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ABSTRACT.

The coupling of inter- and intramolecular vibrations plays a critical role in initiating chemistry 
during the shock-to-detonation transition in energetic materials. Herein, we report on the sub-
picosecond to sub-nanosecond vibrational energy transfer (VET) dynamics of the solid energetic 
material 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) using broadband, ultrafast infrared transient 
absorption spectroscopy. Experiments reveal VET occurring on three distinct timescales: sub-
picosecond, 5 ps, and 200 ps. The ultrafast appearance of signal at all probed modes in the mid-
infrared suggests strong anharmonic coupling of all vibrations in the solid whereas the long-lived 
evolution demonstrates that VET is incomplete, and thus thermal equilibrium is not attained, even 
on the hundred picosecond timescale. Density functional theory and classical molecular dynamics 
simulations provide valuable insights into the experimental observations, revealing compression-
insensitive timescales for the initial VET dynamics of high frequency vibrations and drastically 
extended relaxation times for low frequency phonon modes under compression. Mode-selectivity 
of the longest dynamics suggests coupling of the N–N and axial NO2 stretching modes with the 
long-lived, excited phonon bath.
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1. INTRODUCTION

Vibrational energy transfer (VET) via coupled molecular and lattice vibrations in energetic 

materials (EMs) is thought to influence the earliest chemical processes that lead to chemical bond 

cleavage and, ultimately, a detonation following a mechanical shock. Long-range interactions—

mediated by low-frequency phonon modes—between the molecular constituents in an energetic 

solid play a critical role in VET, resulting in a complex interplay between inter- and intramolecular 

vibrations that is unique to molecular crystals. To explain the energy transfer pathways 

contributing to the shock-to-detonation transition, the multiphonon up-pumping model1–3 posits 

that low frequency lattice modes (phonons) scatter into low-lying, molecular “doorway” states; 

thus multiple, successive scattering events partition more energy into successively higher energy 

vibrational modes (i.e. “ladder climbing”) until sufficient energy accumulates in vibrations 

associated with decomposition to begin the buildup to detonation. In an alternate and non-

exclusive mechanism, the superposition of shock-excited lattice modes may directly couple to key 

reactive bonds with relatively few scattering events.4 Central to both models is the extent to which 

inter- and intramolecular vibrations are coupled or may be treated separately, even when the lattice 

is compressed.

 While there is rich literature investigating shockwave-induced processes in reactive and 

inert solids (see Refs. 5–8 for recent examples), little experimental work exists9–12 on fundamental 

vibrational dynamics in solid, neat EMs that shed light on VET through strongly coupled, 

delocalized vibrational modes. Much of the existing VET research is performed in EM mimics and 

model systems (e.g. liquid nitromethane13,14) or solvated energetics (see Refs. 15–17 for examples), 

where the importance of phonon-mediated long range interactions that form the basis for a 

complete picture of VET in EMs is not captured, leading to observed dynamics that are not 
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representative of the dynamics in solid EMs.9,10 Furthermore, the molecular conformation of 

solvated energetics can be different from that in extended EM solids,10 resulting in differences in 

the nature of intermolecular interactions and vibrational coupling. Therefore, understanding the 

role of phonon-mediated interactions in guiding vibrational energy flow requires direct studies of 

ultrafast VET in solid EMs. 

Given the broad, far- to mid-infrared, frequency range of vibrations in molecular crystals, 

VET investigations require ultrafast infrared spectroscopy to be coupled with broadband infrared 

pulses to derive a global view of VET dynamics. A recent study by our team used ultrafast 

broadband infrared spectroscopy and density functional theory to investigate VET in a 

pentaerythritol tetranitrate (PETN-I) thin film, revealing dynamics ranging from sub-picosecond 

to hundreds of picosecond timescales, and suggesting that VET is incomplete even up to 150 ps,11 

an unexpected finding given the typical timescales assumed for statistical energy partitioning.18 

Unfortunately, due to the broad, overlapping vibrational transitions in PETN, we were unable to 

determine whether the long-lived VET process was due to persistent excitation of certain high-

frequency vibrations or continued evolution of a non-thermal distribution of low frequency lattice 

modes that, in turn, perturbed19 the measured high-frequency vibrations. Regardless of the source 

of the long-time evolution, modes associated with the reactive nitrate ester (RO–NO2) stretch 

coordinate revealed some of the most dramatic spectral changes on the longest time scale. 

In order to test if these long-time dynamics are anomalous and isolated to PETN, herein 

we study another molecular crystal, the secondary explosive 1,3,5-trinitroperhydro-1,3,5-triazine 

(RDX, also known as HHTT or cyclotrimethylenetrinitramine)—see Fig. 1 for an isolated 

molecular structure. Crystalline RDX has several polymorphs with α-RDX as the most stable 

polymorph at room temperature and ambient pressure. In the α-polymorph, the RDX ring takes on 
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a chair conformer with two of the NO2 groups pointed axially and the third NO2 group oriented 

orthogonally along the equatorial direction20,21 (other polymorphs are characterized by different 

NO2 group orientations) with the crystalline unit cell qualitatively described as a quartet of dimers 

linked through adjacent N⋯O interactions.22,23 Cleavage of an N–N bond and the production of 

various nitrogen-containing products (e.g. NO2, HNO, HONO) have been observed from thermal-

24–26 and shock-excited27 samples and are thought be the first chemical steps in RDX initiation. 

Recent theoretical treatments by Chung and co-workers28–31 indicate that RDX is a highly 

anharmonic molecular crystal where excited, intramolecular vibrational modes rapidly scatter into 

low frequency lattice modes.31 Indeed, several experimental and theoretical studies (Refs. 32–34 for 

examples) have indicated anisotropic shock response in RDX, wherein it is hypothesized that 

select lattice distortions both couple strongly to high frequency, “intramolecular” vibrations and 

cause increased heating due to irreversible mechanical deformation on preferential slip 

planes.33,35,36 

To the best of our knowledge, there have been only two previous time-resolved, 

experimental studies of vibrational dynamics in solid RDX. The first study in single crystal RDX 

used anti-Stokes Raman spectroscopy to probe the temporal evolution of quantum beats between 

different vibrational modes following broadband excitation below 1000 cm-1.37 From the measured 

beat frequencies and known Raman transitions, two ring breathing motions at 466 and 672 cm-1 

were postulated to play key roles in VET with decay timescales of ~1 ps. In the second study, Shi 

et al. employed ultrafast infrared pump-probe and two-dimensional infrared (2D IR) spectroscopy 

in the 1550 cm-1 region corresponding to the axial and equatorial NO2 asymmetric stretching 

vibrations of microcrystalline RDX suspended in paraffin oil.10 Through measurements of 

vibrational relaxation times and the time evolution of a cross-peak assigned to the coupling of two 
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NO2 stretching vibrations of α-RDX dimers, two timescales were extracted and related to 

vibrational energy transfer using a phenomenological model: a ~1.4 ps timescale was assigned to 

intermolecular energy transfer between two neighboring NO2 stretching modes, whereas a  2–4.1 

ps timescale was attributed to the vibrational relaxation of excited NO2 stretching modes to 

vibrations outside the probed frequency region. Due to the narrowband infrared pulses used in 

these experiments, only the NO2 stretching vibrations could be observed, and information 

regarding the role of other vibrations in VET could not be obtained. 

