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Chapter 1

Introduction

1.1.  Aims and objectives

The aim of this study is to evaluate Raman spectroscopy as an analytical tool for
samples of potential significance in astrobiology and as an instrumental platform for
interplanetary studies. Detection of life within extreme environments requires analytical
equipment to be capable of producing a vast amount of information on samples while
adhering to strict parameters regarding weight, power consumption and size of the
instruments. Reproducibility and robustness of data acquired is required and therefore
comparable data must be obtainable both on Earth and in an extraterrestrial
environment. Raman spectroscopy is an analytical technique which will be used on
board the ExoMars Rover developed by the European Space Agency and therefore this

work aims to interrogate this technique within the context of this Martian mission.

To achieve this aim the following objectives were identified;
e Develop an analytical framework for comparison of instrument performance.
¢ Investigate instrumental performance of bench top instruments and a prototype
instrument developed in conjunction with ESA for the ExoMars mission.
e Analysis of exemplar systems of organics of bio relevance, minerals of Mars

relevance, biological materials and bio-minerals.

An analytical framework for instrument comparisons of performance is required to

allow for reproducible data to be acquired between the ExoMars Raman instrument and
1



instruments on Earth. This involves the development of standards which can be used to
test the limitations of instruments using clearly defined instrument validation
parameters. These parameters will look at the sensitivity, range, limit of detection, limit
of quantification, robustness, selectivity, linearity, accuracy and precision of an
instrument. Standards produced to fulfill these parameters must also be astrobiological

relevant and suitable for Raman analysis.

To investigate instrumental performance of bench top instruments and the ExoMars
rover a comparative sample analysis must be performed. To do this a prototype
instrument will be developed to match the specifications of the spectrometer that will be
used in the ExoMars mission. The prototype instrument will then produce spectra
comparable to that which will be obtained on the Martian surface. By optimizing data
acquisition between bench top instruments and the prototype instrument these methods
can be applied directly to the ExoMars mission. To investigate the instrumental
performance between the spectrometers suitable astrobiological samples can be used

and instrument validation parameters applied to the samples.

When comparative data can be obtained between different spectrometers for
astrobiological standards, investigation of exemplar systems can be interrogated. This
will involve the analysis of samples of complex organics which are not simple single
sample compounds. Analysis of these samples will allow for comparative data on
similar systems which may be found on the surface of Mars. Processing such as the
grinding and mixing of geological inclusions will be analysed and the impact this has

upon a known organic inclusion within the sample will be interrogated.



1.2.  Theory of Raman spectroscopy
1.2.1. The physical basis of Raman scattering

For a molecule to be Raman active a change in polarizability (o) is required to take

place during a molecular vibrationt*®.. The equation for such an event is defined as;

&)

In this equation the co-ordinater of vibration is defined as Q™. The ability for a
molecule to be polarized can be defined by;
U=cokE
Here the polarizability of the molecule is related to an induced dipole moment!*®, w E
relates to the electric field strength, which at a given time, t, can be given by;
E = E, cos2zut
The frequency of the laser is defined by v and E, is the electric field amplitude™®. The

following equation allow us to obtain define the frequency of the laser;

This reveals that the wavelength A is proportional to the frequency of the laser v . The
rate of this proportionality is defined by a constant, ¢, which in this case relates to the
speed of light™®. The speed of light can be numerically defined as 3x10® m s™ S.I. With

the introduction of wavenumbers, v, the equation can be manipulated such that;

When two molecules interact there is a transfer of energy. Using this energy transfer

from the electric field of the molecules a new equation is obtained,
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This equation is expressed in terms of energy difference, AE .The magnitude of AE
relates to the vibrational transition, between 3x10° and 10? cm™. 6.626 x 103 J s
(Planck’s constant) can be used as the value of h and gives the proportionality of the

equationt>®!,

Scattering of monochromatic light from a laser is used in Raman spectroscopy and
occurs in the visible, near infrared or near ultraviolet range. Based on inelastic
scattering of a photon, this scattering is often referred to as Raman scattering™®.
Energy of the laser photons can be shifted either up or down as the laser interacts with

phonons in the system. Information about the phonon modes in the system can then be

derived from this shift.

Rayleigh scattering (Figure 1.1.1) can occur in the detection of molecules which could
potentially give false information regarding a molecule!*®!. This scattering arises when

particles smaller than the wavelength of light cause the light to be scattered.
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Figure 1.1.1. Diagram to show Rayleigh Scattering

When light interacts with the electron cloud of a molecule, the Raman Effect occurst™®.

As the laser photons bounce off the molecule energy is lost and the molecules vibrate.

While this is happening the electrons become excited and enter into a virtual state. The

molecule begins at a ground state, is excited into a virtual energy state and then relaxes

into a vibrational excited state. This process results in the scattered photon having less

energy and the light has a frequency shift!:®!. This generates Stokes Raman scattering

(Figure 1.1.2).
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Figure 1.1.2. Diagram of Stokes Raman scattering.



If the molecule was already in an elevated vibrational energy state then the excitation
energy causes the molecule to enter the virtual energy state, however when it relaxes
once again it returns to a rested vibrational energy state (Figure 1.1.3). This scattering is
Anti-Stokes Raman scattering!”). Based on these shifts associated with the different
molecular vibrations a spectrum can be produced. Raman shift, in wavenumbers (cm™),
can be calculated by the energy difference between two different vibrational levels;

_ 1 1
V= -
A

ﬂ’ scattered

incident
Whereby A scattered 1S the wavelength of the scattered photons and A incigent IS the

wavelength of the incident™*®.
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Figure 1.1.3. Diagram of Anti-Stokes Raman scattering.

For Raman scattering to occur it is always crucial for different vibrational states to
occur and these interactions occur virtually simultaneously. The non-resonance Raman
Effect is not dependent on wavelengths of an excitation laser due to the state changes

being between virtual states. However while the actual spectrum does not depend on the
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laser excitation, when the excitation is close to the energy requirement for a transition
between states then resonance Raman or fluorescence can occur. The nature of these
intermediate states can vary along with the time scales of the processes. A fluorescence
process usually takes more than 10 s, whereas a Raman transition can be completed in
less than one picosecond™®. Relaxed fluorescence (Figure 1.1.4) occurs when the
excitation energy excites the molecule into an increased excitation state, then drops
down between excited energy states and then returns to its original vibrational energy

statel!],
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Figure 1.1.4. Diagram of Relaxed fluorescence.

The presence of fluorescence within a spectrum will normally mask the majority of
Raman features as it is far more intense than Raman scattering!*®. The presence of any
Raman or fluorescence resonance effects is directly related to the laser excitation
wavelength. The presence of fluorescence can only occur when sufficient energy has

been provided by the excitation photons for the molecule to reach an excited energy



state. Therefore one way to avoid fluorescence emissions is to select a laser excitation
wavelength which will not produce fluorescence in the region of interest. Due to the
inadequate energy to initiate fluorescence, near-infrared laser wavelengths often avoid
emissions™. Additionally while UV laser wavelengths do cause fluorescence the energy
Is distinct from the Raman signal and so a spectrum can be obtained without this
fluorescence. In instances where the fluorescence is derived from impurities or a
surrounding material a Raman microscope can be used to avoid such areas and limit the

fluorescencel™.,

1.2.2. Chemical application of Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to study both vibration and
rotational changes within a molecule!. Any Raman spectrum produced has different
features due to each vibration being very specific to the individual chemical bonds
within the molecule. In organic molecules this region occurs between 500-2000 cm™
and is commonly referred to as the fingerprint region, due to its unique identifiable

features.

If a molecule can be rotated, reflected, inverted or have a similar change occur without
changing its appearance then the object displays symmetry. The process of doing these
changes is known as a symmetry operation®. The line through which the reflection or
rotation occurs can be defined as the symmetry element. Mirror planes are labelled as
on, oy and oy Whereby the letters used indicate the orientation of plane with respect to
any rotation axes that are present. For the rotation axis C, is the label used where the n
indicated the angle, 360/n, through which the rotation occurs. Where a reflection and

rotation both occur S, is used. Inversion center is defined as i and E, Identity, is a



symmetry element where doing nothing to the object leaves it looking the same as it

originally did®..

Group theory can be used to predict how many vibrational modes will be present in a
Raman spectrum of the molecule where the molecule contains symmetry!®!. However
not all modes are Raman active and instead are IR active. The number of different
Raman active bands is derived from the different molecular symmetries of a sample.
Therefore this can be useful in identifying materials such as isomers where each

molecule will have different symmetries and therefore different vibrational modes.

If a molecule has a change in polarizability in relation to the vibrational coordinate, then
that molecule will produce the Raman Effect!*®!. This effect arises from a deformation
within the electron cloud around the bonds within the molecule. If there is symmetry
within the molecule then the Raman shift can be observed. This shift is equal to the
vibrational level involved and the intensity is derived from the degree of polarizability

changet*®),

1.2.3. Instrumentation

All Raman spectrometers have a similar design; they all have a laser and a detector. All

systems contain mirrors to redirect the laser beams and filters to alter the laser power.

Details of the components are shown in figure 1.1.5.



h)
Figure 1.1.5. Schematic of the major components of Raman spectrometers a) Laser, b) pinhole,
c) filters, d) Beam splitter and notch filters, €) optics/lens, f) sample, g) grating, h) interferogram
and i) detector

In all Raman spectrometers a laser beam is produced at a source and the wavelength of
this laser can vary depending on the instrument used and its purpose. Once the laser is
activated it first enters a pinhole aperture which rejects residual scattered rays
originating from the laser and prevents them from entering the system. It will then be
subjected to a filter which can be used to reduce the laser power and prevent damage to
the sample. The beam then enters a beam splitter which directs the beam towards a
sample and is focused onto the sample using a lens or microscope optics. The laser
beam hits the sample which will be focused a preset distance away from the optics and

lens.

Rayleigh scattering produces wavelengths close to the laser line and therefore such
scattering must be removed by filtering out these wavelengths. Wavelengths are
therefore only dispersed onto the detector if they are a certain distance away from the
laser line. Due to the strong intensity of Rayleigh scattering compared to the weak
natural Raman scattering, separation is difficult. For this reason a holographic
diffraction grating is used along with several dispersion stages. This allows for a far

greater amount of laser rejection. In FT Raman systems an interferogram can be used.
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The interferogram records all the monitored wavelengths and therefore can detect signal

spikes.

The final component of a Raman spectrometer is the detector. The detector allows the
signal to be identified and plotted on a computer. Originally photomultiplier tubes
(PMTs) were commonly used in Raman spectrometers; these detectors however require
long acquisition times and are often relatively large. Therefore detectors which have far
faster acquisition times and a much smaller size have become more common. These
charge-coupled devices (CCD) detectors have thus allowed instruments to be portable

and the spectrometers are no longer required to be constantly in a static position.

1.3.  Context of Study

Life is defined as the condition that distinguishes animals, plants, fungi and viruses
from inorganic matter, including the capacity for growth, reproduction, functional
activity, and continual change preceding death™*%. For many years mankind has
searched for life on other planets and as time has passed our ability to detect life on
these extraterrestrial bodies has advanced. The most likely candidates in searching for
life within our solar system are currently believed to be: Mars, Europa and Titan. Being
the closest planet to Earth, Mars has always been looked at as having the greatest
potential for life. Even back in 19" century the theory of life on Mars was speculated™".
However at that time the ideas of life on Mars were very different to those hypothesised
today. Whereas once it was believed that Mars had features such as canalst*”! and an
atmosphere much like Earths, once probes and more powerful telescopes were

developed it became clear that such life could not possibly exist therel*?.
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1.3.1. Martian mineralogy

In its early life Mars is believed to have had tectonic activity, volcanism and large
bodies of water similar to Earth today. Mars today however is very different, due to its
lack of a substantial atmosphere. Like Earth, Mars has mountains, volcanoes, valleys,
deserts and ice caps in its polar regions. It features the largest mountain, Olympus
Mons, and the largest canyon, Valles Marineris, currently known in our Solar System.
The Martian core, like that of the Earth, is proposed to be partially fluid and consists
mainly of iron and sulphur. The mantle consists of mainly silicates and while the planet
now has no magnetic field, its partially magnetised crust indicates it may have done in
the past. The composition of the Martian surface is a very important factor when

considering interplanetary space missions.

