atoms in 1,4-dibromocyclohexane is placed in the meta position to an 

axial hydrogen atom.  The 1,3-diaxial strain value is dependent on the size of the interacting 

substituent groups.  Typically, the 1,3-diaxial strain energy value is about 1 - 5 kcal/mol 

[8]. 

 

Figure 1.4: 1,3-diaxial strain in 1,4-dibromocyclohexane 
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1.2 Torsional strain 

This strain occurs in molecules in which atoms separated by three bonds are placed in an 

eclipsed conformation instead of a more stable staggered conformation.  The different 

conformations of butane in the Newman projection format (see Appendix A Figure A1) are 

one example of torsional strain (Figure 1.5). 

                    

           Eclipsed Conformation                 Staggered Conformation 

Figure 1.5: Conformations of butane in Newman projection format 

 

The differences in the strain energy values of various conformations of butane range from 

0 kcal/mol, when the butane molecule assumes the staggered conformation, to a maximum 

of 4.5 kcal/mol, when the butane molecule assumes the eclipsed conformation (Figure 1.6) 

[9]. 



21 
 

  

 

Figure 1.6: Butane molecule conformation energy profile 

 

1.3 Angle strain 

The most favoured geometry for a molecule occurs when the bonding and non-bonding 

electrons are as far away as possible from each other.  If these angles are compressed or 

stretched, angle strain will result.  These effects are most evident in the case of aliphatic 

carbocyclic molecules.  Bond angles as narrow as 60 degrees are found cyclopropane, and 

as wide as 128 degrees in cyclooctane (Figure 1.7). 
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Figure 1.7: Bond angles in carbocyclic rings 

In cyclopropane, the sp3 hybridized orbitals form bond angles of 60 degrees, while the 

normal tetrahedral bond angle is 109.5 degrees (Figure 1.8). Consequently, the strain 

energy of cyclopropane is 27 kcal/mol due to the conformational constraints, whereas the 

strain energy of n-propane is only 3.3 kcal/mol [9]. 

 

Figure 1.8: Angle strain in cyclopropane 



23 
 

  

 

In simple carbocycles, strain energy is highest in small ring systems, such as cyclopropane; 

in C5 and higher ring systems, strain energy values are much lower (Table 1.1). 

Table 1.1: Strain energies for carbocyclic rings 

Cycloalkane 
Strain Energy 

(kcal/mol) 
Cycloalkane 

Strain Energy 

(kcal/mol) 

Cyclopropane 27 Cycloheptane 6 

Cyclobutane 26 Cyclooctane 10 

Cyclopentane 6 Cyclononane 13 

Cyclohexane 0 Cyclodecane 12 

 

In carbocyclic rings consisting of 7 - 13 carbon atoms, the atoms are disposed to minimise 

angle and torsional strain. However, this can give rise to transannular strain, in which, for 

example, the hydrogen atoms of methylene carbon atoms 1, 5 and 8 in cyclodecane are 

brought close together (Figure 1.10). Typically, the transannular strain energy value 11.5 

kcal/mol [9]. 

 

Figure 1.10: Transannular strain 

 



24 
 

  

The fusion of two, carbocyclic rings can generate a strain energy value beyond the sum of 

strain energy values of the two individual molecules.  For example, the strain energy for 

benzene is almost zero, whereas the strain energy of naphthalene is 4.8 kcal/mol [9]. 

 

Figure 1.11: Aromatic carbocycles 

 

From this review of different types of strain in molecules and the magnitudes of strain 

associated with each type, it is evident that the energy enriched molecules with the highest 

potential for use in fuel formulation applications are carbocyclic molecules with high angle 

strain energy values.  Molecules exhibiting only Van der Waals and / or torsional strain do 

not contain enough additional internal energy to significantly impact the total energy 

released during combustion of the molecule. 

1.4  Measuring the energy content of molecules  

The potential energy contained within a molecule can generally be assessed using one of 

two important parameters: the heat of formation or the heat of combustion.  This 

assessment can be conducted from theoretical first principles using thermodynamic 

equations of state or practically by experimentation.  It is also possible to estimate the 

properties using models created by Benson, Franklin, Kharasch and others (see below). 
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1.4.1  Heat of formation 

The heat of formation (∆Hf
ₒ) is defined as the change in enthalpy when one mole of a 

compound is made from its individual atoms.  The heat of formation is equivalent to the 

sum of all the separate processes, included in the synthesis reaction.  The sum of the 

individual heat changed for each substance in the reaction is equal to the enthalpy change 

of the overall reaction, regardless of the number of steps or intermediate reactions involved. 

In some cases, a discrepancy was observed between the actual value and the expected value 

of the heat of formation for a compound; this difference may be attributed to strain energy.  

For example, the ∆Hf
ₒ
 of cyclohexane is -29.9 kcal/mol, while the ∆Hf

ₒ
 of 

methylcyclopentane is -25.5 kcal/mol (Figure 1.12).  Although both compounds are 

constitutional isomers with the same number of atoms and bonds, the higher heat of 

formation of methylcyclopentane is caused by the ring strain of the five-membered ring, 

which does not exist in the cyclohexane ring [10]. 

 

Figure 1.12: Constitutional Isomers 

 

The heat of formation of a molecule may also be estimated; the most widely used method 

was devised by Benson [11].  According to Benson ∆Hf
ₒ
 is calculated as follows: 

1. Identify the types of bonds present in the molecule. 

2. Count the number of each type of bond in the molecule. 
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3. Find the heat of formation for each type of bond using Benson’s tables. 

4. Multiply the number of each type of bond by ∆Hf
ₒ
 of that specific bond. 

5. Finally, add all the values; the result will be ∆Hf
ₒ
 of the whole molecule. 

Benson's method is accurate to within ±1 kcal/mol. However, the limitation in Benson’s 

method is that not all groups are available withinin the method’s table. 

A second method for calculating the heat of formation of pure gaseous compounds was 

devised by Franklin [12], who found that the heat of formation of various hydrocarbons 

could be estimated with a high degree of accuracy by adding the empirically determined 

values for the substituent groups.  This is the so-called group additivity theory.  Thus, from 

the measured heat of formation (or heat of combustion) for known compounds, the group 

contributions for each substituent group can be determined.  These values are then used as 

a basis for calculating the unknown, heats of formation of other materials.  Franklin’s 

method is accurate within ±1 kcal/mol.  This method can also be used to predict alterations 

in heat of formation value from structural modifications to a given compound. 

1.4.2  Heat of combustion 

Because it is easier to measure strain energy using ∆HC
ₒ
 values, strain energy is usually 

determined from the heat of combustion (∆HC
ₒ
) and not from the heat of formation.  The 

heat of combustion value for a molecule is obtained by burning the compound of interest 

in a sensitive bomb calorimeter, then quantifying the heat released upon combustion by 

recording the resulting rise in temperature.  

In 1929, Kharasch [13] developed a method for estimating the heat of combustion of a 

liquid; the method is also useful because the results are directly convertible to a value of 
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the heat of formation by using known heats of formation for the other compounds 

appearing in the stoichiometric combustion equation.  Kharasch based his method on the 

combustion of the liquid hydrocarbon with gaseous oxygen to form liquid water and 

gaseous carbon dioxide.  It is assumed that the heat generated during burning in oxygen is 

due to the interdisplacement of the electrons between the carbon and oxygen atoms.  It is 

further assumed that the net amount of energy interchanges in the form of heat is equal to 

26.05 kcal per electron per mole, if the initial and final states of the electron correspond to 

those around the carbon nucleus in methane and in carbon dioxide, respectively.  The 

method is simple, and calculations are accurate to within one or two percent. 

More recently Demirbaş [14] developed a method to calculate the heat of combustion 

(higher heating value) of alkanes by measuring their density and viscosity values.  

Predictive equations were developed for the samples by creating correlations obtained by 

means of regression analyses.  The calculated heat of combustion values showed excellent 

agreement with the experimental results for the materials tested. 

The highest ∆HC
ₒ
 per carbon atom are found in the most strained ring systems--such as 

cyclopropane--which has a heat of combustion value of 166.3 kcal/mol (Figure 1.13).  The 

heat of combustion value for cyclobutane is slightly lower at 163.9 kcal/mol.  Heat of 

combustion values for higher carbocycles in the C5 – C12 range are all similar and fall in 

the range 156.6 – 158.3 kcal/mol [15]. 
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Figure 1.13: Heat of combustion of different cycloalkanes  

1.5  Review of l iterature on high energy, organic,  strained molecules  

To better understand the scope of high energy density, organic, strained molecules as fuel 

blending components, a survey of both the patent and the general literature on this subject 

was conducted.  The findings from key documents are summarized below. 

1.5.1  Patent literature survey 

Sixteen relevant patents were identified: 

1. US patent 5076813 [16] teaches a fuel with a high energy to control the ignition in 

internal combustion engines. This fuel contains quadricyclane (tetracyclo-[2.2.1.0-(2,6).0-

3,5]-heptane).  The synthesis of quadricyclane is simple by the irradiation of 

norbornadiene. Quadricyclane has a high density of 0.98 g/cm3 and boiling point of 108 

oC, which falls in the gasoline boiling range.  The quadricyclane molecule has a heat of 

combustion value of 161725 BTU/gal and a high strain energy value of 94 kcal/mol. 

This patent also claims that using this fuel than contains quadricyclane significantly 

increases the energy per unit volume of fuel, and favourably enhances the combustion 
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characteristics.  The performance of quadricyclane was demonstrated in a single-cylinder 

engine.  Compared to a toluene reference blend (composition A), a 70% toluene + 30% 

quadricyclane mixture (composition B) improved torque by 2.3% and power by 2.3% and 

it reduced specific fuel consumption by 4.2% (Table 1.2). A 50% toluene + 50% 

quadricyclane mixture (composition C) improved torque by 3.8%, power by 3.8% and it 

reduced specific fuel consumption by 7.0% compared to toluene. 

Table 1.2: Single cylinder engine test results for toluene / quadricyclane blends 

Parameter Composition 

 (A) (B) (C) 

Torque (Nm) 26.3 26.9 27.3 

Power (kW) 14.87 15.21 15.43 

Specific consumption (g/kW·Hour) 383 367 356 

Mixture strength (air/fuel) 12.46 12.68 12.82 

Spark advance (output shaft degree) 42 40 38 

Speed 5400 rpm 

Throttle fully opened 

 

 

2. US patent 4270014 [17] teaches a method for converting 

endotetrahydrodicyclopentadiene to the corresponding exo isomeric form using a nickel 

hydrogenation catalyst.  The advantage of this process is the conversion of the high melting 

point endo isomer to the low freezing point exo isomer (Table 1.3).  
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Table 1.3: Properties of tetrahydrodicyclopentadiene isomers 

Isomer Freeze Point (oF) Melting Point (oF) 

endo - 171 

exo -110 - 

 

 

3. US patent 4286109 [18] teaches a high-density specialty fuel that contains a 

minimum of 70% wt. of exotetrahydrodicyclopentadiene and the rest is a mixture of C5-C7 

alkanes and cycloalkanes. It also contains tetrahydro derivatives of trimer and co-trimer of 

cyclopentadiene and methylcyclopentadiene. The patent describes the properties of three 

blends (A, B and C) of differing composition (Table 1.4).  Blend C, which is composed of 

75% exotetrahydrodicyclopentadiene (JP-10), 20% co-trimer and 5% C5 hydrocarbons 

(>70% cyclopentadiene) has the highest specific gravity and the highest heat of 

combustion. 

 

Table 1.4: Properties of various tetrahydrodicyclopentadiene blends 

 Blend 

Composition A B C 

Wt.% exotetrahydrodicyclopentadiene 85 80 75 

Wt.% Co-trimer 12 16 20 

Wt.% C5 hydrocarbons (>70% cyclopentadiene) 3 4 5 

Property    

Specific Gravity (60oF/60oF) 0.940 0.940 0.943 

Heat of Combustion (BTU/gal) 142295 142347 142613 
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4. US patent 4394528 [19] teaches a fuel containing  saturated analogues of dimers of 

methylcyclopentadiene and dicyclopentadiene; which makes a high density liquid 

hydrocarbon. It might also contain saturated analogues of the co-trimers previous dienes 

or trimers of cyclopentadiene.  Different dimers and trimers are mixed in a systematic way 

to optimize the fuel performance.  The patent describes the properties of several blends (A 

– E) of differing composition (Table 1.5).  Blend A, is a mixture of 33.3% 

exotetrahydrodicyclopentadiene, 33.3% tetrahydromethylcyclopentadiene, and 33.3% co-

trimers has the highest specific gravity and highest heat of combustion. 

 

Table 1.5: Properties of various cyclopentadienederivative blends 

  Blend 

Composition A B C D E 

Wt.% exotetrahydrodicyclopentadiene 33.3 40 40 35 27 

Wt.% tetrahydromethylcyclopentadiene 33.3 40 40 40 73 

Wt.% Co-trimer 33.3 20 0 0 0 

Wt.% tetrahydrotricyclopentadiene 0 0 20 20 0 

Property  

Specific Gravity (25°F) 0.955 0.948 0.948 0.953 - 

Heat of Combustion (BTU/gal) 144420 143132 142109 144389 141100 

 

5. US patent 4507516 [20] teaches a process to produce a fuel by the hydrogentation 

of a mixture of hydrocarbons (C11 to C16). These hydrocarbons have butadiene and 

cyclopentadiene as structural unit. The reaction proceed by reacting acyclic conjugated 

diene with dicyclopentadiene, cyclopentadiene and alkyl-substituted cyclopentadiene or 

dicyclopentadiene. This reaction follows Diels-Alder reaction, in which, the isomer is 

produced by the isomerization of the hydrogenated mixture and the isomerized material.   

The reaction of butadiene and cyclopentadiene (1:1 ratio) resulted in a final product having 
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a density of 0.99 g/cm3 and a net heat of combustion of 150533 BTU/gal.  The reaction of 

isoprene and cyclopentadiene (1:1 ratio) formed a final product having a density of 0.97 

g/cm3 and a net heat of combustion of 148949 BTU/gal. 

 

6. US patent 4277636 [21] teaches that when a mixture of dimers and dienes is heated 

in a solution of an inert solvent, like toluene, for approximately one hour, then 

hydrogenating the resultant trimerization product.  This will lead to the production of co-

trimers of cyclopentadiene and methylcyclopentadiene. A typical, hydrogenated fuel 

mixture of methylcyclopentadiene and cyclopentadiene co-trimers has a density of 

1.018g/cm3 and typical heat of combustion of 152300 BTU/gal. 

 

7. US patent 4059644 [22] teaches a procedure in which the production of a high 

density fuel is achived by heating a mixture of cyclopentadiene and methylcyclopentadiene 

dimers leading to initiate the formation of the cyclopentadiene trimer via Diels-Alder 

reaction. This step is followed by the hydrogenation of the unsaturated trimer product.  

After distillation, the resulting products is the C15 and higher cyclopentadiene oligomers, 

which is a low-viscosity liquid at room temperature with a specific gravity of 1.073 and a 

heat of combustion of 156595 BTU/gal. 

 

8. US patent 3113424 [23] describes the utilization of the new high energy tetracyclo-

[3.3.1.0.2,4 06,8]-nonane as a fuel. This fuel experience a high density and high heat of 

combustion values and a low freezing point (Table 1.6). 
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Table 1.6: Tetracyclo-[3.3.1.0.2,4 06,8]-nonane properties 

Parameter Value 

Density (g/ml at 20°C) 0.991 

Heat of combustion (BTU/gal) 151341 

Freeze point (°C) -50 

 

9. US patent 4762092 [24] teaches a fuel with high density which comprised mainly 

of a tetracyclo-[7. 3. 1. 02,7. 17,11]-tetradecane derivative expressed by the generalized 

formula in which each of m and n is zero, one or two, and the summation of m and n is two 

or lower (Figure 1.14).  The reaction of tetrahydroindene and methylcyclopentadiene yields 

a product with a specific gravity of 0.994 and a heat of combustion value of 152302 

BTU/gal.  The reaction of methylcyclopentadiene and isoprene yields a product with a 

specific gravity of 0.986 and a heat of combustion value of 152558 BTU/gal. 

 

 

Figure 1.14: Tetracyclo-[7. 3. 1. 02,7. 17,11]-tetradecane 

 

10. European Patent 0364051 [25] teaches a unique components of a high energy fuel 

that is meant to be used in direct-injection internal combustion engines. It comprises of 

cubane or of its alkyl-derivatives (Figure 1.15); in which R′ and R˝ independently 
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represent, either a hydrogen atom or a radical of 1 to 3 carbons.  Cubane has a very high 

density of 1.29 g/cm3 and a very high heat of combustion value of 215386 BTU/gal. 

 

 

Figure 1.15: Generic cubane structure 

This patent also demonstrates the engine performance advantages of cubane in the 

produced power and fuel consumption under maximum load conditions using a Ricardo 

Hydra, single-cylinder, direct fuel injection, naturally-aspirated engine.  Results for the 

comparison of conventional gasoline and a mixture of 70% gasoline and 30% cubane at 

the stoichiometric equivalence ratio indicated that cubane increased delivered power by 

5.0% to 6.5%, and reduced specific fuel consumption by 1.0% to 1.8% over the engine 

speed range (Table 1.7). 

 

Table 1.7: Engine test results for gasoline and gasoline / cubane mixtures 

 Conventional Gasoline 

 

70% Conventional Gasoline 

+ 30% Cubane 

 

 

Engine Speed 

(rpm) 

Delivered 

Power 

(kW) 

Specific Fuel  

Consumption 

(g/kWh) 

Delivered 

Power 

(kW) 

Specific Fuel  

Consumption 

(g/kWh) 

Power 

Improvement 

with Cubane 

(%) 

Consumption 

Improvement 

with Cubane 

(%) 
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1200 4.0 300 4.2 295 5.0 1.7 

2400 8.8 225 9.3 221 5.7 1.8 

3600 13.0 280 13.8 277 6.2 1.1 

4800 15.5 300 16.5 297 6.5 1.0 

5400 16.0 330 17.0 324 6.3 1.8 

    
Average 5.94 1.48 

 

 

11. US patent 2407717 [26] teaches that blending isooctane with 1,1,2-

trimethylcyclopropane yields a fuel with better octane number, volatility, adequate 

chemical stability, and higher sensitivity than isooctane alone, although no data are 

presented to quantify these claims.  The fuel containing 1,1,2-trimethylcyclopropane had 

achieved two things 1) improved anti-knock properties over the whole boiling range, 2) 

improved anti-knock properties with changing stoichiometric ratio.  It operated efficiently 

during cruising and performed satisfactorily under very high load conditions. 1,1,2-

trimethylcyclopropane has high octane number, high sensitivity and high rich mixture 

response, although no actual data are presented to support these assertions.  It is also 

claimed that sensitive hydrocarbons, higher difference between RON and MON, will 

promote higher engine power output when operating under rich conditions.  The density of 

1,1,2-trimethylcyclopropane is reported to be 0.754 g/cm3. 

 

12. US patent 4355194 [27] teaches a method for catalytically isomerizing a mixture 

of hexacyclic dimers obtained by dimerizing norbornadiene in the presence of a zero valent 

iron complex whereby the hydrogenated derivatives of the resultant isomerization product 

exhibit a substantially lower freeze point than that associated with the hydrogenated 
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derivatives of the precursor dimer mixture (the latter representing the highest energy liquid 

hydrocarbon fuel commercially available, with a heating value of 161000 BTU/gal.). 

 

13. US patent 4401837 [28] teaches a high-density fuel of 

exotetrahydrotricyclopentadiene alone and in mixtures with other high density fuels, such 

as exotetrahydrodicyclopentadiene to obtain a higher energy and density fuel mixture.  

Exotetrahydrotricyclopentadiene has a density of 1.0376 g/cm3 and a net heating value of 

155522 BTU/gal.  The preferred mixture is 60% exotetrahydrotricyclopentadiene and 40% 

exotetrahydrodicyclo-pentadiene which has a density of 0.996 g/cm3 and heat of 

combustion value of 150600 BTU/gal. 

 

14. US patent 5220085 [29] teaches a process, in which, a fuel is produced by the 

addition-rearrangement of pentacyclo-[7. 5. 1. O 2,8 . O3,7 . O10,14 ]-pentadecane (high 

density fuel) by the utilization of a super acid, such as trifluoromethanesulfonic acid.  The 

resulting hydrocarbon mixture has a density of 0.995 g/cm3 and a heat of combustion of 

148500 BTU/gal. 

 

15. US patent 3326992 [30] teaches novel compositions comprising mixtures of 

partially-saturated bicycloheptadiene dimer mixtures. There are two dimers of 

bicycloheptadiene, dimer I known as pentacyclo-(8.2.1.14,7.02,9.03.8)tetradeca – 5,11 – 

diene and dimer II known as hexacyclo (6.3.1.13,13.17,10.02,4.06,11)tetradec-8-ene (Figure 

1.16).  
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Figure 1.16: Dimeric structures of bicycloheptadiene 

Dimer I has three isomers Ia, Ib, and Ic (not shown). The heat of combustion values for the 

isomers vary widely with dimer I, isomer Ia having the highest value (Table 1.8). 

Table 1.8: Properties of bicycloheptadiene isomers 

Dimer I II  

Isomer Ia Ib Ic - 

Heat of Combustion (BTU/gal) 185218 166170 168994 170196 

 

 

16. US patent 4387257 [31] teaches the use of norbornadiene as an octane enhancing 

agent for hydrocarbon gasolines.  Findings are not detailed in this patent, but in outline 

show that norbornadiene is a very good octane enhancer at low concentrations, with the 

addition of 1.1% vol. increasing the RON value of the hydrocarbon base gasoline by 0.9 

units (Table 1.9).  At larger doses however, norbornadiene is relatively less effective 

giving, for example, a total RON increase of 1.9 units when present at 15% vol. in the 

gasoline. 
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Table 1.9: Norbornadiene RON blending values 

Norbornadiene Concentration  

(vol. %) 

Fuel RON increase 

(Δ) 

1.1 0.9 

5 1.4 

10 1.8 

15 1.9 

 

 

In summary, this review has identified a large body of patents dating back as far as 1942, 

that concern the use of high energy density, organic, strained molecules as fuel 

components.  Information was found regarding compounds with carbon numbers ranging 

from C3 up to C15.  A considerable body of information exists on the use of 

exotetrahydrodicyclopentadiene (known commercially as JP-10) and 

tetrahydromethylcyclopentadiene dimer (known commercially as RJ-4), and their higher 

derivatives, which are principally used as rocket fuels.  The highest density material 

discovered was cubane which had a density value of 1.29 g/cm3.  Cubane also has the 

highest heat of combustion value of 215386 BTU/gal.  Typically, strained molecules were 

found to have heat of combustion values in the range 150000 - 160000 BTU/gal and 

densities in the range 0.8 - 1.0 g/cm3.  These values can be compared to gasoline which has 

a density of about 0.75 g/cm3 and a heat of combustion value of 116000 BTU/gal. 

None of the patents surveyed cited any information about the impact of the molecule or 

molecules on regulated or unregulated engine emissions, and only in two (US patent 

2407717 and EP 0364051) was octane enhancement mentioned. 



39 
 

  

1.6  Literature survey 

There is a very large body of literature on the general subject of high energy density, 

organic, strained molecules.  This survey will highlight key aspects of these compounds in 

the context of their use as fuel components with emphasis on sourcing and selection, 

renewability, and prediction and measurement of physical and chemical properties. 

1.6.1 Sourcing and selection  

A comprehensive review of potential high energy density, stained, organic molecule fuel 

candidates published by J. W. Frankenfeld et al. [32] concluded that a rational approach to 

finding new candidate fuels would be to search among oil refinery and petrochemical plant 

processes for hydrocarbon streams and side-streams rich in energy-dense compounds.  

These low-cost streams could then be modified to improve their physical and--to some 

extent--their energy properties, as needed.  The candidates were chosen based on the 

following criteria: 

1) Density 

2) Hydrogen to carbon (H/C) ratio 

3) Cost 

4) Heat of combustion 

5) Projected availability 

6) Other physical properties, such as stability and cold flow properties 



40 
 

  

The best overall candidates were found to be chemical plant streams, especially those rich 

in olefins. The most promising streams contained cyclic olefins, which displayed a good 

compromise between high energy, high density and stability. 

Based on the selection criteria described, four specific candidates were identified as the 

best choices for use as fuel components (Table 1.10). Two of the four were a by-product 

stream from a chemical plant and a stream from a refinery; the other two were synthetic 

pure chemicals: cyclododecatriene and tetrahydrodicyclopentadiene. 

 

Table 1.10: Candidate fuels properties 

Candidate 

 

Density 

(g/cm3) 

 

H/C 

Ratio 

Heat of 

Combustion 

(BTU/gal) 

Availability Cost Properties 

Chemical plant stream rich 

in dicyclopentadiene 

(>85%) 

0.9818 1.2430 154130 

By-product 

of naphtha 

steam 

cracking 

Low 
Poor 

CFP** 

Pure 

cyclododecatriene 
0.8863 1.4729 143885 

Specialty 

chemical, 

few 

producers 

Medium 
Moderate 

CFP 

Pure 

tetrahydrodicyclopentadiene 
0.9381 1.5805 150239 

Specialty 

chemical, 

very few 

producers 

High 
Good 

CFP 

Refinery stream* 0.9254 1.6978 148390 

Heavy 

refinery 

streams 

Low 
Moderate 

CFP 

*60.3% saturates, 33.7% aromatics, and 6% polars (phenols and other oxygenated species 

plus some N and S compounds) 

 
**CFP = Cold Flow Properties 
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The following observations were made: 

1. The density range for the four candidates was 0.8863 – 0.9818 g/cm3 with the order 

(lowest to highest) being cyclododecatriene < refinery stream < tetrahydro-

dicyclopentadiene < chemical plant stream rich in dicyclopentadiene. 

2. The H/C ratio range was 1.2430 – 1.6978 with the order (lowest to highest) being 

chemical plant stream rich in dicyclopentadiene < cyclododecatriene < 

tetrahydrodicyclopentadiene < refinery stream. 

3. The heat of combustion range was 143885 – 154130 BTU/gal with the order (lowest 

to highest) being cyclododecatriene < refinery stream < tetrahydrodicyclopentadiene <  

chemical plant stream rich in dicyclopentadiene. 

