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Abstract 

 

 The dynamic energy transfer processes present in liquid nitromethane (NM) under 

pressure shock loading conditions have been investigated by nonequilibrium molecular 

dynamics methods using a previously developed, fully flexible NM force field (Sorescu, 

D. C.; Rice, B. M.; Thompson, D. L. J. Phys. Chem. B 2000, 104, 8406).  Generally good 

qualitative agreement with the corresponding experimental values was found for sound 

speeds (C) as a function of temperature.  This is true as well for the PVT Hugoniot data 

calculated for the shock compressed zones behind our simulated shock fronts.  The 

predicted C(T) are, however, ~13 – 30% higher than experiment (Lysne, P. C.; Hardesty, 

D. R. J. Chem. Phys. 1973, 59, 6512) and our predicted densities for the shock 

compressed area behind fronts are consistently 4 – 10% lower than experiment (Winey, J. 

M.; Duvall, G. E.; Knudson, M. D.; Gupta, Y. M. J. Chem. Phys. 2000, 113, 7492).  

Accurate Hugoniot pressures are predicted by our simulations at all three initial 

temperatures (Ti) studied.  The Ti simulated for this work (255, 300, 350 K) span virtually 

the entire experimental ambient pressure liquid temperature range of NM (~ 244 – 373 

K).  Thus combining and comparing our results with those of Winey et al. based on 

empirical equations of state work, opens up a considerable range of possible further tests 

and developments of our NM force field.  This is particularly important in regards to the 

intermolecular force field due to its intended purpose of being applicable to a wide range 

of nitro and nitramine energetic compounds.  Also, within the timeframes of our 

simulations (< 10 ps) the kinetic energy behind our shock fronts does not achieve 

equilibrium conditions as determined by the classical theory of equipartition. 
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I.  Introduction 

 

 The area of molecular dynamics (MD) simulations of shocks through multi-atom 

molecular condensed phases is relatively little explored due, in large part, to 

computational expenses rapidly incurred in trying to simulate complex dynamic 

processes that occur far behind a shock front.  However, if one’s work is limited to the 

most basic shock properties and relatively small molecules, then a study can be 

undertaken, as reported here, using a realistic molecular potential with relatively modest 

computational expenses.  Our present study is on MD simulations of mechanical shock 

waves through liquid nitromethane (NM).  The intent is, in part, to further test the 

suitability of simulating dynamic energy transfer processes under nonequilibrium 

conditions using the nonreactive force field developed and tested by Sorescu, Rice, 

Thompson and coworkers.1 - 5  More generally our goal is to gain some fundamental 

insights using classical molecular dynamics techniques into the energy transfer 

mechanisms occurring in molecular materials within extremely short timescales, on the 

order of less than ten picoseconds.  Previous NM liquid and solid state MD work done by 

Sorescu et al.1,2 using this force field established that satisfactory agreement with 

experiment is obtained for a wide range of bulk structural, static, dynamic and transport 

properties while the system is kept under equilibrated, hydrostatic conditions.  Their MD 

simulations1,2 implemented constant coupling to a barostat and thermostat and used direct 

velocity scaling during equilibration in order to tightly control energy fluctuations to 

obtain and then maintain the desired pressures and temperatures.  The isobaric-isothermal 

ensemble used for their simulations limits the sampled range and amount of time spent in 
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the higher energy areas of the NM potential energy surface.  This fact makes it difficult to 

predict whether or not this force field will adequately perform under slight to severe 

nonequilibrium conditions. 

Work done by Kabadi and Rice5 used the same NM force field under 

nonequilibrium conditions to simulate dynamic energy transfer from normal mode 

(intramolecular) excitations of the methyl group of NM.  To avoid the complications 

introduced from barostat and thermostat coupling to atomic velocities, they used a 

microcanonical ensemble (NVE) immediately upon introducing the normal mode 

excitation energy into their system.  Isobaric-isothermal simulations were only used 

initially to equilibrate their system to the desired ambient initial conditions.  In 

comparison to experiments,6 the Kabadi et al. study found some qualitative agreement but 

relatively little quantitative agreement in the rates and specific mechanisms for energy 

transfer to other intramolecular modes and the surrounding phonon bath.5  In particular, it 

was seen that by 15 ps after excitation ~80% of the expected energy transfer to the bath 

has already occurred in the simulations, whereas in the experiments only ~30% was seen 

to have dissipated to the bath within ~15 – 30 ps.  In simulations the final relaxation of 

excitation energy, primarily from the CN stretching mode to the bath, occurred well 

within 30 ps.  Compared to experiment6 in which most energy redistribution to the bath 

occurs within ~ 50 – 100 ps, from multiple excited lower frequency NM intramolecular 

vibrations.  Thus, it was found in general in the Kabadi study5 that energy transfer from 

intramolecular vibrations to intermolecular vibrations (the heating of the phonon bath) 

apparently occurs much more rapidly in the NM model than in experiment.  Based on the 

energy-transfer time scale of these studies, particularly the simulations, it is reasonable to 
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expect that measurable amounts of intramolecular up pumping will occur behind shock 

fronts in this NM liquid model, even on the extremely short temporal and space scales (< 

10 ps and < 70 Å, respectively) of our pressure shock simulations. 

Differences between the predictions of the Kabadi simulation results5 and the 

Deak et al. experiments6 were attributed largely to deficiencies in the intramolecular 

potential energy function and perhaps to the lack of quantum effects in the classical 

dynamics simulations as well. In addition, these experiments had carbon tetrachloride as 

a “molecular thermometer” for monitoring the conditions of the bath around the excited 

NM.6  This temperature probe introduced the complication that differences between NM 

– NM intermolecular coupling and that of NM – CCl4, allows for a time delay of energy 

transfer from the heated NM bath to CCl4.  It is indicated that this delay time may be less 

than 20 ps, based on some of their preliminary results of CCl4 used as a molecular 

thermometer in methanol.6  Nevertheless, this range of possible delay times in the up-

pumping of the CCl4 vibrations from the NM bath is significant to our shock studies in 

which all energy transfer must occur within 10 ps.  Kabadi and Rice also suggested that 

the ~4% deviation from experiment in their simulated initial liquid density (ρ0) 

contributes to the mechanistic and temporal differences with experiment.  The density at 

ambient conditions for this model of liquid NM is virtually exclusively determined by the 

intermolecular potential.  Thus, mentioning that a density difference can contribute 

noticeably to discrepancies in nonequilibrium dynamic energy transfer can be interpreted 

as evidence of deficiencies primarily in the intermolecular force field.  However, it is 

worth emphasizing that Kabadi and Rice claim their data supports an indirect vibrational 

energy transfer mechanism in which the initially excited molecular vibrations heat the 
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bath’s phonon modes first, which in turn are responsible for heating intramolecular 

vibrations in molecules not initially excited.  Due to the short time scales (~ < 15 ps) of 

these processes in their simulations their mechanistic energy transfer details are quite 

relevant to our study in which highly excited phonons in the shocked regions of our 

liquid must transfer energy to intramolecular modes on extremely short time scales.  

The NM potential model under consideration has given good melting point 

temperatures (Tm) in comparison to experiment7 (Tm,exp.= 244.73 K) in several recent 

studies.3,4,8,9  In the melting study done by Agrawal et al.3 it was found that the 

intramolecular force field did not play a significant role in predicting the melting 

temperature.  In the work by Siavosh-Haghighi,8 in addition to giving good bulk Tm 

values (239±5 or 251±4.9 K, depending on method), the potential gave qualitatively 

interesting and realistic mechanistic details of melting.  It was observed that, in general 

agreement with theory and experiments on different crystal systems, a stable thin melted 

surface layer of NM forms below Tm for the bulk solid.8  Similar effects were seen in 

prior work by Alavi4 using this same force field to simulate the melting of NM 

nanoparticles, where Tm depends on the number of molecules in the nanoparticle.  In 

addition, Tm for bulk NM showed an expected qualitative dependence on the 

crystallographic orientation of exposed surfaces.8  Siavosh-Haghighi also found that 

during melting, the orientational order of NM at the surface – vacuum interface was lost 

up to ~100 ps before the molecular center-of-mass spatial order was lost.8  The 

orientational rotations of NM are degrees of freedom which can carry significant 

percentages of the kinetic energy, but they are influenced primarily by the intermolecular 

force field, not the intramolecular force field.  Thus, it still makes sense, mechanistically 
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speaking, that the melting temperature of NM is largely independent of its intramolecular 

potential as Agrawal et al. found,3 despite notable orientational dependence.  

In summary, phonon vibrations are mostly responsible for the NM crystal 

melting.  These modes are practically independent of intramolecular vibrations and 

rotations, with a possible exception being NM molecular tumbling motions.  Therefore, 

detailed calculations on the intramolecular NM vibrations are not part of our current 

study.  Nevertheless, we do allow for the possibility of intramolecular degrees of freedom 

to influence our shock dynamics by using the fully flexible model.  Initially our 

calculations focus on measuring shock speeds (Us) as a function of particle velocities 

(Up).  From the Us – Up curves we extract the temperature (T) dependence of the speed of 

sound (C) through the liquid phase of our NM model.  Our C(T) results are compared 

below directly to equivalent experimental data,10, 11 most of which was obtained by Lysne 

and Hardesty12 as part of their work in developing a full equation of state for nonreactive 

liquid NM.  Simulations of supported shocks allow for excitations of intramolecular 

modes with time, but our calculations in this regard are only focused on separating the 

intermolecular vibrations from the intramolecular.  In other words, we have thus far only 

separated center-of-mass translational motions from the rest of the internal molecular 

rotational, plus vibrational modes.  We also utilize the Rankine-Hugoniot (RH) 

equations13-16 to extract theoretical predetonation pressure-volume (PV) data.  This RH 

data, along with time dependent PVT data calculated directly from the nonequilibrium 

area behind our simulated shock fronts, shall be placed within the context of extensive 

NM experimental shock dynamics work,10, 11, 17-25 and static high pressure experimental 

work26-29 available in the literature.   
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II. Considerations on the Nitromethane Model 

 

There are no detonations possible for the shock-loaded NM model which have 

investigated.  In other words no intramolecular bond breaking can occur in our 

simulations.  The total intramolecular potential for each atom is a sum of three different 

functions, 

  

 torsionbendstretch VVVV ++=ularintramolec      (1) 

 

The total intramolecular stretching potential, Vstretch, for a given molecule is the sum over 

the six covalent bonds of NM, 
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Here βi are the potential curvature parameters, ri are the instantaneous bond lengths, and 

r0,i are the equilibrium bond lengths taken from the isolated gas molecule.  This potential 

uses Morse functions for which the well depths Di, are taken from an earlier study done 

on NM unimolecular decomposition energies.30  However, the weighting and switching 

functions that allow for bonds to break and form in that study are not used here.  

Harmonic functions are added to the intramolecular potential to describe atom centered 

molecular bending motions, 
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where ki are the harmonic force constants.  The parameters θi and θ0,i in Eq. (3) are the 

instantaneous and equilibrium values, respectively, for the nine bond angles in NM (3 

HCH angles, 3 HCN, 2 CNO, and 1 ONO).  A sum of cosines is used for describing the 

torsional motions in NM,1,3  
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In Eq. (4) VФ,i is half of the torsional barrier for the six HCNO and one NOOC dihedral 

angles.  Also, Φi and δi are the instantaneous and equilibrium values, respectively, of the 

torsional angle i, and µi is a constant equal to 3 for the HCNO dihedrals and 2 for the 

NOOC dihedral.  The equilibrium parameters and force constants for Eqs. (2) – (4) were 

fit to values from density functional theory for an isolated NM molecule.  The correct 

potential parameters for the intramolecular bonds, stretches, and torsional motions are all 

given in Ref. 3.   

 The intermolecular part of the NM potential was originally developed to describe 

nonreactive processes in the highly energetic nitramine crystal RDX (hexahydro-1,3,5-

trinitro-1,3,5-s-triazine).31  It was then shown through further molecular packing 

calculations and isothermal-isobaric MD simulations to be readily transferable to a 
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considerable range of energetic compounds.1  In general these studies obtained good 

structural crystallographic parameters over a range of ambient to moderately high 

pressure and temperature conditions.1  These nonbonding molecular interactions between 

atoms are given as a Buckingham potential plus corresponding Coulombic interactions, 

 

R

qq

R

C
RBARV

0
6

inter

4
)exp()(

πε

βααβ
αβαβαβ +−−=     (5) 

 

where R is the interatomic distance between atoms α and β, and ε0 is the dielectric 

permittivity constant of free space.  The numerical values of the parameters Aαβ, Bαβ, and 

Cαβ in Eq. (5) are kept the same for multiple, energetic, nitro and nitramine (general 

chemical structure RNNO2) systems.  These parameters are given in Ref. 31.  The atom-

centered partial charges qα and qβ used for Eq. (5) are uniquely determined for each 

system.  They were calculated for NM through fitting to an electrostatic force field 

derived through quantum mechanics for an single molecule with its geometry required to 

stay the same as that in the experimental, ambient crystalline state.  The values of the 

partial charges used for our NM model, are given in Refs. 1 and 3.  Thus the transferring 

of the intermolecular potential to other similar systems is done by changing only the 

partial charges and leaving the other nonbonding parameters in Eq. (5) unaltered.   

Finally, at each instant the total potential energy for each atom α in our liquid NM 

system is calculated by the appropriate summation of the above four equations, 
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The original, primarily crystal structural studies that employed this intermolecular 

potential used a rigid molecule assumption (no intramolecular potential).  This naturally 

lead to the most notable deviations from experiments occurring in systems with larger, 

floppier molecules in which intramolecular motions are difficult to ignore.1  Also, the 

studies were at relatively moderate temperatures and pressures.  Under the high pressure 

and energy conditions present in shock-loading conditions, and generally needed to 

approach reactivity,26-29 most thermodynamic and kinetic properties of interest in 

condensed phases become heavily reliant on the presence of inter to intramolecular 

coupling (or vice versa).  Therefore, the full intramolecular, nonreactive potential for NM 

was developed and tested with good results for bulk crystal structural, vibrational, and 

rotational properties in NPT and NVT ensemble studies up to high hydrostatic pressure 

and temperature conditions.1  These were followed by similar isothermal-isobaric liquid 

NM simulations using the fully flexible model to produce a bulk adiabatic curve at 1 atm 

between 260 – 374 K and the room temperature isotherm up to 14.2 GPa.2  These liquid 

simulations gave good agreement with hydrostatic diamond anvil EOS experimental 

data,26 - 29 but they do not necessarily imply correct dynamical behavior in reaching the 

high pressure, temperature and density states obtained under shock loading conditions.  

This is particularly true within the short time frame of our pressure shock simulations (< 

10 ps).  The varying success of the energy transfer study5 already discussed in the 

introduction gives incentive for further tests of the usefulness of this potential in 
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simulating dynamic energy transfer processes.  In the melting study by Agrawal et al.,
3 

the effect of altering the partial charges in Eq. (5) is examined.  Agrawal found that small 

changes in partial charges altered the Tm predictions for the perfect bulk crystal nearly on 

a one-to-one percent ratio (for example, altering all of the partial charges by ~ 5% caused 

the perfect crystal’s Tm to correspondingly increase or decrease by ~ 5%).   Again, in our 

study it is generally expected that the intermolecular force field plays the primary role in 

determining most of the shock data of current interest.  Thus, to alter the shock results, if 

desired, it would be reasonable to first consider altering the partial charges and/or the 

intermolecular functional form of the electrostatic part of Eq. (5), so as not to adversely 

affect the transferability of the intermolecular Buckingham-part of the potential to the 

many compounds previously tested. 

A general issue which we address in this study is how well can a classical, 

additive empirical potential energy function like Eq. (5), parameterized by fitting to 

experimental crystallographic data and ab initio electrostatic results fit to Coulombic 

point charges, to accurately model complex dynamic processes in those crystals.  This 

question is contingent upon the assumption that the dynamic processes of interest depend 

on the intermolecular part of the potential much more than its respective intramolecular 

portion.  It is worth emphasizing that the inter and intramolecular potentials are not 

coupled functions and, correspondingly, neither are the forces derived from them.  That is 

to say, the intramolecular potential is calculated precisely the same way regardless of the 

intermolecular potential.  For each atom type Eq. (1) uses an unchanging number of terms 

that are independent of the intermolecular potential.  In short, there are no V
intermolecular 

cross terms in Eq. (1).   Thus, if adequate generalizations can be made about the quality 
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of the intermolecular potential to simulate dynamic energy transfer processes then focus 

can be placed on the development and use of the intramolecular potential where 

necessary.  For instance, if it is known that Eq. (5) for NM accurately simulates the 

phonon energy transfer involved in shock wave propagation, then it can more reasonably 

be assumed that discrepancies between experiment and theory, as found in studies like 

that of Kabadi and Rice,5 arise largely from inadequacies in the energy transfer processes 

described by the intramolecular part of the potential.   
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III. Shock Theory, Molecular Dynamics Methods and Initial Conditions 

 

A.  Basic Shock Dynamics Theory.  

Our working definition of sound waves in condensed phases is that they are the 

lower limit of pressure shocks attainable for a given temperature, in which the average 

particle velocity (Up), mass flux, caused by the pressure wave goes to zero.13  In fact, in 

ideal sound waves there are no internal fluxes of any type.  Thus, in this limit changes to 

density, pressure or temperature in the liquid due to the sound wave are infinitesimal, 

particularly in comparison to the initial, internal values of these properties.   In other 

words, sound waves are very close approximations to reversible, adiabatic 

thermodynamic processes.15  Comparing the qualitative behavior of sound speeds (C), 

such as the rate of change of C with temperature, and the quantitative values of C against 

experiment10, 11 gives a simple, stringent test of the intermolecular NM force field to 

dynamically simulate accurate phonon energy transfer.   

