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CHAPTER I 

Introduction 

The physical phenomenon of solubility is often reduced to the rule of thumb, 

"like dissolves like:' This rule is a helpful guideline for predicting solubility, but 

it fails to provide detailed insight to the interesting problem of solvation. Until 

recent years, insight into the detailed molecular interactions in solutions were not 

amenable to either experimental or theoretical studies of microscopic phenomena. 

Recent advances in laser spectroscopy have allowed for real-time studies of 

dynamical processes in solution[l] and, given advances in supercomputers, the

oretical treatments of the chemical and physical processes occurring in solution 

are being developed[2]. The advances in theory and experiment are leading to 

comprehensive descriptions of the physical and chemical phenomena occurring in 

solution-phase chemistry, however, there remains much to be understood. 

The ideal theoretical treatment of solutions requires full-dimensional quan

tum mechanical dynamics calculations. These calculations, even with the recent 

developments in supercomputers, are impractical. A less sophisticated method 

would be to treat the solute quantum mechanically while treating the solvent 

molecules classically. Again the computational demands limit studies to small so

lute molecules. The computational demands mandate that, approximations need 

to be made in order to study the solvation of a moderately sized compound in de

t.ail. Less sophisticated continuum solvation models are being employed in studies 

that cannot be treated in greater detail due to the complexity of the system[3-5]. 

These models t.reat the solvent as a dielectric continuum, eliminating an explicit 

description of the solvent molecules and decreasing the computational demands. 

Substantial improvements to the models have been made by allowing the solute 
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molecules to be treated either classically or quantum mechanically. Such mod

els have been shown, after adequate parameterization, to predict solvation free 

energies comparable to those predicted from the more rigorous simulations that 

explicitly include the solvent molecules[5]. Using a continuum model of solva

tion, the effects of the solvent dielectric constant on the geometries, vibrational 

frequencies, infrared and Raman spectra and charge distributions of hexahydro-

1,3,5-trinitro-l,3,5-triazine (RDX) are calculated. 

Hexahydro-l,3,5-trinitro-l,3,5-triazine (RDX), illustrated in Figures 1 and 

2, has a central six-membered ring consisting of alternating carbon and nitrogen 

atoms. Nitro groups are bound to the ring nitrogens while hydrogens are bound 

to the carbons. Due to the large size of RDX, (fifteen heavy atoms as well as six 

hydrogens) only lower level ab initio treatments such as Hartree-Fock are practical. 

The explosive RDX is a major component of propellants used by the Depart

ment of Defense (DoD). The DoD has large stockpiles of such propellants, which 

consist of RDX, binder and filler, that often become unstable over time. It is of 

interest to extract the RDX from the propellant mixtures for recycling; however, 

common solvents necessary to efficiently remove the RDX from the propellants 

are toxic and environmentally unacceptable. Thus, there has been strong interest 

in developing environmentally acceptable methods of extracting RDX from pro

pellant grains. One approach has been to extract RDX with supercritical carbon 

dioxide (SF CO2 ), 

Unfortunately, RDX has low solubility in SF CO2 • The experiments of Mor

ris et al.[6] however, have shown improved solubility of RDX ,vhen the SF CO2 is 

doped with as little as 4% of a polar modifier. Virtually nothing is known about 

what the modifier does to the solvent-solute interaction that increases solubility. 

Therefore, un ultimate goal is to determine the characteristics of the polar modified 

SF CO2 that control the solubility of RDX. In order to arrive at such determina

tions, the types of interactions occurring between the solvent and solute, including 

changes that take place in both the solvent and the RDX molecules due to their 

interactions lleed to be understood. 
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One can imagine two limiting case models of RDX + Polar Modifier (PM) 

in SF CO2 • In the first case, the RDX and Pl\I are distributed evenly throughout 

the SF CO2 • The second case has the RDX surrounded by one or more solvation 

shells of the P11, and this complex is then miscible in the SF CO2 • The model 

represented in this study is best associated with a solution of dilute RDX in a neat 

polar solvent, which is analogous to the second limiting case described above. The 

results and analyses described in this study will proceed with this in mind. 

This study is a first step toward developing a theoretical chemical model 

to study the interactions and changes of the solute molecule due to a polar sol

vent. The model, described below, is based on Onsager's reaction field theory 

of studying solvent effects[7,8]. The Onsager model is a very simple one wherein 

the solute molecule sits inside an empty spherical cavity, that. is surrounded by a 

solvent with a uniform dielectric constant. The questions this study will attempt 

to answer include: 1) \Vhat is the dependence of the Gibbs free energy on the 

polarity and polarizability of the solvent, represented here by the solvent's dielec

tric constant? 2) \Vhat changes occur in RDX as the solvent's dielectric constant 

increases'? 3) Are any of these changes useful in explaining the changes in the 

Gibbs free energy? 4) Can the calculated molecular properties of RDX in a di

electric medium suggest experiments that might further the understanding of the 

RDX/solvent interactions? 5) Do these calculations suggest deficiencies in using 

such a low level of theory to model solvent effects? These issues will be addressed 

below llsing the results of ab initio calculations of the molecular properties of an 

RDX molecule in the presence of a solvent reaction field. 
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Figure 1. Three Dimensional view of the RDX molecule. 
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Figure 2. The RDX molecule. Struct.ure A labels the angles and structure B labels 
the bonds. 
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The first term of Eqn. 2 is the electron kinetic energy operator for electron "1." 

The second term is the potential energy operator for electron "1" being attracted 

to all of the a nuclei with charges ZOo' The coulomb operator .1j (l) gives the 

potential for electron "1" being repelled by the remaining j electrons. K j (l) The 

exchange K j (1) operator results from the requirement that the wave function be 

antisymmetric with respect to electron exchange. 

The definitions of the coulomb repulsion operator, .1j (l) and the exchange 

operators, K j (l) are: 

(3) 

(4) 

The Wi are molecular orbitals (MOs) that are obtained by solving the HF-SCF 

equation and represent a wave function for one electron. The lVIOs are approxi

mated mathematically as a linear combination of atomic orbitals (LCAO). 

(5) 

The functions fk are the atomic orbitals. The complete set of Cik are known as 

the 1\10 coefficients, and the determination of these coefficients is the purpose of 

solving the HF -SCF equations. 

The wave function, Wi, is solved iteratively. That is, an initial set of Cik is 

chosen. The exchange and coulomb operators are calculated, and then the HF

SCF equation is solved for a new set of Cik. The new set replaces the initial set 

and the process is repeated until convergence is achieved. Convergence of the HF

SCF <'quations is obtained when the largest change in }'IO coefficients is less than 

1 x 10-8 . The 1\'10s are then used to calculate the properties of RDX. 

Onsager Theory 

Onsager theory [7,8] can be used to predict the effects of the solvent on the 

solute molecule RDX. Onsager's theory was developed in order to improve Debye's 
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formula for the dielectric constant, E: 

c - 1 411" ( /l2 ) -=-'LN a+- . 
c + 2 3 3kT 

(6) 

The thermal energy is kT, /-£ is the permanent dipole, N is the concentration, and 

a is the polarizablity of the species. The sum is extended over all species present 

in the solution. 

