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Abstract

It is experimentally possible to orient a small
molecule, as carbonyl sulfide that present an per-
manent dipole moment, in space by combining a
pulsed and a static field. In order to reproduce
these experimental results using simulations I had
to study the oscillator behaviour of this molecule in
a static field, as well as an oscillating field. To go
further, I had to consider kinetic energy dissaption
through collision. Thus I have implemented a dis-
sipation option in the Ab initio simulation software
Uquantchem. I have also implemented a so called
mixed field option to reproduce the experimental set
up in order to have a theorical knowledge of this be-
haviour. Through those observations I have been
able to simulate the behaviour of the molecule I
wanted to study, meaning to orient OCS in space
following the so called ”strong field method” [1].

1 Introduction

1.1 Aim of the project

The aim of this project was to reproduce part of
an experiment [2] in orienting and fixing in space a
molecule of carbonyl sulfide using Ab initio simula-
tion. This experiment involves oriented molecule of
carbonyl sulfide in order to use photoelectron angu-
lar distribution (PAD) to observe the anisotropies
of such a fixed molecule.
Indeed, they have used PAD in order to deter-
mine the molecular orientation after ionizating po-
lar molecules (Carbonylsulfide and benzonitrile).
Since the experiment requires molecules fixed in
space, they have used a mixed field which combines
a weak static field and a pulsed laser. Those two
fields will act differently on the molecules. The os-
cillating field from the pulsed laser provides a con-
finement of the molecule in a fixed axis as :
〈cos2θ〉 → 1
where θ is the angle between the molecular z axis
and the space fixed z′ axis.
A strong static field orients the molecule in a cer-
tain direction as :
| 〈cosθ〉 | → 1.

The purpose of this project is to understand the be-
haviour of the molecule under a strong static field,
and moreover determine how the carbonyl sulfide is
oriented by this field. Finally, this project attempts
to confirm and strengthen the results previously
obtained and extend knowledges of this effect on
small molecules and bigger ones.

1.2 Carbonyl sulfide

Carbonyl sulfide (OCS) is a linear molecule ( figure
2) formed by two double bonds between central car-
bon atom and sulfur and oxygene atoms. Due to
the electron density and atomic configuration, the
difference in electronegativity will induce a perma-
nent dipole moment which has been experimentaly
measured of µocs = 0, 7 D. The dipole vector is
pointing to the sulfur atom (figure 2).

1.3 Uquantchem

The simulation software used for this project is
Uquantchem [3] written by P. Souvatzis [3]. This
program solves the time independent Schrödinger
equation through several methods as Density func-
tional Theory ( DFT ), Monte Carlo method,
Born Oppenheimer approximation and Hartree
Fock approximation. Uquantchem can also sim-
ulate molecular dynamics, which has been usefull
to describe the molecule behaviour. During this
project, I have used molecular dynamics simula-
tions with Hartree Fock approximation to describe
the motion of the molecule.

1.3.1 Simulation Method

The Hartree Fock method is a variational method
of approximation made to solve the Schrödinger
equation for a many-body system. The method
consists in minimizing the mean value of the
Hamiltonian with respect to the Slater deter-
minent. This method assumes that the desired
wave function is composed by a single Slater
determinent of N spin-orbitals. Indeed, we are
studying a many-body system and we want to
solve the time dependent Schrödinger equation :
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H |Ψ〉 = E |Ψ〉.

Based on the Born Oppenheimer approxima-
tion, we can neglect nuclei velocity and then the
nuclear kinetic operator of the hamiltonian. We
obtain :

H = He + Vnn where He = Te + Ven + Vee
.

The Hartree Fock method uses the orbital
approximation to describe electronic wave func-
tions. To do so, we use slaters determinents in
order to keep the antisymmetric property of the
fermions due to the Pauli principle of exclusion.
By defining a so called core hamiltonian for each
electron of the system as :

Hc =
∑
i

Hc(i) =
∑
i

[−1
2
∆i −

∑
j

Zj

rij
]

and using the variational method in order to
minimize the total energy, we can derive the
Hartree Fock equation :

F (k) = Hc(k) +
∑
i

[Ji(k)−Ki(k)].

