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ABSTRACT

Raman spectroscopy is commonly used in chemistry and biology. As vibrational information is specific to the chemical
bonds, Raman spectroscopy provides fingerprints to identify the type of molecules in the sample. In this paper, we
simulate the Raman spectrum of organic and inorganic materials by GAMESS and GAUSSIAN on our high-
performance cluster. By using MPI (message passing interface), we are able to run the codes in parallel. From our
simulations, we will set up a database that allows search algorithms to quickly identify N-H and O-H bonds in different
materials.

Keywords: Raman Spectroscopy, Molecular Dynamics, Computational Spectroscopy

1. INTRODUCTION

The invention of laser in the 1960s solved the main difficulty in Raman spectroscopy of low sensitivity, and made
Raman spectroscopy a practical and common tool in many chemistry and biology studies [1-3]. As vibrational
information is specific to the chemical bonds, Raman spectroscopy provides fingerprints to identify the type of
molecules in the sample. Nonetheless after nearly 50 years of development, the sensitivity of Raman spectroscopy is still
a major factor that limits various potential applications [4]. Increasing laser power may increase the generated Raman
signal, yet there is an upper limit in the sensitivity enhancement factor beyond which the molecular bonds and the
sample could be damaged [5, 6]. For many applications, fast and accurate identification of a weak Raman signal from its
background is a prerequisite for the technique [7, 8].

In the meantime, computation methods and capacities have advanced rapidly in recent decades and play more and more
important roles in many areas of science, technology, engineering and mathematics (STEM) research. Supercomputing
now has become an essential tool for scientific research, because a significant and growing portion of STEM problems
can only be accessed through computational methods, and very often insights and understandings can merely be gained
through computed representations and visualizations. Simulations of Raman spectroscopy offer the possibility of
computing and visualizing the impacts of molecular structural modifications on Raman spectrum. Furthermore,
successful comparisons between simulated and experimental Raman spectra bring coherent directions in identifying and
renovating methods to continuously improving the sensitivity and operability of Raman spectroscopy in different STEM
research.

In this study, we simulate the Raman Spectrum of organic and inorganic materials by General Atomic and Molecular
Electronic Structure System (GAMESS) and Gaussian, two computational codes that perform several general chemistry
calculations. We run these codes on our CPU-based high performance cluster (HPC). Through the message passing
interface (MPI), a standardized and portable message-passing system which can make the codes run in parallel, we are
able to decrease the amount of time for computation and increase the sizes and capacities of systems simulated by the
codes. From our simulations, a database will be set up that allows our search and machine learning algorithms to quickly
identify N-H and O-H bonds in different materials. Through our studies, our goal is to analyze and identify the spectra of
organic matter compositions from meteorites, and compare these spectra with terrestrial biologically-produced amino
acids and residues.
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2. METHODOLOGY
2.1 Geometry Optimization

Our simulations begin with geometry optimization, a process that finds the balance position for atoms in the molecule
with minimum potential energy [11-12]. Typical results of our optimized bond lengths and bond angles for Methane
(CHy) using Hartree-Fock theory [9] with 3-21G, ACCD, and Sadlef basis sets are listed in Table I. Good consistencies
can be found between our results and the result from NIST Computational Chemistry Comparison and Benchmark
Database [10].

Table I: Optimized geometrical parameters of methane (CH,) using Hartree-Fock theory [9] with 3-21G, ACCD, and Sadlef
basis sets; the optimized geometrical parameters are compared with experimental data [10]

3-21G ACCD Sadlef Expt.
Bond lengths (A)
C1-H2 1.0828455 1.0893858 1.0900152
C1-H3 1.0828455 1.0893858 1.0900152
1.092+0.014
C1-H4 1.0828455 1.0893858 1.0900152
C1-H5 1.0828455 1.0893858 1.0900152
Bond angles (°)
H2-C1-H3 109.4734021 109.4727727 109.4728897
H2-C1-H4 109.4701303 109.4704498 109.470386
H2-C1-H5 109.4701303 109.4704498 109.470386
110.62+4.47
H3-C1-H4 109.4701303 109.4704498 109.470386
H3-C1-H5 109.4701303 109.4704498 109.470386
H4-C1-H5 109.4734021 109.4727727 109.4728897

2.2 Basis Set

A basis set is a set of mathematical representations (also called “basis functions™) that consists of combinations of
functions to characterize molecular orbitals. Most of these functions are typically atomic orbitals centered on atoms but
theoretically can be any function [13-14]. In our simulations, we compared results from the two ab-initio approximation
methods, including the Density Functional Theory (DFT) and the Hartree-Fock Theory (HF). We tested 3-21G, ACCD,
and Sadlej basis sets [15-17] with HF Theory and B3LYP and APFD basis sets [18-20] with DFT.

