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ABSTRACT: Intramolecular vibrational energy transfer is gaining
tremendous attention as a regulator of condensed-phase behavior
and reactions. In polyatomic molecules, this transfer is an ultrafast
process involving multiple modes with numerous quantum states.
The inherent complexity and rapid evolution of these processes
pose significant challenges to experimental observation, and the
high computational costs make full quantum mechanical calcu-
lations impractical with current technology. In the intramolecular
energy transfer process, whether the doorway modes are
intermediaries for transferring energy from lattice phonons to
high-frequency intramolecular vibrational modes has been a
controversial issue. However, the broad range of doorway modes
complicates the experimental identification of a specific doorway in
the transfer process corresponding to a specific end point. Here, for the first time, we utilize a combination of vibrational projection,
statistical analysis, and the local quantum vibrational embedding (LQVE) method to elucidate the ultrafast energy transfer pathways
that upconvert energy from lattice phonons to intramolecular modes in the typical energetic material β-HMX. This approach enables
us to resolve the coupled vibrational mode groups, identify the most probable energy transfer pathways corresponding to the
different final modes, and clearly confirm that the doorway region is a mandatory pathway for energy transfer. The LQVE method’s
time-dependent and quantum state-resolved advantages are leveraged to reveal the microscopic mechanism of the energy transfer
process. The time scale of these processes is determined at about 1 ps, and the first theoretical two-dimensional infrared
spectroscopy evidence is provided, which is confirmed by the experimental results. These findings deliver important insights into the
fundamental mechanisms of ultrafast energy transfer in energetic materials, providing theoretical support for controlling explosive
behavior and designing new explosives. The methodologies developed in this work can be extended to other condensed phase
materials and used to evaluate the coupling between multiple vibrational modes.
KEYWORDS: energy transfer pathways, vibrational mode, local quantum vibration embedding, state population relaxation,
two-dimensional infrared spectroscopy, β-HMX

1. INTRODUCTION
Vibrational energy transfer (VET) is a pivotal process that
governs the dynamics and reactions of solutions and other
condensed phases. Of particular interest is the intramolecular
vibrational energy redistribution (IVR), where energy flows
between different vibrational modes within a molecule. This
process often competes with other chemical events1 and has
been a major focus of study for several decades.2,3 A series of
seminal works have been dedicated to understanding the nature
of IVR across a variety of materials, with the aim of utilizing or
controlling this process.4−9 In particular, studies have shown
that the stability, reactivity, and detonation properties of
energetic materials are significantly affected by intramolecular
vibrational energy transfer.10 Consequently, precisely control-
ling the IVR process in these materials is of critical importance.

In the multiphonon up-pumping model,11,12 it is posited that
certain regions of frequencies, known as doorway modes, play a

critical role in the overall energy transfer process. According to
this model, when a crystal experiences mechanical shock, excess
energy is initially transferred from lattice phonons to the
doorway modes. The energy is then further channeled from the
doorway modes to high-frequency internal vibrational modes,
where it is rapidly redistributed until it converges on specific
modes that are crucial for bond breaking and subsequent
detonation reactions.13,14 However, this model is not without
controversy. Some studies have validated this model; for
instance, Kumar et al. employed Fermi’s golden rule-based 3-
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phonon theoretical analysis to analyze energy up-pumping in
1,3,5-trinitroperhydro-1,3,5-triazine (RDX),15 and Bondarchuk
proposed a method to calculate the energy transfer rates of such
multiphonon up-pumping for both isolated molecules and
crystalline materials.16 In contrast, some researchers have
suggested that energy transfer occurs directly, with lattice
phonons predominantly governing thermal energy transfer
rather than being mediated through doorway modes.17,18 This
ongoing debate highlights the unresolved nature of the energy
transfer pathways.