In the current work, we present experimental and theoretical investigations of ultrafast, 

broadband VET dynamics in α-RDX to understand the influence of chemical moieties on phonon-

mediated energy transfer. Work presented here uses a plasma-based source of broadband infrared 

pulses to probe vibrational dynamics in RDX from ~800 cm-1 to 1700 cm-1, and with <300 fs 

instrument response time, following narrowband infrared excitation of modes near 1530 cm-1 and 

1260 cm-1. Our experimental observations are compared to VET pathways derived from density 

functional theory (DFT), as well as to the mode- and excitation-specific dynamics revealed by 

non-equilibrium molecular dynamics (MD) simulations. Both simulation methods also shed light 

on the response of the infrared spectrum to compression along different orientations, allowing us 

to draw additional insight into the role of intermolecular coupling in the observed dynamics. 

As a brief aside on terminology, the terms “vibration” and “phonon” have been used 

interchangeably by some publications (see Ref. 38 for example) or with strict separation of 

molecular and lattice motions—intra- and intermolecular modes, respectively—in a molecular 

crystal (as in Ref. 18 for example). However, such distinctions ultimately stem from the rigid 

molecule approximation, which assumes a clear frequency separation between intra- and inter-

molecular vibrations in a molecular crystal such that these modes can be decoupled by treating 
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intermolecular vibrations after freezing the molecular internal degrees of freedom. While it is clear 

that the rigid molecule approximation fails to adequately describe EM behavior,28,30,31 these 

terms—and the qualitative description of displacements in a molecular crystal—nonetheless serve 

as the foundational conceptual framework for discussing the vibrational structure of molecular 

crystals, and the distinction helps convey ideas pertaining to vibrational energy transfer. Indeed, 

“intramolecular” modes may span a few tens of molecules9 and a clear distinction between RDX 

molecular vibrations and phonons or lattice vibrations appears to be inappropriate.28 Herein we 

choose to separate intra- and intermolecular vibrations to convey an overall picture while noting 

that this distinction, particularly in the case of RDX as noted above, is neither rigorous nor correct. 

Thus, frequencies observed in the experimental probe window will be generally referred to  as 

“high frequency,” “intramolecular,” or “vibrations” and low frequency modes lying outside of this 

window will be referred to as “intermolecular,” “phonon,” or “lattice” modes. In discussions of 

computational results, there is similarly no concrete way to define inter- and intramolecular 

vibrations and we will therefore use the experimental naming convention for consistency. 

2. METHODS
A. Experimental

The RDX thin film samples were vapor-deposited in a bespoke high-vacuum system onto 

1 mm thick, 25 mm diameter substrates of both CaF2 and BK-7 glass. Deposition was performed 

at a typical base pressure of 1 × 10-6 torr using an effusion cell thermal deposition source to a 

nominal thickness of ~3 μm. Immediately prior to deposition, both substrates were etched in situ 

using a Veeco Mark II Gridless End-Hall argon ion source to remove surface contaminants. Films 

on CaF2 substrates were used for the experiments described below while those on BK-7 substrates 

were used for microstructure characterization. Though the morphology of the deposited film 
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strongly depends upon the surface energy of the substrate,39–41 the surface energy of clean CaF2 is 

similar to typical oxides42,43 and we expect the final morphologies to be comparable between 

substrates. Microstructure characterization was performed using scanning electron microscopy 

(SEM) to image the top surface and a fracture cross-section of these films. Samples were coated 

with ~5 nm of iridium prior to imaging to mitigate surface charging. Images, shown in Fig. S1 in 

the Supporting Information (SI), were collected using a Zeiss GeminiSEM 300 operating with a 

1.1 kV accelerating voltage and using the secondary electron detector. For these thin films, α-RDX 

is expected to be the dominant polymorph;20,44 the FTIR spectrum shown in Fig. 1 supports this 

conclusion.45

The apparatus used for ultrafast broadband infrared spectroscopy has been previously 

described in detail.11,46 Briefly, the ~50 fs, 780 nm output from a commercial Ti:Sapphire laser is 

split into “pump” and “probe” arms, where the pump photoexcites the sample and the probe 

measures the pump-induced response. The pump arm of the laser output is first sent into a 

commercial optical parametric amplifier (OPA), whose signal and idler outputs are difference 

frequency mixed (DFM) and sent through a bandpass filter to generate tunable, narrowband mid-

infrared pulses that excite specific infrared transitions in the material. Two pump frequencies were 

used in the present experiments: i) 1530 cm-1 at ~1.8 µJ pulse-1 with a full-width-at-half-maximum 

(FWHM) of 150 cm-1 and ii) 1260 cm-1 (~1.5 µJ pulse-1, 100 cm-1 FWHM). A mechanical chopper 

wheel in the pump arm blocks alternating pump pulses to allow for shot-to-shot referencing and 

measurement of pump-induced signal.

The probe arm of the laser output is used to generate a plasma which radiates light that 

spans visible to the terahertz frequencies;47 we select the mid-infrared portion by passing the 

plasma emission through a 0.5 mm thick Si wafer. These weaker broadband infrared (BBIR) pulses 
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serve as the probe to monitor all IR-active vibrations within the detected bandwidth of 800–4000 

cm-1. The pump and probe pulses are delayed with respect to each other using a motorized optical 

delay line for ~330 ps of total time-delay (Δt), then focused and overlapped in the sample, and the 

transmitted probe pulse is sent into an infrared spectrometer and dispersed onto a 64-element, 

liquid nitrogen cooled HgCdTe array detector. Spectra were acquired with a 50 lines/mm grating 

for a spectral resolution of ~15 nm/pixel. Multiple grating positions were required to record 

transients over the probe region of interest; the static absorption features of RDX—as measured 

by a commercial FTIR—were used to calibrate the reported frequencies at each spectrometer 

grating position. A 7.3 µm long-pass filter was placed in the beam path prior to the detector 

aperture to minimize artifacts from higher order diffraction in the spectrometer at probe 

frequencies <1370 cm-1. Experiments involving narrowband IR pump and broadband IR probe 

were performed with parallel relative polarizations of the pump and probe and orientational 

dynamics may contribute to the observed dynamics.48

The 1/e2 focal diameters of the pump and probe beams at the sample position are 290 µm 

(1530 cm-1 pump), 250 µm (1260 cm-1 pump), and 220 µm (probe). Pump power studies were 

conducted using a half-wave plate and polarizer in the pump beam path. By monitoring the 

transient signal from a pumped band at Δt = 30 ps, the power dependence was measured at 1450 

cm-1 and 1258 cm-1 to be 1.1 ± 0.12 and 1.2 ± 0.16 for the 1530 and 1260 cm-1 pump pulses, 

respectively. The two pump spectra are shown in Fig. 1; the 1530 cm-1 pump excites both the axial 

and equatorially oriented NO2 asymmetric stretching modes of α-RDX and the 1260 cm-1 pump 

will excite multiple modes with CH2 bending, N–N and C–N–C stretching, and NO2 

bending/symmetric stretching character (see Fig. 1 and associated discussion).49 While the 1260 

cm-1 pump is expected to only directly pump the two vibrational modes within its bandwidth, the 
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1530 cm-1 pump may also excite both an overtone of the mode at 780 cm-1 (Ref. 49) and possibly—

via two-photon excitation—the high frequency C–H stretching vibrations49 around 3060 cm-1. 

Given the relatively low laser fluence used in the present work (cf. Refs.  9–11,17) and that absorption 

cross-sections for both two-photon and overtone absorption are likely small, other photoexcitation 

pathways are unlikely and we will assume photoexcitation of only the RDX fundamental vibrations 

within the 1530 cm-1 pump bandwidth.