4. The availability of the four candidates was ranked in the order (lowest to highest) 

as tetrahydrodicyclopentadiene < cyclododecatriene < chemical plant stream rich in 

dicyclopentadiene < refinery stream.  Tetrahydrodicyclopentadiene is a specialty chemical 

produced in small quantities by very few chemical companies at high cost, from the 

hydrogenation of dicyclopentadiene.  Cyclododecatriene is also a specialty chemical 

produced by cyclotrimerization of butadiene using a titanium tetrachloride/ 

organoaluminium catalyst system by a few chemical companies at moderate cost.  The 

chemical stream rich in dicyclopentadiene is a byproduct of the steam cracking of naphtha 

or gas oils to produce ethylene.  The refinery stream originated from heavy fractions of 

crude oil distillates. 
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5. The cost of the four candidates was ranked in the order (lowest to highest) as 

refinery stream = chemical plant stream rich in dicyclopentadiene < cyclododecatriene < 

tetrahydrodicyclopentadiene. 

6. Other physical properties (one of the most important being cold flow performance 

defined as component solubility in a hydrocarbon medium at low temperature) for the four 

candidates was ranked in the order (poorest to best) as chemical plant stream rich in 

dicyclopentadiene < refinery stream = cyclododecatriene < tetrahydrodicyclopentadiene. 

The refinery stream described in the Frankenfeld report is actually a heavy refinery stream 

with a boiling range above 600 oF.  This high boiling range means that the material 

identified cannot be used as is in the production of gasoline, where typical distillation final 

boiling point values are in the region of 400 oF. 

The data in the table indicate that the most desirable candidate possesses a high density and 

a heat of combustion per unit volume, coupled with a low H/C ratio.  In the study, the most 

suitable component based on the selection criteria, was the chemical plant stream rich in 

dicyclopentadiene. 

The study by Frankenfeld was completed in the early 1970’s.  A review of the more recent 

literature identified norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) as a high energy 

density, stained, organic molecule available on industrial scale, which has potential as a 

fuel blending stream. 

Norbornadiene is a polycyclic diolefin which is highly strained (Figure 1.17).  Several bond 

angles in the molecule are much smaller (60 and 90 degrees) than the ideal value (109.5 

degrees).  Norbornadiene has a high density value of 0.906 g/cm³.  The strain energy of 
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norbornadiene is 66 kcal/mol and ∆Hcomb
ₒ

 value is 144754 BTU/gal.  For comparison, 

benzene, a common compound found in gasoline, has strain energy of nearly zero and the 

∆Hcomb
ₒ

value is 131640 BTU/gal. 

 

Figure 1.17: Norbornadiene structure 

 

Norbornadiene is readily synthesized by the Diels-Alder reaction of cyclopentadiene and 

acetylene, two commonly available materials (Figure 1.18). 

 

 

Figure 1.18: Synthesis of norbornadiene 

 

Being a diolefin, norbornadiene is expected to have good anti-knock properties.  

Furthermore, as an ashless (non-metallic) compound, it is favoured much higher than 

metal-based anti-knock enhancers. 
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Norbornadiene is the basic building block for a wide range of polycyclic molecules, such 

as tetrahydrodicyclopentadiene, norbornene and benzonorbornadiene, which may also 

have potential as high energy density fuel components (Figure 1.19). 

 

 

Figure 1.19: Derivatives of norbornadiene 

 

The Frankenfeld study also reviewed the possible chemical synthesis of exotic, high 

energy, high density fuel components; it was concluded that this was a potentially fertile 

area for research.  Introduction of highly strained rings, such as cyclopropyl groups, confers 

significant energy on some existing structures.  In addition, entirely new molecules may be 

constructed.  The classes of exotic fuel components recommended for initial examination 

were selected from the (then) recently reported advances in synthetic organic chemistry.  

A survey of that literature identified several classes of exotic chemicals which could 

possess desirable fuel characteristics.  The potential fuels were classified into three general 

categories:  Adamantanes, Dewar benzenes, and spiro derivatives (Figure 1.20). 
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Figure 1.20: Some exotic fuel components 

The adamantane molecule consists of four connected cyclohexane rings arranged in the 

armchair configuration.  It is unique in that it is both rigid and virtually stress-free; it has 

a high density of 1.08 g/cm3 and a very high heat of combustion value of 171726 BTU/gal. 

Dewar benzene, unlike benzene, is not flat, but consists of two cyclobutene rings arranged 

at an angle of 70 degrees; nevertheless, the compound has considerable strain energy (95 

kcal/mol) and reverts back to benzene with a chemical half-life of two days.  The heat of 

combustion value of Dewar benzene is 151619 BTU/gal. 

Spiro compounds are bicyclic organic molecules with rings connected through just one 

carbon atom.  The rings can be different in nature or identical.  Small ring spiro compounds 

contain a significant amount of stain energy.  For example, spiropentadiene has strain 

energy of 119 kcal/mol.  This molecule is very unstable and decomposes thermally below 

−100 °C. 

A review of the chemical synthesis literature in the post Frankenfeld report era identified 

cubane as a potential fuel component.  This hydrocarbon molecule consists of eight carbon 

atoms arranged at the corners of a cube (Figure 1.21).  Each carbon atom has one hydrogen 

atom bonded to it.  Before it was first synthesized in 1964, scientists believed it impossible 

to make a molecule with sharp, 90-degree angles.  The unique, 90-degree bond angles of 
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cubane make it a highly strained molecule.  Although cubane is thermodynamically 

unstable, it is kinetically stable up to 200°C. 

 

 

Figure 1.21: Cubane structure 

The strain energy of cubane is 166 kcal/mol and the heat of combustion of cubane is 215386 

BTU/gal.  For comparison, the strain energy of benzene, a common compound found in 

gasoline, is almost zero and the ∆Hcomb
ₒ

 is 131640 BTU/gal.  Cubane is also notable in that 

it has the highest density (1.29 g/cm3) of any hydrocarbon, which means that it contains 

considerable energy per unit volume. 

The use of cubane as a fuel component was investigated by Philip Eaton et al. [33]. It was 

found that cubane had two main advantages: (1) cubane had a heat of combustion of about 

11,115 kcal/kg (215386 BTU/gal), which is about 5% more than the corresponding value 

of 10,500 kcal/kg (118295 BTU/gal) for conventional gasoline; and (2) the air/cubane 

stoichiometric mixing ratio is 13.2, so for the same amount of air, 9% more cubane by 

weight can be combusted in the engine compared to conventional gasoline.  From this 

information, it was concluded that under the same operating conditions in a normal 

gasoline engine, when the 5% gain from the heat of combustion and the 9% gain from the 

air/cubane stoichiometric mixing ratio are added together, there is a 14% increase in the 

energy content of cubane compared to a conventional gasoline. 
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The synthesis of cubane is quite complex and lengthy (Appendix A Scheme A1).  

Investigation is needed to simplify the synthetic route and reduce the high cost of the 

material. 

The rationale for including these classes of exotic compounds in the Frankenfeld and 

present reviews is that they are highly energy enriched compounds due to the considerable 

strain energy contained within the molecular structures.  When such molecules are 

combusted, the strain energy released can increase combustion efficiency.  However, the 

cost associated with the syntheses of such molecules is expected to be very high, not only 

in the initial development stage, but also during actual production.  On the basis of cost 

effectiveness, further development of a fuel based upon petrochemical and refinery streams 

is seen as more practical than the synthesis of pure compounds. 

 

1.6.2 Renewable strained molecule fuel components 

The idea of renewable strained molecules has received great attention recently.  In an 

interesting paper by Heather A. Meylemans et al. [34], a series of high density renewable 

fuels were synthesized through selective dimerization of α-pinene, camphene, limonene, 

and crude turpentine (Table 1.11). 

Table 1.11: Comparison of densities and heat of combustion of terpene dimers and other 

fuels 

Fuel 
Heat of Combustion 

(BTU/gal) 
Density (g/cm3) 

Viscosity 

(40 °C, cSt) 

Camphene dimer 142013 0.941 − 

α-Pinene dimer 141054 0.935 − 

β-Pinene dimer 141745 0.938 − 

Limonene dimer 137423 0.914 − 

JP-5 125000 0.820 − 
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JP-10 142000 0.940 − 

RJ-5 161000 1.080 − 

Gasoline 116000 0.740 − 

Diesel 129000 0.850 − 

Biodiesel 118000 0.880 − 

β-Pinene monomer 132000 0.860 35.05 

α-Pinene monomer 132000 0.860 34.68 

Camphene monomer 142013 0.941 34.96 

Limonene monomer 137423 0.914 25.86 

 

The fuels produced by this process had net heat of combustion values ranging from 137000 

to 142000 BTU/gal, comparable to the tactical missile fuel, JP-10.  Fuels derived from both 

α-pinene and camphene had similar densities and heat of combustion due to isomerization 

of α -pinene to camphene prior to dimerization.  In contrast, limonene dimers exhibited a 

much lower density and viscosity due to their ring-opened structures.  The performance of 

the renewable fuels described suggested that they had potential as significant components 

in jet, diesel, and tactical fuels.  The densities of the terpene dimers ranged from 0.914 to 

0.941 g/cm3 and were much higher than those for key conventional fuels. 

1.6.3 Prediction and measurement of physical and chemical properties 

A considerable amount of theoretical work has been done to predict the properties of high 

energy density molecules.  This is well illustrated by Xiao-Wei Fan et al. [35] in their paper 

which reports on a study of the computation of strain energies for a series of cubane 

derivatives using specially designed homodesmotic reactions.  Total energies of the 

optimized geometric structures at the DFT-B3LYP/6-31G* level were used to derive the 

strain energy. 

The strain energy value of cubane was calculated as 169.13 kcal/mol for homodesmotic 

reaction, which is in fair agreement with the experimental value of 162.7 kcal/mol.  The 

strain energy values of polydifluoroaminocubane and polynitrocubane were found to 
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remain nearly constant as one or two substituent groups were added to the cage skeleton 

(Table 1.12).  However, the strain energy dramatically increased when the number of 

substituent groups was increased to eight.  

Table 1.12: Calculated strain energies (kcal/mol) of substituted cubanes 

Compound NF2 NO2 N3 ONO2 

1- 167.92 166.90 166.40 163.80 

1,2- 171.61 172.03 165.31 164.18 

1,3- 169.07 170.04 164.90 162.51 

1,4- 168.53 169.61 162.87 161.88 

1,3,5- 172.08 176.48 165.05 163.11 

1,3,5,7- 176.81 186.13 166.02 169.03 

1,2,3,5,7- 188.63 203.40 166.95 177.23 

Hexa- 201.91 221.09 168.11 192.25 

Hepta- 216.16 242.01 170.34 198.89 

Octa- 231.47 263.63 172.92 217.53 

 

For polyazidocubane, anything up to tetra-substitution caused very little change in the 

overall strain energy of the molecule.  The azido group appeared to moderate strain energy 

of cubane skeleton when the number of azido groups was less than four; thereafter, further 

substitution resulted in a small rise of ca. 6 kcal/mol in the strain energy of the molecule.  

The calculated strain energy value of octaazidocubane was 172.92 kcal/mo. For 

polynitratocubane, the initial impact of substitution on strain energy was similar to that for 

polyazidocubane.  However, after the addition of four substituents, strain energy values 

increased markedly. 

Fan [35] found that among the four types of substituent groups, the nitro group had the 

greatest effect on the strain energy of the caged cubane skeleton.  Octanitrocubane had the 

highest calculated strain energy value of 263.63 kcal/mol. 
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Much research has been conducted to calculate physical characteristics (such as density), 

of strained molecules to more easily identify compounds or their derivatives with the most 

desirable properties.  As an example, Li-Mei Qiu et al. [36] studied the densities of 

pentacyclo-[5.4.0.02,6.03,10.05,9]-undecane and its derivatives.  The pentacycloundecane 

molecule is of considerable interest due to its very high strain energy of 93 kcal/mol.  

However, pentacycloundecane is highly volatile and not very soluble in hydrocarbon fuels.  

Alkyl group substitution on the pentacycloundecane skeleton will reduce volatility and 

increase compound solubility in hydrocarbon media.  

The effect on density of the position and size of alkyl group substitution on the 

pentacycloundecane skeleton was calculated; and it was found that density values for 

methylated, ethylated, isopropylated, and isobutylated pentacycloundecanes were 1.22, 

1.20, 1.19, and 1.18 g/cm3, respectively.  This decrease of density values with the 

increasing size of the substitution group was explained by the less compact structures of 

the alkyl substituted pentacycloundecanes compared to that of the parent 

pentacycloundecane skeleton.  The findings demonstrated that there was an inverse 

relationship between increasing molecular weight / hydrocarbon solubility and density. 

In 1999, Karelsona et al. [37] discovered that a general quantitative structure properly 

relationship (QSPR) treatment of a data set incorporating 303 individual structures 

(containing C, H, N, O, S, F, Cl, Br and I) from a wide cross section of classes of organic 

liquids, gave an excellent two-parameter correlation for densities (R2=0.9749, s2=0.0021 

for ρ20), the statistical treatment to find the best multi-parameter correlations from subsets 

of given size within larger sets of molecular descriptors.  
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The descriptors involved in the correlation equation that describe the density (ρ) are the 

intrinsic density calculated as the ratio of the molecular mass over the theoretically 

calculated Van der Waals molecular volume and the total molecular electrostatic 

interaction per atom in the molecule.  It has been demonstrated that with just a two-

parameter equation, the densities for compounds that are unknown, unavailable, not easily 

handled (toxic, odorous, etc.) or not yet synthesized can be predicted with a considerable 

degree of accuracy.  The resulting individual QSPR correlation equations involve one to 

four parameters with standard errors ranging from 0.027 for hydrocarbons to 0.085 g/cm3 

for halogenated compounds. 

Gisele Mendes et al. [38] used distillation curves (ASTM D86) associated with multivariate 

calibration (PLS-partial least squares) were used to predict MON (motor octane number) 

and RON (research octane number) parameters of automotive fuel RMSEC (root mean 

square error of calibration) and RMSEP (root mean square error of prediction).  RMSEC 

values obtained were 0.051 and 0.078, and RMSEP values were 0.063 and 0.085 for MON 

and RON, respectively.  These low values along with high accuracy, when compared to 

standard test methods (ASTM D2700 and ASTM D2999), indicated that the PLS models 

were satisfactory to predict MON and RON values and can be used as an alternative to 

control quality for automotive gasoline. 

The PLS multivariate method applied to the distillation curves enabled prediction of MON 

and RON values in gasoline samples in a range from 81.6 to 83.4 for MON, and 97.3–

101.4 for RON; and they achieved low RMSEC and RMSEP values. 
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1.7 High energy density molecules as fuel blending components 

Ongoing fuel development research activities are focused on gasoline blending 

components that will help achieve the following: 

1. increased fuel economy 

2. reduced CO2 emissions 

3. improved anti-knock properties 

This review has identified several groups of organic compounds with the potential to satisfy 

these requirements; the compounds can predictably be classified as olefins, aromatics or 

branched alkanes. 

It was initially postulated that strain energy is an important contributor to the total energy 

content of a molecule and that this strain energy can be advantageously harnessed to 

produce valuable energy rich fuel components; findings from this review suggest that this 

concept is not entirely accurate however.  For example, cubane has a strain energy value 

of 166 kcal/mol, the highest of any molecule, while the total energy content of cubane as 

measured by the heat of combustion is 1156 kcal/mol. Thus, strain energy accounts for 

only a small part (14.4%) of the total realisable energy of cubane. 

This review clearly shows that the volumetric heat of combustion and the density of a 

hydrocarbon molecule are the most important factors in determining its potential as a high 

energy fuel component. It has been found that for the carbocyclic molecules discussed in 

this review, there is a fairly good, near linear relationship between these two parameters, 

suggesting that the most effective fuel components (those with the greatest energy content) 

also happen to be the most dense materials. The impact of the hydrogen to carbon (H/C) 

ratio is also an important factor; but this ratio does not vary widely for the types of 
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carbocycles discussed here and it may be considered as a secondary factor.  With this in 

mind, some interesting candidates that could be useful in exploring the effect of these 

parameters and their inter-relationship would include adamantine, which has high heat of 

combustion (171726 BTU/gal) and cubane (215386 BTU/gal). In terms of density, cubane-

-with the high value of 1.29 g/cm3, and methylpentacycloundecane with a value of (1.22 

g/cm3)--are interesting materials for study. 

Limitations in terms of availability or cost for these molecules suggests that other materials 

should be evaluated. Industrially available, cyclic olefins, such as dicyclopentadiene and 

norbornadiene with their high energy contents (153756 BTU/gal and 144754 BTU/gal, 

respectively), high densities (0.980 g/cm3 and 0.906 g/cm3, respectively) and reported good 

anti-knock properties, merit evaluation. 

Issues such as compatibility of the high energy density molecules with other gasoline 

components may be addressed by chemical modification of the candidate to adjust the 

properties, such as, volatility, solubility, and viscosity. 

A typical testing protocol for new fuel blending components is proposed in Appendix A 

Table A1. 

1.8 Numerical Methodologies 

1.8.1 Computational Chemistry 

Computational chemistry is a method that uses computers to calculate and solve chemical 

problems particularly when experimental methods are not applicable. Computational 

chemistry is extensively used in the field of combustion to predict thermochemistry and 

kinetics of the reactions involved which would otherwise be very difficult to obtain 
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experimentally. Computational chemistry has two branches (molecular mechanics and 

electronic structure theory) which both use 3D molecular structure to calculate energy, run 

energy optimization and find the vibrational frequency of molecules.  

Molecular mechanics is based mainly on the laws of classical physics and is adequate for 

large systems with thousands of atoms; however, it is limited in predicting force fields and 

electronic interactions, like breaking and forming bonds [39]. For this reason, it was more 

appropriate to use electronic structure theory for our applications. 

The electronic structure theory relies on the laws of quantum mechanics, assuming that 

energy and additional properties can be calculated from the system’s wave function. This 

is based on the fact that quantum mechanics hypothesize that electrons have both particle 

and wave characteristics [39]. Following are the three methods of the electronic structure 

theory: 

 

1. Semi-empirical method: in this method, experimental parameters are used to 

simplify and estimate the Schrodinger equation solution. 

2. Ab initio methods: uses the law of quantum mechanics and the values of some 

physical constants to precisely estimate different systems by solving the 

Schrodinger equation. 

3. Density functional theory (DFT): involves the result of electron correlation 

which includes electron pair interactions. 

To solve the Schrodinger equation, several approximations are used in theoretical models: 

HΨ(r) = EΨ(r) 

 

where H is the Hamiltonian operator  
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Ѱ is the time-independent wave function 

E is the energy of the particle 

 

The Hamiltonian operator consist of two terms; kinetic and potential energy terms: 

H = T + V 

where T is the kinetic energy of all particles. 

 

The theoretical models are used in different software packages (Gaussian09 [40], ORCA 

[41], and MOLPRO [42]) on molecular systems to perform different quantum calculations. 

A theoretical model (or level of theory) should contain special characteristics such as: 

1. Size consistency: the calculation error is proportional to the molecule size 

2. Efficiency: calculation practicality based on computational capabilities 

3. Accuracy 

4. Reproducibility [39] 

The level of theory is defined as a theoretical model that will estimate the various properties 

of a certain chemical system; it consists of a theoretical method and a basis set. Different 

levels of theories utilize different approximations to the Schrodinger equation. 

In a basis set, molecular orbitals are represented mathematically in order to construct a 

wave function; in this function, electrons are limited to a specific area in space. In large 

basis sets, electrons are less limited, and consequently a more accurate approximation is 

possible. 

After solving the Schrodinger equation, single point energy is obtained; it is a prediction 

of the energy and other characteristics of a certain molecular geometry. The summation of 
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electron energy and nuclear repulsion energy is referred to as potential energy. For each 

different molecular structure, a different energy value is obtained. By mapping the different 

energies and geometries, the potential energy surface (PES) [39] can  be found. 

Several stationary points can be identified in PES. First, is the local minimum, which is the 

lowest energy point in a certain region; but the global minimum is the also the lowest 

energy point in the entire PES; whereas, global maximum is the highest energy point over 

the entire PES. The saddle point is the transition structure between two geometries in 

equilibrium; it is the maximum in the direction of the frequency [39]. 

To pinpoint the minimum energy structure (where the forces are zero), geometry 

optimization will help to locate the minimum energy point. Starting with a defined 

molecular structure, energy and gradient are both computed for each point along the PES 

to find the direction of the next step and whether it increases or decreases. 

Since geometry optimization and energy calculations neglect molecular vibrations, and the 

nucleus is in constant motion, vibrational motion should be taken into consideration in 

energy calculations. Calculating the frequency is applicable to stationary points, which 

explains why frequency calculation and optimization processes are done concurrently with 

the identical theoretical model and basis set. Along with frequency calculations, force 

constants are also computed to obtain vibrational frequency. The vibrational frequencies 

are used to calculate the energy correctional factor to the total energy (such as zero-point 

energy (ZPE)), and some other thermodynamic properties (e.g. entropy and enthalpy). 

By computing rate rules, modified Arrhenius parameters (A, n, and Ea) are obtained. Ea is 

the activation energy, which is the amount of energy required by the reactants to form the 
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products. A is the pre-exponential factor, which describe the effect of entropy on the rate 

constants. When plotting reactions following Arrhenius equation (log k vs. 1/T), the plot 

should yield a straight line with a slope of Ea/R and an intercept of log(A). To obtain the 

Arrhenius parameters by solving the PES, several theories could be utilized: transition state 

theory (TST) and vibrational transition state theories (VTST) are examples of such 

theories. 

In transition state theory PES is split into two regions, one region is for the reactants and 

the other is for products. Under the assumption of Born-Oppenheimer approximation in 

addition to local equilibrium approximation, TST computes the rate constants. Local 

equilibrium is assumed because reactants and products are in non-equilibrium state. TST 

also describe a dynamic bottleneck, in which, when the reacting (or product) pathways 

cross the barrier they continue to products (or reactant) without returning to the bottleneck 

again. Reactants and products regions are divided by the bottleneck, which is the saddle 

point in TST [43]. TST considers that the activated complex population is in equilibrium 

with the reactants; and then the populations continue irreversibly towards product 

formation [44]. 

In this dissertation Gaussian09 software [40] was used to perform electronic structure 

calculations in order to compute different properties of limonene and then use them in 

ChemRate software [45], applying transition state theory principles. The calculation steps 

were as follows: 

1. Conformational scan: This step was necessary to identify the minimum energy 

conformer of reactants, products, and transition states. The conformers were created 

by rotating all dihedrals of the molecule under examination by an increment of 
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120°. This produced a number of 3n conformers, in which n was the number of 

rotors. In the case of transition state molecules, a smaller increment of 60° was 

performed since fewer rotors were available within the molecule. The different 

conformers were optimized at B3LYP/6-31+G(d,p) level of theory. 

2. Geometry optimization and frequency calculations: The resulting minimum 

conformers from the first step was optimized again, using a higher level of theory 

(B3LYP/6-311++G(2df,2pd) in order to eliminate any error from using the lower 

basis set in the conformational scan step. In addition, frequency calculations were 

performed at the same level of theory. A single imaginary frequency was obtained 

for each molecule, which confirmed the saddle point. A correction factor of 0.9679 

[46] was used to scale the obtained frequencies. 

3. Energy calculations: Composite methods (CBS-QB3 and G4) were used to 

calculate the energy of the lowest energy conformer. The heat of formation value 

was an average of four values obtained from CBS-QB3, G4, and using two sets of 

work reactions. This was done to revoke the systematic error that results from using 

the chosen levels of theory.  

4. Hindered rotor treatment: To ultimately estimate the entropy, rotational barriers for 

each single rotor were also calculated. Obtaining the barrier required a 1D treatment 

of each rotor by a relaxed scan with 10° increments at B3LYP/6-31+G(d,p) level 

of theory. 

5. Rate estimation using ChemRate: The transition state theory was used to obtain rate 

parameters. The output optimized geometries; calculated energies, frequencies and 

rotational barriers were all included as an input for ChemRate. Barrier widths were 
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also provided to account for 1D Eckart tunnelling. Finally, the obtained rate 

constants were fitted to the modified Arrhenius equation (A, n, and Ea) over the 

temperatures 300-2000 K. 

 

General schematic of the theoretical computational methods 

 

1.8.2 Chemical kinetic modelling 

CHEMKIN PRO [47] software was used to run various simulations for different DCPD 

fuel blends. The simulation using CHEMKIN PRO required input from three files in order 

to perform a simulation. These files were as follows: 

A. Mechanism file:  

The mechanism file, sometimes called the kinetic data file, is basically a list of all elements, 

species and their respective elementary reactions; these reactions illustrate the pathway 

from reactants to intermediates, then finally to products. The general expression of the 

reaction is: 

𝑎𝐴 + 𝑏𝐵 ↔ 𝑐𝐶 + 𝑑𝐷 

The reaction rate is basically the rate at which reactants are consumed or products formed, 

and it is proportional to the reactants’ concentration raised to the power of the 

stoichiometric coefficients. The temperature dependent rate constant k is expressed in the 

modified Arrhenius equation: 
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𝑘=𝐴𝑇𝑛𝑒(−𝐸𝑎/𝑅𝑇) 

 

where A is the pre-exponential factor 

n is the temperature exponent 

Ea is the activation energy (cal/mol) 

R is the ideal gas constant (cal/(mol.K)), 

 

All A, n, and Ea values are presented for each elementary reaction in the mechanism file. 

The number of elementary reactions increases as the number of heavy atoms (like C, O, 

and N) increases in the fuel. For example, a mechanism file of a fuel with seven or eight 

heavy atoms can include thousands of reactions and hundreds of species [48]. There are 

three types of mechanisms: detailed (also called comprehensive), skeletal, and reduced; the 

classification depends on the included reactions; and a developer of a detailed or 

comprehensive mechanism will include all possible elementary reaction. A detailed 

mechanism is usually used in 0D and 1D simulations that can effectively run these types 

of mechanisms. On the other hand, in skeletal mechanisms, only important and sensitive 

reactions are included; insensitive reactions are ignored. A skeletal mechanism is usually 

used for more expensive 2D and 3D simulations. Meanwhile, in reduced mechanisms the 

species are lumped, assuming that they have similar behavior, or they are not as important 

in some conditions that the model is used for. Reduced mechanisms are used for very 

expensive simulation like 3D and computational fluid dynamics (CFD). In these 

simulations, the entire mechanism is reduced to only a few key reactions. 
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B. Thermodynamic data: 

For each species in the mechanism file, thermodynamic data should be provided. All 

calculation and model predictions are based specifically on the thermodynamic data and 

their integrity. The thermodynamic provided data is the enthalpy of formation ΔHf, entropy 

S, and specific heat Cp over a temperature range. The numerical solvers utilize the provided 

data to compute enthalpy of the reaction, equilibrium constant, and reverse reactions rate. 