Recent studies have provided valuable insights into the time
scales of energy transfer in energetic materials. For instance,
Cole-Filipiak and Ramasesha et al. identified a ∼ 100 ps (ps)
time scale in pentaerythritol tetranitrate (PETN), RDX, and
2,4,6-triamino−1,3,5-trinitrobenzene (TATB), which was
mediated by lattice vibrations, providing strong evidence for
coupled vibrations in these systems.19,20 Ostrander et al.
observed a specific energy transfer pathway in PETN with a
time scale of 2 ps.21 Similarly, Shi et al. identified an energy
dissipation pathway related to Davydov splitting in the
microcrystalline form of cyclic nitramine hexahydro-1,3,5-
trinitro-s-triazine (HHTT).22 Yang et al. further discovered
intramolecular energy transfer between the axial and equatorial
nitro groups in β-octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazo-
cine (β-HMX) occurring on the picosecond time scale.23

Despite these advancements, it remains a significant challenge to
experimentally elucidate the intricate details of IVR in energetic
materials, primarily due to the ultrafast and complex nature of
the process, which involves multiple modes and numerous
quantum states.

Theoretical calculations have proven useful in providing more
detailed insights into the IVR process, offering explanations for
VET and IVR dynamics.15,20,24,25 However, due to the
challenges of performing full quantum mechanical (QM)
calculations, most studies have relied on classical mechanics.
While these classical approaches have advanced our under-
standing, they fall short in accurately describing high-frequency
vibrational modes, where quantum effects play a crucial role.

In this study, we propose an integrated approach combining
vibrational projection, statistical analysis, and the local quantum
vibrational embedding (LQVE) method to investigate the IVR
process. The LQVEmethod is an advancement of our previously
developed quantum vibrational perturbation (QVP) meth-
od,26,27 which utilizes quantum mechanics to determine
instantaneous physical quantities such as instantaneous vibra-

tional frequency, dipole, polarization, etc. This method
incorporates the effects of surrounding molecular clusters as
well as the vibrational modes of the probe molecule, which were
previously unexplored as environmental influences. The LQVE
method provides time-dependent vibrational frequencies at a
semiclassical level, addressing the high computational demands
of full quantum mechanical calculations and the limitations of
classical mechanical calculations in terms of accuracy.

2. METHODOLOGY

2.1. Vibrational Projection Method and Applications

The structure of the in-crystal probe molecule varies during the
molecular dynamics (MD) simulation. Projecting the instanta-
neous Cartesian coordinates onto the vibrational mode
coordinates allows for a better view of the correlation between
vibrational modes.
2.1.1. Vibrational Projection. In-crystal molecules can

better account for the effects of the crystalline environment
compared to isolated molecules in the gaseous state. Figure 1
depicts the β-HMX supercell, and a specific in-crystal molecule
is chosen as a probe molecule in this study. The partial Hessian
approach28−30 is utilized to obtain the vibrational modes of the
probe molecule by (1) optimizing the supercell to reach the
global minimum of the potential energy surface (PES) to get
equilibrium coordinates, where the coordinates of each β-HMX
molecular are denoted as xe, and we assume that its center of
mass is located at the origin of the coordinate system, then (2)
computing the (mass-weighted) Hessian of the supercell and
slicing out the partial Hessian of a probe molecule, and finally
(3) performing diagonalization to obtain the vibrational modes
coordinates ξs. Note that the orientations of ξs and xe have to
consist and are fixed in the following procedures.

To track the vibrational motion of molecules, we projected
the mass-weighted Cartesian coordinates onto the vibrational
modes.31,32 The mass-weighted vibrational mode coordinates of
vibrational mode i are given by

= · · x t xQ tU( ( ( ) ) )i i
T

e (1)

where t is the translation vector, which can be determined by
computing the displacement between the center of mass of x and
that of xe. U is the rotation matrix obtained by the Kabsch
algorithm,33−35 which minimized the root mean squared
difference (RMSD) between the mass-weighted coordinates,
xe and x t .

Figure 1. 2 × 2 × 2 β-HMX supercell and the probe molecule.
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2.1.2. Vibrational Mode Coupling Analysis. To our
knowledge, most of the widely used trajectory analysis software
analyzes the distribution function based on the internal
coordinates. In this work, we propose a vibrational mode
coordinate-based combined distribution function (CDF) to
study the correlations between vibrational modes. We make
two-dimensional correlation of projections Qsd1

and Qsd2
as

=C Q Q
Q Q Q Q

Q Q
( , )

( , ) ( ) ( )

( , )s s
s s s s

s s

2D 1D 1D

2D1 2

1 2 1 2

1 2

(2)

in which ρ2D(Qsd1
,Qsd2

) is the 2D density distribution function of
Qsd1

and Qsd2
, whereas ρ1D(Qsd1

) and ρ1D(Qsd2
) are the marginal

density distribution functions.
The unbiased and normalized cross-correlation function

(CCF) is another suitable strategy to verify mode coupling.
For projections Qsd1

and Qsd2
, the cross-correlation expression is

=
+

r t
Q t Q t t

Q t Q t
( )

( ) ( )

( ) ( )
t

t
s s

s 0 s 0

s 0 s 0
1 2

1 2 0

1 2 0 (3)

which reveals the time-dependent relationship between Qsd1
and

Qsd2
.