For transient infrared spectra where pump and probe frequencies are the same, the output 

from the OPA-DFM set-up is split into a 0.95/0.05 ratio, where the 95% arm serves as the pump 

and the 5% arm serves as the probe. In order to minimize scatter of the pump beam at the sample 

from reaching the detector, these degenerate pump-probe experiments are performed with the 

pump polarization perpendicular to the probe polarization; a wire-grid polarizer, oriented along 

the probe polarization axis, is placed before the detector to minimize the detected pump light. 

The location of maximum pump-probe temporal overlap (Δt = 0) was found by placing a 

0.5 mm thick sample of Ge (100) or InSb (100) at the sample position. The temporal instrument 

response function (IRF) is assumed to have a Gaussian profile centered at Δt = 0 with temporal 

FWHM given by the pump-probe cross-correlation in InSb. Cross-correlation widths with the 1530 

cm-1 and 1260 cm-1 pump beams were approximately 200 and 300 fs, respectively, though we note 

that at least two photons of the 1260 cm-1 pump are required to excite the InSb bandgap. To 

minimize the effects of long-term drifts in laser power, time-delays between the pump and probe 

pulses were randomly sampled from a set list. Reported transient spectra are the average of 

repeated runs for a typical total of ~10,000 laser shots per difference spectrum.

 Finally, linear infrared absorption spectra of RDX were taken at 24°C, 35°C, and 37°C 

using a commercial FTIR spectrophotometer. Temperatures were chosen based on an upper limit 
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temperature rise of approximately 10 K assuming 2 µJ of pump light is absorbed into a 3 µm thick 

by 200 µm diameter cylinder of RDX with density 1.8 g/cm3 and Cp = 1.28 J g-1 K-1.50

B. Computational

A combination of first-principles density functional theory (DFT) and classical molecular 

dynamics (MD) simulations were performed to complement the experimental VET work, each 

providing detail on VET pathways and timescales, respectively. All DFT calculations were 

performed within the Vienna Ab-Initio Simulation Package51–53 (VASP) while all classical MD 

simulations were performed utilizing the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) software package.54,55 A set of DFT calculations were performed in order 

to aid vibrational mode assignments, with the starting point being an equilibrated α-RDX unit cell 

structure.20 We employ the generalized gradient approximation in the Perdew-Burke-Ernzerhof 

form,56,57 a plane wave cutoff of 1250 eV, 2 × 3 × 3 Monkhorst Pack k-point mesh (0.0386 × 

0.0298 × 0.0317 Å-1), electronic smearing width of 0.2 eV,58 and van der Waals corrections from 

Grimme.59 Each calculation is converged to an energy difference of 10-8 eV. Normal modes of 

vibration are calculated utilizing the finite displacement method (FDM) that is available in 

Phonopy60,61 and infrared active modes are identified by projecting a polarizability tensor onto 

each normal mode.62 Visualization of the mass-weighted, normal mode atomic displacements that 

accompanies each mode assignment utilized the OVITO software package.63 Anharmonic 

coupling between vibrations is calculated similarly through a finite displacement method only 

taking into account up to two-phonon scattering processes;64 more details are available in our 

previous work on PETN.11

Conversely, molecular dynamics simulations are used to study the time evolution of VET 

following a well-prescribed pump excitation. Vibrational density of states and IR spectra are 
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calculated at any finite temperature via a Fourier-transform of atomic velocities65 and the dipole 

autocorrelation function,66 respectively. Each of these spectra are collected over tens of 

picoseconds of trajectories, either as one continuous run or the summation of shorter—but 

numerous—statistically equivalent simulations.67 A velocity/dipole sampling interval of 5 fs yields 

a frequency resolution of 0.41 cm-1. The non-reactive interatomic potential from Bedrov et al.68 

was employed after adjusting N–O and C–H bond strengths in order to make a better agreement 

to experimental IR spectra; see section S5 of the SI for further information. 

It is important to stress that these MD simulations are classical in nature, meaning true 

light-matter interactions are not captured and thus we need alternate means to generate vibrational 

excitations in a controlled fashion. While the popular Langevin thermostat69 has no preferential 

control over the temperature of individual vibrations (only the simulation as a whole via an external 

“thermostat” bath), the random and dissipative force terms that are used to control temperature can 

be modified to have a time dependent magnitude; this modification is known as the Generalized 

Langevin Equations (GLE).70,71 Since only a select few modes will resonate with these time-

varying thermostat oscillations, the remaining vibrations of the material will interact with the 

thermal bath and only see random noise terms as the base Langevin equations prescribe. The net 

result is a few vibrations at higher temperature than the rest of the system, which is precisely what 

is needed to study VET from MD. Dettori et al.72,73 have demonstrated these methods for a pump-

probe style simulation of hydrogen-bonded liquids and here we follow a similar protocol to 

selectively target vibrations of interest. Reiterating the differences between experiments and MD, 

an experimental laser pulse will only strongly couple to vibrations that maximize the transition 

dipole, i.e. the bright states within the pump window, whereas the GLE pump will populate 

vibrations—both IR active and inactive—that maximize coupling between the pumped modes and 
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the thermal bath. Despite this difference, we do not expect VET dynamics to only occur within IR 

active modes and believe that the total relaxation processes from a GLE pumped mode can be 

reasonably compared to the VET observed from experimental IR spectra. Each of these GLE 

pumped vibrations emulate a Gaussian centered pump of width 33 cm-1, which act on a 3 × 3 × 3 

super-cell of RDX for 10 ps to establish a non-equipartition of vibrational kinetic energy; the pump 

is subsequently removed and spectra are collected in the micro-canonical ensemble. During both 

the pump and measurement period, the average temperature (and total kinetic energy) is conserved 

and therefore, by comparing spectra at an equivalent temperature, excitations and depopulations 

of modes due to the pumped mode and subsequent VET may be identified. Spectra are collected 

for a total of 100 ps; the end of this sampling period is taken as the presumed equilibrium 

(thermalized) spectra to which the earlier mode populations are normalized. With these normalized 

spectra, the temporal behavior about a small frequency window (10 cm-1) is fit to a mono-

exponential decay function to extract the single mode relaxation time (SMRT). 

3. RESULTS AND ANALYSIS
A. Steady-State Results
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Figure 1. a) Calculated IR spectrum and density of states for α-RDX using DFT. b) Experimental 
FTIR of the RDX thin film sample along with the pump and probe spectra. Representative 
crystalline α-RDX vibrations with arrows showing mass-weighted atomic displacements for 
calculated frequencies of c) 1594 cm-1, d) 1432 cm-1, e) 1240 cm-1, and f) 1060 cm-1. Carbon atoms 
are gray, hydrogens are white, nitrogen atoms are blue, and oxygen atoms are red; axial and 
equatorial NO2 moieties are labeled A and E, respectively. See Table S1 for additional modes. 