The most common material found on Earth-like planets are silicates™ and orbital
spacecraft!***! have indicated that this is the same for Mars, with the silicates being of
basaltic composition. This is further supported by the studies of Martian meteorites!®!
and spacecraft sent to the surface of Mars™"*®!. The main silicates identified on Mars
are; olivine, pyroxene and plagioclase. These have been observed and mapped by
several Mars orbiting spacecraft!!®2?. Silicates have been detected within the soil in at
least two Martian landing sites; Gusev Crater and Meridiani Planum!?®., It has also been
demonstrated that during weathering of both olivine and pyroxene, pure silica can be
produced®. A clay silicate; montmorillonite, has also been identified as a potential
mineral on the surface of Mars!®!. Silicates become important in the search for life due
to their ability to indicate water; a required component for life. Hydrated silicates, e.g.
zeolites, would indicate water on the Martian surfacel®®?®! however these are yet to be

detected.
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Carbonates are another material expected to be found readily on the Martian surface.
This hypothesis is derived from the early Martian atmosphere being similar to that of
Earth’s; with both carbon dioxide and water being abundantly present and thus the
formation of carbonates possible!?**!. In addition to atmospheric water, liquid water is
also likely to have existed on the surface due to volcanic activity. These volcanoes
would have produced large quantities of gasses ejected into the atmosphere producing a
greenhouse effect!”32. The carbonate siderite is believed to be present on the Martian
surface due to the readily available carbon dioxide predicted to be present in the early
Martian atmosphere and the extensive sources of iron in subsurface rocks®*=¢l.
Additionally without the presence of oxygen, siderite remains stable and therefore these
samples are likely to be present today on the surface!®*“*®!. However previous missions
have only detected very few carbonates within the Martian regolith!***2. These low
concentrations may be explained by volcanic dissolution of carbonates®®**¥!, masking
from other crystals such as sulphates and halites!®®! or the lack of atmospheric water

meaning the carbonates only form a thin film®.

Mars obtains its red colouration from the ferric compounds; iron oxides and
oxyhydroxides which make up a large amount of the Martian regolith!***®1. Méssbauer
Spectrometry has been used specifically for the identification of these iron
compounds*®*? and they are primarily found in the form of haematite™®*>*. Haematite
detected on Mars is likely to be derived from meteoric weathering™®°®, hydrothermal
processes®®% or alteration of volcanic ash®*®Y. Additionally, it is possible for
haematite to be derived as the end product of several chemical pathways relevant to
Mars®%]. Haematite is the only iron oxide which can remain stable in present day

conditions™“”. The second most commonly detected material on the Martian surface is
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goethite!*®®*®°! However, unlike haematite, goethite is less stable in the current Martian
environment!*®®®!. The compound is therefore likely to only form in the earlier

environment where both water and carbon dioxide were more readily availablel®” !,

Another compound important in the mineralogy of Mars is sulphur in the form of
sulphates. These compounds have been detected on the Martian surface in a greater
concentration than that of Earth!*%®73 The distribution of sulphates on Mars appears
to be spread equally across all regions of the surface [*™. The source of these
compounds is proposed to be from alteration of volcanic rock due to oxidation™®"". The

[78]

sulphates are mainly found in the form of gypsum(™®, jarosite!™ and magnesium

sulphatest8081,

1.3.2. Life on Mars

On Mars the presence of magnesium, sodium, potassium and chloride are all elements
important for the growth of living organisms. However while Mars may once have had
an atmosphere, it has been swept away in solar winds™*® and the surface is exposed to
extreme temperatures 2%, The surface conditions on Mars are thought to be too harsh
for Earth-like organisms to exist, however organisms called extremophiles still could
potentially survive in such environments®®°!. Extremophiles are organisms that survive
in, and may even require, environments outside the normal parameters for life on Earth

which would be detrimental to most other forms of lifel®>27-8%1

Mars was not always believed to be such a harsh environment™*#" and if Mars once had
a climate similar to Earth’s then it is possible that life evolved there in the same way it

did here. This is enhanced by speculation that meteorites from Mars could have seeded
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life on Earth!®". It is still possible to detect life based on the nature of the compounds
needed to make up a living organism. This involves detection of compounds referred to
as biomarkers!®®**! compounds which are indicative of life. Biomarkers are biological
markers which are complex molecular fossils derived from biochemicals in living

organismst®!.

The biomarkers of relevance to the detection of life on Mars have previously been
defined by Parnell et al®. There are two types of biomarkers extant; living or recently
dead and extinct; long dead or fossilized. While these biomarkers are indicative of life,
it is important to consider inorganic origins, therefore proof of life would require

detection of multiple biomarkers within a sample.

In the search for extant biomarkers it is expected that informational macromolecules,
energy-rich storage compounds and lipid-rich membranes would all be observed as
these are the main components within any living organism. The energy-rich storage
compounds are constantly being broken down and resynthsized within living cells and
they do not exist outside of cells due to their high-energy bonds. Therefore the presence
of these compounds is only possible where life is present. This means that compounds
such as adenosine triphosphate (ATP), phosphoenolpyruvate and acetyl phosphate
become important biomarker to indicate lifel®®. Additionally this also makes ATP
synthase, a compound which produces ATP", an important biomarker.
Deoxyribonucleic acid (DNA), like ATP, is highly unlikely to occur outside of
biological systems as it would also degrade rapidly outside cells. Therefore detection of

DNA or pyrimidines and purines would be a direct confirmation of extant life.
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Polypeptides within cells exist predominantly as molecular chaperones'® and therefore
the chaperones would likely be the most prominent polypeptide biomarker. From the
cell membrane lipid-based molecules can be derived and these have been observed to

persist in the fossil record® %! making them good targets as biomarkers.

Cyanobacteria, which get their distinct colour from the presence of the light harvesting
pigment phycocyanin, is an organism which has been detected in extreme environments
on Earth thus making it a potential candidate for life on Mars!***%4, The carotenoid
structures, which occur in pigments, have also been found in sediments without
apparent degradation™!. Beta-carotene is a carotenoid that is produced by many
microorganisms and has been implicated as a possible Martian biomarker*®?. Trehalose
and ectoine are two other potential extant biomarkers used by bacteria they are found in

extreme hypersaline conditions™®.

Extinct biomarkers are compounds of biological origin which remain stable for
prolonged periods after the organism has died. Proteins and amino acids are broken
down readily on Earth, however on Mars they may remain preserved due to the lack of
microbes to break them down[™®. Long chain fatty acids, from cell membranes!®”!, are

another potential biomarker that are very stable™®!,

Most extinct biomarkers are derived from degraded materials produced from the
breakdown of organisms. When chlorophyll is degraded it can produce phytol™®!. The
phytol is then broken down to form pristine and phytane. These two compounds remain
stable even in high temperatures™ and have been detected in ancient sedimentary
deposits™*® making them excellent extinct biomarkers. Carotenoids have previously

been discussed with relation to extremeophiles, however outside living cells they
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contain many highly reactive conjugated bonds and therefore do not remain stable for
prolonged periods. As the compounds degrade much more stable molecules are

produced such as alkyl trimethylbenzenes and alkyl trimethylcyclohexanel*'**2,

Hopanoids are very predominant in living organisms[m] and hopanes are common in
fossilized organic materialst******. These hopanes are very stable and often derived
from other hopanoids, diploptene or diplopterol. Similar to hopanes, steranes and
diasteranes are geologically stable with diasteranes being the more stable of the two.
They are derived from sterols along with many other degradant products™®. However
unlike the hopanoids they do require oxygen for formation. These considerations
indicate that a rich organic chemistry may persist in protected or sheltered Martian
environments. Hence, the deployment of Raman spectroscopy instrumentation, with

their capacity to identify and discriminate between such species is highly desirable.

1.3.3. Mars Missions

There have been many missions to Mars beginning in the 1960s including flyby probes,
orbiters, landers and rovers. One of the first missions to Mars was the Soviet Mars 1M
programs launched in 1960, however this mission was not successful like many of the
other early missions to Mars®*'"). The first successful flyby of Mars was the Mariner 4 in
1965 and this was then followed by two further flybys in 1969 by Mariner 6 and 7181,
These orbiters produced data on the possibility of carbonates containing water on the
Martian surface™®. In 1971 Mariner 9 was the first successful spacecraft to achieve
orbit around Mars™®!. This was then followed up in 1976 by Viking 1 and 2 which both
were orbiters. These orbiters were among the first to detect possible indications of

streams on the Martian surface™!. Viking 1 became the first spacecraft to successfully
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land on Mars and perform detailed analysis of the landing site™"*?!. The next space
craft to arrive at Mars was in 1997 with the Mars Global Surveyor, which had a thermal
emission spectrometer onboard™®*?? and the data for this mission has been made
publically available!?!. Also in 1997 the Mars Pathfinder arrived and landed on the
Martian surface, this spacecraft was also one of the first to successfully deploy a rover
onto Mars, allowing a greater analysis of geological samples on the surfacel®***!. The
Mars Exploration Rovers; MER-A Spirit and MER-B Opportunity successfully
deployed in 2004, these rovers were however believed to of been contaminated with
Bacillus safensis and therefore introduced the issue of sample contamination when
looking for life on Mars™¥l. The Mars Reconnaissance Obiter arrived in Martian orbit
in 2006 and in 2008 one of the most recent spacecraft to travel to Mars; Phoenix, landed

on the Martian surfacel*®!,

In 2018, ESA and NASA plan to launch the ExoMars mission to Mars which will
involve a rover deployed on the Martian surface to carry out both exobiology and
geochemistry research™®. The primary objective for this mission will be to search for
signs of life past or present. It will also investigate water and geochemical distribution
in the shallow subsurface, study the surface environment and investigate the planet’s
subsurface!*?’). The rover will carry with it the “Pasteur payload” which will contain a

panoramic imaging system, contact instruments and an analytical laboratory28-%%,

The panoramic instruments will be used to characterise the Martian surface and
subsurface environment. To visually characterise the environment and identify
important targets a panoramic camera system including two wide angle cameras and a

high resolution cameral®***32 An infrared spectrometer will be used for remote
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identification of water based compounds and a ground penetrating radar will establish

subsurface stratigraphy.

The contact instruments will comprise of a close-up imager, a Mdssbauer Spectrometer
and the rover’s drill. The imager will work in close proximity of the surface rocks to
examine them and the Mdssbauer Spectrometer will study the iron content of rocks and
s0il 2. For subsurface samples, up to 2 meters, the drill will be deployed to produce a

core sample and deliver it for analysist**?],

After visual inspection of a sample, under the microscope, if it is deemed interesting it
will be ground up and transferred into the analytical laboratory. In this analytical
laboratory detailed analysis will be carried out on the sample using multiple
instruments. An X-Ray diffractometer will be used to determine the mineral
composition and crystalline phases of the sample!***l. The Mars Organics Detector will
search for amino acids, nucleobases and polyaromatic hydrocarbons using a very highly
sensitive detector. A measurement of the oxidation and degradation reactivity of the
Martian soil and atmosphere will be performed via the Mars Oxidant Sensor. A Gas
Chromatograph Mass Spectrometer will be used to search for the organic molecules
over a broad range and also perform atmospheric analysis. An antibody based
instrument, the Life Marker Chip, will be used to detect biomarkers. Finally the
Raman/LIBS spectrometer will be used to determine mineralogical and geochemistry
within the sample and also to identify mineral phases from water based processest***%¢.

Extensive work has been carried out to demonstrate the application of using Raman

spectroscopy on the Martian surfacel®®°4137-149],
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1.3.4. Remote Raman Spectroscopy

The Raman spectrometer on board the European Space Agency ExoMars rover was
originally intended for use in geological identification of inorganic materials. However
the role of this spectrometer has been expanded due to the Raman ability to also detect
organic components. Raman is ideal for this type of role as it is both non-invasive and
non-destructive, allowing it to retain samples of significance without destroying them.
In the search for life this is crucial, to find life and destroy the sample at the same time
would defeat the original purpose of such an experiment. Related to this is its ability to
analyse samples in situ without the need for preparation of the sample. Due to the CCD
detector being used the analysis time of a sample is rapid thus this allows many samples
to be looked at with minutes. Unlike some other techniques, such as mass spectrometry,
no vacuum is required™**'%?l. There are however also disadvantages in using Raman
spectroscopy, the main one being that thermal decomposition of samples can occur if
laser excitation power is too high. There are also issues which can be attributed to
equipment costs, fluorescence of samples and the low sensitivity compared to other

techniquest 42,

In its original design, the Raman spectrometer on board the ExoMars rover was to be
coupled with a laser-induced breakdown spectrometer (LIBS)™*!, While the LIBS
instrument is destructive, as it requires ablation of atoms, the Raman instrument uses
scattering and other effects to analyse molecular bonds, therefore it is non-destructive.
The instrument was to contain both a 532 nm Raman continuous laser and a 1064 nm
LIBS pulse laser. Images from the samples would be produced on a 2048x2048 pixel
charge coupled device (CCD) detector. Spectra would be obtainable within the 240-840

nm range with a resolution of 8 cm™ for Raman and 0.2 nm for LIBS. Laser output at
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the sample will be 50 Mw from the 500 Mw at the source®!. However, the LIBS

capability has been de-scoped in the latest instrument configuration.

