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The mechanism of detonation and conformational diversity of nitramine 

explosives have been explored using coupled-cluster techniques, old and new. 

Experimental efforts to unveil the mechanism have been contradictory for decades; we 

look to modern methods of calculating wavefunctions systematically for clarity. We have 

used CCSD(T) to describe the energies of the single-reference systems, a tried-and-

true method known as the gold standard of quantum chemistry. Energetic minima along 

the nitramine potential energy surface have been thus characterized. Transition states 

are intrinsically multi-reference systems for which even CCSD(T) may be questionable. 

We have validated the reliability of the EOM-DEA-CCSD method for notoriously 

pathological molecules with the same static symmetry as most transition states in 

chemistry. EOM-DEA-CCSD performs spectacularly, and has thus been used to 

analyze the nitramine decomposition mechanism. We have achieved a characterization 

of the nitramine potential energy surface between different conformers and degradation 

paths for the family of nitramine explosives.
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CHAPTER 1 
NITRAMINES AND THE NEED FOR AB INITIO METHODOLOGIES 

Nitramines are an exotic functional group (R2N-NO2) characteristic of a class of 

explosives.  The three major nitramine molecules are RDX, HMX, and CL-20; they are 

featured in Figure 1-1. 

 

 

Note that the basic units for RDX and HMX are cyclohexane and cyclooctane, 
respectively 
 
Figure 1-1 The Three Major Nitramines: RDX, HMX, and CL-20 

 
The RDX molecule is the basic constituent of C4 explosive, and CL-20 is one of the 

current champions in exergonic yield of chemical explosives.  It is always desirable, 

however, to have explosives which have adjustable shock-sensitivity (readiness to 

explode upon mechanical stress) and a larger explosive yield than current explosives. 
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The shock-sensitivity is indeed a function of multiple variables from the molecular 

level to the solid-state, but an important governing factor is the kinetic mechanism.  The 

hardest steps will be the most energetically demanding; intramolecular forces are much 

greater than intermolecular.  The larger-scale factors (surface area, crystal 

polymorphism, etc.) can be adjusted more malleably and are secondary effects; the 

intrinsic qualities begin with the chemistry.  The mechanism for decomposition is 

unknown, despite 80 years of research.  Establishing this mechanism of decomposition 

would allow us to adjust shock-sensitivity to our purposes (methylate an electron 

deficient transition state to increase sensitivity, for example).  Whether we intend to 

increase or decrease shock-sensitivity depends on the specific military situation in 

question; we merely offer the knowledge of how to adjust this. 

The explosive yield (defined in terms of either the negative enthalpy of 

combustion or the negative of Gibbs energy of combustion) is a more complex feature 

to optimize.  The single closest parameter to correlate explosive yield is crystal density 

(although it can mislead on occasion).  There is thus a great value in predicting new 

crystal structures, as this may lead to greater explosive yield.  In organic crystals with 

weak intermolecular forces, the degree of perturbation in geometry between the gas 

phase conformer and the unit cell monomers is small.  Consequently, in finding new 

conformers, we may find new crystal structures, and perhaps more efficient explosive 

forms. 

Experimental studies of the mechanism have been inconclusive; contradictory 

evidence is everywhere1-21.  In using methodologies as rigorous as the gold standard of 

quantum chemistry, coupled cluster singles, doubles, and perturbative triples, 
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CCSD(T)123-125, 152-154, we can address definitively which mechanisms are energetically 

favored in the gas phase.  The value of such methods lies in that they are universal 

descriptions of wavefunctions for which the system is single-reference in nature.  When 

the system is NOT single-reference in nature, as is the case for transition states, we will 

use the double-electron attached coupled cluster singles and doubles (DEA-CCSD) 

method.  For all transition states in which there are only two degenerate states, DEA-

CCSD captures the static correlation present precisely, and relies on coupled cluster to 

recover the majority of the dynamic correlation.  Additionally, the use of MBPT(2) (a 

subset of the CCSD equations, truncated for greater cost-efficiency at an accuracy 

sacrifice) for geometries of gas-phase conformers will allow us to identify new crystalline 

structures for the various nitramine units. 

RDX  

RDX (formally known as 1,3,5-trinitro-1,3,5-triazacyclohexane, informally as royal 

demolition explosive), as shown in Figure 1-1, is the subject of intensive research as a 

result of its uses as an explosive. Above and beyond its own particular uses, it is the 

smallest and simplest chemical structure that has the essential qualities of some more 

powerful explosives, such as HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetraazocine, or 

Her Majesty’s explosive) and CL20 (2,4,6,8,10,12-hexanitro-2,4,6,-8,10,12 

hexaazaisowurtzitane, or China Lake compound 20, also shown in Figure 1-1). Many 

investigations have been conducted concerning the RDX structure,1-9 and even more 

concerning the mechanism of decomposition 10-21.  Knowledge of form and function 

(structure and exploding) go hand-in-hand. Our work here serves to improve the 

understanding of the RDX structure and, based on this, to understand the mechanism of 

decomposition. This will help to design more stable or more energetic materials. 
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The mechanism of decomposition of RDX has been studied experimentally for 

over 80 years. It is established that multiple decomposition pathways exist; however, 

the viability of the various pathways is still unclear. Some mechanisms exist in one 

phase, but not in others; that is, the gas-phase mechanism involves NO2 formation, but 

the condensed phase seemingly does not16 .  It was proposed that the mechanism 

begins, in some cases, via homolytic bond dissociation of the N-N bond12. It has been 

noted that only one nitro group dissociates in this manner per molecule of RDX17. We 

are interested in the N-N bond cleavage method, in which a radical NO2 and the 

corresponding RDX radical (RDR) is formed, as well as having refined structural 

information from which to begin a larger mechanistic study of various transition states 

involved in various proposed mechanisms.  It should be noted that implicit in any 

experimental study is an interpretation of the data with respect to one particular 

molecular mechanism in mind. This has led to disagreements in the literature about 

whether some evidence uniquely supports a given mechanism. Additionally, the degree 

to which experimental conditions replicate “natural” decomposition can be a source of 

contention in interpreting the data. For example, one can study optical versus thermal 

experiments for the mechanistic trigger; one can study the initial kinetic step or the 

kinetics that dominate the pathway after the first few steps that change the temperature 

and the chemical species present. This level of interpretation is exceptionally difficult. 

Through trustworthy calculation methods, we can offer insight that experiments cannot: 

unambiguous interpretation of the data (because we have complete control of what is 

occurring) and the safety of not working with explosives. 
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HMX 

The HMX molecule is formally known as octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetraazocine. It is a heterocyclic cyclooctane, shown in Figure 1-1, along with related 

members of its chemical family, RDX and CL-20. The tell-tale feature of all of these 

molecules is the nitramine group. This functional group is the seat of the basic explosive 

properties of this molecule. Clearly, factors such as crystalline density, phonon 

magnitude, and many others contribute toward the overall explosive quality, but all of 

these properties are secondary. The nitramine groups are sine qua non for these 

explosives. As such, a clear understanding of reaction kinetics at the chemical level is 

necessary to appreciate and improve upon the explosive utility of these molecules. The 

greatest gains in improving the material properties (explosive yield) can be made in 

changing the most fundamental properties (chemical), rather than bulk phase.  

The HMX literature is quite extensive, spanning  60 years. There have been 

numerous kinetic,18−41 structural,42−57 explosive,58−62 and physical properties 63−71 

studies. Experiments done on the solid-state have been careful to distinguish which 

crystalline polymorph was used; however, the same cannot always be said for the study 

of the gas-phase with respect to conformers. Some computational kinetic studies do 

acknowledge that there is more than one form of HMX, but choose only one or two 

conformers for study;35,36 it would be most systematic and thorough first to consider 

what all the conformers are. “All” is mathematically difficult to guarantee, but subject to 

our procedure below, it is hard to imagine other plausible gas-phase conformers. This is 

the primary effort of this study. Once the conformers are known, one may study the 

kinetics more carefully, as well as consider new crystalline polymorphs. To study the 

reaction kinetics, it is critical that one know all of the germane conformers. If one wishes 
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to be accurate to within even an order of magnitude in the relative populations of 

conformers/products-to-reactants/any two comparative states, one must have an 

accuracy of about 1.4 kcal/mol according to the Boltzmann distribution. Consequently, 

one may not speak meaningfully about the kinetics of the process unless one has such 

accuracy. The energy differences between conformers of related nitramine molecules 

are easily smaller than this, suggesting the importance of considering all plausible HMX 

conformers.72,73 Additionally, there is a literature history of most gas-phase conformers 

corresponding to a structural “monomer” for some crystalline polymorph unit cell, 

subject to the crystalline field.74−81 Given that crystalline field effects have been 

observed to be small in related nitramines,72,73 we might expect HMX crystalline field 

effects to be modest, all the more speaking to the importance of understanding the gas 

phase conformers for the discovery of new possible HMX crystalline polymorphs. 

CL-20 

CL-20 (shown in Figure 1-1, along with its chemical brethren) has been referred 

to as “the densest and most energetic explosive known;” this statement inherently 

presages the importance of the study of this molecule.82,83 The relevant conformers of 

CL-20 are an important question to be studied. In chemically similar explosives, many 

conformers discovered in the gas phase were eventually discovered to be the basis for 

a crystalline polymorph.84−91  

All research performed on related nitramine (N−NO2 groups) compounds is 

inherently worthy of comparison. What is chemically true of the chemical cousins of CL-

20 may be true of it; however, others dispute the seeming similarities in detonation 

mechanism based on various kinetic studies.94, 95 In particular, CL-20 has been studied 

far less than its RDX and HMX cousins. This is partly because its existence has not 
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been known as long as RDX and HMX and partly to the fact that it is an even more 

dangerous explosive than its counterparts (and thus undesirable experimentally).  

Moreover, there are restrictions on information as a classified weapon and, on the 

computational side, its larger size (which inhibits easy computational study). 

Pace and co-workers first studied the change in the concentration of nitro groups 

in the three major nitramines (RDX, HMX, and CL-20) through EPR experiments.96 They 

concluded that nitro groups become trapped and stabilized within the CL-20 crystal 

structure. Oxley and co-workers studied thermal decomposition of CL-20 in dilute 

solution.97 Their studies of dilute solutions had the advantage of inherent avoidance of 

autocatalysis and multiphase decomposition.  Additionally, the samples could be kept 

isothermal. Indeed, one of the greatest challenges in the study of RDX and HMX is the 

ability to generalize a mechanistic study of a single-phase to a multiphase system, or 

the ability to discriminate reactions of one phase amidst data from a multiphase 

experimental system. Oxley’s work shows that the rate constant under the 

aforementioned conditions for CL-20 decomposition is about 3.5 times greater than for 

RDX and about 35 times greater than HMX. The activation energies observed, in each 

case, are between 40 and 50 kcal/mol. This is suggestive of a common mechanism; the 

slight variations in activation energy could be a result of structural differences endemic 

to RDX, HMX, and CL- 20, rather than a different mechanism. Other experimental 

studies, referenced above,95 disagree; some evidence suggests that the RDX and HMX 

mechanisms differ significantly. In all instances, however, we emphasize that different 

experimental conditions may mean that the results do not contradict one another; the 

interpretation of the data differs widely in various cases. Ryzhkov and McBride also 



 

19 

performed EPR studies of CL-20 crystals and came to a similar conclusion as Oxley 

and co-workers.98 Rice, Thompson, and Sorescu performed constant particle number, 

pressure, temperature molecular dynamics calculations (NPT-MD) on CL-20 in the 

crystalline phase using MD parameters associated with RDX.99 This work demonstrated 

that the essential qualities of the basic crystal structures could be replicated for CL-20 

from the basic physical chemistry of RDX, i.e., that CL-20 is essentially RDX, chemically 

speaking. Further extensions of their work were able to replicate pressure−temperature 

(PT) curves of all of the nitramines, further validating their MD calculations.100 

However, Kohn−Sham density functional theory (KS-DFT) calculations on the 

solid state of nitramines showed drastic failures101 in predicting lattice parameters. This 

is a good example of the subtle nuance of computational modeling: success in modeling 

one property by no means implies successful prediction of other properties. Additionally, 

this is a good example of where common wisdom that KS-DFT is better than molecular 

mechanics is far from true. This is a usual phenomenon in highly parametrized 

methodologies, such as many (but far from all KS-DFT) functional and MM calculations. 

 

DEA-CCSD 

Multi-reference wavefunctions can be made single-reference using electron 

attachment methodologies.  By judicious removal of a certain number of particles in the 

reference wavefunction, then addition of them during an EOM-CCSD calculation, we 

may circumvent difficulties associated with multi-reference wavefunctions.  We 

demonstrate the accuracy of the method on notable multi-reference problems: the 

singlet/triplet splittings of methylene, meta-benzyne, para-benzyne, and TMM, using 

basis set extrapolation methods and CCSD for dynamic correlation.  We also 
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additionally present the geometries of the aforementioned challenging diradicals which 

are at least as accurate, if not more than, yet known geometries.  Comparison is made 

to other multi-reference methodologies.  As a consequence, any system with the same 

essential static symmetry of the wavefunction will be well-described via DEA-CCSD 

(double electron attached-CCSD).  This is of particular use for transition states 

described by one leaving group, one attacking group, as such systems have the same 

degeneracy patterns as diradicals. 

RDX Kinetics 

The final act in appreciating nitramine chemistry is to examine the reaction 

kinetics of detonation of the simplest nitramine, RDX.  This unto itself will allow for the 

knowledge of how to adjust the shock-sensitivity as well as potentially increase 

explosive yield.  We consider the most significant mechanisms in the literature as well 

as some newly proposed pathways original to this work.  In calculating the activation 

energy barriers, we demonstrate that the putative mechanism of N-N homolysis is, in 

fact, not the dominant mechanism.  The lesser-favored mechanism of HONO 

elimination from the RDX ring is also shown to be un-tenable due to extremely stable 

aromatic intermediates.  The surprise champion is in fact a simultaneous breaking of 

three bonds in the cyclohexane ring (“triple whammy”) in a concerted fashion.  This is a 

surprising and fascinating result; all previous experiments and calculations failed to find 

any evidence for this path10-21, aside from the originator of the idea15. 
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CHAPTER 2 
RDX CONFORMERS AND HOMOLYTIC N-N DISSOCIATION 

Relevant Literature 

X-ray crystallography and neutron diffraction have provided the geometries of α 

and β-crystal phases of RDX.1,7,113 Various Kohn-Sham density functional theory (KS-

DFT) methods with semi-empirical exchange-correlation functional have been used to 

analyze specific proposed molecular geometries.3-5,8,37,114,115 The resulting conformers 

are referred to in terms of the nomenclature associated with cyclohexane chemistry, 

that is, in terms of axial/equatorial chairs and twist/boat.116 These structures are shown 

in Figure 1. 

 

 

Figure 2-1  Relative Energies of RDX Conformers, kcal/mol 
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Rice and co-workers3 used B3LYP/6-311+G(d,p) to show that the form of RDX 

with two axial nitro groups and one equatorial (referred to as AAE) closely corresponds 

with the geometry of α-crystal phase RDX. They also showed that the β-crystal phase 

and vapor phase 

RDX correspond to three axial nitro groups (AAA). However, the observed 

matching in geometries and IR spectra between AAA and the gas-phase structures was 

found to be incidental by Torres and co-workers;114 the Raman spectra and 

depolarization of AAA gas phase electronic structure calculation versus experimental 

RDX gas phase do not match. Harris and co-workers4 studied five of the six conformers 

using B3LYP/6-31G(d) for geometries and frequencies. Wu and Fried115 effectively tried 

a variety of KS-DFT functional using the cc-pVDZ basis set on “RDX”, not justifying use 

of any one functional. It also seems they did not state which conformer of RDX they 

were considering in their mechanistic study. Chakraborty and co-workers37 studied 

conformers using the same computational methodology as Harris and co-workers.4 

Refinement of these geometries, frequencies, and energies is necessary to 

describe accurately the mechanism in question.  As noted already for the Boltzmann 

distribution with an assumed degeneracy factor of 1, the ratio of products to reactants of 

even a 10:1 ratio corresponds to 1.4 kcal mol-1 energy difference. Thus, to estimate the 

viability of one pathway relative to another and be right within a factor of 10 for the 

populations of molecules, one requires accuracy beyond the capabilities of the 

aforementioned computational studies.117, 118 To have “chemical accuracy,” that is to 

say, the accuracy necessary to describe chemical populations, one needs to use better 

many-body methods with more functions in the basis. Almost all of these prior 
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calculations use B3LYP, which is disconcerting in light of recent work by Shimojo and 

co-workers8 as well as by Byrd and co-workers,5 that shows that functionals not 

specifically parametrized for dispersion will not accurately predict crystal properties if 

dispersion is significant. B3LYP does not have chemical accuracy when subject to 

systematic tests.117,119 In more detail, work using Quantum Monte Carlo (QMC) and the 

ab initio dft method (not to be confused with DFT methods, emphasis on the 

capitalization) of Bartlett and co-workers has shown that most all KS-DFT potentials get 

the signs of exchange potential versus correlation potential wrong.120,121 Additionally, 

semi-empirical KS-DFT studies are only reliable in so much as one believes one has 

parametrized for the molecule in question. The lack of systematic correct-ability of KS-

DFT and difficulty in predicting whether one is within the parametrization range of a 

functional led us to methods such as many-body perturbation theory and coupled-

cluster theory.122,123 

The use of methods that are systematically improvable allows us to investigate 

RDX with more confidence. The basic omission of Hartree-Fock methodology is, by 

definition, the correlation energy. Coupled-cluster, as a many-body method in the form 

of CCSD(T), achieves greater than 99% of the correlation energy in single-reference 

molecules.124,125 As such, within the confines of eigenfunction expansion of basis 

vectors 110,111 and the degree to which the molecule is of single reference character, 

CCSD(T) energies are rigorous; all that remains is to ensure that a sufficiently large 

basis set is used. Within the confines of single-reference molecules, second-order 

perturbation theory geometries have been shown to be accurate to within +/-0.15 pm for 

bond lengths using a triple-ζ basis set.126 We thus rely on such methodology for our own 



 

24 

geometry optimization. We acknowledge that harmonic frequencies, however, remain a 

difficult issue to guarantee for any method short of CCSD(T). The closely related theory, 

CCSD[T], is generally trustworthy within 31 cm-1, MP2 to within 70 cm-1, assuming the 

molecule in question is a “typical” single-reference organic molecule.108 We also 

emphasize that the extent to which harmonic frequencies sufficiently account for the 

total frequencies is less than clear for an arbitrary molecule. It is nonetheless useful to 

calculate harmonic frequencies for the sake of being qualitatively internally consistent 

(QIC); that is, there is great confidence that the calculation will predict whether a point is 

a minimum or maximum accurately. 