We begin the results section by first examining the DFT calculated and experimentally 

measured static IR spectrum shown in Fig. 1 a) and b), respectively. The vibrational spectrum has 

been previously assigned in detail49 and the following is a brief summary of the main features with 

qualitative, “gas-phase”-like mode descriptions derived from our present calculations on 

crystalline α-RDX; we note that these descriptions simplify the true motions in the extended 

crystal. The two bands at ~1590 and 1540 cm-1 correspond to the asymmetric stretch (as) of the 

two axial (ax) and one equatorial (eq) NO2 moieties, respectively—see Fig. 1 c) for an example 

as-NO2
(ax) vibration. Multiple peaks in the 1260–1480 cm-1 range correspond to the CH2 bending, 

twisting, and scissoring motions mixed with N–N stretching character; for some modes the NO2 

groups show bending and symmetric stretching (ss) motion, though the distinction between the 

two is less intuitive when accompanied by N–N stretch excitation. The band at ~1270 cm-1 appears 
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to be the N–N(eq) stretching and CH2 bending motion with a mix of NO2 bending/ss character. The 

next three peaks at 1040, 1220, and 1230 cm-1 are the ring N–C–N and C–N–C stretching modes 

which again contain N–N stretching, CH2 twist or bend, and some NO2 bend/ss character; see 

example in Fig. 1 f). The peak at 945 cm-1 is composed of N–N stretching, CH2 wag, NO2 bending, 

and some ring breathing character while the large band centered at 930 cm-1 may be described as 

ring distortion, CH2 wag, and NO2 bend. Finally, the lowest frequency peaks in our observation 

window at 840 and 880 cm-1 are due to in- and out-of-plane ring deformations, respectively, mixed 

with C–N and N–N stretch, CH2 wag, and NO2 bending motions. Three IR-active, lower frequency 

modes outside of our probe spectral range have been previously assigned49 as ring N–C–N 

stretching (780 cm-1) and in-plane ring bending modes (600 and 590 cm-1). The calculated IR 

spectrum is in good, qualitative agreement with the experimental IR features at high frequencies 

(>1200 cm-1). At lower frequencies, the approximation of using a single unit cell for the FDM 

becomes more apparent as the predicted normal modes involve larger amplitude deformations 

(ring bending, intermolecular motions); peaks at <1050 cm-1 are noticeably shifted by tens of 

wavenumber with some regions (e.g. ~925 cm-1) in disagreement with experiment. These finite 

size effects are not easily overcome due to computational cost constraints: the unit cell of α-RDX 

already contains 168 atoms and two-phonon scattering predictions (anharmonic expansion of 

FDM, see below) require 51,642 unique DFT calculations. 

Predictions of two-phonon density of states in RDX, shown in Fig. S3, count the number 

of possible two-phonon collisions (both promotion and decay) into each frequency. The plots show 

the change in scattering rates from a thermally occupied phonon population for a series of pumped 

modes each approximated as a Gaussian addition to the Bose-Einstein population at a prescribed 

frequency, henceforth called Δ2PhDoS. In general, the Δ2PhDoS show dense spectra of possible 
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collisions that do not strongly depend on the pumped mode, indicating that each pumped mode 

may potentially couple to a plethora of modes, including the low-frequency phonon bath. We note 

that the Δ2PhDoS will predict scattering events into frequencies that are not intrinsic vibrations of 

the material (i.e. not present in the one-phonon density of states shown in Fig. 1), therefore the 

predicted IR spectrum is superimposed on these data.

B. Time-Dependent Results

Frequency-resolved transient absorption spectra for both pump frequencies are presented 

in Figures 2 and 3. Example transient spectra at select time-delays are shown in Fig. 4; additional 

transient spectra may be found in Figures S11 and S13. For the degenerate pump-probe 

experiments—Figures 2 a), 3 c), and 3 d)—significant oscillations due to pump-probe interference 

were present in the raw data (see Fig. S14). To minimize these oscillations, these data were filtered 

using an established method74,75 for removing time- and frequency-dependent oscillations due to 

perturbed free-induction decay (PFID);76,77 the resulting filtered transients are shown in Figs. 2 

and 3. Briefly, the filtering procedure applies a damping function to the two-dimensional Fourier-

transform of the transient signal to remove signal contributions that lie outside the time-bandwidth 

limit. Unfortunately, particularly for excitation at 1260 cm-1, these oscillations were large in 

amplitude and varied too slowly for the filter to completely remove.

The transient behavior of RDX is qualitatively similar for both pump frequencies and, 

except where noted, the following descriptions will apply to all transient results. To avoid the 

interpretation of coherent artifacts,76–78 we will limit our analysis to signal occurring for Δt ≥ 0.3 

ps. By 0.3 ps, the transient spectra show a negative change in absorbance due to stimulated 

emission or loss of ground state absorption (henceforth referred to as “bleach”) from all vibrational 

modes across the probed spectral range. Each bleach feature is paired with a positive transient 
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absorption (TA) signal arising from the new, pump-induced vibrational transitions. Such prompt 

appearance of transient signal across the spectrum following excitation at both pump frequencies 

suggests strong anharmonic coupling between the two pumped and all probed vibrational modes 

of RDX. Following the sub-0.3 ps appearance, these bleach/TA couplets typically show an initial 

decay over the first ps, followed by a few-ps evolution until Δt ≈ 10 ps where the spectra show 

hallmarks of vibrational relaxation (see below). Finally, the transient spectral features at select 

vibrational modes intensify over the next several hundred ps.

To help guide the discussion of spectral evolution and RDX dynamics, the Glotaran 

software package79,80 was used to extract the time-dependence of spectral features using global 

lifetime analysis with a sequential kinetic model. For both pump frequencies, the best fits were 

achieved with five time constants (5τ model); fit parameters are summarized in Table 1, example 

fits in the 1560 cm-1 spectral region are shown in Fig. 5, and fit residuals and evolution associated 

difference spectra may be found in the SI. The first time constant was fixed at 10 fs to account for 

remaining coherent artifacts near Δt = 0. Similarly, the final time constant was fixed at 106 ps to 

account for the persistent signal extending beyond the temporal observation window. Due to 

uncertainties in the accurate location of Δt = 0 at every probed frequency and—particularly for the 

two regions where pump and probe frequencies are degenerate—residual pump interference, the 

~0.5–0.9 ps behavior described by τ2 in Table 1 will be referred to as “sub-ps.”

To help determine which modes contribute to the sub-ps time constant, fits were also 

performed omitting the first floating time constant (i.e. τ2 in Table 1) and fixing the remaining four 

at their optimized values (4τ model). The reduced fit quality from the 4τ model—compare the two 

fits in Fig. 5 for examples—highlights spectral regions which require the sub-ps time constant; we 

note that neither model appears to adequately describe the sub-ps as-NO2
(eq) behavior following 
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excitation at 1260 cm-1. At both pump frequencies, the sub-ps time constant appears to be largely 

occurring at 1540 cm-1 and, as shown in Fig. S20, around ~930 cm-1. The sub-ps time constant also 

is needed near 1260 and 1040 cm-1 following the 1530 cm-1 pump, and near 1395 and 1460 cm-1 

following the 1260 cm-1 pump; residual 1260 cm-1 pump interference shown in Fig. 3 c) and d) 

makes it difficult to assess any sub-ps behavior in this spectral region. For these lower frequencies 

following the 1530 cm-1 pump, the 4τ model fit appears to decay faster than the actual spectral 

response, possibly suggesting competing growth and decay dynamics. Conversely, following 

excitation at 1260 cm-1 the 4τ model provides a reasonable fit around 1040 cm-1 but does not appear 

to decay fast enough at lower frequencies. Indeed, the marked difference in initial spectral shape 

at ~930 cm-1 for the two pump frequencies—compare Fig. 4 c) and f)—suggests a different 

pathway for the fastest VET steps. Finally, we note that our sub-ps fit time constants from the 5τ 

model are similar to both the coherence dephasing (0.48 ps) and intermolecular energy transfer 