Such an instrument can have great importance within the detection of life, however to
optimize the instrument for this type of detection it is required to test it with known
samples under a controlled environment. Therefore the custom built prototype mirror
optical bench (MOB) Raman spectrometer was developed. This instrument is designed
to be identical to that of the instrument on board the ExoMars rover and therefore

allows comparative research to be carried out.

For the Raman spectrometer to be useful in the identification of organic materials of
importance it is required to be able to rapidly and accurately identify samples of
relevance. For this to be possible the instruments spectra must be comparable to that of
the standard commercially available instruments. Two things are required for such
comparability and optimization of the instruments to be possible; understanding of the

samples and the effect of different conditions on reproducibility of data.

By performing a limits of detection study on known samples it is possible to identify the
minimum amount of material required to be present for a positive identification of an
organic component. Using samples comparable to those potentially found on the surface
of Mars the potential for identification can be established. After obtaining reproducible
data using known samples it is then possible to alter individual conditions or altering the
way features are calculated within the systems. By observing the effects of these
changes it is possible to become aware of how to optimize conditions for data
acquisition and thus obtain results with far greater clarity and accuracy. This optimized

protocol can then be applied to the rover instrument to obtain comparable data.
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Using the custom built prototype system based on the specifications of the rover it is
possible to simulate the data potentially obtained on Mars. The prototype instrument can
be optimized to produce identical samples to commercially available instruments and
thus comparable data between the two types of instruments can be produced. For
comparability between different instruments the analysis of the samples will need to
take place on exactly the same samples at exactly the same position for identical spectra
to be obtained. Once comparable spectra can be obtained with simple standards then the
instruments can be used for more complex real world samples which will be comprised

of many different materials.
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Chapter 2

Experimental

2.1. Instrumentation

In this work Raman spectra were obtained using several different instruments. Two
bench-top instruments were used: a Bruker IFS66/FRA 106 FT-Raman spectrometer
and a Renishaw InVia Reflex Spectrometer. The European Space agency (ESA) mission
to Mars will use a Raman elegant bread-board (EBB) system™**! which was designed
specifically for the mission. To allow for a comparable study of data an instrument was
produced using the same specifications and used for additional analysis of samples. This
instrument was identified as the mirror optical bench (MOB) prototype instrument. The

specifications for each instrument can be seen in table 2.1.1.

Model InVia IFS66/FRA 106 N/A
Wavelength (nm) | 785/633 1064 532

Type Benchtop Benchtop Benchtop
Instrument Renishaw Bruker MOB
Software WIRE OPUS Custom

Laser Power 50 mW 100 mwW 30 mwW
Spectral Range | 150-3200 cm™ | 200-3000 cm™ | 175-4350 cm™*
Resolution 2cm? 4 cm? 5cm*
Detector CCD Ge detector CCD

Table 2.1.1. Specifications of different instruments used

2.1.1. Renishaw InVia Raman Instrument

The Renishaw InVia is equipped with a thermoelectrically cooled charged coupled

device (CCD) detector and diode lasers emitting at 633 nm or 785 nm. It is coupled to a
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Leica DMLM microscope with 5X, 20X and 50X objective lenses were utilized. The
maximal output power of the diode laser at 50mW at the source. Daily calibration of the
wavenumber axis is required and is achieved by recording the Raman spectrum of
silicon (1 accumulation, 10 seconds) for static modes. If necessary, an offset correction
is performed to ensure that the position of the silicon band is 520.50 + 0.10 cm™.
Spectra were recorded with the accumulation of 1 scan, at 100% laser power and with a

10 s exposure unless otherwise stated.

2.1.2. Bruker IFS66/FRA 106 FT-Raman Instrument

The Bruker IFS66/FRA 106 FT-Raman instrument is equipped with an Nd**/YAG laser
emitting at 1064 nm emitting at 100 mW at the source. All spectra were recorded with a
4 cm™ spectral resolution and using 500 spectral scans, unless otherwise stated. The
spectrometer was controlled by a PC with OPUS software. The instrument was
calibrated against the peak positions present in the spectrum of sulphur. Once a
spectrum was obtained an appropriate offset correction was applied within the OPUS

software.

2.1.3. MOB instrument

The MOB spectrometer was assembled from several commercial components to provide
a flexible optical bench for CCD evaluation and sample performance. The instrument

was designed to match the Raman LIBS instrument proposed for the ESA ExoMars

mission as closely as possible. The instrument setup can be seen in figure 2.1.1.
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B)

Figure 2.1.1. Photographs of the MOB instrument. The image A)
shows the laser source, probe and spectrograph. Image B) shows the
CCD and an early prototype housing

In figure 2.1.1 the different components of a Raman spectrometer can be seen. In image
A the laser source is situated to the top left, the laser beam then travels through fibre
optic cable to the probe and sample to the right, the signal then travels back into more
fibre optic cables to the spectrograph at the bottom left. From the spectrograph the laser

is then displayed on to the CCD which can be seen in image B.

The laser source for the MOB instrument was an Elforlight G4-30 laser which had a
laser wavelength of 532 nm. The output of the laser was fixed at 30 mW, this was
altered using notch filters. The laser travelled through 5m of fibre optic cable to a Kaiser

MR probe head. The probe was specifically designed for the 532 nm wavelength
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produced by the laser and it allowed for the spectral range of 175 — 4350 cm™. It was a
non-contact sampling optic and had a working focal distance of 50mm. Once exposed to
the sample the laser was sent to a Kaiser Holospec f/1.8 Holographic Imaging
Spectrograph through a 50 micron slit Smm high. The spectrograph used a HoloPlex™
Grating for the 532 nm wavelength covering the spectral range of 100 to 4350 cm™. The
spectral resolution of the spectrograph was 5 cm™. A standard camera adaptor was
present for imaging. The CCD was housed in an Andor CCD housing and on the CCD
two orders were dispersed over 26 mm. The spectrometer was controlled by a laptop
with custom built software, which obtained data directly from the CCD image, and this
data was then converted to XY data. The parameters for the instrument were designed to

match the specifications of the Raman/LIBS EBB spectrometer as closely as possible.

2.1.4. Data Analysis

After acquisition of spectra using the Raman instruments the spectra were subjected to
the process detailed in figure 2.1.2. All instruments were calibrated, as detailed above,
prior to data collection. Once a spectrum had been collected it was converted into a file
format that could be opened in the GRAMS Al software. Both the MOB and Delta Nu
Inspector Raman instruments produced data files which could be opened in the GRAMS
Al software without the need for any type of file conversion. The Delta Nu Inspector
Raman instrument produced data files which were in the proprietary GRAMS format as
.SPCs. The MOB instrument exported data as an ASCII XY file and these file types,
like .spc files, can be opened within the GRAMS Al software without the need for
conversion. The two Renishaw Raman instruments produced spectra as .wxd files and
these were converted in the instrumental WiRE 3 software into the Galactic .spc file

types. The Bruker IFS66 created files in propriety OPUS format, a GRAMS Al
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convertor was used to convert these files into the required .spc files. After opening the
data in the GRAMS Al software the data analysis performed can be seen schematically

in figure 2.1.2.

é

é Taspector Ramum > Bnd«rlﬂ’m

| | | |

[Calibrate instrument against siicon] [ Calibrate against polystyrenc | [Calibrate against silicon | [Calibrate mstrument against sulphur |
I I Analyse sample
] Analyse sample Analyse sample |
I I Save as OPUS file
Open file with WiRE 3 convertor Save as .spe file [Save as XY coordiante .txt file] [Open file with GRAMS AT convertor |
Export as .spe file ’ Export as .spe file
Open file in GRAMS Al software
No e
Yes No
‘— Start and end points at a similar position? —l
|Bnckpo|md correct with multiple points Background correct with two points
No w Yes _ [Normalize the data around the peaks for the itermal standard
Peak pick data
No

Add all data in series into a stack plot

Ts the data being compared in a series?

Yes : cpect £ N
P {1 Are there additional spectra to look at? N .

Figure 2.1.2 Diagram showing systematically how spectra are processed after collection.

Yes

Samples with an elevated baseline required a baseline correction. The samples which
contained an elevated baseline were identified as spectra which featured regions with a
broad increase in intensity greater than 20% of the maximum peak intensity. Examples

of elevated baselines observed can be seen in figure 2.1.3.
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Figure 2.1.3. Examples of spectra and baseline correction methods used. A) No baseline
correction needed, B) Baseline correction over multiple points, C) Baseline correction over two
points and D) Baseline correction over multiple points.

In figure 2.1.3 the different types of backgrounds which occur in the spectra can be
seen. In A, no background occurs and the first and last points are at equal intensities.
For the spectrum B, a background is present, however the first and last points are at
similar positions and therefore a simple two point correction would not resolve this
baseline. For this spectrum, and spectrum D, multiple points are needed to correct this
baseline. To correct with multiple points a curve was produced by plotting the baseline
every 250 cm™ and connecting up all these points. For spectrum C the first and last

points were used to produce a straight line which was used as a baseline.

For quantitative studies an internal standard was used where an inert reagent was
included with the samples. This normally took the form of a solvent which produced
distinct Raman bands. When such samples were present all spectra within the series
were normalised to this band, by taking the intensity of the largest peak within the

spectrum and then dividing the whole spectrum by this value. The resultant spectra all
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had a maximum intensity of 1 and therefore the relative intensities could be easily

measured.

After the spectral processing had been performed all spectra had their peaks identified
and recorded into a peak table for later reference. Within the GRAMS Al software this
involved the use of the peak picking function. Using this function allowed the peaks to
be automatically picked within predefined thresholds. If peaks of relevance were not
identified with this automated procedure then either the thresholds were altered. Once
all relevant peaks were identified the save peak table was used to export the information
into an easily readable text document. In the table positions, areas and intensities for the

all peaks were recorded.

For datasets where spectra were compared, such as limits of detection studies, all the
spectra of relevance were opened, ordered and placed into a stack-plot. The spectra
within the stack-plot were then labelled using the add text function and the image was
copied and saved into a word document. Where only a single sample was relevant the
image was spectrum was copied and saved into a word document without opening other

files or stacking data.

2.2.  Sample preparation

For all synthetic samples produced the same standards were used. Table 2.2.1 details all

the standards used in this work, their source and purity.
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Name Source Grade / Purity
Gypsum Sigma-Aldrich >99%
Calcite Sigma-Aldrich >99%
Naphthalene Aldrich 99%
Anthracene Sigma >99%
Sodium carbonate Sigma-Aldrich >99%
Sodium sulphate Sigma-Aldrich >99%
Calcium chloride Sigma-Aldrich >93%
Beta-carotene Fluka >97%
Phenanthracene Aldrich 98%
Phenylalanine Sigma Aldrich >98%
Aragonite Alfa Aesar >99%
Jarosite Alfa Aesar >99%
Trehalose Sigma-Aldrich >99%
Montmorillonite Sigma-Aldrich >99%
Goethite Sigma-Aldrich >99%

2.2.1. Establishing a Protocol for Analysis of Inorganic and Organic Mixtures

Table 2.2.1 Standards used, details of source and purity

2.2.1.1.  Analysis of prepared Organic and Inorganic Mixtures

For this section of work several samples of organic and inorganic mixtures were
supplied for analysis with Raman spectroscopy prepared by a project student (Jacquie
Courdy). Standards of gypsum (JC111) and calcite (JC112) were compared against

synthetically produced calcium sulphate dihydrate (JC113) and calcium carbonate

(JC114). Mixtures of inorganic and organic samples were then compared and details of

these samples can be seen in Table 2.2.2.
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Calcite-Naphthalene samples
. Mass of
Percentage Mass of Mass_of Calcium Sodium Code
naphthalene /g chloride /g
carbonate /g
25 1.00 1.50 1.50 JC143
15 0.60 1.70 1.70 JC144
10 0.40 1.80 1.80 JC145
5 0.20 1.90 1.90 JC146
2 0.08 1.96 1.96 JC147
1 0.04 1.98 1.98 JC148
0.5 0.02 1.99 1.99 JC149
Gypsum-Naphthalene samples
. Mass of
Percentage Mass of Mass_of Calcium Sodium Code
naphthalene /g | chloride /g
sulphate /g
25 1.00 1.50 1.50 JC150
15 0.60 1.70 1.70 JC151
10 0.40 1.80 1.80 JC152
5 0.20 1.90 1.90 JC153
2 0.08 1.96 1.96 JC154
1 0.04 1.98 1.98 JC155
0.5 0.02 1.99 1.99 JC156

Table 2.2.2. Mass of compounds used to form gypsum-naphthalene and calcite naphthalene

The samples coded JC111 to JC114 and JC152 to JC156 were analysed using Raman

mixtures

spectroscopy. The samples were magnified using the x50 objective for both one

accumulation and then again for 5 accumulations. Following this, spectra of samples

JC143 to JC156 were recorded for 5 accumulations using the x5, x20 and then x50

objectives.
Map Number Number of points Distance between points(um) Objective
1 9 2 X20
2 121 2 X20
3 121 2 X20
4 25 5 X5

Table 2.2.3. Map parameters used in analysis

Raman spectroscopy maps were collected for the JC144 sample, which contained 15%

naphthalene in calcite. 5 maps were produced using different parameters. All maps were
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obtained from 1 accumulation for 1 second at 100% laser power; the varying parameters

for each map are shown in Table. 2.2.3.