Onsager[7] began with the same molecular model as Debye, that the polar

izability of the molecule, a, is related to an "internal refractive index" n by 

(7) 

where a is the radius of a spherical molecule. Given an electric field F and a 

unit vector il, in the direction of the permanent dipole moment, the total electric 

moment m., of the molecule is 

m = /loU + aF. (8) 

Consider a point dipole 111 inside a spherical cavity of radius a immersed 

in an unpolarized medium of dielectric strength c. The electric potential <1> must 

satisfy Laplace~s equation, 

\72<1> = 0 (9) 

with boundary conditions 

mcosB . 
<1>(r, B) - 2 = contmuous < 00, 

r 
(10) 

and 

( 0<1» (0<1» - =c -or r=a-O or r=a+o· 
(11) 

The solutions to Laplace's equation are: 

mcosB -
<1> = 2 - Rr cos B, (r < a) 

r 
(12) 



and, 
m* cose 

<I> = cr2 ' (1' > a). 

The symbols m,* and R are defined as: 

and 

3c: _ 
--m 
2c: + 1 

- 2(c: - 1) 171 
R= . 

2c: + 1 a3 

9 

(13) 

(14) 

(15) 

The reaction field R is physically the field due to the dipole n1 enhanced by the 

dielectric medium. 

Self-Consistent-Reaction Field 

Hartree-Fock Self-consistent-field theory and Onsager theory are combined 

by treating Onsager theory as a perturbation to the HF -SCF equations to give the 

Hartree-Fork Self-consistent-reaction-field (HF -SCRF) equation[11]: 

(16) 

where the operator H RF is defined as, 

(17) 

The operator, HYlF is the HF-SCF operator defined in equation 2. The perturba

tion from Onsager, HI couples the dipole of the molecule to the solvent continuum 

and is defined as: 
I A_ 

H = jI·R, (18) 

where if is the electric dipole moment operator ~ = (ix + jy + kz), and R is the 

reacLion field from Onsager Theory[7] , 

Ii _ 2(c - 1) /1 
- 2c + 1 ag· (19) 
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The solvent dielectric constant is f, j1 is the electric dipole moment vector of the 

solute, 

(20) 

and 0.0 is the radius of the cavity in which the solute sits. Like in the HF-SCF 

method, Hi, is dependent on the wave function needing to be calculated. The 

HF -SCRF equation is solved the same way the HF -SCF is solved. The solution to 

the HF -SCRF equation is a wave function for the solute which interacts with the 

solvent. 



CHAPTER II 

Theory 

A thermodynamic model for predicting the relative solubility of RDX in mod

ified SF CO2 should predict the change in free energy resulting from dissolving 

RDX crystals in SF CO2 doped with polar modifiers. From a practical standpoint, 

this requires the breaking of the problem into parts, solving each part, and re

assembling those parts to make a whole solution. This study is one of the parts 

required for understanding the solvation of RDX in CO2 with polar modifiers. The 

change in free energy, !lG, of dissolving RDX in the modifier, is calculated. In 

other words, this studv examines tlG of solvation as a function of the dielectric 

constant f of a solvent. This study also examines the geometry, and frequencies, 

charge distributions, IR and Raman spectral intensities, and the changes in each 

of these properties of the solute molecule, RDX. 

Hartree-Fock Theory 

Hartree-Fock Self-consistent-field (HF -SCF) methods are used in order to 

obtain the structure, frequencies, energies, and charge distributions of the solute 

molecule RDX. The HF-SCF equation is made up of a one-electron operator, H~F' 

acting upon a one-electron wave function Wi[9,1O]: 

(1) 

where Ei is the eigenvalue of the Hartree-Fock Hamiltonian operator, H~F: 

(2) 

6 



CHAPTER III 

Details of the Calculations 

The Gaussian-92 set of computer codes[12] used in the SCRF calculations 

were designed to be used by the non-expert in quantum chemical calculations. This 

user-friendly set of computer codes enables the non-expert to focus on the chemical 

problem being studied rather than the details of performing the calculations. The 

two types of HF -SCRF calculations that will be presented here are a series of 

geometry optimizations of the RDX molecule as a function of increasing dielectric 

constant and subsequent calculations of the vibrational frequencies of the optimized 

molecule at each value of the dielectric constant. All inputs are free-format and 

mnemonic. 

Geometry Optimization and Frequency Calculations 

The initial geometry corresponds to the molecular structure determined from 

crystallographic neutron diffraction measurements[13]. This structure, the chair 

form, is shown in Fig. 1. RDX may also exist in the boat conformation; however, 

due to a lack of measured molecular structure information, that conformation is 

not studied here. There are no experimental data for RDX in solution, however, 

it is reasonable to assume the crystalline and solution conformations are similar. 

Thus, the experimental crystal structure is used for an initial guess in the cal

culation. This initial structure is then optimized in the presence of the reaction 

field perturbation for each value of the dielectric constant, E. The structures are 

assumed to be optimized (Le., to the equilibrium geometry) when all the default 

convergence criteria are met in the Gaussian-92 codes. The two criteria that de

fine an equilibrium stable structure are based on the first and second derivatives 
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of the energy. Convergence is assumed to occur when the largest first derivative 

of the energy with respect to any single internal coordinate is less than 4.5 x 10-4 

hartrees/bohr. To characterize the nature of this critical point, a normal mode 

analysis must be performed; this requires the second derivatives of the energy 

with respect to displacements of the nuclear coordinates at the optimized geom

etry. Diagonalization of the 3N x 3N energy second derivative matrix yields 3N 

eigenvectors, six of which have eigenvalues equal to zero (which correspond to 

the translational and rotational modes) and 3N - 6 non-zero eigenvalues (which 

correspond to harmonic vibrational frequencies) at equilibrium. All structures pre

sented in this study have the required six zero frequencies and the 3N - 6 positive 

non-zero frequencies. 

Each harmonic vibrational frequency is observable by either IR or Raman 

spectroscopy. Those observable through IR spectroscopy are termed as "IR active" 

while those observable through Raman spectroscopy are termed as "Raman active" . 

The IR intensity 1 of a frequency is related to the intensity of the incident radiation 

of the same frequency 10 by 

1 - r -CLA - loe , (21) 

where C is the concentration and L is the pathlength. The absorption coefficient 

A is approximated as 
2 

4= 7fNg laM 
~ 3000c2 x2.302581 aQ ' (22) 

where N is Avagadro's number, 9 is a degeneracy factor, c is the speed of light, Mis 

the dipole moment and Q is a normal coordinate corresponding to the vibrational 

frequency. 

The Raman intensity 1 of an eigenfrequency v is related to the frequency of 

the incident radiation Vi by 

(23) 

where the induced dipole moment ?lind is given by the polarizability of the molecule 

et described by the Taylor expansion 0: = eto + (ZQ) 0 Q + .. " the time dependent 
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electric field of the incident radiation E = Eo cos (27rlJit) and a constant B by 

BEo (80:) J1ind = o:oEo cos 27rVit + -2- 8Q a x [cos 27r (Vi + V) t + cos 27r (Vi - V) t]. (24) 

The G-31G* hasis set was used for the calculations[14-17]. The geometry of 

the molecule was optimized for each value of the solvent dielectric constant using 

the analytical first derivatives of the energy with respect to changes in nuclear 

coordinates. All the optimized geometries have gradients of the energy less than 

4.5 x 10-4 (hartrees/hohr) commensurate with the default convergence criteria in 

Gaussian-92. 

This study also used the default method in Gaussian-92 for estimating the 

cavity radius ao. In this prescription [18], the cavity radius is determined by making 

certain that the boundary of the cavity includes all regions of space surrounding the 

molecule where the HF -SCF electron density is greater than 0.001 electrons/bohr3 . 

This volume is referred to as the Density Envelope[18] (DE). It has been found that 

for a large number of organic molecules the ratio of the DE to the experimental 

volume is nearly the constant value of 0.75[18]. Thus, the procedure for estimating 

0.0 is to calculate the radius of the DE and scale by 1.33. The value of 0.5A is 

added to the new radius in order to account for the van der "Vaal ~s radius of the 

solvent molecules. This procedure allows one to estimate 0.0 for a molecule for wich 

the volume is not knowll. 

