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Non-equilibrium molecular dynamics (NEMD) simulations of energy transfer from vibrationally
excited CO2 to CCl4 and CH2Cl2 solvent molecules are performed to identify the eﬃciency of
diﬀerent energy pathways into the solvent bath. Studying in detail the work performed by the
vibrationally excited solute on the diﬀerent solvent degrees of freedom, it is shown that vibrationto-vibration (V–V) processes are strongly dominant and controlled by those accepting modes
which are close in frequency to the CO2 bend and symmetric stretch vibration.

1. Introduction
Unravelling the mechanisms and pathways by which vibrational energy is redistributed in excited polyatomic molecules
and exchanged with the surrounding medium is an important
prerequisite for understanding chemical reaction dynamics.
Therefore, over the last decades vibrational energy relaxation
(VER) processes have been studied extensively and are still of
major current interest.1–16 Both, experimental and theoretical
eﬀorts were mainly concentrated on the excited solute itself by
analysing how the excess vibrational energy migrates inside the
activated molecule from mode to mode and is ﬁnally transferred to the surrounding bath. Less attention was paid to a
detailed analysis of how polyatomic bath molecules gain the
energy from the solute, i.e. to the question of how the energy
ﬂux from the solute is partitioned into translational, rotational
and vibrational degrees of freedom of the solvent molecules.
Experimentally some insight into this issue was obtained by
measuring thermal heating of the solvent following vibrational
energy transfer using the transient grating method17,18 and by
observing the excitation of low frequency modes of CCl4 during
vibrational relaxation of methanol19,20 and nitromethane,11
respectively. Since a rigorous quantum mechanical treatment
of this problem is not feasible, theoretical studies analysing
the energy gain of the solvent during VER rely on classical
molecular dynamics (MD) calculations. The approaches
employed are using either nonequilibrium (NEMD)21 or equilibrium (EMD) molecular dynamics simulations, the latter
within a perturbative treatment of solvent solute coupling.2,22,23
Recently, we performed EMD and NEMD calculations to
elucidate the relaxation mechanism of vibrationally excited
CO2 in CH2Cl2, CCl4, and xenon.24 This work was motivated
by time-resolved photodissociation experiments on organic pera
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oxides,25 which after UV-excitation undergo O–O bond breakage on a femtosecond time-scale generating ‘hot’ aroyloxy
radicals. These fragments further decompose to form vibrationally highly excited CO2, whose subsequent VER was measured
by following the temporal evolution of the transient IR-absorption of the CO2 n3-band (asymmetric stretch, 2390 cm1).26–28
Our MD simulations show24 that due to strong Fermi
resonance the symmetric stretching (n1 ¼ 1350 cm1) and
bending (n2 ¼ 670 cm1) vibrations of CO2 in CH2Cl2 and
CCl4 jointly relax on a ten and hundred picosecond timescale,
respectively, in accordance with experiment. The high frequency CO2 asymmetric stretch vibration, however, only
weakly interacts with both the other modes and the bath
degrees of freedom and, therefore, independently relaxes on a
much longer time-scale. The dominant relaxation channel is the
low frequency bending vibration. In CCl4 and xenon almost
100% of the excess energy is transferred via this channel, in
CH2Cl2 it is 73%. In contrast to xenon where the relaxation
takes 20 ns, the short VER times in CH2Cl2 and CCl4 are
caused by eﬃcient near resonant vibration to vibration (V–V)
energy transfer. This interpretation is supported by analysing
the power spectra of external solvent forces acting on the CO2
bending and symmetric stretch vibrations as presented in Fig.
1. According to Landau–Teller theory the amplitude of these
spectra at the frequency of the considered normal mode is a
direct measure of the VER rate constant. Whereas for xenon
slightly stretched exponential decays are found, the spectra of
CH2Cl2 and CCl4 in Fig. 1 are structured by pronounced
resonant features arising from vibrational modes of the solvent. The overlap of CO2 vibrational frequencies with these
resonances indicates eﬃcient V–V energy transfer.
Although the relaxation channels of the solute can be
quantiﬁed by the spectra of Fig. 1 in great detail, the corresponding analysis for the solvent molecules is possible only in
a qualitative fashion. For example, the spectrum of CCl4
forces acting on the CO2 bend vibration in Fig. 1b indicates
a close resonance between n2 and the 776 cm1 CCl asymmetric stretch mode suggesting that this solvent mode is an
important relaxation channel. However, the precise contribution of the CCl stretch, the partitioning of the energy ﬂow out
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translational and rotational as well as internal vibrational
degrees of freedom of solvent molecules. The character of this
partitioning is the object of this investigation.
For a quantitative description of the energy exchange
channels it is useful to introduce the concept of mode speciﬁc
work:29,30 The energy variation of a system is equal to the
work performed by external forces. The latter can be calculated from time integrals of the corresponding force capacities.
For the solute and solvent subsystems the following expressions apply
Z t X X