 The ability to perform such calculations as MP2 and CCSD(T) with triple-ζ basis 

sets is no small feat computationally. Leaders in the computational studies of RDX, 

such as Betsy Rice, have noted as recently as 2007 the intractability of using CCSD(T) 

on RDX molecules.9 However, the ACESIII software 102 was designed to handle large 

molecules with methods such as perturbation theory and coupled-cluster quickly. 

The previous studies that used KS-DFT had to speculate about energy 

differences that are below the resolution of KS-DFT with the assumed functionals, 

based on generalized studies. We thus seek to use higher resolution methodology. The 

improved structures, frequencies, and energies allow us to interpret how the structural 

features of RDX relate to the decomposition mechanism. In particular, certain 

conformers may be more likely to be the starting point for certain mechanistic pathways. 

The improved geometries, frequencies, and energies found for RDX serve as a 

foundation to begin a mechanistic study in future work for transition states and 

activation barriers. 
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There has not been any study of which RDX structure corresponds to the 

proposed homolytic bond cleavage. It is not obvious that there is or is not a dependence 

on whether the dissociating nitro group is an axial or equatorial nitro group. It is also not 

clear what the resultant geometry is of the newly formed radical-ringed species in terms 

of equatorial versus axial positions of the remaining two nitro groups. Here, we address 

all these issues. 

Computational Methodology 

Starting from the KS-DFT geometries of RDX of Rice and Chabalowski, we 

optimized the geometries at the MP2/6-311++G(d,p) level.106, 127 This choice in method 

was appropriate in light of the accuracies associated with MP2 with a triple-ζ basis set 

mentioned in the Introduction.126 The calculation of harmonic frequencies was 

conducted at the same level to confirm minima rather than maxima for the stationary 

points found through optimization, as well as to analyze the vibrational qualities with 

respect to the reaction mechanism. Single-point energy calculations then were 

conducted using CCSD(T) with both 6-311++G(d,p) and cc-pVTZ bases.104 We opted 

for as many polarization functions as we could add, given the strong dependence of 

polarization functions with CCSD(T), and hence opted for Dunning’s triple-ζ basis set104. 

This is also important for the sake of future work, in which basis-set extrapolation 

methods may be used, since Dunning’s style of basis set lends itself to straightforward 

basis-set extrapolation methods. For single-point energy calculations, core molecular 

orbitals were dropped due to their irrelevance to the energy relative to the accuracy of 

our study.128 All radical species used an unrestricted reference, as spin contamination is 

unlikely to be an issue for simple doublets using MP2 or CCSD(T).124 Electronic excited 

states were calculated using equation of motion (EOM) coupled cluster for single and 
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double excitations (EOM-CCSD).129 We opted to use the 6-311-(2+,2+)G(d,p) basis sets 

for excited states, based on the strong performance of this basis set relative to its cost 

(in contrast to, say, aug-cc-pVTZ).130 All cores were also dropped in the excited state 

calculations. We note the recent work of Wiberg et al., who established that there is not 

a need for more polarization functions in the basis set of an EOM-CCSD calculation to 

match experimental results.131 The starting geometries for the RDR (RDX minus one 

nitro group, resultant from N-N homolysis) molecules were obtained by removing the 

distinct NO2 groups from the RDX optimized structures. These structures were then 

optimized at the MP2/6-311++G(d,p) level, and we used only CCSD(T)/6-311++G-(d,p) 

for further single point energy computations. The rationale for this choice will be 

presented later. 

When a many-body system is not dominated by a single reference, the T2 

amplitudes in the coupled cluster equations will rise dramatically. In all calculations 

performed, we made sure to monitor the values of the T2 amplitudes to make sure the 

molecules were dominated by a single reference. The T2 amplitudes never rose to a 

troubling degree, a solid indication that we are within the range of validity of the method. 

Structural Analysis and Stationary States 

Rice and co-workers noted that, based on the near-indistinguishability of crystal 

geometries versus KS-DFT molecular geometries, the crystal field must exert very little 

influence on the structure.3 Harris and Lammertsma4 disagreed, based on their 

interpretation of the data.  They stated that the crystal field effect must be quite strong to 

account for the variation in angles between the experimental crystal data and their gas 

phase data. Bond lengths in Rice’s work agree to within +/- 0.01 Å of crystal structures; 

results for our bond lengths and bond angles are virtually identical to Rice’s. On the 
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basis of this, we confirm Rice’s interpretation of negligibility of crystal field effects on 

geometry; given that our methods agree, and the success of our methods in generalized 

tests, there can be little doubt that this is the correct conclusion. Small angle variation 

can have negligible energy effects. This finding resolves the contradiction in the 

literature between Rice et al. and Harris et al. 

Our calculations on the harmonic vibrational frequencies are enlightening about 

the conformers. Previous work on harmonic frequencies has been done using B3LYP/6-

31G(d) for AAA by Harris and Lammertsma and 6-311+G(d,p) by Rice and 

Chabalowski. An inherent problem in using KS-DFT is that numerical integration is 

almost always required, unlike ab initio methods (excepting explicitly correlated 

methods). This is not a practical problem in energies or geometries, in general, but is a 

problem for harmonic frequencies if the frequencies are small. This is especially a 

concern given that both of the aforementioned studies used the default integration grid 

of Gaussian 94132, which is acknowledged to have too few points by Gaussian Inc.132, 

133  We list the smallest frequencies for each conformer in Table 2-1, as these are 

most relevant for the sake of establishing minima/maxima. 

Table 2-1 MP2/6-311++G(d,p) level of theory for Four Lowest Harmonic Vibrational 
Frequencies of RDX 

Conformer ν1 ν2 ν3 ν4 

AAE 32 64 65 71 

Twist 62 65 75 92 

AAA 20i 18 18 110 

EEA 50 57 64 72 

Boat 27i 41 56 75 

EEE 57 57 66 84 

   



 

28 

Frequencies are in wavenumbers.  We report all values to the ones place without 

claiming we have accuracy in the harmonic modes to the ones place.  Rather, we report 

these for the sake of being QIC. 

Absolute values for frequencies predicted for MP2 with a triple-ζ basis set are not 

expected to be more accurate than those from B3LYP.108,109 However, in light of the 

numeric integration grid issue of Gaussian 94, and the fact that ab initio methods do not 

suffer this problem, MP2 frequencies are qualitatively better in examining the sign of 

small frequencies. We thus confirm that all of the conformers, save the boat and AAA 

form,are minima, in agreement with Rice.112 Note the similarity to cyclohexane 

chemistry: in both cyclohexanes and in RDX, the boat form is a transition state, and all 

other forms are stationary states.116 We do not, however, make any firm statement 

concerning whether the AAA form is an energetic maximum or minimum.  The AAA form 

we isolated was a maximum, based on one imaginary frequency. The frequency in 

question corresponds to a rotation of two nitro groups with respect to one another. It is 

possible that the AAA form may be essentially kept with a small rotation of nitro groups 

with respect to one another; resolving that issue would require careful analysis of the 

potential energy surface, a question we leave open. It is not crucial to this study, as will 

be shown in the next section on Energetics.  

The product of the N-N bond homolysis is referred to as RDR. RDR has only 

previously been studied with very modest calculations,37 insufficient to rely on with 

confidence. Moreover, this study only considered two forms of RDR, when there are, in 

fact, many conformers. We have systematically considered every RDR cyclohexane 

geometry with accuracy within the aforementioned lesser uncertainties, by contrast. We 
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considered all eight distinct geometries that could emerge from removing each distinct 

nitro group from all RDX conformers as an initial guess. We label these forms 

analogously with RDX: AA refers to a cyclohexane ring with two axial nitro groups, etc. 

There are three distinct twist-cyclohexane forms that result. We note that one-half of the 

geometries only converged to an rms force of 10-4 Hartree/Bohr. The other one-half of 

the conformers (AE, cis boat form, and two of the twist forms) converged to 3 x 10-4, 

with a maximum of 3.2 x10-4, and all remained “stationary” for six iterations with 

negligible change in the geometry. This is indicative of a very flat potential energy 

surface and suggests that these geometries are more than adequate to provide detailed 

energetic profiles for the RDR conformers. Vibrational analyses were not performed on 

the RDR conformers, however. 

Energetics 

In Table 2-2, we present the electronic energies of the RDX conformers from 

MP2/6-311++G(d,p), CCSD(T)/6-311++G(d,p), and CCSD(T)/cc-pVTZ calculations. 

Table 2-2  Relative Energies of RDX Conformers Using Different Many-Body Methods 
In kcal/mol 

Conformer 
CCSD(T) 

a 
CCSD(T) 

b 
MP2 a MP2 b 

B3LYP 
a 

B3LYP 
b 

   
6-

311++G(d,p)    

AAE 0.0 0.0 0.0 0.0 0.0 0.0 

AAA 1.8 1.5 1.2 0.9 1.6 0.6 

EEE 7.7 7.3 8.3 7.8 5.7 4.6 

AEE 3.0 2.6 3.2 2.9 1.7 
 

Twist 0.4 0.7 0.2 0.4 0.0 
 

Boat 4.4 4.0 4.1 3.8 2.5 
 

 

We also note the electronic energies predicted by the largest basis set employed 

using B3LYP from Rice and Chabalowski.3 The MP2 energies are presented given that 
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they were available as a result of geometry optimizations and are an important check on 

B3LYP energies. By contrast, as presented in the Introduction, CCSD(T) offers a 

definitive answer for single-reference molecules in so much as the basis set is 

complete. To this end, we have calculated the energy using the smaller 6-311++G(d,p) 

and the larger cc-pVTZ with CCSD(T) to observe the energy differences. In each 

column, we arbitrarily select a different zero of energy based on the deepest bound-

state electronic energy conformer. We also consider the zero-point energies as 

calculated using MP2/6-311++G(d,p) for the total energy at 0 K. We emphasize the 

importance of studying the ZPEs, given that small differences in ZPEs can drastically 

influence the energy ordering when conformers are so close in electronic energy. 

Rice and Chabalowski3 concluded that the energy differences were small and 

that it was unclear which conformer was the minimum in terms of the electronic 

energies and zero-point energies. Given the uncertainty range commonly up to 5 kcal 

mol-1 for B3LYP,117, 119 the results were not capable of solving this issue. We confirm 

some of their conclusions, in that the AAE and AAA forms are close in energy. 

However, we also note that the twist form is just as likely to be the minimum conformer 

as the AAE form (which incidentally agrees with calculations done by Harris and 

Lammertsma4). The EEA form is also close in electronic energy. If one considers the 

effect of zero-point energies (ZPEs) at the MP2 level, one sees that all conformers have 

approximately the same ZPEs (a difference of at most 0.7 kcal mol-1). Although 

important to note for the sake of establishing the true minimum-energy conformer, this 

much accuracy is beyond reasonable expectation of CCSD(T)/cc-pVTZ and effectively 
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is “noise” relative to the other accuracy issues. We show the comparative energies of 

the various conformers in Figure 2-1. 

The accuracy of CCSD(T) energies at MP2 geometries cannot be rigorously 

expected to be accurate to within 1 kcal mol-1 for an arbitrary single-reference 

molecule.128 Future work done on a more refined geometry, perhaps CCSD(T) 

geometries, may be able to answer this more nearly definitively, especially if one 

incorporates a basis set extrapolation method. Our results give confidence that four of 

the six conformers are competitive for the minimum and close in energy. However, the 

question of which is the absolute minimum is not relevant to the mechanistic question of 

decomposition.  With such small energy differences, variations in temperature and 

solution dynamics make it likely that all of these conformers will be present significantly, 

excepting those higher than 5 kcal mol-1 in energy. This finding agrees with Vladimiroff 

and Rice, who came to the same conclusion via electron-diffraction experiments and by 

use of a crude B3LYP/6-31G(d) estimate of energies.112 It is also consistent with 

experimental observation of H NMR spectra,134 which show only one signal, indicating 

that the protons are either identical by symmetry or time-averaged to be the same. 

Given the competitive energies of several conformers of nonequivalent hydrogens, it 

must be a time-average. That there is a time-average implies fast kinetics of 

interconversion between various forms, indicating a low barrier. It is reasonable to 

propose beginning a mechanism with any one of the four lowest-lying stationary states, 

given how floppy the conformers are. 

We list in Table 2-3 the energies of the various RDR conformers, with the 

converged geometries in bold. 
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Table 2-3 Relative CCSD(T) Energies of RDR Conformers 

Conformer 
Energy 

(kcal/mol) 

AA 1.0 

AE 0.6 

EE 3.8 

cis-boat 4.9 

trans-boat 0.7 

twist-1 0.2 

twist-2 1.3 

twist-3 0.0 

 

We note that, again, the conformers are all reasonably close in energy. The 

conclusions we have reached concerning RDX, mechanistically, equally apply to RDR. 

Only the EE and cis-boat forms are likely to be minor contributors. We did not consider 

the CCSD(T)/cc-pVTZ single point calculations for the RDR conformers, in light of all 

previous evidence. Given how floppy the molecule is, and that CCSD(T) calculations 

cannot be trusted to be accurate to within 1 kcal mol-1 without basis set extrapolation for 

a single reference molecule, there is little value in using only one more set of 

polarization functions. In Table 2-4, we see the comparative energies of the RDR 

conformers with respect to the RDX conformers. 

Table 2-4 Relative Energies of RDR Conformers Relative to RDX 

RDR 
Energy 

(kcal/mol) 
RDX 

Energy 
(kcal/mol) 

AA 46.3 EEA 3.0 

AE 45.9 AAA 1.8 

EE 49.0 AAE 0.0 

cis-boat 50.1 Boat 4.4 

trans-boat 46.0 EEE 7.7 

twist-1 45.4 Twist 0.4 

twist-2 46.6 
  

twist-3 45.3 
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We neglect the ZPEs of RDR in this table, because the ZPEs for all RDX/RDR 

forms are comparable and therefore do not change the ordering relative to the accuracy 

of the calculation method. We see that there is insensitivity to the cyclohexane 

conformation or equatorial/axial positions for RDR energies. We can see that the energy 

range for the N-N bond dissociation energy is between 45 and 50 kcal mol-1, depending 

on the conformer. This value was calculated via summing the energies of an isolated 

nitro-radical and the RDR conformer as compared to the AAE RDX conformer. We note 

that previous estimates, relying on B3LYP/6-311G(d,p) // B3LYP/6-31G-(d), predict only 

30 kcal mol-1.37 This discrepancy highlights the inadequacy of parametrized models, 

which cannot be expected to get the right answer for an arbitrary molecule outside the 

parametrized set. 

Electronic Excitation Spectra 

We present the CCSD-EOM/6-311(2+,2+)G(d,p) results in Table 2-5, as well as 

the CIS (CI with only single excitations in the CI framework) results (CIS is a biproduct 

of the EOM calculation and are reported for convenience).  

Calculations used 6-311(2+,2+)G(d,p).  These oscillator strengths do not follow 

the Thomas-Reiche-Kuhn sum rule by virtue of the L=Rt assumption discussed below; if 

values are not given for oscillator strengths, the matrix element is too small to be 

considered. 

