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Introduction
This internship covered the period from 1st to 30th April 2017 at the Chemistry Department of
the University of Hull, United-Kingdom. My objective was to do an investigation of
clustering and embedded induced spectroscopies effects: Vibrational spectra of small
molecules interacting with rare gas environments; the cases of H2 and CO, neutral and
charged diatomic. From cluster approach to periodic calculations. Within my study of
theoretical chemistry, I am interested in the vibrational analysis of weak interacting
molecular systems. The internship was focused on two proposes. Mainly the determination of
the equilibrium structures and vibrational frequencies of cation of carbon monoxide and of H2
in interaction with small argon clusters and embedded in an argon matrix, using the
dispersion corrected density functional theory (DFT-D3) [1, 2] with the PBE functional
implemented in both CP2K [3] and Gaussian09 [4] codes and the two anharmonic approach
to determine the anharmonic vibrational frequencies: a Parallel Vibrational Self-Consistent
Field Program [5] and a Vibrational second-order Perturbation Theory (VPT2) [6]
implemented in G09.
The second objective is to finalize a research paper based on the work performed during my
PhD thesis.
I. First part: Theoretical investigation of CO, H2 @Arn (n=0, 1, 2 and matrix)
In order to describe the electronic structure of the X-Arn (X= CO, CO+, H2) clusters, we used
Moller-Plesset second-order perturbation theory (MP2). These computations are performed
using the Gaussian09 packages. Also the atoms were described with Dunning and coworker's aug-cc-pVTZ basis sets. For the DFT calculations, they were performed using the
Quickstep module of the CP2K program package version 2.6, where we treated explicitly the
valence electrons while the core electrons are described using GTH pseudo-potentials. We
used the PBE exchange-correlation (XC) functional with the dispersion correction approach
in conjunction with a molecularly optimized triple-zeta valence basis set with two
polarizations functions (TZV2P-GTH) for the argon Ar, TZV2P-GTH/aug-cc-QZV2P-GTH
for carbon and oxygen and QZV3P for hydrogen atom.
a. Isolated molecules :
The results and their comparison to experimental data are listed in table 1. This table shows
that with MP2 and PBE-D3 theories the distances are close to the experimental values. For
the vibrational frequency, at the MP2 level the value is relatively far away from experiment.
However, with PBE-D3 approach this value is closer to the experiment. This validates the use
of PBED3 theory in the investigation of these molecules interacting with argon environments,
from cluster approach to periodic calculations.
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Table 1: Equilibrium distance and vibrational frequency of CO, CO+ and H2.
Methods
MP2/aug-cc-pVTZ
PBE-D3/TZV2P
Experience a
ROMP2/aug-cc-pVTZ
PBE-D3/aug-QZV2P-GTH
Experience a

a

MP2/aug-cc-pVTZ
PBE-D3/QZV3P
Experience a

Distance (Å)
CO
1.139
1.136
1.128
CO+
1.093
1.123
1.115
H2
0.737
0.748
0.745

ωCO (cm-1)

𝛎 (cm-1)

2110.0
2154.1
2170.0

2083.4
2107.0
2143.4

2096.2
2224.5
2214

2066.2
2201.7
2183.6

4518.0
4327.6
4401.2

4305.0
4096.7
4158.5

K. P. Huber, G. Herzberg, Molecular Spectra and Molecular Structure. IV, Constants of Diatomic Molecules, New York,
Reinhold, 1979