2.2.1.2.  Preparation of Inorganic and Organic Mixture

All samples prepared of inorganic and organic mixtures follow a similar method, where
they are mixed as two solids, a solid and solution or two solutions. The inorganic
components used in the mixtures were all prepared by the same method. Samples within
this section were verified using powder X-ray diffraction and comparing the resultant
with the ICDD and PD4 databases. For calcite the samples were prepared by mixing a
solution of calcium chloride dihydrate and sodium carbonate. The solvents were then
removed using either rotary evaporation or filtration. Gypsum was prepared by the same
method using sodium sulphate in the place of the sodium carbonate. Figure 2.2.1 shows

the equations and amounts used in each sample synthesis.

Na2C03 + CaC|22HzO — CaCO; + 2NaCl + 2H,0
105.98g + 147.01g — 100.09¢g
1.059g + 1.469g — 1g
Calcite formation

Nast4 + CaC|22H20 — CaSO, + 2NaCl + 2H20
142.04g + 147.01g — 136.14g
1.043g + 1.080g — 1g
Gypsum formation

Figure 2.2.1. Equations for formulation of inorganic components and amounts needed to
produce 1 g.

For preparation of these inorganic compounds several different solvents were used.
Table 2.2.4 shows details of the samples produced, solvents used and the method of

solvent removal.
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Calcium chloride Sodium sulphate/carbonate Solvent
Code Product
Solvent Volume Solvent Volume removal
KP111 Water 10 cm® Water 10 cm® Rotary Calcite
evaporation
3 3 Rotary .
KP112 Acetone 10 cm Water 10 cm evaporation Calcite
KP113 Water 1cmd Water 6 cm® Filtration Calcite
KP114 Water 1cmd Water 6 cm’ Rotary Calcite
evaporation
KP132 Water 40 cm® Water 6 cm® Rotary Gypsum
evaporation

Table 2.2.4. Table showing different pure inorganic products produced for analysis

To produce mixtures of two solutions the same method was used for all samples. The

organic component was dissolved in acetone and this solution was added to the

inorganic solvent. Due to the insolubility of the resultant inorganic components, the

precursors were instead used in water solutions. The three solutions (organic and two

inorganic precursors) were simultaneously combined. Once combined the samples were

then reduced using rotary evaporation. All samples produced used acetone to form the

organic solution except for sample KP121, which used methanol in its place. Details of

the all the samples can be found in table 2.2.5.

Calcium Sodium
. carbonate / Volume
. chloride . Mass of

Inorganic sulphate Organic : of

Code organic
phase Volume Volume phase solvent
Mass | o Mass (9) 3
@ 0 waBter @) of wa3ter (cm)
(cm?) (cm?)

KP120 | Calcite | 0.5 10 0.5 10 Naphthalene 0.5 10
KP121 | Calcite | 0.5 10 0.5 10 Naphthalene 0.5 10
KP127 | Calcite | 0.16 2 0.22 1 Naphthalene | 0.05 2
KP128 | Calcite | 0.11 2 0.15 1 Naphthalene | 0.05 2
KP129 | Calcite | 0.05 2 0.7 1 Naphthalene | 0.05 2
KP130 | Calcite | 0.05 2 0.7 1 Naphthalene 0.1 2
KP131 | Calcite | 0.05 2 0.7 1 Naphthalene | 0.15 2
KP133 | Gypsum | 0.16 2 0.16 1 Naphthalene 0.05 2
KP134 | Gypsum | 0.11 2 0.10 1 Naphthalene 0.05 2
KP135 | Gypsum | 0.05 2 0.05 1 Naphthalene 0.05 2
KP136 | Gypsum | 0.05 2 0.05 1 Naphthalene 0.1 2
KP137 | Gypsum | 0.05 2 0.05 1 Naphthalene 0.15 2

Table 2.2.5. Table showing different mixtures produced using solution-solution mixing methods.
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Mixtures produced from a solid and solution all followed the same generic formula. For

these samples the organic solutions were added to solid standards of the inorganic

compounds. As in the solution-solution mixing methods, the organic compound was

dissolved in acetone and then, when added to the inorganic solid, reduced using rotary

evaporation. Table 2.2.6 details all the samples produced using this method.

Code Inorganic Amount_of Organic Amoun_t of Acetone
phase inorganic phase organic volume
KP115 Calcite 0.15¢ Naphthalene 0.05¢ 10 ml
KP116 Calcite 0109 Naphthalene 0.059 10ml
KP117 Calcite 0.059 Naphthalene 0.059 10 ml
KP118 Calcite 0.059 Naphthalene 0.109 20 ml
KP119 Calcite 0.059 Naphthalene 0.15¢ 30 ml
KP138 Gypsum 0.15¢ Naphthalene 0.05¢ 10 ml
KP139 Gypsum 0.109 Naphthalene 0.05¢ 10ml
KP140 Gypsum 0.05¢g Naphthalene 0.05¢g 10 mi
KP141 Gypsum 0.05¢g Naphthalene 0.10g 20 ml
KP142 Gypsum 0.05¢g Naphthalene 0.15¢g 30 ml
KP145 Calcite 0.15¢ Anthracene 0.05¢ 10 ml
KP146 Calcite 0.10g Anthracene 0.05¢g 10ml
KP147 Calcite 0.05¢g Anthracene 0.05¢g 10 mi
KP148 Calcite 0.05¢ Anthracene 0.10¢ 20 ml
KP149 Calcite 0.05¢g Anthracene 0.15¢g 30 ml
KP150 Gypsum 0.15¢ Anthracene 0.05¢ 10 ml
KP151 Gypsum 0.10g Anthracene 0.05¢g 10ml
KP152 Gypsum 0.05¢ Anthracene 0.05¢ 10 ml
KP153 Gypsum 0.05¢ Anthracene 0.10g 20 ml
KP154 Gypsum 0.05¢g Anthracene 0.15¢g 30 ml

Table 2.2.6. Table showing different mixtures produced using solid-solution mixing methods.

2.2.1.3.

Goethite samples and Martian soil simulant samples

Three sets of samples were prepared with mixtures of a Martian soil simulant (MRS07)

and beta-carotene, goethite and beta-carotene and goethite and anthracene. The organic

components were added to the solid inorganic components to form a solid-solid

34




mixture. For each sample set, 5 different sample concentrations were prepared to

produce 1, 2, 5, 10 and 25 % w/w samples.

2.2.2. Development of Criteria for Instrument Performance Comparison

In this section three mixtures were used: naphthalene in toluene, naphthalene in acetone
and calcite in trehalose. For the naphthalene in toluene mixtures; naphthalene was
dissolved in different quantities of toluene to produce of 1, 5, 10, 25, 50, and 100 % w/v
solutions. This process was then repeated using acetone as a solvent. For the trehalose
and calcite mixtures the previously used solid-solid method was used to produce

mixtures of 5, 10 and 25 % w/w mixtures.

For the systematic identification of compounds work in this chapter, standards of
several organic and inorganic compounds were analysed using Raman spectroscopy.
Anthracene, beta-carotene, naphthalene, phenanthracene and phenylalanine were all
organic compounds interrogated. Aragonite, calcite, gypsum and jarosite were all
analysed as inorganic compounds. Details of these standards can be found in the table

2.2.2.

2.2.3. Instrument performance comparators

This section of work investigated the comparability of two different Raman instruments:
the InVia and MOB instrument. All samples analysed in this section were investigated
previously. Therefore their spectra was already established and interpreted. The
experimental work within this section involved optimization of the spectra through

alterations to the instrumental parameters. The calcite and trehalose mixtures
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interrogated in chapter 4 were used as standards in the development of a reproducible

method of obtaining reproducible spectra between the two instruments.

The prototype instruments probe was mounted at the 90 degree angle so that the laser
pointed downwards towards a flat sample. A stage was prepared where nanometre
movements could be performed on the slide in X, Y and Z planes. The stage and probe
were then housed within an enclosure to minimize light at the sample. Two slides were
prepared on top of one another; the upper slide had a hole in the middle to house the
sample. The midpoint in the X and Y directions were measure and marked on the slide.
These markings allowed for lining the laser up into the middle of the sample on both
instruments, on the InVia using the microscope and on the prototype instrument using

the stage.

To compensate for differences within homogeneity of the sample multiple points were
looked at. Each point was a set known distance from the centre of the slide. This
distance was consistently used to travel in all directions around the midpoint of the slide
to produce a 3 by 3 grid of points. Spectra were recorded at all these points on each

instrument and then compared.

After establishing the issues with reproducibility within this setup on the micron scale a
hole was drilled in a thin copper slide to produce a mask. Samples were analysed using
Raman spectroscopy through the mask. To test the effect the slide had on spectra of the
sample; silicon and the previously used calcite trehalose mixtures were analysed

through the mask.
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Inorganic Organic Concentration Code

phase phase Y%ow/w

Gypsum Glycine 25% GG04
Gypsum Glycine 1% GG01
Gypsum Trehalose 1% GTO01
Calcite Naphthalene | 10% CNO3
Calcite Naphthalene | 1% CNO1
Calcite Phenylalanine | 25% CP04

Table 2.2.7 Table of samples analysed

Using the instrument validation parameters developed in chapter 4 several samples were
produced which contained desirable spectral features (Table 2.2.7). These samples were
analysed using the slide and mask on both the Renishaw InVia and prototype MOB

Raman spectrometers.

Data from the Rover instrument was converted into XY data files, therefore for
comparison within GRAMS these files were first converted into .SPC files. Due to
differences within the spectral ranges analysed with both instruments any regions below
220 cm™ or above 2200 cm™ were removed. This allowed easy comparison of finger
print regions produced by both instruments. To remove background from the samples
all sets of spectra were baseline corrected using multiple points with the baselines set to

ZEro.

2.2.4. Exemplar systems

Three geological standards were analysed using Raman spectroscopy; trona, sodium

bicarbonate and thermaonatrite. The spectra for these standards were then compared to

the unknown sample believed to be trona.
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The samples; 5a-cholestane, 5-a-ergostane-3-,11-p-diol, ergosterol, 17-a(H),21-B(H)-
hopane in solution and hop-21(22)-ene in solution were sourced through Sigma Aldrich.
Table 2.2.8 shows the structure of each sample. Each of these samples was from distinct
biomarker groups which allowed for the identification of peaks indicative of the sample
group and additionally of individual peaks enabling differentiation to be accomplished

between the individual compounds.

Sa-cholestane 5-a-ergostane-3-$,11-p-diol

- \\"
/l | = HsC CH,
HO? S

Hop-21(22)-ene

CHj3

CH,

HsC CH

3

Table 2.2.8. The chemical structure of each biomarker
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Following analysis of the individual compounds the samples ergosterol and cholestane
were used to produce a variety of mixed powder samples. These samples were prepared

for analysis by Raman spectroscopy to establish if detection and differentiation between

the two compounds was possible. The mixtures were created using the %w/w mixtures

shown in table 2.2.9.

