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Abstract

. Since the radiant heat transfer properties of each substance
are deeply related to the characteristics of the thermal mo-
tions of molecules, molecular simulation is considered to be
an effective method to investigate those properties, espe-
cially when the objective system is not simple. In this study,
the infrared spectra are calculated in terms of absorption
cross section for systems which consist of carbon monoxide
malecules, using molecular dynamics _inethod for the simu-
lation of both the rotation and vibration of molecules. The
results of a set of calculations with various densities indicate
that qualitative behavior of the spectra of gas and liquid
phases are expressed satisfactorily by current teéhnique.

Introduction

In the conventional approaches to the radiant heat trans-
- fer problems, total energy emitted or absorbed by any kind
‘of solid is evaluated by applying the gray-body approxima-

tion, in which the spectroscopic properties of the substance

are represented by a constant emissivity. It is usually con-
sidered to be valid because spectra of many kinds of solid
do not exhibit very strong dependence on the frequency,
and also only the total energy is required in most cases.

Lately, however, there are several problems which do need

more precise information of thermal radiation spectra of

materials. So called far infrared rays heating technique is a

typical example. On the other hand, gas phase spectra gen-

erally show very sharp features, so special care about the
frequency range must be taken for the radiant heat transter
problems with gas.

As dwcnbed above, the knowledge of spectroscopic proper-
ties spec:ﬁc to each substance is important when consider-
ing certain sorts of radiant heat transfer phenomena. The
‘characteristic of that knowledge is such that very precise
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structures are not required as in the case of spectroscopic
analysis, but tke objects tends to be complicated systems
such as mixture of several substances or special structures
like ceramics. .

Correct description of the interaction between light and
substances is possible only by applying quantum mechanics.
However, to be described purely by quantum mechanics, the
objects. must be very simple systems. As a result, for most
of practically interesting cases, the experimental measure-
ments have been the only way to obtain thermal radiation
properties. Recently, a.ccompamed by the improvement of
the capability of computers, a method has been developed
and is often used in the field of chemical physics which
utilize molecular simulation based on classical mechanics
to calculate spectrum as an approximated solution(!). The
spectral region covered by this technique is that of infrared
rays, because they are given rise to by’ molecgla.r motions.
Since the main contribution to the energy transfer by ther-
mal radiation is from this frequency region, applying this

‘method allows to obtain thermal radiation properties by

numerical calculations. The advantages of such a method

are:

» Applicable to many types of systems by modifying the
molecular simulation for each of those systems.

s Each phenomenon in the molecular level which affects
the spectrum’can be investigated individually and visu-
ally.

While it requires:

* Molecular motion of interest must be reproduced cor-
rectly.

* The molecular motion should be connected to the fluc-
tuation of dipole moment properly.

« Correction for the errors due to the classical approxima-
tion should be considered in some cases.



In this paper, molecular dynamics simulation for systems
composed of interacting diatomic molecules which have per-
manent electric dipole moment is performed to calculate far
and near 1nfra.1jed spectra which are related to rotational
and vibrational motion of molecules, respectively. Choos-
ing carbon monoxide (CO) as a sample molecule, molecular
dynamics simﬁlatiqns under several conditions with various
densities are performed and obtained spectra are compared.

Fig.1 shows quantum mechanically calculated infrared spec-
trum for a simple isolated carbon monoxide molecule at
120K. This corresponds to the far and near infrared spectra
under the ¢condition with no interactions between molecules.
It should be noted that the curve was derived by merging
fine peaks coming from discrete rotation energy levels with
the Gaussian functions.-

Theoretical Background

Slnce the target system here is gas or liquid the absorption
cross section per molecule a(w) should. be introduced in
order to represent the spectrum (w is the angular frequency

of the incident electro magnetic wave). o(w) is the property’

defined in the Beer’s law
I = I exp(—aNz),

where I is the intensity of hght (Io-is the initial intensity), N

is the number density of the molecules and z is the distance
from the point of incidence in the medium. The technique
used here is such that at first the formulatlon for the ab-
sorption cross section is established within the framework
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Fig:1 Far'and near infrared absérptioti cross section of
CO (120K) calculated quantum mechanically using a rotat-
ing oscillator model.
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of quantum mechanics, then the result of classical molec-
ular dynamics simulation is substituted into a part of the
formulation which requires calculations of transition matrix

elemerits.