2.2. Local Quantum Vibration Embedding (LQVE) Method
and Applications

2.2.1. Local QuantumVibration Embedding. In order to
accurately compute vibrational spectra, it is essential to establish
a robust statistical mechanics foundation while also ensuring the
reliability of the potential energy surface (PES) and dipole
moment surface (DMS). However, for complex systems such as
β-HMX, constructing a global PES or DMS is often impractical.
Furthermore, molecular mechanics (MM) force fields fre-
quently fall short of the precision required for spectroscopy.36,37

Therefore, it becomes imperative to consider QM methods for
on-the-fly calculations of the potential energy and dipole
moments, which are computationally expensive. The LQVE
method we propose is to solve the dilemma and obtain the
instantaneous vibrational states.

Compared to analytic forms of PES, the discrete variable
representation (DVR) offers a more cost-effective solution,
where localized functions, i.e., the DVR grids, are used as the
basis for solving the vibrational Schrödinger equation, and
potential energy provided by electronic structure theory is
diagonal in DVR. Notably, the potential optimized DVR
(PODVR)38 allows customization to the specific molecules
under investigation, thereby achieving a better balance between
computational cost and accuracy. Adding the PODVR grids Qs,i
(i = 1, ..., NPO) to the coordinates of the probe molecule, the NPO

copies xn(t;Qs1,Qs2) and potential energy at a given moment in
the trajectory can be derived. PODVR is applied to the vicinity
of the reference structure, i.e., re, to get H ref

and Qs,i.
The projection of Cartesian coordinates into vibrational

modes can be referenced in a previous subsection. Then, we
embed the quantum vibrational modes ξsd1

and ξsd2
of the probe

molecules into the MD trajectory while keeping the rest
unchanged to get the time-dependent local vibrational
Hamiltonian. For the ith PODVR grid, its coordinates are
replaced as

· + + +x x tQ QU( ( ))i i is , s s , s1 1 2 2 (4)

in which the symbols with a tilde (∼) represent the mass-
weighted one.

The potential energy difference between vibration-embedded
structure V and reference structure Vref may be considered as the
perturbation Vper. Thus, we construct the effective Hamiltonian
on PODVR as

= +

= | | + | |·

= | | + | |Q

H H H

H i j V V i j

H i j V i i

( )

( ) .

ij
ij

ij
ij

ij
ij

i
s i

eff ref per

ref ref

ref per
,

(5)

where Hij
ref and |i⟩ are Hamiltonian matrix elements of the

reference structure and the localized basis, i.e., PODVR grids,
respectively. Instantaneous physical quantities, such as instanta-
neous frequency, dipole, polarizability, etc., can be computed
based on the Hamiltonian.
2.2.2. State Population Relaxation. To obtain the state

population relaxation from one vibrational state to others,39,40

the time-dependent Schrödinger equation is written as

| = |i
t

Heff

(6)

in which the Heff
is calculated by the LQVE method. Energy

transfer pathways between coupled modes and their time scales
can be determined by solving the time-dependent Schrödinger
equation, which, for such small Hamiltonian matrices, can be
solved by first getting the eigenstates of the Hamiltonian and
then integrating over time on the stationary states, where only
phases are altered. Note that the time of the quantum-state
evolution here is not equivalent to the time in the classical
dynamical trajectory.
2.2.3. Third-Order Response Functions of the Two-

Dimensional Infrared (2D IR) Spectroscopy. Ultrafast 2D
IR spectroscopy is commonly used to comprehend the forces of
coupling modes in molecules. The forces are indirectly
manifested through the vibrational levels and hence manage
the IVR process.41 The cross peaks of 2D-IR spectroscopy can
demonstrate the coupling of different quantum states in the
system effectively,42 making it beneficial for usage in energetic
materials.