The vibrational frequencies obtained for all systems with the PBE-D3 approach are close to
the experimental data. For the CO+ molecule, we encountered spin contamination issues in
the MP2 calculation that led to a large overestimation of the vibrational frequency (~660 cm-1
away from the experience). We therefore used the ROMP2 method to remedy this issue,
leading to a value that is 117.8 cm-1 away from the experimental value. A correlated method
that is less prone to spin contamination, such as UHF-based CCSD, also leads to satisfactory
values for the equilibrium distance and the harmonic vibrational frequency of CO+ (d(C–
O = 1.113 Å and ωCO = 2291 cm-1, only 77 cm-1 from the experimental frequency). This seem
to indicate that a UHF-based MP2 approach is not adequate for the vibrational analysis study
of open shell molecules, due to significant spin contamination problems.
X@Arn (n=1, 2): X= CO, CO+ and H2
We used different levels of electronic structure theory to identify for the stationary points
(figure 1) on the round state potential of CO-Ar1,2 and H2-Ar. At both levels of theory, MP2
and PBE-D3, we found the minimum structure of these three clusters. These stationary points
have been determined by geometry optimizations of the complex using different starting
positions of the Ar atom around the CO/H2 molecule. The distance r remains almost
unchanged with the presence of one or two argon in computation. However, the vibrational
frequencies shift increase by increasing the number of argon atoms (~8 cm-1 for CO, ~ 25
cm-1 for CO+ and ~ 9.5 cm-1 for H2).
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Figure 1: Equilibrium geometry of CO, CO+ H2 in interaction with Ar and Ar2.

b. Molecules embedded in an argon matrix
We treated the CO, CO+ and H2 molecules embedded in argon matrix using PBE-D3
approach in order to estimate the effect of argon environment around these molecules. For
this, we used the optimum geometry calculated for pure Ar crystal (FCC, aPBED3 = 5.2229 Å)
and we replaced one of Ar atom situated in the centre matrix by the diatomic of CO, CO+ or
H2 (figure 2). We have used three different size matrix (Ar32, Ar48 and Ar74). The parameters
of the equilibrium structures are reported in table 2. Here we used CP2K code to do the
periodic calculations.

Table 2: Characteristics of CO+ trapped into Ar matrices.
System

rCO (Å)

Free CO
CO-Ar31
CO-Ar47
CO-Ar74
Expa

1.137
1.138
1.138
1.137
-

Free CO+
CO+-Ar31
CO+-Ar47
CO+-Ar74

1.123
1.132
1.133
1.133

Free H2
H2-Ar31
H2-Ar47
H2-Ar74
Exp b

0.748
0.750
0.750
0.750
-

a

ωCO (cm-1)
CO
2154.1
2140.1
2134.6
2134.6
2140.1
CO+
2224
2147
2136
2135
H2
4327.6
4218.6
4227.6
4226.0
4248.0

(cm-1)

2107.0
2097.5
-

Frequency shift (cm1
)
14.0
19.5
19.5
29.9

9.5

77
88
89
109
100
100.4
153.2
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Upon embedded, the C-O and H-H equilibrium distances (~0.008 Å for CO molecule and
0.002 Å for H2) remains almost unchanged. For the vibrational frequencies, table 2 shows
that there is a decrease in the frequency for diatomic trapped compared to molecule isolated.
However, this shift is almost converged with an matrix containing at least 48 Ar atom.

Figure 2: Optimized equilibrium structures of CO and H2 embedded in argon matrices of different
sizes, Ar31, Ar47 and Ar74.

II. Second part :
In the second part of this internship we worked on revising a revision paper previously
submitted which was extracted from my PhD thesis. This article has been submitted to '' The
Journal of Physical Chemistry" under the title "Periodic Dispersion-Corrected Approach for

Isolation Spectroscopy of N2 in an Argon Environment: Clusters, Surfaces and Matrices" (
article reference : ID jp-2017-00093u)

Conclusion:
We observed that the equilibrium distance of CO, CO+ and H2 remains unchanged with
different environment of rare gas system (Clusters & matrices), also we noted a gradual
change in the vibrational frequency as the number of interacting Ar atoms is increased from
the cluster phase up to matrix embedded.
Our benchmark study of these diatomic embedded in Arn species highlights that DFT-D3
approach provides an reliable framework to describe theoretically the spectroscopies
parameters of a small molecules trapped in different environment.
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