Free Energy Calculations 

In addition to determining changes in structure and vibrational frequencies 

of the RDX molecule due to the solvent field, changes in the Gibbs free energy are 

calculated at 323 K, the temperature at which the experiments of 110rris et al.[6] 

were conducted. 

The Gibbs free energy change D.G is 

[j.G = D.H - T liS, (25) 
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where tJ..S is the entropy change, tJ..H is the enthalpy change and T is the temper

ature. The free energy of solvation, tJ..Gsol , is given by, 

(26) 

where the subscript f. indicates the dielectric constant of the solvent. The absolute 

entropies and absolute enthalpies are obtained from statistical mechanics[19]. The 

entropy of a molecule is 

(27) 

where StT) Srot, St'ib, and Sel are the entropies of translation, rotation, vibration, 

and electronic degeneracy respectively. The entropy of translation, StT) is given by 

~ 

( 27rMkT) 2 3 
Str = kin h2 V + '2 (28) 

where !vI is the total mass of the molecule, V is the molecular volume, and k and 

h are Boltzmann's and Planck's constants, respectively. The entropy of rotation, 

is 

(29) 

where IA,IB' and Ie are the principle moments of inertia (for an asymmetric top 

molecule such as RDX), and a is the rotational symmetry number (for RDX a = 1). 

The entropy of electronic degeneracy is given by 

(30) 

where Wei is the degeneracy of the electronic state (in this case, Wei = 1). The 

entropy of vibration is 

(31) 

where 

(32) 
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and Vi is the vibrational frequency of the molecule. 

The enthalpy, H = E + pV, is corrected to a given temperature T by[19J, 

~H(T) = H(T) - H(O) = Htrans(T) + Hrot(T) + t1Hvib(T) + kT, (33) 

where 

(34) 

and 

(35) 



CHAPTER IV 

Results and Discussion 

Geometry 

The equilibrium geometries for RDX solvated in media of different dielectric 

constants are given in Tables I-III. Fifty seven internal coordinates are needed in 

order to uniquely describe the RDX molecule. One redundant coordinate, C1-N6, 

has been added to Table I (which gives the values of the bond lengths for various 

values of the dielectric constant), in order to "close the ring." Tables II and III 

give the values of the bond angles and torsional angles, respectively. The atoms 

are as labeled in Fig. 1. The bonds and bend angles are as labeled in Fig. 2. 

The reference values used are those of the gas-phase (t = 1). Changes in 

geometric parameters, with increasing t, larger than 0.25% of the reference value 

are reported in Table IV. Few bond lengths satisfy this requirement, however, a 

few trends are noted. 

In the chair conformation, shown in Fig. 1, two of the nitro groups oc

cupy pseudo-axial positions (012-N10-011 and 08-N7-09), and one occupies a 

pseudo-equatorial position (015-N13-014). The term "pseudo-equatorial," indi

cates that the nitro group is approximately parallel to the plane formed by the 

N6-C1-N4-C3 ring atoms. Similarly, the term "pseudo-axial," indicates that the 

nitro group is approximately perpendicular to the plane formed by the N6-C1-N4-

C3 ring atoms. Therefore, the changes in the geometric parameters corresponding 

to the type of nitro group differ. 

The C-N bonds which contain N4 and N6 (the binding sites of the pseudo

axial nitro groups) increase less than 0.25% \vith increases in t, while the two C-N 

bonds that contain N2 (the binding sites of the pseudo-equatorial nitro group) 

16 
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are shortened by 0.22%. All of the N-N bond lengths, illustrated in Fig. 4, are 

shortened with increasing E. The N2-N13 bond length changes 0.55%, twice the 

change of the other two N-N bonds. The N-O bond lengths are all lengthend 

with increasing E with the bonds 08-N7 and Oll-NlO being changed by one fifth 

the change of the 09-N7 and 012-N10 bonds. This trend is not repeated in the 

pseudo-equatorial nitro group; both the oxygen atoms are symmetry equivalent. 

The changes in the C-H bonds are all less than 0.1 %. However, the bond lengths 

H16-C1, H18-C3 and H21-C5 are graphed in Fig. 3 as a function of E in order to 

help illustrate two points. First, the carbons are not all identical bonding sites. 

The second point illustrated, with the help of Fig. 4, is the limit of effective

ness of increasing E. In fact, the change in bond lengths for E varying from one to 

five, is greater than when E varies from ten to forty. 

The changes in the equilibrium bond angles are all less than 10 with one 

exception. The angle NI3-N2-Cl changes by 2.08% or 2.400. The extension of 

this angle and the angle C3-N2-N13 indicate a dovmward movement ofN13 relative 

to N2, keeping the same frame of reference as Fig. 1. 

Some of the torsional angles change a great deal as E increases. The changes 

range in magnitude from 00 to 9.540, with half of them changing more than 10. 

The highest percentage change, 6.42%, is for the torsional change defined by 08-

N7-N6-C5 (see Fig. 1). This torsional angle change has the effect of making 

the torsional angle defined by 08-N7-N6-Cl closer to 1800, defining a plane. By 

symmetry arguments, Oll-NlO-N4-C3 must also become more planar, which it 

does. The largest magnitude change however does not coincide with the largest 

percent change and is worth noting. The torsional angle N13-N2-CI-N6 changes 

by -5.72%. This is more evidence of a downward shift of the N13 nitro group as E 

increases. 



18 

Harmonic Vibrational Frequencies 

The equilibrium frequencies of RDX solvated in media of different dielec

tric constants are given in Tables V - VI. The larger relative changes in these 

frequencies are given in Table VII. Stick spectra are shown in Figures 5. and 6. 

The frequencies, like the geometric parameters, change little with increasing 

dielectric constant. Some of the largest absolute changes in frequencies occur for 

modes 49-54. The modes 49, 50 and 51 primarily involve motions of the nitro

group nitrogens and change by 12, 16, and 18 cm-1 , respectively. Analysis of the 

normal mode vectors for these three modes indicates that the atoms primarily 

displaced are the nitro-group nitrogens. The nitrogens move orthogonally to the 

nitro-group planes. Mode 49 is localized mostly over N13, while mode 50 involves 

all three nitro-group nitrogens (N13, N10, N7). Mode 51 is more localized, in

cluding only the N7 and N10 nitro group nitrogens. The other three modes 52, 

53 and 54 involve C-H stretches. Mode 52 is the hydrogen asymmetric stretch 

mode H16-C1-H18-C3, and 53 is its symmetric stretch partner, H16-C1+H18-

C3. Mode 54 is almost entirely H21-C5 stretch. The largest relative change in 

these six modes is small (less than 1%) and, corresponds to the largest absolute 

change in frequencies over the entire range of t, approximately 18 cm-1 from the 

gas phase value of 51. 

The largest relative change in frequency occurs for 2. The vibrational fre

quency at t = 1 for this mode is 63 cm-1 and the absolute change is 11 cm-1, 

making a relative change of 18%. This mode involves motions from many atoms 

and centers upon an umbrella motion of the N2 nitrogen with concomitant motion 

of the attached atoms C1, C3 and the N13-014-015 nitro group. 

Infrared and Raman Intensities 

The infrared (IR) and Raman spectral intensities exhibit a much stronger 

dependence on the dielectric strength of the medium. The IR intensities are given 

as a function of t in Tables VIII and IX. Raman intensities are given as a function 
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of E in Tables XI and XII. The largest percentage changes in IR and Raman 

intensities are given in Tables X and XIII, respectively. Both IR and Raman 

intensities for frequencies V49-V54 are plotted as a function of E in Figs. 7 - 9. 