The 2D-IR spectra can be achieved by the Fourier
transformation of the total response functions43

= + =
=

R R R R t t t( , , )
i

ir nr
1

6

1 2 3
(7)

where Rr and Rnr represent the rephasing and nonrephasing
responses, respectively. Considering semiclassical treatment and
the Condon approximation
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where μij and ωij denote the instantaneous transition dipole
moment and frequency between ith and jth energy levels,
respectively. ⟨···⟩ denotes the classical ensemble average. ti (i = 1,
2, and 3) represents the corresponding time gap between
different lights, where t2 is typically set as the waiting time. Γ1

and Γ2 denote lifetime-broadening factors that phenomenally
describe the population relaxation.44 Instantaneous vibrational
frequencies can be calculated by diagonalizing eq 5, and the
transition dipole moments can then be calculated with the
corresponding wave functions.

2.3. Computational and Experimental Details

The β-HMX single crystal with the P21/n space group is
enlarged into a 2 × 2 × 2 supercell using the VESTA45 and
Atomsk46 packages to enhance the realism of environmental
influences. The ASE package47 is utilized to determine the
equilibrium structures and Hessian matrix. The MD trajectories
are carried out with the LAMMPS48 package, employing a force
field built by machine learning (see Supporting Information for
details).

All vibrational modes are projected using our in-house
vibrational projection program after importing the MD
trajectory, equilibrium molecular structure, and vibrational
modes. The trajectories are analyzed using the MDAnalysis
software.49 Utilizing the LQVE method, potential energy and
instantaneous frequencies of the supercell at specific frames are
calculated in the GFN2-xTB level,50 where the probe molecules
have been replaced by the molecular structures generated by the
NPO grids. The state population relaxation time evolution as well
as 2D IR spectra are computed by our in-house code.51,52

A solid, polycrystalline β-HMX film is produced by physical
vapor deposition onto a diamond substrate, yielding the 1 μm
thick sample used herein. The vibrational dynamics of the β-
HMX filmwere measured in real-time using ultrafast far-infrared
transient absorption spectroscopy (TAS), and the experimental
details have been previously reported.53,54 The spot sizes of the
far-infrared probe beam and mid-infrared pump beam are 0.2
and 0.3 mm, respectively, with pulse widths of the probe and
pump beam being 0.1 and 0.2 ps, respectively. The pump fluence
is 6 mJ/cm2, and the instrumental response time is 0.3 ps for all
frequencies, with a spectral resolution of 4 cm−1.

Figure 2. (a) ν27, ∼417 cm−1, rocking in the CH2 plane; (b) ν28, ∼575 cm−1, wagging of twoH atoms out of the CH2 plane and two O atoms out of the
NO2 plane; (c) ν30, ∼605 cm−1, rocking in the CH2 plane and scissoring in the NO2 plane; (d) CDF plots between ν27 and ν28; (e) CDF plots between
ν27 and ν30. When Qi and Qj are completely uncorrelated, i.e., the 2D histogram is equal to the direct product of two 1D histograms, C(Qi, Qj) is zero.
When the combined density distribution of Qi and Qj exceeds that of the individual, the plot shows a positive correlation in red. Blue represents a
negative association.
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Figure 3. Correlation heat map for νi and νj.

Figure 4. Example of energy transfer pathways. The ∫ |C(Qi, Qj)|dQidQj of certain mode with other modes located in different frequency regions
indicates a strong correlation between this group of modes.
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3. RESULTS AND DISCUSSION

3.1. Energy Transfer Pathways for Coupled Modes

The coupling of modes is a prerequisite for the transfer of
energy. Figure 2 shows two CDF plots of the vibrational mode
ν27, which may be easily explained using eq 2. The correlations
demonstrated in Figure 2d,e gradually increase, and it can be
seen that there is a strong negative correlation between ν27
(∼417 cm−1, rocking in the CH2 plane) and ν30 (∼605 cm−1,
rocking in the CH2 plane and scissoring in the NO2 plane), while
the correlation between ν27 and ν28 (∼575 cm−1, wagging of two
H atoms out of the CH2 plane and two O atoms out of the NO2
plane) is relatively weak.