Sample No. | Cholestane (mg) | % Composition | Ergosterol (mg) | % Composition
1 0.0 0 40.0 100
2 0.4 1 39.6 99
3 0.8 2 39.2 98
4 2.0 5 38.0 95
5 4.0 10 36.0 90
6 10.0 25 30.0 75
7 20.0 50 20.0 50
8 30.0 75 10.0 25
9 36.0 90 4.0 10
10 38.0 95 2.0 5
11 39.2 98 0.8 2
12 39.6 99 0.4 1
13 40.0 100 0.0 0

Table 2.2.9 Composition of cholestane and ergosterol mixed powder samples

Thirteen w/w mixed samples were prepared in total and subjected to analysis using the

50x objective lens, the 20x objective and the 5x objective lens using the 785nm laser for

1 spectral acquisition at 50% laser power and a 10 second exposure time. The spectra

were then subjected to baseline correction and normalisation using GRAMS Al

software.

To prevent loss of sample, the hopanoid samples were analysed in the glass bottles in

which they were supplied. For the hopanoid sample analysis was carried out using a 15x

objective lens, at the 785 nm laser line, 100% power for 1 spectral acquisition and a 10

second exposure time.
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To supplement the work on the solid mixtures of compounds, samples of known
concentrations of ergosterol in solution were prepared. A 0.1 M standard solution was
prepared by dissolving 1.00 g of ergosterol in dichloromethane in a 25 cm® volumetric
flask. A 10 cm® portion of the sample was transferred to a 10 cm® volumetric flask from
which a 2 cm® sample was removed. The solution was made up to 10 cm® by addition of
dichloromethane. Again a 2 cm® sample was removed and the remaining solution made
up to the 10 cm® by addition of dichloromethane. This process was repeated until ten

sample solutions were obtained of known concentration.

The samples were analysed in a mirrored cuvette cell using the 15x objective lens and
the 785nm laser at 100% power for 1 spectral acquisition with a 10 second exposure
time. The spectrum for each liquid sample was again baseline corrected and subject to

normalisation.

Raman spectra were obtained from a sample of halite rock from the Yungay region of
the Atacama Desert. Sites of possible inclusions on and within the samples had been
identified and therefore spectra were obtained from various different locations on each
sample. A section of the inclusion and rock was then broken off, ground using a mortar
and pestle and then mixed in a ball mill. The resultant mixture was then analysed using

a 3 by 3 grid system with the Renishaw InVia Raman spectrometer.
Nine samples of different bacteria were supplied from University College London. Both

freeze dried and liquid cultures of the samples were supplied and are shown in table

2.2.10.
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Bacterial strain Label Cell density in Mass of lyophilized

liquid culture powder

E.coli EC 9x10” cells/ml 0.138 g

Deinococcus radiodurans DR 3x107 cells/ml 0.102 g

Brevundimonas sp. MV.7 MV.7 3x10° cells/ml 0.053 g
Rhodococcus sp. MV.10 MV.10 9x10° cells/ml --

Synechocystis sp. PCC6803 cyano 2x10" cells/ml 0.045¢

(cyanobacterium)

Table 2.2.10. Bacterial samples analysed using Raman Spectroscopy

Samples were all analysed using both 1064 nm (Bruker IFS66/FRA 106 FT-Raman
instrument) and 633 nm (InVia instrument). The bacteria were then irradiated with an
80 kGy gamma ray dose and analysed again. A sample of Deinococcus radiodurans was
placed onto a slide, analysed using Raman spectroscopy. The sample was then photon

irradiated and analysed a second time

2.3.  Storage and systematic naming of samples

Upon collection of several datasets with multiple parameters for various concentrations
a method of easy cataloguing is required. Due to the high volume of data collected, a
method of having easy access to a certain file would require a large amount of time to
locate. Therefore an easy way of identifying each sample was needed, however due to
the large number of variables in each sample a simple systematic naming convention

would give no information.

Prior to any work on making the data easily identifiable the data first had to be collated
into a single location for easy access. The simplest way to do this was to create a
database and enter each sample into it. Therefore the 260 different samples were entered
into a database. Information was entered into the database under the headings shown in

Table 2.3.1:
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Name Description
Date of entry Date at which the sample data was placed into the database
A unique identifying code which gave details about all the parameters of
Unicode each sample. (See below)
working code The identifying code on the samples after preparation
originator The initials of the person who prepared the sample
lab book ref The identifying code of the sample in the corresponding lab book
Solvent Solvent used to prepare the solution
Method of how the samples were prepared e.g. Solid-solid, Solid-
Mixing type solution or Solution-solution
inorg phase Inorganic phase within the sample
organic phase Organic phase within the sample
ratio w/w Ratio of organic to inorganic or percentage weight by weight
DB ref original Filename of the sample
R-1064 Hyperlink to Raman 1064nm spectrum
R-785 Hyperlink to Raman 785nm spectrum
R-633 Hyperlink to Raman 633nm spectrum
R-514.5 Hyperlink to Raman 514.5nm spectrum
XRD Hyperlink to X-ray defraction pattern
FTIR Hyperlink to FTIR spectrum
preparation notes Additional notes relating to the sample

Table 2.3.1 Details of the different sections within the database and their description

For the Unicode value a unique identifying name was needed for each sample. However

to make identifying each sample easier it was desired that this code also was able to

identify what a sample was simply from its name. To keep this naming a code was used

within the database (Appendix 1): Using the devised code the files are named based on

the following information:
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EX08 - Refers to the ExoMars Project (the EX part) data collected in 2008 (the 08

part)

Cal, Gyp, Goe, Mon or MRS - Referring to the inorganic material being Calcite,

Gypsum, Goethite, Montmorillonite or MRS07

Nap, Ant, Pan, Tre, Cel, Pal, Gly, B-C or Glu - Referring to the organic material
being Naphthalene, Anthracene,
Phenanthracene, Trehalose,
Cellulose, Phenylalanine, Glycine,
-Carotene Glucose

rX_Xor pl00_X - Refer to the ratio of the mixture,
either r meaning ratio or p meaning
based of a percentage.

EXXX - Refers to the sample number

XX - Initials of the person who prepared the sample.

All 260 entries were then entered into the database and names were generated. To link

up spectra, hyperlinks were made linking each spectrum obtained to the sample.
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Chapter 3

Establishing a Protocol for Analysis of Inorganic and Organic Mixtures

The aim of this section is to investigate methodology for reproducible analysis of
inorganic and organic mixtures. This includes deducing the ability for Raman
spectroscopy to obtain accurate and precise limit of detection values and an optimal
analysis protocol is produced. Different mixing methods are interrogated and their
resultant sample homogeneity investigated and the optimal sample preparation method
is devised. Using these protocols, the ability for Raman spectroscopy to detect an

organic in exemplar Mars relevant materials is established.

3.1.  Raman Analysis of an Organic Compound within an Inorganic Matrix.

The search for life on Mars requires looking for an organic material within an inorganic
matrix. Organic materials are often indicative of life and as such several organic
compounds have been identified as signs of lifel***54+14¢1 The organic compound in
most instances would occupy niche areas within the inorganic soil or rocks!®**!. This
has been observed in Antarctic lacustrine sedimentst**”), endoliths from Antarctic cold
desertst®! and organic materials within Martian meteorites™*!. Therefore when
simplified into a laboratory environment this means the process involves looking for an
organic within an inorganic. To find an indication of extant or extinct life within a
Martian environment a technique for detecting these types of samples is required. To
facilitate this, evaluation specimens of known concentrations were prepared for analysis

by Raman spectroscopy. Prior to looking at real samples within a controlled
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environment it must be established if the instrument can actually detect organic

compounds within an inorganic one, and therefore simple mixtures are used.

For samples to be comparable to that which would be found on the surface of Mars,
careful selection of suitable organic and inorganic materials must be chosen. For the
purposes of this work the inorganic materials of gypsum and calcite were chosen and
the organic material naphthalene was used. Inorganic materials often found on the
surface of Mars include sulphates such as gypsum!’® and carbonates such as calcite™*!.
Naphthalene was used as polycyclic aromatic hydrocarbons have been previously
identified in meteorite samples and the presence of such compounds could indicate the

presence of microbest***1%H,

In this section of work mixtures were produced of the organics and inorganics at
different concentrations. From these mixtures of different concentrations, limits of
detection for the Raman instrument can be calculated. To use limits of detection
accurately; homogenous mixtures are required. This requires an organic material to be
“included” within the inorganic sample. There are 3 different ways in which samples
can be prepared in inclusions; “physical” inclusions, physisorption and
chemisorption!®?. In a “physical” inclusion the organic molecules are surrounded by
the inorganic particles and thus become trapped as the sample comes out of solution!***],
In physisorption the different compounds become attracted to each other via hydrogen
bonding or weak van der Waal’s forces™**. Chemisorption occurs when either covalent

or ionic bonds form between the inorganic and organic molecules®*?.

Mixtures of organic and inorganic compounds can be created using several different

states: solid-solid, solid-solution, and solution-solution. In solid-solid mixing the two
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compounds are simply ground or mixed together in the solid form. In solid-solution
mixing one component is dissolved into solution and this solution is then mixed with
the other compound in solid form. Solution-solution mixing occurs when both
compounds are mixed together while dissolved in a suitable solvent. Upon mixing of
samples the solvent was removed from the mixture using rotary evaporation and the

remaining material contained only the organic and inorganic components.

Twelve different samples were produced; six of calcite with naphthalene mixtures,

produced by mixing naphthalene in solution with sodium carbonate and calcium

chloride. Another six were produced with gypsum mixtures using sodium sulphate and

calcium chloride with the naphthalene in solution. Raman spectra were obtained of each

of the samples, of the original formed compounds prior to mixture and also of the pure

compounds.
Gypsum
JC111 J\/%._JLI\“_,___,_,\
Calcite J
Jc112 A M

Synthetic gypsum
JC113

Synthetic calcite
A
JC114 QLN Ny

30‘00 25‘00 20‘00 15‘00 10‘00 560
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Figure 3.1.1. Raman spectrum of gypsum and calcite standard samples and the synthetic
samples (JC111 to JC114)

Spectra were obtained of the inorganic material produced and of the standards of each

inorganic compound (Figure 3.1.1). For the gypsum standard (JC111) and the synthetic
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gypsum (JC113) all the major peaks were consistent. In table 3.1.1 all the peaks in the

naphthalene spectrum are identified and assigned.

Wavenumbers /cm™ | Assignment™****]

1141 v3 antisymmetric stretch vibration modes
1007 v, symmetric stretch vibration modes of SO,
620 v, antisymmetric bending vibration modes
493 v, symmetric bending of SO,

409 v, symmetric bending of SO,

Table 3.1.1. Peak assignments for gypsum standard

In the synthetic sample of gypsum peaks were present at 1139 cm™ , 1005 cm™ , 621
cm™, 491 cm™ and 409 cm™ and these peaks are all similar to those present in the
standard spectrum™**%] This indicates a strong match between the two samples;
JC111 and JC113. Minor shifts present within the synthetic peaks can be attributed to
the broadening of the peaks due to instrument resolution. Instrument resolution affects
the accuracy to which peaks can be resolved and therefore at low resolutions, peaks will
appear broader. The peak attributed to the symmetric stretch vibration mode of
SO,#1%1 at 1005 cm™ is the most intense peak within both spectra of the samples and
has a similar signal to noise ratio. Some differences do occur; the intensity ratios
between the peaks at 491 cm™ and 409 cm™, relating to the symmetric bending of
SO,*%1 This is can be attributed to the samples position whereby the samples are
orientated differently. Disorientating gypsum has previously been established to effect
the relative intensities of peaks within the spectrum, whereby the orientation of the
gypsum can alter the relative band intensities within the spectrum and even, at some
orientations, remove bands entirely!**®!. Similar observations have also been made about

calcite crystals™>",
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Wavenumbers /cm™ | Assignment %!

1087 vi-Symmetric COj; stretching
713 v 4-Symmetric CO3 deformation
282 T(Ca, COy)

155 T(Ca, COy)

Table 3.1.2. Peak assignments and structure of calcite (T, translational lattice mode.)