If the energy absorbed by a dipole moment placed in an
electro magnetic field oscillating with the angular frequency
w and the amplitude E, is denoted by —E, it is then related
to a(w) as

1
a( )—T—IE‘E’

where n is the refractive index (set to 1 here), c is the

2

‘velocity of hght E = ¢E2/2 is the average energy density
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of the electro magnetic field, with ¢ being the permittivity.
Quantum expression for —E‘ is given as

-E= Z; hwy; - pi Py . 3)
The initial and final states are denoted by i and f, respec-
tively, Awy; (h is the Planck’s constant) means the energy
absorbed in a transition f « i, p; is the density of state
i, and Py ; is the probability of transition f « i in unit
time. Applying the perturbation theory to P; ; leads to
the following form,

ng{ 1 — exp(—fhw)} _
M I(w). )

Where f stands for (kT')~!, k is the Boltzmann’s constant,
T is the temperature of the system. I(w) is called the ab-
sorption line shape, and is expressed as

Al Il oo - o),

-E=

I(w) = (8)

where y is the dipole moment operator and § is the Dirac’s

delta-functxon From the Eqs (2) and (4) quantum expres-

sion for a(w) becomes

r10{1 — exp(=phw)}
~ 3eohne

a(w) = I(w). 6)

By utilizing the Fourier transform of the delta-function.and

taking account that summation over i with the weight of p;

is equivalent to the equilibrium average, /(w) can be written
(2)

as

1) = g7 [ exp(=iwt)at(u(0) - (). )

It should be noted that. the equilibrium average can be
replaced by the auto-cotrelation function of #(t) at equi-
librium state. The approximation to be introduced is the -



substitution of the dipole moment obtained by the molecu-
lar simulation based on the classical mechanics into u(t) in
Eq.(7). Singe this operation corresponds to taking the limit
of i — 0, one needs to use the classical limit of absorption

cross section «©(w), which is

7fw?
3eonc
I¢(w), which is the classical limit of /(w), can be obtained
as the power spectrum of the dipole moment calculated by
moleculat. dynamics simulation. If an equilibrium state be-
tween the radiation field and the molecules is considered,
the behavior of the molecules is the same as where there is
no effect of photons on the motion of molecules. Therefore
required dipole moment can be obtained from a simulation
of a system under the thermal ecjuilibrium' state. It should
be noted'tb_at when the calculated system contains mul-
tiple molecules, a®(w) must be divided by the number of
molecules in the sys.tem to yield the absorption cross section

. Ic(.w).b

af(w) = ,{Er(l) a(w) 5

per molecule.

Calculation Procedures

For this study, carbon monoxide is chosen as the model
molecule for this study because it is a simple diatomic
~molecule with the permanept electric dibole moment. Pa-
rameters of the molecule uysed in the simulation is sum-
marized in Table 1. In order to calculate vibration of the
molecule, an intra-molecular potential is assumed between
‘carbon and oxygen atoms which are connected to each other
by a chemical bond. This potential function includes up to
the fourth order derivative so that the effect of unharmonic-
ity can be taken into account (see Table 2). The interac-
tion between molecules is represented by assuming a poten-
tial function between two atoms which belong to different
molecules, assuming the Lennard-Jones and Coulomb forces

as following, .

o

_ o 12 6 1 4g;

() = 46{(r) - (;) }+41reo r (9)
. -  dmeo T
Lennard-Jones Coulomb

Where r is the distance between atoms ¢ and j, ¢; and g; be-
ing the static charges on them (see Fig.2). The evaluation of
the electric dlpole moment of the system is very important

in this rnethod It'is currently calculated sxmply as the sum .
of dipole moment. vector of each molecule contained in the.

calculatlon region. The induced dlpole moment is not con-
sidered here though in certain cases it plays an important

Table 1 Molecular parameters used in the MD simulation.

@8 °

Weight of atom1(C) 12.0 amu
Weight of atom2(0O) 16.0 amu
Equilibrium bond length 113 A

L-J potential parameter € 81.0x10°% )
L-J potential parameter o 3114

Point charge on each atom 3.26x10°2 C

Table 2 Intra-molecular potential function derivative val-
ues at the equilibrium distance r..