 The magnitude of a shock front, whether in terms of a velocity component, 

density, temperature, etc., depends on the shock strength which can be determined by Up.  

The amount of noise in shock data of interest for a sample of equilibrated material ahead 

of a shock front depends on the average system temperature, the number of particles in 

the sample, and on the time duration of each measurement.  Low energy shock waves 

become increasingly difficult to separate from random noise as temperature increases and 

as the sample size decreases.  All of this is true in both experiments and molecular 

dynamics simulations of shock fronts, particularly in the latter case due to the relatively 

small number of molecules which are computationally feasible to simulate.  However, 
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shock front data from high energy supersonic waves is easily separated from the random 

noise of the rest of the material.  This fact is utilized to measure the shock speeds (Us) in 

our NM liquid model for a given temperature and Up.  Once the values of Us are known 

for each Up at a specific temperature the unshocked initial conditions may then be used to 

apply the Rankine-Hugoniot (RH) equations13-16 to predict the shocked PVT data 

expected in a region that has achieved hydrostatic equilibrium (constant P, T, and ρ) 

behind a shock front.  The first RH equation is the conservation of mass across the shock 

front, given by, 

 

sps UUU 01 )( ρρ =−⋅        (8) 

 

In Eq. (8) ρ0 is the unshocked mass density ahead of the front and ρ1 is the compressed 

mass density predicted after hydrostatic equilibrium is obtained behind the front.  The 

second of the RH equations is the conservation of momentum across the front, 

 

( ) 2
00

2
11 s

 
ps UPUU P ⋅+=−⋅+ ρρ     (9) 

 

where P1 and P0 are the equilibrated pressures (momentum fluxes) behind and ahead of 

the shock front, respectively.  We point out that momentum flux refers to the momentum 

flowing through a unit area per unit time.  Since momentum per unit time is in fact the 

force, then momentum per unit time, per unit area, is the same as force per unit area, the 

pressure.  Thus momentum flux and pressure are used interchangeably, as is common in 
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shock dynamics studies.  In all of our simulations P0 is set to zero. Equations (8) and (9) 

are most easily understood in terms of mass and momentum flux equations in which our 

frame of reference is a unit area moving along with the speed of the shock front, Us.  In 

such a reference frame Us becomes the speed at which particles are entering our unit area 

of the shock front.  Likewise, Us – Up is the net speed at which the particles are exiting 

the turbulent shock front frame and entering the hydrostatic equilibrium region at some 

distance behind the front.  Thus it is seen by Eqs. (8) and (9) that the mass and 

momentum flux into the shock front frame (the unshocked, right hand sides of the 

equations) will equal the fluxes out of the frame (the left sides).  The third RH equation is 

the conservation of energy.  It is analogues to the two RH equations given above and, 

though we have not made direct use of it in our current study, it is given here for 

completeness as, 
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     (10) 

 

where E0 and E1 are the internal energies ahead of and behind the fronts, respectively.  

Thus, the sum of the first two terms on either side of Eq. (10) is the specific enthalpy and 

the third terms are the energies due to mass flux across the shock front.  These RH shock 

dynamic equations can be derived as special cases of general continuum 

hydrodynamics.13-15, 32  They were originally derived for homogenous, ideal liquids,16,33 

but they are also generally applicable to uniform planer shock waves in liquids and 
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solids, as long as P1 and P0 are understood to be uniaxial stress tensors normal to the 

shock plane.16   

It should be emphasized that, in order to directly compare any system under 

consideration to the predicted values given by Eqs. (8) – (10), hydrostatic equilibrium 

behind the front must be reached in a sufficient amount of material to obtain adequate 

averages of the material’s compressed properties.  In shock simulations one common aim 

is to realize the size of nonequilibrium regions immediately behind shock fronts which 

may not follow expected behavior.  The simplest behavior commonly expected is when a 

hydrostatic state is rapidly achieved after the shock front passes and the width of any area 

which is not at hydrostatic equilibrium, including the front itself, is constant.14  This issue 

is of practical computational importance in order to know how, or if a large enough 

system can be simulated so that high energy, high pressure states can be achieved and 

maintained long enough, behind a supersonic front, to be adequately studied.   

 

B. Initial Conditions and Shock Simulation Methods.   

For all simulations the DL_POLY34 MD program versions 2.14 and/or 2.15 were 

used interchangeably since both were found to give identical results in trajectory data for 

our simulations. The DL_POLY code employs a Verlet leapfrog integration35 of the 

equations of motion along with a Nosé-Hoover thermostat and a Hoover barostat to 

generate the NPT ensembles necessary in this work for setting the desired initial 

conditions.  The relaxation time constants for temperature and pressure fluctuations for 

all equilibration NPT simulations were set to 0.1 and 2.0 ps, respectively.  We employ the 

standard Ewald sum technique35,35 for full periodic boundary conditions to handle long-
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range electrostatic forces.  The cutoff distance applied to the short range intermolecular 

forces was set to either 11.5 or 12.0 Å and the Verlet-neighbor list shell width was set to 

1 - 2 Å for all simulations, with no significant differences found when using the differing 

values.   

For the majority of results presented below we simulated a slab of 879-liquid NM 

molecules sandwiched by a vacuum in the z-dimension.  In the x- and y-dimensions 

periodic boundary conditions are employed.  However, preliminary runs were also done 

on a smaller NM system consisting of 480 molecules sandwiched by vacuum in the x-

dimension with periodicity in the transverse zy-dimensions.  To generate the initial 

conditions for these smaller-scale preliminary shock runs we started with a solid super-

cell with orthorhombic dimensions of 10 x 4 x 3 crystalline unit cells sandwiched by 

vacuums as mentioned.  This solid super-cell was melted and then equilibrated in an 

NVT simulation set to 300.5 K for 650000 time steps of 0.75 fs each.  Velocity scaling 

was done every 10 time steps during the first 20000 steps of this equilibration. After this, 

another 150000 time steps of 0.5 fs were carried out under NVE conditions in direct 

preparation for the microcanonical nonequilibrium shock simulations.  This 480-molecule 

system took on the dimensions of ~69.4 x 25.28 x 26.19 Ǻ, at 300.5 K after equilibration.  

The approximate x-dimensional length of the super-cell is due to uncertainty in the 

precise location or definition of the liquid surface.  The method we used to locate the 

surfaces of our systems is described in detail the next section below.   

To reach a second liquid state temperature of 350 K, we started from the 

equilibrated 300.5 K liquid and then carried out an additional 50000 time steps of 0.5 fs 

each, under NPT conditions.  The pressure was set to zero in all of our simulations.  The 
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first 10000 of these time steps had velocities scaled every 5 steps.  The 300.5 K system 

had been used for melting studies4 and had required an unusually long time period of 

487.5 ps to achieve a fully liquefied state.  We used the fully melted and equilibrated 

systems for initial simulations with shocks generated by a thin flyer-plate having an 

arbitrary thickness of 15.0 Ǻ.  Depending on the temperature and the specific trajectory 

this flyer-plate thickness contained 89 to 94 surface molecules at 300.5 K or 70 to 83 

surface molecules at 350 K.  At the higher liquid temperature, a decrease in free surface 

density causes fewer molecules to be contained within the constant flyer-plate width of 

15.0 Å.  The flyer-plate was located on the negative end of the liquid slab relative to the 

origin at the center of the slab.  To this flyer-plate an instantaneous, unidirectional 

positive impact velocity (Ufp) was added to the x-component of the velocity of every 

atom of each molecule within the flyer-plate.  This flyer-plate then generates an 

unsupported shock front traveling from the negative to the positive end of the liquid slab.  

This flyer-plate method was also employed for our 879-molecule liquid NM systems in 

addition to the “half-against-half” shock method described below.   

To generate 879-molecule liquid configurations we started with a 5 x 4 x 11 

crystal supercell, and then fully melted it under NPT and NVT ensemble conditions at 

350 K.  To generate 300.5 K liquid configurations we took the final, fully melted and 

equilibrated 350 K NM liquid configuration and cooled it using an NPT ensemble at zero 

pressure.  Specifically, to achieve the 300.5 K liquid configuration the system was 

simulated for 28.75 additional picoseconds during which direct velocity scaling was 

sustained for 18.875 ps.  The first 11.25 ps of this cooling period used a 0.75-fs time step 

and the final 17.5 ps used a 0.5-fs time step.  During this melting and 
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cooling/equilibration time, one molecule escaped into the gas phase and was simply 

removed from the system before beginning the NVE simulations.  Hence, there are 879-

liquid molecules as opposed to the 880 in the initially perfect crystal of dimensions given 

above.  The final 300.5 K equilibrated NM liquid configuration was used as the initial 

input data for the NPT equilibration cooling simulation at 255 K, just above Tm.  NVE 

initializing simulations for all temperatures and initial configurations were carried out 

using the 0.5-fs time step in final preparation for all of our NVE nonequilibrium shock 

simulations.  Also, from the 300.5 K final configuration we generated another NVE final 

configuration separated from the first one by 16500 time steps.  These two 300.5 K final 

configurations were placed end-to-end along the z-dimension with their surfaces meeting 

at the origin to create a liquid system of 1758-NM molecules sandwiched by vacuum at 

the ends of the enlarged simulation box.  This “double-size” system allows for twice as 

much time as is possible in the single 879-molecule system to examine conditions behind 

shock fronts.  The final positions, velocities and forces of all atoms from every final 

equilibrated NVE liquid configuration are used as the initial input for our shock 

simulations with velocities appropriately modified to generate the shocks,. 

To setup the “half-against-half” NM shock simulations for the single 879-

molecule liquid slabs, a dividing plane is found along the z-axis which separates the 

system into virtually equal halves, one half with 440 molecules and the other with 439.  

Beginning the shock simulations involves giving the two equal halves impact velocities 

of Ufp, equal in magnitude but opposite in direction.  The appropriate impact velocities 

are added only to the z-component of every atom’s instantaneous velocity.  Then the 

nonequilibrium molecular dynamic simulations are carried out in the microcanonical 



 

 19 

ensemble.  The subsequent collision of the two liquid halves generates two supported 

shock fronts originating at the center dividing plane and traveling along the z-axis in 

opposite directions.  This same method is employed for the 1758-molecule system, with 

each half having 879-molecules.  In all cases, Us values were found to be independent of 

the shock method, unsupported or supported, for a given temperature and Ufp.  This 

method of simulating constant piston velocity shocks is similar to what was recently done 

by Zhao et al.36 in which the two equal halves of their system were given equal and 

opposite Up, thereby causing outward traveling shock fronts as in our half-against-half 

method.  In addition, the two opposing periodic boundaries transverse to the shock 

direction in their simulations also moved inwards at the rate of Up.  By this method they 

did not have surfaces exposed to vacuum.  When their resulting shock fronts reached the 

periodic boundaries along the shock axis the boundaries were changed back to stationary 

and the simulations were continued in an effort to maintain the shock compressed regions 

behind the fronts.  In our method, with vacuum exposed surfaces, a rarefaction wave is 

generated when the shock fronts reached the surfaces.  This causes decompression of our 

system which, in turn, limits the time that we can maintain shock compressed regions 

with which to calculate properties of interest.  This issue shall be further addressed 

throughout our study. 
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IV. Shock Simulations, Analysis Methods and Results 

 

A. Shock Speeds, Particle Speeds and Initial Temperature Analysis Methods. 

After the shocks are initiated, as explained above, the motions of the atoms are 

then determined solely through standard integration (leapfrog Verlet) of the equations of 

motion in an NVE ensemble.35  The positions, velocities, and force data for all atoms 

were saved every 50 time steps during the 480- and 879-molecule simulations and every 

100 steps for the 1758-molecule liquid simulation.  From the trajectory data we 

calculated average properties as functions of the center positions of “bins” spaced evenly 

along the axis which the shocks travel.  All calculated averages per bin have been taken 

over the total number of atoms or molecules, as necessary, within each bin.  The number 

of bins used in analyzing a given system determines the bin widths and hence the number 

of atoms over which averages are taken and, to a large extent, the level of noise in the 

data of interest.  It is necessary to minimize the noise level through increasing the bin 

sizes, particularly for lower shock strengths, while simultaneously keeping individual 

properties of interest localized enough to accurately track their positions in time.  To 

further help lower the noise levels, we “sample” a property of interest by averaging it 

over two to seven consecutive configurations, the exact number depending primarily on 

the shock strength, for the duration of a given shock simulation.  This procedure 

corresponds to “measuring” a property for 25 – 175 fs.  Of course, this configuration 

averaging must be done within a time scale short enough so that the position of the shock 

front in time is still satisfactorily precise. 
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In Figure 1a, the z-velocity profile with time is shown as a color contour plot for 

an 879-molecule liquid simulation initially equilibrated at the initial temperature (Ti) of 

300 K.  Most figures shown for 879-molecule systems are from analyses using 22 slices 

(bins) along the z-shock axis.  Figure 1a uses a 15.0 Å flyer-plate given an impact speed 

Ufp of 991.35 m/s.  The shock front in this figure is seen as the mostly yellow-green band 

forming the diagonal starting at t = 0 ps from the negative half of the liquid slab relative 

to the origin at the center.  From Fig. 1a, we have the shock speed calculated simply as 

the slope of this band,  
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=         (11) 

 

which, for this case, gives Us = 2490 ± 70 m/s.  The error is due to uncertainty in defining 

the shock front arrival time, which is due to imprecision in defining its position at any 

given instant.  In Fig. 1b, a color contour plot is given of the average system temperature, 

Tavg, per bin due to all atomic velocities within each bin.  Figures 1a and 1b are for the 

same trajectory equilibrated at 300.5 K.  However, Fig. 1b uses one averaged value for 

every four configurations along the time axis of Fig. 1a.   
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As a result, Fig. 1b appears less “grainy” than 1a.  At lower shock strengths this effect 

can be of considerable help in better defining the location and assessing the error of the 

shock front’s position during a given time interval (see Figure 3 below for an explicit 

example of this).   

Figure 1. Color contours of shock profiles in time.  The shock front starts at t ≈ 0 ps, 
Rz ≈ -67 Å.  The RZ axis gives the position along the z-axis, relative to the origin at 
the center of our NM liquid slabs.  a) Z-dimensional velocity (Vz) profiles in time.  
b)  Average temperature (Tavg) profiles over all atoms per bin. 
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The initial yellow-orange color of the band in Fig. 1a, within t ≈ 2 ps, shows that 

the particle velocity, Up, obtained immediately behind the front is near the expected 

average value of one-half the impact speed,16  Ufp (Up ≈ ½ Ufp = 495.7 m/s).  We 

demonstrate and explain this point more with Fig. 2 below.  As the front progresses 

further into the bulk of the NM liquid, ~ t > 2 ps, Fig. 1a shows by the change of the 

diagonal band to a yellow-green color that Up has decreased in magnitude to Up ≈ 400 

m/s.  This decrease is due to the cumulative effect of impact energy being dispersed to 

various vibrational modes of the liquid during imperfect, inelastic collisions at the 

molecular level.  Thus, the unsupported front becomes lower in magnitude and less 

coherent as it progresses into the bulk liquid.  When a shock front is fully supported this 

effect, at least the continual decrease in magnitude (that is until the front reaches the free 

surface), is not observed because the energy dispersed in the shock front region is 

continually replenished either mechanically by a constant particle velocity or chemically 

due to exothermic reactions.  

Figure 1b also shows, through the lingering of the yellow-green color in the Tavg 

profiles after the front has passed (the lower right corner of the plot), that the shock front 

energy is dispersed into different vibrational modes of the NM liquid.  Thus it remains as 

higher Tavg values after the front has passed even though an equivalent lingering yellow 

color is not strongly evident in the average Vz component profiles of Fig. 1a.  This result 

shows that the initial z-component phonon vibrations excited by the shock front have 

already dispersed to other vibrational modes of the liquid (cf. discussion for Figs. 5 and 6, 

below) within the extremely quick passage of a thin, unsupported front.  We calculate 
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Tavg values for each translational degree of freedom for all particles in each bin along the 

z-axis via, 
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Subscript n represents the three Cartesian components of each atom’s velocity vector vi 

with mass mi (g/mole), and the corresponding average temperature Tavg,n for each degree 

of freedom.  There are N atoms in each bin, and R is the universal gas constant.  The 

“overall” or “isotropic” Tavg for each bin is then the average of the three values obtained 

from Eq. (12).  The white areas seen in Figs. 1a and 1b (as well as in other contour plots 

with white areas visible), are simply areas where the Tavg values, or analogous quantities 

of interest, exceed the range of the color scale.  In the case of Fig. 1b it is either too low 

at maximum  ±Rz values (the free liquid surface regions) or initially too high immediately 

behind the front. In Fig. 1b, bins are stationary with respect to fixed lab coordinates.  At 

maximum  ±Rz, the numbers of molecules in the outermost bins at the free liquid surfaces 

initially decreases due to the motion of the liquid flyer-plate.  We arbitrarily set Tavg = 0 

when the number of molecules became less than seven.  This arbitrary number (a very 

small percentage of the total number of molecules) was large enough to allow for 

relatively stable surface Tavg values while adequately defining the changing location of 

the surface with time.  