Thermodynamic information is presented in NASA polynomial [49] format; the format 

includes species name, elemental compositon, phase, and high and low temperature range. 

It also includes, seven high temperature constants and seven low temperature constants. 

Several methods are used to obtain the thermodynamic data. It could be acquired 

experimentally, computationally, or predicted, using the group additivity (GA) method 

[50]–[52]. A number of large databases are available (Burcat et al. [53], NIST WebBook 

[54], and NIST-JANAF [55]) which contain experimental thermodynamic data for 

different relatively small molecules. Computational quantum chemistry methods can also 

be used to obtained thermodynamic data, however, it is computationally expensive 

(especially for large species and large mechanisms) since every atom, molecule and radical 

should be calculated individually. 

C. Transport data:  

 

It is important to provide transport data when attempting to simulate laminar and diffusion 

flames, because in these experiments for example, diffusion is the limiting step and 

transport data is critical.  Transport data provide information like diffusion coefficient, 

thermal conductivity and viscosity; these data can be estimated using CHEMKIN PRO. 
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1.9 Experimental Methodologies 

Cooperative fuel research engine 

The cooperative fuel research (CFR) engine is a single cylinder engine used for testing and 

research of fuels and lubricant performance; it mainly measures the anti-knock properties 

of gasoline. Today CFR is also used to measure emissions and diesel cetane number; in 

this thesis, it was used to measure octane number, homogenous charge compression 

ignition (HCCI), and knock-limited spark advance (KLSA). More details on the specific 

experimental setup are found in chapters 3 and 4. 

 

1.9.1 Ignition quality tester 

The ignition quality tester (IQT) is an analytical instrument that quickly and economically 

measures ignition quality of diesel fuels; it has a unique air-assisted fuel injection system.  

The IQT accurately measures ignition delay time and the derived cetane number of diesel 

fuel; the IQT at KAUST has been modified to also test gasoline-like fuel ignition delay 

times and derived research octane numbers (RON). More details on the specific 

experimental setup are found in chapters 3 and 4. 

 

1.9.2 Shock tube 

The shock tube is an experimental setup that examines the chemical kinetics of fuels under 

controlled temperature and pressure conditions; it consists of a driver and a driven section, 

separated by a diaphragm. In the driven section, the gas fuel mixture is contained, while 

the driver section is pressurized with inert gas until it ruptures; the rupture causes a shock 

wave that travels through the gas mixture in the driven section. The shock wave instantly 

heats and pressurizes the gas mixture and more heat and pressure are experienced by the 
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gas mixture from the reflected shock wave from the end-wall of the shock tube. At KAUST, 

the shock tube length is 14 meters, with a diameter of four inches. It can reach a post-shock 

pressure of 100 bar. More details on the experimental setup are presented in chapter 4. 

 

1.9.3 Rapid compression machine 

Rapid compression machines (RCM) are mainly used to investigate auto-ignition of fuel at 

low temperature and high pressure. The test times in RCM are much longer than those in 

shock tube; and the conditions in RCM are more easily controlled and repeatable. The 

RCM mainly simulates a single compression stroke of an engine piston; the single stroke 

produces similar post-compression conditions. 

An RCM has a dual opposed piston configuration that reduces compression time, compared 

to a single piston setup. It takes only 2 ms to reach 50% pressure rise. The chamber bore is 

50mm, with a post-compression pressure range between 10 and 40 bar and a temperature 

range of 600 to 1000 K. The initial temperature of the chamber can be raised to 400 K by 

using a heating jacket. 

 

General schematic of the experimental screening test methods 
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1.10 Thesis Structure 

 

Chapter 1 describes the story behind the idea of utilizing energetic strained molecules as 

fuel components; it includes a thorough review of patents and available literature; it also 

provides the methodology used to select the high potential molecules.  

 

Chapter 2 demonstrates an evaluation of the anti-knock quality of dicyclopentadiene-

gasoline blends. The blends were tested in an ignition quality tester (IQT) and a modified 

cooperative fuel research (CFR) engine, operating under homogenous charge compression 

ignition (HCCI) and knock limited spark advance (KLSA) conditions, and finally, 

compared to both ethanol and toluene. 

Further investigates the anti-knock properties of dicyclopentadiene (DCPD) as an additive 

to primary reference fuels (PRF) and toluene primary reference fuels (TPRF). The research 

octane number (RON) and motor octane number (MON) were measured using a 

cooperative fuel research (CFR) engine for four different fuel blends. In addition, 

homogenous charge compression ignition (HCCI) experiments were conducted using the 

CFR engine. An ignition quality tester (IQT) was also used to measure the ignition delay 

times of different fuels. Moreover, the ignition delay times of these mixtures were 

measured in the high pressure shock tube and rapid compression machine.  A chemical 

kinetic auto-ignition model has been designed to simulate the IDT experiments and clarify 

the effect of DCPD addition to PRF and TPRF base fuels. 

Chapter 3 includes a theoretical study of the rate calculations of H-abstraction from 

limonene by H atom. Limonene is a candidate biofuel produced from citrus skin.  
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Gaussian09 software was used to run computational chemistry calculation of the different 

sites where H-abstraction occurs. 

 

Chapter 4 includes a summary of the key results of this research, in addition to 

recommendations and future work. 
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Chapter 2: Evaluation of Anti-Knock Quality of Dicyclopentadiene-

Gasoline/PRF and TPRF Blends 

2.1 Introduction 

The goal of carbon mitigation has motivated development of downsized spark-ignited light 

duty engines, while simultaneously turbocharging them. The energy requirement from light 

duty vehicle fleets is expected to decrease by almost 10% from 2014 to 2040 [1], due to 

engine efficiency gains and increased hybridization. The efficiency of spark-ignited 

engines is linked with the fuel octane index (OI = RON – K*S), where RON is the research 

octane number, S is the octane sensitivity, and K is an empirical constant that depends on 

engine operating conditions [2]. Increasing the OI of a fuel maximizes tank-to-wheel 

carbon reductions [3]; however, refinery processes associated with increasing fuel anti-

knock may have an adverse effect on well-to-tank efficiency and cost, depending on the 

composition of the blend stocks [4]. The use of renewable cellulosic-derived high octane 

gasoline blending components, such as ethanol, butanol, furans, or lignin-derived aromatics 

[5–7] are a potential solution to achieving high well-to-wheel efficiency, but significant 

technical, economical, and environmental challenges are slowing their progress to market. 

Another possible solution is to optimize the use of petroleum refinery-derived components 

to increase the anti-knock quality of gasoline. The present gasoline refining process 

consists of multiple processes – including cracking, alkylation, isomerization, and 

reformation – to modify the chemical composition of the light and heavy naphtha streams 

obtained from fractional distillation.  The alkylation unit converts low value light 

compounds, such as isobutane, to higher octane gasoline compounds, mainly C7 and C8 

compounds, such as 2,4-dimethylpentane and isooctane. In this unit, sulfuric or 
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hydrofluoric acids are used to catalyze the conversion reactions. In the isomerization unit, 

low octane straight chain paraffins are converted to high octane isoparaffins. The effluent 

isoparaffins can also be fed into the alkylation unit. In the reforming unit, low octane 

straight-run naphtha comprising straight chain paraffins is converted to isoparaffins and 

naphthenes (cyclic paraffins), which are then dehydrogenized to produce high octane 

aromatics [8].  These components generally increase the auto-ignition characteristics in 

non-linear proportions when blended with base gasoline. Other refinery components also 

blend non-linearly and synergistically, leading to a substantial increase in reactivity (the 

auto-ignition behavior), for a fuel that is volumetrically blended. The blending research 

octane number (BRON) and the blending motor octane number (BMON) of the blend are 

defined as follows: 

𝑅𝑂𝑁𝑏𝑎𝑠𝑒 . 𝐶𝑏𝑎𝑠𝑒 + 𝐵𝑂𝑁. 𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟 = 𝑅𝑂𝑁𝑚𝑖𝑥                                      (1a) 

 

𝑀𝑂𝑁𝑏𝑎𝑠𝑒 . 𝐶𝑏𝑎𝑠𝑒 + 𝐵𝑂𝑁. 𝐶𝑏𝑜𝑜𝑠𝑡𝑒𝑟 = 𝑀𝑂𝑁𝑚𝑖𝑥                               (1b) 

 

 

Where, RON base = Research octane number of the base fuel 

C base = Concentration of the base fuel 

C booster = Concentration of the booster 

RONmix = RON of the mixture 

MON base = Motor octane number of the base fuel 

MONmix = MON of the mixture 

 

The blending octane number (BON) is defined as the octane response of a fuel to the 

addition of a certain octane booster. A review of Ref. [9] shows that dicyclopentadiene 

(DCPD) has one of the highest blending octane indexes (BOI), with a BRON of 229, and 

a BMON of 167. The BRON and BMON reported were linear extrapolations from the RON 
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and motor octane number (MON) measurements of primary reference fuel (PRF) 60 

blended with 20% DCPD (vol.). The BRON and BMON of toluene (a fair representation 

of aromatics present in gasoline) are 124 and 112, respectively. Nevertheless, the RON and 

MON of pure DCPD was reported to be lower than that of toluene [9].  

The blending characteristic of ethanol, a common anti-knock improver, with various 

gasoline fuels has been widely explored. The blending octane quality of ethanol was 

thoroughly explored by Anderson et al. [10] and Foong et al. [11].  The BRON of ethanol 

was calculated using extrapolation and found to be 177.5 (Figure 2.1). The calculation was 

based on the ASTM method in which the blending octane number was obtained through 

extrapolation of the 20% concentration to the 100% concentration of the specific 

hydrocarbon, in this case it was ethanol. The obtained value is only applicable to this 

specific base fuel and cannot be used to predict BRON values in other fuel mixtures, 

because of the highly variable BRON of every hydrocarbon and its dependence on the fuel 

mixture type in the fuel with which it is blended [9]. A comparison of BRON of DCPD, 

toluene, and ethanol is presented in Figure 2.1. 
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Figure 2.1: RON values of DCPD, toluene, and ethanol with PRF 60 (values at 100% are 

extrapolated) [9] [11] 

 

To evaluate its performance, and because of its high knock resistivity under variable 

compression conditions [12], ethanol was also tested in boosted engines. Bromberg et al. 

[13] tested ethanol in a supercharged engine; the intake charge pressure was set at 2 bar to 

achieve improved efficiency without engine knock. Blending ethanol with gasoline also 

allows more advance ignition timing, to improve engine performance [14]. For these 

reasons, ethanol was chosen as a benchmark for judging the anti-knock performance of 

DCPD. 

Dicyclopentadiene (DCPC) is a cyclic olefin (Figure 2.2), a by-product of the naphtha 

cracking process that produces ethylene in the refinery. At room temperature, DCPD is 

solid and formed by the dimerization of unstable cyclopentadiene (CPD). The coal tar 

distillation process also yields small quantities of DCPD; however, the amount depends on 

the feedstock to the cracking unit. Moreover, 15-25 wt% CPD and DCPD are produced 
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during gasoline pyrolysis and could be separated by fractionation. The effluent DCPD 

stream is 82-90% pure [15]. 

 

Figure 2.2: Dicyclopentadiene structure 

 

The present work extensively explores, for the first time, the blending octane quality of 

DCPD with various base gasoline compositions, using various experimental techniques 

that cover a wide range of operating conditions. DCPD exhibited synergistic effects with 

all the base gasolines tested. The composition of the base gasoline also appears to affect 

DCPD’s BRON and BMON. The chemical kinetic nature of DCPD oxidation is explained 

to clarify the observed improvements in anti-knock quality compared to other fuels. 

The combustion of DCPD was only studied in propellant fuel applications [16]–[18]. 

Further in this work, the chemical effect of DCPD addition to primary reference fuels 

(PRF) and toluene primary reference fuels (TPRF) was studied. Four fuel blends were 

considered; PRF 60 +10% DCPD, PRF 60+20% DCPD, PRF 70+10% DCPD and TPRF 

70+10% DCPD (Table 2.1). The research and motored octane numbers (RON and MON) 

of the four mixtures were measured using a cooperative fuel research (CFR) engine. 

Moreover, rapid compression machine experiments were conducted for stoichiometric 

mixtures at 20 bars, as well as high-pressure shock tubes at 40 bar and stoichiometric 

mixtures over a temperature range [700-1200 K]. Additionally, homogenous charge 

compression ignition (HCCI) readings were measured using the CFR engine. Ignition 
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quality tester measurements (IQT) were also performed for isooctane and DCPD; and 

finally, simulations were conducted using CHEMKIN Pro [19] to investigate the effect of 

DCPD addition on the combustion chemistry of PRF and TPRF. 

Table 2.1: Molar composition of fuel blends 

Fuel Iso-octane n-Heptane Toluene Cyclopentadiene 

PRF 60 + 10% DCPD 0.453 0.34 0.0 0.21 

PRF 60 + 20% DCPD 0.36 0.27 0.0 0.37 

PRF 70 + 10% DCPD 0.533 0.26 0.0 0.21 

TPRF 70 + 10% DCPD 0.295 0.285 0.23 0.189 

 

2.2 Fuels 

2.2.1 Dicyclopentadiene 

DCPD is a byproduct of steam cracking naphtha during the production of ethylene. It is 

solid at room temperature; and it is formed by the dimerization of the unstable product 

cyclopentadiene (CPD). DCPD is also produced in small quantities from the coal tar 

distillation process; the produced amount of DCPD depends on the feedstock to the cracker. 

The amount of CPD and DCPD in pyrolysis gasoline is usually between 15-25 wt%. DCPD 

is separated from the stream using fractionation. The yielding DCPD stream has 82-90% 

purity.  

In addition to high anti-knock characteristics, DCPD has high energy content. For storing 

purposes, it is stabilized with 100-200 ppm of antioxidants, like tert-butyl catechol or 

butylated hydroxytoluene (BHT), to inhibit gum deposit formation. DCPD is slightly toxic, 
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a lethal dose being 353 mg/kg. Since it is a cyclic olefin [15], it has no known compatibility 

issues with other materials. 

Some of the important physical properties of DCPD are listed in Table 2.2. Its two double 

bonds makes it very reactive, and therefore used as an intermediate in the manufacturing 

of many chemicals [15]. Many of the reactions that DCPD undergoes were extensively 

studied. Because it is an important intermediate in the oxidation chemistry of aromatic 

molecules and PAH formation pathways, the chemistry of the cyclopentadienyl radical in 

combustion systems has also been studied [20]; however, it has not been investigated as a 

possible transportation fuel component, or as an additive [21]. The DCPD used in this study 

was obtained from Sigma-Aldrich, with BHT added in a small amount (150 to 200 ppm) 

as an anti-oxidant. 

Several theoretical studies were conducted on the oxidation of DCPD; however, 

experimental studies involving the combustions of DCPD is scarce. For that reason, it was 

seen that an experimental study will serve a better purpose.  

Dicyclopentadiene monomerizes yielding two cyclopentadiene (CPD) molecules which 

proceed reacting as CPD. That is why the combustion of CPD is considered when 

investigating the oxidation of DCPD.  

Wang and Brezinsky [22] studied fifteen combustion intermediate species of 

cyclopentadiene. Ab initio molecular orbital were performed at G2(MP2,SVP) and 

G2(B3LYP/MP2,SVP) levels of theory in addition to isodesmic reactions. They also used 

G2(B3LYP/MP2,SVP) method, a hybrid of G2(MP2,SVP) and density-function-based  

G2(B3LYP/MP2). The accuracy of the obtained atomization energies is close to G2(MP2) 
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and G2(B3LYP/MP2). The heat of formation was obtained for the fifteen intermediate 

species. They recommended that the computed pressure-dependent rate coefficients using 

RRRKM theory shall be used in future kinetic modeling studies. 

Harding et al. [23] obtained reaction rate data of the decomposition of resonance-stabilized 

radicals including cyclopentadienyl radical. They used CASPT2/cc-pvdz calculations 

along with variable reaction coordinate transition state theory. The calculated rates are in 

good agreement with available experimental data [24]. 

Kern et al. [25] conducted a comprehensive study on the decomposition of 

cyclopentadiene. The computed rate constants for the pyrolysis of CPD using Rice–

Ramsperger–Kassel–Marcus (RRKM) theory with vibrational frequencies obtained at 

B3LYP/6-311G(d,p) level of theory for the different radicals; for transition states, 

B3LYP/6-31G(d,p) was used. The heat of formation of cyclopentadienyl radical was found 

to be 65.3 ± 2 kcal/mol. DFT calculations showed that the rate controlling step in the 

decomposition of cyclopentadiene is the 1,2 hydrogen shift. In addition, The RRKM model 

used was able to predict a major falloff. The applied corrections were able to account for 

the falloff and produce a more accurate estimation of the enthalpy of formation of 

cyclopentadienyl radical.  

Moskaleva and Lin [26] calculated reaction rate constants, energies, and other molecular 

properties of the decomposition of cyclopentadienyl radical using a combination of 

methods. They used high-level correlation MO methods which are CAPT2 and G2M along 

with multichannel RRKM to obtain reaction rates. However, the obtained rates were slower 
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than the ones obtained by Kern et al. [25]. It was found that the rate controlling step is 

controlled by the 1,2-hydrogen transfer.  

Table 2.2: Physical properties of dicyclopentadiene (adapted from Ref [15]) 
 

Molecular Structure  

 

 

 

 

Molecular formula C10H12 

Molecular weight 132.2 

Density (Kg/L) 0.98 

Boiling Point, °C, at 101.3 kPa,  170 

Melting Point, °C 32 

Physical form  Colorless solid 

Odor Camphoraceous 

Heat of combustion, kJ/mol 5767 

Heat of vaporization, kJ/mol 39 

Specific heat, kJ/(kg·K) 0.406 

Heat of cracking, kJ/mol 24.59 

Spontaneous ignition point, °C  

In oxygen  

In air 

  

510 

680 

RON 108 [9] 

 
 

 

Table 2.3: Properties and compositions of FACE and PRF fuels 

 FACE A FACE J FACE I PRF 70 PRF 84 

RON 83.9 73.8 70.15 70 84 

MON 83.5 70.1 69.5 70 84 

S 0.4 3.7 0.65 0 0 

N-paraffins % 11.65 31.64 14.39 30 16 

Iso-paraffins % 85.99 33.64 74.54 70 84 

Cyclo-paraffins 

% 
1.61 2.29 3.30 0 0 

Aromatics % 0.38 31.69 1.15 0 0 

Olefins % 0.21 0.60 6.35 0 0 
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Carbon wt.% 83.99 86.24 84.14 84.2 84.2 

Hydrogen wt.% 16.01 13.76 15.86 15.8 15.8 

 

 

2.2.2 Fuel Blends 

DCPD and ethanol were blended with fuels for advanced combustion engines (FACE) 

gasoline fuels A, I and J, as well as PRF 70, and 84. PRFs are binary mixtures of iso-octane 

and n-heptane with the number denoting the volume percentage of iso-octane in the 

mixture. The blends are listed in Table 2.4. The properties of FACE gasolines and their 

blends with ethanol are reported in Ref. [27]. FACE A has a RON of 84 and it is mostly 

paraffinic with no sensitivity. FACE I and FACE J have similar RON numbers, but 

different compositions; they also have very low sensitivity. FACE I is highly paraffinic 

while FACE J is 71% paraffinic, and 28% (vol.) aromatic.  These gasoline fuels were 

chosen to evaluate the effect of both RON and the composition of base gasoline on the 

blending characteristics of DCPD. The properties and compositions of FACE fuels and 

PRFs are shown in Table 2.3. 

Since DCPD is solid at room temperature, with a low melting point of 32 °C [15], it was 

heated in a water bath (with the measuring glassware) to maintain DCPD in its liquid phase. 

When the DCPD was totally liquefied and ready for blending with a base fuel, it was 

carefully transferred to avoid solidification (using the warmed graduated cylinder) into 

one-liter bottles. The fuel was measured using a graduated cylinder. Then the DCPD and 

the fuel were mixed and left for several hours, to ensure the homogeneity of the fuel 

mixture. No preparation was required for the ethanol and toluene since both chemicals are 
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liquid at room temperature. Due to the hydrophilic nature of alcohols, the ethanol bottle 

remained closed, except during transfer operations. 

 

Table 2.4: Fuel matrix (Vol. %) 

 

 

2.3 Experimental 

 

Table 2.5: Key conditions of different testing methods 

  IQT HCCI KLSA 

Air/fuel ratio 2 0.3 1 

Temperature 545oC 
52 and 

149oC 
52oC 

Intake 

Pressure 
21.37 bar 1 atm 1 atm 

Ignition type Compression  Compression Spark 

 

 

FACE A FACE A + 5% EtOH FACE A + 5% DCPD FACE A + 15% EtOH FACE A + 15% DCPD 

FACE J FACE J + 5% EtOH FACE J + 5% DCPD FACE J + 15% EtOH FACE J + 15% DCPD 

FACE I FACE I + 5% EtOH FACE I + 5% DCPD FACE I + 15% EtOH FACE I + 15% DCPD 

PRF 70 PRF 70 + 5% EtOH PRF 70 + 5% DCPD PRF 70 + 15% EtOH PRF 70 + 15% DCPD 

PRF 84 PRF 84 + 5% EtOH PRF 84 + 5% DCPD PRF 84 + 15% EtOH PRF 84 + 15% DCPD 
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2.3.1 Ignition Delay Time Measurements in Ignition Quality Tester 

 

Figure 2.3. Ignition quality tester (IQT) 

Because this testing required very low quantities of fuel and little experimental time, and 

in order to rapidly screen the fuel blends, the ignition quality tester (IQT) shown in Figure 

2.3 was used to measure the ignition delay times of  DCPD fuel blends, according to ASTM 

D6890 [28]. The IQT is a constant volume combustion chamber with a single-hole S-type 

pintle nozzle [29]. The fuel was injected into zero air (air with a trace amount of 

hydrocarbon < 0.1 ppm) at a pressure of 21.3 bar. The chamber temperature was fixed to a 

temperature obtained with a calibration method, using n-heptane ignition delay 

measurements; this method allows for faster screening. The physics of fuel spray and 

mixing makes this combustion mode quite complex compared to a gasoline engine. 

Nevertheless, the method has demonstrated good correlation with the RON of a fuel [30]. 

The ignition quality tester (IQT) machine was modified to measure the ignition delay time 

(IDT) of a pure isooctane and isooctane + DCPD fuel blend, based on ASTM D6890 [28] 

in order to broaden the test parameters, such as charge pressure, temperature and injected 
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fuel mass. All other conditions--initial air/fuel pressure and temperature and chamber 

temperature--were controlled. 

A pressure transducer (Kistler 601B1) was fixed at the end of the combustion chamber to 

measure charge-air pressure and the pressure rise after ignition. Air-front, air-back, and 

chamber surface temperature measurements, related to the charge-air temperature, were all 

obtained with the modified IQT, using Omega K-type thermocouples. 

The core of the IQT chamber was heated using nine electrical cartridge-type resistance 

heaters (9 × 315 W); all nine were implanted within the outer wall of the combustion 

chamber. To prevent heat loss, the chamber was covered with a heat insulating blanket. 

The injector nozzle temperature was kept constant at 323 ± 4 K, as per ASTM D6890 [28]. 

After charging the chamber, there was a ten second delay before injecting the fuel; this 

allowed the charge-air temperature to reach steady-state conditions. The surface of the 

chamber temperature was kept constant within ± 1 K from the set point. The charge-air 

temperature repeatability was found to be ± 1.7 K for all 32 injection tests. For more details 

on the IQT experimental model, see ref. [29]–[31]. 

Total ignition delay (ID) is defined as the time difference between the start of injection to 

the start of ignition. Ignition is identified by a rapid change in the pressure of the chamber, 

obtained with the gradient method, as described in The IQT was initially designed to 

measure ID, and the derived cetane number (DCN) of diesel-like fuels; therefore, in order 

to test gasoline-like fuels, the IQT was modified according to [29], [32]. The DCN was 

computed from the ID using equation (2a). Derived RON (DRON) was correlated to DCN 

using equation (2b) [30]. 



83 
 

  

DCN = 83.99[(τid-1.512)]-0.658 + 3.547                                            (2a)                                           

DRON = -293(DCN/100)2 -52(DCN/100) + 114.1                         (2b) 

Where, DCN = Derived cetane number 

 τid = Ignition delay time (in ms) 

RON = Research octane number 

2.3.2 Cooperative fuel research (CFR) engine 

2.3.2.1 Homogenous Charge Compression Ignition (HCCI) Number  

 

 

Figure 2.4. Cooperative fuel research (CFR) engine 

HCCI numbers were introduced by Lund-Chevron to quantify the auto-ignition behavior 

of fuels under engine conditions without transport, or flame propagation effects [31]. The 

detailed procedure for calculating HCCI numbers is presented in detail in Ref. [31]. The 

HCCI number is the volumetric percentage of isooctane in a PRF mixture with the same 

ignition behavior as the fuel at a given engine operating condition, similar to standard RON 
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and MON test procedures [33], [34]. Engine speed and intake conditions are presented in 

Table 2.6. The test was conducted in a modified cooperative fuel research (CFR) engine 

(Figure 2.4). The experimental model is detailed in Ref. [35]. Engine specifications and 

operating conditions are presented in Table 2.6. 

Table 2.6. HCCI test engine conditions 

HCCI fuel numbers Engine speed (rpm) Intake air Temperature (oC)  

HCCI (RON) 600 52 

HCCI (MON) 900 149 

 

This experiment was conducted using a CFR engine designed for spark ignition mode of 

operation and run at stoichiometric air fuel ratio using a standard carburetor. For better 

control of the equivalence ratio, and to be able to run under HCCI lean conditions, the 

carburetor was replaced by a port fuel injector which was electronically controlled to 

accurately feed the engine with the correct amount of fuel. The fuel was pressurized to 5 

bar using a Helium gas cylinder, and the dry air supply to the engine was regulated by a 

Brooks gas mass flow controller. 

