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Abstract

Results of the normal mode analysis of classical molecular dynamics simulations of azulene vibrational energy relaxation
in carbon dioxide are presented for the first time. There is strong evidence for different energy transfer mechanisms
dominating at low and high densities. At low pressure only the low-frequency vibrational modes of the solute participate in
the energy transfer to the solvent whereas at high pressure almost all the vibrational modes contribute to the solute-to-solvent
energy flow. The relevance of these results for experimental studies is discussed. q 1998 Elsevier Science B.V. All rights
reserved.

1. Introduction

In recent years systematic experimental investiga-
Ž .tions of vibrational energy relaxation VER of ex-

cited moderate size molecules in a variety of poly-
atomic solvents covering a broad range of solvent
densities from gas to liquid phase have been per-

w xformed 1–5 . The experimental data permitted to
check the applicability of the isolated binary colli-

Ž .sion model IBC for the description of collisional
energy transfer in the systems considered. Experi-
mental investigations and their analysis in terms of
IBC models only offer a restricted view of the
dynamics of the processes operating on a molecular
level, especially under high-density conditions which
may, however, be studied in detail by computer
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simulations. As long as quantum dynamics computer
simulations are feasible only for very simple systems

Ž . Žclassical molecular dynamics MD simulations even
if they do not correctly take into account the quan-
tum mechanical nature of the high-frequency solute

.vibrational modes can provide useful information
for the understanding of vibrational energy transfer
processes on a molecular level. The results of these
calculations may create the basis for simpler model
descriptions including quasiclassical and quantum
dynamics considerations.

Numerous classical trajectory computations of
Žcollisional energy transfer have been done see Refs.

w x .6–8 and references therein for low-pressure condi-
tions. Using correlations between the distribution of
vibrational frequencies of a solute and the rate of the

w xvibrational energy transfer it was suggested 6 that
the efficiency of energy transfer is enhanced by the
presence of low-frequency vibrational modes. This
suggestion is in agreement with theoretical models
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describing individual oscillator vibrational relaxation
which show that the efficiency of VER decreases
exponentially with increasing oscillator frequency
w x9,10 . In this context the effect of the frequency
spectrum of a moderate size solute on its vibrational
relaxation in compressed gases and liquids is a ques-
tion of great importance. In the present article we
investigate the influence of solvent density on the
collisional energy transfer mechanism. This is done
by calculating the energy flux from individual vibra-
tional modes of a highly excited polyatomic solute to
the solvent.

2. Description of the model and MD procedure

The model used and the MD procedure carried
w xout are described in detail elsewhere 11 and we

only sketch their main characteristics. Classical mi-
crocanonical NEV molecular dynamics simulations

w xhave been performed 12 treating both solute and
solvent completely flexible. The model system con-

Ž .sists of one azulene C H molecule and 216 or10 8
Ž337 CO molecules for low f3.2 MPa, T(445 K,2

. Žr(0.93 molrl or high f270 MPa, T(298 K,
.r(28,7 molrl pressure simulations, respectively. T

and r are the equilibrium solvent temperature and
density at the beginning of the simulation. For both
simulations the initial solute temperature was ad-
justed to 1100 K. The time step of integration was
chosen as 0.5 fs. Short-range interactions were trun-
cated at half the MD box length, whereas long-range
electrostatic forces were treated with the Ewald sum-

w xmation technique 12 . All simulations were per-
w xformed with the CHARMM 13 package which was

modified to current needs. The simulations lasted 33
and 263 ps for high- and low-pressure conditions,
respectively, because of the difference in cooling
rates. We generated 40 trajectories for high pressure
and 20 for low pressure to calculate the required
averages; the numbers being limited by the total
length of the simulations.

In our simulations we used the potentials of the
w xmodel b as described in Ref. 11 . The CO intra-2

molecular potential was chosen in the form that takes
into account stretch, bend and stretch–stretch har-

w xmonic interactions 14 . The azulene potential in-
cludes harmonic contributions from stretches, bends,

improper torsions, and a cosine dependence on dihe-
dral angles. Its parameters were tuned to reproduce
experimental vibrational frequencies. The assignment
of frequencies, their prescription to different types of
vibrations and comparison with the experimental data
w x15 are presented in Table 1.

Though the individual 27 intramolecular bond
stretch and bend potentials used are harmonic, they
are kinematically coupled such that efficient intra-

Ž .molecular vibrational energy redistribution IVR
w xmay occur 16 .

