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Non-equilibrium (NEMD) and equilibrium (EMD) molecular dynamics simulations are performed to investigate
the vibrational cooling and asymmetric stretch spectral evolution of highly excited carbon dioxide produced in
the photodissociation of organic peroxides in the solvents dichloromethane, carbon tetrachloride and xenon. Due
to strong Fermi resonance the symmetric stretching and bending modes of carbon dioxide in CH2Cl2 and CCl4
jointly relax on a ten and hundred picosecond timescale, respectively, which is in accordance with experiment.
However, the high frequency CO2 asymmetric stretch vibration relaxes on a considerably longer time scale
because of weak interaction with the other modes. The relaxation rate coefficients of (and works done by)
different modes obtained from NEMD and the Landau–Teller rate coefficients calculated through equilibrium
force time correlation functions are in reasonable agreement. The analysis of these results leads to the conclusion
that, in contrast to xenon where the relaxation takes about 20 ns, the shorter time scales in CH2Cl2 and CCl4 are
caused by efficient near resonant vibration to vibration energy transfer from carbon dioxide to solvent molecules.
The results of the non-equilibrium simulations are used to monitor the quasi-stationary asymmetric stretch
infrared spectra of carbon dioxide during the cooling process. Comparison of the corresponding experimental
results suggests that carbon dioxide initially is produced with a broad distribution of energy disposed in its bend
and symmetric stretch modes while the asymmetric stretch mode remains unexcited.

1. Introduction

The rapid fragmentation of vibrationally highly excited inter-
mediate radicals is a key process in ultrafast photodissociation
reactions that may have a crucial impact on final product
distributions in complex chemical reactions.1,2 The efficiency of
these reaction channels strongly depends on the competing
process of cooling ‘hot’ intermediates by vibrational energy
relaxation (VER) in a solvent environment, as exemplified in a
recent systematic study of photo-induced decomposition of
organic peroxides.3–7 In these investigations, UV photo-excita-
tion of a range of organic peroxide compounds in solution was
found to cause O–O-bond scission on a femtosecond time-scale
generating vibrationally highly excited aroyloxy radicals.
Based on normal mode frequencies obtained from quantum
chemical calculations, statistical rate theory applied to the
decarboxylation reaction of the nascent radicals provided a
quantitative description of the experimentally observed frag-
mentation kinetics. The model required, however, ad hoc
assumptions about the VER rate of the hot intermediate
radicals in liquid CH2Cl2 and CCl4. In addition, in a series of
UV-pump/IR-probe experiments,8–10 it was found that the
ultrafast decarboxylation reactions of ‘hot’ aroyloxy radicals
in turn generate vibrationally highly excited CO2, whose sub-
sequent VER causes a temporal evolution of the transient IR-
absorption of the n3-band (asymmetric stretch) of CO2 as

illustrated in Fig. 1a. The initially broad absorption band
narrows and shifts to the blue on a time-scale of about 100
ps until it attains its room temperature spectral position and
shape.
As a first approximation one may assume that the internal

energy of CO2 generated in the decarboxylation process can be
characterized by a common vibrational temperature for all
modes, and that the spectral evolution is caused by anharmonic
coupling between normal modes which changes as their level
population decreases due to VER in the solvent environment.
In such a model, each vibrational temperature gives rise to a
specific transient n3 absorption band of CO2.

10,11 A compar-
ison of simulated (Fig. 1b) and observed spectra shows rough
qualitative agreement concerning the trend of the temporal
evolution, but the measured IR-bands tend to be significantly
broader.
Evidently, for a better quantitative description of the overall

fragmentation reaction a detailed understanding of VER in
complex liquids would be highly desirable. This is also of
significance in a wider perspective, as CO2 VER is involved
in many processes that underly environmental phenomena,
industrial and scientific applications in which carbon dioxide
plays a mayor role,12–14 which is why great efforts have been
made to understand its properties and behavior on micro- and
macroscopic levels.15,16 Extensive investigations of VER of
carbon dioxide in the gas phase carried out in the 1950s and
1960s concerning the importance of this process for CO2-laser
operation17–23 are summarized in a comprehensive review by
Taylor and Bitterman.12 The main conclusions from these

w This article is dedicated to Professor Dr Michael Buback on the
occasion of his 60th birthday.
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studies are that (i) vibrational relaxation times of CO2 at room
temperature range from a few ms atm to several tens of ms atm
depending on the collision partner (CO2, N2, O2, He, rare
gases), and (ii) that all vibrational modes of CO2 relax simul-
taneously. Considering VER of individual vibrational modes
one has to distinguish between intramolecular vibrational
energy redistribution (IVR) referring to vibrational energy loss
as a consequence of energy exchange between normal modes of
a given molecule and collisional vibrational energy transfer
(CET), by which we denote vibrational energy loss due to
intermolecular energy transfer to the bath. Using this termi-
nology, observation (ii) means that IVR is fast (enhanced by
strong Fermi-resonance24,25 between the bend and symmetric
stretch vibrations) compared to the overall VET time scale, and
the rate limiting process is CET. Later studies26–31 corrobo-
rated these findings.