Note that the excitation energies are almost identical for all conformers. Hence, 

research on an RDX mechanism based on observing the electronic excitation spectrum 

would have difficulty in distinguishing which conformer is being observed. This is an 

example in which a computational study helps.  The example is quite relevant, given the 

number of mechanistic studies done using electronic excitation energies for RDX.18 
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Table 2-5 EE-EOM-CCSD and CIS Excitation Energies, eV 

Conformer 
   

AAA CIS EE-EOM-CCSD EOM Oscillator Strength 

 
4.92 5.44 0.009 

 
4.93 5.47 0.009 

 
5.52 6.09 0.024 

AAE 3.34 5.38 0.008 

 
4.88 4.60 0.001 

 
4.89 5.37 0.013 

 
4.98 5.39 0.007 

 
5.44 6.07 0.140 

 
5.46 

  
Boat 5.12 5.48 0.018 

 
5.14 5.61 0.004 

 
5.56 

  
 

5.69 
  

EEA 4.97 5.45 0.037 

 
5.06 5.46 0.010 

 
5.53 5.47 0.007 

 
5.56 6.24 0.229 

Twist 3.45 4.57 0.002 

 
3.47 4.62 0.001 

 
3.58 5.39 0.003 

 
4.91 5.45 0.009 

 
4.94 5.53 0.006 

 
5.09 6.01 0.083 

 
5.46 

  
 

5.53 
  

 
It must be mentioned that an approximate left-hand eigenvector was used to 

determine the EOM-CCSD density and, consequently, the oscillator strengths for each 

root. We used the nonorthogonal {Rk
†} instead of the true {Lk}. In the limit of using the 

full T operator, Rk
† = Lk, such that this approximation also assesses the quality of the 

wave function. For a variety of test systems, this procedure turns out to be an excellent 

approximation. A study on three different molecules was performed (C3v ammonia, C1 

ammonia, and hydrazine), taking the X, Y, and Z components of the oscillator strength 

for each root using the aforementioned approximation. Only nonzero values were taken 

into consideration. The average signed error is 0.0016, and the average unsigned error 
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is only 0.0020 atomic units, with a standard deviation of 0.0077. Therefore, the oscillator 

strengths are indeed reliable, up to the level of theory implemented. 
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CHAPTER 3 
HMX CONFORMERS AND CRYSTAL STRUCTURES 

Relevant Literature 

The literature of HMX is inherently also tied to the literature of RDX and CL-20; 

we shall endeavor to focus on what has been specifically proven for HMX and the most 

key points about RDX and CL-20 pertinent to HMX.  Lea concluded that liquid-phase 

RDX and HMX follow first-order kinetics with activation energies of 47.5 and 52.7 

kcal/mol, respectively10.  Cosgrove and Owens disagreed with that analysis of Lea for 

RDX and instead thought that it was merely the vapor of the solid or liquid which began 

the reaction, and thus produces enough energy to begin a liquid-or-solid phase 

reaction11.  Rauch and Fanelli, again working with RDX, believed that the mechanisms 

were fundamentally different between gas and liquid phases, above and beyond just 

differing activation energies66.  From these original papers, great controversy arose as 

to what the mechanisms were, as noted in the above listed kinetics study references. 

Crystal structures of HMX were first reported in 195042; more crystalline 

polymorphs were discovered over time, thereby showing the immense diversity of 

structures possible from this flexible cyclooctane in the solid phase23, 43-45, 64, 65.  It has 

been observed that the δ crystal form has 4 coplanar carbon atoms with a C2 axis; α 

HMX has a C2 axis; β HMX has a center of inversion symmetry45.  The stabilities of the 

crystalline forms at room temperature are β>α>γ>δ, the same as the order of the 

densities65.  In addition to collecting Raman spectra of the polymorphs, Brill and Goetz 

established that the β crystalline form has a different ring structure compared to the α, γ, 

δ forms.  They believed that the β form was more chair-like and the α, δ are more boat-

like, as well as observing greater anharmonicity in the γ form23. 
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The first significant computational study on gas-phase HMX found four 

conformers and estimated the energies via MP2/6-311G(d,p)35.  The first computational 

study of the reaction mechanism studied only two forms (a “boat” and a “chair”) without 

reference to the fact that there are indeed multiple boats or chairs in cyclooctanes36.  

Additionally, this study relied on energies from KS-DFT functionals known to be less 

accurate than the energy differences between the two conformers in their study117-121, 

136.  This approach is also problematic given that the study of nitramine geometries has 

shown that those functionals fail to predict nitramine lattice parameters accurately5.  

Such failure is another good example of how a parameterized method can fail outside of 

its parameterized scope, despite stellar success in other arenas47.  A similar kinetic 

study was conducted using many-body methodologies again known to be insufficiently 

accurate for comparing energy levels or kinetics137 , albeit thorough and effective in 

finding relevant geometric structures.  There are many reactions in which small 

differences in geometry are the difference between exergonicity and endergonicity116.  

The most thorough structural quantum chemistry study was performed by Lippert et 

al138.  That work closely examined the relationship between gas-phase conformers and 

solid-state structures.  It included careful examination of lengths and angles in crystals 

vs. KS-DFT geometries.  However, it considered only two types of boats and one type 

of chair.  It is highly plausible that there are multiple matches to each crystal structure, 

given the sheer number of cyclooctane conformers. 

We have to walk before we can run. No one has the ability to figure out the 

mechanism rigorously in condensed phases. Interpreting the experiments is hard and 

different experiments contradict one another. What we can offer is an unambiguous 
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description of what is going on in the gas phase at STP. Once established, experimental 

groups can try to see which methods match to this simpler system (gas, STP) to help 

sort out whose experiment is correct for the condensed phase (assuming it starts from 

the condensed phase at all; some of the literature argues that vapor from the 

condensed phase IS the starting point of mechanism). Additionally, a computational 

estimate of condensed phase mechanism would benefit from a comparison to a closely 

similar system for corroboration (the gas phase). 

Computational Methodology 

We need to approach chemical accuracy as best we can in this work. Refinement 

of our work for chemical accuracy will be the subject of future computational efforts.  

General purpose, non-empirically parameterized functionals, such as PBE143, LDA144, 

VWN145, PBEmolβ0146, typically do not offer accuracy as high as 3 kcal/mol for an 

arbitrary molecule, despite their more physically grounded quality compared to highly 

parameterized functionals147-151.  Nitramines are a somewhat exotic functional group, 

and thus we cannot be sure which functional to trust.  Consequently, we opt for ab initio 

coupled cluster singles, doubles, and perturbative triples (CCSD(T))123-125, 152-154 in a 

triple-zeta basis set.  Second-order many-body perturbation theory (MBPT(2)), or MP2 if 

one uses a canonical Hartree-Fock reference155 , provides bond-length geometries as 

accurate as 0.01Å for single-reference systems with a triple-zeta basis set126.  One of 

the best software for massively parallelized calculations using MBPT(2) and CCSD(T) is 

ACES III102, and was thus used.  A basis set with some diffuse functions as needed, but 

not an excessive amount, is in the augmented Dunning style104, 156.  We thus performed 

our geometry optimizations using MBPT(2)/6-311++G(d,p)157,158, as well as for the 

calculation of harmonic vibrational frequencies to establish energetic maxima vs. 
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minima.   Single-point energies were performed using CCSD(T)/cc-pVTZ104.  We wish to 

perform energy extrapolation eventually, and thus choose the Dunning basis sets.  

However, given the aforementioned excess of diffuse functions present, we opt for the 

non-augmented form. 

Searching Over the Potential Energy Surface 

Having stated how we wish to optimize and understand the energy differences, 

we must establish what to optimize and study.  There has been great success in 

predicting the possible RDX conformers in terms of basic cyclohexane chemistry3, 72, 73. 

Analogously, therefore look to cyclooctane chemistry for the basic HMX conformers.  

Previous work on cyclooctane chemistry shows that there are 10 conformers: boat-

chair, twist-boat-chair, crown, chair-chair, twist-chair-chair, boat-boat, twist-boat, boat, 

chair, and twist-chair.  This nomenclature of cyclooctanes derives from looking at each 

side of 6 carbons on either end and concluding whether it is a boat, chair, twist-boat, or 

twist-chair from cyclohexane chemistry.  If the two sides have a perpendicular mirror 

plane and are either boat-boat at either end or chair-chair at either end, we call it boat-

boat or chair-chair.  If such a mirror plane does not exist perpendicular to the ring, it is 

simply a chair or a boat.  An exception to this is the crown conformer, which is a distinct 

concept of cyclooctane chemistry.  Together, the two ends give the two-part name 

(except the crown).  For visual aid, in Figures 3-1 through 3-4, we have examples of the 

HMX forms of boat-boat, chair, chair-chair, and crown. 
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Figure 3-1 Boat-Boat 

 

 

 
Figure 3-2  Chair 
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Figure 3-3 Chair-Chair 

Figure 3-4 Crown 

 
We constructed each of these conformers out of the heterocyclic cyclooctane of 

HMX (accounting for all the additional conformers possible because nitrogens in the ring 

introduce more variations).  Beyond this, we constructed every possible combination of 

axial/equatorial positions of the NO2 coming off of the ring nitrogens for each of the ring 

conformers.  From this large set of possible conformers, we calculated the optimal 

geometry via Newton-Raphson optimization107.  Many optimizations went nowhere, with 

large RMS values persisting (greater than 1 mHart/Bohr persisting over at least 10 

cycles, with no real downward trend in value).  Those conformers were thus discarded 

as un-viable.  The default convergence criterion was 0.1 mHart/Bohr.  Many others 

simply converged toward one of the other stationary states found.  The remaining 

conformers were subject to an energy Hessian with respect to normal coordinates to 

determine if the conformer was a minimum or maximum.  All of these were then subject 
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to a single-point calculation of energy using CCSD(T)/cc-pVTZ.  We believe this 

technique to have been a rather exhaustive search of the PES of HMX. 

Resulting Conformers and Nomenclature 

There were 13 stationary states discovered from this analysis; they are given in 

Table 3-1. 

Table 3-1 Stationary States of the HMX Molecule 

Conformer 
Electronic E 
(kcal/mol) 

Smallest 2 
Frequencies  

(cm
-1

) 
ZPE (kcal/mol) 

Electronic E + ZPE 
(kcal/mol) 

1,7-diaxial-3,5-
dipseudo-boat chair 

0 +28, +61 122.5 0 

1,5-diaxial-3,7-
diequatorial-chair 

0.7 +26, +61 122.3 0.5 

2,4,8-tripseudo-6-
axial-twist boat-chair 

1.1 +21, +52 122.3 0.9 

1,3,5,7-tetraaxial-twist 
boat 

1.2 +64, +73 122.4 1.2 

2,4-diaxial-6,8-
dipseudo-boat chair 

2.1 -9, +50 122.2 1.8 

2,8-dipseudo-4,6-
diaxial-boat chair 

2.2 +16, +41 122.3 2.01 

1,3-diaxial-5,7-
diequatorial-boat-boat  

2.3 +29, +37 122.2 2.1 

1,5-diaxial-3,7-
diequatorial-crown 

4.2 +39, +50 122.1 3.9 

2,6,8-tripseudo-4-axial 
boat-chair 

5.7 -43, -22 121.8 5.01 

2,4,6,8-tetrapseudo-
twist-boat 

11.9 +26, +43 122.6 12.01 

1,5-diaxial-3,7-
diequatorial-chair chair 

13.5 -9, -7 121.5 12.6 

2,4-diequatorial-6,8-
dipseudo-twist boat 

15.1 -22, -9 122.3 15.01 

CCSD(T)/cc-pVTZ Energies, MBPT(2)/6-311++G(d,p) Harmonic Frequencies 

 
We shall explain our proposed nomenclature of these states.  Clear 

nomenclature will help future efforts between solid-state studies of crystals and gas-

phase conformers.  The bridgehead atom is always given the number “1” in assigning 
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numbers to the ring atoms.  We then classify each nitro group as either axial, equatorial, 

or pseudo.  Axial and equatorial are familiar to chemists; we use the word “pseudo” to 

indicate a nitro group whose position is halfway between being a full axial or a full 

equatorial.  As is seen in Table 3-1, this is common, a result of the conformational 

flexibility the cyclooctane ring.  Finally, we add the basic cyclooctane conformer label of 

the ring (crown, chair chair, etc.). 

The activation barriers in RDX are very small indeed, based on research of 

Vladimiroff and  Rice112.  RDX chemistry is based on cyclohexane. Cyclohexanes are 

more rigid than cyclooctanes.  Qualitatively, we would thus expect that the barriers in 

HMX would also be small, if not smaller.  The barriers to conformer interconversion are 

themselves not relevant to the detonation mechanism. The energetic barriers we 

calculate in a mechanistic study, however, may be off significantly if we start from the 

wrong conformer. For example, even within RDX conformers, N-N homolysis varies by 

about 5 kcal/mol depending on the conformation72. The N-N homolysis would 

presumably be less sensitive, mechanistically speaking, compared to say the HONO 

elimination mechanism (which requires steric relationships to be just right). This 

highlights the importance of the right conformer as a starting-point. 

The energy levels of HMX feature several very closely lying states, beyond the 

resolution of CCSD(T)/cc-pVTZ to guarantee.  We are aware of this, and thus 

emphasize that the energetic ordering of states listed in Table 3-1 is NOT meant to be 

taken as the true ordering of states except when the differences are greater than 2 

kcal/mol.  Future work performing basis-set extrapolation will hopefully resolve this 

issue, as well as taking into account the anharmonicity. 
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Four of these states are transition states / saddle points according to MBPT(2)/6-

311++G(d,p) harmonic frequencies.  We list the first two harmonic vibrations in each 

case due to the presence of very small harmonic frequencies.  Our Hessian calculations 

are done analytically, not requiring a grid as KS-DFT generally does; this is a significant 

advantage for small frequencies (the calculations do not suffer issues of numerical 

instability in the same manner).  We emphasize that the absolute values of MBPT(2) 

frequencies are not generally more accurate in magnitude than previous studies done 

using B3LYP; only in cases of numerical sensitivity to small values is MBPT(2) more 

reliable108,109.  However, small differences in energy curvature may or may not be 

accurately resolved with the MBPT(2) estimate of the correlation energy (or anything 

less than CCSD(T), for that matter).  The PES curvature is quite small.  Beyond just the 

basis set and correlation, anharmonic effects are important for such small frequencies.  

The presence of two negative frequencies makes it seem more plausible for a stationary 

state to be a genuine saddle point or at least transition state, as is the case for 2,4-

diequatorial-6,8-dipseudo-twist boat and 2,6,8-tripseudo-4-axial-boat chair.  It is less 

clear whether 2,4-diaxial-6,8-dipseudo-boat chair and 1,5-diaxial-3,7-diequatorial-chair 

chair are genuine transition states/saddle points.  This is especially true so far for the 

boat chair given that the next harmonic vibrational frequency is solidly positive (+50cm-

1).  Further refinements of basis set, correlation, and anharmonicity are needed.  For the 

sake of simplicity of analysis below, we say “conformer” in reference to these twelve 

states, given our agnosticism about the signs of some of the harmonic frequencies.  

However, clearly, if a geometry is a saddle point or energetic maximum, it is not a true 

“conformer.” 
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One may notice that there are, in fact, only 12 states listed in Table 3-1, despite 

the claim of 13 distinct stationary states.  There is no contradiction; rather, in our 

conformer searches, we came across an enantiomeric pair, and thus only list 2,8-

dipseudo-4,6-diaxial boat chair in Table 3-1's physical properties. 

The energy levels of the conformers show that most of them are energetically 

accessible at STP, excepting 1,5-diaxial-3,7-diequatorial-chair chair, 2,6,8-tripseudo-4-

axial-boat chair, 2,4-diequatorial-6,8-dipseudo-twist boat, and 2,4,6,8-tetrapseudo-twist 

boat.  As noted earlier, the procedure of CCSD(T) typically accounts for 99% of the 

correlation energies in a single-reference system in a triple-ζ basis.  The only 

consequential approximation is thus the number of functions in the expansion of basis 

vectors110,111.  The use of our triple-ζ basis set makes it plausible that 1,5-diaxial-3,7-

diequatorial chair might yet go lower in energy to be in the thermally populated range.  

This possibility  is of importance, given that certain proposed mechanisms (such as 

HONO elimination) are likely to be sterically sensitive.  This disproves the previous 

assertions that there are only 2 gas phase conformers36; there are certainly more than 

two. 

We now proceed to correlate our gas-phase conformers with known solid-state 

results.  Some conformers feature significant symmetry; this is important for the sake of 

matching to observed experimental spectra.  The 1,3,5,7-tetraaxial-twist boat is 

approximately S4 in point group. This is of particular interest, in that no HMX species 

with this symmetry has been observed experimentally; the nitramine orientation is unlike 

that of α, β, or δ47.   Moreover, the energy of this conformer is quite low with stable 

harmonic frequencies; one would expect its observation.  It is conceivable that rapid 
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gas-phase interconversion of different forms makes the observation of this distinct 

species difficult; such behavior has been shown for RDX112.  We nonetheless would be 

interested to see if experimental identification is yet possible. 

The 1,5-diaxial-3,7-diequatorial crown features C2v symmetry.  The literature has 

stated that both the α and δ phases has C2v symmetry36,47, 51,137 when the gas-phase 

conformer is optimized starting from either α crystal monomer or δ crystal monomer.  

However, all of these references describe the α and δ conformers as being types of 

boats.  This is probably due to a fast-and-loose comparison to cyclohexane chemistry 

rather than cyclooctane chemistry.  When one examines the gas-phase version of the α 

and δ crystal monomers, one sees the same nitramine orientation as is present in the 

1,5-diaxial-3,7-diequatorial crown.  The nomenclature used in describing HMX should 

change to reflect this fact (cyclohexane chemistry should not be used to describe 

cyclooctane chemistry; this is a crown, not a boat).  There is general agreement 

between the geometry of our proposed crown structure and the crystalline α and ζ 

forms51.  We confirm the conclusion of Brand and coworkers51 that the most logical 

geometric assignment of lengths/angles is such that the C2v structure corresponds to 

the α and δ crystalline monomers.  We thus do not lengthily repeat our geometric data 

confirmation.  We do submit that our geometries are more trustworthy by nature of 

MBPT(2)/6-311++G(d,p) calculations compared to B3LYP/6-31G(d) calculations, but the 

chemistry conclusion is the same.  Given that the crystalline forms of α and ζ distort 

monomers down to C2 and C1, respectively, we agree with the inference the crystal-field 

effect is strong in these cases.  The monomer from the β crystal’s is known to have  Ci 

symmetry, consistent with the 1,5-diaxial-3,7-diequatorial chair form.  The bond lengths 
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also very closely match the crystalline geometry43.  This fact also speaks to the 

relatively weak intermolecular forces of the crystal in that the gas phase geometries 

match the crystal to within 0.01Å.  It is interesting to see such contrast in the strength of 

intermolecular forces of organic crystals of the same molecule.  It is known that C2 axes 

are present in the α crystalline form43.  The 1,5-diaxial-3,7-diequatorial-chair chair form 

features a C2 axis of symmetry, but the N-N bond lengths do not match well, hence we 

defer to our previous conclusion that the crown C2v form best matches the α form. 