The engine was equipped with different thermocouples to measure intake, exhaust, and 

ambient temperatures. The intake temperature was regulated by two resistive heaters 

controlled by a proportional–integral–derivative controller (PID) controller. Information 

about the combustion and heat release rate inside the engine was retrieved by measuring 

the in-cylinder pressure, using an AVL GH14 D pressure transducer that registers 

measurements with a resolution of 0.2 CAD. Intake and exhaust pressures were also 
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measured using water-cooled AVL pressure transducers. It is notable that the intake 

pressure was also controlled by the Brooks mass flow controller.  

The standard research octane number (RON) and motor octane number (MON) methods 

require an engine speed of 600 rpm and 900 rpm, respectively. A conventional CFR engine 

has two different sized pulleys, corresponding to speeds of 600 rpm and 900 rpm. 

Conversely, the engine speed in this experiment was regulated electronically by controlling 

the power of the electric motor, without the need to change the belt. 

A user-friendly, in-house designed LabVIEW program was used to control the parameters 

of the engine; those parameters included the engine speed, equivalence ratio, compression 

ratio, intake temperature, and intake pressure. The program also provided information 

about engine knock intensity, in-cylinder pressure and temperature, it also indicated mean 

effective pressure (IMEP) calculations, and combustion phasing.  

In this experiment, the engine was run under both RON and MON conditions with an 

equivalence ratio of 0.4 and intake pressure of 1 bar. As previously mentioned, DPCD was 

injected by pressurized helium and the injection timing was controlled by an electronic 

injector. Table X summarizes the test conditions and engine specifications. 

The standard research octane number (RON) and motor octane number (MON) methods 

require an engine speed of 600 rpm and 900 rpm, respectively. A conventional CFR engine 

has two different sized pulleys, corresponding to speeds of 600 rpm and 900 rpm. 

Conversely, the engine speed in this experiment was regulated electronically by controlling 

the power of the electric motor, without the need to change the belt. 
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The engine was operated at lambda 3, and at each operating point the compression ratio 

(CR) required to obtain a CA50 at 3° ATDC (crank angle at which 50% of heat is released) 

was determined. The compression ratio was then translated to a HCCI number, based on a 

transfer function plot. The transfer function was generated by testing PRF mixtures with 

70% isooctane to 90% isooctane, at intervals of 5%, under the same experimental 

conditions [31]. The plot could not be extended beyond 90 since the compression ratio of 

the engine was limited. The transfer function plots are shown in Figure 2.5 adopted from 

Waqas et al. [36] CR values. From the best line fit, equations (3) and (4) were obtained 

and used to calculate the HCCI numbers for the fuels investigated.   

Table 2.7: Engine specifications and operating conditions 

Engine Type CFR single cylinder 

Bore 82.55 mm 

Stroke 114.3 mm 

Connecting rod 254 mm 

Injection system Port fuel injector 

Speed 600 and 900 rpm 

Compression ratio  4:1 to 15:1 

Spark timing 
-13 CAD (crank angle 

degree) ATDC 

Lambda (λ) 3 

Intake air temperature 52 ± 2 oC and 149 ± 2 oC 
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Figure 2.5: Transfer function plot 

 

HCCI (RON) = 8.621(CR) - 23.987                  (3) 

HCCI (MON) = 6.6923(CR) - 2.5559                             (4) 

The HCCI numbers, as detailed in Ref. [31], were measured at four operating points; due 

to the limited quantity of fuel available,  tests were confined to two points. The compression 

ratio response at different conditions showed the effect of different engine operating 

conditions on reactivity. PRFs are generally more resistant to auto-ignition at higher speed 

and low intake air temperature conditions. Higher intake air temperature usually increases 

reactivity for the same engine speed, as shown in Ref. [31]. However, increased speed 

decreases residence time, reducing reactivity of the fuel air mixture. The empirical constant 

K, defined by Kalghatgi [3], for the PRF mixtures greater than RON of 75, would be lower 

for the engine operating at 900 rpm and 149oC than at 600 rpm and 52oC, operating in 

HCCI mode. This is opposite to the actual RON and MON tests where K was greater at 
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900 rpm and 149oC. Thus, K in HCCI mode is not independent of the fuel, unlike in spark 

ignition mode. Truedsson et al. [31] made a similar observation in their work. Therefore, 

determination of K for HCCI mode operation needs to be reevaluated. 

2.3.2.2 Knock Limited Spark Advance (KLSA) 

KLSA experiments were also conducted in the CFR engine facility. This test method was 

performed to evaluate DCPD blending in the spark ignition mode. The engine was near 

RON conditions (52 oC – intake air temperature, 600 RPM – engine speed, lambda 1). The 

fuel’s resistance to auto-ignition with advancing spark timing was measured in the form of 

peak knock pressure derived from in-cylinder pressure measurements. Peak knock pressure 

is defined as the maximum positive amplitude of pressure oscillations occurring due to 

auto-ignition of end gas at a certain compression ratio [37]. An AVL GH14 D transducer 

measured pressure with a resolution of 0.1 CAD; the transducer is located on top of the 

cylinder. Multiple thermocouples maintained air intake temperature and controlled intake 

conditions; they were located upstream of the port fuel injectors. The fuel intake was 

regulated by an AVL controlled system, and an ETAS oxygen sensor measured the 

equivalence ratio at the exhaust. 

The knocking cycles displayed cycle-to-cycle variability, and the values presented were 

the averages of 190 cycles. The compression ratio was chosen so that the fuel would have 

a peak knock average of around 1.5 bar at 13° CAD BTDC. DCPD gasoline mixtures were 

compared to ethanol-gasoline mixtures. 
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2.3.2.3 Research and motored octane numbers 

 

Research octane numbers (RON) and motor octane numbers (MON) were measured for 

the different DCPD fuel blends, using the cooperative fuel research (CFR) engine in the 

Research and Development Center at Saudi Aramco. The CFR is a single-cylinder engine 

with a displacement of 611 cm3; it is a four-stroke engine running at variable compression 

ratios. The compression ratio ranges from 4.0:1 to 18.0:1 and it can be changed while the 

engine is in operation. Fuel is introduced to the engine using a pump that carries the fuel 

from the fuel container to the engine carburetor. Installed heaters and thermocouples insure 

the constant temperature of the intake air and air/fuel mixture to the engine. In addition, 

knock sensors are used to detect the detonations inside the engine cylinder.  

The assigned octane number of a particular fuel depends on the comparison in knock 

occurrence of the PRF blend and the fuel of interest. RON and MON measurements are 

based on a scale using two paraffinic hydrocarbons; n-heptane and iso-octane (2,2,4-

trimethylpentane) which are given values of 0 and 100, respectively. RON measurements 

are obtained at 600 rpm and 52 °C air intake temperature, whereas MON measurements 

are obtained at 900 rpm and 149 °C air intake temperature. For both modes, an engine 

carburetor is used on the CFR engine. RON and MON experiments were carried out 

according to the described methods ASTM 2700 [34] and ASTM 2699 [33], respectively. 

 

2.3.3 Shock tube ignition delay measurements 

Shock tube ignition delay measurements were carried out for different DCPD fuel blends 

in the temperature range of 700-1200 K. The equivalence ratio was set to φ = 1 and a 

pressure of 40 bar in air, which are considered to be engine-relevant conditions. All 
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experiments were performed in the high-pressure shock tube (HPST) facility at King 

Abdullah University of Science and Technology (KAUST). For ignition delays less than 

1.5 ms, helium was used as driver gas. In gas with longer ignition delays, driver gas 

tailoring was used (i.e., adding nitrogen to helium).  

Six piezoelectric pressure transducers (PZTs) were used to measure the sock speed; they 

were placed axially along the driven section. Pressure near the end wall was monitored 

using the Kistler PZT located 10.48 mm from the end wall. Reflected shock temperature 

and pressure were calculated using one-dimensional shock-jump relations. 

A heated mixing vessel was employed to prepare air/fuel mixture; it was heated to 100°C 

to ensure that DCPD was the reactant, not CPD (decomposition temperature of DCPD to 

CPD is 140°C), and it was equipped with a magnetic stirrer. The liquid fuel blend was 

injected directly into the vessel at the vacuum. The mixture was left for an hour before it 

was introduced to the shock tube to ensure a homogenous mixture. After the introduction 

of the fuel to the shock tube, the fuel was left for evaporation and pressure stabilization. 

Pressure was monitored using a MKS pressure gauge (0-100 Torr range). High purity 

research grade N2 and O2 were introduced at low flow rate to avoid fuel condensation that 

would lead to measurement error. 

The definition of ignition delay is time between the arrival of the reflected shock wave at 

the end of the wall and the beginning of the ignition. The first step pressure rise at the end-

wall detection position overlaps with the arrival of the reflected shock wave at the end-

wall; but ignition takes place at the second step pressure rise, or end-wall OH* emission. 

In the current work, ignition delay times were obtained by observing the pressure profile.  
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2.3.4 Rapid Compression Machine 

The rapid compression machine (RCM) is basically a single-shot, piston-operated machine 

that quickly compresses fuel gases in the combustion chamber. This sudden compression 

leads to a high increase in both temperature and pressure of the fuel at near adiabatic 

conditions. Initial conditions and boundaries of the RCM operating conditions can be 

controlled and defined.  

To further understand the autoignition chemistry of a certain fuel, modern RCM machines 

are designed to enable a well-controlled thermo-chemical state parameter within the 

combustion chamber. Those parameters could be maintained for much longer periods of 

time (up to 500ms). Moreover, a wide range of parameters – like temperature and pressure 

- could be controlled in order to study the physical and chemical interactions. Pressure and 

temperature profiles measurements will also help to validate the autoignition chemistry 

models and define how practical fuels behave in real engines.  

Ignition delay time measurements were carried out at low temperatures (700-1000) in the 

rapid compression ignition machine. The machine has a twin-opposed piston configuration 

with a chamber bore of 5.08 cm; the stroke length is 16.9 cm and the volumetric 

compression ratio reaches 16.8.  A heat-shock resistant pressure transducer (Kistler 6045A) 

measures the pressure profile inside the RCM. 

The definition of ignition delay time in a RCM is the time between the end of compression 

and the maximum slope of the pressure rise caused by ignition.  Each single 

thermodynamic condition ignition delay time measurement was repeated three times.  The 

obtained data is within 5% reproducibility for each compressed temperature and pressure.  

Compressed gas temperature, TC, was computed using the approximation, along with 
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different measured parameters. The measured parameters are initial temperature, initial 

pressure, fuel composition, and the experimentally obtained compressed gas pressure.  To 

measure the heat loss in the RCM, non-reactive tests were performed for each condition. 

Pressure profiles obtained from the RCM were used in CHEMKIN-PRO [19] simulation 

as volume profiles, considering the adiabatic nature of the relationship between pressure 

and density.  The total uncertainty obtained for ignition delay measurements was ±15%. 

2.3.5 Chemical kinetic simulations 

  

Ignition delay times (IDT) measured in the shock tube and RCM were simulated using the 

constant volume module in CHEMKIN-PRO [19]. DCPD decomposes into 

cyclopentadiene (CPD) when heated above 140˚C [38], [39], so it reacts as CPD during 

combustion. For this reason, the CPD oxidation chemistry developed by Robinson and 

Lindstedt [40] was added to the gasoline surrogate model by Mehl et al. [41] and Atef et 

al. [42]. The compiled model was used for all the simulations and for interpretation of the 

associated results. Molar compositions of the considered fuels are shown in Table 2.8. 

  

Table 2.8: Molar composition of fuel blends 

Fuel Iso-octane n-Heptane Toluene Cyclopentadiene 

PRF 60 + 10% DCPD 0.453 0.34 0.0 0.21 

PRF 60 + 20% DCPD 0.36 0.27 0.0 0.37 

PRF 70 + 10% DCPD 0.533 0.26 0.0 0.21 

TPRF 70 + 10% DCPD 0.295 0.285 0.23 0.189 
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Robinson and Lindstedt [40] used  density functional theory (DFT) and composite energy 

calculations to improve the thermochemistry values of the important high temperature 

oxidation reactions involving cyclopentadienyl radical. To check the accuracy of the rate 

constants obtained, the new rates were used to reproduce the experimental flow reactor 

data. The agreement between simulated and experimental data was good and it predicted 

the trend and pressure fall-off. In addition, formation pathways of poly-aromatic 

hydrocarbons (PAH) and mono-substituted aromatics (MSA) were updated.  

 

The rate constants of the key reactions pathways involving cyclopentadienyl radical were 

calculated; the number of reactions were 61, only 21 reaction rates were calculated and the 

rest were updated. The calculated rates are: 

1. Reactions with oxygen molecules 

2. Reactions with oxygen atoms 

3. Reactions with hydroxyl radicals 

4. Reactions with hydroperoxyl radicals 

5. Decomposition channels 

The updated reactions were: 

1. Pyrolysis and abstraction steps 

2. Propargyl recombination and subsequent steps 

3. Updated C3 chemistry 

4. Linkage of C5 and C6 rings 

5. MSA and PAH formation steps 

6. Cyclopentadiene decomposition steps 
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It was concluded that missing pathways exist which greatly affect the reactivity of CPD, 

and consequently DCPD. These pathways and their impact on the reactivity will be 

discussed later in the paper. 

 

2.4 Results and Discussions 

2.4.1 Derived RON (DRON) from IQT 

 

Table 2.9: Ignition delay times for pure and blends 

Fuel Ignition delay (ms) DCN DRON 

Toluene 213.17 6.0 109.9 

Isooctane 16.95 17.4 96.2 

Ethanol 93.10 8.0 108.1 

Isooctane + DCPD (1:1) 42.06 10.9 105.0 

Toluene + DCPD (1:1) 56.6 9.6 106.4 

 
 
 
 

Ignition delay times from the IQT for DCPD and other high octane components (toluene, 

ethanol, and isooctane) are presented in Table 2.9, along with their derived cetane numbers 

(DCN). Ignition delay of pure DCPD could not be measured since it is solid at room 

temperature; therefore, it was separately blended with isooctane, and toluene (50% vol.). 

The results present the relative reactivity of these components. Toluene had the highest 

resistance to auto-ignition, followed by ethanol. The reactivity of DCPD can be inferred 

from the ignition delay of its blends; its reactivity is between isooctane on the lower end 

and ethanol on the upper end. This is consistent with the RON reported in Ref. [9].  

The DRON for gasoline blends with DCPD and ethanol (from Waqas et al. [36]) are 

presented in Figure 2.6. DRON for ethanol was calculated from DCN values obtained by 
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Waqas et al. [36] The increase in resistance to auto-ignition was identical for both DCPD 

and ethanol. The synergistic blending quality of ethanol  was well established by Foong et 

al. [11]. These results, along with the inferred reactivity of DCPD reported above, confirm 

the synergistic characteristic of DCPD, which appears to be greater than that of ethanol. 

The underlying mechanism contributing to this synergistic effect, however, is expected to 

be slightly different. The heat of vaporization of ethanol (905.2 kJ/kg) [43] is greater than 

DCPD (295 kJ/kg) [44]; the cooling of the chamber air due to ethanol vaporization would 

be greater, and will lead to lower chamber temperatures. However, the lower air 

requirement for ethanol to form auto-ignitable mixtures might allow for shorter mixing 

time scales to form ignitable mixtures. Also, the BRON and BMON of DCPD with PRF 

60 were reported to be greater than ethanol [9][11]. This indicates a greater impact of base 

fuel RON on the blending nature of DCPD in comparison with ethanol, possibly because a 

portion of ethanol’s anti-knock quality derives from its charge cooling effect, whose action 

is independent of base fuel chemistry. 

The error bars have been added. The IQT yielded fairly constant ignition delay, with a 

maximum standard deviation of about 5%; this translates to an error within 1 octane 

number. Due to the scale adopted, the error bars appear insignificant. The error in volume 

percent of the additive was estimated to be 1%. Blending was done at standard temperatures 

and pressures (STP). 
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Figure 2.6: Derived RON of gasoline with varying percent vol. of DCPD and ethanol 

 

Table 2.10: Blending research octane number (BRON) of different fuel blends with 
varying DCPD and ethanol percent vol. based on IQT measurement extrapolation to 100 

vol. percent 

DCPD 

Vol. % 
BRON 

PRF 70 

BRON 

FACE I 

BRON 

FACE J 

BRON 

PRF 84 

5 166 128 160 198 

10 185 175 176 206 

15 186 178 175 190 

20 181 175 170 180 

Ethanol 

5 182 196 196 221 

10 204 192 183 201 

15 193 187 171 189 

20 188 181 161 180 

 

 

Generally, between 5% and 20%, the BRON values showed a linear response to the 

addition of both DCPD and ethanol. Only a few fuel blends are considered to be outliers: 

FACE I + DCPD, FACE J + ethanol, and PRF 84 + ethanol; therefore, DCPD blends show 

more linear response. 
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2.4.2 HCCI Numbers 

 

 

 

Figure 2.7: HCCI number of fuel with increasing DCPD percent vol. (top) 600 rpm, 52oC 

inlet temperature; (bottom) 900 rpm, 149oC inlet temperature 

 
HCCI numbers calculated from compression ratios (CR), and using transfer functions (3) 

and (4), are presented in Figure 2.7. The HCCI numbers measured near RON-like 

conditions (top) show a linearly increasing response to increasing DCPD content. The 

blending characteristics exhibited in IQT correlated well with the HCCI (RON) number. 
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However, the HCCI numbers near MON-like conditions (bottom) for FACE A and PRF 

84, exhibited a different trend. The extrapolated BRON and BMON are presented in Table 

2.10.  

Generally, at RON conditions, BRON values are higher when the base fuel is blended with 

5% of DCPD. Paraffinic fuels like FACE I and PRF 70 have similar RON of 70 and BRON 

values. Although FACE J has similar RON value to FACE I and PRF 70, it experienced 

slightly higher BRON at 5% blend. This could be attributed to the presence of higher 

aromatic content (32%). For higher octane fuels like FACE A and PRF 84, the BRON 

values were also higher at the 5% blend; it was much higher in case of PRF 84, which was 

also observed by Waqas et al. [36]. This observation is surprising considering that there is 

small difference in their PIONA (paraffins, isoparaffins, olefins, naphthenes, and aromatic) 

composition. This cannot be explained by the existing literature, as the permutations of the 

possible blending effect between different components within FACE A are too large. The 

use of complex surrogates and their chemical kinetic model, along with that of the blending 

component, could provide insight and an answer to this phenomenon. The BRON of the 

15% DCPD blends for all FACE gasolines and PRFs converge to very similar values.  

BMON values of the 5% DCPD blends seems to rely on the octane rating of the base fuel. 

FACE I, J and PRF 70 showed similar BMON results. However, PRF 70 had slightly higher 

BRON, possibly a result of the blending effect, since PRF 70 has a purely paraffinic 

composition. On the other hand, PRF 84 and FACE A exhibited lower BMON values since 

they have a higher octane rating. In the case of FACE A, the effect was severe because of 

the compositional blending effects within the FACE A constituents. The BMON values for 

ethanol are similar to that of DCPD for FACE I, FACE J, and PRF 84. However, the ethanol 
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blend had a higher BMON number than DCPD, when blended with FACE A and PRF 84. 

The opposite was observed with the PRF 70 blend, in which the ethanol blend had a lower 

BMON value than the DCPD blend. 

In general, the BMON values of the 15% DCPD blends seemed to depend on the octane 

rating of the base fuel. Lower octane fuels, like FACE I, FACE J, and PRF 70, exhibited 

higher BMON values than higher octane base fuels like FACE A and PRF 84. In 

comparison with the results of Waqas et al. [36], all fuel blends with 15% ethanol had 

greater BMON values than the fuel blends with 15% DCPD, except for FACE I, which had 

similar BMON values for both ethanol and the DCPD blend. 

BRON and BMON extrapolated from the HCCI numbers of the blends showed that the 

blending nature of DCPD was dependent upon the RON of the base fuel, as well as the 

amount of DCPD blended. The decline in the HCCI number at MON-like conditions, 

realized with FACE A and PRF 84, is attributed to the high DCPD sensitivity which 

decreased the reactivity at high temperatures. At these elevated temperatures the 

combustion occurred beyond the negative temperature coefficient (NTC) region. This 

phenomenon was observed when DCPD was blended with highly paraffinic fuels, which 

on their own, have an exaggerated NTC behavior [45]. Equation (1) can be rewritten in 

terms of HCCI, equation (5). 

HCCIbase × Cbase + BON × Cbooster = HCCIblend                       (5) 

 

Where, HCCIbase = the HCCI number for fuel without octane booster 

             Cbase = concentration of fuel without octane booster 

             BON = blending octane number 

             Cbooster = concentration of octane booster 

             HCCIblend = the HCCI number of the final blend 
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Table 2.11: Blending octane number (BON) of different fuel blends with varying DCPD 

percent vol. 

 

Fuel BRON BMON Fuel BRON BMON 

FACE I + 5% DCPD 201 195 FACE A + 15% DCPD 173 72 

FACE I + 15% DCPD 190 167 PRF 70 + 5% DCPD 208 220 

FACE J + 5% DCPD 220 194 PRF 70 + 15% DCPD 192 143 

FACE J + 15% DCPD 184 136 PRF 84 + 5% DCPD 311 167 

FACE A + 5% DCPD 241 70 PRF 84 + 15% DCPD 199 82 
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2.4.3 Knock Limited Spark Advance (KLSA) 

 

 

 

 

 

Figure 2.8: KLSA of (top) FACE A, and FACE A with 5 % vol. of DCPD and EtOH (CR 

= 6.02), (bottom) FACE A with 15 % vol. DCPD and EtOH (CR = 6.72) 
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Figure 2.9: KLSA of (top) PRF 84, and PRF 84 with 5% vol.  of DCPD and EtOH (CR = 

6.18), (bottom) PRF 84 with 15% vol.  DCPD and EtOH (CR = 6.95) 
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Figure 2.10: KLSA of (top) FACE J, and FACE J with 5 % vol. of DCPD and EtOH (CR 

= 5.84), (bottom) FACE J with 15 % vol. DCPD and EtOH (CR = 6.50) 
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Figure 2.11: KLSA of (top) FACE I, and FACE I with 5% vol. of DCPD and EtOH (CR 

= 5.56), (bottom) FACE I with 15 % vol. DCPD and EtOH (CR = 6.30) 
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Figure 2.12: KLSA of (top) PRF 70, and PRF 70 with 5% vol.  of DCPD and EtOH (CR 

= 5.57), (bottom) PRF 70 with 15% vol.  DCPD and EtOH (CR = 6.88) 
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The KLSA results presented in Fig. 2.7-2.11 show that the DCPD-gasoline blends had 

greater resistance to knock compared to ethanol-gasoline mixtures. The differences in 

FACE A and PRF 84 blends comprising DCPD and ethanol were significant at lower 

blending fraction of 5%, but the difference was smaller at 15% blending. This was 

consistent with derived RON values from IQT testing.  PRF 70, FACE I, and FACE J at 

5% blending of DCPD, showed a small difference in Kp values compared to ethanol. The 

difference widened significantly in Kp at 15% blending. 

Figure 2.8 shows the considerable difference in Kp between pure FACE A and FACE A 

blended with 5% ethanol and DCPD. However, the difference was larger in DCPD, which 

means that DCPD exhibited better anti-knock behavior. When 15% of ethanol and DCPD 

was blended with FACE A, the observed difference in Kp was not as great. The same trend 

can be observed with PRF 84 (Figure 2.9); this can be attributed to the fact that both FACE 

A and PRF 84 have about the same octane rating, and both are predominantly paraffinic 

fuels. 

In Figure 2.10 the difference in Kp intensity between pure FACE J and the 5% blends is 

shown to be moderate; but the difference is much larger when comparing FACE J with 

15% ethanol to the blend with 15% DCPD, implying the greatly improved anti-knock 

characteristic of DCPD. 

Figure 2.11 shows that when FACE I is blended with 5% ethanol and DCPD, the effect 

was even greater than that of FACE J, although they had similar RON and MON values. 

This is due to the compositional differences between the two FACE gasolines. FACE I has 

minor aromatic content (3.87 vol. %), while the aromatic content of FACE J is 31 vol. 
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percent. However, both experienced a larger Kp intensity when blended with 15% ethanol, 

compared to the 15% DCPD.  

PRF 70 (Figure 2.12) behaved like FACE I with 5% blends. However, it showed an 

extreme knock intensity in the blend with 15% ethanol compared to the 15% blend with 

DCPD. Since the available data is insufficient, further investigation into the kinetics of 

DCPD oxidation is needed to explain the reason for this difference in behavior. 

 

2.4.4 Research and motored octane numbers 

 

 

Figure 2.13: Octane response and blending octane number (extrapolated) of PRF 60, PRF 

70 and TRF 70 

 

Figure 2.13 shows that the octane response of the fuel + DCPD is highly dependent on the 

octane rating of the base fuel and the amount of DCPD added to the fuel mixture. The 

lower the octane number of the base fuel the greater the increase in octane response of the 

fuel mixture. The volumetric amount of DCPD added to the base fuel determines the octane 

response of the fuel mixture. At from 1 to 10% of DCPD added to the fuel mixture, the 

Non-linear Blending Response 
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highest octane response is observed; beyond 10% the octane response decreases. It is also 

apparent that the composition of the base fuel also affects the octane response. With 

alkane/branched alkane-based fuels, like PRFs, the octane response is higher, so the 

blending octane number is higher. These observations will be explained later. 

 

Table 2.12: Measured RON, and MON of DCPD mixtures. Calculated BON of DCPD.  

Fuel RON MON Sensitivity BRON BMON 

PRF 60 + 10% DCPD 84.0 76.4 7.6 300 224 

PRF 60 + 20% DCPD 92.1 80.9 11.2 220.5 164.5 

PRF 70 + 10% DCPD 90.5 82.6 7.9 275 196 

TPRF70 + 10% DCPD 87.6 78.5 9.1 246 191 

DCPD 
PRF 100 + 0.8 ml 

TEL (108) [46] 
95.9 [46] 12.1 229 164.5 

 

Table 2.12 shows RON and MON measurements for the fuel blends considered in this 

study. It is notable that when the same amount of DCPD (10% vol.) was added to both PRF 

70 and TPRF 70, the reactivity was higher in TPRF 70, resulting in a lower RON value. 