3. RESULTS AND DISCUSSION
3.1 Methane (CHy)

Our first simulated sample is Methane (CH,), the simplest alkane and a main constituent of natural gas. The Carbon
hydrogen (C-H) stretching bonds in CHy are sensitive to their local chemical environment, and hence can be utilized as a
useful marker to study hydrocarbon at liquid/gas interfaces [21, 22]. Methane is formed by one C atom and four H
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atoms. There are total of nine different normal vibration modes, as illustrated in Figure 1. The nine vibrational modes
shown in Fig. 1 are one symmetric C-H stretching (v1), two degenerate bendings (v2), three degenerate antisymmetric
C-H stretchings (v3), and three degenerate bending (v4).
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Figure 1. Illustration of the nine normal vibrational modes in CH4 molecule.

In the HF method, deviation of the system from being a harmonic or double harmonic oscillator was not taken into
account in the vibrational computations [23]. Hence the calculated frequency for each basis set was overvalued when
comparing with experimental data. To correct this anharmonic effect, we scaled down our calculated frequencies with a
scale factor f, where
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Here vy; is the measured vibrational frequencies [24, 25], and ®; is the calculated vibrational frequencies. For 3-21G,
ACCD, and Sadlej basis sets, the scale factor f'is estimated as 0.9085, 0.9255, and 0.9238, respectively.

Figure 2 shows our simulated Methane Raman spectrum using the GAMESS package. The basis sets employed are 3-
21G, ACCD, and Sadlej, respectively. Figure 2 shows that the simulated spectra using the ACCD and the Sadlej basis
sets are similar, and comparable with results from the 3-21G basis set at high frequency regions above 2,000 cm™.
Comparing with experimental data [24, 25], we found that results from the ACCD and Sadlej basis sets agree better with
measured data [24, 25].
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Figure 2. Simulated Methane Raman spectrum using GAMESS package. The basis sets applied are 3-21G, ACCD, and
Sadlej in HF theory, respectively.

We also simulated the Methane Raman spectrum using the Gaussian package. Figure 3 shows the result using the 3-21G
basis set in the HF Theory. Comparing to the spectrum from 3-21G in Figure 1, we found consistencies at high
frequencies, i.e. from the C-H stretching bond, but stronger contributions at lower frequencies, i.e. from the C-H bending
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Figure 3. Simulated Methane Raman spectrum using Gaussian package. The basis sets applied is 3-21G.

Results from using the B3LYP and APFD basis sets in the DFT are shown in Figure 4 and Figure 5, respectively. To
correct the anharmonicity in the vibrational computation, a scale factor of 0.989 was used in our simulation [26].
Comparing to the results from the 3-21G basis set in the HF Theory, as shown in Figure 2 and Figure 3, the results from
the APFD basis set in the DFT agree better with measured data [24, 25]. In general, different from HF Theory which
assumes that many-electron wavefunction can be expressed as a single determinant (a Slater determinant), DFT takes
into account the electron density and can provide more consistent result with experimentally determined molecular
frequencies [27]. Although we found that for Methane, the B3LYP result is less consistent with measured data than the
3-21G basis set in the HF Theory.
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Figure 4. Simulated Methane Raman spectrum using Gaussian package. The basis sets applied is B3YLP/6-31G.

1000 . : :
— CH4:APFD/6-311

800+ :
5
£ 600 1
E
z
wn
g 400+ 1
5

200+ “ 1

0 L L | L
1000 1500 2000 2500 3000 3500 4000
Wave Number (cm'l)

Figure 5. Simulated Methane Raman spectrum using Gaussian package. The basis sets applied is APFD/6-311.

3.2 Water (H,0)

Our next simulated sample is water (H,O). We selected H,O because the intermolecular coupling between H,O
molecules plays an important role in various chemical and biological processes [28, 29], and this unique properties of
water can be studied by measuring the Raman spectra in the OH stretching bond.