Investigations of carbon dioxide VER in condensed fluids,
on the other hand, are scarce. It was shown32 that vibrational
energy relaxation of CO2 in liquid nitrogen at 70 K is of sub-
microsecond duration (around 0.23 ms), and that the prob-
ability of vibrational energy state change in a collision calcu-
lated on the basis of the independent binary collision (IBC)
model is comparable for gas and liquid phase.32 However, the
time scale of vibrational energy relaxation of highly vibration-
ally excited CO2 produced in the process of peroxide decom-
position in polyatomic solvents (CCl4 and CH2Cl2) was found
to be three orders of magnitude faster, i.e. it takes place on a
sub-nanosecond time-scale.8–10 This probably indicates that

the VER mechanisms in these cases are fundamentally different
as they involve efficient V–V-transfer routes due to the presence
of several solvent intramolecular normal mode frequencies
close to the bend and symmetric stretch frequencies of CO2.
The details of the VER mechanism of carbon dioxide in liquid
solution, however, are not understood, and it seems highly
desirable to perform molecular dynamics simulations to im-
prove this situation.
Non-equilibrium molecular dynamics (NEMD) simula-

tions33–38 and the Landau–Teller (LT) approach combined
with equilibrium molecular dynamics (EMD) simulations39–45

are the most widely used theoretical methods for investigating
VER of polyatomic molecules in solution. The former is the
most straightforward and reliable method when classical me-
chanics is applicable. The latter is computationally more
efficient and can be used to incorporate quantum mechanical
corrections, although, the exact form of the quantum correc-
tion factor is not known.46,47

To study VER of highly excited carbon dioxide in different
liquid solvents without (Xe) and with (CCl4 and CH2Cl2)
internal structure, we apply both classical equilibrium and
non-equilibrium molecular dynamics simulations. Classical
simulation results can be quite appropriate in situations when
near resonant V–V energy transfer dominates the relaxation
because energy transfer can be considered as vibrational energy
relaxation of a harmonic oscillator in a harmonic bath, a model
that is known to be described exactly by the corresponding
classical system.48 We will address several fundamental ques-
tions concerning the VER time scales, the pathways of energy
flow from vibrationally excited CO2 to different solvents, the
significance of vibration-to-vibration contributions to inter-
molecular energy transfer, and the applicability of LT type
expressions to VER rates of polyatomic molecules under
different conditions. The results can be used for subsequent
quantum mechanical considerations, because of the close
correspondence between classical and quantum mechanical
treatments of vibrational motion.49,50

The paper is organized as follows. In the next section basic
theoretical expressions applicable to the description of vibra-
tional energy relaxation and the investigation of vibrational
spectra of polyatomic molecules are considered. Section 3
contains information about inter- and intramolecular poten-
tials used and details of the computer simulations. The simula-
tion results, their comparison with experimental data and their
discussion are given in Section 4.

2. Theoretical background

The vibrational energy of the solute is represented as the sum
over all ns vibrational degrees of freedom of mode energies Ea,
which contain all the terms comprising solely coordinate a, and
the mode interaction term E 0

Evibr ¼
Xns
a¼1

Ea þ E0: ð2:1Þ

The relaxation rates k and k̃a for the total and mode specific
vibrational energies, respectively, can be directly obtained from
a NEMD simulation by tracing the time evolution of their non-
equilibrium values averaged over a set of trajectories. Of
course, due to inter-mode interactions some uncertainty in
the assignment of the mode specific energies does exist. How-
ever, usually the interaction term makes up only a small part of
the total vibrational energy even at quite strong vibrational
excitation such that this uncertainty is of minor importance.
Note, that in general k̃a depends on energy loss caused by
intermolecular CET as well as IVR.
The analysis of how different modes participate in CET is

based on the evolution equation for the total vibrational

Fig. 1 (a) Picosecond time resolved IR absorption spectra of the
carbon dioxide product asymmetric stretch band following UV-photo-
induced fragmentation of an organic peroxide (see insert, R ¼ 4-
methoxyphenyl) at 248 nm in dichloromethane solution at room
temperature (unpublished results from Diploma Thesis of M. Seidel,
University of Göttingen, 2000). (b) Simulated carbon dioxide asym-
metric stretch IR absorption band in solution at different vibrational
temperatures according to an anharmonic coupling model described
previously.10,11 All vibrational modes, except n3, are assumed to share a
common vibrational temperature.
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energy37,51