This can be attributed to the fact that DCPD decomposes to produce two CPD molecules, 

which act as a radical sink; while toluene reacted to produce more radicals after H-

abstraction from the methyl group [47]. Furthermore, the CPD reaction pathway affected 

the toluene oxidation pathway to increase the reactivity of the fuel mixture [previous ref.]. 

The overlap in reaction pathways obviously did not exist in the PRF 60.  

The octane boosting effect of DCPD was greater in PRF 70 than in TPRF 70 fuel blends. 

This behavior was attributed to the fact that DCPD is a better radical scavenger than 

toluene, which tends to produce more radicals when oxidized [47]. MON measurements 
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showed that sensitivity increased with the addition of more DCPD to the PRF mixture. PRF 

60+10% DCPD had a sensitivity of 7.6 compared to PRF 60+20% DCPD, with 11.2 

sensitivity. It has been proven that fuels with high RON and high sensitivity perform better, 

with higher thermal efficiency and better fuel economy [48]. As an aromatic compound, 

toluene is highly sensitive (sensitivity of 11 [49]), contributing even more sensitivity to the 

fuel blend; this is implied by the sensitivity of TPRF 70+10% DCPD when compared to 

PRF 70+10% DCPD (7.9 and 9.1, respectively). 

Table X. Illustrates the effects of composition and RON in the base fuel on the blending 

characteristics of DCPD. It also shows the effect on the blending research octane number 

(BRON) and the blending motor octane number (BMON) as a function of volumetric 

concentration of DCPD in the mixture. The same amount of DCPD (10% vol.) was added 

to PRF 60, PRF 70, and PRF 100 [47]. It was observed that the BRON of DCPD decreased 

with an increase in the RON of the PRF base fuel. The BRON of PRF 60, PRF 70 and PRF 

100 was 300, 275, and 105, respectively. The hypothesis is that the anti-knock effect of 

DCPD is due to its role as a radical sink, which explains the observed effects on both BRON 

and BMON as a function of base fuel RON. The addition of DCPD to PRF 60 had little 

effect on the low temperature chemistry of the base fuel; the main role of DCPD was 

observed in the transition between low and high temperature chemistry regions. DCPD 

reacted with radicals formed in the intermediate temperature heat release region, which 

compose the stable cyclopentadienyl radical. 

The significant effect of DCPD concentration on BRON and BMON was observed on PRF 

60. The addition of more DCPD decrease the concentration of n-heptane in the fuel 

mixture, consequently, both BRON and BMON of DCPD were lowered. The BRON of 
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PRF 60 + 10% DCPD was found to be 300, whereas the BRON of PRF 60 + 20% DCPD 

was 224; similarly, the BMON of PRF 60 + 10% DCPD was found to be 220.5, while 

BRON of PRF 60 + 20% DCPD was 164.5. The same hypothesis holds, since in both cases 

the amount of n-heptane was decreased relative to the isooctane. 

PRF 70 and TPRF 70 displayed interesting BRON and BMON trends. The introduction of 

toluene seemed to have only a slight effect on the BRON, and even less effect on BMON. 

In TPRF, toluene replaced about half of the isooctane present in the PRF (in terms of molar 

concentration), and n-heptane was slightly increased, causing a decrease of BRON from 

275 to 246 for PRF 70 and TPRF 70, respectively. The BMON was considerably less 

affected by the introduction of toluene and the change in molar concentrations (decreased 

from 196 to 191). An explanation of the kinetics will be given later to elaborate on the 

effect of DCPD addition to PRF base fuels. 

 

2.4.5 Rapid Compression Ignition results 

 

 

Figure 2.14: Ignition delay times measured using RCM of pure DCPD and blends 
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In Figure 2.14, the ignition delay times were measured for pure DCPD and its blends in 

RCM. The acquired data shows that the pure DCPD had longer ignition delay time than 

the PRF 70 + 10% DCPD and TPRF 70 + 10% DCPD blends; this is because pure DCPD 

has a higher octane number than n-heptane and iso-octane. Interestingly, the base fuel 

composition effect on octane number was obvious when comparing PRF 70 + 10% DCPD 

and TPRF 70 + 10% DCPD. The TPRF 70 + 10% DCPD showed shorter ignition delay 

time than PRF 70 + 10% DCPD. The presence of toluene in TPRF 70 + 10% DCPD caused 

increased reactivity in the fuel mixture because of the chemical pathway that toluene 

undergoes, leading to the production of the more active radical, which is not the case with 

DCPD [47]. 

 

2.4.6 Shock tube experimental and simulation results 

 

 

Figure 2.15: Experimental (symbols) and simulation (lines) IDT of PRF 60 [50], PRF 

60+10% DCPD, PRF 60+20% DCPD for stoichiometric mixtures at 40 bar. 
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Figure 2.15 shows the experimental and simulation ignition delay times of PRF 60 + 10% 

DCPD and PRF 60 + 20% DCPD for stoichiometric mixtures in air at 40 bar. The PRF 60 

data conducted by Fieweger et al. [50], under the same conditions, were also incorporated 

to clarify the effects of  DCPD addition. At low temperatures and negative temperature 

coefficient (NTC) regions, the reactivity of the fuel mixture decreased with the addition of 

DCPD. With more DCPD added, the mixtures exhibited lower reactivity, as seen by 

comparing the IDT of the 10% and 20% mixtures. However, at high temperatures, and 

where the three blends had identical IDT across a range of [900-1200K], the addition of 

DCPD did not alter the reactivity of the base fuel. This is because, under high temperature 

conditions, H + O2 → OH + O was the main reaction responsible for the chain branching, 

which was independent of fuel composition. 

In general, the simulated IDTs were in good agreement with the shock tube experimental 

data at low temperature regimes. However, the model did not capture the trend around the 

NTC region. The simulated data showed that PRF 60 + 10% DCPD was more reactive than 

PRF 60. At high temperatures, the simulation showed that PRF 60 + 10% DCPD had the 

lowest reactivity, while PRF 60 and PRF 60 + 20% DCPD displayed similar reactivities.  
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Figure 2.16: Experimental (symbols) and simulation (lines) IDT of PRF 70 [47],TPRF 70 

[51], TPRF 70 + 10% DCPD, PRF 70 + 10% DCPD for stoichiometric mixtures at 40 

bar. 
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shows the experimental IDT of TPRF 70 conducted by Javed et al. [51] and PRF 70 by 
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showed that PRF 70 + 10% DCPD was more reactive than TPRF 70 + 10% DCPD, which 
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2.4.7 Homogenous charge compression ignition and ignition quality tester 

 

 

Figure 2.17: Heat release rate of PRF 60 (black solid lines), OH (red lines) and HO2 

(dashed lines) profiles. Dotted circles highlight ITHR. . Inset shows enlarged OH profile. 

 

Figure 2.17 demonstrates that PRF 60 stoichiometric combustion in air at 40 bar and 800 

K exhibits three stages of heat release; low-, intermediate- and high-temperature heat 

releases (LTHR, ITHR and HTHR). Each stage is characterized by a sudden increase in 

radicals, as seen in the OH and HO2 profiles in Figure 4.6. The low temperature chemistry 

of alkanes (iso-octane and n-heptane) is responsible for the LTHR; while the 

decomposition of H2O2 to two OH radicals is the main culprit for the ITHR. 
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Figure 2.18: Effect of adding DCPD on measured heat release rate in HCCI mode 

The modes of octane enhancement exerted on fuels by DCPD can be observed in several 

ways. One way to boost octane is by suppressing low temperature heat release (LTHR) in 

the HCCI mode. Figure 2.18 illustrates the suppression of the LTHR region of the fuel 

mixture tested under HCCI mode conditions. The suppression of LTHR indicated a longer 

ignition delay, and consequently, a higher octane number in the fuel mixture.  

The addition of DCPD to PRF 60 lead to partial suppression of the LTHR region. However, 

a 20% addition of DCPD to PRF 60, completely suppressed the LTHR, as shown by Figure 

2.18. The suppression of the LTHR can be explained by the type of chemistry that DCPD 

underwent during combustion; DCPD achieved this by scavenging the radical species 

formed in that region, consequently forming the cyclopentadienyl radical. The 

cyclopentadienyl radical that was formed was extremely stable, due to the presence of the 
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bis-allylic position and high electron delocalization within the radical, which significantly 

lowered the reactivity of the fuel mixture. 

Inhibition of the LTHR can be explained by the reaction pathway of CPD presented in 

Figure 2.19. About 83% of CPD formed a cyclopentadienyl (CPDyl) radical through H-

abstraction, which further reacted with HO2, producing the cyclic alkoxy radical (C5H5O), 

which next lost a hydrogen to produce a cyclic ketone (C5H4O). Initially, a hydrogen 

radical added to the cyclic ketone, forming C5H4OH, which either went directly to form a 

CPDyl radical again, or formed CPDyl alcohol first, which eventually produced a CPDyl 

radical as well. This resulted in the build-up of the CPDyl radical, followed by a rapid 

consumption by the decomposition of the cyclic ketone (C5H4O) into C4H4 and CO. This 

is apparent in the CPDyl radical profile provided in Figure 4.8. So, at the time 

corresponding to LTHR in PRF 60, CPD acted as a radical sink, consuming the radicals 

(OH and HO2) to produce a stable species and lower the reactivity of the blend. 

 

Figure 2.19: Cyclopentadienyl radical reaction pathway (high temperature pathways in 

red) 
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Figure 2.20: Pressure trace of pure isooctane vs. isooctane + DCPD (1:1) measured in 

IQT 

Another way that DCPD enhances octane is by the charge cooling effect, achieved by 

higher heat of vaporization and a higher injection mass of DCPD. As illustrated in Figure 

2.20, DCPD had a greater cooling effect on the fuel mixture compared to pure isooctane, 

as seen in the form of a pressure drop. Furthermore, DCPD lengthened the ignition delay 

time for the isooctane/DCPD mixture. Isooctane measured ignition delay time was 16.9 

ms; whereas the isooctane + DCPD (1:1) fuel mixture had an ignition delay of 42.0 ms 

[47]. The derived RON values from IQT for pure isooctane and isooctane/DCPD blend 

were 96.2 and 105.0, respectively [47]. Consequently, DCPD had a RON which was 

greater than 100 (isooctane has a RON of 100), and will be a superior octane booster. All 

the acquired data above proves that DCPD has superior octane boosting characteristics. 
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2.5 HCCI and IQT Correlation  

 

 

Figure 2.21: HCCI number and IQT derived octane numbers (DRON) of FACE I, J, and 

PRF 84 

 

HCCI numbers and DRON values were similar from a qualitative perspective; however, 

DRON values were lower than the HCCI values (Figure 2.21). There are several reasons 

for this discrepancy. First, both methods used fittings and correlations that lead to 

deviations in the predicted values [21,23]. Second, HCCI combustion was conducted under 

lean conditions, while in an IQT there was a spectrum of the fuel/air mixture regimes. The 

ignition was rapid in the rich zones (φ > 2) [53], where heat release triggered reactivity in 

the leaner regions, causing ignition. This is proven in Ref. [54], [55].  

IQT testing is a standardized test, while the HCCI test (a new and not an established 

procedure) is prone to several sources of measurement errors [56]. The important sources 

of error in the present experimental setup could be  day-to-day variations; the compression 

ratio determination; determination of the air/fuel ratio (λ); and the cycle-to-cycle variation 
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of combustion phasing [56]. The most important source of error is the extrapolation 

process. 

 

2.6 Chemical Nature of Synergistic Blending 

 

Toluene is a well-known high octane booster: It has a high BRON of 124 when blended 

with PRF60 at 20 vol% [9]; and it is also used in toluene PRFs (TPRFs) as a surrogate fuel 

for aromatics. Toluene is a good example of a non-synergistic octane booster that shows a 

linear blending effect. The non-synergistic blending behavior of toluene makes it inferior 

to other synergistically blending fuels like DCPD, which is lower in octane than toluene. 

The chemistry of toluene auto-ignition is well understood, which is why it was selected to 

be compared to DCPD here.  

Although pure DCPD is lower in octane rating than pure toluene, it is a better octane 

booster when blended with gasoline fuels. The synergistic blending nature of DCPD is very 

interesting: The octane rating of pure DCPD is lower than pure toluene and ethanol, 

because high temperature combustion induces the ring opening of CPD. However, as a 

pure compound, toluene can withstand high temperature combustion due to the very stable 

aromatic ring in its structure. When combusted, toluene does not decompose until the 

temperature is above 1000oC. However, benzene is still detected at 1100oC [57]. 

Consequently, low temperature chemistry was investigated to more clearly understand why 

DCPD is a better octane booster than toluene. 
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Because of its higher blending octane number, DCPD has a greater effect on boosting fuel 

octane than toluene (Figure 2.1 and Table 2.10); this is because of the oxidation behavior 

of DCPD, which decomposes to yield two CPD molecules upon oxidation. CPD contains 

a bis-allylic site which has allylic hydrogens that are easily abstracted. The formed 

cyclopentadienyl radical is extremely stable due to resonance stabilization of the radical at 

the bis-allylic position. CPD acts as a radical sync, leading to the formation of the stable 

ketone, cyclopentadienone [40]. The suggested pathway for low temperature oxidation of 

DCPD is shown in Figure 2.22. 

 

 

 

 

 

 

Figure 2.22: Low-temperature oxidation mechanism of DCPD. 

 

The toluene aromatic ring is an electron withdrawing group; it does not stabilize the formed 

radical that resulted from the H abstraction from the methyl group, as effectively as the bis-

allylic radical in CPD. Instead, it reacts further to produce more radicals [58]. The low-

temperature oxidation reaction mechanism of toluene is shown in Figure 2.23.  It is clear 

that the addition of hydroperoxy (HO2) radicals to the benzylic radical leads to the eventual 

formation of OH radicals, which increases reactivity. 
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Figure 2.23:  Low-temperature oxidation of toluene. 

 

 

2.7 Kinetic analysis 

Effect of DCPD addition to PRF and TPRF 

 

A Brute force sensitivity analysis was performed for stoichiometric mixtures of PRF 60 

and PRF 60 + 20% DCPD, in air at 40 bar and 800 K. The results for the ten most sensitive 

reactions appear Figure 4.10. The first temperature sensitivity analysis was conducted 

using CHEMKIN-Pro [19] at 20% of fuel consumption to identify the highly sensitive 

reactions. Then the ignition delay time sensitivity was calculated using the following 

formula: 

𝜎 =  
𝑙𝑜𝑔

𝜏2

𝜏0.5

log
2

0.5

 

 

Where, τ2 and τ0.5 are the ignition delay times, calculated with the rate constant of the 

specific reaction, multiplied and divided by two, respectively. The positive and negative σ 

indicate that the specific reaction increased and decreased the ignition delay time, 
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respectively. The results of temperature sensitivity analyses can be found in the 

supplementary material. 

 

 

 

Figure 2.24: Brute force sensitivity analysis for stoichiometric mixtures of PRF 60 and 

PRF 60 + 20% DCPD at 40 bar and 800 K. 

 

Figure 2.24 shows that the abstraction of hydrogen by OH from CPD was a largely positive 

reaction for the PRF 60 + 20% DCPD blend. This reaction resulted in the formation of a 

cyclopentadienyl radical at the bis-allylic position, the most favored abstraction site 

because of the stability of the formed radical; this position was significantly stabilized by 

the delocalization of electrons from two neighboring double bonds [40]. All other reactions 

showed the same sensitivity trend for both blends, with slight differences in magnitude. 

Because of the hindered chain branching pathway [42], the abstraction of hydrogen by OH 

from the tertiary site of iso-octane (reaction 2) was the second most positive sensitive 

reaction. The remainder of the reactions were for n-heptane oxidation. H-abstraction from 
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heptane to produce the heptyl radical was the most negatively sensitive reaction for both 

blends (reactions 7,9-11); however a higher magnitude was noticed for PRF 60 + 20% 

DCPD. The production of heptyl radicals promoted ignition because of the more 

pronounced low temperature chemistry of n-alkanes compared to branched and 

cycloalkanes. The concerted elimination from the heptyl-peroxy radical (reaction [3-5]) 

showed positive sensitivity because it competed with the chain branching pathway. 

Consequently, the isomerization of heptyl-peroxy radicals to heptyl-hydroperoxy radicals 

(reactions 6 and 8), which subsequently underwent chain branching, showed negative 

sensitivity.  

 

To clarify the effect of DCPD addition, ignition delay time measurements were simulated 

using mechanisms from Mehl et al. [41], combined with Robinson-Lindstedt [40]  

cyclopentadiene (CPD) mechanisms, and compared to the experimental RCM results. It 

was assumed that DCPD would monomerize instantly into CPD in the system before the 

oxidation process. There was a significant discrepancy between RCM results and the 

simulated IDTs. The simulation resulted in IDTs which were much longer than the 

experimental tests. Moreover, it showed that toluene was significantly more reactive  than 

pure DCPD (Figure 2.25), which contradicted the experimental results [47]. 
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Figure 2.25: Simulated ignition delay times of DCPD and toluene, and RCM ignition 

delay times of DCPD 

 

Several PRF ignition delay time simulations were also performed to discover whether the 

mechanism could capture the reactivity of the PRF 60 + 20% DCPD. The reduction in 

reactivity of PRF 60 with the addition of DCPD scales linearly, according to the simulated 

IDT (Figure 2.26). The measured octane number of PRF 60 + 20% DCPD was found to be 

92; therefore, a PRF 92 ignition delay time was simulated to see if similar IDTs resulted 

for both PRF 92 and PRF 60 + 20% DCPD. Unfortunately, the model did not predict the 

correct ignition delay time for PRF 60 + 20% DCPD.  
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Figure 2.26: Simulated ignition delay times of PRF 92, PRF 90, PRF 84, PRF 70, 

PRF 60 and PRF 60 + 20% DCPD 

 

The data above, and observations, suggested that there were missing pathways of CPD + 

OH, apart from the abstraction reaction that increased pure compound reactivity but which-

- in a mixture--caused the consumption of a radical pool that produced the LTC of n-

heptane in the fuel mixture. The real reactivity of DCPD was not reflected in the simulation 

because of the missing OH addition to CPD pathways; those pathways caused the reactivity 

of DCPD to increase in pure form by consuming the fuel. When it was in mixture, however, 

the OH addition to CPD consumed the produced radicals and acted as a radical sink to 

scavenge the radicals formed in the low temperature chemistry regime.  Several additional 

CPD + OH pathways (Figure 2.27) were suggested to improve the mechanism and allow it 

to capture the correct reactivity of the fuel mixture and, hopefully, to better predict ignition 

delay time and other properties.  
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Figure 2.27: Suggested missing CPD + OH addition reaction pathways 

 

2.8   Conclusions 

This study explored the auto-ignition property of a high-potential octane booster, 

dicyclopentadiene (DCPD). The blending octane quality of DCPD with various gasoline 

fuels and PRFs was tested using different experimental procedures and covering a wide 

range of operating conditions. The results revealed the synergistic nature of DCPD 

blending with base gasoline fuels.  The increase in octane quality per unit volume of DCPD 

diminished with increased DCPD volume and the RON of the base gasoline fuel. The 

composition of the base gasoline also appeared to affect the blending octane number 



127 
 

  

(BON), which will be explored further in future work. Summary and conclusions are listed 

below: 

1. Using DCPD as an octane booster might be a smarter utilization of byproducts from 

petrochemical refinery processes than conventional high octane gasoline streams. 

2. IQT data showed a higher synergistic blending of DCPD compared to ethanol. 

3. HCCI tests were performed to assess the auto-ignition behavior of DCPD-gasoline 

blends at RON and MON-like conditions. The HCCI mode blending research 

octane number (BRON-like) and the blending motor octane number (BMON-like) 

for DCPD blended with various based fuels, was determined. 

4. The various BRON and BMON-like values computed from test results showed 

decreasing synergy with increasing research octane number (RON) and motor 

octane number (MON) of the base gasoline fuel. 

5. Running the engine in the knock limited spark advance (KLSA) mode revealed that 

fuels for advanced combustion engines (FACE) A experienced a substantial 

difference in knock (Kp) intensity compared to the 5% blends with both ethanol 

and DCPD. The same trend was observed with PRF 84, however, in the 15% blends 

with ethanol and DCPD, the latter showed better anti-knock quality in the form of 

lower Kp. 

6. For FACE J, there was little difference in Kp between the pure fuel and the 5% 

blend with ethanol and DCPD. However, the   difference in Kp was much greater 
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with FACE J + 15% ethanol and FACE J + 15% DCPD, with the latter having much 

smaller Kp. 

7. FACE I showed a greater difference in Kp between pure FACE I and the 5% blend 

with ethanol and DCPD. The same phenomenon with FACE J recurred with FACE 

I when blended with 15% ethanol and DCPD. The latter showed much smaller Kp 

than the ethanol blend. 

8. Primary reference fuel (PRF) 70 showed similar results in 5% blends with ethanol 

and DCPD; once again however, Kp was lower when blended with 15% DCPD. 

9. A correlation between homogenous charge compression ignition (HCCI) numbers 

and derived RON from ignition quality tester (IQT) showed deviation because both 

methods involved fitting procedures and calculation in addition to the fact that 

HCCI is run under lean conditions where IQT is run under rich conditions. This is 

where auto-ignition behavior differs. However, HCCI seems to better predict the 

RON. 

10. DCPD was found to be a better anti-knock agent than toluene; this was attributed 

to structural aspects and chemical reactions of each compound.  

 

Additionally, the effect of DCPD addition as an octane booster has been investigated. The 

RON and MON of four different mixtures of PRF + DCPD and TPRF + DCPD were 

measured. Ignition delay times for the same mixtures were also measured at 20 bar and 

stoichiometric conditions in a rapid compression machine; and ignition delay time 

measurements were performed under stoichiometric conditions in a high-pressure shock 

tube at 40 bar. Finally, the experiments were simulated using a newly compiled kinetic 
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model and the results incorporated to clarify the effect of DCPD on the combustion 

chemistry of PRF and TPRF. The compiled model did not correctly capture the ignition 

delay times for the RCM, in particular, leading to the conclusion that missing OH addition 

pathways were the reason for the discrepancy between experimental and simulated ignition 

delay times. It was concluded that the formation of a highly stable cyclopentadienyl radical 

DCPD lowered the reactivity of the different mixtures. However, the effect was more 

pronounced on PRF mixtures due to the synergistic effect between the radicals produced 

from both fuels. The suppression of low temperature chemistry is the modus operandi of 

DCPD in boosting the octane number of the base fuel: The lower the low temperature heat 

release of the base fuel, the lower the effect of DCPD addition.   



130 
 

  

2.9 References 

[1] ExxonMobil, “The outlook for energy: A view to 2040,” 2016. . 

[2] G. T. Kalghatgi, “Fuel Anti-Knock Quality - Part I. Engine Studies,” 2001. 

[3] G. T. Kalghatgi, “The outlook for fuels for internal combustion engines,” Int. J. 

Engine Res., vol. 15, no. 4, pp. 383–398, Jun. 2014. 

[4] T. M. Mata, R. L. Smith, D. M. Young, and C. A. V Costa, “Life Cycle 

Assessment of Gasoline Blending Options,” Environ. Sci. Technol., vol. 37, no. 16, 

pp. 3724–3732, Aug. 2003. 

[5] R. L. McCormick et al., “Properties of Oxygenates Found in Upgraded Biomass 

Pyrolysis Oil as Components of Spark and Compression Ignition Engine Fuels,” 

Energy & Fuels, vol. 29, no. 4, pp. 2453–2461, Apr. 2015. 

[6] M. Tian, R. Van Haaren, J. Reijnders, and M. Boot, “Lignin Derivatives as 

Potential Octane Boosters,” SAE Int. J. Fuels Lubr., vol. 8, no. 2, pp. 2015-01–

0963, Apr. 2015. 

[7] V. S. B. Shankar et al., “Antiknock quality and ignition kinetics of 2-

phenylethanol, a novel lignocellulosic octane booster,” Proc. Combust. Inst., vol. 

000, pp. 1–8, Jun. 2016. 

[8] G. Handwerk and J. Gary, Petroleum Refining, vol. 29. CRC Press, 2001. 

[9] Knocking Characteristics of Pure Hydrocarbons, vol. 40, no. 12. ASTM 

International, 1958. 

[10] J. E. Anderson et al., “High octane number ethanol–gasoline blends: Quantifying 

the potential benefits in the United States,” Fuel, vol. 97, pp. 585–594, Jul. 2012. 

[11] T. M. Foong, K. J. Morganti, M. J. Brear, G. da Silva, Y. Yang, and F. L. Dryer, 

“The octane numbers of ethanol blended with gasoline and its surrogates,” Fuel, 

vol. 115, pp. 727–739, Jan. 2014. 

[12] M. B. Celik, “Experimental determination of suitable ethanol–gasoline blend rate 

at high compression ratio for gasoline engine,” Appl. Therm. Eng., vol. 28, no. 5–

6, pp. 396–404, Apr. 2008. 

[13] L. Bromberg, D. Cohn, and J. B. Heywood, “alculations Of Knock Suppression in 

Highly Turbocharged Gasoline/Ethanol Engines Using Direct Ethanol Injection,” 

J. Artic. Ser., 2006. 

[14] T. Topgül, H. S. Yücesu, C. Çinar, and A. Koca, “The effects of ethanol–unleaded 

gasoline blends and ignition timing on engine performance and exhaust 

emissions,” Renew. Energy, vol. 31, no. 15, pp. 2534–2542, Dec. 2006. 



131 
 

  

[15] T. T. P. Cheung and T. T. P. Cheung, “Cyclopentadiene and dicyclopentadiene,” 

Encycl. Polym. Sci. Technol. Vol. 5, vol. 5, no. 14, pp. 759–776, Sep. 2001. 

[16] P. T. O’Neil and S. D. Heister, “Evaluation of Physical and Ballistic Properties of 

Polymerized-Dicyclopentadiene-Based Composite Solid Propellants,” J. Propuls. 

Power, vol. 30, no. 3, pp. 749–759, 2014. 