The expectation that Up is approximately equal to ½ Ufp is simply due to the 

conservation of momentum for the head-on inelastic collisions of equal-mass objects, in 



 

 25 

our case thin bulk slices, occurring at the initial impact zone of the shock front.  This 

general expectation is demonstrated by a simulation we carried out in which a single half 

of the 879-molecule liquid slab at 300 K is given an impact speed Ufp of 2803 m/s in the 

positive z-direction.  This entire half then serves as the flyer-plate impacting the opposite 

half, which remains at rest in the lab frame of reference until the resultant shock front 

passes through it.  Figure 2 is a plot of instantaneous Vz profiles in time as the shock 

fronts pass through both halves of this liquid slab.  For the half given the initial Ufp, the 

shock front passing through it progressively slows its average particle speed in the lab 

frame to Up ≈ ½ Ufp = 1401.5 m/s.  For each profile given in Fig. 2, the points on the 

negative Rz flyer-plate half at Vz = 0 m/s, are simply the bins along the z-axis in which 

 

Figure 2.  Individual average shock profiles of the z-velocity, Vz.  The Rz < 0 half of 
the NM liquid slab was given an impact speed of Ufp = 2Up = 2803 m/s.  The shock 
front thus starts at Rz ≈ 0 Å for the earliest profile and travels outwards  to the surfaces 
of the slab in time, shown by the Vz profiles progressively going to Up ≈ 1400 m/s. 
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there are less than seven remaining molecules.  As the flyer-plate half progresses more 

bins are vacated and hence more points are given the arbitrary value of zero.  In the 

equilibrated bins ahead of the shock front VZ is at or near zero as expected for statistically 

random motion.  At shock initiation the first open black circle at RZ ≈ -67 Å, and the first 

non-zero point for each colored profile after shock initiation, has approximately the 

impact speed, Ufp = 2803 m/s, the speed given initially to the negative Rz half of our 

liquid slab, with the exception of the last (blue) profile given at time t = 1.5125 ps.  At 

that time the blue profile shows that the shock front has progressed almost completely 

from its initial position at Rz ≈ 0 Å, indicated by the dashed black curve with open circles, 

to the outer surfaces of the liquid slab.  Hence, the points on both ends of the blue curve 

(with the exception of the Vz = 0 m/s points on the negative z-half, as already explained) 

are approaching the expected average particle velocity of half the impact speed, Up ≈ 

1400 m/s, which the bulk of the rest of the liquid is already maintaining. 

Figures, 1a and 1b demonstrate that the transience of compressed zones behind 

shock fronts generated by our thin flyer-plate impacts make it very difficult to obtain 

sufficiently accurate average values of shock compression properties of our NM model.  

However, steady shock properties are needed for use in, and comparison with the RH 

predictions, Eqs. (8) – (10).  Thus it is necessary to simulate adequately supported shock 

fronts in which compression regions will be maintained as long as a free surface is not 

encountered by a front that causes a rarefaction wave that decompresses the system.  We 

generate supported shocks by the half-against-half method described in Section IIIb 

above.  Figure 3 shows the Vz color contour profiles for an 879-molecule NM liquid 

initially at 255 K which has been shocked in the half-against-half method with Up = 100 
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m/s.  At this low shock strength we see in Figure 3a that the “raw” data from 

instantaneous configurations saved every 50 time steps (25 fs) has enough noise in the Vz 

profiles both ahead and behind the shock fronts to cause locating the fronts at any given 

time to be considerably difficult and imprecise.  As mentioned briefly in reference to Fig. 

1 though, averaging over several configurations in time can considerably help to 

circumvent this difficulty as shown by Fig. 3b.  Here we have averaged every six 

consecutive configurations and plotted the results of the trajectory at the half way point of 

the time interval that they span (150 fs).  Now the clarity of the Vz profiles in Fig. 3b is 

such that we can determine the location of the fronts to within 150 – 300 ps. 
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We show this unsymmetrical error range in Fig. 3b by thin, solid, diagonal red lines on 

the positive half (Rz > 0) and thin, solid, diagonal black lines on the negative z-half.  The 

corresponding dashed diagonal lines that lie between their respective solid lines give the 

slopes used as our shock speeds for this system shocked at Up = 100 m/s.  The vertical 

red line in Fig. 3b marks the time at which the “upward” traveling front reaches the NM 

Figure 3.  Comparison of the Vz color contour for a system before and after averaging 
multiple configurations in time.  This system was at Ti = 255 K when shocked in the 
half-against-half method with Up = 100 m/s.  a) No time averaging; b) after averaging 
over every 6 consecutive configurations saved, which span 150 fs.  Us are given by the 
slopes of the dashed diagonals, each with error ranges in shock arrival time shown by 
the thin solid diagonals (see text for explicit values). 
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liquid surface, and the vertical black line marks that for the “downward” traveling front.  

These results give average values of Us = 2129 ± 121 m/s for the positive half, and Us = 

2102 ± 150 m/s for the negative half.  This is only about a 6 – 7 % deviation for each, for 

this shock strength. 

To describe more fully the methods we use to calculate shock speeds for the half-

against-half method, we give another set of Vz color contour profiles in Fig. 4, this time 

for an 879-molecule NM liquid initially at Ti = 255 K then shocked with Up = 1325 m/s.  

In these systems, as described before, one half of the liquid slab is struck by the other 

half, each half serving as the other’s flyer-plate or piston.  In this plot the initial positions 

of the bins are again fixed in the laboratory reference frame and again, if there are less 

than seven molecules remaining in the bins (at minimum  and maximum  RZ) then we 

arbitrarily set the value for that bin to zero.  We can see the opposing surfaces of our 

liquid slab progress from maximum  and minimum  RZ towards the center of the figure 

(due to the applied particle velocity Up) in the changes from dark blue (-13 Å/ps) to light 

green (0 Å/ps) in time at the top of the +Rz half, and from dark orange (+13 Å/ps) to 

light-green with time at the bottom of the - Rz half.  This process continues in a 

discontinuous, step like fashion until the shock fronts reach the outer surfaces.  After this 

time a rarefaction wave begins the decompression, as evidenced by the symmetric 

reversal of the figure on the VZ color contour scale beyond the solid brown vertical line.   
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The shock front travel time is marked by the meeting of the diagonal red and black lines 

with the solid brown vertical line at t = 1.5125 ± .05 ps, where the light-green contour 

color becomes momentarily vertically continuous.  The position of the fronts in Fig. 4 

start at RZ = 0 Å, at t = 0 ps, and move out continuously and diagonally to RZ ≈ ±47 Å.  

We thus get two Us values for each system shocked in the half-against-half method, one 

from the positive and one from the negative half of the slab.  We use both for the 

quadratic fits to the Us – Up  Hugoniot curves given in Section V below.   

Note that when the opposing liquid halves with equal but opposite directional 

momenta collide, the shocked particles come to translational rest on average (Vz = 0), as 

Figure 4.  Color contour of Vz for a Ti = 255 K system shocked in the “half-against-
half” method using ±Up = 1325 m/s.  Locations of the fronts in the lab frame are 
indicated by the solid diagonals.  In the proper relative, frame the correct shock speeds 
Us are actually given by the slopes of the dashed diagonals.  Ahead of the fronts the 
green indicates momentum conservation, behind them it indicates the areas vacated 
due to compression of the  liquid slab. 
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indicated by green behind the fronts in Fig. 4, as expected by momentum conservation.  It 

is also important to realize that in the fixed lab frame the slopes of the solid red and black 

diagonal lines do not give the correct Us values, as was the case for the dashed diagonals 

in Figs. 1a and 1b.  In the lab-fixed frame the shock front is actually traveling “up 

stream” through a liquid moving against it at particle velocity Up.   Therefore, if we 

denote the slope of the solid diagonals in Fig. 4 as U’s, then in the lab frame, the correct 

shock speeds relative to the moving liquid half are given by, pss UUU  ' += .  In practice, 

however, it is simpler to use a reference frame in which each half is stationary with 

respect to the other half shocking it at Ufp = 2Up.  In this frame we simply use the initial 

half slab widths (∆RZ = 66.33 Å and 66.22 Å, for the negative and positive halves 

respectively) as ∆RZ in Eq. (11), along with the shock travel times shown in Fig. 4, to 

calculate correct Us values.  These are 4390 ± 150 m/s for the black dashed diagonal, and 

4380 ± 150 m/s for the red dashed diagonal.  The correct shock velocity values are thus 

shown by the dashed diagonal lines in Fig. 4.  Finding the slopes of the Vz shock-front 

curves in this latter manner, along with the procedure demonstrated in Fig. 1a, are the 

primary methods we use to calculate all Us values given in this work.   

In Figure 5 Tavg profiles are given as color contour graphs for an 879-molecule 

NM liquid equilibrated at Ti = 255 K and then shocked in the half-against-half method.  

For Fig. 5 we set the impact speed relative to the opposite half to Ufp = 750 m/s, which 

should give an average particle speed behind the front of Up = 375 m/s.  These figures 

show Tavg color contours for this system up to the point in time when the shock fronts 

reach their respective outer free surfaces at t ≈ 2.6 ps.  To generate the Tavg profiles 

contoured in Fig. 5a, each half of the liquid slab must be stationary relative to the 
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reference frame of the calculation.  In order to accomplish this in the calculations of Tavg 

for Fig. 5a, we simply subtracted at each time step the Up values given to each half of the 

slab.  Of course this is only done in the calculations, not in the simulations.  Therefore, 

the liquid ahead of the shock at Tavg ≈ Ti = 255 K, shown in Fig. 5a along RZ by dark blue, 

is still seen to be moving towards the center (RZ = 0) with time.  As the shocked particles 

come to an average translational rest in the lab frame behind the fronts, they 

correspondingly gain the Up velocity in the moving frame.  Thus, Tavg sharply rises to an 

artificially high level behind the front, as shown in Fig. 5a, because it now incorrectly 

includes the kinetic energy due to Up.  This effect can be thought of as the result of a 

piston pushing the NM liquid ahead of it with pressure P1 at the particle velocity Up and, 

instead of correctly assigning this energy to the PV portion of the system’s total energy, 

we incorrectly assign it to the internal kinetic energy of the liquid by including it in Tavg.   

The advantage of changing the frame of reference to generate Fig. 5a is seen by 

comparing it with Fig. 5b in which we keep the z-components of the atomic velocities 

unaltered in the lab frame for the Tavg calculations.  Now, in the lab frame, initially each 

half of the NM liquid slab is moving inward at Up, both in the simulations and in the 

calculations. 
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Therefore, ahead of the shock front Tavg is once again artificially too high because the 

energy due to the translational motion of the entire liquid slab is incorrectly counted as 

contributing to of Tavg.  Behind the shock front, the liquid has been heated, while the net 

translational motion of the system approaches zero.  In this case, these two factors 

Figure 5. Color contours of Tavg profiles along the z-axis with time for an 879-
molecule NM liquid slab shocked in the half-against-half method with Up = ½ Ufp = 
375 m/s.  a) The relative frame of reference in which each half has Up subtracted out 
in calculating Tavg throughout the simulation.  b) The lab frame in which the 
simulation takes place and each half’s initial Up is incorrectly included in Tavg ahead of 
the shock fronts. 
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practically equal and thus counter one another; as one goes to zero the other increases 

accordingly.  This is why in our calculations of Tavg for Fig. 5b it is difficult to distinguish 

any clear shock fronts.  To mark the shock front’s location in Fig. 5b, the dashed diagonal 

black lines must be placed by reference to Fig 5a.  The internal kinetic energy is, 

however, calculated correctly after the shock front passes a given area of the liquid, and 

thus Tavg is as well in Fig. 5b because there is no longer an imposed particle velocity to 

account for.  The large fluctuation in the Tavg values behind the fronts in general is 

primarily due to the relatively small numbers of particles averaged over for each bin 

(~300 atoms when the bulk liquid is subdivided into 22 bins). 

Adding an exact z-velocity of Up back to all particles behind the front in Fig. 5a 

actually corresponds to an assumed upper limit in which all internal collisions yield 

perfect, unidirectional energy transfer.  If this were actually to happen in the simulations 

or in actual experiments though, then the energy of the piston or flyer-plate that shocks 

the sample would only go into moving the sample, not into heating it.  To begin 

investigating where the shock energy actually goes we calculate the average initial total 

molar kinetic energy in the lab frame (Fig. 5b) of the NM liquid slab at shock initiation.  

To calculate this energy we simply take the average over all bins of the three Tavg,n values 

given by Eq. (12) and multiply it by 21R/2. This is scaling is based on the equipartition 

theorem, with there being 21 degrees of freedom for the 7 atoms in a NM molecule.   We 

thus get 25.97 ± 1.26 kJ·mol-1, for the initial average total kinetic energy.  In our lab 

frame, each half of the liquid slab is initially moving with equal but opposite Up.  Thus, 

the total shock energy is included plus the internal kinetic energy already present in the 

form of heat due to the system being initially equilibrated to ~ 255 K.  In the relative 
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frame of reference in Fig. 5a, each liquid half is initially stationary and thus the system 

appears to have the lower initial average total kinetic energy of 22.13 ± 0.75 kJ·mol-1.  

The difference between these two kinetic energies, 3.84 kJ·mol-1, is the approximate total 

shock energy put into the system per mole of NM.  We can also calculate this shock 

energy merely by assuming one mole of NM traveling at Up = 375 m/s (in this case, we 

actually get Kshock ≈ ½ 0.06104 m2·s-2 · 3752 kg·mol-1 = 4.29 kJ·mol-1).  When the shock 

front reaches the outer surfaces, at t ≈ 2.5375 ps, we calculate in the relative frame for 

Fig. 5a, 29.3 ± 1.2 kJ·mol-1 as the average total kinetic energy of the shocked system.  

This is 13% higher than the first value calculated for the total initial kinetic energy in the 

lab frame of Fig. 5b.  The reason for this difference is that this last value includes all of 

the internal heating due to the actual shock, plus the artificial kinetic energy from the 

constant Up = 375 m/s added back to each particle’s Vz in order to calculate values in a 

relative frame that is stationary with respect to each  half of the liquid slab.  This makes 

the value too high by 3.34 kJ·mol-1, which is approximately the same amount of energy as 

the originally added shock energy.   

In the artificial relative frame, we have no convenient way to avoid this 

discrepancy though, since we have no a priori knowledge of the shock front’s exact 

position in time.  However, as just demonstrated, calculating the initial energies in both 

frames gives a method for precisely determining the initial shock energy, and, in the 

relative frame, we have another method (Fig. 5a) to clearly measure the shock fronts 

positions in time.  Finally, we calculate the total kinetic energy in the lab frame when the 

shock fronts reaching the surfaces at t ≈ 2.5 ps, to be 25.16 ± 0.87 kJ·mol-1.  The fact that 

this final value is essentially the same as the initial kinetic energy calculated for the lab 



 

 36 

frame indicates, as expected from Fig. 5b, that practically all the applied shock energy 

went into heating the NM liquid slab.  As we shall demonstrate in the sections below, this 

consequence is not the case for the stronger shocks in which a considerable amounts of 

the shock energy goes into compressing the systems and hence into raising their potential 

energies as opposed to primarily just raising the internal temperatures.   

 

B.  Further Temperature Analysis.   

As already mentioned in discussing Fig. 1, there is dispersal of the shock energy 

to the vibrational modes of the liquid.  Within the maximum  time frame of our shock 

simulations the kinetic energies behind the shock fronts do not obtain equipartitioned 

energy states.  We will begin a general analysis of the initial kinetic energy dispersion 

behind the shock fronts using different measures of internal system temperatures.  In 

addition to Tavg given by Eq. (12), we also calculate the center-of-mass temperature, TCM, 

using the center-of-mass velocity components njX  ,
&  for each molecule j, given as  
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where again the three Cartesian components are specified by n, and there are M atoms per 

molecule (M = 7 for nitromethane) with masses mi.  Then we have for each bin, 
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In our systems there is only the NM molecule, thus in Eq. (14) m = 61.0402 g/mol.  The 

number of molecules in a bin at a given instant is denoted here by J.  Finally, for this 

basic energy analysis we will also study averages of the internal temperature TVR of the 

molecule, which includes average vibrational plus rotational motions of NM, per bin of 

the liquid slab.  To calculate TVR, we simply subtract the molecular center-of-mass kinetic 

energy from the total kinetic energy for each bin.  Thus, we find TVR for each bin via 
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where again there are N atoms and J molecules per bin at a given instant during a 

simulation.  The (3M – 3) term in the denominator gives the total number of rotational 

and vibrational modes (the internal degrees of freedom). 