The same result occurs when comparing the spectrum of calcite (JC112) and that of
synthetic calcite (JC114) produced from mixing calcium chloride and sodium carbonate
in solution. Peaks are present in both spectra at 1086 cm™, 708 cm™, 278 cm™ and 156
cm™ (Table 3.1.2). In this instance the peak at 1084 cm™, associated with CO3 %
stretching, produces the strongest intensities in both spectra and has a similar signal-to-
noise ratio observed. Therefore its presence, when seen in a mixture, would be
indicative of this compound. Similar relative intensity shifts and peak position shifts can

be seen as observed that were seen in the gypsum samples.
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Figure 3.1.2 Raman spectrum of calcite-naphthalene mixtures at different concentrations from
25% (JC143) to 0.5% (JC149)

Spectra were obtained of the samples of calcite and naphthalene mixtures JC143 to
JC149 produced using solution-solution mixing (Figure 3.1.2). The samples are ordered

and displayed from highest naphthalene concentration of 25 %, JC143, to lowest
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concentration of 0.5 %, JC149. The organic component only remains visible at higher

concentrations; samples 25% (JC143) to 10% (JC145).

Wavenumbers /cm™ | Assignment™™*)

3057 CH stretching

1629 CC stretching

1578 CC stretching

1380 CH in-plane bending

1169 CH in-plane bending

1147 Ring symmetric deformation,
ring trigonal deformation

1021 CH out-of-plane bending

764 Ring antisymmetric
deformation, bending CH

Table 3.1.3. Peak assignments and structure of naphthalene

Table 3.1.3 shows all the bands associated with naphthalene and the bands at 3055 cm™,

1576 cm™, 1461 cm™, 1380 cm™, 1017 cm™, 765 cm™ and 508 cm™ are present within

these spectra. The major peaks at 1380 cm™, relating CH bending, and 3055 cm™,

relating to the CH stretching, both remain present in the spectra where the naphthalene

concentration is at or above 10%. From this it can therefore be assumed that for

concentrations above 10% the organic component would be visible.
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Figure 3.1.3 Raman spectrum of gypsum-naphthalene mixtures from 25% (JC150) to 0.5%
(JC156)

Spectra were obtained of the samples containing naphthalene and gypsum, JC150 to
JC156, where the concentration of naphthalene within the mixture was reduced between
each sample (Figure 3.1.3). Organic present within the spectra only occurs in samples
JC150 and JC151. The bands at 3055 cm™, 1380 cm™and 765 cm™ are present within
these spectra. The major peaks at 1380 cm™, relating to CC and CH bonds and 3055 cm”
! relating to the CH bonding, both remain present in the spectra where the naphthalene
concentration is at or above 15%. Therefore theoretically any presence of organic above

15% would be visible.

For these samples the relative intensities all follow a similar trend where the Raman
peak intensities are proportional to the concentration. One of the potential issues of the
mixing method used here was that the sample may not be homogenous, which would
result in spectra where components appear to have a higher or low concentration than
they should have. Therefore to investigate whether these results are reliable,

investigation of the concentrations within the samples and the homogeneity of the
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samples is required. To do this several maps were produced of the same sample over

different locations.

Map 1 Map 2 Map 3 Map 4

Figure 3.1.4 Maps of sample 15 % naphthalene in calcite JC144

Five Raman maps were performed on the sample of 15 % naphthalene in calcite; JC144.
This sample was used due to it consistently showing both calcite and naphthalene
components within the Raman spectra obtained. The maps produced show there is not
always an even distribution of organic materials within the samples. Map 1. Looked at
the variation within 9 points over 2 um. In this map several differences between the
points can be observed, however the small area used makes the map unrepresentative of
the whole sample. Therefore Map 2 was produced at a second location using 121 points
of a 2 um size. In this map a large amount of inorganic material is found to the south-
western region. This distribution difference may have been derived due to defocusing of
the laser and therefore a second region was investigated using the same parameters;
Map 3. In this map two very distinct regions of organic compounds can be seen and
these do not appear to be derived from a defocusing of the sample. Therefore this map is
a clear indication that homogeneity is an issue for the samples. To show the effect of
homogeneity over a much larger area Map 4 was produced using the x5 objective rather
than the x20 used in all previous samples. In the map it can be seen that where spectra
are obtained from multiple locations over a much larger area, the spectral differences

average out to have a more even distribution.

o1



These maps show that while detection of naphthalene within an inorganic mixture is
possible the samples are not homogenous. From these maps it can clearly be seen that
all the samples have variation and unless every point of the sample was mapped it
would be difficult to obtain a truly representative spectrum of the sample. Therefore it
must be assumed that there will be variation within the spectrum. By using multiple
different points within the spectrum this allows some of the extremes of these
differences to be seen. Taking the average of these points the data then becomes a more
accurate spectrum of the sample. For limits of detection studies to be carried out it must
be reproducible and thus further work must be carried out to look into why the samples
are not homogeneous. To do this the methods of sample preparation and ways to

optimize the mixing of the two materials must be investigated.
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3.2.  Preparation of Inorganic and Organic Mixtures

Having established the issues with homogeneity in the previous section, this section
looks at attempting to increase the homogeneity observed. This is carried out through
preparation of the samples using different inorganic and organic mixing methods.
Different mixing techniques are used in an attempt to obtain samples with optimal
homogeneity, and therefore the least variation across the sample. There are several
different methods to produce such mixing; simple preparation of mixing the two solids,
dissolving one solid and then depositing the solution onto this solid or to combine the

compounds while they are both in solution.

The methods for formation of calcite and gypsum from solutions of calcium chloride
and sodium sulphate or sodium carbonate have been well established in the literature!*®®-
1621 During the formulation process the precursor materials are required to be in
solution. At this stage the addition of an organic component is possible and this organic
compound can either be added as a solid, solid-solution mixing, or as a solution,
solution-solution mixing. This work will concentrate on the mixing using solid-solution
techniques and solution-solution techniques. For the majority of cases the organic
compounds are relatively easy to dissolve using common solvents. The inorganic
compounds however were relatively insoluble and therefore their more soluble
precursors were dissolved and added to the organic. This in turn added an additional
area of investigation, due to the possibility of interactions between the precursors and

the solvents or the precursors and the organic materials.

Based on the method of the preparation of inorganic compounds carried out previously,

a sample of gypsum was prepared using minimum quantities of water as a solvent. This
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sample of gypsum was used to prepare all the solid-solution mixtures of varying
concentrations containing naphthalene and anthracene as organic phases. Samples were
also prepared using calcite for comparison between solution-solution and solid-solution
mixing. 30 samples were produced in total with 3:1, 2:1, 1:1, 1:2 and 1:3 ratios of
organic to inorganic using solution-solution and solid solution mixing techniques.
Samples KP127-131 were produced using solution-solution mixing of calcite with
naphthalene and KP133-137 used the same mixing technique for gypsum with
naphthalene. For solid-solution mixing; KP115-119 were produced of calcite and
naphthalene, KP138-142 gypsum and naphthalene, KP145-149 calcite and anthracene
and KP150-154 gypsum and anthracene. These samples were then analysed using
Raman spectroscopy at 6 different locations. For more details of these samples see

Tables 2.6 and 2.7 in Chapter 2.

All the samples produced a white precipitate which visually was indistinguishable
between each sample. Samples of calcite and naphthalene mixtures were also prepared
using different solvents and different concentrations. In these samples it was again
impossible to distinguish between the different samples visually. All samples were
analysed using Raman spectroscopy and a spectral map was performed on the 1:1

naphthalene in calcite sample, KP117, to identify how homogenous the mixture was.
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Figure 3.2.1. Raman spectrum of calcite samples produced from solvents using excess water
(KP111), excess water and acetone (KP112), minimum water quantities and filtration (KP113)
and minimum water quantities (KP114).

Figure 3.2.1 shows the pure calcite standard against that of the different samples of
calcite produced using different solvents. Each of the calcite samples were prepared
using slightly different conditions. KP111 was produced from using water as the only
solvent in excess. For KP112, in acetone the sodium carbonate component was
completely insoluble and therefore the sample was prepared using acetone in excess as a
solvent for the calcium chloride and water in excess for the sodium carbonate. In KP113 the
calcite was produced from using a minimum amount of water as the only solvent and
filtering the product to remove the excess solvent. KP114 also used a minimum amount
of water as the only solvent but used rotator evaporation to remove the excess solvent.
While the major peaks remain present in the spectrum, KP112 features peaks much
weaker than in the other samples at 275 cm™, this band relates to the translational lattice
mode of Ca and CO5™*%®!. A new band occurs at 201 cm™ which indicates that aragonite
was also formed. This was confirmed from the powder x-ray diffraction and compared

against database standards.
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Figure 3.2.2. Raman spectra of A) KP120- Solution-solution mixture of calcite and naphthalene
using the solvents water and acetone, B) Calcite and C) Naphthalene.
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Figure 3.2.3. Raman spectra of A) KP121- Solution-solution mixture of calcite and naphthalene
using the solvents water and methanol, B) Calcite and C) Naphthalene.

Figure 3.2.2 shows the spectrum of solution-solution mixed calcite and naphthalene
KP120 and spectra of pure components. The presence of the naphthalene is not

detectable due to its low concentration within this sample. In this spectrum a band at
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275 cm™ is present in this solvent and there is no peak at 201 cm™ therefore the
spectrum produced matches the pure calcite. However in figure 3.2.3 the band at 275
cm™ does not appear and instead an aragonite peak at 201 cm™ occurs. The only
difference between samples KP120 and KP121 is the solvent used. In KP120 acetone
was used to dissolve the naphthalene, whereas in KP121 methanol was. Therefore this
indicates the methanol solvent having an interaction with the formation of the calcite.
This difference was also observed in the previous spectrum of sample KP112; whereby
the different bands occurred. However the presence of acetone within the KP112 sample
appeared to be the cause of the interaction. To prevent the issue observed in sample
KP112, the KP120 sample had been prepared where the organic and inorganic solutions
were dissolved in separate containers before adding them together. Therefore the
difference seen in KP112 must arise from acetone directly being the solvent for sodium
carbonate rather than it simply being present. From this it can be deduced that the use of
water for the inorganic components and the use of acetone for the organic component is

desirable.

Issues with homogeneity of the solid state mixtures have been clearly identified as a
problem in Raman spectroscopy. By looking at individual signals for the organic and
inorganic component it is possible to identify how extreme the variation within the
intensities can be. To do this the spectra of calcite and naphthalene mixtures were
investigated over nine different locations. The peak intensities at each of these locations
were recorded and plotted against the concentration of the sample. From the graph
plotted it would then be possible to see how the homogeneity can vary depending on

location.
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The spectra from nine different points were collected for samples of 5%, 10% and
25%.napthalene in calcite. The spectra were then baseline corrected with the baseline
set to zero. All spectra were normalized using the calcite peak at 1085 cm™. The

intensity was then recorded for the peak at 1381 cm™.

5%

1381 cm™

Figure 3.2.4 Raman spectrum of a single peak at 1381 cm™ within the spectrum of naphthalene
in calcite at different concentrations

Figure 3.2.4 shows the Raman spectra of the peaks at 1381 cm™ for one location at each
concentration. From the spectra it can clearly be seen that signal for the peak is
indistinguishable from the noise at the 5% concentration. Therefore the values obtained
at this point are will be at the noise floor for the spectrum. The peaks present in the 10%
and 25% samples both show an increasing signal-to-noise ratio as expected with the

increase in concentration.
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Percentage | 25% 10% 5%

Region 1 22177 | 1.2787 | 0.2402
Region 2 45420 | 2.4848 | 0.0379
Region 3 3.3468 | 2.1714 | 0.4588
Region 4 3.7974 | 1.7419 | 0.0755
Region 5 3.1846 | 0.5795 | 0.2460
Region 6 1.7881 | 0.7088 | 0.2209
Region 7 3.2099 | 0.9491 | 0.2674
Region 8 3.7682 | 1.0083 | 0.0648
Region 9 3.1483 | 1.0784 | 0.4158

Table 3.2.1 Table showing different intensities (x10?) of the peak at 1381 cm™within mixtures

of naphthalene and calcite.

Table 3.2.1 shows the intensities for the peak at each individual location. From this it

can be seen that as intensity increases as the concentration increases. However it is also

clear that there is variation within the intensities relating to the different locations.
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Figure 3.2.5 Scatter plot showing varying values for percentage concentration vs. intensity

Figure 3.2.5 shows the different locations with concentration plotted against intensity.

From this it can be seen that using a line of best fit the concentration is directly

proportional to the Raman intensity. As mentioned previously the variation of the

intensities is very broad. Several of the intensities for the concentration at 25% are

lower than the intensities at 10%. It is also clear from the graph that some intensities for
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the 10% concentration are very similar to the intensities of the 5% concentration. This
means that some 10% intensities may be partially or completely noise, as the signal
intensity is below the instrumental limit of detection. Therefore these types of mixtures
could not reliably be used to predict limit of detection values. However by looking at
the averages across all points the results obtained, points which are more representative

of the whole sample can be used.