[17] S. C. Shark, C. R. Zaseck, T. L. Pourpoint, S. F. Son, and S. D. Heister, 

“Performance and Flame Visualization of Dicyclopentadiene Rocket Propellants 

with Metal Hydride Additives,” J. Propuls. Power, vol. 32, no. 4, pp. 869–881, 

2016. 

[18] M. Hinkelman, “Development and testing of dicyclopentadiene based solid 

composite propellants,” 2017. 

[19] “CHEMKIN-PRO 15131, San Dieago 2013.” 

[20] H. Richter, T. G. Benish, O. A. Mazyar, W. H. Green, and J. B. Howard, 

“Formation of polycyclic aromatic hydrocarbons and their radicals in a nearly 

sooting premixed benzene flame,” Proc. Combust. Inst., vol. 28, no. 2, pp. 2609–

2618, Jan. 2000. 

[21] R. K. Robinson and R. P. Lindstedt, “On the chemical kinetics of cyclopentadiene 

oxidation,” Combust. Flame, vol. 158, no. 4, pp. 666–686, Apr. 2011. 

[22] H. Wang and K. Brezinsky, “Computational Study on the Thermochemistry of 

Cyclopentadiene Derivatives and Kinetics of Cyclopentadienone Thermal 

Decomposition,” J. Phys. Chem. A, vol. 102, no. 9, pp. 1530–1541, Feb. 1998. 

[23] L. B. Harding, S. J. Klippenstein, and Y. Georgievskii, “On the Combination 

Reactions of Hydrogen Atoms with Resonance-Stabilized Hydrocarbon Radicals 

†,” J. Phys. Chem. A, vol. 111, no. 19, pp. 3789–3801, May 2007. 

[24] K. Roy, M. Braun-Unkhoff, P. Frank, and T. Just, “Kinetics of the cyclopentadiene 

decay and the recombination of cyclopentadienyl radicals with H-atoms: Enthalpy 

of formation of the cyclopentadienyl radical,” Int. J. Chem. Kinet., vol. 34, no. 3, 

pp. 209–222, Mar. 2002. 

[25] R. D. Kern et al., “Pyrolysis of cyclopentadiene: Rates for initial C−H bond fission 

and the decomposition of c-C5H5,” Symp. Combust., vol. 27, no. 1, pp. 143–150, 

Jan. 1998. 

[26] L. V. Moskaleva and M. C. Lin, “Unimolecular isomerization/decomposition of 

cyclopentadienyl and related bimolecular reverse process:ab initio MO/statistical 

theory study,” J. Comput. Chem., vol. 21, no. 6, pp. 415–425, Apr. 2000. 

[27] W. Cannella, M. Foster, G. Gunter, and W. Leppard, “Face Gasolines and Blends 

With Ethanol: Detailed Characterization of Physical and Chemical Properties,” 



132 
 

  

2014. 

[28] A. D6890-13, “Standard Test Method for Determination of Ignition Delay and 

Derived Cetane Number ( DCN ) of Diesel Fuel Oils by Combustion in a Constant 

Volume Chamber,” ASTM Int., vol. i, pp. 1–17, 2013. 

[29] G. Bogin, A. M. Dean, M. a. Ratcliff, J. Luecke, and B. T. Zigler, “Expanding the 

Experimental Capabilities of the Ignition Quality Tester for Autoigniting Fuels,” 

SAE Int. J. Fuels Lubr., vol. 3, no. 1, pp. 2010-01–0741, Apr. 2010. 

[30] N. Naser, S. Y. Yang, G. Kalghatgi, and S. H. Chung, “Relating the octane 

numbers of fuels to ignition delay times measured in an ignition quality tester 

(IQT),” Fuel, vol. 187, no. (under revision), pp. 117–127, Jan. 2017. 

[31] I. Truedsson, W. Cannella, B. Johansson, and M. Tuner, “Development of New 

Test Method for Evaluating HCCI Fuel Performance,” in SAE Technical paper 

series, 2014-01-2667, 2014. 

[32] S. Y. Yang, N. Naser, S. H. Chung, and J. Cha, Effect of Temperature, Pressure 

and Equivalence Ratio on Ignition Delay in Ignition Quality Tester (IQT): Diesel, 

n -Heptane, and iso -Octane Fuels under Low Temperature Conditions, vol. 8, no. 

3. 2015. 

[33] “ASTM D2699-18, Standard Test Method for Research Octane Number of Spark-

Ignition Engine Fuel,” West Conshohocken, PA, 2018. 

[34] “ASTM D2700-17: Standard Test Method for Motor Octane Number of Spark-

Ignition Engine Fuel,” 2016. 

[35] V. S. Bhavani Shankar et al., “Primary Reference Fuels (PRFs) as Surrogates for 

Low Sensitivity Gasoline Fuels,” 2016. 

[36] M. Waqas, N. Naser, M. Sarathy, K. Morganti, K. Al-Qurashi, and B. Johansson, 

“Blending Octane Number of Ethanol in HCCI , SI and CI Combustion Modes,” 

SAE Int. J. Fuels Lubr., vol. 9, no. 3, 2016. 

[37] M. F. J. Brunt, C. R. Pond, and J. Biundo, “Gasoline Engine Knock Analysis using 

Cylinder Pressure Data,” in Industrial & Engineering Chemistry, 1998, vol. 40, no. 

12, pp. 2388–2438. 

[38] W. C. Herndon, C. R. Grayson, and J. M. Manion, “Retro-Diels-Alder Reactions. 

III. Kinetics of the Thermal Decompositions of Exo- and Endo-

Dicyclopentadiene,” J. Org. Chem., vol. 32, no. 3, pp. 526–529, 1967. 

[39] DOW CHEMICAL COMPANY, “Dicyclopentadiene Products: A Guide to 

Product Handling and Use.” 

[40] R. K. Robinson and R. P. Lindstedt, “On the chemical kinetics of cyclopentadiene 



133 
 

  

oxidation,” Combust. Flame, vol. 158, no. 4, pp. 666–686, Apr. 2011. 

[41] M. Mehl, W. J. Pitz, C. K. Westbrook, and H. J. Curran, “Kinetic modeling of 

gasoline surrogate components and mixtures under engine conditions,” Proc. 

Combust. Inst., vol. 33, no. 1, pp. 193–200, 2011. 

[42] N. Atef et al., “A comprehensive iso-octane combustion model with improved 

thermochemistry and chemical kinetics,” Combust. Flame, vol. 178, pp. 111–134, 

2017. 

[43] A. Mejía, H. Segura, and M. Cartes, “Vapor−Liquid Equilibria and Interfacial 

Tensions of the System Ethanol + 2-Methoxy-2-methylpropane,” J. Chem. Eng. 

Data, vol. 55, no. 1, pp. 428–434, Jan. 2010. 

[44] “DCPD(77-73-6),” Chemical BooK. [Online]. Available: 

http://www.chemicalbook.com/ProductMSDSDetailCB3854309_EN.htm. 

[Accessed: 27-Sep-2016]. 

[45] W. R. Leppard, “The Chemical Origin of Fuel Octane Sensitivity,” 1990. 

[46] W. G. Lovell, “Knocking Characteristics of Pure Hydrocarbons,” Knocking 

Charact. Pure Hydrocarb., vol. 40, no. 12, pp. 75-75–13, 1958. 

[47] M. Al-khodaier, V. Shankar, M. Waqas, N. Naser, M. Sarathy, and B. Johansson, 

“Evaluation of Anti-Knock Quality of Dicyclopentadiene- Gasoline Blends,” SAE 

Int., 2017. 

[48] A. Prakash, C. Wang, A. Janssen, A. Aradi, and R. Cracknell, “Impact of Fuel 

Sensitivity (RON-MON) on Engine Efficiency,” SAE Int. J. Fuels Lubr., vol. 10, 

no. 1, pp. 2017-01–0799, 2017. 

[49] J. B. Heywood, Internal Combustion Engine Fundementals, vol. 21. McGraw-Hil, 

1988. 

[50] K. Fieweger, R. Blumenthal, and G. Adomeit, “Self-ignition of S.I. engine model 

fuels: A shock tube investigation at high pressure,” Combust. Flame, vol. 109, no. 

4, pp. 599–619, 1997. 

[51] T. Javed et al., “Ignition studies of n-heptane/iso-octane/toluene blends,” Combust. 

Flame, vol. 171, pp. 223–233, 2016. 

[52] M. AlAbbad, T. Javed, F. Khaled, J. Badra, and A. Farooq, “Ignition delay time 

measurements of primary reference fuel blends,” Combust. Flame, vol. 178, pp. 

205–216, 2017. 

[53] J. E. Dec, “A Conceptual Model of DI Diesel Combustion Based on Laser-Sheet 

Imaging*,” 1997. 



134 
 

  

[54] V. P. Zhukov, V. A. Sechenov, and A. Y. Starikovskiy, “Autoignition of kerosene 

(Jet-A)/air mixtures behind reflected shock waves,” Fuel, vol. 126, pp. 169–176, 

Jun. 2014. 

[55] E. M. Osecky et al., “Investigation of Iso-octane Ignition and Validation of a 

Multizone Modeling Method in an Ignition Quality Tester,” Energy & Fuels, p. 

acs.energyfuels.6b01406, Sep. 2016. 

[56] R. K. Maurya and A. K. Agarwal, “Investigations on the effect of measurement 

errors on estimated combustion and performance parameters in HCCI combustion 

engine,” Measurement, vol. 46, no. 1, pp. 80–88, Jan. 2013. 

[57] Z. Mao, M. J. McIntosh, and J. C. Demirgian, “Incineration of toluene and 

chlorobenzene in a laboratory incinerator,” Argonne Natl. Lab.., vol. No. ANL/CP, 

no. CP--77468, 1992. 

[58] P. Dagaut, G. Pengloan, and A. Ristori, “Oxidation, ignition and combustion of 

toluene: Experimental and detailed chemical kinetic modelingElectronic 

supplementary information (ESI) available: Arrhenius parameters for reactions. 

See http://www.rsc.org/suppdata/cp/b1/b110282f/,” Phys. Chem. Chem. Phys., vol. 

4, no. 10, pp. 1846–1854, May 2002. 

 

 

 

 

 

 

 

 

 

 

 

 



135 
 

  

 Chapter 3: Theoretical Study of Hydrogen Abstraction from Limonene 

by H atom 

3.1    Introduction 

Global greenhouse gas emissions can potentially be decreased with the use of biofuels; and 

several countries are now using ethanol derived from corn and sugar cane as a source of 

alternative gasoline [1]. The use of corn ethanol to reduce greenhouse gases is a debatable 

issue, thus, its use as an alternative fuels is highly criticized [2], [3]. Research and 

investigation of second generation biofuels made from non-edible biomass has been 

underway for many years; and various screening processes have identified several 

candidate groups of compounds [4], [5]. Ketones, furans, and terpenes are among the most 

highly promising chemical classes identified [6]–[8]. 

Limonene is a di-olefin cyclic monoterpene molecule; it is a strained, unsaturated molecule 

with high energy content, making it an efficient potential biofuel. It exists as two 

enantiomers R(+) and S(-), with the R(+) being the most naturally occurring enantiomer 

(figure 3.1). Being an alkylated cyclic di-olefin, limonene is more resistant to engine knock 

than other bio-derived molecules [9]. These characteristics make it an appropriate fuel, or 

fuel blending agent for spark ignition (SI) engines. 

 

Figure 3.1: Isomers of limonene 
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Two main methods can be used to obtain limonene. The first method is steam distillation 

and extraction from citrus fruit skin, which yields high purity limonene with a low amount 

of toxic by-products [10], [11]. The second method is the pyrolysis of bio-waste under high 

temperature conditions. This technique produces huge amounts of waste water and toxic 

waste [12].  

The ongoing research on the use of bioengineered bacteria for the production of biofuels 

has been very extensive. Bacteria can be easily modified towards the production of a certain 

biofuel. The modified bacteria can breakdown sugar and biowaste to produce useful biofuel 

products. 

A better method to produce limonene in large quantities is the use of cyanobacteria to 

photosynthesize limonene. Wang et al. [13] made a breakthrough that allowed significant 

increase in the production of limonene from engineered cyanobacterium Synechococcus 

elongatus PCC 7942 using modeling guided study. They achieved that by enhancing the 

downstream limonene carbon sink. They were able to increase the limonene production by 

100-fold compared to production volume obtained by stepwise metabolic engineering. The 

production of limonene was increased from 8.5 µg/L to 885.1 µg/L. 

Several theoretical and experimental studies were carried out concerning the kinetics of 

limonene pyrolysis and oxidation [14]–[23]. However, all of them were limited to low 

temperature chemistry, and most were concerned with the kinetics of limonene + OH 

reactions. Even though reactions of limonene with other radical species have also been 

investigated, to the best of our knowledge, no studies exist in the literature regarding the 

kinetics of hydrogen-abstraction reactions of limonene by hydrogen atom. 
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Winer et al. [17], Atkinson et al. [14], and Gill et al. [18] determined the rate coefficients 

of limonene + OH reaction using the relative rate method to determine the rate constants 

of the reaction in an environmental chamber. Their experiments were conducted at 

atmospheric pressure and they used gas chromatography (GC) as a detector to monitor the 

temporal evolution of limonene concentration in an environmental chamber. Since their 

main purpose was to study the reactivity of limonene in the troposphere, their experiments 

were conducted at low temperatures (305 ± 2K, 294 ± 1 K, and 295-364 K for [22], [13], 

and [17], respectively). Their results showed that limonene is highly reactive in the 

troposphere. Rio et al. [21] applied excimer laser photolysis together with time of flight 

(TOF) mass spectrometry to detect OH radicals and then calculated the rate of limonene  + 

OH reactions. Braure et al. [14] investigated the kinetics of the reaction of limonene with 

OH and OD (deuterated hydroxyl radical) radicals, utilizing a low pressure tube reactor 

and a quadrupole mass spectrometer (QMS) as a detector. Both studies confirmed the 

significance of the hydrogen abstraction pathway in the reaction mechanism of limonene 

with a hydroxyl radical. Dash and Rajakumar [15] measured reaction rate coefficients of 

the reaction of limonene with chlorine (Cl) radicals using the relative rate technique; in 

their experiment, a UV photolysis model generated the Cl radicals, and a GC with a flame 

ionization detector (GC-FID) analyzed and measure organic species. They concluded that 

the reaction of limonene with chlorine is an effective pathway for the fast consumption of 

limonene. 

Grosjean and Williams II [18] theoretically used structure-reactivity relationships (SRR) 

and linear free-energy relationships (LFER) to estimate the reaction rates of unsaturated 

compounds like limonene with O3, OH, NO3, NO2 and Cl. Ramirez-Ramirez and Nebot-
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Gil [20] examined the mechanism of the addition of hydroxyl radicals to limonene’s double 

bonds, and Peeters et al. [19] used structure-activity relationship (SAR) to compute the rate 

coefficient of this reaction. Neither study considered abstraction reactions. Dash and 

Rajakumar [16] determined the rate coefficients of the reaction of limonene with a 

hydroxyl radical using a canonical variational transition state theory with small-curvature 

tunneling; their calculations considered both addition and abstraction reactions. 

The current work seeks to provide data regarding the kinetics of hydrogen abstraction by 

H-atom of limonene using computational methods. Hydrogen abstraction reactions from 

different carbon sites in limonene (primary, secondary, tertiary, allylic, and vinylic) were 

investigated. 

 

3.2    Computational Method 

 

All calculations were performed using a Gaussian 09 suite of programs [24] The minimum 

energy conformers of reactants, products and transition states were determined via relaxed 

scans at the B3LYP/6-31G(d,p) [25]–[27] level of theory. This level of theory with the 

lower basis set was selected because many conformers (3n) have to be calculated. 

Limonene is a big system and it will be computationally expensive to calculate at a high 

level of theory. Then when the minimum energy geometry is identified, it shall be 

optimized and refined at a higher level of theory in the optimization step. 

 

The lowest energy configurations obtained from the scanning process were finally 

optimized using the B3LYP density functional theory method, with a 6-311++G(2df,2pd) 

basis set [25] Cartesian coordinates and frequencies of all optimized species and transition 
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states are provided in Appendix B (Tables B4 and B5). The higher basis set was used in 

the optimization step to ensure the accurate location of the minimum geometry in addition 

to obtain better frequencies. The B3LYP density functional is widely used for organic 

compounds. The advantage here is that it optimizes the geometry and calculate frequency 

at higher accuracy without the added computational time. 

 

The energies of the optimized species and transition states were then calculated at both G4 

[28] and CBS-QB3 [29] levels of theory and G4 and CBS-QB3 composite methods, which 

were chosen based on the reported accuracies of 1.1 kcal/mol [28,29]. The selection of 

these composite methods was based on the recommendation of Somers and Simmie [30]. 

The selection of this combination resulted in 5.3 kj/mol deviation from ATcT value within 

95% confidence level. The transition states were confirmed by the existence of only one 

imaginary frequency, which corresponded to the relevant reaction pathway.  

 

1-D hindered rotor scans were performed at 10° increments using the B3LYP/6-31+G(d,p) 

level of theory to determine rotational energy barriers [28]. The standard enthalpies of 

formation of limonene and its derived radicals were determined using work reactions [33-

35] instead of atomization reactions; this significantly reduced the uncertainty in enthalpy 

values. Two sets of work reactions were designed for each target species, and the energies 

of all species implicated in these reactions were calculated at the G4 and CBS-QB3 levels 

of theory. Further details regarding these reactions may be found in Scheme 1. Work 

reactions were hypothetical reactions concerning the molecule of interest, designed so that 
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the number of bonds of a certain formal type and multiplicity were conserved, reducing the 

error in estimating enthalpy of formation by removing systematic errors. 

 

 

 

Figure 3.2: Example of a work reaction 

 

 

Scheme 1. Work reactions used to calculate enthalpy  
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Calculated standard enthalpy values were compared to those obtained using the group 

additivity (GA) method [32 ̶ 35] in CloudFlame [36], [37], a web front-end to THERM (see 

Appendix B Scheme B2) [38]. The group additivity method is a theoretical estimation of 

thermodynamic properties based on the addition of individual thermodynamic values of 

the groups creating the molecule. This method yields good approximation of the enthalpy 

of formation of a specific molecule without the difficulty of experimental techniques.  

  

The thermodynamic data and rate coefficients of all investigated chemical species and 

reactions were determined using ChemRate [39] software. To obtain better frequency and 

rotational constants results (for use in ChemRate), geometry and frequency computations 

were performed using B3LYP/6-311++G(2df,2pd). As per the recommendation in 

Andersson and Uvdal [28], a scaling factor of 0.9679 was applied to all DFT-calculated 

frequencies. The Pitzer and Gwinn [40] 1D hindered rotor method was used in ChemRate 

to account for the hindered rotors based on relaxed scans. The calculations were based on 

theoretical rate coefficients calculated at a high pressure limit; and the Arrhenius 

parameters were fitted over the temperature range of 298 to 2000 K using ChemRate 

software [39]. The calculated standard enthalpies of formation (∆fH
°
298) of limonene and 

its corresponding radicals are shown in Table 1. ∆fH
°
298 values were computed using work 

reaction method [33]. 
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3.3   Results and Discussion 

 

There are eight different H-abstraction sites in limonene, as shown in Figure 3.3. 

Hydrogen abstraction could occur at allylic, vinylic, primary, secondary, or tertiary sites, 

resulting in different radicals that will be referred to based on the naming scheme illustrated 

in Figure 3.4. 

 

 

Figure 3.3: Carbon numbers of limonene 

 

 

 

Figure 3.4: H-abstraction sites in limonene 
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The product radicals are R1, R3, R4, R5, R7, R8, R9, and R10. The radicals were 

named based on the carbon position where abstraction occurred (See Figure. 3.3). 

 

3.3.1 Thermodynamic data 

The calculated standard enthalpy of formation (∆fH
°
298) values of limonene and its 

corresponding radicals are shown in Table 3.1. 

 

Table 3.1: Limonene and H-abstraction products calculated ∆fH
°
298 at G4 and CBS-

QB3 level of theory and ∆fH
°
298 GA values (kcal/mol) 

Species 
∆fH°

298 

G4 
∆fH°

298 CBS-QB3 
∆fH°

298 

Average 

∆fH°
298 GA 

method 
∆fH°

298 difference1 

Limonene2 -1.14 -0.81 -1.0 -0.9 0.1 

R1 32.8 33.9 33.4 33.3 0.1 

R3 30.1 30.9 30.5 30.4 0.1 

R4 29.7 31.7 30.7 30.0 0.7 

R5 54.7 57.5 56.1 54.0 2.1 

R7 31.3 33.4 32.4 30.9 1.5 

R8 43.5 46.3 44.9 44.3 0.6 

R9 57.4 60.2 58.8 57.6 1.2 

R10 34.3 36.5 35.4 34.9 0.5 

1Differenc between ∆fH
°
298 average and ∆fH

°
298 estimated from GA method 

2Experimental ∆fH
°
298 of limonene is -0.6 kcal/mol[42] 

 

The value of heat of formation of limonene calculated and estimated (using the GA 

method) in this study is in good agreement with the experimental [41] values reported in 

the literature: -1.0, -0.9  and -0.6 kcal/mol , respectively. The reported ∆fH
°
298 values are 

an average of those calculated using the CBS-QB3 and G4 composite methods (see 

Appendix B Table B2 and Table B3). It should be noted that CBS-QB3 and G4 enthalpy 
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values are in good agreement, with differences less than 0.07%. The average value in 

enthalpy calculations was considered because there was no significant difference between 

the four different calculated values obtained using work reactions. Moreover, CBS-QB3 

method energy calculations underestimated enthalpy of formation, while the G4 method 

usually overestimated the enthalpy of formation. Consequently, the average of both 

methods produced a value which was much closer to the experimentally obtained value. In 

the case of limonene, using the G4 energies, for example, the heat of formation resulting 

from two different work reactions were -1.2 and 1.1 kcal/mol. While the averaged values 

using G4 and CBS-QB3 energies resulted in -1.1 and -0.9 kcal/mol respectively for the 

same set of work reactions. The overall standard deviation was found to be 0.2. In this case, 

the average of the four different calculated values was taken as the recommended standard 

enthalpy of formation value for each target species. 

 

The averaged computational ∆fH
°
298 values of limonene and its radicals are generally 

similar to those estimated using the GA method, with differences less than 0.05%, except 

for R5, where the difference was 2.1 kcal/mol. Considering that R5 was the only vinylic 

radical, the results obtained indicated a possible inaccuracy in the group value of vinylic 

abstraction. The group value adopted by Burke et al. [43] for secondary vinylic radical was 

based on quantum calculation outputs for smaller aliphatic olefinic compounds (C3 and 

C4), whereas limonene is a heavy cyclic olefinic compound.  Table 3.2 summarizes the 

calculated thermodynamic properties of limonene and its derived radicals. 
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Table 3.2: Calculated standard enthalpies of formation, entropies and heat capacities of 

limonene and its radicals (Hf, 298 is in kcal/mol, S298 is in cal/mol/K, and Cp is in 

cal/mol/K) 

        Cp 

Molecule   Hf, 298 S298 300 500 800 1000 1200 1500 2000 

 
          

Limonene 
 

-1.0 104.1 45.7 71.2 96.8 108.1 116.4 125.1 133.7 

R1 
 

33.4 100.9 45.5 70.7 94.9 105.5 113.3 121.5 129.5 

R3 
 

30.5 102.5 45.5 70.0 94.4 105.2 113.1 121.4 129.5 

R4 
 

30.7 106.6 44.0 68.6 93.3 104.1 112.0 120.3 128.4 

R5 
 

56.1 104.5 45.2 69.5 93.8 104.5 112.3 120.6 128.6 

R7 
 

32.4 104.9 44.7 69.6 93.9 104.5 112.3 120.5 128.6 

R8 
 

44.9 106.1 46.1 70.4 94.3 104.9 112.6 120.7 128.7 

R9 
 

58.8 104.5 45.5 69.8 93.9 104.5 112.4 120.6 128.6 

R10 
 

35.4 102.8 45.1 70.5 95.0 105.5 113.4 121.5 129.5 

TS1  56.1 106.6 48.8 76.4 102.9 114.1 122.2 130.6 138.6 

TS3  51.0 106.3 49.0 75.7 102.0 113.3 121.5 130.0 138.3 

TS4  55.1 107.4 48.9 75.5 101.6 112.9 121.2 129.7 138.1 

TS5  62.4 108.7 49.4 75.6 101.5 112.7 121.0 129.6 138.0 

TS7  55.0 107.6 49.0 75.5 101.7 112.9 121.2 129.7 138.1 

TS8  58.1 107.8 49.2 75.9 102.0 113.2 121.4 129.9 138.2 

TS9  65.3 108.4 49.6 75.8 101.6 112.8 121.0 129.6 138.0 

TS10  56.2 105.6 48.4 76.1 102.5 113.7 121.8 130.2 138.4 

 

3.3.2 High pressure rate rules 

The calculated rate constants were fitted to the modified Arrhenius equation RT

E

n
a

eATk
−

=

over the temperature range of 298 K- 2000 K. The Arrhenius parameters of the investigated 

reactions are reported in Table 3.3. 
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Table 3.3: Arrhenius parameters calculated using ChemRate (Ea is in kcal/mol, A is in 

cm3/mol•s) 

  logA Ea n 

Limonene + H• → R1 + H2 -18.19 4.38 2.45 

Limonene + H• → R3 + H2 -17.13 -0.39 2.07 

Limonene + H• → R4 + H2 -16.34 3.81 1.89 

Limonene + H• → R5 + H2 -15.76 11.24 1.81 

Limonene + H• → R7 + H2 -16.30 3.76 1.89 

Limonene + H• → R8 + H2 -20.14 11.95 2.46 

Limonene + H• → R9 + H2 -15.89 14.16 1.85 

Limonene + H• → R10 + H2 -17.88 4.60 2.26 

 

The two hydrogens at each site were assumed to be equivalent since they are on a non-

chiral carbon center (not sp3-hybridized carbon) and the two are available for abstraction. 

This assumption won’t be accurate for chiral centers. However, for the sake of simplicity 

and keeping the calculation inexpensive, all hydrogens on the same site were considered 

equivalent. 