All of these conformers would be of interest in a solid-state calculation.  The 

potential exists that these conformers, as starting geometries of a lattice vector 

optimization, may yield new crystalline forms.  Even if not, it would be of interest to 

observe how the intermolecular forces mold the gas-phase conformers strongly in some 

cases, weakly in others, to the solid-state structure.  Indeed, given how many RDX 

crystalline forms exist from a simple cyclohexane, it is surprising that only four HMX 

crystal forms have not yet been found.  Previous work exists in the literature for the 

opposite process: starting from the known crystal structures, new gas phase conformers 

were discovered at the time51.  It is a reasonable hope that the process might be fruitful 

in reverse.  
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CHAPTER 4 
CL-20 CONFORMERS AND CRYSTAL STRUCTURES  

Relevant Literature  

Three B3LYP computational studies have been performed on gas phase 

conformers159-161.  The first such paper identified four conformers159.  As just discussed, 

in chemically similar compounds, the harmonic vibrational frequencies are quite small72.  

It would be unwise to use a numerical grid for gradients or hessians, as is required by 

KS-DFT.  Numerical grids play havoc with the sign of harmonic vibrational frequencies, 

and the correct sign is needed to determine energetic minima vs. maxima.  As such, the 

conformers interpreted to be minima in that paper159 cannot be known rigorously to be 

minima132, 133.  The other two papers chose one particular CL-20 conformer at random, 

without thought to the other conformers, and with a computational methodology 

insufficient to be trustworthy a priori.  One of those papers attempted to study the 

mechanism of CL-20 from an arbitrary conformer160.  This seems unwise, given the 

sensitivity of kinetic studies to small energy differences, as well as reliance on B3LYP/6-

31G(d,p) energies to be accurate to within 1 kcal/mol, which is known to be untrue117-121, 

136. 

As such, we enter the fray to answer questions of the conformers of CL-20 using 

high quality methodologies from the bottom to the top, as with RDX and HMX.  Thus we 

use parameter-less, ab initio methods in the final step of our analysis to confirm our 

studies, and experimental checks to confirm the validity of specific properties calculated 

(like crystal polymorphs, lattice constants, etc.) when using highly parameterized 

methods.  The value of using force-fields in early steps, because of their computational 

cheapness, is not to be underestimated, but must be checked stringently in subsequent 
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steps.  From such methodologies, we may know the potential energy surface of all 

conformers of CL-20, and thereby predict new crystal structures as well as predict the 

chemical mechanism of detonation. 

Methodology 

We began by assembling a structure of the CL-20 molecule from a rudimentary 

guess of common bond lengths and angles.  This form was then optimized using 

second-order many-body perturbation theory (MBPT(2))/6-311G(d,p))122,154,157,158.  Keep 

in mind that Many-body perturbation theory is Möller-Plesset perturbation theory (MP) if 

the reference is chosen to be Hartree-Fock.  However, there are many instances in 

which the use of non-Hartree-Fock references is advantageous to circumnavigate 

issues of degeneracy.  As such, we keep an open mind to the general formulation of 

applying perturbations atop an arbitrary reference state.  We chose a triple-zeta basis 

set, as MBPT(2) is known to be accurate to within +/- 0.01Å for a single reference 

molecules126.  We emphasize the value of choosing perturbation theory.  Because it is 

an ab initio method (ab initio here meaning a parameter-less methodology which is 

systematically correct-able), we can expect it to work equally well on any single-

reference molecule.  This is in contrast with KS-DFT139-142, for which the results can be 

highly dependent on the choice of functional.  Again, we used the ACES III software for 

our calculations, as it is optimally designed to be a massively parallelized software for 

calculations using MBPT(2)102. 

From the optimized molecular geometry, we began a Monte-Carlo force-field- 

based search for other CL-20 conformers.  Specifically, with respect to the initial CL-20 

conformer, we varied bond lengths, angles, and dihedrals in a Metropolis Monte-Carlo 

fashion using the PCModel92 software and the MMX force-field.  The standard MMX 
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force-field does not have parameters for the nitramine functional group, as it is 

somewhat exotic for standard organic chemistry.  We substituted an amine group in 

place of the nitro group.  For the sake of finding a rough estimate of the conformers, the 

amino group is similar in size and bond length, such that the sterics of what is possible 

is preserved.  This is a trivial assumption for the conformational search.  All aspects of 

the search were left at default parameters except for the following.  The duration of the 

searches is indefinite until either 10,000 minima structures are found or a minimum 

structure is found 500 times.  The search was executed 3 times from various random 

seeds.  We allowed for energy ranges of 3.5, 20, 50, 100, and 400 kcal/mol energy 

increases for possible generated structures to be minimized relative to the 

conformational minimum.  The search never generated more than 14 possible 

conformers, which generally only differ in the axial/equatorial position of the amines.  

This seems reasonable; the caged structure of CL-20 (see below) is such that few 

relaxations seem possible. 

These 14 conformers were subjected to a MBPT(2)/6-311G(d,p) optimization of 

geometry using a Newton-Raphson algorithm107.  Of the 14, only 6 converged toward an 

energetic extremum.  The other 8 were discarded from further analysis; their geometric 

optimizations did not converge (the RMS force remains quite high).  The 6 which did 

converge did so relatively quickly for a molecule of this size.  The harmonic vibrational 

frequencies then were calculated using the same many-body methodology.  Five are 

energetic minima, the sixth a maximum.  The energy levels then were considered from 

these MBPT(2)/6-311G(d,p) calculations. 
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The Six Conformers 

The structure of CL-20 (shown in Figure 4-1) is that of two cyclopentanes bridged 

together by one carbon in each of the pentagons, in addition to which the bases of the 

pentagons constitute a cyclohexane to form this bridged bicyclic compound. 

 
Figure 4-1 Side View of Equatorial/Axial CL-20 

  
 

Figure 4-2 Side View of Diaxial CL-20.   
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There are two major differences that distinguish the CL-20 conformers from one 

another: the axial vs. equatorial nature of the cyclohexane nitramine groups, and the 

angle of the cyclopentane nitramine groups with respect to one another.  Figure 4-2 

shows the differences in axial vs. equatorial positions in the bridging cyclohexane base.  

The below Figure 4-3 illustrates the differences in how the cyclopentane nitramines 

orient with respect to one another. 

 
Figure 4-3 β Conformer; axial, equatorial  

 
Figure 4-4 α? Conformer; axial, equatorial. See text for notation  
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Figure 4-5 γ Conformer; di-equatorial. 

 
 Figure 4-6 ξ? Conformer; equatorial, axial 

 
Figure 4-7 ε Conformer; di-equatorial 
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Figure 4-8 Transition State Conformer; diaxial 

 The conformers are so named based on CL-20 crystal structures.  The actual 

crystal structure data have varying public availability99.  The basic lattice constants and 

other bulk properties are available for four of the  five polymorphs (α, β, γ, ε, but not ζ)99, 

162-166.  Refined data, such as molecular-level data, however, are not available for the α 

anhydrous crystals or β crystals as a matter of restricted information99, 162-165.  The 

hydrated α crystal data is incomplete99.  The γ and ε crystal structures, including 

molecular-level properties, are public knowledge and well-known166.  The ζ form exists 

only at high pressures, and no data exists beyond its basic zeta crystalline 

assignment163.  From the myriad of sources referred to above, we have endeavored to 

establish which of our conformers belong to which crystalline polymorph, if any.  The 

first conformer has the cyclopentane nitramine orientation and axial/equatorial 

combination consistent with the β crystal, and is thus named the β conformer 99.  The α 

and γ crystals are known to have a cyclopentane nitramine orientation consistent with 

both of the next two conformers99, 166.  The γ crystal has a form of CL-20 which is 

diequatorial, indicating that the third conformer ought to be designated the γ 

conformer99, 166.  The α crystal structure is not so resolved that we can claim that the 
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second conformer is the basis for the α crystal structure; nonetheless, it is known to be 

different from the γ, but still have the same cyclopentane nitramine orientation99.  We 

thus propose that the second conformer based on our evidence is likely the α form.  To 

emphasize that this is a reasonable interpretation of data but not experimentally 

confirmed, we call the second conformer α?.  It would be of great interest for our 

experimental colleagues to investigate this conjecture.  The α?, γ conformers differ with 

respect to one another only in that α? has an axial and an equatorial pair of nitramines 

on the cyclohexane, whereas the γ conformer  has two equatorial nitramines.  The next 

pair of conformers, ζ? and ε, again only differ in cyclohexane nitramines; the ζ? 

conformer has one axial, one equatorial, ε conformer being diequatorial.  The ε 

conformer matches the ε crystal structure in nitramine cyclopentane orientation and 

diequatorial nature18,49.  The ε conformer is of Cs symmetry.  That the ζ? conformer has 

a relationship to the ζ crystal is very speculative; we offer this purely based on the fact 

that there is one remaining crystal structure not accounted for.  It is more than possible 

that the ζ crystal basis is one of the other conformers again or a completely unstable 

conformation in the gas phase alone (for example, the γ RDX crystal is actually the 

transition state between the diaxial, equatorial to triple axial conformations, completely 

unstable in the gas phase on its own)6.  However, no nomenclature has existed before 

this point in previous CL-20 work.  We offer this first attempt at taxonomy to help 

organize previous data in terms of our own more complete survey of the conformational 

landscape of CL-20, as well as to relate our data better to the solid-state community.  

The transition state conformer is so-named because it is the only one that is an 

energetic maximum via harmonic frequency analysis.  It is also of Cs symmetry. 
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We emphasize the success of our methodology for finding the molecular bases 

of the crystalline polymorphs.  Our Monte-Carlo force-field search combined with 

MBPT(2) discriminating against the false positives has produced 5 minima, in 

accordance with 5 crystal structures.  It is suggestive (albeit not deterministic) that our 

methodology is efficient if we wish to apply it to similar chemicals to find the relevant 

structures.  We also emphasize the extent to which these geometries are a true 

benchmark for the current best estimate of the gas-phase geometries of these 

conformers; the only method expected to produce a better geometry would be 

CCSD(T), or higher coupled cluster excitations108, 123,124, 128,141,152-154, such as presented 

in the preceding chapters. 

 
Energetics and Geometric Speculation Therein 

 
The energetics of the compounds are displayed in Table 4-1. 

Table 4-1 Energetics of the CL-20 Conformers 

 kJ/mol eV 

Β Conformer 0 0 

α? Conformer 16.4 0.17 

γ Conformer 17.1 0.18 

ζ? Conformer 10.6 0.11 

ε Conformer 23.1 0.24 

Transition State 23.3 0.24 

 
MBPT(2)/6-311G(d,p).  All energies are reported to one decimal in kJ/mol, two in 

eV for the sake of qualitative comparison.  We emphatically do not claim that this 

method is accurate to this many decimals in energy. The β conformer is of lowest 

energy relative to the methodology used, but we adamantly make no statement as to 

which conformer is the minimum.  The only methodology capable of being accurate to 
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within 0.1eV consistently, a priori, is probably CCSD(T) with an extrapolation of single-

particle basis sets or use of an explicit R12 formalism141.  We had originally intended to 

perform CCSD(T)/cc-pVTZ calculations on these systems, but changed course in the 

face of the foregoing evidence.  Short of performing a basis extrapolation, no real 

insight would be gained about the reaction or conformer populations from just those 

calculation alone.  We may say that the energy levels are near-degenerate, but it would 

be wildly speculative to read even the qualitative ordering as being correct when the 

energy levels are this close.  Rather, we can see from the data that all of the minima 

may be reasonably populated at STP and the reaction mechanism might proceed from 

any of these starting points.  In order to consider the kinetics accurately, one must 

consider the activation barriers from any of these starting points.  Note that this point is 

in sharp disagreement with previous kinetic studies161. 

Rather, given that the energies are not quantitative enough to compare against 

one another, we attempted to find a geometric, intuitive means to judge the conformers 

qualitatively.  We would argue that there is always significant “noise” in the value of 

bond lengths to 0.001Å; a clear trend might be seen easily if manifest at 0.01Å.  In 

Table 4-2, we list the bond lengths of various parts of the CL-20 molecule.  We consider 

the C-C, C-N, and N-N lengths of various parts of the hexagons and pentagons in the 

bicyclic structure.  If a given conformer did not have a certain type of nitramine, we 

denote this as “N/A.” The “C-C Bridge” refers to the carbon atom atop the 

cyclopentanes which joins together the rings.  The table lists the conformers in order of 

increasing energy from left to right, for ease of examining a trend within the lengths.  
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However, no clear trend emerges.  There are nonetheless clear trends in the 

comparative bond lengths of CL-20 vs. other nitramines. 

 
Table 4-2 Bond Lengths of CL-20 Conformers,Å 

Conformer β ζ? α? γ ε Transition 

N-N Axial 1.43 1.43 1.43 N/A N/A 1.42 

N-N Equ. 1.44 1.44 1.45 1.44, 1.43 1.43 N/A 

N-N Penta 1.43 1.43 1.44 1.45, 1.40 1.43 1.41 

C-C Hexa 1.57 1.57 1.57 1.57 1.59 1.57 

C-N Penta 1.48 1.47 1.45 1.47 1.47 1.46 

C-C Bridge 1.57 1.57 1.57 1.57 1.58 1.57 

 
The two major qualities that distinguish the CL-20 conformers are the 

axial/equatorial combination and the cyclopentane nitramine orientation.  We 

considered whether equatorial is inherently more favorable in this caged structure than 

is axial, and vice versa.  This comparison also shows no clear trend in stability, as there 

are mostly axial/equatorial mixtures, rather than diequatorial or diaxial.  The orientation 

of the nitramines does not, to our analysis, lend itself to an obvious trend.  We thus infer 

that no simple geometric measure can give guidance on the energy minimum.  Given 

the small energy differences in the conformers (0.2eV), this is not surprising. 

Implications Toward Reactivity 

The harmonic vibrational frequencies of the CL-20 conformers lend credence to 

the idea that homolytic dissociation of the N-N bond in the nitramine is a major 

mechanism of decomposition.  The harmonic vibrational frequencies are given in Table 

4-3.    We do not propose that the accuracy of the harmonic frequencies is within a 

wavenumber; the absolute values of MP2 frequencies are not very good compared to 

an IR spectrum108 
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Table 4-3 Lowest 4 Harmonic Vibrational Frequencies Calculated using MBPT(2)/6-

311G(d,p); cm
−1

 

Conformer β ζ? α? γ ε Transition 

ν1 48 48 48 49 46 41i 

ν2 55 57 54 54 52 44 

ν3 59 59 56 57 59 53 

ν4 68 61 61 64 61 56 

 

However, with an appropriate scaling factor, they do perform well108.  For our 

purposes, though, a qualitative insight into the mechanism is reliable from this 

methodology.  We can see that the harmonic frequencies for all of the conformers are 

comparable, and all quite small.  Visualization of these normal modes show that all of 

them are various types of nitramine wags.  Thus, the weakest bond is indeed the 

nitramine N-N bond.  In particular, it is a nitramine wag on the cyclohexane nitramine.  

This implies that homolytic dissociation does not proceed from the cyclopentane 

nitramines, and considerably reduces the number of possible reaction paths to consider.  

The zero-point energies are all 141 kcal/mol; the zero-point energies only vary among 

conformers by up to 0.6 kcal/mol. 

We also compare the CL-20 N-N bond lengths to that of RDX.  The “average” N-

N length of RDX for the equatorial position is 1.41Å72; for CL-20, it is 1.44Å.  The CL-20 

equatorial bond lengthens, and therefore is weaker than in RDX.  The “average” N-N 

length of RDX for the axial position is 1.44Å72; for CL-20, it is 1.42Å.  The CL-20 axial 

bond is shorter, and therefore stronger than in RDX.  We know that CL-20's rate 

constant in solution phase decomposition is 3.5 greater than RDX34.  Assuming the 

reactivity trend is qualitatively true in the gas phase( not unreasonable), something must 

account for this difference in reactivity.  The putative mechanism considered in 
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nitramine degredation is nitro group homolysis1-10.   If the CL-20 nitramine dissociation 

starts from the cyclohexane nitramines, we would infer that it is probably the equatorial 

nitramine bond that is breaking, given that the equatorial bond is weaker in CL-20 than 

the axial. 
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CHAPTER 5 
DEA-CCSD CONQUERING PATHOLOGICAL MOLECULES 

The Multi-reference Problem 

In this chapter, the singlet-triplet splittings of proto-type diradicals methylene 

(CH2), trimethylene-methane (TMM), ortha, meta, and para-benzynes, are computed 

with DEA methods.  Such methods are commonly used to assess the performance of 

multi-reference (MR) methods, and yet require more careful study unto themselves as a 

benchmark.  All these diradical share the characteristics of 2-hole 2-particle MR 

problem. Assuming that the underlying n±2 electron state is correctly described by 

single reference coupled-cluster theory, the DIP and DEA methods by construction 

include all four determinants of a 2-hole and 2-particle problem of n electron system in 

an un-biased manner. That is a prerequisite for the correct description of the multi-

determinantal n particle system (details below). Furthermore, instead of relying on 

widely used published geometries that were obtained at various levels of theories, a 

consistent set of geometries at the CCSD(T) level are obtained and used for all the 

single point energy calculations. Additionally, the SR-MBPT(2), SR-CCSD, SR-

CCSD(T), and ΛCCSD(T) also were computed for completeness. 