Ji and Ki are respectively the Coulomb and
the exchange operator defined as :

Ji(k) =
∫
l
Ψ∗i (l)

1
rkl

Ψi(l)dτl
Ki(k) =

∫
l
Ψ∗i (l)

1
rkl

Ψj(l)dτl where Ψi(l) are the
spinorbitals.

Finally, we use a linear combination of atomic
orbitals in order to define each molecular orbital :

Ψi =
N∑
µ

Cµiφµ.

We can define the overlap integral : Sij = 〈φi|φj〉.
This leads to the Hartree Fock Roothan equation :∑
µ

cµi[Fµv − eiSµv] = 0 where ei are the molecular

orbital energies.

Thanks to this we can understand the Ab initio

Hartree Fock algorithm :

1. Select a basis set for molecular orbitals

2. Calculate the core hamiltonian Hc and the
overlap integrals Sij and guess initial coeffi-
cients cij

3. Calculate the Hartree Fock operator F

4. Solve the Hartree Fock Roothaan equation in
order to have the molecular orbital energy ei

5. Use the molecular orbital energies ei to calcu-
late new set of coefficient c′ij

6. Use c′ij in order to calculate new ei

7. Compare the energies, and if they don’t match
the convergence requirement, do another cycle
from step 3.

The basis sets mentionned above are basis func-
tions that define the entire molecular orbitals.
There are two type of basis sets : the Slater (STO)
and Gaussian (GTO) types. Slater orbitals sets
describe better the electrons behaviour than Gaus-
sian sets but the latter ones make the calculation
of electronic integrals easier. For this project I
have used the combined Gaussian basis set : 6-
311G. This particular set belongs to the k-nlmG
type, where k (6) is the number of gaussian or-
bitals used to describe the core electron and nlm
(3+1+1) the number of gaussian orbitals used for
the valence electrons. This basis set is big enough
to describe well the system without being too costly
in ressources.

Finally, we have used molecular dynamics in or-
der to describe the molecule motion. The purpose
is to use the Hartree Fock method to derive the
potential energy of interaction, then use classical
molecular dynamic to find the change in positions
of the atomic nuclei following the classical equation
of motion : δP

δt
= −∇E. Implementing molecu-

lar dynamic calculation in each step of the Hartree
Fock method, I have been able to simulate the mo-
tion of the molecules.
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2 How to orient OCS

2.1 With static field only

Experimentally there are several manners to ori-
ent a molecule like OCS [1]. One of them is to
apply a static field through dipole/field coupling
that will attempt to align the induced or perma-
nent dipole moment with the field direction. The
flaw of this method is that a really strong static
field is required.

Uquantchem provides the possibility to expose
the molecule to a static electric field. I have tested
several strong fields in order to know the ampli-
tude the molecule can support before breaking. For
these different values of field, I have tested different
starting angles. The three static fields chosen were
E = 5.14× 1010 V m−1, E = 5.14× 109 V m−1 and
E = 5.14× 108 V m−1. Concerning the starting an-
gles, that describe the angle between the dipole mo-
ment vector and the static field direction, I chose
three characteristics of π

2
rad , π

4
rad, 0 rad for all

the simulations. In order to study the behaviour
of the molecule under static field only, and to have
an adiabatically alignment, I chose to not imple-
ment starting velocities and freeze the rotational
energy of the molecule, as it has been done during
the experiment. So all is going like the system is
at temperature of 0 K, and is different from exper-
imental studies where the starting temperature is
at about 10 K.

2.2 With a mixed field

Another method is to align the molecule with oscil-
lating field from a pulsed laser. A strong orienta-
tion can be obtained combining those two methods,
an oscillating field with a weak static one so called
mixed field will induce an orientation and align-
ment of the molecule. This method was discovered
and described by B. Friedrich D. R. in 1999 [4]. It
has two great advantages, it provides a strong ori-
entation, and just needs a weak static field as it is
shown on figure 1.

I chose values from the experiment of
Holmegaard et al. [4] to validate theorically

the results. The oscillating field comes from a
YAG (Yttrium Aluminium Garnet) pulsed laser.
With a wavelength of λ = 1051 nm, and τ =50 ns
pulsed for an intensity of I = 9.1× 1011 W m−2,
combined with a really weak static field of
3.4× 104 V m−1 results in orienting the carbonyl
sulfide molecule .