(~1.4 ps) time constants reported by Shi et al.10

Following the sub-ps spectral evolution outlined above, a 5 ps time constant describes 

multiple line shape changes that reflect a broadening and shifting of all infrared peaks, akin to 

what is expected upon an increase in temperature (e.g. Refs. 38,81,82). As can be seen in Figures 2, 

3 and 4, the changes observed include loss of peak intensity, loss of TA peaks (e.g. 1380 cm-1), 

shifts of peak frequencies (e.g. 900–960 cm-1), and the appearance of positive signal at frequencies 

higher than the existing negative features (e.g. 1050 and ~1325 cm-1). Our results reveal that this 

timescale reflects a global relaxation of all probed vibrations towards transient spectra that 

qualitatively resemble the thermal difference infrared spectrum (ThDIR; i.e. the change in linear 

IR absorption between two different sample temperatures) shown in Fig. S15. The 5 ps time 

constant is in excellent agreement with the previous transient infrared spectroscopy studies in RDX 
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microcrystals10 (4.11 ps for the as-NO2
(eq) stretch) and dilute solutions of RDX10,17 (~5–6 ps for 

the as-NO2 stretching mode), which assigned this time constant to “vibrational relaxation” of the 

photoexcited NO2 stretch. 

Finally, the transient behavior of select IR transitions reveal a ~200 ps increase in signal 

intensity with minimal shifts to the frequencies, suggesting that VET is incomplete by the longest 

time-delay of Δt = 300 ps. These long-time changes are most obvious at ~1590 cm-1 (as-NO2
(ax) 

stretch), 1460 cm-1 (CH2 scissor, N–N stretch, NO2 bend/ss), 1350 cm-1 (CH2 scissor and bend, N–

N stretch), ~1270 cm-1 (N–N(eq) stretch, CH2 bend, NO2 bend/ss), 1220 cm-1 (ring C–N–C stretch, 

CH2 bend), 1040 cm-1 (N–N(eq) stretch, NO2 bend/ss, ring C–N–C stretch, CH2 twist and bend), 

and ~945 cm-1 (N–N stretch, CH2 wag, NO2 bend, ring distortion) for both pump frequencies. 

Following excitation at 1260 cm-1, the 200 ps evolution is also noticeable at 880 cm-1 (out-of-plane 

ring distortion, CH2 wag, N–N stretch, C–N stretch, NO2 bend) and possibly 1320 cm-1 (CH2 

scissor, CH2 bend, N–N stretch), though the apparent pump-dependence is potentially attributable 

to the differences in signal-to-noise levels and the relative intensity of a neighboring positive 

feature at ~1330 cm-1—compare Figs. S11 b) and S13 c)—respectively. To highlight these long-

time changes, single-frequency transients of the above frequency set may be found in Figures 5 

and S20–S22. The remaining IR bands show little to no evolution after the 5 ps time constant; 

indeed, as shown in Fig. 5, there is a clear difference in the long-time evolution of the as-NO2
(ax) 

and as-NO2
(eq) stretching modes. The mode-selectivity of these long-time dynamics may indicate 

that lower frequency phonon modes couple to specific, high frequency vibrational “reporter” 

modes.4,28 

Table 1. Time constants (ps) from the global lifetime analysis of the transient data. Reported 
bounds are the standard error of the fit.
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Pump Freq. τ1 τ2 τ3 τ4 τ5

1530 cm-1 0.01 (fixed) 0.93 ± 0.03 5.28 ± 0.07 190 ± 20 106 (fixed)
1260 cm-1 0.01 (fixed) 0.46 ± 0.02 5.03 ± 0.07 260 ± 30 106 (fixed)

Reference in 
text sub-0.3 ps sub-ps 5 ps ~200 ps

Figure 2. Transient spectra following excitation at 1530 cm-1 at each spectrometer grating 
positions. Time-delays are linear up to 4 ps and logarithmic thereafter. The oscillations near Δt = 
0 in a) are the residual pump-probe interference pattern that was not fully removed by filtering; 
see text for additional details. See Fig. S10 for an alternate colormap.
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Figure 3. Transient spectra following excitation at 1260 cm-1 at each spectrometer grating 
positions. The oscillations near Δt = 0 in c) and d) are the residual pump-probe interference pattern 
that was not fully removed by filtering; see text for additional details. Time-delays are linear up to 
4 ps and logarithmic thereafter. See Fig. S12 for an alternate colormap.
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Figure 4. Example transient spectra at select time-delays following excitation at 1530 cm-1 (a–c) 
and 1260 cm-1 (d–f). Spectra in a) are from the filtered results shown in Fig. 2 a). The full set of 
spectra may be found in Figures S11 and S13.
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Figure 5. Transient behavior of the axial and equatorial asymmetric NO2 stretch modes following 
excitation at 1530 cm-1 (a and b) and 1260 cm-1 (c and d). Example fits from two different kinetic 
models are also shown to highlight the contribution of a sub-ps time constant; see text for further 
details of the fit models. Frequencies shown are 1582, 1523, 1588, and 1531 cm-1 for parts a–d, 
respectively. Time-delays are linear up to 4 ps and logarithmic thereafter. 
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4. DISCUSSION

A. Early Time Behavior

We begin our discussion with the RDX dynamics associated with the initial excitation and sub-

0.3 ps appearance of transient signal. As with our previous reports on VET dynamics in PETN,11,12 

the prompt appearance of a broad-spectrum signal following excitation at multiple pump 

frequencies strongly suggests one or more ultrafast VET steps which couple all vibrational modes 

in RDX. Within the time resolution of our experiment, we do not see significant pump-dependence 

to the earliest transient spectra, though it is possible that pump-dependent VET dynamics occur on 

timescales faster than we are able to resolve.31 Prompt VET was also reported by Shi et al.10 for 

RDX microcrystals, where 2D IR cross peaks were evident at dynamical times as early as 0.1 ps. 

Such rapid appearance of transient spectra, along with the reported 0.48 ps coherence dephasing 

time constant,10 strongly suggests that the initial excitation of modes across the spectrum is due to 

a coherent VET process. Though these initial dynamics occur within the time resolution of our 

experiment, there are some pump-dependent spectral differences which suggest particular VET 

pathways. For example, in the experimental transient absorption spectra, the earliest features 

around 930 cm-1 show marked differences in shape and relative peak amplitudes between the two 

pump frequencies—compare Fig. 4 c) and f). Following photoexcitation with the 1530 cm-1 pump, 

decay of the excited as-NO2
(ax) mode at ~1590 cm-1 could excite the ring distortion, CH2 wag, and 

NO2 bending modes around  930 cm-1 and, by conservation of energy in a two-vibration scattering 

event, the in-plane ring breathing mode at ~670 cm-1—this latter mode was previously identified 

as a key VET intermediate in RDX.37 Similarly, the large initial transient response around 900–

920 cm-1 from the 1260 cm-1 pump could be facilitated by coupling to the mode at 350 cm-1 (Refs. 