3.2.1. Naphthalene systems

3.2.1.1.  Solution-Solution mixing

Solution-solution mixing and solid solution mixing was carried. These methods were
used to detect differences between them and allow for optimal mixing of the samples.
While solution-solution mixing has the potential to produce the most homogenous
mixing of the samples it requires complete dissolution of the solute. Additionally, in the
previous section the presence of acetone as a solvent for the sodium carbonate
molecules alters the final inorganic compound produced. While acetone is not used as
the solvent for the inorganic precursors, when combined with the acetone used as the

solvent for the organic, there is the potential for interactions.
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Figure 3.2.6 Raman spectrum of solution-solution mixed calcite and naphthalene samples
KP127-31

The samples of calcite naphthalene solution-solution mixtures (KP127-KP131) were
analysed using Raman spectroscopy (Figure 3.2.6). The spectra obtained clearly show
the presence of naphthalene within the calcite in all the samples except where the
organic concentration was lowest and the ratio of inorganic to organic was 3:1 (KP127).
In all the samples where the concentration was higher than this, the naphthalene peaks
at 3057 cm™, CH stretching, and 1380 cm™, CH in-plane bending, were present. As the
concentration of the organic component increases it can clearly be seen that the peaks
corresponding to naphthalene also increase. In the spectrum of 1:3 calcite to
naphthalene the most intense peak of naphthalene and the most intense peak of calcite
have a ratio of relative intensities of almost 1:1. In this sample the presence of a
background was limited due to the strong intensities of the Raman signals within the

spectrum.
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Figure 3.2.7 Raman spectrum of solution-solution mixed gypsum and naphthalene samples
KP133-37

Using Raman spectroscopy the samples of solution-solution mixed gypsum and
naphthalene (KP133-KP137) were analysed (Figure 3.2.7). The background present
within the samples obtained masked the majority of the Raman signals obtained. Only
the final spectrum (KP137) shows the presence of naphthalene. However it seems
unlikely that the increase between the ratios of 1:2 gypsum to naphthalene and 1:3
gypsum to naphthalene would cause such a change. Peak intensities should be
proportionally to concentration, however the relative intensities go from being 0:1 in
KP136 to approximately 6:1 in KP137. Such an increase is very unlikely and therefore
the explanation for such an increase is likely to be attributed to the sampling and a
location of high naphthalene presence being analysed. Due to the intensity of the noise
derived from the background it is not possible to detect naphthalene within any of the
samples KP133 to KP136. While there appears to be a peak in the sample KP136 at
1380 cm™, which would indicate the presence of naphthalene, the signal-to-noise ratio

Is too weak to state with certainty that a signal is present.
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3.2.1.2. Solid-Solution mixing

This section looks at the differences between the samples produced through the solid-
solution technique. This technique involved the addition of the organic component in
solution to the inorganic component as a solid. The systems analysed look at the effects
of the calcite and gypsum as inorganics with the organic naphthalene components as
investigated in the previous section. Additionally spectra were obtained with anthracene

as the organic component.

KP115 3:1 l
A JL_JL,
KP116 2:1 k
)\ SR A G A U
KP117 1:1 l
KP118 1:2 J ]
N A A u
JL KP119 1:3 A

T T T T T T T
300! 2500 2000 1500 000 500 0

Wavenumbers /cm™

Figure 3.2.8. Raman spectrum of solid-solution mixed calcite-naphthalene samples KP115-
19

Figure 3.2.8 shows the Raman spectra obtained from the calcite-naphthalene samples,
KP115 to KP119. As with the samples produced through solution-solution mixing, there
is only a minor background and the signal-to-noise ratio of samples is strong enough to
clearly identify peaks. However, as in the sample KP137, the sampling method used
produces spectra from a non-homogenous area in sample KP119. The relative
intensities of calcite to naphthalene are too strong for the differences to be based on the

concentration increases alone. The most intense naphthalene peaks at 3057 cm™ and
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1380 cm™ are present within the KP118 sample and therefore indicate the presence of

naphthalene in the mixture.
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Figure 3.2.9. Raman spectrum of solid-solution mixed gypsum-naphthalene samples KP138-
42

The Raman spectra obtained for samples KP138 to KP142 do not show the presence of
naphthalene (Figure 3.2.9). The presence of a background in the spectra of samples
KP138 to KP140 is minimal and does not degrade the signal of the gypsum peaks.
However in samples KP141 and KP142 only the peaks at 1141 cm™ and 1007 cm™
remain distinguishable from the background and due to the weak scattering abilities of
the naphthalene compared to the gypsum it would be unlikely to see any of the organic.
The signal present at approximately 2600 cm™ can be attributed to a cosmic ray hitting

the CCD detector and therefore produces a false signal.

3.2.2. Anthracene systems

Anthracene, like naphthalene, is polycyclic aromatic hydrocarbon and can be used as a

biomarker in the detection of lifel®®). Structurally it is similar to that of naphthalene with
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an additional ring. Due to their similar structure the Raman spectrum of anthracene and
naphthalene are similar. Table 3.2.2 shows the peak positions and assignments of the

main Raman signals.

Wavenumbers /cm™ Assignment
3056 CH stretching
3029 CH stretching
1633 CC stretching
1558 CC stretching i
1398 CC stretching ‘
1260 CH in-plane bending
1187 CH in-plane bending //
1164 Ring symmetric deformation, ring
trigonal deformation ‘
1008 CH out-of-plane bending S
753 Ring antisymmetric deformation,
bending CH

Table 3.2.2 Peak assignments and structure of anthracene

Several samples were prepared of inorganic-anthracene mixtures, KP145 to KP149
which used calcite as the inorganic and KP150 to KP154 which used gypsum as the
inorganic. All of these samples were prepared using solid-solution mixing and analysed

using Raman spectroscopy.
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Figure 3.2.10 Raman spectrum of solid-solution mixed calcite and anthracene samples
KP145-49

The Raman spectra obtained for the solid-solution mixed calcite and anthracene samples
KP145 to KP149 contained a large background which was removed (Figure 3.2.10).
While the background produced more noise in the spectra, this noise did not mask the
most intense signals associated with calcite nor anthracene. The most intense peak of
anthracene at 1398 cm™, associated with CC stretching, can clearly be seen in all
spectra. In the spectra obtained the presence of the calcite is only detectible in the

samples KP145-KP147.
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Figure 3.2.11 Raman spectrum of solid-solution mixed gypsum and anthracene samples
KP150-54

The spectra obtained from solid-solution mixed gypsum and anthracene samples KP150
to KP154 (Figure 3.2.11) show a similar presence of anthracene in all the spectra as can
be seen in figure 3.2.9. The spectra of these samples produced a far stronger signal-to-
noise ratio but still retained a background. KP151 to KP154 show unexpected ratios of
organic to inorganic component peak intensities. In these 4 spectra the intensities appear
to vary very little. This is due to the sampling positions, whereby the samples were not
homogenous and the spectra obtained were from regions of large concentrations of

anthracene.

From the spectra obtained it is clear that homogeneity remains present within the
sample regardless of preparation technique. Therefore solid-solid mixing of samples is
the most desirable method of preparation of organic and inorganic mixtures due to the
simplicity of the mixing technique and that it is the only method which does not
introduce additional compounds to the samples. By applying the 9 point grid systems
the homogeneity of the samples becomes a less significant factor in the in the analysis

of the samples.
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3.3.  Spectra from Goethite and Martian soil simulate samples

The previous sections within this chapter have looked at different mixing techniques
and the issues of homogeneity when looking at solid mixtures. The samples previously
analysed all produce distinct Raman signals within the spectrum due to being pure
samples. On Mars however these inorganics are not the most common geological
materials and any inorganic mixture is also likely to contain multiple inorganic
compounds. This section of work looks at the detection of an organic component when

it is in @ mixture with goethite and a Martian soil simulate.

Goethite is an iron oxyhydroxide and has the chemical formula FeO(OH). It’s presence
on Mars was detected in Gusev, a Martian crater, by NASA's Spirit rover. The presence
of goethite on Mars is very important in the detection of life on Mars as it is an
indication of liquid water in that the formation of goethite often requires liquid water.

This standard was obtained from Sigma-Aldrich.

Compound Concentration (%) Compound | Concentration (%)
Na — Montmorillonite 47.7 Al,O; 14.10
Kaolinite 9.9 SiO, 34.60
Haematite (+SiO,) 21.3 SO; 5.10
(19.17% Fe,03, 1.3% SiO,) 13.0 Cl 0.20
Anhydrite 7.1 K,O 0.17
Magnesium Sulphate 1.0 CaOo 6.09
Na,O 2.52 TiO 0.10
MgO 3.43 FeO 18.56

Table 3.3.1 Components of MRS07

The final inorganic component investigated in this chapter was that of a Martian soil
simulate identified as MRSO07. This sample was supplied by the German Space Agency

and was produced to have comparable constituents to that of the soil on Mars (Table
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3.3.1). Using this as an inorganic component is crucial in establishing the ability to

detect organic components as it represents the spectrum obtained from a real sample.

T T T T T T
3000 2500 2000 1500 1000 500

Wavenumbers /cm™

Figure 3.3.1. Spectrum of Martian soil simulant MRS07 exposed for 10 seconds over 1
accumulation at 100% laser power

The spectra of several components within the MRS07 samples individually produce
broad background features therefore a background was expected to be produced in these
samples (Figure 3.3.1.). The Raman spectrum of MRS07 shows no spectral features and
thus will not produce signal that may mask any signals. However the background
produced by the compound may potentially mask the Raman signal of organic
components. The MRS07 was prepared to be like the soil found on Mars, for this reason
there are lots of components of this mixture which all produce several different bands
and backgrounds, thus detection of signal in such a mixture becomes much harder.
Therefore for these samples, in addition to preparing mixtures with anthracene, samples

were produced using beta-carotene as the organic component. Beta-carotene is a very

69



strong Raman scatter and has a much greater signal-to-noise ratio than those of the
organic components used in the previous sections. It is additionally a biomarker

indicative of lifel®®],
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Figure 3.3.2. Raman spectra of MRS07 and Beta-Carotene mixtures

The spectra produced of MRSO7 and beta-carotene mixtures (Figure 3.3.2.) clearly
show the beta-carotene detectable. At lower concentrations, of 1% and 2% the
background masks several minor signals above 2000 cm™. However even at these low
concentrations the majority of the Raman bands derived from the beta-carotene are still
identifiable. Therefore detection of such compounds on the surface of Mars could be

possible.
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Figure 3.3.3. Raman spectra of goethite anthracene mixtures

From the spectra of goethite anthracene mixtures (Figure 3.3.3) the presence of
anthracene within the mixture cannot be seen. This is due to the weak Raman bands
produced by the anthracene being masked by the background signal produced by the
goethite. Therefore the organic component detectable within goethite is required to be a
stronger Raman scatterer. For this reason the spectrum of goethite and beta-carotene

mixtures were investigated (Figure 3.3.4).
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Figure 3.3.4. Raman spectra of goethite and beta-carotene mixtures

Beta-carotene is a much stronger Raman scatterer and it is easily distinguishable from
the goethite at all concentrations. The signal-to-noise ratio improves greatly as the
concentration of Beta-carotene increases and so the identification of minor peaks

becomes possible above 5%.
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From the results obtained an organic compound can be seen within the Mars relevant

samples. The spectra produced also show a linear increase in intensities proportional to
the concentration increases. This indicates that the by averaging 9 points of analysis the
spectra are representative of the sample. Thus these samples could be used to produce a

calibration curve from which limit of detection values could be obtained.
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3.4. Conclusions

In this chapter investigation of organic and inorganic mixtures was performed using
Raman spectroscopy. From mixtures of two solid materials it was clearly established
that homogeneity becomes a primary issue with location and identifying the organic
component. To minimize these homogeneity issues multiple different samples were
prepared under different conditions to produce the most homogenous sample. A method
of using nine different points was devised to produce representative data of the whole
samples. These methods were then applied to simulate samples consisting of similar
properties of Martian soil. Using the devised protocols detection of an organic was

possible in these samples.
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Chapter 4

Development of Criteria for Instrument Performance Comparison

The aim of this section is to develop a set of objective criteria for performance
comparison between the laboratory instruments and the prototype instrument. This will
be achieved using standard instrument validation methods relating to: sensitivity, range,
limit of detection, limit of quantification, robustness, selectivity, linearity, accuracy and
precision®%! The effects of noise upon the spectrum will be investigated and a
suitable method of calculation determined. Using calibration curves validation
parameters will be identified for potential control standards. The effect of laser power
will also be investigated to determine the suitability of the standards and their stability.
Using all this information the peaks of several standards will be assigned and these

values will be used in developing an automated systematic identification of spectra.