Atomic Charge Distributions and Dipole Moment 

The atomic charge distributions are given in Table XIV. The changes in 

charge distribution relative to E = 1 are given in Table XV. The changes in 

charge distribution coupled with the changes in the structure of the molecule cause 

significant changes in the components of the dipole moment of the molecule, which 

are presented in Table XVI and Fig. 11. 

More than 99% of the total dipole moment comes from the z-component, 

which is perpendicular to the C1-N6-C3-N4 ring atoms. Table XVI also reports 

the ratio of {tsl {tg, where Its is the dipole moment in solution (E > 1) and {tg is 

the dipole moment of the isolated gas molecule (E = 1). There is a 20% increase 

in the total dipole moment of E = 0 by the time E = 10. This large increase in 

dipole moment is due primarily to the higher electron densities on the oxygens 

below the ring. Figure 11 illustrates that the increase in the dipole moment of the 

RDX molecule is initially sharp (16% for E = 5), and quickly approaches a limiting 

val ue (nearly a 23% increase of dipole moment with increasing E). 

According to the Onsager model the influence of the solvent upon the 

molecule is totally att.ributable to the interaction of the dipole moment of the 

molecule with the dipole electric field of the solvent. As noted above, the z

component dominates the total dipole moment. The z-component is ten times 

larger than the x-component. The y-component of the dipole moment is essen

tially zero. As expected, the total molecular dipole moment increases as E increases. 

Gibbs Free Energy of Solvation 

Table XVII gives the HF -SCRF absolute and zero-point vibrational energies 

of the RDX molecule in solution. The change in the Gibbs free energy of the RDX 
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molecule as a function of increasing dielectric constant are calculated using the 

vibrational frequencies (see Equations 25-35). The vibrational frequencies of this 

study were scaled by 10% for these calculations because the results of ab-initio 

calculations are generally higher than experimental values. 

The results, given in Table XVIII and plotted in Fig. 12, indicate that the 

Gibbs free enErgy sharply decreases with the application of the field (E = 5), and 

continues to decrease, but less rapidly, with increasing E. The entropy change 

with increasing field is negligible. Therefore, the lowering of the free energy of the 

system with increasing dielectric constant is due primarily to the lowering of the 

enthalpy of the system. That the entropy changes are small is not surprising, due 

to the very small changes in structure and in the harmonic vibrational frequencies. 

The decrease in the enthalpy of the system, however, can be attributed to the 

increase in the dipole moment of the RDX molecule in the solution as described 

above. Both the dipole moment and !:J..G curves are almost fiat by E = 20 (see 

Figures 11 and 12). 
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Figure 3. Carbon-hydrogen bond lengths (A) vs. dielectric constant c. The 
equilibrium bond-lengths of H18-C3 (0), H16-C1 (6), and H21-C5 
(*) approach limiting values. H18-C3 and H16-Cl are overlapped 
as expected from symmetry. 
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Figure 4. Nitrogen-nitrogen bond lengths (A.) vs. dielectric constant E. The 
equilibrium bond-lengths of N7-N6 (0), NIO-N4 (~), and N13-N2 
(*) approach limiting values. N7-N6 and NIO-N6 are overlapped as 
expected from symmetry. 
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Figure 5. IR Stick Spectra of RDX for various values of E. (A) E = 1; (B) E = 5; 
and (C) E = 40. The scale on the right panels are larger than those 
on the right. 



24 

50 :00 
1.75 A 

40 A 
>. 150 >. 

w .::; 125 .;; 30 
U! 

c c 100 
~ 20 

(j) 
w 7S c C 

H H 50 
10 

25 1 0 I) 
250 500 7 :;.) 100012 5 ')150 017 50:: 0 0 0 3100 3~00 3300 34:)0 3500 

-1 -1 
em em 

50 :00 
175 8 

40 8 
150 >. >. w 

.:: 125 .~ 30 
Ul c c 100 

~ 20 <l! 
w 75 c c 

JI 

H H 50 
~5 

0 
3100 3200 3300 3400 3500 

-1 -1 
em em 

50 200 
175 c 

40 C 
>. :50 >. 

w 
.~ 125 .,..... ') il 

(I) -' J 

'.~ 

~ :: 100 
-....J ::0 7S :: .:; 
H .-; 

50 

J 
10 

25 
0 

3100 3:200 3300 3400 3500 

-1 -1 em em 
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Figure 7. IR Intensities of RDX Frequencies V49, V50, v'51 vs. dielectric strength 
€. The intensity changes of V49(O), V50 (6), and V51 (*) approach 
limiting values near € = 20. 
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Figure 8. IR Intensities of RDX Frequencies lI52, [/53, lI54 vs. dielectric strength 
E. The intensity changes of [/52 (0), [/53 (6), and [/54 (*) approach 
limiting values near E = 20. 
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Figure 9. Raman Intensities of RDX Frequencies V49, Vso, VSl vs. dielectric strength 
f.. The intensity changes of V49(<», V50 (.6.), and V51 (*) approach 
limiting values near f. = 20. 
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Figure 10. Raman Intensities of RDX Frequencies 1I52, 1I.53, 1I!j4 vs. dielectric 
strength t. The intensity changes of 1I.52(O), 1I.53 (6.), and 1I.54 (*) 
approach limiting values near t = 20. 
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Figure 11. The Z component (0) and Total (6) Dipole Moments of RDX verses €. 

The dipole moments approach limiting values around € = 20. Note 
the symbols are overlapped. 
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Figure 12. Thermodynamic Properties of RDX vs. dielectric strength E. T!:lS 
(<»; ~H (.6.); and !:lG (*) approach limiting values near E = 20. 
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TABLE I. 

RDX Bond Lengths (A) vs. Dielectric Constant t 

Coordinate c=l c=5 t = 15 t = 30 t = 40 
N2-C1 1.4643 1.4622 1.4615 1.4612 1.4612 
C3-N2 1.4643 1.4622 1.4615 1.4612 1.4612 
N4-C3 1.4424 1.4448 1.4456 1.4-158 1.4458 
C5-N4 1.4529 1.4559 1.4569 1.4571 1.4572 
N6-C5 1.4529 1.4559 1.4568 1.4570 1.4572 
C1-N6 1.4424 1.4448 1.4451 1.4457 1.4458 
N7-N6 1.3772 1.3746 1.3738 1.3735 1.3735 
NlO-N4 1.3772 1.3747 1.3739 1.3737 1.3735 
N13-N2 1.3617 1.3570 1.3551 1.3544 1.3542 
08-N7 1.1874 1.1877 1.1878 1.1878 1.1879 
09-N7 1.1886 1.1905 1.1911 1.1913 1.1913 

011-NI0 1.1874 1.1877 1.1878 1.1879 1.1879 
012-NI0 1.1886 1.1905 1.1911 1.1913 1.1913 
014-N13 1.1912 1.1918 1.1921 1.1922 1.1922 
015-N13 1.1912 1.1918 1.1921 1.1922 1.1922 
H16-Cl 1.0850 1.0841 1.0839 1.0838 1.0838 
r-I17-Cl 1.0684 1.0683 1.0683 1.0683 1.0682 
H18-C3 1.0850 1.0841 1.0839 1.0838 1.0838 
H19-C3 1.0684 1.0683 1.0683 1.0683 1.0683 
H20-C5 1.0696 1.0696 1.0696 1.0697 1.0697 
H21-C5 1.0801 1.0795 1.0793 1.0793 1.0793 
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TABLE II. 