Integrating the absolute values of C(Qi, Qj) in each correlation
plot identifies strongly coupled vibrational modes. For example,
the integral value of ν27 and ν30 in Figure 2 is 4.75, whereas only
0.04 of ν27 and ν28. The heat map in Figure 3 shows that the
coupling between the low-frequency modes (lattice phonon,
LP) is greater than the coupling between the low-frequency and
middle-frequency modes (doorway mode, located approx-
imately in the 200−750 cm−1 range,13,55 DM), and the coupling
between the high-frequency intramolecular modes (HIM) is
much smaller than the first two.

Analyzing ∫ |C(Qi, Qj)|dQidQj for all combined modes reveals
groups of tightly coupled modes. For example, as the integral
value bar shown in Figure 4, ν6, ν10, and ν27 are all strongly
coupled with ν30 correspondingly, whereas ν27 and ν30 are
strongly coupled with ν37, ν64, ν69, ν73, and ν77. This indicates
that when energy is transferred from the intermolecular to the
lattice phonons ν6 and ν10 and the doorway mode ν27, they are
more likely to transfer excess energy to mode ν30 than to other
modes. The doorway modes ν27, ν30, and ν37 further transfer
excess energy to the high-frequency intramolecular mode. The
high-frequency intramolecular modes may transfer excess
energy to each other, but this is far less common. In this energy
transfer pathway, excess energy is gathered onmode ν77, which is
associated with the symmetric stretch of CH2 and in good
agreement with the recent theoretical findings.24 When ν77 is
excited, energy tends to relax along the energy transfer pathway.
As the name suggests, the doorway modes adequately
characterize its function, especially those of ν27 and ν30.

Similar pathways may also exist in groups ν6, ν9, ν20, ν38, ν50,
ν52, ν54, and ν60 as well as groups ν12, ν33, ν42, ν45, ν55, ν61, ν72, etc.;
detailed data is available in Supporting Information. In
conclusion, when lattice phonons of β-HMX crystal molecules
are pumped, energy tends to pass between lattice phonons to
each other, followed by a transfer from the doorway modes to
the high-frequency modes. The probability of energy transfer
between most of the high-frequency modes is minimal.
Similarly, as high-frequency modes are pumped, the relaxation
process tends to transfer excess energy to lower frequencies via
such energy transfer pathways. The phenomenon is in good
agreement with the recent research.15

CDF analysis is based on the cumulative of the entire MD
trajectory and does not have time-dependent properties. On the
contrary, the cross-correlation function can reflect the relation-
ship between two variables across time. Figure 5 illustrates a
portion of the cross-correlation function over time, with modes
selected from the example of the energy transfer pathways
discussed above. The evolution of the cross-correlation
functions over time for these coupled modes tends to be rather
consistent, notably for (ν27, ν30), (ν27, ν37), and (ν30, ν37). This
finding supports the previous conclusions and suggests that the

coupled modes exhibit correlation not only statistically but also
dynamically.
3.2. State Population Relaxation and 2D IR Spectra
The preceding analysis has provided valuable information about
mode coupling; nevertheless, it is not appropriate for
investigating more subtle mechanisms. Meanwhile, experimen-
tal observation of transition frequencies is available, but
resolving time-dependent wave function evolution is difficult.
As a result, we further investigated mode coupling based on the
time-dependent Schrödinger equation. By constructing the
effective Hamiltonian quantities shown in eq 5 and performing
the state population relaxation time evolution, information
about the energy transfer between different vibrational states of
coupled modes can be obtained.

Based on the above statistical analysis, we chose to explore the
strongly coupled DM−DM ν27 and ν30, as well as LP-DM ν10
and ν30 as examples. Figure 6 shows the ensemble-averaged
energy transfer process of (ν27, ν30) and (ν10, ν30) with the initial
states |10⟩ or |01⟩, respectively. For ν27 and ν30, when the pump
pulse excites state |10⟩ (Figure 6 (a)), the probability of energy
transfer to each final state is |01⟩, |20⟩, |00⟩, and |11⟩. The order
of exciting state |01⟩ (Figure 6 (b)) is |10⟩, |02⟩, |11⟩, and |00⟩.
For excited |10⟩, whether the energy transfers to |20⟩ or to |00⟩,
both reflect the anharmonic vibration of ν27. However, the
energy transfer to |01⟩ and the combination state |11⟩ provide
significant evidence for the coupling of ν27 and ν30.