mv
Mb
DEv ¼
F  vi dt; Mb ¼ Mmb ;
ð3Þ
i¼1
j¼1 ij
0

DEb ¼

Z t X X
mv
Mb
i¼1

0

Fig. 1 The frequency dependent VER rate constants (LT approach)
of (a) symmetric stretch and (b) bend vibrational modes of CO2 in
diﬀerent solvents. Additional vertical lines indicate the CO2 fundamental frequencies.

j¼1


F ji  vj dt;

ð4Þ

where mv and mb are the number of atoms of the solute and
solvent molecules, respectively, and M is the number of
solvent molecules. Fij is the force exerted on atom i by atom j.
In accordance with the law of action and reaction Fij ¼ Fji.
Then the sum of eqn (2) and (3) can be written as
Z t X X

mv
Mb
DEv þ DEb ¼
F

ðv

v
Þ
dt:
ð5Þ
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j
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of the CO2 bending vibration into translational, rotational,
and possibly other accepting vibrational modes of the bath
cannot be derived from Fig. 1.
In order to get just this information we performed additional NEMD simulations of the vibrational relaxation of CO2
in CCl4 and CH2Cl2. The energy accepting bath degrees of
freedom are determined by calculating the work performed by
the excited CO2 molecule on the solvents normal modes as well
as its translational and rotation motions during relaxation.

It is necessary to note that eqn (5) is invariant with respect to
the coordinate system used (i.e. to changes of the velocities by
a constant), while eqn (3) and (4) do not satisfy this condition.
However, for coordinate systems utilized in common MD
simulations the total momentum of the solute þ solvent
system is equal to zero and both eqn (3) and (4) exactly
describe the energy variations of the subsystems.
Pv
The capacity Nj of the force Fj ¼ ni¼1
F ji exerted on the j-th
atom of a solvent molecule by the solute is calculated via
Nj ¼ F j  ðvC þ x  rj þ uj Þ

2. Theoretical background
The energy pathways into the solvent can be analysed by
studying the work performed by the vibrationally excited solute
on diﬀerent solvent degrees of freedom. To this end it is
necessary to consider the interplay between energy changes of
the subsystems and works performed by the underlying forces.
The total energy of the system can be represented as a sum
of three terms
E ¼ Ev þ Eb þ Evb ;

ð1Þ

where Ev, Eb and Evb are the energies of the vibrationally
excited solute, the solvent (bath) and the solute–solvent interaction, respectively. In the NVE ensemble the total energy is
conserved. Thus, the sum of energy variations of the contributions in eqn (1) is equal to zero
DEv þ DEb þ DEvb ¼ 0:

ð2Þ

Eqns (1) and (2) are correct for each MD trajectory as well as
for averages over an ensemble of trajectories. In the latter case
the solute–solvent interaction energy does not strongly depend
on the vibrational state of the solute so that DEvb E 0. Thus,
the energy released from the solute is approximately equal to
the energy absorbed by the solvent, i.e. DEv E DEb. The
energy absorbed by the bath can be partitioned into external
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ð6Þ

where vC and x are the center of mass and angular velocities of
the molecule, respectively, rj is the position vector of atom j
with respect to the molecular center of mass C and uj is
vibrational velocity of atom j. After summation over all the
atoms of a solvent molecule one gets
X
N ¼ R  vC þ M C  x þ
F j  uj
ð7Þ
j

P

P

where R ¼ j F j and M C ¼ j ðrj  rC Þ  F j represent the
sum of forces and their torques with respect to the centre of
mass, respectively. The angular velocity as well as the vibrational velocities depend on the applied molecular frame. In the
Eckart frame31,32 used below the rotation–vibration interaction is minimized.
For a mode speciﬁc analysis it is more informative to
represent the last term of eqn (7) through normal forces Qk
(calculated from sum of external forces Fj projected on the
molecular normal mode vectors) and normal mode velocities q_ k
Nvibr ¼

s
X

Nk ;