_Evibr ¼ N ¼
Xns
a¼1

Na; ð2:2Þ

Na ¼ Qa _qa (2.3)

where N is the capacity of intermolecular vibrational energy
transfer, Na is the fractional capacity of mode a, while _qa and
Qa are the mass-weighted solute normal coordinate and the
external normal force exerted by the solvent, respectively. The
total solute vibrational energy loss after time t is equal to the
corresponding work:

WvibrðtÞ ¼
Xns
a¼1

WaðtÞ; ð2:4Þ

where Wa denotes the work term for mode a:

Wa(t) ¼
R
0
tQa _qa dt. (2.5)

From the relaxation rate constant k ¼ t�1 of the total energy
and the relative energy transfer efficiencies of individual modes,
defined by the ratioWa/Wvibr, specific CET rate constants ka ¼
ta
�1 can be calculated. Provided the modes are strongly

coupled and their heat capacities are approximately equal,
the overall relaxation rate constant is given by the sum of the
individual CET rates divided by the number of modes:

k ¼ 1

ns

Xns
a¼1

ka: ð2:6Þ

Combining eqns. (2.4) and (2.6) the mode specific CET rate
constant is given by

ka ¼ nsk
Wa

Wvibr
ð2:7Þ

CET rate constants can also be calculated from classical
EMD simulations.42–44,52 We employ here a conventional
Landau–Teller type expression for the diagonal matrix ele-
ments

ka ¼ b
R
N

0 zaa(t) cos(oat) dt, (2.8)

zaa(t) ¼ hQa(0)Qa(t)i, (2.9)

where oa is the vibrational frequency of mode a and b ¼
(kBT)

�1 is the inverse thermodynamic temperature. (It is worth
noting that the solute atom masses do not enter this equation
because the normal coordinates are mass weighted.) The
calculation of the force time correlation function (TCF) of
eqn. (2.9) involves EMD simulations with the solute internal
degrees of freedom frozen at equilibrium geometry.

As mentioned in the Introduction the CO2 infrared absorp-
tion spectra were measured for investigating the cooling pro-
cess. The NEMD approach can be used to simulate the
temporal evolution of the infrared absorption cross section
a(o). According to linear response theory53

aðoÞ ¼ 4p2o2b
3cnðoÞ IðoÞ ð2:10Þ

where c is the speed of light, n(o) is the refraction index of the
medium and

I(o) ¼ (2p)�1
R
N

�Ndt e�iothl(0) � l(t)i (2.11)

is the absorption lineshape defined in terms of the TCF of the
dipole moment l of the system.

Eqn. (2.10) for the classical absorption cross section differs
from its quantum counterpart by the factor

DðoÞ ¼ 1� e�b�ho

bo�h
CðoÞ ð2:12Þ

in which C(o) is the quantum correction factor for the line-
shape I(o). In the case of harmonic oscillators48

CðoÞ ¼ bo�h

1� e�b�ho ð2:13Þ

such that D(o) ¼ 1 and, therefore, quantum and classical
vibrational spectra agree. Because the fundamental vibrational
frequencies of CO2 are rather high, we expect D(o) to be close
to unity (which is supported by calculations on water54), such
that we may use the classical expression (2.10) to calculate
vibrational spectra.

3. Computational details

3.1. Intramolecular potential energy

3.1.1. CO2. CO2 is a linear molecule with four internal
degrees of freedom: symmetric and asymmetric stretch, and
doubly degenerate bend. Thus, its ground state potential
energy can be represented in terms of three intramolecular
coordinates. For our calculations we chose Chedin’s potential
energy surface.55,56 It is expressed in terms of Chedin’s co-
ordinates R1, R2 and R3 which correspond to the symmetric
stretch, bend and asymmetric stretch deformations of the
molecule, respectively:

R1 ¼ a1 2� req
r21 þ r23

r21r23

� �
;R2 ¼ a2a;

R3 ¼ a3req
r21 � r23

r21r23
;

ð3:14Þ

where r21 and r23 are the bond lengths between the oxygen
(labeled by 1 and 3) and carbon (labeled by 2) atoms, p � a is
the angle between these bonds, req is the equilibrium bond
length (the equilibrium distance between the carbon and oxy-
gen atoms), aj are constants defined by convergence considera-
tions.56 Chedin’s coordinates attain finite values at infinite
bond lengths.
For the potential energy we considered terms up to 6th order

in Chedin’s coordinates. The mode specific potential energies
are represented as

U1 ¼
X6
i¼2

Fi00R
i
1;