37,49). 
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 Broad-spectrum VET is supported by the dense Δ2PhDoS shown in Fig. S3, which reveal 

multiple possible pathways for pairs of vibrational modes to couple. The clearest example of mode-

selectivity in the Δ2PhDoS are the pumped (static Bose-Einstein population adjusted) modes at 

frequencies <1000 cm-1, which show very few available scattering pathways to higher lying 

vibrations while the inverse process shows a plethora of available scattering events. To evaluate 

the most probable VET pathways, we would normally turn to the DFT predicted single mode 

relaxation times (SMRTs) of the RDX crystal. These SMRTs are the product of the Δ2PhDoS and 

the scattering cross-section for each collision;64 however, our predicted SMRTs are unrealistically 

low, ranging from 0.01–0.1 ps.38 As the Δ2PhDoS are strictly a count of allowable transitions,11 

we are led to conclude that two-phonon collision cross-sections are the culprit for this poor 

prediction. While previous studies on metals and metal-oxides83,84 using the same computational 

method yield experimentally agreeable 1–10 ps SMRTs, these materials are starkly different from 

the molecular crystal studied here. Thus, without reliable two-phonon cross-sections, we cannot 

rigorously evaluate the most probable VET pathways and we limit our discussion to the above 

speculation. Further experimental work, such as a broadband 2D IR study (e.g. Ref. 85), would 

provide considerable insight into these first VET steps.

After the prompt appearance of transient signal, multiple vibrational modes show evolution 

with sub-ps and 5 ps time constants from global fitting. Similar values were  previously reported 

as VET time constants in RDX microcrystals10 as well as the lifetimes extracted from temperature-

dependent Raman linewidths of β-octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine crystals (HMX, 

a related EM).38 While it is tempting to separate and assign the two extracted time constants based 

solely on previous reports, we first consider our choice of kinetic model. For RDX microcrystals, 

Shi et al.10 report mode-specific time constants of ~2 and 4.11 ps from simple exponential decay 
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fits to single-frequency transients at the axial and equatorial as-NO2 stretching modes. To directly 

compare our present results with the fits from Shi et al., Fig. S23 shows lane-integrated transients 

of the same spectral features following the 1530 cm-1 pump along with mono-exponential decay 

function fits. While our mono-exponential fits return similar time constants of ~2 and 5 ps, our 

trends do not match the previously reported results;10 the cause of this discrepancy remains unclear 

as, apart from a ~60 cm-1 difference in central pump frequency and the use of microcrystals versus 

a thin film, the experiments appear to be comparable. Though the shorter, ~2 ps time constants 

could arise from simultaneous sub-ps and 5 ps decay dynamics, the extracted time-dependence of 

these features clearly depends on the kinetic model. While our assumption of a global sequential 

kinetic model is a useful description of correlated spectral changes across the probe window, it 

will not describe the multiple, parallel, and mode-specific VET pathways (and time constants) 

likely occurring following photoexcitation. Conversely, the independent fits to single frequencies 

by Shi et al.10 will extract mode-specific time constants but may not accurately describe the time 

dependence of broadening or spectral shifts.

While neither kinetic model is entirely correct, we can still draw a few conclusions by 

comparing different models to the experimental data. For example, the spectral regions requiring 

a sub-ps time constant—see the 4τ model description in the previous section—may be interpreted 

as effectively modifying the 5 ps time constant to describe dynamics similar to those reported by 

Shi et al.10 (i.e. mode-selective, mono-exponential decays). Alternatively, the noticeably flat or 

slightly rising transient behavior around 1040 and 920 cm-1 following the 1530 cm-1 pump—shown 

in Fig. S20—strongly indicates competing decay and growth dynamics (i.e. two separate time 

constants). Indeed, rising signal at ~920 cm-1 could support our proposed VET pathway coupling 

the initially excited as-NO2
(ax) mode at ~1590 cm-1 to the modes at 930 and 670 cm-1. However, as 
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with the initial, sub-0.3 ps excitation of modes across the RDX spectrum, we are unable to firmly 

assign such pathways with the present results and again highlight the need for further experimental 

and computational work to decouple the numerous, competing VET pathways. 

The appearance of a 5 ps time constant at both pump frequencies and for all the probed 

vibrational transitions strongly indicates that this time constant describes an aggregate VET 

behavior in RDX, though global fitting may miss mode-specific variations. Nonetheless, this 5 ps 

time constant corresponds to the clear evolution of all transient spectra to resemble the ThDIR 

spectrum shown in Fig. S15, with the caveat that direct quantitative comparisons between the 

transient spectra and ThDIR are inappropriate. As each VET process must necessarily couple to 

vibrations or phonons at lower frequencies to promote transitions, including the bath of long-range 

lattice motions, the strong similarity between the ThDIR and transient spectra for Δt ≥ 10 ps 

suggests that the 5 ps time constant is the time required for the vibrationally excited, high 

frequency vibrational modes to decay and repopulate their ground vibrational state, as supported 

by the pump-probe style MD simulations (Figures S4 and S5; see discussion below for details). 

However, vibrational relaxation of the high frequency vibrational modes does not result in the 

repopulation of the pre-excitation ground state: instead, a shifted ground state is populated since 

the VET-excited low frequency lattice modes will perturb the higher frequency vibrations,19 

manifesting as shifting and broadening of the line shapes (see Fig. S15 and Refs. 11,38 for examples) 

and resulting in the reported transient spectra for Δt ≥ 10 ps. Thus, because of these clear spectral 

changes, we may firmly assign the 5 ps time constant to de-excitation of the high frequency 

vibrational modes in RDX. 

B. Long-Time Behavior

i. Signal Origin
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The final, 200 ps time constant demonstrates that VET remains incomplete by Δt = 300 ps in 

α-RDX. Such long lived dynamics are not captured by standard theoretical treatments of VET86,87 

and, to the best of our knowledge, have rarely been reported in molecular solids,11,12,88 though 

previous time-resolved Raman studies of VET in neat nitromethane report thermalization time 

constants of ~50–150 ps with the long-time transient spectra revealing persistent excitation in 

modes <1000 cm-1.13,14 In our previous investigation of VET in PETN,11 we speculated that a 

similar, ℴ(100 ps) time constant was due to evolution of such an excited phonon distribution 

outside of the probe spectral window, though this conclusion remained tentative due to broad, 

overlapping spectral features.

With the above assignment of the 5 ps time constant in RDX, the further 200 ps spectral 

evolution must be due to dynamics within the low frequency vibrations and lattice modes; the clear 

mode-selectivity of the 200 ps time constant thus suggests that select high frequency vibrations 

are more sensitive than previously thought to changes in the excited phonon bath. This enhanced 

sensitivity may imply strong coupling between low and high frequency vibrations, potentially 

supporting a direct energy transfer4,28 model following a shockwave rather than a “ladder 

climbing”-mediated multiphonon up-pumping scheme.1–3,89,90 To test that specific high frequency 

reporter vibrational modes are sensitive to long-lived phonon VET, we have recalculated the α-

RDX IR spectrum (see Fig. 1) with a 10% static lattice compression to represent some 

characteristic of the experimental excited phonon bath. Figure 6 shows the ambient and 

compressed spectra for compression along the [010] crystal axis; similar compressions along the 

[100] and [001] axes (Fig. S2) each show unique peak shifting based on orientation of 

compression. Thus, these IR spectra of compressed RDX i) demonstrate that high frequency, 

“intramolecular” modes will be sensitive to lattice excitation and ii) suggest that the observed 
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vibrational mode-selectivity arises from particular phonon excitations. However, without reliable 

two-phonon scattering cross-sections (see section 4.A) we cannot conclusively determine whether 

these reporter modes—which could potentially bypass a slower up-pumping process—are 

sensitive to VET in select phonon modes or to broad-spectrum phonon evolution. 