Nk ¼ Qk q_ k :

ð8Þ

k¼1

Nk represents the energy ﬂow into the k-th vibrational mode of
the solvent molecule. The total energy transferred into a
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molecule through a particular vibrational mode is calculated by
integrating the corresponding capacity over time

Wk ¼

Z

t

Nk ðtÞdt:

ð9Þ

0

As a consequence of the nonlocality of the potential energy
(which depends on the positions of at least two particles), the
momentum and angular momentum of each pair of molecules
are not conserved during a MD trajectory. The outcome of
these two quantities, however, determines the energy transfer
to translational (V–T) and rotational (V–R) degrees of freedom
of a solvent molecule. Thus, the V–T and V–R energy transfer
components from the excited CO2 to a solvent molecule are
ambiguous and only after averaging over many trajectories
these quantities can be calculated.

3. Simulation details
The intra- and intermolecular interaction potentials of CO2,
CCl4 and CH2Cl2 used in our calculations are given in ref. 24.
The CO2 intramolecular potential was derived from spectroscopic data and contains terms up to sixth order. This ensures
realistic intramolecular vibrational energy redistribution
which is important for the energy transfer mechanism. More
simple harmonic potentials represented in symmetry coordinates were used for the solvents CCl4 and CH2Cl2. As each
solvent molecule accumulates only a small amount of vibrational energy, anharmonic terms in the potential are of minor
importance for the energy transfer process. The interaction
energies between atoms of diﬀerent molecules are modeled by
sums of Lennard-Jones and Coulomb potentials. The parameters are summarized in Table 1 of ref. 24.
Nonequilibrium MD simulations of a single CO2 molecule
in a bath of 40 CH2Cl2 or CCl4 molecules were performed
within the NVE ensemble at T ¼ 300 K. In the ﬁrst 5 ps
velocities were rescaled to bring the system to the desired
temperature. Then 100 ps were given for equilibration of the
system and after each 5 ps samples were selected for subsequent nonequilibrium simulations. Our earlier simulations
have shown24 that with respect to energy exchange the asymmetric stretch mode of CO2 is inactive on the time-scale of
several hundred picoseconds, while the energy exchange between the other two modes is very fast, i.e. it is not important
how vibrational energy is initially distributed among them.
Therefore the simulation started by adding 96.7 kJ mol1 of
kinetic energy equally to the symmetric stretch and bend
modes of CO2, whereas the asymmetric stretch vibration was
not excited.
The length of trajectories was chosen to cover the whole
relaxation process with a time increment of integration dictated by the highest vibrational frequency. For CH2Cl2 (CCl4)
the total simulation time was 250 ps (1 ns), the time increment
was 0.25 fs (0.5 fs). The work done by the solute (CO2) on
the solvent vibrational modes [eqn (9)] was summed over
all solvent molecules. The results were averaged over 194
trajectories.
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Fig. 2 Work performed to individual CCl4 solvent modes during
vibrational energy relaxation of CO2 (CCl4 vibrational frequencies are
given in cm1); (a) indicates the 776 cm1 C–Cl asymmetric stretch
mode as the dominant energy accepting vibration, exponential ﬁtting
to the total work yields a time constant of (210  5) ps; (b) the
contribution of translation, rotation, and low frequency vibrations to
the energy transfer.

4. Results and discussion
As described in our previous paper,24 vibrationally excited
CO2 transfers all the excess energy to the CCl4 solvent via its
bending mode. Fig. 2 shows how this energy is partitioned into
the diﬀerent solvent degrees of freedom. Here, the work
performed by the CO2 molecule on the individual CCl4 modes
is plotted. Almost 80% of the total energy ﬂows into the
threefold degenerate 776 cm1 CCl asymmetric stretch vibration (Fig. 2a). The remaining energy is accepted by the low
frequency modes at 217 (bend), 314 (bend) and 459 cm1
(symmetric stretch) and the translations and rotations. This
result supports our initial assumption that due to close resonance to the CO2 bend vibration at 672 cm1 (as exempliﬁed in
the Landau–Teller spectrum of Fig. 1b) the 776 cm1 C–Cl
stretch mode provides an eﬃcient energy transfer channel.
Fitting a single exponential function of the form
WðtÞ ¼ Wmax ð1  expðt=tÞÞ