U2 ¼F020R
2
2 þ F040R

4
2 þ F060R

6
2;

U3 ¼F002R
2
3 þ F004R

4
3 þ F006R

6
3:

ð3:15Þ

The remaining terms represent inter-mode interactions of the
potential energy

U 0 int ¼
X6

iþjþk¼3
FijkR

i
1R

j
2R

k
3: ð3:16Þ

Because of symmetry conditions j and k are even numbers.
In the last sum at least two numbers out of (i, j, k) are not equal
to zero.
Force constants Fijk that appear in Chedin’s potential are

determined from spectroscopic measurements.56 Normal mode
coordinates are constructed by considering the quadratic terms
in eqns. (3.15) and retaining the linear parts in Chedin’s
coordinates (3.14). All calculations57 are performed in the
Eckart frame58,59 to minimize rotation–vibration coupling.

3.1.2. CCl4 and CH2Cl2. The intramolecular potential
energy of a given polyatomic solvent is chosen to correctly
represent its spectral properties, i.e. by accounting for
the interaction between local modes. To this end the represen-
tation of an intramolecular potential in terms of symmetry
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coordinates Sa seems to be most suitable59

Usolvent ¼
X3N�6
a;b¼1

FabSaSb; ð3:17Þ

where N is the number of atoms of the solvent molecule.
Symmetry coordinates Sa are defined in terms of linear combi-
nations of local coordinates ct (bond distances and valence
angles)

Sa ¼
XNlocal

t¼1
Aat‘t: ð3:18Þ

Harmonic force fields of this type are used in this article for
tetrachloromethane60 and dichloromethane61 solvent mole-
cules.

3.2. Intermolecular potential energy

The interaction energies between atoms of different molecules
are modeled by the sum of conventional Lennard-Jones and
Coulomb potentials

UðrijÞ ¼ 4eij
sij
rij

� �12

� sij
rij

� �6
" #

þ qiqj

rij
; ð3:19Þ

where rij is the distance between atoms i and j carrying the
charges qi and qj, respectively; eij and sij are Lennard-Jones
parameters. Their values for Xe,62 CH2Cl2

63 and CCl4,
64,65

optimized to correctly model the thermodynamical properties
of the neat solvents are collected in Table 1. CO2 interaction
parameters are taken from a standard database66 without any
adjustment. As their values significantly influence the simula-
tion of the relaxation process,37 it is desirable to keep a
consistent set for all solvents. Parameters for interaction
between unlike atoms are calculated using Lorentz–Berthelot
mixing rules.67

3.3. Molecular dynamics simulation details

The simulations were performed with a modified version of the
program Moldy68 to include the internal motion of molecules.
In this program the predictor–corrector scheme is used to

integrate the equations of motion and the Ewald Sum techni-
que is used to handle long-range Coulomb interactions.
Simulations were performed for one CO2 molecule in (a) 40

CH2Cl2 molecules at a density of 1.35 g cm�3; (b) 40 CCl4
molecules at 1.70 g cm�3; (c) 200 Xe atoms at 3.0 g cm�3.
Before starting the simulation the systems were equilibrated

at the desired temperature of 300 K. Then the CO2 molecule at
a given configuration was excited with an initial kinetic energy
of 87.5 kJ mol�1. In the photodissociation experiment8–10 the
level of excitation of the CO2 molecule and the distribution of
excess energy among the modes is unknown. Therefore, in our
calculations different cases were investigated. Because of the
strong coupling between bend and symmetric stretch modes
their relative energy distribution is unimportant. Thus, atten-
tion is paid to cases where the asymmetric stretch mode is
excited or unexcited. Simulations were performed with the
initial kinetic energy distributed equally between the bend,
symmetric and asymmetric stretch modes. Additionally, simu-
lations were performed with 85 kJ mol�1 in symmetric stretch
and bend modes and 2.5 kJ mol�1 in the asymmetric stretch
mode corresponding to unexcited asymmetric stretch.
The time step of integration was chosen by taking into

account the highest vibrational frequency in the simulated
system as 0.25 fs in the case of CH2Cl2 and 0.5 fs for the other
solvents. The total simulation time was taken to cover the
relaxation process: 250 ps for CH2Cl2, 1 ns for CCl4 and 10 ns
for xenon. The information necessary to calculate the total and
mode-specific solute energy and work as well as the dipole
moment was saved every 2 fs (approximately the seventh part
of the period of the CO2 fastest mode). The calculated quan-
tities then were averaged over 100 trajectories.
Likewise, for CH2Cl2 calculations with 80 solvent molecules