 We shall begin using Eqs. (14) and (15) to further analyze the 879-molecule 

shocked liquid system that gave Figs. 1.  This system was equilibrated to  Ti = 300 K then 

shocked using the thin flyer-plate method with Ufp = 2Up = 991.35 m/s.  Figure 6 gives 

the color contour graph of the TCM profile along the z-axis in time, averaged over all three 

degrees of freedom for this system.  Here we ignore the maximum  range of TCM near the 

origin of the front, at t ≈ 0 ps, in order to emphasize the middle to lower range of the TCM 
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scale (~ 450 – 550 K).  The maximum  range of TCM (not shown) actually goes beyond 

2000 K because the bulk translational Up is added practically directly to the z-component 

of the center-of-mass velocity, z ,jX& , given by Eq. (13).   

 

Thus, when z ,jX&  is squared in Eq. (12), TCM, Z goes artificially much too high for a 

realistic internal energy (we shall further examine this aspect in the context of changing 

reference frames in the discussions of Figures 7…) without detonation.  This effect 

causes the initial average TCM to be too high as well and thus results in white areas in the 

shock front region shown in Fig. 6.  Now note that in the negative-RZ half of Fig. 6, there 

is noticeable green sustained from t ≈ 0.9 – 6.0 ps, within -60 Å < RZ < -40 Å, indicating 

high TCM, near 450 – 500 K.  Further up the z-axis, at RZ > -40 Å, the blue shades are 

somewhat lighter behind the front, indicating a slightly elevated phonon temperature, TCM 

Figure 6.  Molecular center-of-mass temperature profiles in time along the z-axis for 
an 879-molecule liquid slab at Ti = 300 K, shocked by a thin flyer plate with impact 
speed Ufp = 2Up = 991.35 m/s.  This system is that which also gave the data appearing 
in Figs. 1 (above) and 7 (below). 
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≈ 400 K.  However, in Fig. 1b it was pointed out that there are obvious, high and well 

sustained Tavg values in the profiles after the shock front passes.  We emphasize, though, 

that in Fig 1b, this behavior is seen to occur along the entire Rz axis, until the front 

reaches the opposite surface, not just at the shocked surface as one might mistakenly 

assume from Fig. 6 alone.   

We further examine the reason for this sustained high Tavg behind the front 

observed in Fig. 1b by graphing the center-of-mass temperature contributions from the 

average of the x- and y-degrees of freedom transverse to the shock plane, TCM, XY, each 

given by Eq. (14).  In Fig. 7a, we give the color contour of the profiles of TCM, XY in time.  

We have isolated the transverse contributions ( x jX ,
&  and y jX ,

& ) from the z-component 

contribution ( z ,jX& ) in order to avoid the scaling problem explained in the previous 

paragraph and thus to be able to focus on the 400 K range of phonon temperatures behind 

the front.  In general, the lower right half of the plot, the area behind the front in Fig. 7a, 

is at higher TCM, XY (more yellow-green, TCM, XY ≈ 400 K) due to the passage of the front, 

as expected.  The point here is that it is generally higher behind the front all along the 

shock axis.  This result implies that intermolecular vibrations, in particular the transverse 

phonon modes have been heated significantly within the extremely thin, unsupported 

shock front region itself (as mentioned earlier in discussing Fig. 1b).  Thus, the “hot” 

phonons observed in Figs. 6 and 7a contribute to the high Tavg sustained behind the front 

shown in Fig. 1b.  As mentioned in reference to Fig. 6, we also observe in Fig. 7a that 

there is again a notable thin band at approximately RZ = -60 Å, this time of light orange 

color indicating higher temperatures of ~ 450 – 500 K.  At this point, however, we may 
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only be observing anomalous effects due to the tumultuous shocked flyer-plate surface 

region of our liquid.   

However, in Figure 7b we have plotted versus time the temperature profiles due to 

the molecular rotations and vibrations, TVR, given by Eq. (15). 

 

In Fig. 7b we again note the general higher temperature indicated by the greater amount 

of light green and yellow color behind the front.  This observation indicates that we have 

Figure 7. a) Temperature profiles of the average center-of-mass molecular vibrations 
in the xy-directions transverse to the shock plane traveling along the RZ-axis of our 
liquid NM slab.  b)  Average intramolecular temperature profiles for the same system.  
The system shown here is the same one that gave the data shown in Figs. 6 and 1. 
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increased the average intramolecular temperature within our thin, unsupported front in 

addition to the intermolecular TCM.  We note the presence of the thin, horizontal orange-

yellow bands (TVR ≈ 380 K) that are consistently maintained behind the front particularly 

at RZ ≈ -60, -50, and 10 Å.  These indicate focused “hot spots” in which a large amount of 

energy has been deposited into the intramolecular modes within the shock front region 

itself.  Because these hot spots occur well into the bulk of the liquid (i.e., at RZ ≈ 10 Å in 

Fig. 7b) as opposed to only at the turbulent surface, we can rule out anomalous surface 

effects, which cannot be discounted for the heating observed at Rz ≈ -50 Å in Fig. 7a.  

This intramolecular heating can only occur through direct coupling of the intramolecular 

modes to the locally excited phonon modes within the shock front.  Generally phonons in 

liquid NM lie in the 0 – 160 cm-1 range6 and the lowest frequency intramolecular 

vibrations in NM are at 480 cm-1 for the out of plane nitro group rocking motion, and at ~ 

60 cm-1 for methyl group rotational motion.6  Our liquid system has been found to 

quantitatively agree well with the ambient experimental intramolecular vibrational 

spectrum and also qualitatively with the high pressure spectrum of liquid NM.5  The 

frequency of the molecular tumbling and spinning motions of NM are expected to be in 

the low frequency range of phonons.  It is here hypothesized that the highly excited, thus 

highest-frequency phonon vibrations in the shock front are first able to excite primarily 

the lowest-frequency rotational tumbling motions of the NM molecule and perhaps the 

two mentioned lowest frequency intramolecular vibrations as well.  In order to test this, 

we would have to decouple this tumbling motion from the rest of the internal degrees of 

freedom of NM.  Unfortunately, this is yet to be done in our present work and will have 

to be pursued at a later opportunity. 
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 Figure 8a is the color contour graph of TCM, XY for the 879-molecule liquid slab 

initially equilibrated at 255 K.  This is the same system from which we generated the Tavg 

profiles given in Fig. 5.  Figure 8b gives the TVR profiles for this system.  Both TCM, XY and 

TVR are independent of the difficulties explained in reference to Fig. 5 because neither 

includes z-dimension translational contributions.  In Fig. 8a, we note the areas of high 

intermolecular temperatures (TCM, XY ≈ 400 – 460 K, shown by the light orange to dark 

orange color) behind the fronts are apparently random and short lived.  In contrast high 

TVR areas behind the fronts in Fig. 8b are localized and relatively long lasting.  For 

instance, at RZ ≈ -35 Å in Fig. 7b, the hotspot appears at t ≈ 1.5 ps and survives for at 

least 1.5 ps.  This observation of short lived intermolecular vibrational hotspots and 

longer lasting intramolecular hot spots agrees with time correlation calculations from 

simulations done by Sorescu et al.
2 using the same NM liquid phase model.  They 

calculated the molecular center-of-mass velocity time correlations at different 

temperatures, and the correlation times for the tumbling and spinning motions of NM.  

The center-of-mass velocity correlation was found to decay nearly completely within 1.2 

ps, up to 374 K, while the tumbling correlation time was 4.15 ps at 298 K.2  This result 

implies that rotational excitations will be longer lasting than those due to excited 

intermolecular vibrations measured by TCM, as we have observed. 

We note in Figure 8b that the vibrational-rotational hotspots are again formed 

either near or at the impact zone of the shock front itself as was the case for unsupported 

shocks (cf. Fig. 7b).  However, due to the fact that Fig. 8 is from supported shock fronts, 

we can now also observe in Fig. 8b that TVR hotspots form in the bulk of the compressed 

liquid well behind the front.   
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For instance, at RZ ≈ 17.5 Å, and t ≈ 2.1 ps, there is the apparent beginning of a TVR 

hotspot reaching ~ 300 – 320 K and lasting at least until t = 3.0 ps.  Also, at RZ ≈ 0 Å and 

t ≈ 2.7 ps, there is another hotspot reaching the 320 K range and lasting until the end of 

the time shown.  There are, perhaps, a few more areas in Fig. 8b where this phenomenon 

is less prominently observable as well.  We thus emphasize that TVR hotspots can form 

Figure 8. Temperature profiles for the same Ti = 255 K system which gives the data 
appearing in Fig. 5 above.  a) Transverse intermolecular temperature profiles in time; 
note the absence of sustained hotspots.  b)  Internal NM temperature profiles versus 
time; note the hotspots, ~ TVR ≥ 320 K, sustained in time at Rz ≈ -35, 10, 17.5 and 30 
Å. 
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within the shock front itself and that new ones can also form later, well behind the fronts, 

due to energy transfer processes from excited phonons (high TCM areas) or through 

coupling to TVR hotspots formed earlier, or both.   

Continuing this line of reasoning, it seems acceptable to hypothesize that the 

kinetic energy behind the front is gradually equilibrating by populating statistically the 

intermolecular and intramolecular modes available, thereby producing a state described 

by the equipartition theorem.  We thus have made an effort to observe any additional 

change in the average energy distribution with time behind the fronts, particularly 

transfer from the high-energy phonon bath to vibrational and rotational energy modes, as 

has already occurred in the front itself.  To begin this study we examine a larger system 

initially equilibrated at 300 K and then shocked in the half-against-half method.  These 

larger simulations have two 879-molecule liquid slabs, both equilibrated at Ti = 300 K.  

By propelling them together we cause two shock fronts to travel outward from the inner 

surfaces at Rz ≈ 0 Å, as explained in Section IIIb above.  In Fig. 9a we have a color 

contour graph for this 1758-molecule system’s TCM,XY  profiles for Up = ½ Ufp = 400 m/s.  

In Fig. 9b, we give these profiles for Up = ½ Ufp = 1050 m/s.  In Figs. 9c and 9d, we have 

the corresponding color contours of TVR for these two different shock strengths, Up =  400 

and 1050 m/s, respectively.  Near the temporal beginning of Fig. 9a at RZ ≈ 0 Å, we 

notice that there is immediately formed a sustained bright orange line corresponding to 

very high temperature, transverse intermolecular vibrations, or a TCM hotspot.  This is at 

the collision point of the two surfaces of the liquid NM slab.  However, in Fig. 9b we 

only see an initially high TCM,XY at this same location.  In Fig. 9b this temperature jump 

appears to diffuse rapidly to the rest of the shocked liquid behind the front.   
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Because the only initial difference in these two systems is the strength of the shock, Fig. 

9a being from the weaker shock, the reason for the appearance of this phenomenological 

difference is unclear at this time.  It is thus cited here as an interesting though perhaps 

random anomaly.  We suspect it may be due primarily to chance surface effects when the 

two 879-molecule slabs collide in Fig. 9a, that is not present in 9b due to a different time 

of collision resulting from the higher Up.  

Figure 9.  Color contours of internal temperatures for two 879-molecule NM liquid 
slabs initially at 300 K, propelled together.  a)  TCM, XY for Up = 400 m/s.  b) TCM, XY for 
Up = 1050 m/s.  c) TVR for Up = 400 m/s.  d) TVR for Up = 1050 m/s.  Please note that 
the color scales differ in the four panels. 
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Therefore, we posit that the relatively evenly distributed phonon energy suggested 

by Figs. 9b and 8a is typical of TCM profiles behind the shocks in our systems.  We found 

this to be the case after viewing numerous other graphs like Fig. 8a for the single, 

continuous 879-molecule liquid slabs in which the shock originates in the bulk center of 

the slab.  This thereby rules out surface effects contributing to the smaller systems 

shocked in the half-against-half method.  To give further evidence that the apparent 

anomaly in Fig. 9b is due to surface effects, we give in Fig. 10a the equivalent graph to 

Fig. 9b,  but for the single 879-molecule NM liquid slab equilibrated at Ti = 300 K.  

Figure 10a was generated from said system, shocked in the half-against-half method at 

the same strength, Up = 400 m/s, as that which gave Figs. 9a and 9c.  There is clearly no 

evidence in Fig 10a of exceptionally long-lasting, localized TCM,XY hotspots forming at the 

point of the shock origin (RZ ≈ 0 Å and t ≈ 0 ps) or elsewhere at later times.  However, in 

Figs. 9b, 9d, and 10b, we can clearly see multiple, relatively long-lasting TVR hotspots 

form, both at the shock fronts and well behind them.  We also note that in both Figs. 9b 

and 9d we see evidence of surface effects, notably long lasting TVR hotspots at the point 

of origin of the shocks, similar those prominently shown in Fig. 9a.   
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These effects are not apparent in Fig. 10b because there are no surfaces at the point of the 

shock origin for single slab systems shocked in the half-against-half method.   

 If we take temperatures per degree of freedom averaged over the entire liquid NM 

system of interest at a given instant and shock strength and plot these quantities versus 

time we get figures like Figs. 11 and 12, below.   

Figure 10.  An 879-molecule, Ti = 300 K liquid NM slab shocked by the half-against-
half  method with Up = 400 m/s.  There are no free surface effects at the shocks’ 
origins within the bulk liquid center of this system, as opposed to the situation in the 
equivalently shocked systems shown in Figs. 9a and 9c, to which these are to be 
compared, respectively. a) Temperature of intermolecular transverse motions.  b) 
Temperature profiles of intramolecular vibrations plus rotations. 
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Figures 11a and 11b are for the same initial 300 K, 1758-molecule liquid configuration 

that yielded the data in Fig. 8., shocked in the manner already described for this system 

using Up = 225 m/s for 11a, and Up = 400 m/s for 11b.  In these figures, the results of 

Eqs. (10) – (13), are given, averages over the entire liquid system (over all bins) versus 

Figure 11.  Average temperatures of an entire 879-molecule system at Ti = 300 K 
obtained by using Eqs. (10) – (13) for energy contributions from intermolecular 
vibrations and intramolecular vibrations and rotations. a) Weaker shock: Up = 225K. 
b) Stronger shock: Up = 400 K. 
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time in the fixed lab frame.  We can see that in Fig. 11 the temperature components TCM,X 

and TCM,Y, which are transverse to the direction of the shock are at the expected initial 

value of ~ 300 K.  This observation applies to TVR as well.  For these cases this simply 

indicates that our system was equilibrated sufficiently to a state in which equipartitioning 

is readily apparent.  Of course, this does not apply to the initial energy along the shocked 

z-axis in the lab frame.  All of the shock energy is initially put into the VZ translational 

velocity component of every particle, thereby causing TCM,Z average values to be 

artificially very high (initially TCM,Z ≈ 714 K and 1540 K, points not shown, for 11a and 

11b, respectively) in the lab frame which is stationary with respect to the moving liquid 

slabs (cf. discussion with regard to Fig. 5 above).  We also see that TCM in Figs. 11a and 

11b are initially very high as well (~ 445 K and 720 K, respectively) because they are the 

average of all three Cartesian component contributions from Eq. (12).  In time however, 

TCM,Z, and correspondingly TCM, decreases dramatically as the shock fronts rapidly travel 

outward bringing the liquid slabs to rest behind them, on average, with respect to the lab 

frame due to the conservation of momentum already discussed in reference to Fig. 3 

above.  In contrast, TCM,X, TCM,Y and TVR are seen to increase in both Figs. 11a and 11b as 

the amount of heated shocked liquid behind the fronts increases with time.   

The dashed vertical lines at t ≈ 8.1 ps in Fig. 11a and at t ≈ 6.4 ps in Fig. 11b, 

mark the turning points at which maximum  compression of the entire system occurs and 

thus at which VZ temporarily comes to near zero, on average, for the entire system (cf. 

Figs. 2 and 4).  By comparing with Fig. 9a it is seen that t ≈ 6.4 ps marked in Fig. 11b, 

corresponds approximately with the arrival of the shock front at the liquid surfaces.  We 

also note that clearly the most energy per mode goes into the intermolecular vibrations of 
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the liquid as evidenced by TCM,X and TCM,Y rapidly rising well above TVR in Fig. 11 and 

also in Fig. 12, given below.  In Fig. 12 we show plots equivalent to Fig. 11 but for both 

the single 879-molecule system and the “double” 1758-molecule system, each shocked 

with Up = 1050 m/s.   

 

Our purpose in showing Figs. 12a and 12b side by side is to compare the average 

temperatures achieved at the point in time of minimum  net translational motion along the 

shock axis, VZ ≈ 0 m/s (cf. Fig. 4).  This point, marked by the dashed black vertical lines 

in Fig. 12, also correspond to the point of minimum TCM,Z, and quite near the point of 

maximum  compression, minimum  slab volume Vmin (cf. Fig. 15).  First we note that if 

equipartitioning of kinetic energy were achieved behind our shock fronts then all the 

temperature components shown in Fig. 12 would converge to near the same value of Tavg.  