Water molecule has total of three fundamental vibrational modes, as illustrated in Figure 6, including one symmetric
stretching (v1), one symmetric bending (v2), and one anti-symmetric stretching (v3). From our simulations, we
compared simulated Raman spectra of water using 3-21G, ACCD, and Sadlej basis sets with HF Theory in GAMESS
and 3-21G basis set with HF Theory and B3LYP and APFD basis sets with DFT in Gaussian. We found that the
simulated spectrum from the HF/3-21G basis set, shown in Figure 7, produced the best comparison with the
experimental data [30, 31].
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Figure 6. Fundamental vibrational modes of water (H,O).
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Figure 7. Simulated water Raman spectrum using Gaussian package. The basis sets applied is HF/3-21G.

The experimentally measured O-H stretching band of liquid water [30, 31] covers a range of more than 400 cm™', much
broader than our simulated results on single molecule. This is mainly due to the coupling of H,O molecules in an
aqueous environment through the intermolecular hydrogen bonds [32, 33].

To simulate this effect, we added a water molecule in our setup and ran the geometry optimization process to locate the
minimum potential energy point. The intermolecular action between water molecules occurs normally in liquid water,
where water molecule couples with other water molecules to form a cluster. We start from water dimer geometry since a
water dimer would add reasonable load on the computation time. Additionally, by comparing the simulated Raman
spectrum of a single water molecule to that of a water dimer, the effects of molecule-molecule interaction and clustering
can be illustrated on Raman spectrum.

Figure 8 shows our simulated water dimer Raman spectrum using the Gaussian package with HF/3-21G basis set.
Comparing to the single water molecule spectrum shown in Figure 7, the O-H stretching bond bandwidth in Figure 8 has
increased to ~ 300 cm’, and the center peak has shifted toward lower frequency. These modifications bring the
simulated water dimer Raman spectrums closer to the measured experimental water spectrum [30, 31].

In out next step, we will continue increasing the number of water molecules in our geometry setup and minimize the
total potential energy through geometry optimization. The optimized molecule cluster will be employed in our
simulations with different HF and DFT basis sets. We will repeat the process until a convergence of the simulated
spectrum can be reached.
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Figure 8. Simulated Water Dimer Raman spectrum using Gaussian package. The basis sets applied is HF/3-21G.

3.3 Glycine (C,H;NO,)

Amino acids are the basic “building blocks” of peptides and proteins and play an important role in the physiological
processes of all species. To determine whether there are proteins in a material under test, it is necessary to study the
Raman spectra of amino acids. Glycine is the simplest amino acid, so we picked Glycine as our first sample. Figure 9
shows a 3-D illustration of the Glycine molecular structure.

Figure 9. 3-D model illustrates the structure of Glycine (C,HsNO,) geometry and structure.

Glycine has 10 atoms, theoretically it has 24 fundamental vibrational modes (3N-6, with N as the number of atoms).
From published experimental data [34, 35], 13 bands have been located at 497, 602, 697, 893, 1,033, 1,323, 1,410,
1,508, 1,567, 1,667, 2,123, 2,930, and 3,050 cm™'. Furthermore, out of the 13 bands, two bands have been recognized
with intense peaks at around 894 and 1,327 cm™. The 894 cm™ peak is characterized as the NH, twisting vibration and
the COOH bending vibration. And the other 1,327 cm™ peak is labelled as vibrations from the three functional groups:
NH, twisting, CH, twisting, and COOH bending.

Figure 10 shows our simulated Glycine Raman spectrum using the Gaussian package with DFT/APFD/6-311 basis set.
Comparing to the experimental spectrum [34, 35], we found consistencies between our simulation results and the
experimental measurements, especially in the spectrum region known as the fingerprint region, where majority of the
Raman bands appear. For Glycine, the fingerprint region is between 700cm™ and 1700cm™.
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Figure 10. Simulated Glycine Raman spectrum using Gaussian package. The basis sets applied is APFD/6-311

4. SUMMARY

In this work, we simulated Raman spectra for methane (CH,), water (H,0), and glycine (C,HsNO,), using the DFT and
the Hartree-Fock Theory (HF). We tested 3-21G, ACCD, and Sadlej basis sets with HF Theory and B3LYP and APFD
basis sets with DFT. Good agreements have been found between our simulation results and the experimental results.
Strong bands with N-H and O-H bonds are pinpointed and identified. In the next step, we will expand our current
capacity to include more molecules in our simulation, e.g. simulate water molecule cluster and amino acid with larger
molecular weight and more complex structures. We will also set up our Raman spectrum database and develop search
and machine learning algorithms to quickly identify N-H and O-H bonds in different materials.
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