were performed. The results did not differ from those obtained
with the smaller system indicating that 40 solvent molecules are
sufficient to properly evaluate the CET dynamics.
To obtain TCFs (2.9) for calculating rates in the framework

of the Landau–Teller approach, EMD simulations with rigid
CO2 in its equilibrium geometry were performed. Trajectories
with a length of 8 � 106 time steps (2 ns) for the solvent
CH2Cl2, 2 � 107 time steps (10 ns) for CCl4 and 8 � 106 time
steps (4 ns) for Xe were generated. To study the influence of
electrostatic interactions on the VER rates, calculations in
CH2Cl2 and CCl4 were also conducted with zero partial
charges.

4. Simulation results and discussion

4.1. Non-equilibrium MD simulations

Figs. 2–4 represent NEMD results derived from simulations
with charged particles and show time dependencies of the CO2

vibrational total energy and its mode-specific parts in CH2Cl2
(Figs. 2 and 3) and CCl4 (Fig. 4). The main feature of all
simulations is that the energy transfer to the bath is accom-
plished by the joint relaxation of the strongly coupled bend and
symmetric stretch modes. The energy exchange between these
modes occurs on a sub-picosecond time scale57 such that
during relaxation both modes remain in quasi equilibrium.
Since the bend vibration is twofold degenerate it contains twice
as much energy as the symmetric stretch mode. Small apparent
deviations from energy equipartitioning between these modes
can be attributed to the interaction term E0 (eqn. (2.1)) causing
some uncertainty in the assignment of the mode specific energy
on the normal mode basis.
The asymmetric stretch vibration, on the other hand, is only

weakly coupled to the other modes and remains nearly inactive
during the relaxation process, i.e. its energy is almost constant.
This finding does not depend on whether the asymmetric
stretch vibration is initially excited (Fig. 3) or not (Figs. 2
and 4). As a result, the degree of asymmetric stretch excitation

Table 1 Lennard-Jones and Coulomb potential parameters

Atom eij/kJ mol�1 sij/Å qi/e

Xe 2.348 3.89

CH2Cl2
C 0.424 3.35 0.022

H 0.112 2.75 0.098

Cl 1.455 3.35 �0.109

CCl4
C 0.426 4.60 �0.404
Cl 0.851 3.50 0.101

CO2

C 0.692

O �0.346

Solute–solvent

C–C 0.628 3.56

C–H 0.229 2.67

C–Cl 0.852 3.60

O–C 0.725 3.21

O–H 0.265 2.32

O–Cl 0.984 2.85

1208 P h y s . C h e m . C h e m . P h y s . , 2 0 0 5 , 7 , 1 2 0 5 – 1 2 1 3 T h i s j o u r n a l i s & T h e O w n e r S o c i e t i e s 2 0 0 5



does not influence the relaxation rates of the symmetric stretch/
bend vibrational energy. Consequently, the total energy relaxes
on two time scales when all the modes are initially excited (Fig.
3): a faster one determined by the effective energy transfer of
the symmetric stretch and bend modes and a slower one due to
energy loss of the asymmetric stretch vibration. The latter
process is not clearly resolved in Fig. 3 because it takes several
ns. We will show below that the energy loss of the n3 mode
mainly reflects IVR to the other modes and does not involve
CET to the solvent. A comparison of the two distinct vibra-
tional cooling time scales with the measured values of around
100 ps (see Fig. 1a) suggests that the experimentally observed
evolution of the CO2 spectrum after photo-induced fragmenta-
tion of organic peroxides arises from the combined relaxation
of symmetric stretch and bend vibrations. Therefore, in the
following we will concentrate on just this process and neglect
the n3 dynamics.

The total energy decays were fitted by exponentials (dashed
lines in Figs. 2–4) with CET times summarized in Table 2. The
energy transfer is fastest in CH2Cl2 (t ¼ 62 ps), considerably
slower in CCl4 (t ¼ 344 ps), and slowest in xenon (t D 20 ns,
corresponding energy decay curves are not shown). This
behavior nicely correlates with the presence of acceptor vibra-
tional modes of the solvent which are near resonant to the CO2

bend and symmetric stretch vibrations suggesting that the

relaxation in the polyatomic solvents is dominated by efficient
V–V energy transfer. CH2Cl2, e.g., possesses a vibrational
frequency which is only about 40 cm�1 off-resonant to the
CO2 bend mode (see Table 3). At the same time the CO2

symmetric stretch mode can effectively interact with the 1270
and 1434 cm�1 vibrations of CH2Cl2, as its spectrum is split
due to resonance and nonlinear interaction with the bend
mode. Fig. 5 shows that this splitting at high excess energy is
around 200 cm�1 while after relaxation it is only 100 cm�1