An exponential yry6 form with a coulomb term
w xfor atomic charge interaction 17 and state-depen-

dent parameters tuned to reproduce experimental
thermodynamic characteristics and neutron scattering
data was adopted for the CO intermolecular poten-2

w xtial 18 . The azulene–CO interaction was modelled2

by a combination of 6–12 potentials and coulomb
interactions with pressure-independent parameters

w xtaken from the QUANTA database 19 .

3. Theoretical background

The time derivative of the solute intramolecular,
rotational and translational energy is equal to the
capacity of external forces

nd E1 Že.s v PF , 1Ž .Ý i id t is1

where F Že. is the force exerted by all solvent atomsi

on nucleus i of the solute, v is the velocity ofi

nucleus i, and the summation is over all n solute
nuclei.

The solute energy E can be divided into transla-1

tional, rotational and internal vibrational energy. Such
a division is not exact and we used Eckart’s frame
w x16,20 to separate off the rotational and vibrational
kinetic energy. Our simulation results have shown
that the mean rotational and translational solute ki-
netic energy relax to solvent temperature on a subpi-
cosecond timescale. The subsequent deactivation of
the solute vibrational energy-by-energy transfer to
the solvent is not affected substantially by the vibra-

w xtion–rotation interaction within the solute 21 . Hence
the solute vibrational energy E directly passes to1vibr

the solvent through interactions between azulene vi-
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Table 1
Calculated azulene normal mode frequencies and their symmetry

y1Ž .Mode numbers Frequencies cm Symmetry

Calc. Exp.

1 185 189 opa
2 238 240 ops
3 327 304 ops
4 330 323 ipa
5 392 331 opa
6 395 406 ips
7 434 486 ipa
8 545 562 ops
9 554 542 opa

10 582 680 ips
11 588 731 ops
12 745 825 ips
13 759 712 ipa
14 785 900 ips
15 789 762 ops
16 852 813 opa
17 859 795 ops
18 866 987 ipa
19 916 952 ops
20 948 911 opa
21 967 965 ops
22 967 971 ips
23 999 941 opa
24 1016 1160 ips
25 1027 1058 ops
26 1029 1210 ips
27 1041 1012 ipa
28 1067 1049 ipa
29 1130 1117 ipa
30 1174 1268 ips
31 1224 1216 ipa
32 1296 1300 ipa
33 1398 1396 ips
34 1420 1378 ipa
35 1480 1443 ipa
36 1496 1448 ips
37 1528 1480 ipa
38 1578 1457 ips
39 1598 1579 ips
40 1642 1536 ipa
41 3028 2968 ips
42 3028 3018 ipa
43 3031 3037 ips
44 3034 3042 ipa
45 3036 3037 ips
46 3036 3077 ipa
47 3036 3072 ips
48 3039 3098 ips

Ž . Ž .In-plane symmetric ips , in-plane asymmetric ipa , out-of-plane
Ž . Ž .symmetric ops , out-of-plane asymmetric opa .

Experimental values are identified by comparing frequencies and
symmetries.

brational modes and the solvent molecules. If the
vibration–rotation interaction is not taken into ac-
count the time derivative of E is defined by an1vibr

Ž .expression identical to Eq. 1 with the difference
that total nuclear velocities v have to be replaced byi

vibrational velocities u of the nuclei which arei

defined by

u sv yv yv=r . 2Ž .i i C iC

Here v is the azulene centre-of-mass velocity, v isC

the Eckart’s frame rotational velocity and r is theiC

position vector of the ith nucleus in the centre-of-
mass frame.

Application of the normal mode analysis to a
non-linear system is to some extent an artificial
procedure. Nevertheless, it provides additional in-
sight into processes that are collective or many-body
in origin. Even for such strongly non-linear systems
as liquids the instantaneous normal mode analysis

w xyields essential information 22,23 about their static
and dynamic properties including solvation and re-
laxation processes. The normal modes being origi-
nally introduced in a linear approximation reproduce
some characteristics of non-linear systems exactly,

Že.g. those which are of quadratic such as kinetic
.energy or bilinear form.