Multi-reference Coupled Cluster Theory in Context 

The treatment of classes of multi-reference coupled-cluster (MR-CC) problems 

can be achieved by exploiting single determinant reference states composed of a 

different number of particles from that for the MR target state, with subsequent addition 

or removal of excess electrons to define the N-particle states of interest.  The idea is not 

new, going back to the work by Nooijen and Bartlett on using the double-ionization 

potential similarity transformed equation of motion (DIP-STEOM-CC) and its 
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complementary double electron attached variant (DEA-STEOM-CC), to treat the 

vibrational frequencies of ozone and certain states of NO dimer.  But such an equation-

of-motion-coupled-cluster method for adding (DEA) or removing (DIP) two electrons 

from an underlying single reference CC method for an     problem, with extension to 

three (TIP/TEA) or four (QIP/QEA), has several attractive features that make the 

approach worth pursuing. 

The ansatz has a global extensive part,                and a local 

correlation, intensive part.  The wavefunction for the n-particle state system is written as 

                    , where      is the CI-like right-hand eigenvector in EOM-

CC.  This has the advantage that instead of asking a fully extensive MR-CC method to 

account for all important effects, the intensive part allows one to target the usually local 

multi-reference behavior. 

When based upon a closed-shell reference for |N±2>, the target states are 

automatically spin-eigenfunctions.  The guarantee of a spin-eigenfunction as is used in 

CI is not always achievable in most MR-CC methods; this, however, is an exception. 

DIP/DEA-EOM-CC wavefunction is operationally single reference making it as 

easy to apply as single-reference CC, with no decisions for the user but basis set, level 

of correlation, and a choice of the one spatial active orbital to doubly occupy in the N+2 

vacuum, or to un-occupy the N-2 vacuum. 

The DIP/DEA-EOM-CC is invariant to active orbital rotations, by virtue of the 

active orbitals being in either the occupied or the unoccupied space.  Multiple states can 

be obtained from the EOM matrix diagonalization, providing excited states as well as 

the ground state, so in the event that other occupied orbitals in DIP or virtuals in DEA 
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interact strongly with the chosen active orbital, then that solution occurs as well, and will 

appear as one of the eigenvectors.  This helps to confirm the particular orbitals that 

manifest MR character are correct, and if there are more than two, it might suggest a 

subsequent TIP/TEA or QIP/QEA calculation.  The price paid for these attractive 

features is that each stage of the calculation has to be converged: first the SR-CC 

solution for the     closed shell system, then the DEA/DIP-EOM solution itself.    

Because of orbital dependence in these calculations, the DIP solution in particular can 

sometimes be difficult to converge. 

This contribution addresses the use of DIP/DEA-CCSD single-triplet splitting in 

diradicals, which have been considered a multi-reference test problem, with many 

different types of methods applied.  These include generalized SR-CC, like 

renormalized, ΛCCSD(T), spin-flip, and hybrids like Reduced Multi-Reference.  There 

are also more complete state-universal (SU) forms: the state-specific Brillouin-Wigner 

(BW) form, Mulherjee, or internally contracted form.  The singlet states involved tend to 

manifest most of the multi-reference character, since they can vary from a two-

determinant open-shell singlet, for which there are other methods available, to a GVB 

when a bond starts to form, or to situations where all four determinants, as shown 

below, could have a large role in the wavefunction.  The triplet, on the other hand, can 

frequently be described well by standard ROHF or UHF SR-CC using the high-spin 

determinant as the reference. 
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Theory 

The wavefunction ansatz for the MR N-particle state is 

     
                          (5-1) 

The     solution is a single-reference CC one, but for     electrons while the  
     

                   
             

         
    (5-2) 

and 

                   
                 

         
    (5-3) 

restores the N-particle solutions, by either removing or adding two electrons to the 

underlying SR-CC solution, 

                     (5-4) 

for the     electrons.  The operators are indicated in normal order { }, with i,j,k… 

indicating holes or occupied orbitals and a,b,c,… particles or unoccupied orbitals. 

Then inserting this ansatz into the Schrodinger equation using the usual EOM-

CC strategy, we obtain 

       
        

    (5-5) 

which provides the N-particle k-states of interest via the EOM-CC diagonalization.  The 

quantity                            , is defined from the CC wavefunction      

   
                      (5-6) 

                  (5-7) 

In two steps, DIP/DEA-EOM-CC provides solutions for different k states via 

matrix diagonalization with two-orbital, two electron MR character.  To involve more 

orbitals and electrons in a MR description requires the TIP/TEA and QIP/QEA 

extensions.  Because      is non-Hermitian, there is also a left-hand eigenvector, 
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   =    , which, unlike the right-hand eigenvector, is not connected to      .  Both 

are required in the treatment of properties.  But the treatment of properties in EOM-CC 

is well-known, and the same methods can be used for the DIP/DEA-EOM-CC solutions. 

The above procedure is MR for the target states.  For example, from the |N+2> 

vacuum, where the HOMO and  HOMO-1 spatial orbitals are assumed to be quasi-

degenerate, the operator       generates all four of the determinants that a MR space 

would demand.  As each of these determinants will be weighted by the coefficients in 

the CI-like operator,   
   , their contribution to the final wavefunction is determined by 

matrix diagonalization allowing any coefficient to be as large as required in the MR 

description. 

 
Figure 5-1  Reference Determinant and Achieved Static Correlation in the DEA-CCSD 

Scheme. 

Analogously, a N-2 vacuum state would consist of orbital J to I and A in this 

figure, but the same four determinants would be generated by adding two electrons in 

all possible ways into the two quasi-degenerate orbitals.  In these methods the MR 

space is naturally introduced after doing a SRCC calculation for the     problem.  The 

size-extensive SRCC result handles dynamic correlation and the EOM diagonalization 

properly introduces the intensive, or local part of the correlated wavefunction to account 

for non-dynamic or static correlation.  The former pertains to the left-right correlation for 
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bond breaking subject to an incorrectly separating RHF reference function, while the 

latter means the kind of correlation required to get the multiplets of complicated open 

shell systems like transition metal atoms right, of which being a spin-eigenfunction might 

be as important as correlation. 

Thus the DEA-CC has a right-hand operator eigenfunction property of this 

method, R, that is CI-like.  If we started from a more traditional MR viewpoint, we would 

add to the four determinants shown above typically single and double excitation to build 

a MR-CI wavefunction.  The role of the 3h1p term in Equation 5-3 does exactly that for 

single excitations of the two-hole MR space.  So we view the rij as the coefficients of the 

four-determinant MR space, c, with the     
 (r) corresponding to additional single 

excitations (s) among these four determinants, such that R=C(1+S).  In principle, from 

the CI part of the ansatz, we could add double and higher excitations, leading to the full 

CI limit.  The exponential part of the ansatz is SR-CC theory. 

The reason the distinction between the CI part and the CC part is pertinent is 

that, in DIP-EOM-CC, contributions to the wavefunction involve three-hole operators like 

         that most naturally would arise from having T3 in the ground state.  A response 

theory like EOM-CC focuses on the ground state, with all other states being derived 

from them.  But these three-hole terms cannot appear for a CCSD ground state, while 

they would from the MR-CI viewpoint.  It turns out that these terms are extremely 

important numerically, much more so than are the reference state triples.  This 

importantly allows us to bypass triple excitations in the CC part of the ansatz.  It also 

suggests the alternative designation MR-EOM-DIP-CC, with the MR space created by 

the DIP operator, but then single excitations are taken among those functions as they 
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would be in MR-CI while the CC part of the problem can be restricted to just CCSD.  So 

from the MR-CI viewpoint, we bypass a need for double excitations and from the CC 

viewpoint, using triple and higher excitations. 

The DIP method has a fundamental weakness: it is completely inapplicable to 

systems for which the -2 anion does not exist.  If there is no bound state for the doubly 

negatively charged species, obviously the method is flawed.  For example, the    
   

species does not exist, and thus DIP may not be used on    .  If one attempts the 

calculation with small basis sets, one may converge the SCF and then use the EOM 

framework to return to the methylene species and attain accurate answers; however, 

this only works for a small basis set.  Given enough basis functions, the attached 

electrons in the SCF are not bound and enter the continuum.  This could hypothetically 

be overcome with some type of artificial environment that allows for a bound state to 

exist in the SCF, and whose effects are somehow overcome or perturbed away in the 

correlated calculation. 

There is no doubt that the large effects of single excitations are mostly due to the 

need for orbital relaxation following the introduction of the       vacuum.  Any 

orbitals can be used to build this vacuum state, so there is no unusual dependence on 

actually using the ‘core’ orbitals for DEA cases.  Future work will investigate the specific 

orbital dependence in practice. 

Methodology 

The geometries are optimized at the UHF-CCSD(T)/6-311++G(2d,2p) level of 

theory.  The harmonic vibrational frequencies are computed to verify that the optimized 

structures are minima and to obtain the zero point energy using MBPT(2)/6-
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311++G(2d,2p).  In the case of para-benzyne, the symmetry is lowered from the D2h to 

C2v subgroup to obtain a symmetry broken reference state that has partial diradical 

character (unpaired electrons localized on carbon atoms at para-positions). Additionally, 

the para-benzyne harmonic vibrational calculation was performed using CCSD(T)/6-

311++G(2d,2p) due to the extreme multi-reference challenge of para-benzyne.  The 

single point energy calculations employ cc-pVDZ, cc-pVTZ and cc-pVQZ basis sets. 

The dication reference orbitals are used for DEA calculations. The “basis set limit” DEA 

results are obtained with the extrapolation scheme proposed by Helgaker126. The 

optimized geometries, the vibrational frequencies, CCSD, CCSD(T),  ΛCCSD(T) 

energies are obtained with the ACES II program while the DEA results are obtained with 

ACES III. Spherical basis functions are used.  Where core polarization calculations were 

undertaken, the protocol was to find the relative energy difference between singlet/triplet 

using CCSD(T)/cc-pCVQZ with and without dropping the core.  The difference in the 

singlet/triplet gap using dropped core orbitals vs. not is what we define to be core 

polarization. 

Methylene 

The singlet/triplet gap of prototype diradical methylene has been the subject of 

numerous studies167-176 and a historically significant narrative of the interplay between 

theory and the experiment. The methylene radical has a triplet 3B1 ground state, which 

is single-reference in nature.  The molecule features a C2v point group. The electronic 

configuration of Ms=0 component of 3B1 state is    
       

          
        

     . The 

corresponding singlet configuration     
       

          
        

      giving 1B1 state is 

higher in energy than the 1A1 state (The state labeling correspond to the C2v irreducible 
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representations assignment to the x, y, z directions as shown in Fig 5-1). The singlet 1A1 

state is multi-reference in nature, ideally represented by two reference determinants 

      
           

     
    , and is also C2v. The experimentally measured S-T gap is 

between the 1A1 and 3B1 states.  

The most accurate experiments172, 177 measure the singlet-triplet splitting of 

methylene to be 9.0 (9.05±0.06 and 8.998±0.014 kcal/mol, respectively).  The computed 

zero-point energy, Born-Oppenheimer, relativistic, and core polarization corrections are 

0.49172, -0.1173, -0.04178, 0.4 (done in this work as well as confirmed in previous 

estimates167) kcal/mol respectively. These corrections are subtracted from the 

experimental value (henceforth designated as “derived experimental” value) to obtain an 

experimental analog that can be compared with the computed single point energies. 

While it would have been more appropriate to correct the computed values, however, 

since we are also interested in comparing with the other published MR results; it 

became necessary to follow what is established in the literature.  

The “derived experimental” value for singlet/triplet electronic energy splitting is 

found to be 8.25 kcal/mol. Our “derived experimental” value is different from the often 

quoted experimental value, 9.37 kcal/mol which neglect the core polarization effects171. 

Unlike prior singlet/triplet gap calculations, which relied on CISD/DZP 

geometries, we have chosen to obtain geometries for each state using CCSD(T)/6-

311++G(2d,2p)174.  It has been shown that CCSD(T) geometries on single-reference 

cases are accurate to within 0.01Å 126. Obviously this estimated error does not directly 

translate into the estimated errors for systems that have MR character and should be 

used with caution in that context. The 6-311++G(2d,2p) basis is approximately of the 
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same quality of cc-pVTZ in practice, but has some diffuse functions. There is indeed 

some variation in the geometries of the singlet 

A comprehensive collection of previously published S-T gaps are presented in 

Table 5-1 and our DEA-CCSD results along with CCSD, CCSD(T) and ΛCCSD(T) 

results obtained at CCSD(T)/6-311++G(2d,2p) geometry, in various basis sets, are 

shown in Table 5-2.    

Table 5-1 Methylene Singlet-Triplet Splittings, kcal/mol 
3
B1 

1
A1 ΔES-T kcal/mol       

  Basis= Other cc-pVDZ cc-pVTZ cc-pVQZ cc-pV5Z 

CCSD
1
 CCSD   12.77 11.20 10.58 10.39 

CCSD
1
 RMR   12.04 10.42 9.84 9.74 

SU CCSD
1
 RMR   12.20 10.71 10.17 10.08 

SU CCSD
1
 SU CCSD   12.04 10.52 9.92 9.76 

CCSD(T)f
1,2

 CCSD(T)   12.11 10.43 9.78 9.58 

CCSD(T)se
1,3

 CCSD(T)   12.05 10.35 9.70 9.51 

CCSD(T)f
1
 RMR(T)   11.89 10.19 9.55 9.40 

CCSD(T)se
1
 RMR(T)   11.81 10.11 9.48 9.33 

SU CCSD(T)f
1
 RMR(T)   12.20 10.76 10.22 10.10 

SU CCSD(T)se
1
 RMR(T)   12.05 10.55 10.00 9.88 

CR-CC(2,3)
1
 

CR-
CC(2,3) 

  11.91 10.29 9.68 9.53 

EOM-EE-CCSD
4
     12.13       

EOM-EE-CC(2,3)
4
     10.47       

EOM-SF-CCSD
4
     11.76       

EOM-SF-CC(2,3)
4
     11       

CCSDt
5
 CCSDt  9.87         

CCSD(T)-h
5
 CCSD(T)-h  9.14         

CC(t;3)
5
 CC(t;3)  9.24         

MR BWCCSD 
MR 

BWCCSD   
10.52 9.90 9.72 

MR BWCCSDT 
MR 

BWCCSDT   
10.18 9.51 

 

TD-CCSD TD-CCSD 9.20 
    

3
B1 

1
A1 ΔES-T kcal/mol       

CCSDT
5
 CCSDT  9.52         

FCI
6
 FCI    11.14       

Experiment
7
     8.25       
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We emphasize that our methodology, unlike many in Table 5-2, is the same for 

both singlet and triplet electronic state.  By contrast, certain multi-reference CC methods 

use a composite approach, and thereby treat the singlet with a different method than the 

triplet, as is the case in RMR style methodologies. 

Numbers are listed to two decimals for computational comparison sake, and are 

not intended to imply accuracy to so many decimals.  If only one method is listed for the 

two states, the same method is used twice. 

1. Reference 171; geometries come from reference 174, a CISD/DZP estimate. 

2. “ f ” refers to CCSD(T) in which the disconnected off-diagonal Fock matrix 
elements are included 

3. “ se ” refers to CCSD(T) in which disconnected off-diagonal Fock matrix elements 
are ignored (“se” referring to “size-extensive”) 

4. All of these calculations are done using the TZ2P basis; the calculations were 
performed by reference 169, with one frozen core orbital and one frozen virtual 
orbital.  Geometries come from FCI/TZ2P with one frozen core orbital and one 
frozen virtual orbital from reference 168.  Spin-flip calculations use a UHF 
reference. 

5. These calculations were performed by reference 179.  All values are done with a 
basis set extrapolation based on aug-cc-pVTZ and aug-cc-pVQZ, except for the 
CCSDT calculation which used only aug-cc-pVTZ.  All calculations used 
spherical d, f, and g functions, as well as a frozen core.  Geometries come from 
FCI/TZ2P, using reference 8, one frozen core and one frozen virtual.  The active 
space used was (2,2), corresponding to the HOMO-LUMO orbitals. 

6. This FCI comes from reference 168 below, using the TZ2P basis set, dropping 
one core and freezing one virtual. 

7. This is based on the experimental result of reference 172, with computational 
estimates of the non-adiabaticity and relativistic effects subtracted out based on 
references 178 and 173, respectively.  The zero-point energy differences are 
accounted for in the experimental protocol. 