Obviously this has not occurred within the ~4.1 ps duration achieved before 

Figure 12.  Plots equivalent to Fig. 11 of average temperatures due to both 
intermolecular and intramolecular motions.  The vertical dashed black lines show the 
point of minimum, Vz = Vz,min ≈ 0.  a) Smaller liquid slab, b) larger system of two 
liquid NM slabs.  Comparing the minima and maxima of the different points in these 
figures shows that those achieved within 2 ps in (a) remain stable at least until ~ 4.1 ps 
when comparable minimum s and maximum s are achieved in (b). 
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decompression begins in Fig. 12b.  We shall come back to this point in detail in the next 

subsection below.  The temperature averaged over all atomic modes Tavg given by the 

blue circles at t ≈ 1.95 ps and at t ≈ 4.1 ps is near 500 K for both 12a and 12b, 

respectively.  The average temperatures per mode due to the vibrational and rotational 

energies at these times are both at TVR ≈ 450 – 475 K, with TVR in Fig. 12b perhaps 

appearing the higher of the two.  Statistically these two are not well distinguishable 

though, as we shall show explicitly below.  The most notable potential differences are 

seen in the TCM values and their component contributions.  For the case of the 879-

molecule system, it appears that TCM ≈ 800 – 850 K, is considerably higher than the 1758-

molecule system with TCM ≈ 725 K at the later time.  From this it once again appears 

reasonable to hypothesize that some of the high phonon bath energy behind the shock 

fronts may have transferred into either the vibrational and rotational modes, TVR, or to the 

internal potential energy, or both, and is thus at a lower value in Fig. 12b at the later time. 

 To examine this possibility more closely, we look at individual instantaneous 

temperature profiles at the times indicated by the dashed vertical black lines in Figs. 11 

and 12.  These profiles for TCM and TVR are given in Fig. 13 for both the single 879-

molecule systems and the 1758-molecule systems.  Figure 13a refers to the systems 

shocked in the half-against-half method using Up = 400 m/s, simulations from which the 

data in Figs. 9a, 9c, 10a and 11b were also obtained.  Figure 13b is for a system shocked 

using Up = 1050 m/s.  These profiles are also from the same trajectories yielding the data 

which the previous figures shown for this shock strength are based.  In Fig. 13 the solid 

lines refer to the single 879-molecule system and the dashed lines are for the 1758-

molecule system.  Thus, we can see that the dashed lines span a larger RZ spatial range 
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along the horizontal axis of the figures than do the solid lines derived from the thinner 

879-molecule liquid slab.  For the weaker shocks described in Fig. 13a, the fluctuations 

in the TCM profiles (red) in the bulk of the liquid (within |RZ| ~ < 50 Å for the solid 

profiles, and |RZ| ~ < 100 Å for the dashed profiles) for both systems are large enough to 

clearly make them statistically indistinguishable.   

 

Figures 13.  Individual temperature profiles at Vz,minimum (cf. Figs 11 and 13).  The 
solid lines and the dashed and dotted ones are from the 879-and 1758-molecule 
systems, respectively.  The red and black lines are the inter and intramolecular 
temperature profiles, respectively.  The color-coordinated points on the left with solid 
or dashed error bars show the bulk average values of their respective solid or dashed 
profiles. a)  For Up = 400 m/s shocks.  b)  For Up = 1050 m/s shocks. 
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This point is illustrated definitively on the left hand side of the graph by the solid circles 

with error bars of the standard deviations marking the averages of the bulk TCM and TVR 

liquid profiles.  In Fig. 13, the red points correspond, of course, to the red TCM profiles 

and the black circles correspond to the black TVR profiles, with dashed error bars 

indicating which points correspond to the 1758-molecule system and solid error bars 

indicating the 879-molecule liquid slab.  The data shown in Fig. 13a yield TCM = 422 ± 34 

K and TVR = 335 ± 20 K for the thin 879-molecule slab, and TCM = 429 ± 43 K and TVR = 

344 ± 41 K for the thicker 1758-molecule slab.  These values for the larger slab 

correspond to the open red and green points marked by the vertical dashed black line in 

Fig 11b.  Therefore, from Fig. 13a we can see that TCM stays nearly statistically constant 

and thus shows no clear evidence of net energy transfer out of the high-energy 

intermolecular modes behind the fronts within the time interval of tavg = 2.7627 – 6.3248 

ps.  This also appears to be true for TVR in Fig. 13a.  No appreciable net energy transfer 

occurs, on average, out of or into the intramolecular modes beyond the shock front region 

itself, at least for the shock strength given by Up = 400 m/s. 

 The points with error bars shown in Fig. 13b for Up = 1050 m/s correspond to the 

open red and solid green points marked by the vertical dashed black lines in Fig. 12.  

These values are TCM = 787 ± 101 K and TVR = 443 ± 50 K for the thin 879-molecule 

slab, and TCM = 715 ± 56 K and TVR = 467 ± 40 K for the thicker 1758-molecule system.  

The dotted black line in 13b is the instantaneous TVR profile of the larger slab at a time 

before the shock front reaches its outer surfaces but near the same time when the fronts 

reach the outer surfaces of the smaller slab.  We can therefore see that these TVR profiles 

correspond very closely to each other in magnitudes which are attained very rapidly 
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(within ~ 2 ps) behind the fronts.  Now we point out the apparent discrepancy just given 

here for the 879-molecule system’s TCM value with the estimate made of TCM ≈ 800 – 850 

K, obtained by examining Fig. 12a.  To address this issue, we first point out that the TCM 

estimate from Fig. 12a is within the standard deviation of the value given by the 

equivalent red point in Fig. 13b.  Second, we note that the first nonzero TCM value on the 

negative half of the 879-molecule liquid slab is not shown.  It is at 1144 K.  The reason 

this point is so high is because the outer surface of the liquid on the negative half has not 

fully come to an average translational rest at the point in time of this profile.   This value 

is far outside the standard deviation of the average for the rest of the points making up the 

profile and was thus discarded from the average.  However, for all points shown in both 

Figs. 11 and 12, all nonzero temperature values were automatically averaged over.  They 

therefore include all spurious surface temperature effects which can be left out when 

closely examining individual profiles as done in examining Figs. 13.  For a discussion of 

the average time notation, “tavg”, refer to the discussion concerning Fig. 1 above and Fig. 

21 in Section Va below. 

 We now look at temperature profiles earlier in time for the 879-molecule systems 

which give the solid-line profiles in Fig. 13.  Our purpose is to examine the rapidity with 

which the area behind the shock fronts reaches the final temperature ranges given by the 

points in Figs. 13.  In doing this we are again looking for any evidence of net energy 

transfer behind the fronts from the heated phonon bath to the intramolecular modes, or 

vice versa.  In Figure 14a, we give three TCM profiles for the 879-molecule system 

shocked in the half-against-half method using Up = 400 m/s.  The red profile at tavg = 

2.7625 ps, is the same as that given in Fig. 13a.  The blue profile is at an earlier time of 



 

 55 

tavg = 1.5125 ps, and the black is earlier still at tavg = 0.7625 ps.  Here we show only the 

TCM profiles because the TVR profiles, particularly at the earlier times, are not easily 

distinguishable from the one already given in Fig. 13a.  This similarity reminds us that 

the contrast between TVR ahead of shock front and TVR behind the front is not very great at 

this relatively weak shock strength, as evidenced in Fig. 10b.  However, for the stronger 

shock strengths (i.e., Up = 1050 m/s) there is considerable contrast and thus we give both 

TCM and TVR profiles in Fig. 14b.  The solid profiles in 14b are again the same as the solid 

ones given for the 879-molecule system in Fig. 13b.  The dashed profiles in 14b are at 

earlier times than the solid.   
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We do not present the earlier profiles for the larger 1758-molecule liquid systems 

because the surface effects where the shocks originate initially cause unusually long 

lasting, high temperatures behind the fronts (cf. Fig. 8), which do not accurately reflect 

hydrostatic conditions which are reached immediately behind shock fronts when traveling 

through bulk NM liquid.  However, in Fig. 14a we can clearly see that the earlier black 

and blue TCM profiles behind the shock fronts (within |RZ| ≈ 35 Å for the blue and within 

Figures 14.  a) Intermolecular temperature, TCM  profiles for the 879-molecule system 
shocked using Up = 400 m/s.  b)  TCM profiles are red and intramolecular TVR profiles 
are the black data sets.  Both figures show, in addition to the same 879-molecule 
system profiles at Vz,minimum seen in Figs. 13, much earlier tavg profiles that have already 
achieved the final temperature range behind the fronts, which is maintained at least 
until the system begins decompressing due to rarefaction waves. 
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|RZ| ≈ 20 Å for the black) have already reached the same range in which the final red 

profile is found.  Still later in time, this temperature range of 400 – 450 K is sustained, as 

already shown by the dashed red profile in Fig. 13a.  From these observations it again 

appears that the intermolecular temperature/energy range obtained immediately behind 

shock fronts is maintained, as opposed to decreasing due to net energy transfer to 

intramolecular modes.  This situation appears to hold at least until several picoseconds 

after the front has passed, which is the maximum  time frame reached in this study.  An 

analogous analysis of Fig. 14b leads to the same conclusions but for considerably 

stronger shocks.  We can see in 14b from the dashed black line with open circles that the 

final sustained range of TVR, ~ 400 – 500 K, is already obtained by 862 femtoseconds.   

Similar conclusions derive from the red TCM profiles shown in Fig. 14b.   

 

C.  Kinetic Energy Partitioning Behind Shock Fronts in Liquid NM 

Our more detailed temperature analysis above has thus found no definitive 

evidence for immediate or “gradual” (~ < 10 ps) energy partitioning through inter to 

intramolecular energy transfer processes occurring behind shock fronts.  Rather what we 

have found in this relatively limited study is evidence of an immediate partitioning of a 

certain percentage of the shock energy into the phonon bath and the rest into the 

intramolecular modes of the NM molecular liquid.  To examine this apparent 

phenomenon a little more we show in Figure 15a TVR points in time for all shock 

strengths studied using liquid systems at Ti = 300 K.  These points are the average TVR 

values of profiles over the full 879-molecule liquid slab.  The points in Fig. 15a are 

calculated in an identical fashion as the green points seen in Figs. 11 and 12 above.  We 
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have marked with vertical, color-coordinated dashed lines selected points in time for a 

given shock strength Up which correspond to the points of minimum  volume, Vmin, of the 

NM liquid supercells.  This correspondence is shown by the extension of these lines 

through Figure 15b, which is a plot of the average volumes versus time, of the liquid slab 

supercells.  These dashed lines are for the TVR data given by the solid points in Fig. 15a.  

Thus, the dashed black and blue lines are associated with the solid black and blue points 

in the TVR data resulting from a shock of Up = 200 m/s and 400 m/s, respectively.   

 

Figures 15.  a) Intramolecular temperature averages of entire liquid NM supercells as 
a function of time at all shock strengths, Up, studied for the Ti = 300 K systems. b)  
Liquid supercell volumes, V, of these systems.  The vertical lines correspond to the 
points of minimum  volume, Vmin, and thus maximum  compression of the supercell 
for a given shock strength. 
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The only exception is the dotted red vertical line for the TVR data resulting from a shock 

strength of Up = 1200, shown by open red circles.   In choosing the points at Vmin, we 

have also chosen the points of maximum  potential and minimum  kinetic energy with 

respect to the net translational motion of ±Up originally added to each half of the slab.  

Thus, at Vmin we have the greatest likelihood of taking into account all of the 

intramolecular energy excitation caused by the shock for the entire liquid slab while 

avoiding the decompression effects beginning immediately after Vmin.  These 

decompression effects are shown by Fig. 15a to cause a rapid decline of the high 

intramolecular kinetic energy caused by the shocks. 

 By plotting the average intramolecular energy per mode, as reflected by TVR, for 

the Ti = 300 K systems at the points of Vmin as determined in Fig. 15, against the shock 

strength given by Up, we get Fig. 16a.  We can do a similar calculation, using instead the 

average intermolecular energy per molecular translational mode, as reflected by TCM in 

Fig. 16b.  The solid red and black curves in these figures correspond to quadratic and 

exponential fits to the data, respectively.  The notation used for this quadratic fitting form 

is given here as 

 

 2
0 pp bUaUTT ++=        (16) 

 

where T can be either TVR or TCM, and T0 is the corresponding ambient, unshocked 

temperature (≈ Ti) predicted by extrapolating to no shock, Up = 0 m/s.  Equation (16) 

predicts T0,VR  = 315.8 ± 7.5 and T0,CM = 314 ± 39 K, as shown in the explicit fitted 

formulas given in the caption of Fig. 16, for this system equilibrated at Ti = 300 K.  The 
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equilibration temperature has with it an associated ~ ± 10 K standard deviation and thus 

the T0’s predicted by Eq. 14 are in agreement with the expectation of an initial state 

characterized by statistical energy partitioning.     

 

The general form of the exponential fit is 

 

Figures 16. a) Intramolecular temperatures as a function of shock strength Up.  b) 
Intermolecular temperatures vs. Up.  Both plots have quadratic and exponential fits 
shown by the red and black curves, respectively. 
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 [ ]pUfdcT exp+=         (17) 

 

where T0 is predicted to be the sum of the parameters, c + d, obtained when Up goes to 

zero.  Thus, for Eq. (17) the parameters c and d simply take on the units of Kelvin and f 

must have the units of inverse speed.  From Eq. (17) we calculate T0,vr = 301 K and T0,cm 

= 297 K.  While the simplicity of the parameters in the exponential fits are convenient 

and appear to give somewhat better predictions of T0 ≈ Ti, they do not seem to lend 

themselves to potential theoretical interpretation as well as the parameters in the 

quadratic fits do.  To see this point more clearly we, convert directly from final 

temperatures TCM,f, TVR,f and Tavg,f (calculated by Eqs. (12) – (15), and predicted on the 

basis of Eq. (16) at Vmin) to intermolecular kinetic energy (KCM), vibrational plus 

rotational kinetic energy (KVR), and final total kinetic energy (Kf,total) per mole of NM, 

via, 
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where M is the number of atoms per molecule (seven for NM).  The predictions of this set 

of quadratic equations, fit to yield the kinetic energies behind the shock fronts, are shown 
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in Fig. 17.  The values of all the parameters from Eqs. (18) corresponding to all three 

initial temperatures studied are given in Table 1 below.    

 

Figures 17.  a) Ti = 255 K.  b) Ti = 300 K.  c) Ti = 350 K.  For all, the data given by 
‘▼’ are Kf,total behind shock fronts calculated directly from simulations, the ‘▲’ are 
those for KVR, and the ‘●’ are those for KCM.  The ‘●’ symbol is the Kshock data gotten 
from Eq. (19).  The corresponding dotted, dashed and solid lines are the fits to Eqs. 
(18) and (19).   

Ti = 255 K 

Ti = 300 K 

Ti = 350 K 
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In general, parameters A must have units of energy per unit particle speed, which gives 

units of momentum per mol, and parameters B must have units of energy per unit particle 

speed squared, which comes out as just mass per mole.  It is interesting to view Acm 

specifically as giving a linear approximation of the amount of energy that will be pumped 

into the intermolecular phonon modes of liquid NM for weak shocks.  This view is 

analogously true for Avr and Atot as well.  For KCM, the linear approximation appears fairly 

good for low Up because of the low curvature, Bcm, of the data, but this is not the case for 

KVR or Kf,total.  We know that the total amount of kinetic energy initially added to shock 

any liquid slab is proportional to Up
2.  This total shock energy not only goes into the 

available internal kinetic modes but it also goes into raising the total potential energy of 

the system as it is compressed by the shock wave.  Thus we also calculated the total of 

the initial kinetic energy as K0,tot (from the third of Eqs. (18)), plus the shock energy 

assuming one mole of NM,  

 

  2
,0 0610402.0

2
1

)/( ptotshock UKmolJK ⋅+=    (19) 

 

The specific Up points and the general curve of Eq. (19) is also shown in Fig. 17 as the 

red data.  The intercept in Eq. (19) is given in Table 1 as well, for convenient 

comparison.  The error bars shown in Figs. 17a and 17b are representative of the error 

range for all the data shown for each Ti, with the exception of the Kshock data in red, 

which is exact.  The predictions of the amount of energy going into intermolecular 

heating and intramolecular heating as a function of the particle velocity shown in Figs. 17 
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are of direct theoretical interest and should be readily subject to experimental 

comparisons, if rapid enough measurements can be made behind shock fronts in NM.  In 

the work by Deak et al.6 on the energy redistribution out of mode selected vibrational 

excitations in liquid NM, time resolutions of ~1 ps were achieved in their anti – Stokes 

Raman spectroscopy methods.   As already mentioned in the introduction though, their 

study focused on energy transfer mechanisms out of randomly distributed vibrationally 

excited NM molecules, to other vibrational modes and phonon modes of the NM and 

CCl4 bath.6   

 

Table 1.  At three equilibration temperatures Ti the parameters for Eqs. (18) and (19) 
are given from fits to the kinetic energy partitioning behind shock fronts as functions of 
particle velocities Up. 