RDX Bond Angles (Degrees) vs. Dielectric Constant E 

Coordinate E = 1 E=5 E = 15 E = 30 E = 40 
H16-CI-N2 110.44 110.49 110.48 110.47 110.46 

H17-C1-H16 109.87 109.97 109.99 110.00 110.00 
H18-C3-N4 107.19 107.02 106.97 ' , 106.95 

H19-C3-H18 109.87 109.97 1 .. " 110.01 
H20-C5-N6 110.84 11O.~ .. . .J:! 110.95 
H21-C5-H20 109.96 109.89 ... ,,; • ...;0 109.86 109.86 
C3-N2-C1 115.14 114.82 114.81 114.83 114.82 
N4-C3-N2 108.62 108.13 108.01 107.98 107.98 
C5-N4-C3 115.25 114.96 114.87 114.85 114.84 
N6-C5-N4 111.48 111.33 111.29 111.27 111.27 
N7-N6-C5 117.60 117.44 117.40 117.37 117.39 
08-N7-N6 116.53 116.77 116.85 116.85 116.88 
09-N7-08 126.24 125.90 125.80 125.78 125.74 
NlO-N4-C3 117.14 116.80 116.71 116.70 116.71 

011-NlO-N4 116.53 116.77 116.85 116.85 116.87 
012-NlO-011 126.24 125.90 125.80 125.78 125.75 

N13-N2-C1 115.49 117.11 117.67 117.85 117.90 
014-N13-N2 117.01 117.06 117.08 117.09 117.09 
015-N13-014 125.98 125.86 125.81 125.79 125.79 



33 

TABLE III. 

RDX Torsional Angles (Degrees) vs. Dielectric Constant E 

Coordinate E=l E=5 E = 15 E = 30 E = 40 
N4-C3-N2-Cl 54.67 56.46 56 8:~ 56.90 56.93 
C5-~4-C3-N2 -51.45 -52.33 -52.56 -52.57 
N6-C5-N4-C3 49.86 50.U 50.28 50.29 
N7-N6-C5-N4 94.77 93.21 92.77 92.62 92.60 

NlO-N4-C3-N2 93.38 91.22 90.69 90.56 90.58 
NI3-N2-CI-N6 166.70 160.33 158.08 157.36 157.16 
08-N7-N6-C5 24.21 25.31 25.66 25.77 25.69 
09-N7-08-N6 -176.38 -176.71 -176.82 -176.82 -176.85 

Oll-NlO-N4-C3 -168.21 -167.99 -167.95 -167.96 -168.09 
012-NI0-011-N4 176.38 176.71 176.80 176.80 176.84 
o 14-N 13-N2-C 1 159.74 161.98 162.94 163.29 163.29 
015-N13-014-N2 -178.90 -178.21 -178.06 -178.01 -178.02 

H16-C1-N2-C3 62.61 60.35 59.86 59.75 59.70 
H17-C1-HI6-N4 -179.93 -179.80 -179.75 -179.74 -179.74 
HI8-C3-N 4-C5 67.88 66.71 66.42 66.34 66.31 

HI9-C3-H18-0J6 179.93 179.80 179.76 179.75 179.73 
H20-C5-N6-C1 -173.83 -174.14 -174.26 -174.31 -174.34 
H21-C5-H20-N2. 180.00 180.00 180.00 180.00 180.00 
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TABLE IV. 

Geometric Changes with respect to c = 1 

Coordinate c=5 c = 15 c = 30 c =40 Max Change 
tC5-N4 .0030 .0040 .0042 .0043 .30% 
tN6-C5 .0030 .0039 .0041 .0043 .30% 
tN7-N6 -.0026 -.0034 -.0037 -.0037 -.27% 
tN10-N4 -.0025 -.0033 -.0035 -.0037 -.27% 
tN13-N2 -.0047 -.0066 -.0073 -.0075 -.55% 
+C3-N2-C1 -.32 -.33 -.32 -.32 -.29% 
+N4-C3-N2 -.49 -.61 -.64 -.64 -.59% 
+C5-N4-C3 -.29 -.38 -.40 -.41 -.36% 
+08-N7-N6 .24 .32 .32 .35 .31% 
+09-N7-08 -.34 -.44 -.47 -.50 -.40% 
+NlO-N4-C3 -.34 -.43 -.44 -.43 -.38% 
+Ol1-N10-N4 .24 .32 .32 .34 .30% 
+012-N10-011 -.34 -.44 -.46 -.49 -.39% 
+N13-N2-C1 1.62 2.18 2.36 2.41 2.08% 
+N4-C3-N2-C1 1.79 2.16 2.23 2.27 4.16% 
+C5-N4-C3-N2 -.88 -1.07 -1.11 -1.12 2.18% 
+N6-C5-N4-C3 .25 .36 .42 .42 .85% 
+N7-N6-C5-N4 -1.56 -2.00 -2.15 -2.17 -2.30% 
+NlO-N4-C3-N2 -2.16 -2.68 -2.82 -2.79 -3.02% 
+N13-N2-C1-N6 -6.37 -8.62 -9.35 -9.55 -5.73% 
+08-N7-N6-C5 1.09 1.45 1.55 1.48 6.42% 
+09-N7-08-N6 -.34 -.44 -.44 -.47 .28% 
+012-N10-011-N4 .33 .42 .42 .46 .27% 
+014-N13-N2-C1 2.24 3.20 3.55 3.55 2.25% 
+015-N13-014-N2 .68 .83 .89 .88 -.51% 
+H16-C1-N2-C3 -2.26 -2.75 -2.86 -2.91 -4.67% 
+H18-C3-N4-C5 -1.17 -1.47 -1.55 -1.58 -2.32% 
t H20-C5-N 6-C 1 -.31 -.43 -.47 -.51 .29% 

t A 
+ degreees 
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TABLE V. 

RDX Frequencies (em-I) vs. Dielectric Constant E (Part A.) 

v E=l E=5 E = 15 E = 30 E = 40 
1 36.6 39.4 40.1 40.0 40.2 
2 62.7 56.5 53.1 51.8 51.5 
3 66.4 68.7 69.2 69.5 69.4 
4 73.5 73.5 73.4 73.5 73.3 
5 96.6 98.7 99.7 100.1 100.2 
6 119.7 125.7 127.4 128.1 127.8 
7 235.0 238.1 238.8 239.1 239.1 
8 248.3 236.5 231.3 229.5 229.0 
9 327.8 331.5 332.3 332.6 :, :~2.6 

10 364.9 370.5 372.3 372.9 373.0 
11 417.7 419.5 420.1 420.1 420.0 
12 451.3 461.1 463.7 464.5 464.5 
13 456.3 458.9 459.2 459.4 459.1 
14 501.9 508.9 510.6 511.3 511.2 
15 538.0 545.4 547.3 547.9 547.9 
16 644.8 648.3 649.5 650.0 650.1 
17 669.7 666.2 665.0 664.7 664.5 
18 689.7 687.6 686.5 686.3 686.1 
19 740.5 736.0 734.3 733.9 733.8 
20 754.1 751.5 750.3 750.0 749.9 
21 861.6 858.7 857.2 856.7 856.6 
22 890.4 892.6 892.9 893.0 893.0 
23 899.1 897.1 895.9 895.5 895.4 
24 917.8 918.4 918.3 918.3 918.3 
25 957.4 954.6 953.5 953.2 953.2 
26 978.9 975.8 974.4 974.0 973.9 
27 995.9 991.9 990.0 989.5 989.3 
28 1067.1 1058.9 1056.2 1055.5 1055.3 
29 1072.1 1067.1 1065.2 1064.7 1064.5 
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TABLE VI. 