ð10Þ

to the time evolution of the total work yields a time constant of
t ¼ (210  5) ps which is in good agreement with the
experimentally observed vibrational cooling time28 of 200 ps.
(In our previous paper24 the Ewald summation for the
system CO2/CCl4 was implemented incorrectly. The actual
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(281 cm1) is strongly coupled with translational and rotational
degrees of freedom. Their sum contributes with 5% to the
energy transfer, whereas the high-frequency CH-stretch modes
are not involved in energy transfer and don’t accept any energy.
Fitting eqn (10) to the time evolution of the total work in
Fig. 3a yields a time constant of t ¼ (64  3) ps, which agrees
with the experimental value of 70 ps.28
It was shown in our previous paper24 that 27% of the CO2
vibrational energy escapes through the symmetric stretch
mode at 1352 cm1. Due to Fermi resonance with the bend
overtone the symmetric stretch spectrum is split into two
branches covering a broad range between 1250 and 1450
cm1 (see Fig. 5 in ref. 24). Three CH2Cl2 vibrations are in
close resonance with this spectrum: the CH2 scissor mode at
1434 cm1, the CH2 twist mode at 1153 cm1, and the CH2
wagging mode at 1270 cm1. According to Fig. 3b these modes
absorb 30% of energy suggesting that the vibrational energy
released by the CO2 symmetric stretch is gathered just by these
three solvent modes. The 898 cm1 CH2 rocking and the
769 cm1 CCl2 asymmetric stretching modes of dichloromethane probably interact with the CO2 bend vibration and
gain in all 20% of the excess energy.

5. Conclusions
Fig. 3 Work performed to individual CH2Cl2 solvent modes during
vibrational energy relaxation of CO2 (CH2Cl2 vibrational frequencies
are given in cm1); (a) indicates the 715 cm1 CCl2 symmetric stretch
mode as the dominant energy accepting vibration, exponential ﬁtting to
the total work yields a time constant of (64  3) ps; (b) the contribution
of medium to high frequency vibrations to the energy transfer.

vibrational energy transfer time of CO2 in this solvent is 210 ps
instead of 344 ps. All other conclusions derived in ref. 24 remain
the same, in particular the fact that all the excess energy of CO2
is transferred via the bend vibration to the CCl4 solvent.)
Fig. 2b focuses on the contribution of CCl4 translational,
rotational and low frequency vibrational degrees of freedom
to the energy transfer. Whereas the individual components
strongly ﬂuctuate, the sum represents a relatively smooth
curve. The ﬂuctuations between translation, rotation and the
low frequency vibrations is highly correlated indicating a
strong coupling between these modes. Despite the ﬂuctuations
it is possible to estimate the energy transmitted into translations and rotations of the solvent to be about 10% of the total
CO2 vibrational energy. This is in a good agreement with the
results shown in Fig. 9 of ref. 24 that indicate an order of
magnitude diﬀerence in relaxation rates of carbon dioxide in
ﬂexible and rigid carbon tetrachloride.
In Fig. 3 the work done by the CO2 molecule on the solvent
CH2Cl2 is shown. The main energy transfer channel into
dichloromethane is the CCl2 symmetric stretch vibration at
715 cm1. Almost 45% of the total vibrational energy released
from carbon dioxide is transferred into this mode. Again, this
mode is in close resonance to the CO2 bending vibration. 50%
of energy is transferred to CH2Cl2 modes with frequencies in the
range 769–1434 cm1. The lowest frequency CCl2 scissor mode
This journal is
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Nonequilibrium MD simulations provide a detailed view into
the energy pathways during vibrational energy relaxation of
CO2 in CCl4 and CH2Cl2 solvents. For both solvents the
relaxation is dominated by V–V energy transfer. In CCl4 all
the excess energy leaves the CO2 molecule via its bend vibration (670 cm1). 80% of this energy is accepted by the CCl
asymmetric stretch vibration at 776 cm1. The rest ﬂows into
low frequency vibrations, only a minor part to translational
and rotational degrees of freedom of the bath.
In CH2Cl2 only 73% of the CO2 vibrational energy escapes
through the bend mode. More than half of this energy is
transferred to the CCl2 symmetric stretch mode (715 cm1).
The remaining energy is accepted by other modes with frequencies close to the CO2 bend vibration (CH2 rocking at 898 cm1
and CCl2 asymmetric stretch at 769 cm1). 27% of the CO2
excess energy is transferred from the symmetric stretch (1350
cm1) to nearby solvent modes at 1153, 1270, and 1434 cm1.
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