 255 K 300 K 350 K 
K0,tot 

(J·mol-1) 
*22480 ± 360 27250 ± 360 30700 ± 600 

K0,vr 
(J·mol-1) 

19530 ± 295 23410 ± 560 26430 ± 414 

K0,cm 

(J·mol-1) 
3200 ± 190 3930 ± 490 4580 ± 200 

Atot 
(kg·m·mol-1·s-1) 

*4.15 ± 1.15 2.89 ± 1.12 6.6 ± 2.2 

Avr 
(kg·m·mol-1·s-1) 

0.62 ± 0.94 0.55 ± 1.7 4.25 ± 1.50 

Acm 
(kg·m·mol-1·s-1) 

3.02 ± 0.62 2.78 ± 1.50 1.97 ± 0.71 

Ashock 
(kg·m·mol-1·s-1) 

0 0 0 

Btot x103 
(kg·mol-1) 

*9.90 ± 0.70 12.0 ± 0.7 10.4 ± 1.5 

Bvr x103 
(kg·mol-1) 

7.70 ± 0.50 8.54 ± 1.10 6.1 ± 1.0 

Bcm x103 
(kg·mol-1) 

2.50 ± 0.40 3.00 ± 1.0 4.37 ± 0.50 

Bshock 
(kg·mol-1) 

0.0305 0.0305 0.0305 
* These values are obtained from the fit to the “extended” Ti = 255 K data, cf. Fig. 18 below. 
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Our interest is practically in the reverse process, that is, shock energy from the NM bath 

entering the intramolecular modes of NM.  Thus it is difficult to directly compare their 

experimental work to our simulation results.  The experimental work of Winey et al.18 

using Stokes and anti – Stokes spectroscopy at peak pressures after stepwise shock 

loading of liquid NM is time resolved to 50 ns.  This resolution is much too high for 

direct comparisons.  Nevertheless, comparisons at short time resolutions on shocked NM 

would serve as a good test for this NM model in simulating shock processes in liquid 

NM.   

 To examine at greater breadth and in more general terms what is happening to the 

shock energy behind shock fronts in our liquid NM model we selected the Ti = 255 K 

systems and extended the shock strength range up to 2500 m/s.  We thus ran three 

additional simulations at higher shock strengths of Up = 1600, 1800 and 2500 m/s, to 

further examine any apparent trends.  It is worth mentioning here that detonation is 

known to occur in single shock experiments. at shock strengths which give measured Up 

> ~1700 m/s.25  Fortunately though, the measured delay times before the beginning of 

these detonations is on the order of hundreds of nanoseconds.  This is far greater than the 

time scale of our current simulations and it is also apparently long enough to allow for 

predetonation shock properties to be measured.25  Thus we can still make some direct 

comparisons to experiment with our nonreactive model at shock strengths capable of 

causing detonation in neat NM.  This shall be further shown in Section V below.  After 

simulating and adding this additional data to that already shown for the Ti = 255 K 
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system, we examined the shock energy (Kshock – K0,total) percentages that go into Kf,total, 

KVR and KCM by the time Vminimum is achieved.  These percentages are defined by, 
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All of the energy terms in the three middle equations above were previously defined by 

Eqs. (18) and (19).  It is shown in Eqs. (20) that it is necessary to subtract off the energies 

at the Up = 0 intercepts in order to compare only the relative quantities of kinetic energy 

that are added to the system by the shock.  For example, the percent of the shock energy 

that is added to KVR versus the percent that is added to KCM.   

 

Table 2.  Parameters values obtained by fitting Eq. (20) and (21) to the data shown in 
Fig. 18.   

†cf. Eqs. (20) k0,Φ k1,Φ uΦ (x103) 

%Kshck,f 40.7 ± 0.8 95.8 ± 9.4 3.0 ± 0.3 

%Kshck,VR 26.4 ± 1.1 54.1 ± 17.6 3.4 ± 1.0 

%Kshck,CM 13.5 ± 0.8 33.0 ± 4.6 2.3 ± 0.4 
 

†cf. Eqs (21) α0,Φ αΦ (x103) 

%KVR 56.1 ± 1.7 5.1 ± 1.3 

%KCM 40.0 ± 1.0 -3.2 ± 0.8 
† Note:  The Φ subscripts in the row headings stand for the appropriate ‘tot’, ‘vr’, or ‘cm’ subscripts on the 
parameter symbols. 
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The three exponential equations on the rightmost of Eqs. (20) are the forms we used to fit 

to the corresponding percentage data, as shown in Figure 18a below.   

 

Figures 18.  a) The lowest black triangles show the percent of shock energy that is in 
KCM as a function of shock strength, Up, in our Ti = 255 K systems at the time of 
maximum compression, Vmin; the middle green triangles are that for KVR, and the 
upper red are that for Kf,tot. These are determined by Eqs. (20).  The open black 
squares are some preliminary data from the Ti = 300 K systems. b)  The circles 
outlined in red are the %KVR data and the solid black circles are %KCM data, both 
defined in Eqs. (21).   



 

 68 

The three respective k0, three k1 and three u parameter values in Eqs. (20) from the three 

fits shown in Fig. 18a are all given in Table 2.  We also examine in Figure 18b the 

percent of Kf,total at Vminimum that is divided between the internal energy KVR, and phonon 

bath energy KCM.  These percentages are defined as, 
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All of the kinetic energy terms in the two middle equations of Eqs. (21) are defined by 

Eqs. (18) and (19) above.  The linear equations on the right side of Eqs. (21) are used for 

fitting the percentage data shown in Fig. 18b.  The values of the parameters from these 

fits are given in Table 2 above. 

The classical equipartition theorem states that each quadratic contribution to the 

total energy of a system at equilibrium will be ½kbT, on average.32  The quadratic 

requirement of the equipartition theorem means that the kinetic and potential energies 

must be adequately described by simple harmonic approximations.  This means that the 

anharmonic contributions to the potentials given by Eqs. (2), (4) and (5), if we were to 

expand them in appropriate polynomials, must be negligible.  Each of the three Cartesian 

components of motion of each atom has only one total potential energy function acting 

on it at each instant.  In our system this potential is calculated by the appropriate 

summations given by Eq. (6).  If we consider one mole of liquid NM molecules to be the 
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system then there are twenty-one degrees of “kinetic” freedom per molecule and each of 

these degrees of freedom also has a total potential function associated with it as given by 

Eq. (6) after converting all internal coordinates to the Cartesian coordinates.  However, 

due to the fact that energy fields are scalar, not vectorial, they are somewhat arbitrarily 

additive in our classical, empirical model.  We therefore have twenty-one additional 

degrees of freedom per molecule in which energy can be stored due to the intermolecular 

potential.  We also have twenty-two degrees of freedom per molecule in internal 

coordinates due to intramolecular potential bonding as given by the full sum of Eq. (1).  

The negative of the gradient of the intramolecular potential is added to the magnitude of 

each component of the total Cartesian force vector and hence we have sixty-six total 

additional degrees of freedom per molecule due to the intramolecular potentials.  For the 

total potential we sum all inter and intramolecular contributions and then we add in the 

kinetic degrees of freedom to give the grand total of 108 degrees of freedom per molecule 

into which energy can be stored.  All of these potentials should have an equal partition of 

energy at equilibrium if a harmonic approximation is adequate at the temperatures 

achieved behind our shock fronts, though this is likely not the case.  However, if our 

system has achieved hydrostatic and energetic equilibrium behind the shock fronts then 

there can be no more net energy transfer occurring and we can check for the applicability 

of the classical theorem of equipartition.  By assuming the equipartition theorem is 

applicable we can predict, from the above analysis of the total degrees of freedom per 

molecule, that approximately one-fifth of the shock energy, on average, will end up 

heating the system and that the rest will go into raising the inter plus intramolecular 

potential energy.  That is to say, the following equation should hold if equilibrium has 
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truly been achieved behind our shock fronts and the intramolecular potentials are 

sufficiently harmonic at the shocked temperature,  

 

( )totshocktottotf KKKK ,0,0, 5
1

−≈−       (22) 

 

where Tavg,f and Kf,tot are calculated by Eq. 12 at the time of Vmin.  In other words, Kf,tot 

would absorb twenty percent of the shock energy at equilibrium behind the front.  We can 

easily see from an examination of Fig. 18a that this criteria is generally not close to being 

met for our Ti = 255 K systems, implying that full equilibrium conditions behind our 

shock fronts have not yet been achieved and that the potential energy contributions to the 

total energy are not sufficiently approximated as quadratic at high temperatures. 

 However, from the classical equipartition theorem we do have the prediction that 

at equilibrium our internal kinetic energy should be equal to 18RT / 2.  This leaves 3RT / 

2 for the kinetic energy at equilibrium due to intermolecular translational motions.  

Dividing each of these by the total expected kinetic energy of 21RT / 2, gives the decimal 

percentage values expected for the %KVR and %KCM, if there is equilibrium achieved 

behind our shock fronts.  These expected percentages are 85.7% and 14.3% for %KVR and 

%KCM, respectively.  Because these percentages deal solely with kinetic energy that is, by 

definition, a quadratic contribution to the total energy they are fully valid expectations in 

contrast to that for the potential energy discussed above.  We can see from Fig. 18b that 

this criteria for energy equilibrium is generally not met either.  The %KCM in Fig. 18b is 

consistently higher than required for equipartitioning, and correspondingly the %KVR is 
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consistently lower.  However, in Fig. 18b we note the decreasing trend of the %KCM data 

indicated by the solid black fitted curve, and the corresponding increasing trend of the 

%KVR data.  This may indicate that for the stronger shocks, high Up, the shock energy is 

transferring more rapidly between inter and intramolecular modes than at the lower Up, 

and that this allows for more rapid equilibration of the energy behind the fronts and hence 

causes the %KVR and %KCM to come closer to their expected equilibrium values. 

 In addition, from Fig. 18 we can, with a knowledge of the time scales of our 

shock simulations, further infer some possible mechanistic reasons why equilibrium 

conditions are apparently not achieved behind our shock fronts.  For the higher shock 

strengths, ~ Up > 1100 m/s, in Fig. 18a the percentage of shock energy that is heating the 

system behind the fronts appears less than 50%.  We can speculate on this based on the 

rise in %KVR with Up in Fig. 18b, that a greater amount of energy has been pumped into 

intramolecular modes at higher strength shocks.  This seems reasonable because high 

strength shocks excite higher frequency phonon vibrations which, in turn, couple more 

strongly with intramolecular modes (most are at much higher frequencies than the bath), 

thereby more rapidly exciting them to higher TVR.  However, due to the extremely short 

time period (< 3 ps) of these high strength shock simulations, the intramolecular 

vibrations have yet to fully equilibrate excessive up-pumped intramolecular kinetic 

energy into potential energy.  Thus the %Kshck,f in Fig. 18a is higher than expected for 

equilibrium.  At the lower shock strength range, Up < 500 m/s, we see in Fig. 18a that 

more than 50% of the shock energy is still heating the system at the time maximum 

compression is achieved during our simulations.  This is interpreted as indicating, and 

supported by Fig. 18b, that less energy has generally been able to transfer into the 
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intramolecular modes of NM where a greater amount of intramolecular potential can 

absorb more of the shock energy.  Mechanistically it makes sense that the lower strength 

shock fronts generally excite more lower frequency phonons which, in turn, take longer 

to excite the much higher frequency intramolecular modes.  Thus, in spite of having 

longer simulation times (~ 4 – 7 ps) due to lower shock speeds, low Us, during which to 

distribute energy behind the shock fronts, the system does not achieve equilibrium, 

possibly due to this inter to intramolecular “frequency mismatch.”  All of this reasoning 

is generally in line with the up-pumping mechanisms investigated extensively by Deak 

and Dlott et al.6 and qualitatively supported by the simulations of Kabadi and Rice.5  
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V.  Sound Speeds and Hugoniot Pressures and Densities 

 

A.  Introductory density, pressure and sound speed analysis. 

In Figure 19a is found the color contours depicting the density profiles along the 

shock axis in time for the same 879-molecule, Ti = 255 K system shocked by Up = 375 

m/s, that also gave the data shown in Figs. 5 and 8.  In Fig. 19a, the total time shown 

extends to t = 5 ps, during which the rarefaction wave has time to decompress the liquid 

from maximum  density (shown by orange to red on the ρz scale), which was maintained 

for approximately 1 ps (from t = 2 to 3 ps), to near preshock density conditions (shown 

mostly in yellow) at t ≈ 5 ps.  To analyze more closely the changing densities of our 

liquid NM systems we take single z-dimensional density profiles from figures like 19a at 

specific times.  We plot these as two-dimensional graphs of density versus position along 

the z-axis.  This procedure gives graphs like Figure 19b, in which four instantaneous 

density profiles from the data in Fig. 19a are shown.  The points in Fig. 19b show the 

locations along the z-axis of the centers of all of the bins into which our liquid slab was 

subdivided, averaged over a specified time interval (cf the discussion of Fig. 1).  The 

black circles connected by black lines give the averages for each bin of Tavg over the first 

four configurations saved during the trajectory of this system.  This time averaging is 

indicated in the graph’s key by the tavg symbol, which gives the mid-point in time 

between the first and last point over which Tavg was sampled.  The initial configuration of 

the trajectory was counted as t = 0 fs, and, given the 25 fs interval between each 

configuration, the fourth was at t = 75 fs.  Therefore the mid-point of the first time 

interval over which averaging is performed is at tavg = 37.5 fs.   
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The black points in Fig. 19b show what the initial density profile, ρ0, looks like before 

shock compression of the liquid slab occurs.  Excluding the surface density, which 

quickly drops to near zero (points not shown), from this data we can calculate the full 

average initial bulk density of the NM liquid slab at 255 K.  This value, ρo,avg = 1.13 ± 

0.03 g/cm3, is within 2% of the results of previous bulk liquid simulations and 

experimental values.2   The dashed horizontal black line in Fig. 19b shows this ρo,avg 

Figure 19.  a)  Color contours of the density profiles versus time for a liquid NM slab 
at Ti = 255 K shocked by Up = 375 m/s.  b) Selected individual profiles showing no 
compression in the earliest black data, an partial compression in the blue profile, 
showing that behind the fronts “final” density has already been achieved.  The red 
profiles in (b) are at the maximum  compression, Vmin, achieved for this system. 
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value.  Blue points connected with solid blue lines show Tavg values for each bin averaged 

over four trajectories between 900 and 975 fs, hence tavg = 937.5 fs.  These blue points 

show the density profile in transition from preshock conditions ahead of the front at |Rz| > 

30 Å, to compressed regions behind the front at |Rz| < 30 Å.  Both the solid and open red 

points with solid and dashed connecting red lines, show average density profiles 

maintained near the beginning and end of the time interval during which the full liquid 

slab maintains its maximum  achieved compression during this shock simulation.  This 

full compression is maintained from roughly t = 2 ps to t = 3 ps, and hence tavg for the red 

points are within this time interval.  The average density at maximum  compression, 

excluding surface densities outside Rz = ±40 Å, is calculated from both sets of red points 

as ρmax,avg = 1.30 ± 0.04 g/cm3.  This value is indicated in Fig. 19b by the red dotted line.   

 To further check that full compression has been obtained behind our shock fronts 

during and after the time attainable in the 879-molecule systems, we compare them with 

the 1758-molecule systems for Ti = 300 K.  In Figure 20a, we give the color contours of 

the density profiles for the smaller system.  This plot is placed in proper scale relative to 

analogous density profiles for the larger system shown in Figure 20b.  Both use the same 

density color contour scale given in the upper right hand side of the figure.  These two 

systems were both shocked by means of the half-against-half method using Up = 1050 

m/s.  We can clearly see that, with the exception of the temporal and spatial extents, these 

two figures are virtually identical.  The density obtained behind the shock fronts within 

only a few hundred femtoseconds is that which is maintained until the rarefaction waves 

finally begins the decompression in both systems.   



 

 76 

 

To demonstrate this behavior more directly, we give Fig. 21, in which individual 

z-dimensional density profiles extracted from the data appearing in Fig. 20 are shown for 

times earlier and later than 300 fs.  In Fig. 21 we give the initial density profile of the 

1758-molecule system (black data points), connected by solid black lines, in which the 

Figure 20.  a) Density contours for an 879-molecule system at Ti = 300 K,  shocked in 
the half-against-half method with Up =1050 m/s.  b)  For the equivalent 1758-
molecule system.  These two share common distance, time and density scales.  They 
show that the final density achieved in the smaller system (a) is achieved and 
maintained throughout the larger system as well until decompression reaches the 
center of the bulk at 5.5 – 6 ps. 
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initial gap between the two 879-molecule slabs placed end to end is seen at Rz ≈ 0 Å.  

This profile in black is obtained at tavg = 24.8 fs after the start of the simulation but well 

before any shock compression can occur.   