Figure 6. (Top) DFT calculated infrared spectrum of -RDX for both ambient and 10% 
compressed unit cells. Mild blue-shifting of all modes is observed, with as-NO2 being an exception 
where a large, >50 cm-1, shift is present. (Bottom) Calculated total vibrational density of states 
again highlights inhomogeneous frequency shifts given the [010] lattice compression.

ii. Low Frequency Vibrational Dynamics

Similar to the case of PETN,11 we next consider two possible, phonon-centric explanations for 

the observed 200 ps dynamics. First, we could assume that the 5 ps time constant describes the 

rapid and complete thermal equilibration18 of pump-induced excess energy within the laser-sample 

interaction volume (i.e. that VET is complete by Δt ≈ 10 ps). The observed long-time spectral 

changes would thus be due to spatial conduction of the locally higher temperature phonon 
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distribution out of the laser-sample interaction volume. However, on the 300 ps time scale of the 

present experiments, we would expect such cooling to only affect a small fraction of the total 

pumped volume.11,82 Furthermore, ThDIR spectra show decreasing signal intensity with 

decreasing temperature (Fig. S15 and Refs. 11,82) in contrast with the observed increase in transient 

signal (see Figures 5 and S20–S22) on a ~200 ps timescale. The present rising signal intensity with 

the longest time constant is also in contrast with the previous time-resolved studies in neat liquid 

nitromethane13,14 which only observed signal decays on the longest time scales and was attributed 

to thermal conduction. Thus, while thermal conduction of excited phonons out of the probe volume 

is certainly occurring, we believe this process alone does not explain the present observations. We 

are thus left with the second possible explanation for the longest time constant: that VET is 

incomplete by Δt = 300 ps and we are observing continued evolution of a non-statistical, excited 

phonon distribution which lies outside of the probe spectral window—a conclusion again in 

marked contrast with previous theoretical treatments.18,91 

To explore the dynamics of low frequency phonon modes, and avoid the requisite and 

prohibitive cost of DFT, we conducted MD simulations of mid-IR pumped vibrations looking for 

signatures of long-lived, non-equilibrium dynamics. Figure 7 shows the MD predicted phonon 

mode SMRTs comparing ambient density and compressed α-RDX, where the vibrational mode 

appearing at 1266 cm-1 (ambient pressure) and 1280 cm-1 (10% compression along the [010] axis) 

has been pumped. Additionally, a total and partial vibrational density of states is plotted that 

highlights axial or equatorial NO2 contribution. Similar to Figures 2 and 3, the bottom panels of 

Fig. 7 show the evolving total vibrational density of states through time, where the color scale 

indicates if modes are in higher (red) or lower (blue) population relative to equipartition of energy. 

Importantly, these low frequency phonons are initially cold relative to the pumped vibrations, 
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meaning that—while the pump is present—these vibrations act as a sink for the energy deposited 

into the system. In contrast with the DFT-derived SMRTs, here the SMRTs are derived from 

frequency-dependent, mono-exponential fits to the evolving mode populations; a single SMRT 

thus captures the most prominent dynamics occurring after the pump thermostat is removed. MD 

spectra in other probe frequency ranges, as well as additional simulations for different pumped 

modes, are available in section S2.3 of the SI.

The most striking result is a marked increase in the low frequency SMRTs when the RDX 

crystal is compressed, where again this compression is used to mimic some character of an excited 

phonon bath. In particular, phonons involving NO2 motion (namely 180, 260, and 305 cm-1) show 

significant blue-shifting and broadening due to the compression. The longest lived of these 

excitations show SMRTs of 40–50ps, which are in stark contrast to the compression-insensitive 

SMRTs of 1–5 ps near the pumped mode, as shown in Fig. S4. These elongated SMRTs cannot be 

attributed to irreversible peak shifts and broadening as both ambient and compressed samples were 

elevated by the pumped mode to very similar final temperatures (357 and 361 K, respectively). 

Though the initial, compression-insensitive VET dynamics of high frequency vibrational modes 

are somewhat surprising given large peak shifts shown in Fig. 6, a constant high frequency SMRT 

further supports the separation of timescales based on the VET mechanism seen in experiments. 

Furthermore, the largest reliable SMRT of the compressed sample (~50 ps) challenges the 

assumption made that the spectra at 100 ps can be taken as fully thermalized. While the compressed 

SMRTs do not yet match the experimental time constant of 200 ps, the SMRTs assume 

independent decay dynamics for each mode and the difference in extracted time constants suggests 

some degree of sequential, phonon-centered VET dynamics. Thus, these MD results support the 

hypothesis that the observed temporal behavior is due to the continued evolution of low frequency 



31

lattice modes lying outside of the probe spectral window. Further, these results suggest that an 

excited phonon distribution produced by the initial VET steps will itself result in elongated 

relaxation dynamics for the lower frequency phonon modes—a key, novel insight into the energy 

redistribution mechanisms and timescales of EMs. Follow-on MD work will need to focus on the 

relationship between mode-specific VET dynamics following a mechanical shock and the initial 

chemical reactions in RDX.

Figure 7. Pumped vibration is the N–N(eq) stretch, CH2 bend, and ss-NO2 mode (1266 cm-1, 
ambient pressure) in both sets of data; time origin is when the pump is removed from the probe 
volume. (a) Extracted exponential decay time constants as the uncompressed RDX crystal returns 
to an equipartition of energy among all vibrations. Total density of states (blue) and partial density 
of states (green, purple) highlight modes with axial versus equatorial NO2 character. (b) Time 
constants per-mode for a compressed sample of RDX. Two-dimensional density of states 
normalized to an equipartition of energy (labeled as Mode Population) for (c) ambient and (d) 
compressed RDX; blue regions are under-populated and red over-populated with respect to the 
spectra at the same temperature. See Figures S4–S6 for additional MD results.
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iii. Mode-Selectivity

With a firm grasp of the origin and nature of the long-time dynamics in RDX, we finally turn 

our attention to the observed mode-selectivity. As an ℴ(100 ps) time constant has now been 

observed in multiple EM thin films,11,12 the separation of VET timescales seems to be a material-

independent feature and correlating the longest dynamics with likewise material-independent 

properties would be of significant interest. Because the specific vibrational modes are inherently 

material-dependent, we next attempt to understand the mode-selective VET through a chemically 

intuitive lens by connecting the observed dynamics to select bond excitation or particular chemical 

moieties. In our previous study of PETN,11 the ℴ(100 ps) evolution was tentatively associated with 

modes involving the reactive nitrate ester stretch (RO–NO2) coordinate. Though a direct 

correspondence between vibrational mode and chemical moiety is only an accurate description in 

the gas-phase, such an analysis has previously suggested facile energy partitioning into the N–N 

stretch of RDX.28 With the above caveat in mind, we thus seek such a relationship between the 

longest, mode-selective dynamics and an intuitive chemical bond model.

From the list of the spectral regions that show a 200 ps evolution—see section 3.B—a possible 

unifying characteristic appears to be vibrational modes with N–N stretch character; for example, 

the mode associated with the strong time-dependent change at 1040 cm-1 appears to include 

significant N–N(eq) stretch character (see Fig. 1 f) and Table S1). However, this initial assessment 

is based on qualitative descriptions of mode character from the vector displacement diagrams of 

only one RDX molecule in the unit cell. To assess potential trends more rigorously, we have 

decomposed the DFT calculated IR spectrum along several likely dimensions. For all molecules 

within the α-RDX unit cell, each mass-weighted harmonic mode is characterized by: i) fractional 
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displacement of each atom type, ii) projection onto the unit cell axes (as suggested by Fig. 6), iii) 

fractional change of each N–N bond length (from our initial assessment and Refs. 28,31), and iv) 

fractional change of each N–O bond length (from Fig. 7 b) and the observed dynamics around 

1590 cm-1). Of the 504 degrees of freedom in uncompressed α-RDX, 61 vibrations have a 

calculated IR intensity ≥0.1 e2 amu-1; 44 of these modes are within the experimental probe window. 