For the discussion purpose, we can classify the S-T gaps shown in Table 5-1 into 

two categories. In the first category, the S-T gap is obtained as a difference of the two 
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separate individual energy calculations for the singlet and triplet each. Those individual 

singlet and triplet calculations do not necessarily have to be by the same method, and in 

fact, the majority of the results in Table 5-1 use composite methods in which the singlet 

and triplet treated by two different methods (primarily the singlet as a MR state while the 

triplet as SR). In the other category, the S-T gap is directly computed from a common 

reference state. The EOM, SF-EOM and our DEA results belong to this category.  

Let us first focus on the results in the first category.  The CCSD treatment for 

both singlet and triplet is inferior to the use of RMR to describe the multi-references 

singlet.  Nonetheless, energy remains off of the experimental answer by 1.5 kcal/mol, 

despite basis saturation.  The various forms of CCSD(T) describe the S-T gap more 

accurately. The use of RMR(T) on the singlet with a form of CCSD(T) on the triplet 

incrementally approaches the correct answer better than RMR, SU-CCSD, or CCSD(T) 

alone. Curiously, forms of SU-CCSD(T) for the triplet with RMR(T) on the singlet seem 

to make matters worse. CR-CC(2,3) describes the gap correctly without requiring an 

active space.  All of these calculations nonetheless remain off by 1 kcal/mol even at 

basis saturation, ZPE effects, polarization effects, and relativistic effects.  All errors 

noted in the use of SU-CCSD(T) might be attributed to issues of the geometry used. In 

the second category of results, the EOM-EE and EOM-SF methods may have the error 

they do purely as a function of the small basis set used; in all cases, some of the error is 

also undoubtedly the result of the CISD/DZP geometry used. The CCSDT/aug-cc-pVTZ 

calculation of Piecuch is close to the experiment, and would probably march closer to 

the 8.25 kcal/mol mark with a larger basis.  A well-chosen active space using CCSDt 

unsurprisingly fairs as well as the MR forms of coupled cluster in Table 5-1.  The MR-
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BW styles perform as well as the other MR-CC styles, hovering in the high 9 kcal/mol 

range.  The two-determinant CCSD performs better than almost all results in Table 5-1.  

The FCI presumably does not approach the experimental answer well purely as a 

function of the small basis used.  It would be of interest to attempt a FCI in a standard 

Dunning basis and not a random basis like TZ2P.  This would then allow for a more fair 

comparison of FCI results with standard coupled cluster techniques.  It is of particular 

evidence that the lambda based methodologies are inferior; they do not perform any 

better than CR-CC techniques, despite both techniques attempts to be a multi-reference 

single-reference coupled cluster methodology.  One might say that there is indeed no 

free lunch without opting for a CI-like framework. 

Table 5-2  Methylene Singlet/Triplet gap at CCSD(T)/6-311++G(2d,2p) Geometry.  

 
cc-pVDZ 

cc-
pVTZ 

cc-
pVQZ 

3-4 Extrap 

RHF / UHF 28.7 28.5 30.1 28.2 

MBPT(2) 17.7 15.4 14.3 13.5 

CCSD 12.8 11.2 10.6 10.2 

CCSD(T) 12.1 10.3 9.7 9.2 

ΛCCSD(T) 12.1 10.4 9.8 9.3 

DEA-CCSD 11.6 10.4 9.6 8.9 

Experiment 
   

8.25 

 
Methylene Singlet/Triplet Splittings, kcal/mol.  Numbers are listed to one decimal 

purely for computational comparison sake, and are not intended to imply accuracy to so 

many decimals.  Performed by the authors using CCSD(T)/6-311++G(2d,2p) for 

geometries and frequencies.  Core orbitals were dropped for energy calculations.  The 

experimental value has the same reference as in Table 5-1. 

As stated earlier, the DEA is direct method in the sense that it does not require 

two separate calculations. It is easy to use and there is no need to choose an active 

space. The valence-space basis set extrapolation of our DEA-CCSD value is 8.9 
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kcal/mol.  Despite of the fact that there is not explicit inclusion of triples in the DEA-

CCSD, the results seems to be better agreement with experiment than the methods that 

include triples explicitly. The fact that DEA-CCSD performs so well speaks to the 

accuracy of the methods. The effect of geometry, in this case, is small; our CCSD value 

differs from the previous table’s value by a negligible amount (it is still far from the true 

value).  Our geometry using CCSD(T) has a trivial difference in energy (0.1 kcal/mol).  

The ΛCCSD(T) value is respectable, but ultimately trivially different from CCSD(T).   

Trimethylenemthane 

The singlet/triplet gap of TMM has been the subject of numerous studies and a 

historically significant narrative of the interplay between theory and the experiment169-171, 

175, 179-182.   The relevant singlet-triplet gap for TMM is between the 1A1 singlet state and 

the 3A2 triplet state.  This singlet state is C2v and planar.  This 3A2 may also be referred 

to as 3B2; the 3B2 state is specification of state in terms of its most symmetric Abelian 

group C2v; in reality, it is a D3h molecule of electronic state 3A2.  We specify what our 

Cartesian axes are; there has been confusion/contradiction/ambiguity in the literature in 

spectroscopic designation without this information.  In Figures 5-1 and 5-2, we show our 

axes for the 1A1 structure and 3A2 (D3h) / 
3B2 (C2v) structures, as these are the relevant 

states for the experimentally observed singlet/triplet gap.  In Tables 5-3 and 5-4, we 

compare our CCSD(T)/6-311++G(2d,2p) geometries to other works. 

All lengths and angles are specified in terms of the atom numbering scheme in 

Figure 5-2.  All dihedrals are 90 degrees by the symmetry of the system in question; all 

angles are 120 degrees by symmetry (we note that some authors have allowed a small 

relaxation from the symmetry-governed angle, which never relaxed by more than 1 

degree).  References are same as given in the singlet geometry. 
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Figure 5-2 1A1 C2v structure. (a), general orbital diagram (b), and relationship among the 

TMM states (c).  the occupation is represented by either | + > or | -- >.  We 
emphasize that we use the canonical choice of axes consistent with 
spectroscopy texts.  The primary axis is always the z axis, perpendicular to 
the plane of the molecule.  The x axis, in C2v, is the B1 irreducible 
representation.  We emphasize this choice for clarity, because previous 
pioneering research on these molecules have chosen non-standard (but 
legitimate) axes, and thus refer to the electronic states differently. 

 

A 

B 
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Figure 5-2. Continued 
 

It is not clear, a priori, which geometric estimate is best.  Clearly, the (10,10) 

active space of the CAS calculation encapsulates the static correlation in question, but 

with a double-zeta basis set.  It also begins to describe the dynamic correlation, but it is 

not clear how much.  Our CCSD(T) methodology is clearly superior in dynamic 

correlation and our basis set is superior, but it is unclear how well it fares in terms of 

static correlation.  There have also been prior studies using CCSD/cc-pVDZ geometries, 

but these would be inferior to the current estimates171.   

Table 5-3 Geometry of 1A1 C2v structure.   
Lengths Å CCSD(T)/6-311++G(2d,2p) MC-SCF(10,10)/cc-pVDZ SF-DFT/6-31G(d) 

12 1.081 1.080 1.074 

24 1.491 1.496 1.453 

48 1.342 1.370 1.338 

89 1.082 1.080 1.077 

Angles 
   

248 121.9 121.1 120.9 

476 120.3 120.2 120.4 

489 121.2 121.2 121.5 

475 120.7 120.9 121.2 

 

C 
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The CCSD(T) result comes from using 6-311++G(2d,2p) basis; the MC-SCF(10,10) 

comes from using cc-pVDZ180.  The spin-flip approach does not specify functional170.  

All lengths and angles are specified in terms of the atom numbering scheme in Figure 5-

1.  All dihedrals are zero by the symmetry of the system in question.   

 

 
 
Figure 5-3  3B1 C2v / 

3A2 D3h structure. 

Table 5-4  Geometry of 1/3B2 C2v / 
3A2 D3h structure 

Lengths Å 
CCSD(T)/6-

311++G(2d,2p) 
MC-SCF(10,10)/cc-

pVDZ 
SF-DFT/6-

31G(d) 

24 1.418 1.438 1.402 

89 1.081 1.081 1.076 

 

The SF-DFT/6-31G(d)170 studies should describe the static correlation properly 

as well; however, of the three, SF-DFT/6-31G(d) differs most widely with the other two 

methodologies.  The differences can be quite significant; the lengths differ by 0.04Å in 

SF-DFT compared to MC-SCF(10,10) and CCSD(T).  We note that there is no 

consistent agreement between even any pair of methods in describing the carbon-

carbon bond lengths; significant variation exists.  It would be of great interest to see a 

carefully done MR-CC geometry optimization to settle this question.  As long as such 

variation exists, a shadow of doubt may be cast on comparing the electronic energies 

with multi-reference wavefunctions. 
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The experimental value for the singlet/triplet energy difference is 16.1 +/- 0.1 

kcal/mol181.  There is some subtlety to “subtracting out” the effect of zero-point energies 

(ZPE) on the electronic energy of the system.  Some authors choose to subtract off a 

calculated ZPE from the above experimental value.  In doing so, one assumes that the 

calculated geometry and harmonic frequencies are the same as those in the 

experiment.  Given the aforementioned differences in geometry, this may be un-settling.  

The most commonly used estimate for the harmonic ZPE difference is Krylov’s SF-

DFT/6-31G(d) estimate of 2.03 kcal/mol, with the singlet ZPE being lower in energy (r.  

The CCSD/6-311++G(2d,2p) harmonic ZPE calculated on the CCSD(T)/6-

311++G(2d,2p) geometry predicts a value of 2.05 kcal/mol.  Specific values are listed in 

the supplementary information.  The agreement may be fortuitous or not; given the 

geometric differences, it is hard to be optimistic.  Additionally, one might object to 

geometry optimizations performed using one many-body method which then rely on the 

ZPE from a completely different many-body method.  For better or for worse, our current 

best estimate of the “experimental” difference in purely electronic energies is 18.1 

kcal/mol. 

TMM has five relevant spectroscopic states for its quasi-degenerate states:  1A1, 

1/3B2, and 1/3B1.  The 1A1 singlet state is a two-determinant      
           

    .  There are 

some conflicting reports on the nature of this state.  Using CCSD(T), this is a second-

order saddle-point, in agreement with Christopher Cramer’s DFT and MC-SCF 

calculations180.  However, Krylov and coworkers claim that it is a minimum using SF-

DFT.  Experimentally, this state is observed to be an intermediate to the stable cyclic 

form (reference).  We would write the electronic configuration of non-Abelian 3A2 in the 
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Abelian C2v subgroup as    
     

    for the 3B2 state.  In D3h symmetry, 1A1 and 1B2 are 

degenerate.  The 1/3B1 is a non-planar C2v molecule of electronic configuration    
     

   . 

Table 5-5 lists various estimates of the electronic energy difference using a 

plethora of many-body methods. 

Table 5-5 TMM Singlet-Triplet Splittings. 
3A2 

1A1 ΔES-T (kcal/mol) 

CISD1 2RCISD 38.3 

SU CCSD1 SU CCSD 19.9 

CCSD1 CCSD 48.1 

CCSD1 RMR 30.6 

CCSD(T)f1 CCSD(T) 28.3 

CCSD(T)f1 RMR(T) 25.8 

CCSD(T)se1 CCSD(T) 26.3 

CCSD(T)se1 RMR(T) 23.8 

CR-CC(2,3)1 CR-CC(2,3) 31.9 

MCSCF(10,10)2 MCSCF(10,10) 18.9 

SF-CIS(D)2   20.6 

CASPT(2) CASPT(2) 19.1  

EOM-SF-CCSD3   21.5 

EOM-SF-CC(2,3)3   18.2 

CCSDt4 CCSDt 22.6 

CCSD(T)-h4 CCSD(T)-h 19.3 

CC(t;3)4 CC(t;3) 21.7 

4R BWCCSD it5 4R BWCCSD it 17.8 

4R BWCCSDT-1α5 4R BWCCSDT-1α 14.9 

4R BWCCSDT-α5 4R BWCCSDT-α 15.6 

CCSDT4 CCSDT 21.7 

Experiment – ZPE6   18.1 
Notes: TMM Singlet-Triplet Splittings. 

1.) From reference 171; all calculations done using cc-pVTZ; triplet geometry from CCSD(T)/cc-pVTZ, singlet 
from 2R RMR CCSD(T)/cc-pVTZ.  Note, however, that this only optimized carbon-carbon bond lengths; 
carbon-hydrogen bond lengths were taken from reference 180 (unspecified basis set and many-body 
method). 

2.) From reference 170; all calculations done using cc-pVTZ on carbons, cc-pVTZ on hydrogens with a 
geometry derived from SF-DFT/6-31G(d) 

3.) From reference 169; all calculations done using cc-pVTZ , geometries derived from SF-DFT/6-31G(d) 
4.) From reference 179; all core orbitals were dropped; spherical d and f functions were used in the TZ2P basis 

set.  The selected active space was (4,4).  These use geometries derived from SF-DFT/6-31G(d) of 
reference 170. 

5.) From reference 175; all calculations done using cc-pVTZ, with geometries from CAS-SCF(4,4)/cc-pVDZ 
6.) The experimental value is given in reference 181; the zero-point energy (ZPE) comes from reference 170 

(SF-DFT/6-31G(d)) harmonic vibrational frequencies 



 

80 

Given that basis set extrapolations have not been done except in our DEA-CCSD 

calculation, all reported energies might vary within ~2 kcal/mol (except DEA) due to 

valence basis completeness.  This says nothing of the error intrinsic of imperfect 

geometries used.  The CISD estimate unsurprisingly fails.  We note that CCSD fails 

miserably, far worse than in the case of the methylene.  The static correlation is clearly 

insurmountable.  It is of note that all combinations of CCSD, CCSD(T), RMR, RMR(T), 

and CR-CC(2,3) are still very far from experimental answer.  The MC-SCF(10,10) and 

CASPT2(10,10) calculations are impressively accurate, as is SU-CCSD.  The various 

spin-flip methods are much closer to the mark; EOM-SF-CC(2,3) is the only method that 

finds the correct answer.  It is surprising that an active-space method such as CCSDt 

comes only as close as it does at 23 kcal/mol.  The Brillouin-Wigner estimates curiously 

get worse with the addition of triples, disconcertingly.  The CCSDT result is close, 

relative to the smaller basis used. 

Standard “black-box” many-body methods are listed in Table 6 at our geometries, 

as well as ΛCCSD(T) and DEA-CCSD. 

Table 5-6  TMM Singlet Triplet Splittings at CCSD(T)/6-311++G(2d,2p) Geometries 

 
cc-

pVDZ 
cc-

pVTZ 
cc-pVQZ 3-4 Extrap 

RHF / UHF 102 99 98 97 

MBPT(2) 40 37 35 34 

CCSD 46 48 48 48 

CCSD(T) 22.7 25.5 25.6 25.6 

ΛCCSD(T) 28.5 30.6 31.0 31.3 

DEA-CCSD 24.1 24.4 24.2 24.1 

DIP-CCSD 21.5 21.1 20.8 20.6 

CCSDT 
 

23.1 
  

Experiment-
ZPE    

18.1 

TMM  Singlet/Triplet Splittings, kcal/mol.  Numbers are listed to one decimal purely for 

computational comparison sake, and are not intended to imply accuracy to so many 
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decimals.  Performed by the authors using CCSD(T)/6-311++G(2d,2p) for geometries 

and frequencies.  Core orbitals were dropped for energy calculations 

The DEA-CCSD calculation provides a number consistent with the other 

“standard” CC methods aforementioned.  It is as far from the mark as the explicitly 

multi-reference coupled cluster methods.  The ΛCCSD(T) estimate disappoints, 

curiously very far from the other coupled-cluster methodologies.  There is no real 

difference in CCSD and CCSD(T) methods at our geometries vs. previous geometries.  

It is unsurprising that SCFs and MBPT(2) fail miserably.  There is a slight difference in 

our CCSDT/cc-pVTZ calculation and the aforementioned CCSDT/aug-cc-pVTZ 

calculation at CCSD(T)/cc-pVDZ geometry by about a kcal/mol.  The DIP results mirror 

the accuracy of the DEA calculation. 

Benzynes 

We consider the more complicated case of para-benzyne first.  Para-benzyne is 

indeed infamous for its computational challenge171, 179, 183-185.  A complete description of 

its difficulties has been given by Crawford et al.183.  Experimental research has come to 

contradictory conclusions186, 187.  The molecule is shown in Figure 5- 3 along with its 

associated geometric parameters in Table 5-7.  The multi-reference nature of the 

wavefunction comes from the singly occupied orbitals on carbon atoms 1 and 4.  This 

degeneracy is the root of the complexity. Figure 5-4 shows the relevant orbital 

combinations that lead to degeneracy. 
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Figure 5-4 Para-Benzyne and our associated axis choice. 