RDX Frequencies (em-I) vs. Dielectric Constant c (Part B.) 

lJ c = 1 c=5 c = 15 c = 30 c = 40 
30 1100.6 1100.3 1100.0 1099.9 1099.9 
31 1187A 1183.1 1181.3 1181.0 1180.8 
32 1190.7 1191.1 1191.3 1191.5 1191.6 
33 1297.5 1290.2 1287.6 1287.0 1286.7 
34 1385.0 1386A 1387.2 1387.6 1387.7 
35 1397.7 1400.2 1399.3 1399.1 1399.0 
36 1414.8 1411.4 1411.1 1411.3 1411.3 
37 1421.6 1418.8 1417A 1417.1 1416.9 
38 1492.5 1491.1 1490.2 1490.0 1489.9 
39 1504.8 1503.3 1502.4 1502.3 1502.2 
40 1520.1 1519.1 1518.4 1518.2 1518.3 
41 1533.8 1528.4 1526.3 1525.8 1525.5 
42 1534.2 1530.3 1529.2 1529.0 1528.9 
43 1585.8 1583.0 1581.6 1581.3 1581.2 
44 1593.2 1592.0 1591.1 1590.9 1590.9 
45 1614.5 1610.4 1608.5 1608.0 1607.9 
46 1637.3 1635.8 1634.8 1634.6 1634.6 
47 1644.5 1644.9 1644.4 1644.3 1644.3 
48 1667.7 1668.0 1667.6 1667.5 1667.5 
49 1847.3 1840.2 1837.0 1836.1 1835.8 
50 1868.5 1857.5 1853.8 1852.8 1852.5 
51 1892.3 1879.8 1875.6 1874.6 1874.2 
52 3239.9 3253.1 3256.1 3257.2 3257.6 
53 3243.4 3256.1 3259.0 3260.1 3260A 
54 3301.8 3313.4 3315.4 3316.2 3316.4 
55 3458.6 3460.9 3460.5 3460.4 3460.6 
56 3464.3 3467.8 3467.5 3467.7 3467.8 
57 3465.6 3469.0 3468.6 3468.8 3468.9 
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TABLE VII. 

Frequency Changes (cm -1) with respect to £ = 1 

1/ £=5 £ = 15 £ = 30 £ = 40 Max Change 
1 2.8 3.5 3.4 3.6 10.08% 
2 -6.2 -9.6 -10.8 -11.2 -17.87% 
3 2.3 2.8 3.1 3.0 4.68% 
5 2.1 3.1 3.5 3.6 3.75% 
6 6.1 7.7 8.4 8.1 7.03% 
7 3.1 3.9 4.1 4.1 1.77% 
8 -11.8 -17.0 -18.8 -19.3 -7.78% 
9 3.7 4.4 4.7 4.8 1.45% 

10 5.6 7.4 8.0 8.1 2.22% 
11 1.7 2.4 2.4 2.3 .60% 
12 9.8 12.4 13.2 13.2 2.96% 
13 2.6 2.9 3.0 2.8 .67% 
14 7.0 8.7 9.3 9.2 1.86% 
15 7.4 9.3 9.9 9.9 1.85% 
16 3.5 4.7 5.2 5.3 .82% 
17 -3.6 -4.8 -5.1 -5.2 -.78% 
19 -4.5 -6.2 -6.6 -6.7 -.91% 
20 -2.7 -3.8 -4.1 -4.2 -.56% 
21 -2.8 -4.4 -4.9 -5.0 -.58% 
27 -4.0 -5.9 -6.4 -6.6 -.66% 
28 -8.1 -10.9 -11.5 -1 .3 -1.11 % 
29 -5.1 -7.0 -7.4 -~.6 -.71% 
31 -4.3 -6.1 -6.4 -6.6 -.56% 
33 -7.3 -9.9 -10.5 -10.8 -.83% 
49 -7.1 -10.3 -11.2 -11.6 -.63% 
50 -11.0 -14.7 -15.7 -16.0 -.86% 
51 -12.5 -16.7 -17.7 -18.1 -.96% 
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TABLE VIII. 

IR Spectral Intensity (km/mol) vs. Dielectric Constant t (Part A) 

v t=1 t=5 t = 15 t = 30 t = 40 
1 .03 .08 .11 .11 .11 
2 4.01 6.33 6.78 6.90 6.91 
3 2.08 1.06 1.00 .98 1.00 
4 .02 .01 .00 .00 .00 
5 .20 .33 .38 .39 .39 
6 .08 .15 .18 .19 .19 
7 10.13 13.80 15.00 15.35 15.45 
8 .96 .99 .92 .89 .88 
9 .10 .15 .18 .19 .19 

10 2.08 2.73 3.02 3.13 3.15 
11 .00 .00 .01 .01 .01 
12 .20 .06 .04 .03 .03 
13 11.30 14.57 15.57 16.01 16.02 
14 12.54 17.69 19.42 19.77 19.95 
15 5.64 6.30 6.48 6.55 6.60 
16 16.66 22.27 23.79 24.19 24.32 
17 15.58 23.89 27.23 28.31 28.59 
18 45.94 68.21 76.11 78.49 79.18 
19 10.33 12.25 12.60 12.67 12.70 
20 8.77 10.68 11.10 11.20 11.22 
21 3.43 10.06 14.01 15.47 15.89 
22 14.26 17.21 17.88 18.04 18.09 
23 4.09 13.66 18.85 20.57 20.96 
24 84.47 111.36 118.82 120.98 121.63 
25 70.29 70.75 69.02 68.24 67.97 
26 3.91 10.69 13.68 14.62 14.93 
27 25.31 29.84 30.98 31.29 31.25 
28 158.15 225.81 247.26 253.39 254.85 
29 145.13 184.42 195.91 198.87 199.95 
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TABLE IX. 

IR Spectral Intensity (km/mol) vs. Dielectric Constant E (Part B) 

v E=l E=5 E = 15 E = 30 E = 40 
30 56.28 77.85 84.46 86.44 87.04 
31 88.29 99.69 102.22 102.83 103.19 
32 209.36 253.41 264.87 267.77 268.73 
33 .75 .19 .08 .06 .05 
34 37.32 44.20 45.92 46.35 46.46 
35 12.51 16.72 24.25 26.85 27.68 
36 42.97 53.89 51.41 50.33 49.98 
37 .75 .73 .7l .72 .70 
38 117.65 200.20 237.30 249.79 253.38 
39 8.93 9.79 10.33 10.34 10.47 
40 63.38 63.25 59.94 58.88 58.39 
41 91.57 123.50 135.46 138.93 140.14 
42 261.97 304.84 308.61 308.38 307.91 
43 89.84 120.90 130.43 132.98 134.32 
44 243.57 292.20 304.78 308.64 309.16 
45 268.49 375.22 412.90 424.25 427.58 
46 64.42 57.99 54.90 53.59 53.43 
47 1.11 2.54 3.22 3.47 3.50 
48 105.64 132.15 141.99 145.35 146.35 
49 61.32 110.07 139.67 149.38 155.38 
50 721.41 792.24 792.41 791.23 786.56 
51 805.09 980.23 1029.88 1043.08 1047.44 
52 2.29 1.61 1.40 1.35 1.33 
53 43.39 35.83 32.97 32.08 31.82 
54 18.34 11.80 10.00 9.51 9.37 
55 13.7l 16.64 17.49 17.73 17.79 
56 14.7l 16.37 16.81 16.91 16.94 
57 7.92 10.08 10.84 11.09 11.15 
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TABLE X. 