Similarly, assuming |01⟩ as the initial state, energy transfer to |
10⟩ and |11⟩ demonstrates the strong coupling between ν27 and
ν30. By ensemble averaging the instantaneous frequencies
calculated by the LQVE method, the ultrafast energy transfer
process was found to equilibrate at 800 fs when the excited state
is |10⟩ and 1500 fs when the excited state is |01⟩. ν10 and ν30 have
a substantially higher energy transfer ratio than those of ν27 and
ν30. When |10⟩ is excited, the probability of transferring energy
to the combination state is negligible, but when the |01⟩ state is
excited, a significant fraction of energy relaxed to the
combination state. Both energy transfer processes take about
700 fs.

The ∼1280 cm−1 of the HMXmolecule is of great interest as it
is related to the symmetric stretching of NO2.

54,56 The
experimental transient absorption spectra in Figure 7a,b indicate
that when ∼1280 cm−1 is pumped at 3.1 ps, its absorption signal
decreases consistently over time. After an ultrafast period of
around 400 fs, stronger absorption signals are probed at ∼730
and ∼760 cm−1, which also begin to decrease after passing
through 750 fs to 1.2 ps. The consistent trend in Figure 7a,b
implies a strong correlation between ∼730 cm−1/∼ 760 cm−1

and ∼1280 cm−1, and the two time periods may be the energy

Figure 5. Cross-correlation function between parts of vibrational
modes.
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relaxation times. To answer this question more deeply, we chose
three corresponding doorway modes: ν35, ν39, and high-
frequency intramolecular mode ν57, for the quantummechanical
study. The statistical analysis of Figure 7c confirmed a strong
coupling between the three modes. Thus, we hypothesize the
energy relaxation process in Figure 7d, where the excess energy

is first transferred from ν57 to ν35 and ν39, respectively; both
processes are about 400 fs, and after the energy reaches ν35 and
ν39, it is further transferred to each other or to lower frequencies,
and this process takes about 700 fs to 1.2 ps.

To test the above conjecture, we performed an analysis of the
state-population relaxation time evolution. The state population

Figure 6. State population relaxation time evolution of (a) (ν27, ν30) with |10⟩ as the initial state, (b) (ν27, ν30) with |01⟩ as the initial state, (c) (ν10, ν30)
with |10⟩ as the initial state, and (d) (ν10, ν30) with |01⟩ as the initial state.

Figure 7. (a,b) Transient absorption spectra from the experiment (start time t0 = 3.1 ps; ΔmOD means variation of the optical density). (c) Integral
value bar for ν57. (d) Possible energy transfer pathways.
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relaxation time evolution, as shown in Figure 8, indicated the
coupling and energy transfer between DM-HIM ν35 and ν57,

DM-HIM ν39 and ν57, and DM−DM ν35 and ν39, and the
calculated relaxation times are about 400, 350, and 800 fs,

Figure 8. State population relaxation time evolution of (a) (ν35, ν57) with |01⟩ as the initial state, (b) (ν39, ν57) with |01⟩ as the initial state, (c) (ν35, ν39)
with |01⟩ as the initial state, and (d) (ν35, ν39) with |10⟩ as the initial state.

Figure 9. (a−c) Cross-peaks of the 2D IR spectra of modes ν27 and ν30 with the higher oscillator excited at the waiting time t2 equaling 0 fs, 400 fs, and 1
ps, respectively. (d−f) Diagonal peaks of the 2D IR spectra of modes ν27 and ν30 at the waiting time t2 equaling 0 fs, 400 fs, and 1 ps, respectively.
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respectively. At the quantum-state level, it can be observed that
after the excitation of ν57 (|01⟩), the relaxation to the state |10⟩
and the combination state |11⟩ of ν39 and ν57 does not have
much energy, which suggests that energy transfer between ν39
and ν57 is not as easy as that between ν35 and ν57. However,
statistical analysis shows a strong correlation between ν39 and
ν57. This confusion can be clarified by Figure 8c,d. When
doorway mode ν35 or ν39 is excited, the energy mainly relaxes to
the first excited state of the other mode. Specifically, when ν35 is
excited, the energy relaxing to the combination state |11⟩ also
accounts for a considerable proportion. This suggests the strong
coupling between ν35 and ν39, and the energy prefers relaxing
from ν57 to ν35 and then transfers from ν35 to ν39, which can also
be confirmed in Figure 7b, where the experimental signal of 730
cm−1 no longer exists after 750 fs, and our calculated relaxation
time between ν35 and ν39 reaches equilibrium at 800 fs. The time
scale is also compatible with the previous study of the NO2
vibrations of HMX in solution23 or other energetic materials22