Table 5-7 Geometric Parameters of Para-Benzyne, Singlet followed by Triplet 

Lengths Å 
TCSCF-MkCCSD/cc-

pVTZ 
CCSD(T)/cc-

pVDZ 
CCSD(T)/6-

311++G(2d,2p) 

12 1.363 1.390 1.377 

23 1.430 1.427 1.418 

CH 1.080 1.097 1.082 

Angles 
   

612 124.8 125.1 125.2 

123 117.6 117.4 117.4 

H23 118.4 120.2 119.7 

    

Lengths Å 
TCSCF-MkCCSD/cc-

pVTZ 
CCSD(T)/cc-

pVDZ 
CCSD(T)/6-

311++G(2d,2p) 

12 1.376 1.395 1.386 

23 1.405 1.417 1.412 

CH 1.081 1.098 1.083 

Angles 
   

612 127.0 126.3 126.4 

123 116.5 116.8 116.8 

H23 121.1 121.1 121.0 

 
All lengths and angles are specified in terms of the atom numbering scheme in 

Figure 5-3.  The letter H is specified for the hydrogens, given that they are all equivalent 

in this structure.  The CCSD(T)/cc-pVDZ171 geometry differs significantly from our own.  

The MR-CC geometry derives from private communication188. 

In Figure 5-4, we write that both electrons’ single-particle wavefunctions have ag 

symmetry, but in reality, the total wavefunction of the system will also have one 

determinant with two electrons of ag symmetry, and one determinant two electrons with 
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b3u symmetry.  This is because they are near-degenerate.  Linear combinations of these 

two orbitals is symmetry-allowed with   (ag) and    (b3u) orbitals corresponding to 

carbon-carbon interactions.  The result of these linear combinations is to de-stabilize the 

carbon-carbon   interactions and greatly stabilize the b3u C-H bonds.  The multi-

reference quality thus affects the global geometry of the molecule.  It has been shown 

that a restricted Hartree-Fock description tends to localize each electron, such that they 

do not interact183.  An unrestricted reference wavefunction tends to de-localize the 

electronic density, better allowing for the interaction between the electrons to be 

described. 

 
Figure 5-5 Orbital diagram of Para-Benzyne. 

A saving grace of para-benzyne is that it does not have multiple low-lying 

multiplet varied-symmetry states to complicate analysis, as is the case in methylene and 

especially TMM.  The singlet state is 1Ag in D2h symmetry; its electron configuration 
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follows the above complexity.  The triplet is 3B3u in D2h symmetry, with configuration 

   
       

     .  This designation follows our choice in axis, using the specification in Figure 

5-3.  We note this in particular because other good researchers made alternative axis 

choices, and call this state 3B1u via a non-standard choice in primary axis for point group 

symmetry. 

There are two reported values for the singlet/triplet gap of para-benzyne.  

Lineberger et al.187 estimates the gap to be 3.8 +/- 0.3 kcal/mol; Leopold et al.186 

estimates the gap to be 2.1 +/- 0.4 kcal/mol.  The highest-level calculations to date on 

the ZPE difference would be our own.  We have performed optimization and harmonic 

vibrational frequency using CCSD(T)/6-311++G(2d,2p), producing a difference of 0.4 

kcal/mol between the two states, with the triplet being higher in energy.  Specific values 

are listed in the supplementary information.  The TC-SCF-Mk-CCSD/cc-pVTZ geometry 

optimization of Allen et al.188 is likely to be the most trustworthy geometry yet available 

on this heavily multi-reference system; the broken-symmetry CCSD(T) geometry 

produces a geometry in relatively close agreement with it, thus giving confidence to our 

estimate of the ZPE.  Table 5-5 illustrates this concordance. 

We briefly discuss meta-benzyne and ortha-benzyne; their multi-reference quality 

is not so drastic.    Figure 5-5 shows our numbering system for meta-benzyne, and 

Table 5-8 gives the geometries calculated in our work using CCSD(T)/6-311++G(2d,2p) 

as well as TC-SCF-Mk-CCSD/cc-pVTZ.  The agreement between the two 

methodologies is extremely high, excepting two singlet angles around the diradical 

centers.  This gives considerable confidence to the geometries used.  Meta-benzyne 

singlet is a C2v structure whose wavefunction follows 1A1 symmetry; its triplet is also C2v 
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corresponding to 3B1.  The electron configuration of the triplet is     
      

   .  The ortha 

structure is not listed below, but available in the Supplementary Information; the 

rationale is forthcoming.  The ZPE difference corresponding to a MBPT(2)/6-

311++G(2d,2p) harmonic vibrational frequency on the CCSD(T)/6-311++G(2d,2p) 

optimized meta-benzyne structure yields a difference of 0.60 kcal/mol with the singlet 

ZPE being lower.  Specific values are listed in the supplementary information. 

 
 
Figure 5-6 Meta-Benzyne.  

The same axis is used here as in all previous examples.  Note that the use of the 

term “benzyne” is a misnomer; these are, in fact, not alkynes in any meaningful respect.  

However one could choose to draw a Lewis structure alternatively describing the two 

lone particles forming a triple bond alone one line segment of the hexagon.  The anti-

tumor properties of these compounds are reflected more properly in the diradical nature 

rather than an alkyne representation. 

Table 5-9 lists the values for the electronic energies calculated using a variety of 

methodologies.  There is, again, a diversity of different geometry sources; we believe 

our geometries aid future work considerably, due to their higher quality.  It is hard to 

know if errors from the commonly used CCSD(T)/cc-pVDZ geometry influence the 

quality of these high-level single-point energy calculations.  We can see the drastic 

failures of traditional CCSD in both cases.  RMR acting on the para-benzyne singlet is 
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also clearly insufficient, as it predicts the wrong ordering of states; CR-CC(2,3) also fails 

badly for the same reason.  RMR combined with SU-CCSD underestimates the energy 

gap significantly.  All the remaining computations of para-benzyne including perturbative 

triples tend to favor the Lineberger experiment, being closer to 3.4 than 1.7.  However, 

none of these are basis-set extrapolated, and values might reasonably shift closer to the 

1.7 estimate. 

Table 5-8 Geometries of Meta-Benzyne 
Singlet 

  Lengths Å TC-SCF-MkCCSD/cc-pVTZ CCSD(T)/6-311++G(2d,2p) 

12 1.363 1.378 
2H 1.076 1.077 
34 1.373 1.381 
4H 1.080 1.082 
45 1.397 1.406 
5H 1.084 1.086 

   
Angles 

  
123 96.0 99.4 
234 138.5 135.7 

345 116.6 117.4 

456 113.7 114.4 

H61 120.8 120.5 

   Triplet 
  Lengths Å TCSCF-MkCCSD/cc-pVTZ CCSD(T)/6-311++G(2d,2p) 

12 1.379 1.385 

2H 1.082 1.083 

34 1.377 1.383 

4H 1.080 1.081 

45 1.397 1.404 

5H 1.082 1.084 

   
Angles 

  
123 115.0 115.2 

234 124.9 124.7 

345 116.8 116.9 

456 121.4 121.5 

H61 122.4 122.3 

All units are in Å and degrees.  All lengths are described by numbered line segments corresponding to 
Figure 5, as are the angles.  The letter H indicates the hydrogen atom as a line segment point / angle 
vertex.  All dihedrals are zero by symmetry.  Reference 188 gives the MkCCSD geometry. 
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The DEA-CCSD of Table 5-10 below for para-benzyne is conspicuously on the 

mark for agreement with the 3.4 kcal/mol.  Given that our value has basis-set 

extrapolation on a more refined geometry, our calculation strongly supports, albeit not 

decisively, the Leopold experimental value of 3.4 kcal/mol.  The CCSD calculations on 

our refined geometries are identical to the previous geometry.  This might suggest that 

the old CCSD(T)/cc-pVDZ is not so different; however, the CCSD(T) single-point energy 

calculation does march toward the 3.4 kcal/mol estimate on the improved geometry.  

The ΛCCSD(T) is embarrassing; it fails to get the correct sign.  DIP-CCSD features odd 

behavior at the cc-pVQZ level; it either converges to an excited state SCF or the larger 

basis set proves problematic for the -2 anion (because a bound state may not exist).  

Further study is needed.  Regardless, the behavior is clearly not as good as DEA-

CCSD. 

For meta-benzyne, given that methods in Table 5-9 have not performed a basis 

set extrapolation, one may reasonably believe that all of the proposed methods may 

reach 2 kcal/mol higher toward the experimental answer when perturbative triples are 

present.  Without including perturbative triples, however, the estimates are significantly 

off the mark.  The DEA-CCSD value is basis-set extrapolated in the valence space and 

is comparable to other coupled cluster methods.  It would seem triples are needed to 

account for the remaining energy difference between the DEA-CCSD’s result of 18.5 

and experimental 20.4 kcal/mol.  The same logic applies for DIP-CCSD.  This speaks to 

the ease of use of DEA-CCSD: it achieves the same values in this case at a cheaper 

computational cost without using an active space. 
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Table 5-9  Meta and Para Benzyne Splittings 
Singlet Triplet ET-S Meta (kcal/mol) ET-S Para (kcal/mol) 

CCSD
1
 CCSD 7.2 -19.4 

RMR
1
 CCSD 13.8 -2.1 

RMR
1
 SU  CCSD 16.2 0.7 

CCSD(T)
1
 CCSD(T)f 17.1 3.1 

CCSD(T)
1
 CCSD(T)se 18.0 4.0 

CR-CC(2,3)
1
 CR-CC(2,3) 16.4 -1.8 

RMR(T)
1
 CCSD(T)f 17.7 3.2 

RMR(T)
1
 CCSD(T)se 18.7 4.1 

Delta ZPE
2
  0.7 0.3 

Delta ZPE
3
 

 
0.6 0.4 

Expt. 1
4
  21.0 +/- 0.3 3.8 +/- 0.3 

Expt. 2
5
 

  
2.1 +/- 0.4 

Expt. 1 – ZPE
3
 

 
20.4 +/- 0.3 3.4 +/- 0.3 

Expt. 2 – ZPE
3
   1.7 +/- 0.4 

1.) From reference 171; all calculations use a modified cc-pVTZ in which the f functions on 
carbons and the d functions on hydrogens are omitted.  All geometries come from reference 
189, which used unrestricted CCSD(T)/cc-pVDZ  geometries and harmonic vibrational 
frequencies for para benzyne, and restricted CCSD(T)/cc-pVDZ for the meta benzyne’s 
geometries and harmonic vibrational frequencies. 

2.) From reference 189; methodology is the same as in Note 1 above 
3.) From this work.  Geometries come from CCSD(T)/6-311++G(2d,2p), harmonic frequencies 

CCSD(T)/6-311++G(2d,2p) for para-benzyne; geometries come from CCSD(T)/6-
311++G(2d,2p), harmonic frequencies from MBPT(2)/6-311++G(2d,2p) for meta-benzyne. 

4.) From reference 186 
5.) From reference 187 

Our results on our improved geometries are given in Table 5-10. 

Table 5-10  Meta and Para Benzyne Singlet/Triplet Splittings, kcal/mol.   
Meta cc-pVDZ cc-pVTZ cc-pVQZ 3-4 Extrap 

RHF / UHF 50 49 49 -49 

MBPT(2) 55 60 62 63 

CCSD 9.9 10.5 10.7 10.8 

CCSD(T) 20.4 22.1 22.4 22.7 

ΛCCSD(T) 20.9 23.1 20.9 19.3 

DEA-CCSD 17.1 18.3 18.4 18.5 

DIP-CCSD 18.0 19.7 18.3 17.3 

Experiment 
   

20.4 +/- 0.3 

     Para cc-pVDZ cc-pVTZ cc-pVQZ 3-4 Extrap 

RHF / UHF -90 -90 -89 -89 

MBPT(2) 25 27 28 29 

CCSD -17.8 -19.2 -19.5 -19.7 

CCSD(T) 4.0 3.6 3.5 3.4 

ΛCCSD(T) -0.4 -0.8 -0.9 -0.9 

DEA-CCSD 3.0 3.4 3.4 3.4 

DIP-CCSD 3.9 4.4 -14.8 NA 

Experiment 
   

3.4 +/- 0.3 

    
1.7 +/- 0.4 
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Numbers are listed to one decimal purely for computational comparison sake, 

and are not intended to imply accuracy to so many decimals.  Performed by the authors 

using  geometries from CCSD(T)/6-311++G(2d,2p), harmonic frequencies CCSD(T)/6-

311++G(2d,2p) for para-benzyne; geometries come from CCSD(T)/6-311++G(2d,2p), 

harmonic frequencies from MBPT(2)/6-311++G(2d,2p) for meta-benzyne.  Core orbitals 

were dropped for energy calculations 

We do not list the values of DEA-CCSD and other many-body methodologies for 

ortha-benzyne.  This is because DEA-CCSD fails strongly in this case, illustrating a 

weakness of the method.  The +2 charge ortho-benzyne SCF is actually more multi-

reference than neutral ortha-benzyne.  The predicted singlet/triplet splitting is ~60 

kcal/mol, nowhere near the correct value of ~37 kcal/mol.  The same disaster occurs for 

the -2 charged ortho-benzyne in the DIP-CCSD calculation (predicted gap of ~80 

kcal/mol).  To examine this further, we examined the shifting of orbital energies in 

response to changing charge in the benzynes.  In Table 5-11, we list the cc-pVDZ 

orbital energies (eV).  A small HOMO-LUMO gap, unto itself, is suggestive of multi-

reference character.  Note that the biggest shifts in the HOMO-LUMO gap belong to 

both charged species of ortho-benzynes (about 6eV), and these are two systems for 

which the DIP/DEA methods suffer the most.  We emphasize that this is a potentially 

surmountable obstacle; in so much as we can converge to the ground electronic SCF 

wavefunction, we may still be able to use such methods.  The issue of the proper metric 

to gauge the multi-reference quality of a wavefunction (other than CI coefficents) 

remains difficult. 
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Table 5-11  HOMO/LUMO Gaps of Benzynes 

Para 
 

Para +2 
 

Para -2 
 

HOMO -7.3 HOMO -21.6 HOMO 9.1 

LUMO -1.2 LUMO -13.3 LUMO 11.2 

Gap 6.1 Gap 8.3 Gap 2 

      
Meta 

 
Meta +2 

 
Meta -2 

 
HOMO -8.3 HOMO -22.1 HOMO 6.5 

LUMO 1.4 LUMO -13.8 LUMO 14 

Gap 9.7 Gap 8.2 Gap 7.6 

      
Ortho 

 
Ortha +2 

 
Ortha -2 

 
HOMO -9.5 HOMO -22.1 HOMO 7.1 

LUMO 1.8 LUMO -15.3 LUMO 13.8 

Gap 11.3 Gap 6.7 Gap 6.7 

Orbital energies, eV, for the singlet form of each molecule, cc-pVDZ.  Delta cation gap refers to the 
difference between the HOMO LUMO gap of the neutral and cation.  The greater change in the delta gap 
is suggestive of a higher multi-reference quality. 
 

Further Thoughts in Conclusion 

The DEA framework blossoms in utility in making complicated multi-reference 

wavefunctions into straightforward single-reference calculations.  In choosing a single-

reference charged SCF, and adding/subtracting the appropriate particles to return to the 

multi-reference system, we circumvent the challenges of static correlation.  Choosing 

such pathological molecules as methylene, TMM, and benzynes, and still seeing such 

great success, illustrates the power of the methodology. 
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CHAPTER 6 
MECHANISM OF RDX DECOMPOSITION 

The Stage Has Been Set, Let Us Dance 

A plethora of mechanisms have been previously proposed in literature10-21.  As 

stated previously, the conflict in interpretation of experiments combined with the 

suggestive but not deterministic nature of calculations begs resolution.  Computational 

efforts to describe the condensed phase in an ab initio manner are currently impossible.  

However, we must walk before we can run.  In describing the gas phase with high-

accuracy, we can validate which experimental methods are correct (and rely on those 

styles of methods for the condensed phase).  Additionally, the first-order description of a 

condensed-phase system is the gas phase.  Moreover, the system is generally not 

considered to have ionic mechanisms, decreasing the importance of environmental 

effects.  Our efforts using coupled-cluster techniques allow for a decisive answer to the 

gas-phase mechanism in time.  The largest effects, and most likely the true answer, is 

available from the employed methodology. 

Methodology 

Our protocol has general trends, but is ultimately adaptive to the various specific 

molecules in question.  In general, we used MBPT(2)/cc-pVTZ102,104 geometries for all 

energetic minima and their associated harmonic vibrational frequency calculations to 

confirm that they are minima.  We used the ACES III107 software for its efficiency in 

massively parallel ab initio calculations.  We found transition states by first performing a 

PES scan with frozen coordinates except along the expected reaction path.  This was 

done using B3LYP/6-31G(d,p)148 using GAMESS.  We found it necessary to calculate 

force constants at every step of the optimization in order to stay on trajectory to an 
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energetic maximum rather than a minimum; GAMESS offers automated calculation of 

force constants at every step.  We chose to use KS-DFT rather than MBPT(2) given the 

difficulty in transition state searches and the excellence in GAMESS’s code for KS-DFT 

as opposed to its inefficiency in wave-function methodologies.  If a suspected 

intermediate/transition state had small harmonic vibrational frequencies (below 30 cm-1 

in magnitude), a CCSD/cc-pVTZ Hessian was calculated to confirm the status as an 

energetic minimum/maximum. 

Without exception, single-point energies have been performed using dropped-

core CCSD(T)/cc-pVTZ energies, choosing an unrestricted Hartree-Fock reference 

where necessary.  We chose an unrestricted reference because it offers spin 

polarization as well as being a variational method with no extra imposed constraints.  

We again used the ACES III software.  In cases where both the reactant and transition 

state were singlets, DEA-CCSD/cc-pVDZ calculations were employed as a test of the 

quality of CCSD(T)/cc-pVDZ calculations on the multi-reference transition states.  This 

was only done on singlets because a code for doublets has not been written. 