From the normal mode analysis of the isolated
azulene molecule we derived the orthonormalized
transition matrix P . Subsequently, normal modea i

velocities q and external normal forces QŽe. can be˙a a

introduced
n

tq s P P m u , as1, 2, . . . , 3ny6 ,(˙ Ýa a i i i
is1

3Ž .
n 1

Že. Že.Q s F P P . 4Ž .Ýa i i am( iis1

Ž .The rhs of Eq. 1 and of the corresponding
equation for E are bilinear in velocities and1vibr

forces. Hence both can identically be represented by
external normal forces and normal mode velocities
such that the equation describing the evolution of the
solute internal vibrational energy E attains the1vibr

w xform 21
3ny6d E1vibr Že.s q PQ . 5Ž .˙Ý a ad t
as1
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Due to anharmonicities the solute vibrational en-
ergy has to be represented as a sum of normal mode
energies and terms which describe non-linear interac-
tions. Therefore, the equations of motion for normal

w xco-ordinates include 21 the external normal forces
and, in addition, internal intermode non-linear cou-
pling terms QŽ i.

a

d q̇a 2 Že. Ž i.qv q sQ qQ , 6Ž .a a a ad t

where v 2 is the squared a th normal mode fre-a

quency.
Ž i. Ž .The Q in Eq. 6 govern the intramolecular anda

vibrational-to-rotational redistribution of energy
while the QŽe. describe the interactions of the itha

vibrational mode with the solvent. Hence capacities
QŽ i.Pq and QŽe.Pq can be regarded as the energy˙ ˙a a a a

exchange rates between a particular solute mode a

and the remainder of the solute and the solvent,
respectively. The total energy transferred via the a th

normal mode to the solvent in time t is defined by
the integral of the capacity

t Že.W sy q Q d t . 7Ž .˙Ha a a
0

The distribution of W over a represents thea

contribution of each particular solute normal mode to
the solute–solvent energy exchange.

4. Simulation results and discussion

The simulated VER of the solute potential and
kinetic energy was shown to be monoexponential in
time at low and high pressure with relaxation times

w xof 306 and 12.5 ps, respectively 11 . These results
reasonably agree with the trend seen in experimental

w xvalues of 213 and 18.7 ps, respectively 3 . Among
the possible reasons behind the discrepancy between
simulated and experimental cooling rates, the most
important probably is that the azulene–CO interac-2

tion potential from the QUANTA database was used
without tuning its parameters to reproduce character-
istics of the real system such as translational and

ŽFig. 1. Kinetic vibrational energies versus time for selected azulene normal modes during the energy relaxation frequencies and symmetry
y1 Ž . y1 Ž . y1of normal modes: v s238 cm , out-of-plane symmetric ops ; v s948 cm , out-of-plane asymmetric opa ; v s1528 cm ,2 20 37

Ž . y1 Ž ..in-plane asymmetric ipa ; v s3037 cm , in-plane symmetric ips at high-pressure conditions. Each curve is shifted upward by 145

kcalrmol with respect to previous one. The smooth curves represent the total energy decay and just meant to guide the eye.
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rotational diffusion coefficients or the partial molar
volume in the limit of small azulene concentration.
Another reason may be that the intramolecular azu-
lene potential was tuned only to experimental vibra-
tional frequencies without considering anharmonici-

ties of the intramolecular modes. However, the po-
tential led to fast IVR rates in the simulations indi-
cating that these deficits may be not essential. A
more serious problem could be the classical treat-
ment of high-frequency solute vibrational modes.

Ž . ŽFig. 2. The energy transferred by particular modes curves are lettered by mode numbers versus time frequencies and symmetry of normal
modes: v s186 cmy1 , opa; v s238 cmy1 , ops; v s546 cmy1 , ops; v s588 cmy1 , ops; v s948 cmy1 , opa; v s1042 cmy1 ,1 2 8 11 20 27

y1 y1 .ipa; v s1528 cm , ipa; v s3037 cm , ips .37 45
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w xFig. 3. The distribution of energy transferred by particular normal modes during the simulation time. The CO normal frequencies 28 are2

indicated by arrows. The highest CO frequency v
X s2329 cmy1 lies between the azulene frequencies v s1542 cmy1 and v s30282 4 40 41

cmy1.

w xAlthough there are many indications 24–27 that a
classical description of VER can be quite satisfac-
tory, this need not be the case in our simulations.

In Fig. 1 the time evolution of the kinetic energy
for individual modes taken from different spectral
regions is shown. It appears that for all normal
modes the energy decays are on the same timescale.