 

In the 1758-molecule system, due to the method by which we placed the two 879-

molecule slabs end to end, there is an observable amount of time before the slabs collide 

and shock compression commences.  However, in the single slab 879-molecule system 

this delay is negligible since the shock compression begins immediately within the 

central bulk of the slab.  Thus for the smaller system we can more easily obtain an 

estimate of the amount of time required to reach maximum compression behind the shock 

fronts.  In Fig. 21 the profiles from Fig. 20a are given by the open and filled blue circles 

at tavg = 212.5 and 262.5 fs, respectively.  We can see that both peak points at Rz ≈ 0 Å for 

Figure 21.  Single representative density for the small and large systems considered 
herein.  Open and filled blue data points are extracted from the data shown in Fig. 20a 
at tavg = 212.5 and 262.5 fs, respectively.  Black and red data points refer to the system 
depicted in Fig. 20b at tavg = 24.8 fs and 4.0248 ps, respectively.  The red data is at 
obtained at maximum  compression, Vmin. 
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the blue profiles are well within the standard deviation from the average maximum  

density obtained behind the shock fronts at Vmin, for this shock strength.  We calculate 

this average maximum density from the red profile in Fig. 20b for the 1758-molecule 

system at tavg = 4.0248 ps to be, ρ = 1.51 ± 0.04 g/cc.  Thus because density variations 

behind the fronts seen in both Figs. 20 and 21 appear to be random and very limited in 

scale (< 5% deviation from the average) it seems acceptable to assume that this is the 

final density that will be achieved behind fronts for our system at this shock strength and 

initial temperature.  The maximum average density value is marked by the dashed 

horizontal red line in Fig. 21, and the initial density is marked by the horizontal black 

dashed line at ρ0 = 1.068 ± 0.028 g/cm3.  This ρ0 value is about 2.3% higher than the 

value found in previous simulations by Sorescu et al.
2 using this model under full 

periodic boundary conditions and 1 atm pressure at 298 K. 

Using Eq. (8) we rewrite the RH mass flux equation to find the density predicted 

behind the shock front, 
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using the Up and ρ0 values given for the system described by Fig. 19 above, and the 

average value of Us = 2500 m/s obtained in the manner demonstrated in Figs. 3 and 4, we 

calculate a RH predicted density of 1.32 g/cm3.  Similarly, for the system depicted in Fig. 

20 with Us = 3720 m/s, we calculate an RH predicted density of 1.49 g/cm3.  Considering 

the extremely short time (from Fig. 20b, < 300 fs) during which this strongly polar, 
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molecular NM system achieves hydrostatic equilibrium behind the shock fronts, the RH 

density predictions just given are in remarkably good agreement with the final simulated 

average values obtained at Vmin.  We can also rewrite the RH Eq. (9) to predict the 

momentum flux behind the front in the direction of the shock,  

 

psUUPP 001 ρ+=        (24) 

 

This equation predicts the pressure tensor component behind the front, P1, along the 

shock axis.  It is expected to be accurate when dealing with isotropic systems in which 

shear forces do not play a significant role in the processes under consideration.13-15  In the 

case of our shock simulations, because the shock front travels at a constant rate and it 

travels as a homogenous planar wave, on average, it is not necessary to consider viscous 

forces.  Using the data in Eq. (24) just given for Figs. 19 – 21, for the Ti = 255 and 300 K 

systems, with P0 set equal to zero, we calculate the RH predicted pressures (momentum 

fluxes) behind the fronts to be 1.06 GPa and 4.20 GPa, respectively.  In this fashion, all 

the initial and final simulated ρ data, and the RH predicted ρ1 and P1 data are calculated 

for all initial liquid NM temperatures simulated in our study.   

The Us – Up Hugoniot curves (commonly termed just “Hugoniots”) given below 

in Fig. 22 for our simulations at Ti = 255 K are compared to available experimental and 

theoretical results.10,18  The solid black circles with error bars are our results gained by 

the methods described in detail in Section IVa above.  All of the curves shown in black 

are fits to our data.  The data shown by the open red triangles are from experimental work 

by Lysne et al.,10 done at Ti = 250 K.  The blue curves are fits to their experimental data.   
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The solid curves are simple linear fits to their data, and the dashed curves are the 

corresponding quadratic fits for comparison.  Our general notation for these curves is, 
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where the intercepts Cl and Cq are the linear and quadratic  sound speed predictions given 

in the limit of very weak shocks for a given Ti.  The three fitted λ parameter values are 

given for all initial temperatures in Table 3, both for experimental data and for the results 

of our simulations.  We note here that the dashed quadratic curve fit to our simulation 

data in Fig. 22 has only very weak curvature, low λ3 parameter in Eqs. 25, in order to 

Figure 22.  Shock speed, Us, vs. particle speed, Up, Hugoniot data and corresponding 
fits given in black for our simulations at Ti = 255 K and given in blue and red from 
experiment.10,18  The solid lines are linear fits and the dashed ones are quadratic fits, 
described by Eq. (25).  The dotted lines are fits given by Eqs. (26) and (27). 
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predict the higher shock strengths.  In sharp contrast the experimental dashed blue 

quadratic curve has a much shorter range of shock strengths to  which it was fit.  Thus the 

experimental λ3 parameter is over four times higher than ours, and when it is extrapolated 

to higher Up values the curve is seen to rapidly become completely unreliable. 

All dotted curves in Figs. 22 – 24 show fits of a general Us – Up Hugoniot 

proposed by Woolfolk et al.,37 that is given here as 

 

 pWpWWs UaCUaaCCaU 2311 )exp()1( +−−+=     (26) 

 

This Hugoniot form predicts the sonic speed CW as Up goes to zero and it becomes 

strongly linear in contrast to a quadratic form at large particle speeds, as required for 

many substances.  Dividing Eq. 21 through by CW for all Ti gives what is referred to as a 

“universal” liquid Hugoniot.  The values of the parameters a1, a2 and a3 were obtained by 

fitting to experimental liquid NM data and are taken as those given by Winey et al.18  

They are, 

 

 117.5                637.1                 248.1 321 === aaa    (27) 

 

The speeds of sound are temperature dependent and when they are taken to be the 

experimental values (CW = Cexp) at the Ti of our simulations (i.e., Ti = 255 K) in Eq. (26) 

and then plotted using the constants in Eqs. (27), we get the dotted red curves in Figs. 22 

– 24.  In this manner we can directly compare the position of the empirical curves with 

our simulation results without any ambiguity due to differing Ti’s.  The direct 
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experimental speeds, Cexp, are obtained from the work of Lysne et al.10 in which the 

sound speed data for NM are precisely fit by a linear curve that is given here for 

convenient reference as, 

 

 iexp TC
3

. 10280.4417.1 −×−=       (28) 

 

For Equation (28), the units of Ti must be in centigrade and Cexp will be given in 

millimeters per microsecond (mm/µs).   

 

Table 3.  Values of parameters appearing in Eqs. (25) and (26) obtained by fitting the 
Us – Up Hugoniot of our simulation data and that of experimental11 data.  

Fits to simulation data at Ti From experimental data11 at Ti cf. Eq. 
(25) and 

(26) 255 K 300 K 350 K 250 K 323 K 363 K 

λ1 

λ2 

λ3 x104 

(m/s)-1 

Cl (m/s) 

Cq (m/s) 

CW (m/s) 

1.95±0.04 

2.18±0.11 

-1.0 ± 0.1 

 

1755±38 

1687±48 

1709±27 

1.93±0.04 

2.30±0.16 

-2.5 ± 1.0 

 

1637±28 

1541±48 

1532±12 

1.85±0.05 

1.93±0.19 

-0.6 ± 0.6 

 

1506±32 

1488±52 

1372±16 

1.78±0.11 

2.36±0.49 

-5.1 ± 0.4 

 

1673±64 

1548±121 
†1515. 

1.75±0.05 

1.87±0.25 

-1. ± 2. 

 

1400±40 

1365±81 
†1203. 

1.79±0.04 

2.07±0.14 

-2. ± 1. 

 

1190±21 

1125±35 
†1031. 

  

    255 K 300 K 350 K 
*
CW = 
Cexp 

   *1495. *1302. *1087. 
* The sound speeds in this row are used in Eq. (26), along with Eq. (27), to give the red dotted curves in 
Figs. 25 – 27.  These curves are the experimental curves at the same Ti’s of the simulations. 
†
 Precise experimental sound speeds in liquid Nitromethane from Ref. (11) are constants.  The 323 K CW is 

used in Eq. (26), with Eq. (27), to give the blue dotted curve in Fig. 23. 
 



 

 83 

The dotted black curves in Figs. 22 – 24 are fits of Eq. (26) to our simulation data, but 

using CW as the only fitting parameter with a1, a2 and a3 held constant at the values given 

by Eq. (27).  Thus, we can compare the general shapes of all the resulting Us – Up curves 

and their different parameters obtained from our fits, particularly the sound speed 

predictions, all given in Table 3.  Also see Fig. 25 below for the graphical comparisons of 

these sound speeds.   

In Fig. 23 we give the Us – Up results for our simulations at Ti = 300 K.  The 

available experimental data given by the open red triangles is also from Lysne et al. at 

323 K.  There is also experimental data shown by the open green squares from Leal-

Crouzet et al.25 at Ti = 288 – 293 K.  All of this latter experimental data is at shock 

strengths sufficient for detonation in liquid NM and were used in investigating detonation 

mechanisms in NM.  Fortunately the temporal resolution of their experiments allowed for 

adequate measurement of shocked predetonation properties of their liquid samples.  The 

curves given in Fig. 23 are defined analogously to those already discussed in detail in 

reference to Fig. 22.  However, in addition to the red and black dotted curves from Eqs. 

(26) and (27)   at Ti = 300 K, we also give a blue dotted curve in Fig. 23 at Ti = 323 K.  

This latter initial temperature is at that of the actual experimental data of Lysne et al.11 

and is given to indicate the difference that occurs due solely to the higher initial 

temperatures used in the experiment.11  
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The values of all fitted parameters from Eqs. (25) and (26) for the data shown in Fig. 23 

are also given in Table 3.  Notice that the curvature of the quadratic fit to the simulation 

data, shown by the thin dashed black line in Fig. 23, is greatest here out of all three 

simulated Ti’s.  This characterization is seen clearly by inspecting the λ3 parameters from 

the second equation Eq. 25 that are given in Table 3.  Thus, the sound speed predicted by 

the quadratic fit, Cq, to the Ti = 300 K Hugoniot is considerably lower than the rest.  This 

effect will be shown in Fig. 26 below, but we first give the final Us – Up Hugoniot for our 

simulation results at Ti = 350 K in Fig. 24.  Again the data points and curves are 

analogous to those already given and discussed in reference to Figs. 24 and 23. 

Figure 23.  Us – Up Hugoniots for our simulation results at Ti = 300 K are in black 
with corresponding black fit curves.  Experimental values10,18,25 are the blue, red and 
green data points shown at Ti = 323, 300, and ~290 K, respectively. 
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The experimental blue data in Fig. 24 is at Ti = 363 K, and it is seen by comparison with 

the red dotted curve, which is for Ti = 350 K, that a small of an initial temperature 

difference in liquid NM is not sufficient to appreciably alter the shock speeds obtained 

for given Up’s.   

 We now show in Fig. 25 the sound speeds from Table 3 calculated in the manner 

detailed above.  The gray circles outlined in black are the experimental points obtained 

directly  from Eq. (28) and converted to units of meters per second.  The open squares are 

the linear fits to Eq. (25), with the black ones being from experimental data and the red 

ones from our simulations.  The solid triangles in Fig. 25 are the results obtained from the 

quadratic fits of Eq. (25), again with the black and red ones being from the experiments 

and simulations, respectively.  The wide error bars in this figure apply to the open 

Figure 24.  Us – Up Hugoniots for our simulation results at Ti = 350 K.  The data and 
fitted curves are completely analogous to those shown and already explained in Figs. 
22 and 23 above.   
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squares for both the black and red sets of data, while the thinner error bars are for the 

solid triangles. 

 

Finally, the open blue circles shown in Fig. 25 are determined from the fits to Eq. (26) in 

which the three “a” parameters are held constant, as given by Eqs. (27), and the sound 

speed, CW, is treated as the single fitting parameter.  It is interesting to note that neither 

the linear, nor the quadratic fits to the experimental Us – Up data at Ti = 250, 323 and 363 

K, predict sound speeds in general agreement with actual experimental values shown by 

the gray circles in Fig. 25.  The only exception is the quadratic fit to the data at the lowest 

temperature, 250 K.  The quadratic fits of course, predict the lower sound speeds Cq, than 

Figure 25.  Sound speeds, C, as a function of temperature in liquid NM.  The gray 
circles connected by a black line are from experiment10 given by Eq (28).  The black 
squares and triangles with error bars are Cl and Cq from linear and quadratic fits, 
respectively, to the experimental Us – Up Hugoniots appearing in Figs. 22 – 24.   The red 
squares and triangles are our simulation data.  The blue circles are values of CW obtained 
by fitting our simulation data with Eq. (26).  The blue dashed fitted line, Eq (29) below, 
is a linear fit to the CW points shown in blue. 
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do the linear predictions Cl, because the form allows for some curvature in the weak-

shock regime.  This comes closer to approximating sonic speeds in the limit of zero 

particle speed.  These Cq may or may not agree with the Cl predictions, and though they 

are closer to experiment, they will be quite uncertain if data from a sufficient range of 

shock strengths is not available. 

 From the open blue circles in Fig. 25, we can see that CW obtained from the fits to 

Eq. (26), using the parameters from Winey et al. given above, are the most consistent, 

and in best agreement with experiment.  We therefore chose these three points from 

which to obtain our linear prediction of sound speeds with temperature for our NM liquid 

model.  This prediction is to be compared to the corresponding experimental result given 

by Eq. (28).  Our results are  

 

 isim TC  )21.0(54.3)64(2605 ±−±=      (29) 

 

where the standard errors of the fitting parameters are shown in parenthesis.  Note that 

Eq. (29) predicts sound speeds in units of m/s as a function of temperature given in 

Kelvin.  Equation (28), from experiment, predicts sound speeds in units of mm/µs as a 

function of temperature given in units of degrees Celsius.  We can thus see that at low 

temperatures our Csim predictions from Eq. 29 are about 15% higher that experimental 

values, and at high temperatures Csim is about 30% higher than experiment.  Thus, the 

intermolecular potential given by Eq. (5), which solely governs the limiting behavior of 

small pressure and mass fluctuations in liquid NM, does not give high quantitative 

accuracy in sound speed predictions.  This is a strong indicator that many dynamic 
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energy transfer processes, such as intramolecular up-pumping from excited phonon bath 

modes, may not be satisfactorily predicted by our force field.  This is in general 

agreement with the quantitative findings of Kabadi and Rice.5 

However, the fact that our Us – Up Hugoniot curves are fairly accurate in their 

general form is seen clearly by considering them in terms of the “universal” Hugoniot.37  

This is given simply by dividing Eq. (26) through by CW, for each respective Ti, and 

plotting the results as a function of Up / CW.  We have done this for all of our shock speed 

data given in Figs. 22 – 24, and we give the results in Figure 26.   

 

The solid black line in Fig. 26 is the result of fitting all of our reduced (i.e., divided by 

CW) data to Eq. (26) by allowing a1, a2 and a3 to vary.  The values of the parameters 

obtained are  

Figure 26.  “Universal” Hugoniot comparison with experiment.  All black data is from 
our simulations.  The red dashed line is Eqs. (26) with (27) from experiment18 in 
“reduced,” or “normalized” form, achieved by dividing Eq. (26) by CW.  The black 
line is Eq. (26) fit to our reduced Hugoniot data using all three “a” parameters. 
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4.29.385.080.189.017.1 321 ±=±=±= a                a                 a   (30) 

 

These results from our simulations are to be compared directly with those based on 

experiment given in Eqs. (27).  The errors shown in Eqs. (30) are the asymptotic standard 

errors of these fitting parameters.  These parameters show that our curve agrees well with 

experiment.  This is seen in Fig. 26 by comparison of our results to the empirically based, 

red dashed line of Winey et al.’s.18  In general, the good fit to all of our different Ti data 

shown by the solid black curve in Fig. 26 indicates that changes in PVT Hugoniot data 

due to the changes in the initial temperatures of our simulations, can be well accounted 

for by appropriate changes to the ambient pressure C.  This property can be useful in 

predicting equation of state data for our system that lie at different Ti than the ones which 

we have simulated.  For instance, if we want to know the Us – Up Hugoniot data for Ti = 

273 K, then all we need to do is use the C predicted by  Eq. (29) at 273 K, in Eq. (26) and 

then, using our parameters given by Eq. (30), calculate Us as a function of Up at this 

desired Ti.  From these results, along with ρ0 given by Eq. (32) below, we can then 

predict all of the RH predicted PV data centered at Ti = 273 K using Eqs. (23) and (24). 

  

B.  Density and Pressure Hugoniots.   

The fact that our shock speeds are too high for any given Up for all Ti’s in comparison to 

experiment indicates that we should expect lower densities behind the fronts than that 

given by experiment.  This is easily seen by rewriting Eq. (23) to be in terms of the 

specific volume V, 

 



 

 90 

 









−=≡

s

p

U

U
1V

1
V 0

1ρ
       (31) 

 

Thus, as Us increases for a given Up, the Eq. (31) predicts a higher specific volume and a 

lower density behind the shock fronts.  Physically, we can think of this result in terms of 

the flux of mass into the region behind the fronts having a greater volume to occupy for a 

given particle velocity due to the greater distance covered by a shock front traveling 

ahead at higher Us.  This means, in turn, that the density will be lower behind our faster 

simulated shock fronts than that obtained in experiments, as we show in Fig. 27a.  In Fig. 