¢"(r.) ¢"(r.)
1.92x103Jm™2 —1.36x10"Jm™3

¢"(re)
8.08x10%¢Jm—*

Lennard—Jones

Fig.2 Interactions considered between particles.

role. The ma.gﬁitude_of dipole moment on each molecule is
evaluated.as a linea~ function of bond length R,
p=po+ m(R - Re), (10)

where R, is the equilibrium length, and po = 0.11D and
p1 = =3:1D/A are assumed.

The molecular dynamics simulation was carried out for 125

- molecules contained in’a cubic region with periodic bound-

ary condition. The size of the cubic region was determined
at the beginning of the calculation so that desired density
of the system would be attained, and was fixed through

- the whole calculation steps. The effect of the potential was

cut off on the boundary of the cubic region on the center:of
which the considered molecule was positioned. Initial veloc-

ity of each molecule .w.as given so that the temperature of the

system would be the intended value of 120K. For the pur-
pose of creating gas and liquid states of carbon monoxide,
‘three cases with different densities were performed: 6kg/m?
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for thin gas phase, 60kg/m® for gas phase near the satu-
ration, and 600kg/m?® for liquid phase. Rather fine time
step of 0.2 femto second was required to generate the vi-
bration of melecules with sufficient time resolution. Since
" the molecular dynamics applied. here is the NVE ensemble,
the temperature of the system is not exactly constant. At
the beginning of a calculation, about 50,000 steps of pre-
liminary run was required to control the ﬁetﬁperature of the
system because the potential energy in the system was not
necessarily optimized at the initial configuration and its re-
laxation could significantly change the témperature. After
this procedure the molecular dynamiés calculation was per-
formed for 1,000,000 steps for each run, recording the dipole
moment of the system at every 10 steps. I°(w) in Eq.(8)
was then obtained from the resulting 100,000 data points
applying the FFT technique. Spectra on the figures in the
following section are the results of smoothing proéess with
‘a Hanning type digital filter.

Results And Discussions

Before beginning to study the spectra results, a confirma-
tion should be made on whether the states of the calcu-
lated systems were actually as expected. For this pur-
pose, the pair-correlation functions, which indicate aver-

aged number density of particles at a given distance from:

an atom, normalized by the bulk average, were obtained for
two cases out of the three: the cases with density 60kg/m?
‘'and 600kg/m>. Fig.3 shows the pair-correlation functions
for these cases (averaged over every possible combination
of atoms: 0-0, C-C, and O-C), with each pa‘pél accompa-
nied by a picture illustrating the corresponding calculation
region. On the top panel (60kg/m?) there is only one peak
near the distance represented by the o paré.meter of the
Lennard-Jones potential. This single peak is the general
characteristics of gas phase. On the other hénd, the bot-
tom panel (600kg/m?) exhibits slightly oscillating behavior
that indicates the existence of a short range periodic struc-
ture, which is specific to liquid phase. The intended phases
therefore have been achieved by the current simulations.

Figs.4 and 5 are the resulting far (rotational) and near (vi-
brational) infrared spectra, respectively, of carbon monox-
ide at 120K. For each of the figures, x-axis is the wave
number per Icm and y-axis is the absorpﬁon cross section
per moiecule. The result of quantum calculation which is
the same as Fig.1 is also plotted on both figures for the sake

of comparison.
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From the results of far infrared spectra (Fig.4), it is ob-
served that for each condition a peak appears at about 30
to 40cm™'. The shape of the peak for thc liquid is lower
in the intensity and wider in the range (extended to higher
frequency region), compared with those of two results for
gas. It is.understood by considering the difference between
the nature of the dipole moment fluctuation due to molec-
ular rotation of the system in the gas phase and that in
the liquid phase. In the gas phase, since the opportunities
of the collision between molecules are small, the behavior -
of the dipole moment function of a molecule is similar to
the sine wave with the frequency of the molecule’s angular
motion. Bet;;use the dipole moment of the system is de-
termined as the .superposition of such functions, resulting
spectrum reflects the angular velocity distribution of the
molecules. In the liquid phase molecules experience inter-
action with others continuously and the orientation of each
molecule changes almost randomly. It is considered to be
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Fig.3 The top panel(a:) is the pair-correlation function

of the system with density 60kg/m?3, which is illustrated on
picture (a’). The bottoin panel(b) is the same for 600kg/m>
case, illustrated on picture (b).
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Fig.4 Far infrared spectrum of CO calculated by MD.

the random nature that gives rise to the frequency compo-
nents observed in theﬁide frequency ‘region. Both of the
two gas phase spectra show good a.greemént with the quan-
tum solution. Although the collision between molecules can
occur more frequently in the case of near-saturation gas, no
significant effect on the spectrum is detected. Some local
peaks visible in the figure are considered merely as noises,
and are expected to reduce as the amount of sampled data

would increase.