This indicates that our azulene potential ensures an
effective intramolecular energy redistribution. In Fig.
2 the energy transferred by individual solute modes

Ž .to the solvent as calculated by Eq. 7 is plotted
versus time. Although the internal vibrational energy
of the azulene molecule is well equilibrated at all
times the contribution to the solute-to-solvent energy

Fig. 4. The energy transferred by all the lowest modes up to the nth one versus n.
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exchange differs drastically from one mode to an-
other and strongly depends on thermodynamic condi-
tions. Fig. 2 clearly shows that the lowest vibrational
modes of 185 and 238 cmy1 contribute most to the
energy transfer both at low and at high density.
However, the fraction of energy transferred to the
solvent via these modes is a factor of about 3 higher
at low pressure. It is interesting to note that some

Ž .modes e.g. is20 gain energy from the solvent.
Ž .Some other modes are almost inactive is37, 45

showing small fluctuations with negligible energy
flow. Of course, these differences depend on the
details of the collective motion connected with the
specific structure of the azulene normal mode vector,
geometric and force characteristics of the CO2

molecules, and thermodynamic conditions which de-
w xfine the mutual azulene–CO space distribution 11 .2

For is20 the mode structure is such that the direc-
tion of the solvent-to-solute energy flow remains
stable over a two order of magnitude change in
pressure. The same is true with respect to the inactiv-
ity of modes 37 and 45.

The distribution of energy transferred through
particular modes is plotted versus mode number in
Fig. 3. At low pressure 80% of the energy is dissi-
pated via the five lowest frequency modes, a result in
agreement with conclusions derived from classical

w xtrajectory calculations 6 . At high pressure this be-
haviour changes significantly; now the five lowest-
frequency modes transfer only 30% of the energy.
This qualitative change of the energy transfer mecha-
nism is also visible in Fig. 2.

The contrasting behaviour of the low- and high-
pressure energy flow data appear even more dra-
matic in Fig. 4, where the accumulation of the
energy transfer by all modes i(n is plotted versus
n. At low pressure all the energy is transferred by

Žapproximately 11 low-frequency modes v s58811
y1 .cm and the other modes take part in intramolec-

ular energy redistribution accompanied by inter-
molecular collisions. At high pressure, modes up to

Ž y1 .is40 v s1642 cm take part in the inter-40

molecular energy transfer. The relative contribution
of high-frequency modes to the energy transfer mod-
erately decreases as the frequency increases. How-
ever, a correlation with the CO normal frequencies,2

denoted by arrows in Fig. 3, cannot be detected. The
manifold of available channels for energy flow due

to combination of different solute and solvent modes
masks direct resonances between the azulene and
CO vibrational modes.2

To explain such peculiarities one has to resort to
Ž .Eq. 4 for the normal force. It says that the external

force F Že. acting on a single solute atom i gives risei
Ž . Že.to many or even all normal forces Q . The lattera

depend on the direction of the normal vectors form-
ing the basis of the transition matrix P . Hencea i

during each single azulene–CO collision intra-2

molecular intermode energy exchange takes place
which results in intramolecular vibrational energy
redistribution. Moreover, during the collision CO2

usually interacts with several azulene atoms.
At low pressure many of the high-frequency nor-

mal modes are active. However, their activity proba-
bly results in collisionally assisted IVR processes.
The energy transfer distribution presented in Figs. 3
and 4 gives reason for such an assumption. The
spectral diapason above 600 cmy1 seems to be
determined by elastic interactions between azulene
and CO molecules.2

In contrast at high pressure the dense environment
apparently has a dissipative effect on colliding part-
ners and modes that transfer energy from the solvent
to the solute almost do not exist. The spectral diapa-

Ž y1 .son of the C–H stretch vibrations f3000 cm is
inactive and reflects the elastic character of inter-
molecular interactions at high pressure as well.

To support these assumptions the analysis of time
correlation functions of the normal forces, normal
mode velocities and energy flows will have to be
done.

5. Conclusions

The normal mode analysis of MD simulation data
reveals pronounced differences between solute–
solvent energy exchange mechanisms at low and
high solvent density. At low density the main contri-
bution to the energy flow comes from the lowest
vibrational modes. In the spectral diapason v)600
cmy1 collisionally assisted intramolecular energy re-
distribution takes place; solute–solvent interaction
has an elastic character. At high-pressure normal
modes from the whole spectral diapason except for
H–C stretch vibrations are incorporated in VER
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processes with moderately decreasing quota at higher
frequencies. Still some particular modes remain inac-
tive and do not contribute to the energy exchange.

No evidence for correlations between the solute
mode activity and the CO vibrational spectrum was2

found. Hence for understanding the role of solvent
vibrations and the distribution of energy transferred
into the accepting modes of the solvent additional
simulations have to be done. The analysis of trajec-
tory calculations could also benefit from the type of
normal mode analysis we have presented here to
shed light on peculiarities of energy transfer in purely
binary collisions.
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