Figure 1: Mixed field : Complete field with the sum of the
static and oscillation field. In the box : Zoom over the
Static field only, we can see that it is not null but about
Estat = 34× 103 Vm−1 . The static field is negligible in
presence of the oscillating one.

2.3 Goal

I will attempt to have a theoretical study of these
different methods. To describe the motion of the
molecule, I will represent it as a rigid stick in order
to measure the orientation. This orientation will
be described by the parameter θ, angular value be-
tween the field direction and this stick (figure 2).
Thus the motion of the molecule will be completely
described by this parameter. Another thing has to
be taken in account, the energy dissipation through
molecule collisions has an impact on the motion of
the molecule. Then I had to modify Uquantchem
since it doesn’t have this option under Hartree Fock
calculation. To do so, I have implemented a dissi-
pation coefficient option to Uquantchem.
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Figure 2: Method to measure the orientation parameter’s
evolution θ.The oscillating behaviour of the molecule can be
described completely with this parameter.

3 Strong static field method

3.1 Oscillator behaviour

From two simulations involving static fields of
5.14× 109 V m−1 and 5.14× 108 V m−1, I have cal-
culated the orientation parameter θ (figure 2). For
each amplitude, different starting angles have been
chosen as mentioned earlier. The first observation I
made is that the molecule behaves like an oscillator
as defined in figure 3 and 4.
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Figure 3: Orientation evolution with different starting an-
gles for Estat = 5.14× 109 Vm−1.

We can also state that in each case the frequency
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Figure 4: Orientation evolution with different starting an-
gles for Estat = 5.14× 108 Vm−1.The frequencies of oscil-
lation are lower compared to the results with a stronger field
of Estat = 5.14× 109 Vm−1.

and the amplitude are constant. Indeed, the start-
ing angle determines the amplitude, and the elec-
tric field the frequency. As we can observe compar-
ing figure 3 and 4, the highest the amplitude of
the field is, the highest the frequency is. This ob-
servation is confirmed by representing the different
frequencies I have measured as a function of the
fields (figure 5). As we can see a relation between
the frequency and the electric field can be derived
: ν ∼

√
Estat .

3.2 Broken OCS

I have done another simulation with a stronger
field of 5.14× 1010 V m−1. Observations I made
were that the molecule broke. This field is really
strong compared to the one usually used to fix OCS
molecule [1], and this result isn’t suprising. More-
over, I have noticed that this amplitude is the limit
that the molecule can support, just below this am-
plitude an electric field of Estat = 4.14× 1010 V m−1

isn’t enough to break the molecule. Thus the
molecule seems to be very stable, and welded. The
way it breaks is described in figure 6 . As we can
see the C-S bond breaks and let the sulfur atom
dissociated from the carbon. Moreover, the car-
bon and oxygen atoms stay combined. This result
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Figure 5: Calculated frequencies depending on the electric
fields amplitude.In red : Calculated curve. In black : Fitted
curve assuming ν = A

√
Estat. We can observe that the

frequency is a function of the field .

has already been observed in several experiments,
such as the one this project is based on [2]. An-
other thing I can notice is that the molecule bends
before breaking the C-S bond.

3.3 Bended OCS

I have notice some irregularities in the motion
of the molecule that shows that the molecule
doesn’t conserve its bond lengths while oscillat-
ing, as shown in figure 7.We can observe that
the C-O bond length seems to be constant while
the C-S bond length varies. In fact, the molecule
bends during its rotation under this kind of ampli-
tude. Finally we can notice that carbon and oxygen
atoms form a strong group inside the molecule.

3.4 Oriented OCS

3.4.1 Dissipation option

I have added a dissipation option to Uquantchem
in order to take in account collision impacts on the
motion of the molecule. I have implemented this

Figure 6: Distance between S and CO group compared to
the distance between C and O. We can observe that a strong
electric field breaks the molecule. The sulfur atom goes away
while the CO bond still exists.
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Figure 7: Bond lengths evolution ( C-S, C-O ) .We can
observe that the C-S bond oscillates around an equilibrium
position while the C-O bond stays approximately constant.