which is close to the gas phase value at room temperature.
For CCl4, the vibrational mode whose frequency comes

closest to that of the CO2 bend still is by almost 100 cm�1

off-resonant. Additionally, CCl4 has no modes which can
interact directly with the CO2 symmetric stretch vibration. As
a result the relaxation in CCl4 is almost 6 times slower than in
CH2Cl2. In xenon, finally, only V–T energy transfer is possible
leading to a very long relaxation time constant of about 20 ns.
This number involves a considerable error because the trajec-
tories were followed for only 10 ns.
In Table 2 total relaxation times from our NEMD simula-

tions are compared with values derived from recent experi-
ments in CH2Cl2 and CCl4.

8–10 For CH2Cl2 the calculated
energy transfer is 13% too fast whereas for CCl4 it is too slow
by more than a factor of 1.5. However, considering the fact
that no parameters have been adjusted for these simulations
the agreement between theory and experiment is not too bad.
In particular, the trend of the relaxation rate when changing
the solvent from CH2Cl2 to CCl4 is correctly reproduced.
According to eqn. (2.5) the activity of a given CO2 vibration

in transferring energy to the bath can be monitored by
calculating the mode specific work. The time evolution of the
corresponding work terms are shown in Figs. 6 and 7 for
CH2Cl2 and CCl4, respectively. In the case of CH2Cl2 74% of
the excess energy is transferred to the solvent via the CO2 bend
vibration. The rest is released by the symmetric stretch mode.
In contrast, the asymmetric stretch is completely inactive. This
is also the case when the asymmetric stretch vibration is
initially excited (not shown here) indicating that the slow
energy loss of n3 observed in Fig. 3 is entirely due to IVR.
In CCl4 only the CO2 bend vibration is active in transferring

energy to the solvent. This difference to CH2Cl2 is in complete
agreement with the analysis given above where we pointed out
that CCl4 does not posses near resonant vibrations to the CO2

symmetric stretch mode allowing for direct V–V energy trans-
fer. Also in xenon the energy release takes place only via the
CO2 bend channel. This can be expected because in an atomic
solvent the energy transfer efficiency decreases nearly exponen-
tially with increasing oscillator frequency (see below).

Fig. 2 Time dependence of the vibrational energy of CO2 and its
vibrational modes in CH2Cl2 with the asymmetric stretch mode
initially unexcited: symmetric stretch energy E1, bend energy E2,
asymmetric stretch energy E3, total vibrational energy of CO2 Evibr,
the sum of bend and symmetric stretch energies E1 þ E2. The dashed
line shows the exponential fit to Evibr.

Fig. 3 Time dependence of the vibrational energy of CO2 and its
vibrational modes in CH2Cl2 with the asymmetric stretch mode
initially excited. The notations are the same as in Fig. 2.

Fig. 4 Time dependence of the vibrational energy of CO2 and its
vibrational modes in CCl4 with the asymmetric stretch mode initially
unexcited. The notations are the same as in Fig. 2.
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Since symmetric stretch and bend vibrations in CO2 are
strongly coupled we can apply eqn. (2.7) to calculate the mode
specific CET rate constants of n1 and n2 from our NEMD
simulations, i.e.

k1 ¼ 3k
W1

Wvibr
; k2 ¼

3k

2

W2

Wvibr
ð4:20Þ

where the factor of 1/2 for k2 arises from the degeneracy of the
bend mode. The corresponding time constants are summarized
in Table 2. In CCl4 and xenon only t2 of the bend vibration can
be calculated by this method.

The influence of Coulomb interactions on the relaxation
times is relatively weak. Not surprisingly, on average the
energy transfer slows down by only about 20% when the small
partial charges are removed (see Table 2). On the other hand,
its effect on the branching of the energy flux through symmetric
stretch and bend modes of CO2 in CH2Cl2 is slightly more
pronounced. The dashed lines in Fig. 6 indicate that the
contribution of the bend energy transfer increases from 74%
to 88% when the partial charges on the atoms are removed.