27a, the black circles give the RH predicted densities from our Us – Up Hugoniot for Ti = 

255 K.  The open red triangles show the experimental11 densities at 250 K, and the red 

circles are data obtained directly from our simulations by the methods described in 

reference to Figs. 19 – 21 above. We can see that these density values obtained directly 

from our simulations are in very good agreement with those predicted by the RH equation 

(Eq. (23)).    This agreement shows that behind our shock fronts the classically predicted 

hydrostatic density has been achieved well within the time frame of our simulations.  As 

already mentioned, the experimental densities are greater than those obtained in our  

simulations, however the RH-predicted pressures from our Us – Up Hugoniots are in good 

agreement with experimental values, as we show in Fig. 27b.  The reason for this 

agreement is an apparently fortuitous, cancellation in the product of our Us values, which 

are higher than the experimental values with corresponding ρ0 values, which are lower 

than the experimental values.  Our initial densities for this NM liquid model are in 

agreement with the results calculated by Sorescu et al.2   
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They are consistently ~ 3.5% lower than the experimental values calculated from the 

inverse of the specific volume curve given by Lysne et al.,10 and from the experimental 

Figures 27.  a)  Comparison of densities ρ1 obtained behind the shock fronts of  Ti = 
250 – 255 K and strength Up.  Our RH predicted results from Eq. (23) are black circles 
and the red circles outlined in black are the ρ1 values obtained directly by the methods 
resulting in Figs. 19 – 21 above.  Open red triangles are from experiment.10  b)  Our 
momentum fluxes P1 calculated from Eq. (24) are the black circles to be compared to 
the experimental10 data given by open red triangles.  Note, these are not isothermal 
data.  Each point shown is at a different temperature than the rest, dependent on the 
shock strength.  
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curve38 which is quoted in Sorescu et al.2  For reference, these three isobaric curves are 

all given here as linear least squares fitted curves: 
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      (32) 

 

where the subscript numbers in parenthesis denote the above two source references.  It is 

necessary to realize that the first two of these equations are functions of temperature 

given in Kelvin, whereas the last from Lysne et al.10 is for temperatures given in degrees 

Celsius.   

 We now give the density and pressure Hugoniot curves for our simulations at Ti = 

300 K in Fig. 28.  The solid black circles are from our calculations using the Us – Up 

results from our simulations, depicted in Fig. 23, as input to the RH Eqs. (23) and (24).  

The red circles in Fig. 28a are the density values obtained by the methods described in 

discussing Figs. 19 – 21 above.  We again see that our density values from simulations 

are self consistent and thus indicate that the expected classical, hydrodynamic density is 

rapidly achieved behind our shock fronts.  Also, features analogous to those already 

detailed for Fig. 27 are evident in Fig. 28.  That is, the experimental densities10,25 are 

consistently higher than our simulation values, and this difference tends to counter the 

consistently lower shock speeds, for a set particle speed, when calculating the RH-

predicted pressures.   
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Thus, in Fig. 28b our RH pressures from Eq. (24) are in close agreement with the 

momentum fluxes from experiment.10,25  We point out though that in this case the lower 

Ti of our simulations (300 K) compared with that of the experiment10 (given by the open 

red triangles) at Ti = 323 K, may be responsible for the consistently higher P1 values that 

Figures 28.  Data and symbols used are consistent with those detailed for Fig. 27.  a) 

ρ1, obtained behind the shock fronts for Ti = 300 K in our simulations; 323 K, open red  
triangles and ~290 K (open green squares) results are from experiment.10,25 b)  The 
same as in (a), but for P1 behind the shock fronts.  Note that the data depicted by the 
open red triangles in (b) show slightly less curvature than the Eq. (24) predicts based 
on our simulation data.  This difference was not observed in Fig. 29. 
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we see in Fig. 31b.  However, the predetonation, high shock strength values given by 

Leal-Crouzet et al.25 at Ti = 288 – 293 K shown in Fig. 28b appear in very good 

agreement with our data if we extrapolate our P1 – Up Hugoniot at Ti = 300 K, to the Up 

range of their data. 

 We give the results of our highest, 350 K, initial temperature simulations in Fig. 

28.  It is worth emphasizing again that we get good agreement between our densities 

calculated directly from the trajectory data with those calculated through the RH equation 

(Eq. (18)), as shown by comparing the solid black and red circles in Fig. 28a.  As 

discussed earlier in the particular context of Fig. 21, these RH-predicted densities are 

apparently achieved within only a few hundred femtoseconds behind the fronts.  This 

result indicates the presence of an extremely thin shock front region, with regard to liquid 

densification, of ~ 10 Å, depending on the shock strength.  In Fig. 29 the experimental 

data from Lysne et al.10 given by open red triangles are again at a higher initial 

temperature, Ti = 363 K, than our simulations.  This initial temperature difference does 

not account for the shocked density differences seen in Figs. 27a, 28a and 29a, because in 

Fig. 27a the experimental data is at the lower Ti of 250 K and it still gives considerably 

higher densities than our simulations do at Ti = 255 K.  But, as suggested in reference to 

Fig. 28b, the two experimental initial temperatures that are considerably higher than those 

of our simulations (23 K and 13 K higher, in the data shown in Figs. 28 and 29, 

respectively) may contribute to the consistently higher momentum fluxes, P1, calculated 

from our Us – Up Hugoniot data with Eq. (24), seen in Figs. 28b and 29b.  This trend is 

not seen in Fig. 27b in which the experimental Ti  is only 5 K lower than our simulations. 
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Finally, we present the combined results of the temperatures and pressures 

achieved behind the shock fronts in our simulations and compare them to available 

experimental and theoretical data in the literature.18 – 22,39  In Figure 30 our RH pressures, 

P1, from Eq. (24) and temperatures, Tavg, at minimum  liquid volume Vmin (or maximum 

density achieved), are given for all three initial temperatures studied.  It is perhaps worth 

Figures 29.  The experimental10 shock densities and pressures at Ti ≈ 363 K are given 
by open red triangles.  Our results, ρ1 and P1 from RH Eqs. (23) and (24), are the black 
circles.  a)  Red circles are densities behind the shock fronts given by methods 
described in reference to Figs. 19 – 21.  b) Note: the experimental results lie slightly 
below our results, possibly due to differences in Ti. 



 

 96 

emphasizing that the data in Fig. 30 are not on isovolumetric curves.  Every point shown 

is in fact at a different volume, as demonstrated by Figs. 27 – 29.   

 

The highest temperature data from simulations starting at Ti = 350 K, are shown by the 

gray squares in Fig. 30.  The red data set shown by upside down triangles start at Ti = 293 

K.  These are data extracted by hand from Figure 4 of work done by H. D. Jones39 on 

simulations that also used the same NM force field which we are employing.  We can see 

that these data tightly agree with ours for Ti = 300 K, shown by the solid black triangles 

in Fig. 30.  The open circles with bidirectional error bars are the data from our 

simulations at Ti = 255 K.  These error bars are fairly representative of the error ranges in 

the rest of our data shown, with perhaps slightly greater Tavg variation for the higher Ti = 

Figure 30.  Our simulated average temperatures vs. RH pressures along the Us – Up 
Hugoniot for the Ti = 350, 300 and 255 K systems are shown by the gray squares, 
black triangles and open circle with error bars, respectively.  The red triangles are also 
from simulations at Ti = 293.15 K by H.D. Jones.39 The solid blue triangles with error 
bars are experimental data18 at Ti = 298 K, and the open blue triangles are from 
equation of state calculations and different thermodynamic approximations based on 
experimental data. 18 – 22 
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350 K data.  The high pressure work of Leal-Crouzet et al.,25 within 8.5–12 GPa shown 

in Fig. 28, is not shown in Fig. 30.  Their work gives experimental predetonation shock 

temperatures at least in the range of 1500 – 2500 K.  Their experimental technique for 

measuring temperatures however, has only a 3 ns resolution and cannot detect 

temperatures below 1500 K.  A close examination of their figure 7 from a P = 8.61 GPa 

shock experiment, shows that their earliest temperature measurement, at ~ 200 ns, is right 

at their lowest possible temperature detection range of 1500 K.  This indicates that at 

earlier times the predetonation temperatures achieved are below 1500 K.  Immediately 

after this point in time however, in their figure 7 the temperature immediately jumps to a 

very noisy baseline centered around 3000 K.  Their data is thus in the combustion 

temperature range of liquid NM at ambient conditions (3050 K),25 thereby indicating the 

likely early onset of chemical reactions by ~250 ns.  All of these time scales are orders of 

magnitude greater than our present simulations (< 10 ps), but from them it seems safe to 

say that all of our simulation data is taken well before any explosive processes can occur 

in experimentally shocked liquid NM.  The energy transfer studies from the experiments 

of Deak et al.6 and the simulations of Kabadi and Rice5 do however indicate that 

measurable amounts of energy transfer from intramolecular to intermolecular phonons 

occurs on the timescale of our simulations.  This supports the likelihood that significant 

amounts of energy can transfer to intramolecular modes from the highly excited phonon 

modes in our shock fronts.  This is indeed what we have found. 
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VI.  Summary Discussion and Conclusions. 

  

If material behind a shock front is able to reach a compressed hydrostatic 

equilibrium then the Rankine-Hugoniot shock theory resulting in Eqs. (8) – (10), provides 

a simple check of the system’s adherence to classical hydrodynamics in the limits of an 

ideal fluid.13-15  If these RH predictions are not met then we know that the system has not 

achieved hydrostatic and/or energetic equilibrium behind a shock front likely due to 

viscosity forces which are present that have not been accounted for.  This is true also 

assuming that the system of interest is described adequately by classical dynamics.  On 

the molecular level viscous forces are seen to arise primarily from intermolecular 

electrostatic forces (van der Waals forces). By design, our molecular dynamics 

simulations are fully classical dynamical systems.  In addition, the transverse periodic 

boundary conditions employed in our system (cf. Section IIIb), combined with the low 

viscosity of NM (at 298 K NM is ~25% less viscous than water at 298 K)2,40 and, on 

average, homogenously planar shock waves all contribute to the RH predictions of 

density and pressure behind shock fronts to be accurate for our system (cf. Figs. 27 – 29).   

However, in this work we have illustrated that while the RH Eqs. (23) and (24) 

(for density and momentum flux, respectively) may already be applicable to a region 

behind a shock front, and thus give the pseudo appearance of equilibrium conditions 

behind the front, this does not necessarily imply that energetic equilibrium has truly been 

achieved (cf. the discussion in reference to Fig. (18)).  In other words, the shocked energy 

prediction given by the RH Eq. (10), may not be accurate in that same region behind the 

shock front for which Eqs. (23) and (24) are accurate.  This is particularly true on the 



 

 99 

extremely short time scales simulated for this work (< 10 ps after the shock front passed a 

given liquid bin, see, for example, Figs. 10a and 10c). This can be of direct relevance to 

substances which may be approaching reactive conditions (i.e., at the highest shock 

strengths, Up ≥ 1700 m/s, simulated for our Ti = 255 K liquid NM system), particularly 

for the case of high energy explosives.  The reason for this is simply that if energy 

transfer processes are still occurring behind a shock front then it is still possible for 

enough energy to be deposited along a reaction coordinate through intramolecular 

vibrational up-pumping,5,6 to cause detonation.  We discussed and demonstrated in Figs. 7 

– 10, evidence of this up-pumping phenomenon occurring in our NM simulations in the 

form of TVR (internal molecular temperature) hotspots appearing far behind the shock 

fronts.  In later studies we will extend the total time frame of our simulations in order to 

further monitor the up-pumping of the vibrational modes from the shock excited phonon 

modes.  This will be done with a larger simulation supercell or through using a technique 

similar to what was done by Zhao et al.36  

We also found in this work good qualitative results in the Us – Up Hugoniot 

curves of Figs. 22 – 24.  These are condensed into Fig. 26, which show the results of our 

“reduced” Hugoniot that allows for one to calculate the Us – Up Hugoniot at any given 

initial temperature Ti if the corresponding sound speed C is known for our system at Ti.  

We gave Fig. 25 and got from it Eq. (29) to predict C as a function of Ti for our system.  

We thus found that our C predictions are ~13% too high near the freezing point of NM 

(Ti ≈ 250 K)8 and ~30% too high nearer to the boiling point of NM (our highest Ti 

simulated was 350 K; for NM Tboil ≈ 373 K) in comparison to experiment.12  Sound is the 

limiting behavior of weak pressure shocks in any material and, as such, they are only 
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governed by the properties of the intermolecular potential.  That is to say, in condensed 

phases of small molecule substances such as our NM system, sound speeds are strictly 

governed by phonon modes.  Thus, the considerable discrepancy from experiment for our 

sound speed predictions as a function of temperature indicates a fundamental flaw in the 

intermolecular NM potential, given by Eq. (5), to accurately simulate dynamic energy 

transfer processes in liquid NM.  This finding is in general agreement with large 

differences from experiment6 in the  kinetic energy transfer rates between intramolecular 

and intermolecular modes previously found in work by Kabadi and Rice5 using this same 

NM force field.  Because the Buckingham parameters of this intermolecular potential 

were developed with the intent of being fully transferable to a wide range of nitro and 

nitramine energetic compounds,1 it is recommended that focus first be placed on 

modifying the third term in Eq. (5) specifically governing the electrostatics of this NM 

model.  It was previously shown in a study using the same force field by Agrawaal et al.3 

that the melting point of NM (which is another dynamic process primarily dependent on 

the intermolecular potential)8  is quite sensitive to changes in the partial charges of Eq. 

(5).  Therefore, if one were to pursue improving the C predictions in this fashion, a 

considerable amount of rechecking would need to be done to avoid adversely affecting 

the many important dynamic and static properties of this model which have been shown 

to give good agreement with experiment. 

Finally, though full temperature equilibration was not achieved behind our shock 

fronts, and despite the lack of quantitative agreement in the predictions of C, we have 

found very good overall agreement with experimental18-22 shocked Hugoniot pressure 

versus temperature data shown in Fig. 30 for liquid NM.  The fact that the phonon bath 
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temperatures TCM given by Eq. (14), and the internal molecular temperatures TVR given by 

Eq. (15), have not achieved full equilibration in our simulations does not preclude the 

relative stability of the average isotropic temperatures, Tavg in Eq. (12).  For instance, the 

TVR may rise for a given Up if a greater amount of time behind our shock fronts is 

simulated, but TCM may correspondingly decrease, thereby keeping Tavg relatively 

unchanged.  The large error bars in Fig. 30 for both the experimental temperatures 

measured behind shock fronts and calculated by empirically based equations of states,18-22 

and those calculated from our simulations allows for considerable fluctuations in Tavg for 

a given Hugoniot state.  This in turn implies uncertainty in the precise conditions and 

mechanisms which can lead to internal reactions and detonations.17,19,25  In addition, the  

amount of compression predicted to occur by our simulations is consistently lower than 

experiment (see Figs. 27 – 29).  However, the spectroscopic time resolutions that have 

been obtained (50 – 100 ps) in measuring properties behind shock fronts in liquid NM18,25 

are much higher than the times of our simulations.   Shorter experimental spectroscopic 

time resolutions have been obtained,6 but they have yet to be applied directly to shock 

loading experiments in liquid NM.  Such experiments are quite difficult and expensive 

and thus the utility of having a model force field that accurately simulates extremely high 

energy, high pressure states in NM and similar materials down to a femtosecond time 

scale is apparent.  Our potential energy surface has shown itself to qualitatively perform 

remarkably well and to give fair quantitative predictions as well, and though much work 

can be done to improve it, we certainly have a good start. 
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VITA 

 
 

 I was born in Biloxi, Mississippi on December 15, 1977.  At the age of nine I lost 

my father due to a car accident in the middle of the night, deep in the mountains of 

Washington state.  After this sad event my mother moved me and my two older sisters 

and two younger brothers back to the Mississippi Gulf Coast area to be close to her 

parents, my grandparents.  We all lived there throughout my youth with my mom’s 

parents faithfully helping to raise myself and my siblings.  We made semiannual visits to 

my dad’s parent in the Oklahoma City, OK, area, but not enough for me to close the gap 

of a seriously segmented family, due, in large part to common loss.  I was in the Biloxi 

MS school districts for all of my junior high and high school years.  My wife’s family 

also lived on the MS gulf coast for virtually her entire life.  I did not meet her, Sharon , 

until I was I was taking a sojourn from academic life in 1999, after I had nearly 

completed a BA degree in piano performance at William Carey College.  Shortly 

thereafter I made a considerable change of course by deciding to pursue a BS degree in 

chemistry, and to also settle for a way overloaded minor in music, instead of a major.  I 

completed this degree and, in the process, I had fortunately gained entrance into the 

graduate program at Oklahoma State University.  I chose this school, in large part, 

because it put me close to my dad’s family and would hopefully allow me, with my new 

bride Sharon, to become much closer to them.  After three years there my OSU research 

advisor accepted an offer from the University of Missouri-Columbia, and I decided to 

transfer with him to UMC in the summer of 2004.  That brought me here, where I have 

now completed my degree in theoretical chemistry.  I have recently accepted an offer to 
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become a professor of chemistry and physics at the school from which much of this all 

began, William Carey University.  So that brings me full circle and that is where the saga 

of this life of mine shall be continued. 
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