 

Bond dissociation energy (BDE) is the energy required to break one mole of a certain bond-

-the carbon hydrogen bond (C-H) in this case--in the gaseous phase at 298 K; the BDE was 

calculated for all eight C-H bonds. For each abstraction reaction, limonene + H• → R• + 

H2, BDE was equal to ∆Hrxn. The C-H bond with lower BDE was the site where abstraction 

of hydrogen was easier, and vice versa. Figure 2.5 shows the bond dissociation energy for 

each C-H bond.  
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Figure 3.5: Bond dissociation energies of the different C-H bonds 

 

Figure 3.6 depicts the potential energy diagram (PED) in all the reactions investigated, 

with energies relative to that of limonene. The PED shows that the formation of R3 (tertiary 

allylic radical), the lowest energy product (30.5 kcal/mol), proceeded through an energy 

barrier of 0.1 kcal/mol, and was the most kinetically and thermodynamically favourable 

reaction pathway among those investigated in this study. This was expected since the bond 

breaking to produce R3 had the lowest BDE (83.2 kcal/mol). Reactions leading to R4 and 

R7 (secondary radicals), have similar activation energy barriers (4.0 kcal/mol and 3.9 

kcal/mol, respectively), and similar radical product energies (30.7 kcal/mol and 32.4 

kcal/mol, respectively). The BDE of the C-H bonds leading to R4 and R7 were 83.4 

kcal/mol and 85.1 kcal/mol, respectively. Reactions leading to R1 and R10 (primary 

radicals) had similar activation energy barriers (4.4 kcal/mol and 4.6 kcal/mol, 

respectively), and radical product energies (33.4 kcal/mol and 35.4 kcal/mol, respectively). 

The BDE of the C-H bonds leading to R1 and R10 were 86.1 kcal/mol and 88.1 kcal/mol, 

respectively. In the case of R8 (secondary radical), the activation energy barrier was about 
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2 kcal/mol higher than that of R1 and R10, and the resulting radical was significantly higher 

in energy (10 kcal/mol difference). The BDE of C-H bond in the case of R8 was 97.6 

kcal/mol. Finally, the reactions leading to R5 and R9 (vinylic radicals) had the highest 

activation barriers (11.2 kcal/mol and 14.2 kcal/mol respectively), since the resulting 

radicals were the least stable, with energies of 4.9 kcal/mol and 7.7 kcal/mol, respectively. 

The BDE of the C-H bonds leading to R5 and R9 were 108.8 kcal/mol and 111.5 kcal/mol, 

respectively. 

 

 

 

 

 

Figure 3.6: Potential energy diagram of limonene and radical products 
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Figure 3.7: Calculated reaction rates of limonene H-abstraction by hydrogen atom 

 

Figure 3.7 illustrates the temperature dependence of the rate constants of investigated 

reactions. As expected for reactions with high and positive energy barriers, the rate of 

reaction increased with increasing temperature, with the rate of abstraction from allylic 

sites being much higher than that of abstraction from vinylic sites. Furthermore, the 

abstraction rate from a tertiary carbon was higher than that from a secondary carbon, which 

in turn was higher than that from the primary carbon. The observed behaviour is attributed 

to the effects of radical stabilization. The delocalization of electrons at tertiary sites was 

more pronounced than at primary sites, due to the availability of more neighbouring 

substituents that could donate electrons to stabilize the forming radical. Under 800 K, the 

investigated rates complied with the following order: R3>R7>R4>R1>R10>R8>R5>R9. 

A crossover was observed between the rates of formation of R8 (secondary radical) and 

R10 (primary allylic radical) at about 800 K, where R10 was faster at lower temperature. 

At low temperature, the rate constant was predominantly dependant on the energy barrier 



152 
 

  

(Figure 3.7); while at high temperature, the rate constant was significantly affected by the 

entropic term. 

As the temperature increased, the abstraction rates became similar; however, the general 

reactivity trend was maintained. The abstraction rate depended on the stability of the 

resultant radical. Abstraction was made easier by stabilizing the resulting radical via 

delocalization of the unpaired electrons throughout the limonene ring. The more stable the 

radical, the higher the abstraction rate constant. The R3 radical had the largest rate constant 

over the temperature range of interest because it is a tertiary allylic radical, which was 

found to be the most stable radical species in this study. The second most stable radical in 

this study was the secondary allylic radicals R7 and R4, followed by primary allylic 

radicals R1 and R10. The R8 radical, a secondary radical, had rate constants similar in 

magnitude to those of the primary allylic radicals. The lowest abstraction rate was found 

to be in case of the unstable vinylic radicals, R5 and R9 [40]. 

 

3.4   Comparison with the literature 

 

The results computed in this work were validated by comparison against the rates available 

in the literature for similar carbon sites. Sumathi et al. [44] calculated the rate rules of 

abstraction, addition and isomerization for different hydrocarbon groups; they used both 

quantum chemical calculations and group additivity methods and compared their results to 

the available literature with good agreement. Wang et al. [45] studied the combustion and 

pyrolysis chemistry of methylcyclohexane; they used both experimental procedures and 

theoretical calculations to construct a combustion kinetic model for methylcyclohexane. 
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The rate constants of H-abstraction from secondary carbon position methylcyclohexane by 

H-radical has been computed as k1 = 2.1 × 107 • T2.1 • exp (6.5 × 103). 

 

A.     Primary radicals 

  

 

 

B. Secondary radicals 
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C. Tertiary allylic and secondary vinylic 

 

Figure 3.8: Comparison of the rate constants of limonene + H-radical reactions calculated 

in this study to those reported by Sumathi et al. [44] for primary (A), secondary (B) and 

teriary (C) abstraction sites, as well as those reported by Wang et al. for secondary sites 

(B) 

Figure 3.8A shows that at low temperature conditions, the rate constants of H-abstraction 

from primary carbons (Sumathi et al. [44]) were higher by less than one order of magnitude 

than those determined in this study (R1 and R10). This can clearly be deduced from 

calculated BDE values of the C-H bond in the primary allylic position. In the case of 

limonene R1 and R10, calculated BDE’s were 86.1 kcal/mol and 88.1 kcal/mol, 

respectively, while the BDE calculated by Sumathi et al. was 85.0 kcal/mol. The 

discrepancy might be also attributed to the fact that Sumathi et al. used a different basis set 

model, CBS-Q. In this study, a combination of CBS-QB3 and G4 composite methods was 
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used instead. The same observation was made in the cases of R4 and R7 (both secondary 

allylic radicals) (Figure 3.8B). Our calculated BDE values for R4 and R7 were 83.4 

kcal/mol and 85.1 kcal/mol, respectively, compared to the 81.5 kcal/mol BDE value 

calculated by Sumathi et al. for the secondary allylic site. Similar discrepancies were 

observed for R10 compared to a primary allylic radical. Only rate constants of R3 reaction 

agreed well with the corresponding values from Sumathi et al. for the tertiary allylic 

radical. 

Abstraction rates from vinylic positions calculated in this study are also lower by one order 

of magnitude than the corresponding values reported by Sumathi et al. [44] In the case of 

R5, the discrepancy may be due to the fact that the radical site was located on the ring, 

which hindered the stabilization of the radical species. The calculated BDE for the R5 

radical was 108.8 kcal/mol, compared to the 106.1 kcal/mol value calculated by Sumathi 

et al. for the vinylic C-H bond. Similarly, in the case of R9 (primary vinylic radical) the 

calculated BDE was 111.5 kcal/mol compared to the value of 110.0 kcal/mol reported by 

Sumathi et al. for the same type of radical site. The calculated rate constant of R8 was 

lower than that reported by Sumathi et al. for a similar site, however, it was higher than the 

value calculated by Wang et al. [45] The higher values from Sumathi et al. are attributed 

to the fact that the isobutylene group on the carbon next to the site of abstraction caused a 

steric effect, hindering the abstraction of the hydrogen atom. Our values were higher than 

those of Wang et al. because limonene is more often substituted than methylcyclohexane, 

and it has unsaturated bonds. A higher degree of substitution and lower degree of saturation 

contributed to the radical stabilization of limonene, causing higher abstraction rates from 

the secondary carbon sites, compared to methylcyclohexane. 
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3.5 Conclusion 
 

 

Unlike other popular biofuels such as corn ethanol, limonene is a potential biofuel not 

derived from food crops. This study investigates the kinetics of hydrogen abstraction by 

H-radicals of limonene at high pressure limits. Reaction kinetics was studied using 

computational methods, and the rate parameters for the eight different radicals were 

determined. The rate constants were calculated using transition state theory and fitted over 

the temperature range of 298 to 2000K. 

 

The calculated rate constants were compared to those reported by Sumathi et al. [44] and 

Wang et al. [45] for similar reactions.  As expected, the abstraction rate depended strongly 

on the chemical nature of the abstraction site, with abstraction from the tertiary allylic site 

being most favourable.  The substituent groups had a dual effect i) stabilizing the product 

radical, as in case of the R3 radical, and/or ii) hindering the abstraction reaction, as in the 

case of the R8 radical, where the isobutylene group hindered abstraction of H from the 

adjacent carbon. The tertiary allylic radical (R3) was found to have the highest reaction 

rate, whereas the reaction rate of vinylic radicals R5 and R9 had the slowest reaction rate. 

Under typical high temperature combustion conditions, the radicals were expected to 

undergo beta-scission, ring opening, and hydrogen transfer reactions, the rates of which 

will be calculated in future studies. 

 

Preliminary screening tests of the anti-knock characteristics of limonene revealed that it 

does not have high anti-knock properties and hence it will not be an adequate octane 

booster for future fuel/engine applications; for this reason, no further investigations of 
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limonene were conducted. However, the lesson learned here is that radical chemistry and 

radical scavenging are the most important elements in deciding the anti-knock 

characteristics of any fuel. Ignition quality (IQT) test data for limonene, in comparison 

with iso-octane, appears below. Iso-octane is the standard fuel used to determine the octane 

rating of unknown fuels.  

 

Table 3.4. Ignition delay times and derived octane numbers obtained from IQT for 

limonene and iso-octane 

 

Fuel 
Total ignition 

delay (ms) 

Standard 

deviation (ms) 

Derived Octane 

number 

iso-Octane 16.951 0.409 96.2 

Limonene 11.091 0.429 87.5 

 

Limonene + iso-Octane (1:1)  
13.837 0.237 92.6 
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Chapter 4: Conclusions and Future Work 

 

In this research, two candidate chemicals (limonene and dicyclopentadiene) were tested to 

verify their feasibility as future fuel octane boosters. Dicyclopentadiene (DCPD) was found 

to be a very promising compound with great potential as an excellent octane booster. From 

the literature, it was found that pure DCPD has an octane rating of about 108, similar to 

ethanol--the most widely used octane enhancer. However, when DCPD was blended with 

fuel mixture, it had a stronger boosting effect than ethanol. The blending research octane 

number BRON of ethanol was 177.5, while the blending research octane number of DCPD 

was 229. DCPD was also compared to the high-octane toluene: the BRON of toluene was 

found to be 124, much lower than that of DCPD.  

In octane boosting, DCPD outperformed both ethanol and toluene, because DCPD lowers 

the reactivity of different fuel mixtures, due to the formation of a highly stable 

cyclopentadienyl radical. The effect was more pronounced on PRF mixtures however, 

because of the synergistic effect between the radicals produced from both fuels. 

Suppression of low temperature chemistry is the modus operandi of DCPD in boosting the 

octane number of the base fuel. 

On the other hand, limonene was oily, difficult to evaporate and it oxidized very quickly; 

therefore, the decision was made to conduct a computational chemistry study. It was 

concluded that radical reaction chemistry was the most crucial chemical reaction governing 

the combustion behavior in any fuel. The ease, or difficulty of abstraction from a specific 

site within the molecule dictated how the oxidation process proceeded and at what rate.  
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It was concluded that the effects of electron delocalization and stabilization resulted in the 

easiest and quickest abstraction from allylic sites. The class of the carbon--whether 

primary, secondary or tertiary—also contributed to the rate of the abstraction reaction. 

However, after the screening of limonene and review of the literature, it was found that 

limonene is not a significant octane booster (RON ~ 86); therefore, no further investigation 

was carried out for limonene. 

Two pathways are recommended for future work: The first is economical and feasible, in 

which refinery economics are investigated, including the availability and abundance of 

DCPD in local refineries and the cost of improving some refinery processes to maximize 

production of DCPD. Finally, to ensure that there is no negative effect on the refinery 

overall operations. 

The second route is the study of compatibility and environmental aspects in which DCPD 

compatibility is investigated with regard to engines and fuel systems. It is essential that 

after treatment systems and the effects of DCPD on a catalyst are examined. 

The environmental aspect involves emissions resulting from the introduction of DCPD to 

the fuel. Because it is a heavy olefinic molecule, it must be verified that PAH emissions 

will not increase or become a source of soot particulates. 
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APPENDIX A 

 

 

 

Figure A1: Newman projection eclipsed position 
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Scheme A1: Cubane synthesis 
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Property Method 

Density ASTM D4052 

Corrosion copper strip ASTM D130 

Research octane number ASTM D2699 

Motor octane number ASTM D2700 

Total sulfur ASTM D5453 

Mercaptan sulfur ASTM D3227 

Gum, solvent washed ASTM D381 

Gum, unwashed ASTM D381 

Potential gum, unwashed ASTM D873 

Distillation  ASTM D86 

Vapor lock index (VLI) - 

Reid vapor pressure ASTM D323 

Oxidation stability ASTM D525 

 

Table A1: Gasoline testing methods 

A basic testing protocol for new fuel blending components should include: 

 

1. Octane blending study: test RON and MON properties to verify the performance of the 

new component. 

 

2. Engine combustion study: test performance (power, burn rate and fuel consumption) of 

the new component in single- and multi-cylinder engines. 

 

3. Fuel stability study: test thermal and oxidation stability impact of the new component. 

 

4. Emissions study: analyse emissions produced by the new fuel component. 

 

5. Compatibility study: test the new fuel component with typical vehicle fuel system 

delivery components. 

 

Fuel specification study: determine the blending recipes to produce an optimised finished 

fuel formulation. 
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APPENDIX B 

Table B1: Literature ∆fH°
298 for different molecules used in constructing the work reactions  

  
Compound  Structure 

∆fH°
298  

(kJ/mol) 

∆fH°
298 

(kcal/mol) 

R33 Methane CH4 -74.6 [1] -17.8 

R34 Cyclohexene 
 

-4.3 [2] -1.0 

R35 1-Pentene  -21.7 [3] -5.2 

R36 Ethane  -84.0 [1] -20.1 

R37 Cyclohexane 
 

-124.6 [4] -29.8 

R38 1,5-Hexadiene  85.0 [5] 20.3 

R39 1-Butene  -0.6 [6] -0.2 

R40 n-Propyl radical  100.0 [7] 23.9 

R41 Isobutane 
 

-134.2 [8] -32.1 

R42 Propane  -104.7 [8] -25.0 

R43 1-Heptene  -63.0 [9] -15.1 

R44 Isobutyl radical 
 

70.0 [7] 16.7 

R45 Butane  -125.6 [8] -30.0 

R46 Allyl radical  171.0 [7] 40.9 

R47 2-Methylheptane 
 

-215.5 [10] -51.5 

R48 Tert-butyl radical 
 

48.0 [7] 11.5 

R49 Allene  190.1 [11] 45.4 

R50 2-Methylbut-2-yl radical 
 

28.0 [7] 6.7 

R51 Ethylene  52.4 [1] 12.5 

R52 Vinyl radical  299.0 [7] 71.5 

R53 Heptane   -187.8 [10] -44.9 

R54 2-Butyl radical  
 

69.0 [7] 16.5 
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R55 Isopropyl radical 
 

90.0 [7] 21.5 

 

Table B2:  Calculated enthalpy of formation (kcal/mol) at 298K of limonene and radical 

products using work reactions (WR) 

 

 Enthalpy of Formation (kcal) 298K  

 
WR1 (G4) WR2 (G4) 

WR1 

(CBSQB3) 

WR2 

(CBSQB3) 
Average Std. Dev. 

Limonene -1.22 -1.06 -0.75 -0.88 -0.98 0.21 

R1 32.61 33.05 33.92 33.82 33.35 0.63 

R3 30.07 30.04 31.25 30.54 30.48 0.56 

R4 29.37 29.95 31.58 31.83 30.68 1.21 

R5 54.71 54.65 57.51 57.39 56.06 1.60 

R7 31.02 31.60 33.31 33.56 32.37 1.25 

R8 43.69 43.25 46.57 46.06 44.89 1.66 

R9 57.41 57.35 60.24 60.11 58.78 1.62 

R10 34.05 34.63 36.38 36.62 35.42 1.28 

 

    Average 

Std. Dev. 
1.11 

       

       

       
Table B3:  Calculated enthalpy of formation (kcal/mol) at 298K of limonene in different 

transition states using work reactions (WR) 

 

 
WR1 (G4) WR2 (G4) 

WR1 

(CBSQB3) 

WR2 

(CBSQB3) 
Average Std. Dev. 

TS1 54.35 54.94 57.48 57.73 56.12 1.73 

TS3 49.88 49.85 52.58 51.86 51.04 1.39 

TS4 53.24 53.82 56.54 56.78 55.10 1.83 

TS5 61.46 61.40 63.39 63.26 62.38 1.10 

TS7 53.23 53.81 56.43 56.67 55.04 1.77 

TS8 56.24 55.80 58.37 57.86 57.07 1.07 

TS9 64.35 64.28 66.26 66.13 65.26 1.09 

TS10 54.53 55.11 57.48 57.72 56.21 1.63 
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Average 

Std. Dev. 
1.45 

 

Scheme B2: Group additivity method calculations[12]–[17] 

 

Thermo estimation for molecule:  

 

Species name: Limonene 

Species formula: C10H16 

 

Input groups: 

 

  

    Cp 

Group Count 
Hf298 

(kcal) 

S298 

(kcal) 
300 400 500 600 800 1000 1500 

C/CD/H3 2 -10.01 30.29 6.22       7.74 9.24 10.62 12.84 14.59 17.35 

CD/C2 2 9.66 -12.27 3.43    4.38 5.07 5.50 6.06 6.36 6.66 

CD/C/H 1 8.65 7.83 4.31    5.22 6.03 6.74 7.87 8.67 9.87 

C/C/CD/H2 2 -4.97 9.55 5.00    6.54 7.91 9.06 10.86 12.19 14.11 

C/C2/CD/H 1 -2.85 -11.69 4.16    5.91 7.34 8.19 9.46 10.19 11.28 

C/C2/H2 1 -5.00 9.65 5.59    7.08 8.43 9.53 11.23 12.48 14.34 

CD/H2 1 6.28 27.59 5.10    6.31 7.44 8.42 9.99 11.20 13.17 

CY/C6/E 1 1.10 21.21 -5.14   -4.29 -3.35 -2.54 -1.41 -0.66 0.55 

GAUCHE 2 0.8 0.00 0 0 0 0 0 0 0 

OI 1 0.0 1.37 0 0 0 0 0 0 0 

  

   

Symmetry: nine 

No. of rotors: three 

 

Thermo result: 

 

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal -0.86 106.7 43.3 57.6 70.3 80.7 96.7 108.2 
 

 

 

Thermo estimation for radical:  

 

Radical name: R1 

Radical formula: C10H15 

  

Input BD group: ALLYLP 
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No. of GAUCHE interactions: 0 

No. of IO: one 

Symmetry: six 

No. of rotors: two 

 

Thermo results: 

 

   

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 33.3 105.8 42.5 56.6 69.1 79.1 94.8 105.6 
 

 

 

Thermo estimation for radical:  

 

Radical name: R3 

Radical formula: C10H15 

 

Input BD group: ALLYLT 

No. of GAUCHE interactions: 0 

No. of IO: 0 

Symmetry: nine 

No. of rotors: two 

 

Thermo results: 

  

   

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 30.4 101.7 41.5 55.2 67.6 77.7 93.4 104.6 
 

 

 

Thermo estimation for radical:  

 

Radical name: R4 

Radical formula: C10H15 

 

Input BD group: CHENEA 

No. of GAUCHE interactions: one 

No. of IO: one 

Symmetry: nine 

No. of rotors: three 

 

Thermo results: 

   

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 30.1 106.8 43.0 56.8 69.0 78.8 93.8 104.5 



171 
 

  

 

 

 

Thermo estimation for radical:  

 

Radical name: R5 

Radical formula: C10H15 

 

Input BD group: VINS 

No. of GAUCHE interactions: two 

No. of IO: one 

Symmetry: nine 

No. ofRrotors: three 

 

Thermo results: 

  

   

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 54 108.0 42.9 56.5 68.6 78.5 93.7 104.7 
 

 

 

Thermo estimation for radical:  

 

Radical name: R7 

Radical formula: C10H15 

 

Input BD group: CHENEA 

No. of GAUCHE interactions: two 

No. of IO: one 

Symmetry: nine 

No. of rotors: three 

 

Thermo results: 

   

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 30.9 106.8 43.0 56.8 69.0 78.8 93.8 104.5 
 

 

 

Thermo estimation for radical:  

 

Radical name: R8 

Radical formula: C10H15 

 

Input BD group: S 

No. of GAUCHE interactions: one 

No. of IO: one 



172 
 

  

Symmetry: nine 

No. of rotors: three 

 

Thermo Rresults: 

   

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 44.3 111.0 41.5 54.6 66.8 76.9 92.3 103.4 
 

 

 

 

Thermo estimation for radical:  

 

Radical name: R9 

Radical formula: C10H15 

 

Input BD group: VIN 

No. of GAUCHE interactions: two 

No. of IO: one 

Symmetry: nine 

No. of rotors: three 

 

Thermo results: 

 

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 57.6 107.9 43.2 56.9 69.1 78.9 93.8 104.7 
 

 

 

Thermo estimation for radical:  

 

Radical name: R10 

Radical formula: C10H15 

 

Input BD froup: ALLYLP 

No. of GAUCHE interactions: two 

No. of IO: one 

Symmetry: six 

No. of rotors: two 

 

Thermo results: 

   

 

Units Hf S Cp300 Cp400 Cp500 Cp600 Cp800 Cp1000 

Kcal 34.9 105.8 42.5 56.6 69.1 79.1 94.8 105.6 

 

Table B4: Cartesian coordinates of limonene and its radical species and transition 

states  
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Limonene           x y z      

C -5.1E-05 -0.02221 0.007439      

C 0.006691 -2.5E-06 1.514263      

C 1.344497 -0.00307 2.22638      

C 2.095911 -1.34016 2.078568      

C 3.497776 -1.27671 2.62211      

C 4.14747 -0.15009 2.914892      

C 3.516116 1.202753 2.687221      

C 2.27216 1.146242 1.797862      

C -1.1317 0.026749 2.205524      

C 5.53309 -0.14498 3.495245      

H -1.01782 -0.06131 -0.37736      

H 0.481372 0.867245 -0.40537      

H 0.542364 -0.88359 -0.38852      

H 1.138597 0.130118 3.292772      

H 2.127234 -1.64467 1.026421      

H 1.537381 -2.12666 2.593203      

H 3.994658 -2.22775 2.787045      

H 3.264328 1.646502 3.658452      

H 4.257462 1.876742 2.246659      

H 1.738264 2.097932 1.83737      

H 2.581443 0.998267 0.759794      

H -1.13729 0.052314 3.287948      

H -2.09619 0.023682 1.713739      

H 6.234028 0.377591 2.837887      

H 5.55407 0.383112 4.453335      

H 5.907319 -1.15514 3.65793      

         

         

R1 x y z   R1 TS        x y z 

C -0.04321 -0.35171 0.056158  C 0.061167 -0.01069 -0.01083 

C 0.020512 0.037136 1.381334  C 0.035412 -0.01085 1.47369 

C 1.374087 0.068778 2.077664  C 1.359287 -0.00616 2.222809 

C 1.783456 1.488019 2.508488  C 2.103227 -1.35625 2.10882 

C 3.011259 1.496583 3.377139  C 3.507386 -1.29285 2.659609 

C 3.523012 0.421542 3.97707  C 4.167209 -0.15752 2.936973 

C 2.871683 -0.93519 3.849791  C 3.540338 1.198976 2.687323 

C 1.4496 -0.87576 3.287256  C 2.298858 1.136044 1.786674 

C -1.12885 0.391434 2.074508  C -1.13585 0.015815 2.139388 

C 4.774967 0.480357 4.805443  C 5.556912 -0.15186 3.520979 

H 0.843904 -0.63078 -0.49462  H -0.89659 -0.25961 -0.47216 

H -0.98749 -0.38739 -0.47023  H 0.2833 1.126764 -0.42656 

H 2.11791 -0.27631 1.353468  H 0.874564 -0.58218 -0.46469 
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H 0.95315 1.969805 3.036924  H 1.13028 0.146984 3.286356 

H 1.955202 2.102977 1.620556  H 2.136777 -1.68491 1.05882 

H 3.503656 2.455185 3.507896  H 1.531863 -2.12985 2.638594 

H 3.500707 -1.57298 3.216337  H 3.999977 -2.248 2.841886 

H 2.862726 -1.42343 4.829202  H 3.281196 1.656437 3.655532 

H 1.112527 -1.87498 3.005665  H 4.288739 1.868563 2.24086 

H 0.76693 -0.52232 4.064521  H 1.768176 2.094793 1.808636 

H -1.1056 0.697346 3.110231  H 2.615629 0.974177 0.748068 

H -2.09505 0.369645 1.589904  H -1.17175 0.041237 3.225183 

H 4.580129 0.172244 5.836786  H -2.08904 0.007445 1.617248 

H 5.535519 -0.20325 4.41615  H 6.265677 0.353069 2.8509 

H 5.200286 1.483208 4.824067  H 5.581516 0.396828 4.472431 

     H 5.924659 -1.16576 3.70509 

     H 0.449328 2.096393 -0.87576 

         

         