4.2. Equilibrium MD simulations

According to Landau–Teller theory the CET rate is propor-
tional to the spectral density of the solvent force exerted on the
vibrational coordinate of the solute at the frequency of the

oscillator. In Figs. 8–10 the corresponding frequency depen-
dent rate constants for CO2 calculated from eqn. (2.8) are
shown. In Fig. 8 the solvent dependence of the spectra on the
CO2 symmetric stretch (a), the bend (b), and the asymmetric
stretch (c) vibration are presented. The plot illustrates that the
presence of solvent vibrations dramatically increases CET rate.
For xenon the expected slightly stretched exponential decay45

of the frequency dependence of the rate constants is observed
leading to a practically exclusive contribution of the CO2

lowest frequency vibration (the bend mode) to the energy
transfer. In contrast, the spectra of CCl4 and CH2Cl2 are
structured by pronounced resonant features arising from vi-
brational modes of the solvents. An overlap of CO2 funda-
mental frequencies with these resonances indicates efficient
V–V energy transfer. As for xenon the CET rate constant in
CCl4 is largest for the bend vibration.
Although in Fig. 8b n2 is close to a strong peak at 790 cm�1 it

is not quite clear if V–V transfer really dominates this rate
constant or if there is also some contribution from V–T energy
transfer. To answer this question we determined CET rate
spectra from EMD simulations of CO2 in rigid CCl4 solvent
under similar conditions as for the flexible solvent (see Section
3.3). The result for the CO2 bend vibration is shown in Fig. 9
and compared with k2(n) in flexible CCl4 from Fig. 8b. At low
frequency both spectra nearly coincide. This part is determined
by the mutual translational and rotational motion of CO2 and
the solvent which is obviously the same for flexible and rigid
CCl4. At n 4 200 cm�1 the spectra diverge. This is the region
where the CCl4 vibrations come into play and determine VER
rates. Interestingly, between resonances at 217, 314 and 459
cm�1 etc. the spectrum for flexible CCl4 does not just decay to
that for the rigid solvent, indicating that the relaxation rate of
the CO2 bend mode for the flexible CCl4 is clearly dominated

Table 3 The solute and solvent fundamental vibrational frequencies

(near resonant modes are indicated in bold)

CO2 672 1352 2393

CCl4 217 314 459 768 789

CH2Cl2 715 769 898 1153 1270 1434 2997 3068

Fig. 5 Temporal evolution of the CO2 symmetric stretch spectra in
CH2Cl2. Filled (opened) symbols linked by solid (dotted) line indicate
spectra of the system with (without) particle charges.

Table 2 Mode specific and total CET times obtained from NEMD and LT methods and experiment

Solvent t1/ps t2/ps t3/ps t/ps

NEMD LT NEMD LT LT NEMD LT Exp.a

CH2Cl2 76 75 56 50 3.1 � 103 62 56 70

CH2Cl2, qi ¼ 0 194 181 53 45 8.9 � 103 71 60

CCl4 9.4 � 104 230 275 344 412 200

CCl4, qi ¼ 0 1.1 � 105 368 317 531 474

Xe 6.6 � 107 1.5 � 104 B2.0 � 104 2.3 � 104

a Vibrational temperature cooling times from ref. 10.

Fig. 6 Time dependence of the work performed by CO2 on the solvent
CH2Cl2 with initially unexcited asymmetric stretch mode (solid lines:
including electrostatic interactions; dashed lines: neglecting electro-
static interactions).
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by V–V transfer. In CH2Cl2 V–V energy transfer is the
prevailing mechanism. Here the spectra are so strongly flat-
tened at high frequency that the symmetric stretch can even
compete with CO2 bend energy transfer. This effect can be seen
in Fig. 9b where the frequency dependent rate constants in
CH2Cl2 are compared.

The dashed lines in Fig. 8 represent calculations with no
partial charges on the atoms. In our case of a non-dipolar
solute the influence of Coulomb interactions is not as pro-
nounced as found previously for a polar solute in polar
solvents.33,34 The strongest effect is seen on the symmetric
and asymmetric stretch CET rate constant in CH2Cl2. Here
the Coulomb interaction increases the relaxation rate by a
factor of about 2. The partial charges also strongly increase the
resonant structures in the spectra. This is particularly true for
bend and asymmetric stretch vibrations of the solute that are

infrared active. Outside the resonance features the spectra are
almost the same for charged and uncharged systems.
The mode specific CET time constants of n1 and n2 derived

from Figs. 8 and 10 are summarized in Table 2. Applying eqn.
(2.6) the overall CET time constants were calculated (also
shown in Table 2). In general LT and NEMD calculations
agree in predicting CET times and energy pathways.