Based on the overlap of the calculated and experimental IR spectra in Fig. 1, and without 

considering our assigned mode character, each of these 44 modes was then assigned a “yes/no” 

value depending on whether the calculated frequency (CF) matches an experimental mode that 

evolves with the 200 ps time constant. A third “neutral” value was assigned to modes whose CF 

could not be unambiguously mapped to experimental frequencies; the resulting annotated list of 

61 frequencies is given in Table S2. Two examples of these decomposed IR spectra, averaged over 

all molecules within the unit cell, are shown in Fig. 8 with the full set shown in Figures S7 and S8; 

red peaks highlight modes which evolve with the 200 ps time constant while peak intensity scales 

with fractional change in atomic displacement, projection onto a crystal axis, or relative N–X bond 

length.

In general, spectra reporting either atomic fractions of each mode or the projections onto the 

crystal axis (Fig. S7) do not show any obvious, global correlation with the 200 ps temporal 

behavior, though large N atom and O atom motions are present in the as-NO2
(ax) modes at CF ≈ 

1610 cm-1. It is important to note that while compression along the principal crystal axes implied 

phonon-induced, mode-selective shifts to the high frequency vibrational spectra in general—see 

section 4.B.i—these particular projections do not correlate to the experimentally observed 200 ps 

behavior. In contrast, spectra detailing the average relative displacements of the N–N and N–O 

bonds, shown in Figures 8 and S8, begin to show some correspondence with the longest dynamics. 
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For example, modes with the largest relative change in N–N(eq) bond length tend to evolve with 

the 200 ps time constant while, excepting the as-NO2
(ax) modes, larger changes to the N–O(ax) 

bonds appear to favor modes which do not evolve with the 200 ps time constant. Indeed, the 

correlation to N–N bond excitation appears strongest when plotting the maximum change in N–N 

bond length across all three N–N bonds, as shown in Fig. S8. Pairwise correlation plots comparing 

these spectral decompositions, as shown in Figures 8 c) and S9, reinforce the above conclusions: 

atomic displacement or crystal alignment typically results in no obvious pattern while 

displacements of the N–N vs. N–O bonds generally correlate evolution with the 200 ps time 

constant to excitation of either the N–O(ax) or N–N(eq) bonds. 

While these spectral decompositions generally support a connection between excitation of 

the N–N bond and long-time spectral evolution, even the strongest correlations—such as plotted 

in Fig. 8 c)—reveal multiple modes with minimal N–O(ax) and N–N(eq) bond excitation which 

nonetheless evolve with the 200 ps time constant and are as of yet unexplained. Given that the 200 

ps time constant arises from long-range lattice motions, this bond-centric, intramolecular picture 

is undoubtedly insufficient and we would need to consider changes to the larger system (i.e. 

extended intermolecular interactions) to determine the underlying connection. As the 

approximation of using a single unit cell when employing the FDM is already evident for low 

frequencies within the probe window—see section 3.A—accurate correlations between intra- and 

intermolecular modes requires further computational effort beyond the scope of the present work. 

Nonetheless, these initial efforts reinforce the importance28 of the reactive N–N bond in 

understanding the initial energy transfer dynamics in RDX.
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Figure 8. Example decomposed spectra showing the fractional bond length change from 
equilibrium in (a) the N–N(eq) or (b) one of the four N–O(ax) bonds for each frequency. Bar height 
reports fraction while bar color highlights frequencies which experimentally demonstrate 200 ps 
evolution: red = “yes,” blue = “no,” and black = “neutral” (i.e. no unambiguous mapping to 
experiment). c) Example correlation plot comparing the relative fractional change in an N–O(ax) 
versus the N–N(eq) bond length for each frequency, highlighting large N–N(eq) and small N–O(ax) 
displacements as a reasonable predictor of long-time spectral evolution. Marker size scales with 
calculated IR intensity while marker color highlights frequencies which experimentally 
demonstrate 200 ps evolution. Additional decomposed spectra and correlation plots may be found 
in Figures S7–S9.

 

5. CONCLUSIONS
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In the present work, we have employed a combination of experiment and theory to 

demonstrate incomplete VET in RDX on hundreds of picosecond timescales, challenging common 

assumptions of rapid thermalization in these molecular crystals. If we assume that the VET 

timescales and pathways are reversible (phonon up-pumping versus vibrational relaxation), then 

the results herein of ~200 ps, phonon-mediated VET affecting the high frequency transient spectra 

points away from step-wise, “ladder-climbing” VET mechanisms1,2 in favor of possibly direct4,28 

VET to high frequency reporter vibrations which lie along commonly recognized reaction 

pathways.92,93 Indeed, our observations of ℴ(100 ps) dynamics in the three energetic materials we 

have presently or previously investigated—RDX, PETN,11 and TATB12—suggest that possible 

direct coupling of phonons to reactive high frequency vibrational modes may be a general feature 

of energetic molecular crystals. While these VET experiments do not test EMs under shock 

conditions, the observed mode-selectivity in these longest dynamics—coupled with DFT 

simulations showing compression orientation-dependent peak shifts—may provide key clues to 

the observed crystallographic orientation dependence on shock sensitivity.94 Finally, these MD 

results under static compression suggest that, following shock compression, excited phonon 

relaxation times will be substantially longer than have been previously assumed.18 Such a 

persistent, non-equilibrium phonon distribution would have more opportunity to excite higher 

frequency, chemically reactive coordinates through either the multiphonon up-pumping1,2 or direct 

coupling4,28 pathways. Further experimental work, such as transient infrared spectroscopy of a 

molecular crystal under static compression, would validate these calculations and add significant 

insights into the interplay between compression, phonon lifetime, and VET mechanisms.

Two outstanding experimental questions remain from our present work. First, what are the 

ultrafast pathways responsible for the sub-0.3 ps dynamics? Elucidating these first VET steps 
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would help explain the pump-dependent differences in the earliest transient spectra—cf. Figures 4 

c) and f). Second, what are the underlying chemical characteristics responsible for the mode-

selective 200 ps dynamics? In both cases, broadband 2D IR studies would unveil key mechanistic 

pathways critical to understanding the structure-dynamics-function relationships of EM bulk 

properties. Further work utilizing IR pump-THz probe holds promise to directly test the timescales 

of VET within the low frequency phonon modes. 

Though significant work is still needed to potentially connect VET timescales and 

pathways to shock initiation, such an explicit connection would mark a critical step forward in our 

understanding of shock sensitivity. As our samples are well-controlled thin films of material at 

room temperature and pressure, exploring the phase, morphology, temperature, and pressure 

dependence of VET—as well as whether the phonon-mediated, reporter modes are preserved—

will all be necessary to demonstrate the applicability of these measurements. For example, 

extending the above suite of experiments to include static pressure loads would enable new EM 

polymorphs to be studied as well as explore the relationship between pressure and extended 

phonon lifetimes. VET studies of bulk polycrystalline EM samples could further contribute to 

understanding the interplay between the longest dynamics observed herein and the role of 

microstructure (e.g. grain boundaries95,96) and hot-spot formation1,2,97,98 towards a fundamental 

understanding of the shock-to-detonation transition.  

Supporting Information. Characterization of the RDX thin film samples, additional theoretical 

results, additional experimental results, and details of the Zenodo data archive.
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