option in the precompilated files. When enabled,
this option allows to decrease the velocity of each
atom at each step. As other options implemented
in Uquantchem, it is necessary to specify it in the
INPUTFILE file and assign a value between 0 and
1.
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For example :
CORRLEVEL URHF
TOL 1.0E-10
EPROFILE ST
ADEF .True.
EFIELDMAX 0.01
EDIR 2
MOLDYN .True.
MOVIE .True.
TEND 100000
TIMESTEP 100
SAMPLERATE 1
MIX 0.5
DIISORD 3
WRITEONFLY .True.
DISSIPATION 0.999

Ne 30

NATOMS 3

ATOM 16 0.000000000 2.14277443657502 2.14277443613553

ATOM 6 0.000000000 0.000000000 0.000000000

ATOM 8 0.000000000 -1.55694026687952 -1.55694026656019

In the Uquantchem.omp file, the double pre-
cision variable DISSIPATION has been added,
the value specified in the INPUTFILE file is
assigned with the readin subroutine of Readin.f90
file. Finally, to apply this parameter, the velocity
algorithm has been rewrite in the moleculardy-
namics.f90 file :
VEL(I+1,J,:) = (VEL(I,J,:) + (DT/2.0d0)*(force(J,:) + forceold(J,:)

)/ATOMS(J)%M)*(DISSIPATION)

3.4.2 Results

Using a field of E = 5.14× 109 V m−1 the molecule
oscillates at a frequency of ν = 165.15 GHz. By
adding a dissipation coefficient of d = 1e− 3au−1 ,
which can be said as strong, the molecule behaves
like an overdamped oscillator resulting in a fixed
molecule in a short period of time as we can see in
figure 8 .

With another dissipation coefficient of d = 2.4×
10−4fs−1, the molecule now behaves like an under-
damped oscillator, and the time needed to fix the
molecule is longer (figure 8 ).

Finally, I have managed to fix the molecule in
space using the strong static field method. What
I can conclude about this method and the require-
ment of this strong electric field is that this kind of
field is needed to make the molecule oscillates with
a high frequency. As mentioned earlier, the fre-
quency is a function of the electric field. Thus we

Figure 8: Different oscillation mode : Measure of the ori-
entation evolution for OCS under a strong static field of
E = 5.14× 109 Vm−1 .In black : Oscillation without dis-
sipation. In green : Overdamped oscillator behaviour when
dissipation coefficient is strong : d = 2.4 × 10−3fs−1. In
red : Damped oscillator behaviour with a weak dissipation
coefficient : d = 2.4 × 10−4fs−1. In blue : Envelope of the
underdamped oscillator, describing exponential term.
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can assume the molecule to have more collisions, in-
creasing the dissipation coefficient. It results that
the molecule will be fixed in a shorter period of
time than with a weaker static field.

4 Mixed field method

4.1 Mixed field option

Uquantchem doesn’t provide a mixed field option,
or a way to have two fields during the same simula-
tion. Thus in order to combine the static field with
an oscillating one, I have implemented a mixed field
option to Uquantchem, this option when enabled
results in mixing an oscillating field with a static
one. The resulting field becomes : Emixedfield =
Estat + Eosc following the parallelization of those
fields (figure 1). Our results are displayed in fig-
ure 9. As we can notice, the paramater θ (figure
2), increases before having some oscillation and fi-
nally becomes constant. To go further with this
method, it should be interesting to implement a
3D-mixed field.
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Figure 9: Orientation evolution of the molecule under a
so called mixed field with Estat = 3.4× 104 Vm−1 for the
static field and Iosc = 9.1× 1011 Wm−2 with a wavelength
of λ = 1051 nm,pulsed at τ =50 ns for this oscillating one.
The calculations are performed with a dissipation coefficient
of d = 2.4× 10−3fs−1.

5 Conclusion

Through Ab initio simulation I have been able to
describe the carbonyl sulfide molecule behaviour
under an electric field. Thus, I have reproduce
several results found experimentally in a theori-
cal study. First of all, I have observed the oscil-
lation behaviour of such a molecule as OCS under
a static field through dipole/field coupling. Then,
I have seen that Ab initio simulation has the same
result in breaking this molecule in a way where
the sulfur atom is dissociated from the rest of the
molecule. I have noticed that carbon and oxygene
atoms form a strong and welded group inside of the
molecule itself. Finally, I have oriented a carbonyl
sulfide molecule with a strong static field, studying
the damped oscillator behaviour of the molecule.
These results nicely concur with the observations
made by Holmegaard et al. .
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