Proposed Mechanisms 

Approximately 2/5 of the mechanism given in this document are newly devised; 

the remainder has been described in some form in the literature.  In almost all cases, 

this work represents the first-time the mechanisms have been represented in the formal 

arrow-pushing diagrams, listing all the details. 

There are three major starting points often considered: N-N homolysis, HONO 

elimination, and the “triple whammy.”  These are depicted in Figures 6-1, 6-2, and 6-3, 

respectively.  There is experimental evidence for each, respectively.  We highlight the 

strongest evidence of each case, briefly. 
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Figure 6-1 N-N Homolysis Mechanism 

 

 

Figure 6-2  HONO Elimination Mechanism 

 

Figure 6-3  Triple Whammy Mechanism 

 
The N-N homolysis mechanism has been supported by the earliest studies of 

RDX. A gas phase kinetic studies demonstrated an alleged rate dependence on 

nitrogen dioxide10-12, thus supporting the view.  However, this is in contradiction to 

experiments which demonstrate a primary hydrogen isotope effect on reaction 
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kinetics14; this effect inherently supports the HONO reaction mechanism of Figure 6-2.  

In the HONO elimination, an oxygen of the nitramine group abstracts a hydrogen atom, 

causing the formation of a cyclic nitroalkene.  Some mass spectrometry experiments81 

support the existence cyclic nitroalkene intermediates.  However, this would not explain 

the nitrogen dioxide dependence previously observed10-12.  Lastly, one lone 

experimental group15 found support for the triple whammy mechanism in Figure 6-3.  No 

other experiments or calculations attempting to validate this mechanism have ever been 

found 10-21.  The triple whammy mechanism  corresponds to simultaneous bond 

breaking of 3 C-N covalent bonds heterolytically to form hydrogen cyanide.  At a first 

glance, this mechanism seems silly; it would presumably be much harder to break 3 

bonds at once, as opposed to the other mechanisms. 

The subsequent reactions for further degradation are important.  Obviously, if a 

low barrier exists in N-N homolysis, but subsequent reactions require higher barriers, N-

N homolysis is irrelevant.  We emphasize these three first step possibilities simply as an 

organization tool to classify the many possible twists and turns of the mechanism. 

We emphasize that we explicitly discuss the reactions whose results were 

promising.  We investigated many other reactions, available in Supporting Information, 

which proved to be completely un-tenable (the intermediates were highly unstable). 

N-N Homolysis 

The reactants and products of Figure 6-1 have been studied previously, as 

discussed in Chapter 2.  We have refined our previous work by using aforementioned 

MBPT(2)/cc-pVTZ geometries and frequencies for RDX (a basis set improvement), as 

well as optimizing RDR structures.  We did not analyze the RDR structures for harmonic 

vibrational frequencies, earlier.  We took it for granted that the famous observed RDR 
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structures, such a simple deviation from the RDX structure, were correct.  Although the 

refined geometries are not significantly different from the results of previous efforts, the 

harmonic vibrational frequencies indicate that the axial-axial (AA) form is unstable; it 

collapses into the AE (axial-equatorial) form readily.  Table 6-1 gives the energies of the 

RDX conformers as well as RDR. 

Table 6-1  RDX and RDR Energies, kcal/mol 

AAA 1.3 AA 49.0 

EEE 5.7 EE 50.6 

AAE 0.0 AE 49.1 

AEE 1.0 Boat 49.8 

Twist 0.0 Twist 47.8 

Boat 0.0 

  All structures are MBPT(2)/cc-pVTZ optimized; energies calculated using CCSD(T)/cc-pVTZ.  Numbers 
are listed to one decimal without implying accuracy to within tenths of kcal/mol; they are written to these 
decimals purely for QIC. 

 
We note that upon refining the structures of the conformers, the energy levels are 

shifted even closer together.  It is interesting to note that, over a decade of refining 

these energetics of RDX, the conformers have consistently come closer together in 

energy3, 72.  The transition state for the reaction in Figure 6-1 does not involve any direct 

bond formation, in the chemistry sense, so much as the RDX geometry morphs to RDR 

until the transition state is met.  The RDR conformers are again effectively degenerate.  

Regardless of the conformer pair studied between RDX and RDR, the barrier to this 

process is ~59 kcal/mol (with one pairing being about ten kcal/mol higher, and this path 

obviously disfavored).  From RDR, two meaningful possibilities exist: a CN bond fission 

to break up the ring, or yet another N-N homolysis.  We consider first subsequent N-N 

homolysis first. 

Subsequent N-N homolysis is demonstrated in Figure 6-4.  Subsequent N-N 

homolysis is not supported by isotopic scrambling experiments17 which show only one 
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nitro group breaks apart homolytically.  However, this does generate cyclic nitroalkenes, 

which is supported by mass spectrometry81. 

 

Figure 6-4 Secondary N-N Homolysis 

Concurrent with the proposed N-N homolysis is the radical abstraction of a 

proton in order to form the cyclic nitroalkene.  The transition state involves a hydrogen 

migration between a carbon atom and a nitrogen atom, at a barrier of 51 kcal/mol.  It is 

therefore a lesser barrier than the primary N-N homolysis, and thus is accessible 

kinetically.  This total process releases 33 kcal/mol, as the product is very stable 

compared to RDR (as well as producing a gaseous nitrogen dioxide).  From here, ring 

scission must begin.  A form of triple whammy is unlikely; the ring is not symmetric such 

that it is implausible to think three different CN bonds would equally break at the same 

time.  The weakest CN bond cleavage is shown in Figure 6-5. 

 

Figure 6-5  CN Ring Scission from the Secondary N-N Homolysis 
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This path has a barrier of 49 kcal/mol, and the products are 42 kcal/mol higher in 

energy than the reactant.  This is not surprising given the diradical nature of the 

products.  The barrier is again lower than the initial N-N homolysis, and this sub-

reaction is possible if primary N-N homolysis occurs.  From here, any number of 

possible formation of gaseous products can occur, and subsequent barriers are not a 

major concern.  Once the ring is broken and products formed from which one can easily 

imagine making common gas products, the task is done. 

We now return to consider the possibility of CN bond breaking following primary 

N-N homolysis (not the secondary N-N homolysis route).  This is shown in Figure 6-6.  

  

Figure 6-6  Primary CN Bond Cleavage of RDR  

This reaction has a surprisingly small barrier of only 29 kcal/mol.  We normally 

associate formation of cyclohexanes as a particularly energetically favorable process, 

but in this case, the heterocyclic nature of the ring with heavy electron-withdrawing 

groups is such that the CN bond cleavage is not kinetically difficult.  The product is 29 

kcal/mol uphill of the RDR starting point.  The product is still a long-chained radical, 

whose dissociation is not immediately obvious.  We discuss two possible paths from 

here: isomerization vs. immediate CN cleavage again. 
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Immediate CN bond fission (this is now the second CN bond fission!) is depicted 

in Figure 6-7.  Trial and error demonstrated that this is the weakest CN bond. 

 

Figure 6-7 Second CN Cleavage of RDR 

The CN bond here is again weak; the transition state barrier is 13.5 kcal/mol.  

The product is only 16.5 kcal/mol above the reactants, again making this kinetically 

accessible relative to the original N-N homolysis.  The nitrogen radical-containing 

product is not a common species whose degradation is obvious; a plausible subsequent 

carbon cleavage is shown in Figure 6-8. 

 

Figure 6-8  CN Cleavage of Twice CN Cleaved RDR 

This particular path represents the cleavage of the weakest CN bond, and results 

in the formation of products which easily can form common gaseous products of the 

oxidation of RDX.  The barrier is 15 kcal/mol, and the products lie 11.6 kcal/mol uphill of 

the reactants. 
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We now return to the possibility of isomerization of the product of Figure 6-6.  

This is shown in Figure 6-9 

 

Figure 6-9  Isomerization of CN Cleaved RDR 

This reaction is, in effect, a hydrogen migration.  The net effect is to trade a 

nitrogen radical for a terminal carbon radical.  The transition state barrier is a mere 11 

kcal/mol above the reactant, and the reaction is 8 kcal/mol downhill from the reactant.  

Thus, this isomerization is the dominant path followed by N-N homolysis, given the 

small barrier and how energetically favorable it is. Subsequent CN cleavage to make 

hydrogen cyanide is depicted in Figure 6-10. 

 

Figure 6-10  CN Cleavage of the Most Stable N-N Homolysis Path 

The reaction is 19 kcal/mol uphill; this is unsurprising given that we are trading 

one terminal carbon radical for a smaller-chained terminal carbon radical (less donation 

possibility to account for electron deficiency).  The transition state barrier is a mere 8 

kcal/mol, making this reaction fast. 
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If N-N homolysis is the correct initial step, it is thus followed by CN bond fission 

rather than a secondary N-N homolysis (confirming the isotope scrambling 

experiment17); this product then undergoes isomerization shown in Figure 6-9.  All other 

paths are significantly more expensive energetically. 

HONO Elimination 

The HONO elimination pathway of Figure 6-2 has a barrier of 47 kcal/mol to form 

its cyclopentane transition state.  This barrier is thus smaller than that of N-N homolysis; 

if subsequent reaction steps feature barriers no larger, the putative N-N homolysis 

mechanism of great literature popularity is untrue.  It should be noted that because it is 

easier to do experiments/calculations on such a simple path, it has received undue 

popularity.  Moreover, finding the fused cyclic ring transition state was particularly 

difficult.  The product of Figure 6-2 is more stable than RDX by 6 kcal/mol.  It also is a 

nitro cycloalkene, consistent with mass spectrometry experiments.  Performing yet 

another HONO elimination is shown in Figure 6-11. 

 

Figure 6-11  Second HONO Elimination 

This reaction’s product is again more stable than the reactant; the loss of another 

HONO and formation of an increasingly aromatic cyclic nitroalkene is downhill by 8 

kcal/mol.  The transition state for the second HONO elimination is nearly identical to the 
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first HONO elimination’s transition state; the ring itself plays little effect.  The barrier for 

the transition state is 44 kcal/mol, close to the first elimination’s 47 kcal/mol activation 

energy. 

The third HONO elimination is shown in Figure 6-12, featuring the formation of 

the very stable aromatic product TAZ. 

 

Figure 6-12  Third HONO Elimination 

The activation energy is again similar: 41 kcal/mol.  The product (TAZ) is 27 

kcal/mol more stable than the starting reactants, again favoring this path (more and 

more stable products, smaller and smaller activation energies).  However, herein lies 

the challenge of this degradation path: how do you breakup such a stable aromatic 

structure? 

Consider a simultaneous “triple-whammy-like” mechanism for TAZ, demonstrated 

in Figure 6-13. 
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Figure 6-13  Simultaneous Heterolytic Bond Cleavage 

This degradation path is impossible, as the activation barrier is 88 kcal/mol.  

Breaking up the aromaticity all-together in one step is not possible.  Desperate efforts to 

perhaps break up the ring before total aromaticity forms by considering the product of 

Figure 6-11 is shown in Figure 6-14. 

 

Figure 6-14  Simultaneous Heterolytic Bond Cleavage on Pre-Aromatic Product 

This path is easier, with a barrier of 66 kcal/mol, but still very much higher in 

energy than the original HONO step.  We cannot consider starting from product of 

Figure 6-11, since it is implausible to simultaneously break 3 unequal bonds.  Herein 

lies the challenge to this mechanism: how does one ever break up the very stable 

products one makes along the way?  The HONO path seems to trade easier initial steps 

for very hard steps as one makes increasingly aromatic rings.  Further work may try to 
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imagine steps more kinetically accessible after the first HONO elimination; however, 

none are present in the literature nor imagined by the author. 

Triple Whammy 

The triple whammy mechanism of Figure 6-3 has not been supported by any 

experiment or calculation aside its original proposal15.  In all candor, the author himself 

repeatedly scoffed at the possibility that all three bonds would break simultaneously, 

given the literature history of this mechanism.  Its transition state is exceptionally difficult 

to isolate; the energetic peak has a very small rate of change.  However, the activation 

energy of this process is a mere 30 kcal/mol!  This is significantly easier than either 

HONO elimination or N-N homolysis.  On the basis of electronic energy, it is clear that 

the triple whammy mechanism dominates RDX decomposition.  In particular, we note 

the very different estimate given previously using B3LYP/6-31G(d).  The original work 

estimating this transition state barrier predicted a barrier of 59 kcal/mol (despite the 

paper claiming that B3LYP/6-31G(d)37 is accurate to within a kcal/mol or two).  We are 

open-minded that a CCSD(T) estimate of such a degenerate transition state may have 

some error, but this sort of difference is irreconcilable. 

Validation of Methodology on Transition States 

It has been discussed that transition states are inherently multi-reference, and it 

should not be taken for granted that CCSD(T) will reliably describe the wavefunction.  

The DEA-CCSD method is reliable to describe the static correlation of transition states 

which describe one bond breaking, one bond forming.  Although this does not describe 

all of the aforementioned bond breaking processes, it would at the very least have more 

static correlation represented than a SR-CCSD(T) calculation.  It is not true that DEA-

CCSD is categorically better than CCSD(T); the presence of perturbative triples is an 



 

104 

advantage of CCSD(T).  Rather, general agreement between the methods boosts 

confidence that the numbers are not random.  To examine this, we looked at the cc-

pVDZ energies of both methods on transition states where we could perform DEA-

CCSD in Table 6-2. 

Table 6-2  DEA-CCSD and CCSD(T) cc-pVDZ Energies on Transition States 

Reaction 
DEA-
CCSD 

CCSD(T) 

Fig 6-1 38 33 

Fig 6-11 44 47 

Fig 6-12 39 44 

Fig 6-13 45 40 

Fig 6-14 89 88 
All units are kcal/mol; transition states can be found in the associated figures. 

We observe a general agreement on the energies.  We do not see very drastic 

differences in the energies; differences on the order of a few kcal/mol are 

understandable given the differences in perturbative triples.  This gives confidence that 

we have some basic description of the wavefunction of the transition states.  This is not 

meant as a rigorous test; there is, as of yet, no real way to measure the multi-reference 

effectiveness of a coupled cluster method. 

Further Work 

We emphasize that the existing work represents the most complete study done 

to date on the mechanism of nitramines.  The largest contributions toward the correct 

answer have been accounted for, and it is likely that the internal energy described at the 

CCSD(T)/cc-pVTZ level alone yields the correct answer.  Nonetheless, there remain 

further corrections for which we hope to account in future work. 

The two largest effects that we plan to account for next are valence-basis set 

extrapolation and calculation of CCSD partition functions using cc-pVTZ.  The accuracy 
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of the electronic energy can be off by a few kcal/mol if one does not extrapolate.  This is 

realistically attainable for all the studied systems, computationally.  As importantly, it is 

desirable to calculate the Gibbs energies, rather than just internal energies.  It is also 

realistically attainable to get the CCSD/cc-pVTZ partition functions, computationally, 

albeit expensive.  We have estimates of the Gibbs energies of the reaction energies 

(not transition states) using MBPT(2)/cc-pVTZ partition functions; we did not consider 

them in this analysis only because they would not be consistent with our transition 

states.  Due to the sensitivity of transition state optimizations, we have not had sufficient 

time to do CCSD optimizations; consequently, we have KS-DFT partition functions.  

These may be adequate, but it does not make sense to compare them to MBPT(2) 

partition functions.  The entropic effect is especially interesting in the triple-whammy 

mechanism.  Accomplishing these two goals would most certainly remove any 

ambiguity in the results. 

The next leading-order effect would be the accuracy of the low-frequency modes.  

This is a current area of intense research; leading-order effects may be captured using 

3rd order polynomials for anharmonic effects, although many options are possible.  The 

practicality of performing these calculations is unclear.  The effects, numerically, would 

only be important if the result of the aforementioned basis-extrapolation and Gibbs 

energy calculations resulted in bringing transition state barriers to within a few kcal/mol 

of one another.  The necessity of this will be clear in time. 

The most interesting future work would be to apply the results of the RDX 

mechanistic study to HMX and CL-20.  The HONO and  N-N homolysis mechanisms are 

likely to be near-identical for HMX; we may likely borrow our RDX structures as starting 
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points for the HMX efforts.  The CL-20 mechanisms for HONO and N-N homolysis are 

likely to be significantly different due to the caged structure.  The triple whammy 

mechanism in HMX (presumably a “quadruple whammy”) will be interesting, 

entropically.  One might expect it to dominate HMX, as well; however, it obviously 

cannot occur for CL-20. 

Concluding Remarks 

The various paths of RDX decomposition have been explored from the three 

primary proposed initial steps: N-N homolysis, HONO elimination, and triple whammy.  

We have found that the N-N homolysis path proceeds via CN cleavage into an 

isomerization into another CN cleavage.  The largest barrier in this path is the initial N-N 

homolysis.  The HONO path is more kinetically accessible than N-N homolysis in the 

first few steps, but suffers from having successively more kinetically difficult steps due 

to the formation of aromatic products.  The triple whammy pathway, the least supported 

pathway in the literature, as most dominant in the gas phase, by 19 kcal/mol compared 

to other paths.  With a total activation barrier of 30 kcal/mol, it is the most kinetically 

accessible, and the dominant mechanism in terms of electronic energies.  Modulating 

the shock-sensitivity would be best done by stabilizing or de-stabilizing the transition 

states.  It is not immediately obvious whether electron withdrawing or donating groups 

would do the trick; trial and error is required. 
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