on the time scale of 1 ps.
The 2D IR spectra can provide a direct measure of the

anharmonicity of the probe mode. Experimentalists characterize
the IVR process between coupled modes by the decreasing
intensities of the peaks of the 2D IR spectra.23 In our work, we
obtain the time of the IVR process between the coupled modes
through the time evolution of the state population relaxation
described above, which may therefore affect the decreasing
intensities of the peaks in the calculated 2D IR spectra.

Off-diagonal anharmonicity makes cross-peaks appear. It is a
direct manifestation of coupling between two vibrational modes,
which means that the transition frequency of one mode depends
on the excitation level of the other mode. It is also in good
agreement with the conclusions on the coupling of the two
models in Figure 6. The blue shift in the spectrum is due to the
considerable fourth-order force constant of the potential energy
surface. In Figure 9a−c, cross-peaks of the 2D IR spectra of ν27
and ν30 with the higher oscillator excited at the waiting time t2
equaling 0 fs, 400 fs, and 1 ps are presented. The negative (blue)
peak comes from the |01⟩ → |11⟩ transition. The line shape
changes significantly with time, and the center frequency is blue-
shifted during the process. The variation of the line shape
reaches equilibrium at 800 fs to 1 ps. In contrast, the positive
(red) peak representing the |00⟩ → |10⟩ transition does not vary
significantly as a function of the waiting time, which is well
consistent with the experimental observations of HMX in
solution.23 One of the reasons for this is that the |10⟩ state is
more stable than the |11⟩ state. The red and blue peaks in Figure
9d−f reflect the anharmonic frequency shifts of ν30. The line
shape changes insignificantly with time, which may also be a
reason for the phenomenon in the cross-peaks.

4. CONCLUSIONS
In this work, for the first time, we use a combination of
vibrational projection, statistical analysis, and local quantum
vibrational embedding to demonstrate the intramolecular
vibrational energy transfer process of typical explosives, β-
HMX. This provides a powerful reference and innovative
program for the study of condensed materials. We respond to
the controversial question about doorway modes in energy
transfer pathways at the level of quantum mechanics, and our
findings indicate that doorway modes serve as vital mediators.

We develop a combined distribution function method based
on the vibrational mode coordinate to improve its application to
condensed matter systems. The statistical analysis results

indicated the energy transfer pathways that when the β-HMX
crystal is shocked, excess energy tends to be rapidly distributed
in the low-frequency modes, transfers through the doorway
modes to the high-frequency intramolecular modes, and the
possibility of transfer between most of the high-frequency
modes being extremely unlikely. State population relaxation
time evolution confirms the process at the quantum-state level,
explains microscopic details that cannot be explained by
statistical analysis, and determines the time scale at fs. In turn,
the relaxation process that occurs when high-frequency modes
are pumped and transfer excess energy into lower frequencies
tends to follow such an energy transfer pathway. We also
perform state population relaxation calculations and have
experimental spectra to validate our findings. Our conclusion
is in good agreement with the experimental and theoretical
studies reported. The 2D-IR spectra are computed to investigate
the vibrational energy transfer process of HMX theoretically; the
nondiagonal cross-peaks provide important evidence of the
mode coupling. Time scales of energy transfer and change trends
of the linear shape are consistent with those of the relevant
experiment.

Through detailed analysis and theoretical exploration, this
study reveals the complex dynamical process of intramolecular
vibrational energy transfer in the β-HMX, which can be flexibly
generalized to study other explosive materials, thereby
contributing to the advancement of both fundamental scientific
knowledge and practical applications in the field of explosives
research.
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