R3                  x y z   R3 TS x y z 

C -0.00341 -0.04782 0.006636  C 0.004241 0.01947 0.010737 

C 0.004453 0.016092 1.523153  C 0.005593 6.02E-05 1.517931 

C 1.229487 0.030958 2.215196  C 1.354263 -0.00017 2.179328 

C 1.291745 0.076816 3.71798  C 2.258397 1.154982 1.730336 

C 2.595643 0.582625 4.274859  C 3.540468 1.250127 2.509762 

C 3.630678 0.993517 3.544599  C 3.809588 0.566029 3.62063 

C 3.586526 0.918956 2.039698  C 2.796185 -0.37419 4.223002 

C 2.557739 -0.10424 1.533201  C 1.376105 -0.15791 3.693886 

C -1.21439 0.038984 2.164818  C -1.14085 -0.03518 2.200178 

C 4.880828 1.558532 4.155624  C 5.12825 0.666302 4.332057 

H -1.02396 -0.01584 -0.36985  H -1.00329 -0.10445 -0.38179 

H 0.540116 0.787175 -0.43869  H 0.403819 0.956773 -0.38124 

H 0.456414 -0.96645 -0.36231  H 0.630143 -0.78292 -0.38842 

H 1.08928 -0.92415 4.129996  H 1.890933 -0.97629 1.7562 

H 0.485814 0.702759 4.111257  H 1.700668 2.096603 1.816824 

H 2.655652 0.637157 5.357119  H 2.49512 1.053786 0.668852 

H 3.361638 1.910821 1.630553  H 4.290613 1.925218 2.110486 

H 4.576937 0.657528 1.655519  H 3.113001 -1.40623 4.033932 

H 2.466999 -0.03488 0.451777  H 2.800598 -0.26261 5.31103 

H 2.958235 -1.10616 1.745379  H 0.740102 -0.98959 3.997864 

H -1.30822 0.065745 3.239485  H 0.957223 0.745966 4.148267 

H -2.13524 0.025612 1.599798  H -1.17736 -0.04849 3.279377 

H 5.756613 0.960755 3.887086  H -2.09288 -0.04191 1.685747 

H 5.071818 2.571411 3.788466  H 4.996027 1.030528 5.354732 

H 4.816481 1.600272 5.242434  H 5.604344 -0.31534 4.410431 

     H 5.815879 1.335729 3.817016 

     H 2.453008 -1.91683 1.335698 
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     C 0.004592 0.019261 0.010496 

     C 0.005944 -0.00015 1.517691 

     C 1.354614 -0.00038 2.179088 

     C 2.258748 1.154773 1.730096 

     C 3.540819 1.249918 2.509521 

     C 3.809939 0.56582 3.62039 

     C 2.796536 -0.3744 4.222762 

     C 1.376456 -0.15812 3.693646 

     C -1.1405 -0.03539 2.199938 

     C 5.128601 0.666093 4.331817 

     H -1.00294 -0.10466 -0.38203 

     H 0.40417 0.956563 -0.38148 

     H 0.630494 -0.78313 -0.38866 

     H 1.891284 -0.9765 1.755959 

     H 1.701019 2.096394 1.816584 

     H 2.495471 1.053577 0.668612 

     H 4.290964 1.925009 2.110245 

     H 3.113352 -1.40644 4.033692 

     H 2.800949 -0.26282 5.31079 

     H 0.740453 -0.9898 3.997624 

     H 0.957574 0.745757 4.148027 

     H -1.17701 -0.04869 3.279137 

     H -2.09252 -0.04212 1.685506 

     H 4.996378 1.030318 5.354491 

     H 5.604695 -0.31555 4.410191 

     H 5.81623 1.335519 3.816776 

     H 2.453359 -1.91703 1.335458 

         

         

R4 x y z   R4 TS x y z 

C -0.00245 -0.03954 0.006005  C 0.000316 -0.01789 0.004661 

C 0.007048 0.001825 1.511319  C 0.005735 0.002556 1.511142 

C 1.356566 -0.0117 2.208321  C 1.345705 -0.00162 2.219886 

C 2.13867 -1.26971 1.929213  C 2.081953 -1.34016 2.090235 

C 3.521478 -1.28621 1.968805  C 3.51775 -1.30666 2.448757 

C 4.290918 -0.171 2.262177  C 4.199788 -0.19198 2.73574 

C 3.604727 1.13967 2.528605  C 3.549876 1.165082 2.624319 

C 2.220284 1.223107 1.875226  C 2.277141 1.142796 1.776898 

C -1.12341 0.035875 2.213927  C -1.1302 0.029659 2.204961 

C 5.779289 -0.22502 2.371529  C 5.63815 -0.21443 3.161555 

H -1.01813 -0.11877 -0.37817  H 0.577526 -0.85529 -0.39319 

H 0.448605 0.858621 -0.42168  H -1.01479 -0.09714 -0.38005 

H 0.575332 -0.88728 -0.36923  H 0.444952 0.891411 -0.4057 

H 1.149148 0.021218 3.286896  H 1.146665 0.150601 3.284704 
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H 1.592545 -2.18549 1.74497  H 1.901495 -1.85327 1.14339 

H 4.030276 -2.22641 1.782791  H 1.532536 -2.10037 2.8673 

H 3.511834 1.285486 3.614252  H 4.027341 -2.26382 2.497802 

H 4.229868 1.96661 2.178572  H 3.326151 1.54243 3.629534 

H 1.703865 2.130801 2.191661  H 4.267264 1.873507 2.200127 

H 2.351231 1.287881 0.793096  H 1.751687 2.096431 1.85635 

H -1.11792 0.062346 3.296291  H 2.551032 1.012525 0.727498 

H -2.09246 0.03736 1.731338  H -1.13373 0.051537 3.287033 

H 6.257852 0.457673 1.660644  H -2.09529 0.025351 1.714716 

H 6.117377 0.088611 3.365965  H 6.26637 0.336507 2.456013 

H 6.164533 -1.22787 2.188699  H 5.762399 0.272691 4.133256 

     H 6.021573 -1.23062 3.241576 

     H 0.996723 -2.74758 3.582996 

         

         

R5 x y z   R5 TS x y z 

C -0.02461 -0.19775 0.037354  C 0.002573 -0.00888 0.005664 

C 0.001577 0.02053 1.527931  C 0.007307 -0.0021 1.512239 

C 1.337957 -0.03337 2.236739  C 1.343416 -0.00033 2.225078 

C 1.896302 -1.49173 2.318402  C 2.080202 -1.36228 2.091523 

C 3.286948 -1.44412 2.802037  C 3.464459 -1.24576 2.612461 

C 4.135686 -0.45188 2.933133  C 4.16611 -0.16665 2.901038 

C 3.680044 0.933551 2.479841  C 3.538895 1.19814 2.655018 

C 2.408789 0.888058 1.625956  C 2.285502 1.130925 1.778242 

C -1.11874 0.252911 2.210766  C -1.13041 0.002237 2.205117 

C 5.519177 -0.56718 3.510605  C 5.554701 -0.177 3.475462 

H -1.04671 -0.20597 -0.33747  H -1.01332 -0.07158 -0.38004 

H 0.519999 0.589534 -0.48872  H 0.459539 0.897912 -0.39635 

H 0.444173 -1.14339 -0.24367  H 0.568393 -0.85085 -0.39869 

H 1.17446 0.290809 3.267651  H 1.142974 0.142777 3.29011 

H 1.84739 -1.98045 1.341171  H 2.098541 -1.68951 1.047781 

H 1.261138 -2.07637 2.987975  H 1.524492 -2.12638 2.640398 

H 3.522812 1.559547 3.366004  H 4.102918 -2.52801 2.856201 

H 4.488114 1.409457 1.91615  H 3.302187 1.653578 3.623552 

H 2.00459 1.895898 1.508941  H 4.282418 1.853088 2.191629 

H 2.666256 0.532655 0.624954  H 1.759117 2.086854 1.808926 

H -1.10683 0.420513 3.280279  H 2.585936 0.966219 0.740618 

H -2.08506 0.284026 1.723781  H -1.13535 0.017021 3.287572 

H 6.274508 -0.2688 2.778409  H -2.09504 -0.00831 1.714095 

H 5.635353 0.095554 4.372975  H 6.25612 0.323248 2.802685 

H 5.733191 -1.58509 3.830047  H 5.583309 0.368504 4.422598 

     H 5.910484 -1.18939 3.652609 

     H 4.475145 -3.303 3.010767 
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R7 x y z   R7 TS x y z 

C -0.00269 -0.0293 0.011462  C 0.001608 -0.00828 0.005431 

C 0.004317 0.000867 1.51903  C 0.008468 0.000767 1.512008 

C 1.37591 0.004714 2.16531  C 1.344428 -0.00074 2.226238 

C 1.399476 0.392482 3.650581  C 2.129714 -1.31246 2.03667 

C 2.783823 0.332827 4.219071  C 3.50292 -1.24112 2.643584 

C 3.752618 -0.52218 3.713539  C 4.125259 -0.10259 2.971587 

C 3.454196 -1.34741 2.640059  C 3.510088 1.216974 2.675878 

C 2.110231 -1.3434 1.978595  C 2.248621 1.181643 1.825854 

C -1.13771 0.03519 2.203375  C -1.12929 0.01484 2.204647 

C 5.119027 -0.5816 4.358386  C 5.470428 -0.07988 3.639971 

H -1.01696 0.018658 -0.38144  H -1.01637 -0.03985 -0.3786 

H 0.562229 0.813416 -0.39629  H 0.486454 0.882137 -0.40042 

H 0.464599 -0.93643 -0.378  H 0.539589 -0.86925 -0.39678 

H 1.97408 0.754814 1.633528  H 1.136933 0.093686 3.295691 

H 0.746523 -0.28476 4.217481  H 2.210268 -1.55486 0.971325 

H 0.976277 1.390624 3.782916  H 1.573134 -2.13841 2.486291 

H 3.015556 0.958831 5.072001  H 3.993495 -2.18596 2.85358 

H 4.205392 -2.03349 2.268078  H 3.415064 1.835085 3.572462 

H 2.222019 -1.57388 0.917642  H 4.338675 1.855903 2.047383 

H 1.481053 -2.14454 2.391163  H 1.704703 2.122706 1.91591 

H -1.17175 0.070366 3.282586  H 2.52982 1.076029 0.775143 

H -2.09238 0.031039 1.693326  H -1.13416 0.029618 3.287115 

H 5.399188 0.382422 4.782972  H -2.09395 0.011738 1.713569 

H 5.137898 -1.31402 5.168681  H 6.203054 0.445355 3.021173 

H 5.885751 -0.86933 3.639177  H 5.425182 0.455099 4.592507 

     H 5.84119 -1.08546 3.832515 

     H 5.053909 2.435335 1.444847 

         

         

R8 x y z   R8 TS x y z 

C 0.004764 -0.02378 0.008658  C 0.006041 -0.01445 0.000774 

C 0.006065 0.001262 1.514236  C 0.007593 -0.00249 1.506626 

C 1.349854 -0.00366 2.218004  C 1.34435 -0.00324 2.221993 

C 2.133324 -1.3248 2.019018  C 2.033488 -1.39138 2.161814 

C 3.541571 -1.23866 2.538219  C 3.439134 -1.36074 2.695619 

C 4.215361 -0.10291 2.716871  C 4.15294 -0.25276 2.892207 

C 3.604739 1.236538 2.379083  C 3.590974 1.114943 2.559299 

C 2.211874 1.163181 1.858309  C 2.331313 1.035567 1.727739 

C -1.12858 0.033314 2.210183  C -1.12921 -0.00084 2.199175 

C 5.621389 -0.0698 3.24356  C 5.543447 -0.27036 3.458692 

H -1.00888 0.038636 -0.38397  H 0.622705 -0.82102 -0.40167 

H 0.584536 0.806577 -0.40044  H -1.00384 -0.13743 -0.38625 
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H 0.459099 -0.9388 -0.37785  H 0.405917 0.919264 -0.40083 

H 1.143349 0.053757 3.299081  H 1.152023 0.202444 3.278757 

H 2.152411 -1.59358 0.958035  H 2.03762 -1.76475 1.13256 

H 1.59841 -2.13326 2.523293  H 1.434002 -2.1047 2.733095 

H 4.030517 -2.17935 2.770801  H 3.882706 -2.32083 2.93943 

H 3.646569 1.876681 3.278572  H 3.394765 1.651362 3.496271 

H 4.251142 1.7554 1.659146  H 4.352102 1.702643 2.039195 

H 1.760106 2.059285 1.452936  H 1.73844 2.227564 1.839739 

H -1.12956 0.055848 3.292636  H 2.523482 0.985116 0.657184 

H -2.09459 0.038711 1.721633  H -1.1347 0.026912 3.281314 

H 6.301671 0.394179 2.523256  H -2.0935 -0.02233 1.708036 

H 5.685057 0.52547 4.159204  H 6.260977 0.156848 2.752727 

H 5.991863 -1.07027 3.463472  H 5.602478 0.334937 4.367789 

     H 5.866091 -1.28158 3.702832 

     H 1.335272 3.075938 1.96768 

         

         

R9 x y z   R9 TS x y z 

C -0.00107 -0.03013 0.008836  C 0.003149 -0.01055 0.000344 

C 0.006871 0.005901 1.520535  C 0.007121 -0.00148 1.517246 

C 1.355697 -0.00129 2.244448  C 1.348815 -0.00286 2.22994 

C 2.091012 -1.34572 2.102928  C 2.08146 -1.35072 2.095189 

C 3.49773 -1.28683 2.635902  C 3.48904 -1.29185 2.624394 

C 4.157231 -0.16232 2.914678  C 4.150921 -0.1675 2.896971 

C 3.533753 1.19359 2.6827  C 3.530137 1.187971 2.657737 

C 2.283148 1.140748 1.80158  C 2.281005 1.131263 1.775587 

C -1.10667 0.048798 2.209257  C -1.13225 0.008773 2.179105 

C 5.547612 -0.16234 3.483528  C 5.541146 -0.16722 3.46574 

H -1.02001 -0.06695 -0.36941  H 0.569286 -0.85741 -0.39184 

H 0.484605 0.855216 -0.40644  H -1.01061 -0.07157 -0.38974 

H 0.536219 -0.90046 -0.37297  H 0.464067 0.897254 -0.39322 

H 1.150561 0.142331 3.308924  H 1.148163 0.147934 3.292373 

H 2.112292 -1.66005 1.053685  H 2.099144 -1.67354 1.048467 

H 1.529744 -2.12205 2.629481  H 1.519764 -2.1203 2.630645 

H 3.989053 -2.2401 2.804096  H 3.977831 -2.24537 2.797977 

H 3.291514 1.645173 3.652645  H 3.286683 1.644099 3.624813 

H 4.276184 1.859814 2.232457  H 4.274007 1.849882 2.204185 

H 1.75435 2.095027 1.840222  H 1.75607 2.087941 1.806327 

H 2.583627 0.984536 0.762406  H 2.583662 0.964984 0.738725 

H -1.39706 0.088045 3.247359  H -1.1063 0.046512 3.673116 

H 6.246596 0.34944 2.815751  H -2.15684 0.003168 1.833842 

H 5.580242 0.373925 4.436673  H 6.240806 0.338437 2.794303 

H 5.915905 -1.17368 3.651903  H 5.574041 0.375096 4.415181 

     H 5.906522 -1.17826 3.640764 
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     H -1.0928 0.071547 4.525806 

         

         

R10 x y z   R10 TS x y z 

C -0.02991 -0.24147 0.044296  C -0.00055 -0.01647 0.009736 

C 0.002707 0.018991 1.528081  C 0.006488 -0.00196 1.516358 

C 1.340194 -0.04392 2.238767  C 1.344541 -0.00151 2.227831 

C 1.900367 -1.47775 2.3178  C 2.097858 -1.33712 2.076804 

C 3.310626 -1.53561 2.813287  C 3.495588 -1.27489 2.62322 

C 4.161399 -0.44564 2.910418  C 4.15119 -0.14105 2.910369 

C 3.646144 0.932439 2.528109  C 3.513068 1.209715 2.68836 

C 2.407537 0.8824 1.632225  C 2.269665 1.149362 1.798735 

C -1.11126 0.302617 2.200944  C -1.13088 0.015021 2.209123 

C 5.465951 -0.58007 3.356678  C 5.495804 -0.15069 3.511348 

H -1.05034 -0.21298 -0.33416  H -1.01793 -0.06258 -0.3745 

H 0.552751 0.503373 -0.50252  H 0.472592 0.879566 -0.39777 

H 0.394065 -1.21619 -0.20719  H 0.549071 -0.87096 -0.39077 

H 1.170388 0.292155 3.266056  H 1.139625 0.129778 3.294227 

H 1.852015 -1.95137 1.328157  H 2.133154 -1.6376 1.023662 

H 1.254648 -2.08914 2.955642  H 1.541607 -2.12813 2.586756 

H 3.698476 -2.51193 3.082652  H 3.993471 -2.22435 2.791913 

H 3.405638 1.482685 3.443411  H 3.25741 1.641254 3.663563 

H 4.44392 1.494126 2.03871  H 4.250191 1.890219 2.253198 

H 2.002503 1.887899 1.501551  H 1.734017 2.099426 1.84064 

H 2.689747 0.521422 0.639272  H 2.578588 1.002578 0.760712 

H -1.09619 0.500965 3.265203  H -1.13532 0.035667 3.291521 

H -2.07582 0.346255 1.711375  H -2.0958 0.009142 1.718543 

H 6.131433 0.269503 3.419276  H 6.173674 0.609411 3.12477 

H 5.856255 -1.54195 3.659788  H 5.40492 0.172916 4.697244 

H 5.373762 0.447966 5.742553  H 5.971389 -1.12797 3.544656 
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Table B5: Frequencies of limonene and product radicals along with transition states 

Limonene and radical products 

Species 

Names 
Frequencies (cm-1) 

Limonene 52 73 168 177 183 194 256 289 326 341 440 475 497 530 555 645 

 
734 763 802 820 887 922 931 934 971 1002 1023 1032 1051 1060 1075 1103 

 
1115 1170 1177 1237 1274 1297 1317 1331 1344 1366 1384 1399 1414 1418 1454 1479 

 
1482 1483 1485 1494 1498 1502 1698 1727 2988 2997 3009 3010 3018 3026 3032 3038 

 
3047 3064 3070 3099 3106 3129 3130 3207         

R1 51 75 170 175 186 258 296 325 338 439 472 500 529 541 562 607 

 
647 764 782 811 818 823 918 934 948 982 991 1030 1043 1046 1062 1098 

 
1120 1168 1175 1223 1265 1294 1332 1343 1357 1368 1373 1395 1413 1416 1477 1481 

 
1483 1493 1495 1499 1532 1727 2987 2999 3009 3012 3020 3032 3037 3047 3066 3099 

 
3131 3140 3149 3232 3237            

R3 39 97 146 179 188 230 251 317 333 344 442 473 490 513 544 592 

 
658 732 778 797 810 901 923 949 967 993 1012 1026 1053 1056 1074 1127 

 
1172 1190 1213 1236 1268 1315 1340 1350 1371 1398 1413 1416 1443 1461 1475 1480 

 
1486 1494 1496 1503 1535 1734 2938 2953 2997 3009 3025 3030 3031 3047 3078 3098 

 
3103 3112 3135 3159 3242            

R4 50 60 144 169 172 188 259 296 326 343 427 477 521 551 566 661 

 
691 737 763 807 892 930 933 940 967 997 1023 1027 1036 1054 1066 1085 

 
1155 1183 1198 1244 1281 1304 1313 1342 1352 1380 1412 1413 1451 1460 1466 1474 

 
1480 1481 1495 1499 1515 1700 2954 2960 2989 3017 3021 3026 3039 3068 3075 3094 

 
3107 3130 3137 3176 3208            

R5 59 70 168 173 181 197 248 283 313 326 440 470 493 528 550 639 
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728 751 799 881 889 914 928 932 998 1003 1029 1037 1057 1077 1092 1115 

 
1158 1173 1222 1264 1285 1299 1324 1336 1349 1383 1410 1416 1454 1478 1480 1485 

 
1486 1488 1498 1499 1695 1750 2994 3013 3018 3020 3027 3028 3035 3052 3053 3066 

 
3070 3108 3114 3131 3209            

R7 38 40 89 173 176 197 248 311 316 347 449 491 500 538 561 644 

 
688 696 724 796 865 899 929 939 964 986 1016 1039 1058 1063 1072 1106 

 
1121 1157 1201 1232 1274 1300 1322 1324 1347 1395 1405 1414 1414 1449 1476 1485 

 
1485 1494 1496 1498 1547 1699 2960 2966 2992 3021 3029 3047 3053 3067 3081 3103 

 
3107 3143 3157 3162 3222            

R8 52 64 119 170 179 182 245 287 317 342 412 444 472 528 556 574 

 
662 735 766 805 884 905 919 933 963 985 1015 1031 1038 1064 1074 1087 

 
1138 1168 1189 1201 1271 1299 1308 1311 1345 1382 1403 1413 1418 1450 1453 1481 

 
1481 1484 1494 1497 1700 1728 2893 2912 2979 3010 3010 3027 3044 3048 3069 3101 

 
3107 3130 3133 3168 3208            

R9 54 75 169 173 183 194 254 285 313 340 439 452 490 521 545 644 

 
688 761 798 819 825 912 924 933 971 1021 1024 1049 1052 1067 1103 1115 

 
1165 1175 1191 1244 1273 1317 1330 1343 1364 1383 1398 1408 1418 1479 1481 1483 

 
1487 1488 1494 1502 1673 1727 2989 3001 3010 3015 3021 3030 3034 3041 3048 3067 

 
3077 3100 3120 3131 3227            

R10 47 64 169 176 192 205 283 331 364 447 476 507 530 542 559 657 

 
731 736 769 777 807 883 910 922 931 949 1004 1023 1038 1060 1077 1085 

 
1122 1161 1211 1249 1283 1299 1320 1330 1346 1364 1387 1404 1416 1454 1458 1479 

 
1485 1487 1498 1502 1514 1699 2973 3010 3012 3021 3025 3028 3058 3065 3068 3107 

 
3130 3140 3146 3208 3231            
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Transition states 

 

Species 

Names 
Frequencies (cm-1) 

R1 TS -1114 72 74 159 171 182 190 254 289 306 331 345 435 462 496 528 

 
576 605 646 710 764 806 816 904 914 928 932 974 1000 1029 1035 1050 

 
1059 1071 1099 1120 1171 1176 1235 1275 1293 1304 1319 1329 1342 1354 1370 1389 

 
1401 1416 1421 1456 1480 1482 1485 1488 1495 1502 1670 1734 2995 3003 3016 3021 

 
3030 3042 3048 3061 3081 3086 3111 3142 3147 3158 3231      

R3 TS -616 68 73 172 178 185 206 257 276 284 313 339 365 442 453 491 

 
533 564 651 711 771 817 824 903 925 930 944 972 1008 1018 1044 1046 

 
1063 1082 1106 1145 1174 1179 1226 1267 1275 1290 1320 1337 1357 1384 1404 1412 

 
1415 1446 1472 1478 1482 1484 1491 1493 1499 1535 1688 1732 2977 2995 3006 3008 

 
3019 3032 3042 3047 3066 3072 3099 3108 3135 3145 3228      

R4 TS -958 56 66 166 169 176 195 219 270 282 326 345 398 442 475 522 

 
538 556 655 733 769 807 837 897 924 936 955 996 1006 1025 1031 1048 

 
1060 1077 1099 1129 1170 1176 1225 1261 1293 1309 1318 1327 1347 1366 1385 1397 

 
1405 1414 1416 1455 1476 1480 1483 1490 1497 1498 1701 1702 2989 3006 3013 3022 

 
3024 3035 3046 3048 3067 3070 3101 3107 3131 3135 3210      

R5 TS -964 55 71 154 167 171 188 203 258 280 289 323 337 446 474 493 

 
529 551 636 731 749 798 882 890 915 928 934 966 999 1012 1029 1042 

 
1058 1075 1090 1097 1136 1165 1197 1227 1268 1291 1305 1325 1343 1356 1383 1414 

 
1415 1454 1477 1478 1483 1486 1489 1497 1498 1697 1727 2095 2993 3012 3013 3017 

 
3025 3027 3036 3048 3053 3067 3069 3107 3118 3129 3209      
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R7 TS -934 49 77 146 168 175 182 245 277 298 317 327 350 475 499 517 

 
532 555 645 734 772 815 835 888 929 934 954 977 1006 1027 1040 1057 

 
1063 1076 1104 1112 1178 1180 1220 1268 1293 1312 1319 1329 1343 1358 1382 1384 

 
1410 1414 1417 1454 1479 1481 1484 1492 1497 1502 1695 1697 2999 3010 3017 3024 

 
3031 3036 3044 3052 3068 3076 3102 3107 3129 3138 3208      

R8 TS -1171 58 68 140 169 173 190 240 271 281 300 360 388 438 474 499 

 
534 553 651 729 770 808 842 889 926 932 933 968 1001 1020 1031 1051 

 
1073 1075 1088 1114 1162 1169 1209 1231 1240 1298 1310 1320 1329 1347 1369 1393 

 
1414 1417 1455 1476 1480 1481 1485 1492 1496 1574 1701 1727 2983 3003 3008 3021 

 
3023 3034 3042 3048 3067 3091 3099 3107 3131 3135 3210 

     

R9 TS -896 48 72 152 169 181 184 194 246 255 290 337 359 439 481 497 

 
530 563 643 706 762 798 820 887 920 925 934 940 972 1021 1023 1045 

 
1051 1063 1099 1105 1117 1170 1177 1220 1249 1275 1322 1332 1345 1368 1387 1400 

 
1403 1417 1478 1479 1482 1483 1486 1492 1501 1655 1728 2311 2989 2997 3007 3016 

 
3027 3031 3035 3046 3049 3068 3078 3099 3113 3133 3195      

R10 TS -1092 52 69 134 169 175 188 221 281 310 337 362 456 477 510 531 

 
550 561 652 734 767 806 820 888 926 932 934 970 1003 1025 1037 1052 

 
1062 1077 1101 1120 1172 1186 1238 1274 1286 1298 1318 1326 1333 1350 1365 1375 

 
1387 1406 1414 1454 1471 1476 1481 1484 1497 1501 1683 1699 2991 2995 3013 3022 

 
3025 3036 3039 3062 3066 3069 3107 3129 3135 3139 3208      
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APPENDIX C 

 

 

Trail Compression ratio HCCI number 

1 13.28 86.32 

2 13.25 86.12 

3 13.26 86.18 

 

Table C1: Repeated HCCI test for PRF 84 + 15% DCPD fuel blend (900 rpm, 149oC) 
 

Standard deviation is 0.1 
 

 
 

 

 
 

 
 

 

Figure C1: Ignition delay time measurements for DCPD fuel blends at standard 

conditions 

 