4.3. Temporal evolution of the antisymmetric stretch spectrum

To study the evolution of the CO2 asymmetric stretch IR
absorption band in CH2Cl2 a simulated trajectory was divided
into pieces of approximately 16 ps duration for each of which
the (quasi-stationary) line shape I(o) was calculated according
to eqn. (2.11) followed by corresponding averaging over all
trajectories. In the upper panel of Fig. 11 the results of these
calculations are shown. At early times the spectrum is centered
at around 2300 cm�1. With decreasing vibrational energy of
the CO2 molecule it shifts to the blue by about 80 cm�1 whereas
its spectral width decreases from 40 to 20 cm�1. A comparison
with Fig. 1a shows that the initial width of the experimental
spectrum is much broader. This finding suggests a considerably
broader energy distribution of CO2 formed after UV photo-
induced fragmentation of organic peroxides than in our simu-
lations. For the simulations this effect can be taken into
account by calculating the spectra from 80 ps time intervals
(lower panel of Fig. 11). In that case the agreement with the
experimental infrared spectra of Fig. 1a is much better. Fig. 2
shows that during the first 80 ps in CH2Cl2 the CO2 molecules

Fig. 7 Time dependence of the work performed by CO2 on the solvent
CCl4 with initially unexcited asymmetric stretch mode. The notations
are the same as in Fig. 6.

Fig. 8 The frequency dependent VER rate constants (LT approach)
of (a) symmetric stretch, (b) bend and (c) asymmetric stretch vibra-
tional modes of CO2 in different solvents. Dashed lines represent the
results of simulations with zero partial charges. Additional vertical
lines indicate the CO2 fundamental frequencies (see Table 3).

Fig. 9 The frequency dependent VER rate constants of the bend
mode n2 of CO2 in flexible (solid line) and rigid (dashed line) CCl4. The
CO2 mode frequency n2 ¼ 672 cm�1 is shown by a vertical line.

Fig. 10 The frequency dependent VER rate constants of the vibra-
tional modes of CO2 in flexible CH2Cl2. The CO2 mode frequencies are
shown by vertical lines.
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lose nearly 60 kJ mol�1 of energy which, according to our
analysis, would roughly be the width of the internal energy
distribution of vibrationally hot CO2 generated in the photo-
fragmentation experiment.

5. Conclusions

The results of our simulations and their analysis suggest that
ultrafast photofragmentation of organic peroxides generates
vibrationally hot carbon dioxide with a broad vibrational
energy distribution with most of the energy deposited in the
bend and symmetric stretch modes. The modes in CH2Cl2 and
CCl4 relax on a ten to hundred picosecond time scale which is
in fair agreement with experiment. The highest frequency
asymmetric stretch mode n3 seems to remain unexcited because
in all the solvents considered its vibrational relaxation proceeds
on a 10ns time scale, whereas experimentally a picosecond
cooling process is observed. The experimentally observed
spectral evolution of the n3-absorption band thus reflects the
cooling of the strongly coupled symmetric stretch (n1) and bend
(n2) modes due to CET. It is worth noting that according to
quantum chemical calculations the CO2 fragment in the acoy-
loxy radicals is bent and contains increasing amounts of
potential energy in the bent coordinate as it progresses along
the reaction path towards dissociation.4

Comparatively fast vibrational cooling of CO2 in the two
polyatomic solvents studied is a consequence of the Fermi
resonance between the bend and symmetric stretch vibrations
and proceeds by near resonant V–V CET to solvent molecules.
This follows from a comparison of CET times obtained from
NEMD simulation in CH2Cl2 (62 ps), CCl4 (344 ps) and Xe
(20 ns), and a consideration of the respective solvent vibra-
tional mode frequencies. The bending vibration of carbon
dioxide is much closer to resonance with corresponding vibra-
tional frequencies of dichloromethane (minimum mismatch is
43 cm�1, while three other frequencies are less than 100 cm�1

off, Table 3) than with those of carbon tetrachloride (only two
vibrational modes are less than 100 cm�1 off resonance). As a
consequence, the vibrational cooling rate is a factor of 5 lower
in this solvent. The same order of CET rates is observed
experimentally.

The LT relaxation rate coefficients extracted from the EMD
simulations agree reasonably well with the results of NEMD
simulations, showing that the LT-model can be a useful tool
for routinely estimating CET-rates in solution. The experimen-
tally observed temporal evolution of the IR-band shape of the
CO2 asymmetric stretch mode on the basis of our simulations
can be explained by nonlinear interaction with the symmetric
stretch and the bend modes. The initially highly vibrationally
excited bend mode is characterized by a broad energy distribu-
tion which causes a substantial broadening and a substantial

red shift of the asymmetric stretch band. In the course
of vibrational cooling this band narrows and moves to the
position of the asymmetric stretch band of unexcited CO2

molecules.
The extremely small CET rate in Xe obtained from LT

calculations is particularly intriguing, as in the case of V–T
energy transfer the importance of quantum corrections has
been generally accepted. For this reason, a comparison of our
classical results with experiment appears highly desirable to
answer this fundamental issue. Such experiments are underway
in our laboratory.
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