In Fig.5, near.infrared spectrum for each of two cases under
the gas conditions shows two peaks at about 2160 and 2200
em™!, well-known as P- and R-branches, respectively. By
quantum mechanics, they are explained as following. When
a transition of energy levéls occurs as a diatomic molecule
absorbs a photon, accompanied-with the change of vibra-
tional states, the selection rule forces the state of rotation
also. to change by +1 or —1. The former makes the R-
branch, and the latter the P-branch. In the spectrum ob-
tained from the classical molecular simulation, these two
peaks appears basically by following reason. When the
intra-molecular potential is assumed as harmonic and there
is no interaction between molecules, the eigen frequency of
the intra-molecular vibration can be denoted as w,, and the
angular velocity of rotation of the molecule as w,. When
the‘.dipole moment of this molecule is observed, one of its
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Fig.5 Near infrared spectrum of CO calculated by MD.

components is proportional to cos(w,t) - cos(w,t), which can
be separated into two frequency component, (w, + w,) and
(wy — w,). Since wy, > w, holds, and w, has a narrow range
while w, distribution has the width expected from toe ro-
tational spectrum, two peaks are formed at both sides of
w, (about 2180cm™! here). The influence of changing the
density of the system is more clearly recognized in near in-
frared spectra than in far infrared. Even in two gas states,
for which little difference is observed in far infrared region,
certain change of shape can be pointed out. It could be said
that as increasing the density from gas to liquid, the sepa-
tation of two peaks becomes less clear, and they eventually
merge into single peak. This ‘tendency is considered to be
analogous to the widening of peak observed in far infrared
spectrum of liquid. The result for thin gas is compared with
the quantum solution. The most remarkable discrepancy
between them is the shift'noticed in the frequency on which
the peaks appear. Two peaks in the quantum result appear
at about 2125 and 2160cm™. This would be attributed to
the fact that unharmonicity of the intra-molecular poten-
tial is more emphasized in a quantum situation, because of
the discontinuity of the energy levels. It suggests that by
using the approximation based on classical mechanics, en-
ergy states which are not realistic are created, and that a
correction is necessary if-a for more accurate prediction of

the spectrum is required.
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, . resented by a simple linear function. It must be deter-

Concluding Remarks . . . '

] mined more caréfully for further .pplications.

» . : o » Usually a large number of repetition is required to accu-
Far and riear ,mfra.rgd spectra of carbon monoxide in gas mulate sufficient amount of data to obtain a meaningful
and liquid phases are calculated using molecular dynamics X
simulations to evaluate the dipole moment ﬂuctuat.non of
the system. -Although the results are sat:sfactory at this

stage, there are several problems to be solved in order to In spite of the problems above, this technique provides with

spectrum. It is an obstacle for the computation of more
complicated cases.

apply this technique to more practical ObJeCtl"eﬁ fairly comprehensible route to the thermal radiation pro-
cesses, so it is hoped to help understanding various proper-

* The potenial functions must be appropriate to describe ties related to the radiant heat transfer problems.

the motion of molecules. Slight modifications of param-
eters can lead to a considerable change of the nature
of molecular motion, so they should be Well examined ' REFERENCES
carefully before applied. . '
» Since calculated system is limited to a small region, it
is possible that the periodicity obliged by the boundary
condition should affect the results, or that some effects
which exist when the system is larger might be failed to
be observed in the calculation.
= In this paper, the dipole moment of a molecule was rep-

(1) P.H.Berens and K.R.Wilson, “Molecular dynamics and
spectra. I. Diatomic rotation and vibration”, J.Chem..
Phys., vol.74, p.4872

(2) R.G.Gordon, “Correlation Functions for Molecular Mo-
tion”, Advan.Magn.Reson., vol.3, p.1

580