IR Spectral Intensity Changes (km/mol) with respect to E = 1 

lJ E=5 E = 15 E = 30 E = 40 Ma.x Change 

1 .05 .07 .08 .08 249.85% 
2 2.32 2.77 2.89 2.90 72.44% 
3 -1.02 -1.08 -1.09 -1.07 -52.66% 
4 -.01 -.01 -.01 -.01 -80.66% 
5 .14 .18 .20 .20 102.31% 
6 .07 .10 .11 .11 142.35% 
7 3.67 4.87 5.22 5.31 52.42% 
9 .05 .08 .09 .10 100.00% 

10 .66 .95 1.05 1.07 51.42% 
11 .00 .00 .01 .01 152.17% 
12 -.H -.17 -.17 -.17 -85.29% 
13 3.27 4.27 4.71 4.72 41.81% 
14 5.15 6.88 7.23 7.41 59.43% 
16 5.61 7.13 7.53 7.66 46.01% 
17 8.31 11.64 12.72 13.01 83.46% 
18 22.27 30.17 32.55 33.23 72.34% 
21 6.62 10.58 12.04 12.45 362.58% 
23 9.57 14.75 16.47 16.86 411.94% 
24 26.89 34.35 36.51 37.16 43.99% 
26 6.78 9.77 10.71 11.02 281.96% 
28 67.67 89.11 95.25 96.70 61.15% 
29 39.29 50.78 53.74 54.82 37.78% 
30 21.57 28.18 30.16 30.76 54.65% 
33 -.56 -.67 -.69 -.70 -93.22% 
35 4.20 11.73 14.34 13.17 121.20% 
38 82.55 119.65 132.14 135.73 115.37% 
41 31.93 43.89 47.35 48.57 53.04% 
43 31.05 40.59 43.14 44.47 49.50% 
45 106.72 144.41 155.76 159.09 59.25% 
47 1.43 2.11 2.36 2.39 216.98% 
48 26.52 36.35 39.72 40.71 38.54% 
49 48.75 78.35 88.06 94.05 153.38% 
51 175.13 224.78 237.99 242.35 30.10% 
52 -.68 -.89 -.94 -.96 -41.88% 
54 -6.53 -8.34 -8.83 -8.96 -48.88% 
57 2.16 2.92 3.17 3.23 40.81% 
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TABLE XI. 

Raman Spectral Intensity (A4/amu) vs. Dielectric Constant E (Part A) 

v E=l E=5 E = 15 E = 30 E = 40 
1 2.19 3.41 3.82 3.94 3.98 
2 .33 .91 1.12 1.19 1.20 
3 2.61 3.61 3.94 4.03 4.08 
4 .77 1.05 1.12 1.14 1.14 
5 .58 .99 1.17 1.22 1.24 
6 1.28 1.81 1.98 2.04 2.05 
7 1.28 2.18 2.48 2.56 2.59 
8 .58 .72 .74 .74 .74 
9 .02 .04 .05 .05 .05 

10 1.50 2.59 2.96 3.08 3.10 
11 .31 .25 .22 .21 .21 
12 .71 1.36 1.62 1.70 1.72 
13 3.38 4.90 5.31 5.39 5.43 
14 1.34 2.08 2.37 2.48 2.51 
15 3.65 5.45 6.05 6.22 6.26 
16 2.67 3.55 3.71 3.73 3.74 
17 1.40 2.08 2.34 2.42 2.44 
18 2.05 3.46 4.00 4.16 4.20 
19 .33 .39 .40 040 Al 
20 1.19 1.75 1.93 1.97 1.99 
21 .96 1.55 1.78 1.86 1.88 
22 .08 .12 .13 .13 .14 
23 .32 .66 .80 .85 .86 
24 4.93 7.07 7.67 7.84 7.84 
25 G.98 9.31 10.36 10.65 10.75 
26 3.67 5.40 5.93 6.09 6.12 
27 7.89 13.14 15.08 15.69 15.85 
28 2.11 3.13 3.42 3.51 3.52 
29 .47 .61 .66 .68 .68 
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TABLE XII. 

Raman Spectral Intensity (A 4 /amu) vs. Dielectric Constant E (Part B) 

1/ E=1 E=5 E = 15 E = 30 E = 40 
30 3.54 4.78 5.19 5.31 5.34 
31 2.50 3.41 3.71 3.80 3.82 
32 1.63 2.60 2.99 3.10 3.14 
33 .24 .27 .27 .27 .27 
34 .18 .16 .15 .15 .14 
35 4.20 4.36 3.68 3.49 3.41 
36 1.99 5.75 7.96 8.65 8.87 
37 .12 .24 .29 .31 .32 
38 5.33 7.17 8.04 8.34 8.43 
39 .50 .80 .88 .87 .90 
40 1.34 2.30 2.78 2.93 2.98 
41 7.06 10.68 11.83 12.22 12.27 
42 7.92 15.49 18.39 19.26 19.49 
43 10.43 15.43 17.06 17.51 17.70 
44 14.54 19.98 21.33 21.64 21.72 
45 16.95 29.98 34.97 36.51 36.98 
46 4.84 6.47 6.86 6.97 6.98 
47 7.15 10.55 11.62 11.92 11.99 
48 6.14 8.91 9.83 10.11 10.19 
49 .06 .09 .09 .09 .09 
50 .36 .37 .38 .39 .39 
51 .53 .79 .92 .97 .98 
52 11.20 14.40 15.42 15.74 15.79 
53 114.90 163.53 178.88 183.35 184.45 
54 95.74 130.12 141.44 144.83 145.69 
55 22.36 38.16 43.67 45.44 45.82 
56 13.77 19.34 21.17 21.73 21.93 
57 38.09 58.37 65.19 67.00 67.55 
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TABLE XIII. 

Raman Spectral Intensity Changes (A4/amu) with respect to £ = 1 

v £=5 £ = 15 £ = 30 £ = 40 Max Change 
1 1.22 1.63 1.75 1.78 81.39% 
2 .58 .79 .86 .86 260.99% 
5 .41 .59 .64 .66 114.98% 
6 .53 .71 .77 .77 60.40% 
7 .89 1.19 1.28 1.30 101.51% 
9 .02 .02 .03 .03 116.22% 

10 1.10 1.47 1.58 1.60 106.96% 
12 .65 .91 .99 1.01 142.97% 
13 1.52 1.93 2.01 2.05 60.83% 
14 .74 1.02 1.14 1.16 86.56% 
15 1.81 2.41 2.57 2.61 71.63% 
17 .68 .94 1.03 1.05 74.97% 
18 1.41 1.94 2.10 2.15 104.58% 
20 .56 .73 .78 .79 66.50% 
21 .59 .82 .90 .92 95.24% 
22 .04 .05 .05 .05 61.81% 
23 .33 .48 .52 .53 164.85% 
25 3.33 4.38 4.67 4.77 79.80% 
26 1.73 2.26 2.41 2.44 66.56% 
27 5.25 7.19 7.79 7.95 100.80% 
28 1.01 1.30 1.39 1.41 66.58% 
32 .97 1.36 1.47 1.51 92.57% 
36 3.75 5.96 6.65 6.88 345.03% 
37 .12 .18 .19 .20 165.27% 
39 .30 .38 .37 .40 80.53% 
40 .97 1.44 1.59 1.64 123.93% 
41 3.62 4.77 5.16 5.21 73.70% 
42 7.57 10.47 11.34 11.57 146.12% 
43 5.00 6.63 7.08 7.27 69.68% 
45 13.03 18.02 19.56 20.03 118.15% 
47 3.41 4.47 4.78 4.84 67.77% 
48 2.77 3.69 3.97 4.05 65.94% 
51 .27 .40 .44 .45 85.95% 
53 48.63 63.98 68.45 69.55 60.53% 
55 15.80 21.30 23.07 23.45 104.87% 
57 20.28 27.10 28.91 29.46 77.35% 
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TABLE XIV. 

Atomic Charges (esu) vs. Dielectric Constant E 

Atom E=l E=5 E = 15 E = 30 E = 40 
Cl .0488 .0418 .0401 .0396 .0394 
N2 -.5051 -.5168 -.5206 -.5218 -.5220 
C3 .0489 .0418 .0400 .0396 .0396 
N4 -.4832 -.4715 -.4679 -.4669 -.4667 
C5 .0047 -.0032 -.0055 -.0063 -.0064 
N6 -.4832 -.4715 -.4680 -.4669 -.4667 
N7 .8514 .8473 .8460 .8456 .8455 
08 -.4637 -.4651 -.4656 -.4657 -.4659 
09 -.4783 -.4882 -.4911 -.4919 -.4920 

NI0 .8514 .8473 .8460 .8456 .8454 
011 -.4637 -.4651 -.4656 -.4657 -.4657 
012 -.4783 -.4882 -.4910 -.4918 -.4921 
N13 .8599 .8659 .8681 .8688 .8689 
014 -.4818 -.4869 -.4890 -.4897 -.4899 
015 -.4818 -.4869 -.4890 -.4897 -.4899 
H16 .2216 .2378 .2427 .2442 .2446 
H17 .3188 .3171 .3168 .3167 .3167 
H18 .2216 .2378 .2427 .2442 .2446 
H19 .3188 .3171 .3168 .3167 .3166 
H2O .3267 .3264 .3263 .3264 .3263 
H21 .2466 .2630 .2678 .2692 .2695 
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TABLE XV. 

Changes in Atomic Charges (esu) with respect to € = 1 

Atom €=5 € = 15 E = 30 E = 40 Ma.x Change 
C1 -.0070 -.0087 -.0092 -.0094 -19.35% 
N2 -.0117 -.0155 -.0167 -.0169 3.35% 
C3 -.0071 -.0089 -.0093 -.0093 -19.17% 
N4 .0117 .0153 .0163 .0165 -3.42% 
C5 -.0078 -.0102 -.0110 -.0110 -236.26% 
N6 .0116 .0151 .0162 .0164 -3.40% 
N7 -.0041 -.0053 -.0058 -.0059 -.69% 
09 -.0099 -.0127 -.0136 -.0137 2.86% 

NlO -.0041 -.0054 -.0058 -.0060 -.70% 
012 -.0098 -.0126 -.0135 -.0138 2.88% 
N13 .0060 .0082 .0089 .0091 1.06% 
014 -.0050 -.0071 -.0078 -.0080 1.67% 
015 -.0050 -.0072 -.0078 -.0081 1.67% 
H16 .0161 .0211 .0226 .0230 10.37% 
H17 -.0017 -.0021 -.0022 -.U022 -.68% 
H18 .0161 .0211 .0226 .0230 10.36% 
H19 -.0017 -.0021 -.0022 -.0022 -.69% 
H21 .0165 .0213 .0226 .0230 9.32% 

TABLE XVI. 

Dipole Moments (Debye) of RDX 

E fl l!:.L 
/1-g 

x y z Total 
1 0.4621 0.0002 6.5815 6.5977 1.00 
5 0.3477 -0.0002 7.6604 7.6682 1.16 

10 0.3091 -0.0003 7.9009 7.9069 1.20 
15 -0.2914 -0.0001 7.9905 7.9958 1.21 
20 -0.2819 0.0008 8.0401 8.0450 1.22 
25 -0.2792 -0.0001 8.0673 8.0721 1.22 
30 -0.2745 -0.0003 8.0873 8.0920 1.23 
35 0.2681 0.0091 8.1084 8.1128 1.23 
40 0.2701 -0.0002 8.1148 8.1193 1.23 
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TABLE XVII. 

Absolute Energy and Zero-Point Energy 

E Absolute Zero Point 
(hartrees) (kcal/mol) 

1 -892.5070661 89.6016 
5 -892.5116593 89.5780 
10 -892.5126436 89.5421 
15 -892.5130080 89.5364 
20 -892.5131980 89.5331 
25 -892.5133144 89.5312 
30 -892.5133932 89.5302 
35 -892.5134501 89.5271 
40 -892.5134930 RO -( " 

TABLE XVIII. 

Temperature-Corrected (323 K) Thermodynamic Functions (kcal/mole) 

E 6.H TtlS 6.G 
1 0.0000 0.0000 0.0000 
5 -2.9385 0.0704 -2.8681 
10 -3.5717 0.0658 -3.5059 
15 -3.8057 0.0617 -3.7440 
20 -3.9280 0.0582 -3.8699 
25 -4.0029 0.0556 -3.9473 
30 -4.0533 0.0546 -3.9987 
35 -4.0911 0.0505 -4.0406 
40 -4.1195 0.0481 -4.0714 
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CHAPTER V 

Conclusions 

Hartree-Fock self-consistent-field methods[9,1O,16] coupled with Onsager 

theory[7,8,1l] have been used to study the changes in the molecular properties 

of RDX induced by solvents of varying dielectric constants. Changes in geomet

ric parameters, harmonic vibrational frequencies, Gibbs free energy, infrared and 

Raman spectral intensities, atomic charge distributions, and dipole moments have 

been calculated. 

The results indicate that most of the changes which occur approach limiting 

values at or before € = 20. Only the infrared and Raman intensities and compo

nents of the dipole moment of RDX change significantly with increasing dielectric 

constant of the solvent. All other molecular properties have minimal change as € 

increases. 

The level of theory used here is not flexible enough to give a quantitative 

represent.ation of the changes with respect to increasing dielectric constant. The 

directions of the trends, however, are probably correct. Improvements, left for 

future work, would be first to use a better basis set such as the triple zeta plus one 

diffuse valence function. This would allow the electronic cloud to respond more 

completely to the applied external field. The next step would be to include correla

tion effects (such as second-order M¢ller-Plesset Perturbation theory) and density 

function theory llsing a hybrid functional like that Becke-3LYP. It is expected that 

with a more flexible basis set and correlation treatment that one would see a larger 

charge rearrangement in the molecule upon the application of a field. 

The large changes in intensity for the infrared spectra as a function of in

creasing € suggest that IR spectroscopy may be an effective tool for exploring the 
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microst.ruct.ure around the RDX in a solvent. Comparisons of experimental and 

theoretical spectra could provide a guide for the number of modifiers surrounding 

the molecule in solution, as well as the nature of the interactions. For example, 

if the solvent molecules are complexed to RDX in solution, the infrared spectra 

should change significantly; however, if the RDX molecule is not bound or com

plexed in solution, then the trend in the changes in the spectral intensities should 

be similar to those predicted in this study. 

Apart from changes in the charge distribut.ion due to changing f, t.he partial 

charges calculat.ed with E = 1 (no field) give a good indication as to where one 

would expect to see hydrogen-bonding type arrangements between a polar modifier 

and the RDX modifier if such bonding occurs. These calculat.ions confirm that the 

oxygens have a st.rong negat.ive charge, which would make them good electron 

donors in a hydrogen-bonding situation. 

The Gibbs free energy of solvation is negative for all f > 1. This negative 

free energy indicates that the RDX molecules attain a 1mw ,.. 6Y state, and are 

stabilized by the polar solvents. These c ,~ that the Gibbs free 

energy quickly reaches a plateau with increasll1g t. t.Nen though these calculations 

do not predict the solvent that provides the maximum stability of the molecule, it 

appears that there is a value of the dielectric constant beyond which modest to no 

additional st.ability is achieved. 
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