4.1.  Signal-to-noise ratio effects on instrument performance

To identify signal within a spectrum a way to distinguish between what can be defined
as noise and what can be defined as signal must first be established. This is an important
feature to identify when potentially looking at instrumental validation parameters as
error obtained from noise directly impacts calculations relating to limits of detection
and quantification. In astrobiology this information is vital as any organic matter could
potentially be in a mixture at low concentration and knowing the matrix response could

allow for the detection of life that would otherwise been missed.
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The primary difference between noise and signal in a Raman spectrum is that from
signal useful information can be derived whereas from noise no useful information can
be obtained. There are three types of noise: random, non-random and determinate®.
Random noise decreases very slowly with more spectral accumulations and therefore
having more accumulations improves a signal-to-noise ratio. This relationship however
is not linear and as more time is taken for additional accumulations the improvement in
signal-to-noise ratio decreases. Non-random noise does not constantly occur and can be
observed as drift within the spectrum. The cause of this can be from effects such as
change within temperature during analysis. The final type of noise is determinate noise
which occurs the same every time a spectrum is collected. Therefore signal-to-noise
ratios do not change with more accumulations as the increase is linear. As additional

spectra are added together this becomes the main source of noise.

Commonly observed forms of noise include shot noise, background light and instrument
noise. Shot noise is derived from the statistical nature of light itself'l. This form of
noise occurs mainly in sub-1000 nm laser wavelengths. Another form of noise can be
derived from the environment in the form of light sources, such as fluorescent lights.
Due to Raman bands having a weak intensity background light can also be a substantial
problem. Noise can also be derived from the sample itself due to fluorescence and
blackbody radiation. Fluorescence is a broad feature seen as a slow changing baseline in
the spectrum, only some samples absorb light strongly and convert the photons to
fluorescence photons. Blackbody radiation occurs in all samples due to their
temperature being greater than absolute zero and this becomes more predominant when
heating samples. The final cause of noise relates to the instrument itself and is a

constant effect related to the design of the instrument itself.

75



There are multiple ways to calculate the noise present in the spectrum and these values
have a direct impact on the limit of detection value obtained. Therefore the impact of
differences in noise calculation techniques must be investigated prior to deciding upon
an optimal method of obtaining transferable limit of detection methods. For six
naphthalene in toluene solutions, root mean squared (RMS) values and noise peak

heights were used to compare different noise calculation techniques.

In the previous chapters the importance of naphthalene as a potential Martian biomarker
has been identified. Naphthalene additionally can be a very useful control sample due to
it containing multiple strong Raman band intensities. This allows for information to be
obtained about the range, selectivity, accuracy and precision of an instrument. The
range is observed by indentifying the spectral range over which bands can be detected.
The selectivity of the instrument can be determined by looking at the resolution of the
peaks and identifying any spectral overlap between them. The accuracy and precision of

the instrument can be obtained using the peak positions from multiple acquisitions.

The naphthalene was dissolved in a suitable solvent; toluene. The solvent was used to
prevent issues with homogeneity being observed and problems with sample focus.
Additionally the toluene was used as an internal standard for the samples whereby all

spectra could be normalised around the toluene peaks.
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Sigma (5 Sigma (10 Sigma (20 Sigma (30 Sigma (50
Conc. points) points) points) points) points)
1% 0.004341 0.005702 0.00502 0.004918 0.005138
5% 0.004965 0.004508 0.004770 0.004881 0.00462
10% 0.002886 0.003063 0.005095 0.005098 0.004974
25% 0.004748 0.006543 0.005402 0.005314 0.004934
50% 0.005596 0.005454 0.005578 0.005432 0.005698
100% 0.00312 0.002902 0.003983 0.004275 0.004329
Average 0.00427 0.004696 0.004976 0.004986 0.004950
Standard
deviation 0.001067 0.001477 0.000563 0.000409 0.000465
Sigma (100 Sigma (200 Sigma (300 Sigma (500
Conc. points) points) points) points)
1% 0.004821 0.005146 0.005480 0.005591
5% 0.004445 0.004508 0.004583 0.005134
10% 0.004529 0.004925 0.005134 0.005524
25% 0.004981 0.004926 0.005077 0.005124
50% 0.005236 0.005000 0.005382 0.005385
100% 0.004649 0.004536 0.005108 0.005590
Average 0.004777 0.004840 0.005127 0.005391
Standard
deviation 0.000297 0.000259 0.000312 0.000216

Table 4.1.1 Table showing the average noise intensities over several points and their standard
deviations

Within the spectra obtained, the region between ~1700 cm™ and 2300 cm™ appeared to

show no Raman signals and remained flat with only noise present. This region was used

to identify the impact of using the peak heights of the noise to calculate a noise average

(Table 4.1.1). To understand the importance of sampling size on the average background

noise 5, 10, 20, 30, 50, 100, 200, 300, 500 points were used to work out each noise

average. For each of these ranges the individual noise averages were calculated and

their standard deviation. Based on the standard deviations obtained it was clear that the

more points that were used in the sample the less the variation from the mean. For this

reason calculations for noise from this method were based off of the mean values for

500 points.
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Conc. 771-966 range 1764-2448 range Whole spectral range
1% 0.00388 0.00486 0.07709
5% 0.00337 0.00446 0.07707
10% 0.00302 0.0043 0.07637
25% 0.00299 0.00462 0.07866
50% 0.00328 0.00477 0.08087
100% 0.00385 0.00467 0.08375
Average 0.00339 0.00461 0.07896
Standard
deviation 0.00039 0.00020 0.00284

Table 4.1.2 Table showing the RMS values obtained for different regions using one peak

To allow for a comparison of noise values in relation to the method for which they were

obtained, RMS values were also obtained using the GRAMS/AI software (Table 4.1.2).

The RMS noise was calculated from the noise variation compared to the spectral

baseline. Three regions were used; 771 cm™ to 966 cm™, 1764 cm™ to 2448 cm™ and

finally the whole spectrum. Each region used had an increasingly larger amount of noise

points. These values were averaged and standard deviation obtained. The impact of

taking the whole spectrum clearly showed a lot of variation within the noise values due

to changes in background and minor peaks. For this reason the RMS noise values for

the 1764 cm™ to 2448 cm™ region were used.
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Figure 4.1.1. Concentration vs. intensity plot for naphthalene in toluene solutions with limit of
detection values calculated using RMS and point noise calculations at peaks a) 1378 cm™ b) 759
cm™and c) 1461 cm™

79



Peak 759 cm™ 1378 cm™ 1461 cm™
Noise Type Point RMS Point RMS Point RMS
Noise Value (o) .0054 | 0.0046 | 0.0054 | 0.0046 | 0.0054 .0046
LOD (ltota) 0.0258 | 0.0228 | 0.0401 | 0.0375 | 0.0315 | 0.0284
LOD (%) 16.1 13. -13.8 -14.6 23.0 18.4

Table 4.1.3. Limit of detection values obtained when calculating noise using 500 points and
RMS over the range 1724-2448 cm™

Using both the multiple point and RMS noise calculations limits of detection were

produced (Table 4.1.3 and Figure 4.1.1). The differences observed between the different

peaks and the spurious result for the 1378 cm™ peak will be discussed and investigated in

section 4.2. From the results observed, the RMS calculations appear to be the more

desirable method of obtaining noise, due to the lower standard deviation within the data

sets obtained. However the RMS values always work over a defined range within the

GRAMS/AI software. This presents a problem where a defined noise region contains

peaks. This was observed when looking at the whole spectrum. An example of the type

of issue that could occur in this calculation technigue can be seen in calculating RMS

for naphthalene in acetone solutions.

2500 2000

500

2200

1800

Figure 4.1.2. Spectra of the naphthalene in acetone (left) with 2440 cm™ and 1600 cm™ region enhanced

When calculating the RMS noise within the naphthalene in acetone solutions the

(right)

calculation used would occur over the 2440 cm™ and 1600 cm™ region. However while
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this region appears to be purely noise, when the whole spectrum is observed, upon
magnification it becomes clear that this region also contains numerous bands distinct
from the noise (Figure 4.1.2). Therefore in this instance the minor bands in this region
would be assigned as noise and thus increase the noise threshold for the spectrum.
Using the single point calculations these bands would be identified as outliers and so
not included in the noise calculation. Due to the ability to remove bands within the
noise the single point calculations is the optimal method for noise calculations in this

work.
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4.2. Instrument validation

In the previous section the optimal method for calculating noise within a spectrum was
identified. Using this it is possible to perform instrument validation using calibration
curves to derive; linearity, accuracy, precision sensitivity, limits of detection and limits
of quantification'®®®. The linearity of a calibration curve is measured with R? and
displays how closely the curve fits with the points. The accuracy in a calibration curve
is obtained through the systematic error which relates to the closeness of agreement
between the observed value and the reference value. The precision is derived from the
random error within the curve and is obtained by the standard deviation of
measurements. The calibration curves slope gives the sensitivity of the instrumentation.
The limit of detection is the concentration to which smallest measurement can be
detected with reasonable certainty for a given procedure. This is derived using the
equation b+xc where the b is the background, o is the noise and x is 3. The limit of
quantification is derived from the same equation but in this instance x is 10. The limit of
quantification is defined as the minimum concentration of sample that can be quantified

with acceptable accuracy and precision.
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Peak 759 cm™ 1378 cm™ 1461 cm™
Ca"te’;al};‘:inoﬁ“r"e y=0.1014x+0.0094 | y=0.3046x+0.0821 | y=0.0655x+0.0164
Sensitivity 0.1014 0.3046 0.0655
Noise Value (o) 0.00539 0.00539 0.00539
Linearity (R?) 0.9867 0.9954 0.9945

Background (1)

y=0.0183x+0.0066

y=0.0322x+0.0284

y=0.016x+0.0116

equation

30 + I, equation y=0.0183x+0.0228 | y=0.0322x+0.0445 | y=0.016x+0.0278
LOD (ls) 0.0258 0.0401 0.0315
LOD (%) 16.1 -13.8 23.0

100 + I, equation y 0.0183x+0.0605 | y=0.0322x+0.0823 | y=0.016x+0.0655
LOQ (ls) 0.0718 0.0823 0.0814
LOQ (%) 61.5 0.07 99.2

Table 4.2.1. Instrument validation parameters derived from naphthalene in toluene calibration
curve.

From the calibration curves produced in section 4.1 several instrument validation
parameters can be obtained (Table 4.2.1). Using the calibration curves it can be
determined that the sensitivity of the 1378 cm™ peak is three times greater than that at
759 cm™. The background intensities for all three peaks increase relative to naphthalene
concentration increase. Instrument noise would produce constant background intensity
regardless of sample concentration changes; therefore this increasing background must
be a combination of instrument noise and sample noise. All three calibration curves are
linear, with all peak intensities being within error range derived from noise. The limits
of detection observed for peaks 759 cm™ and 1461 cm™ are both higher than expected
due to the high intensity of noise within the spectrum masking several of the bands at
lower concentrations. This is additionally further observed in the very high limit of
quantification values observed for these peaks. A negative limit of detection is observed
from the peak at 1378 cm™. Clearly this value cannot be possible and therefore an error
is derived from the analysis. The cause of this error must be attributed to the sample and

therefore to identify it the original spectra for the samples must be investigated.
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Figure 4.2.1. Spectrum of toluene, 100% w/v naphthalene in toluene and pure naphthalene

samples

The spectra of the standards used within these samples are shown in figure 4.2.1. From

these spectra two observations can be made regarding the toluene sample. Firstly the

toluene bands have a very strong intensity and therefore will have the potential to mask

naphthalene peaks. The second observation is that a small peak occurs within the

toluene spectrum at 1378 cm™. This peak will have an additive effect to the naphthalene

band and therefore even at 0% concentration in intensity greater than zero would be

observed. This band can therefore be identified as the cause of the erroneous limit of

detection. In an attempt to resolve this issue the toluene spectrum and background were

subtracted from the solutions and calibration curves were plotted.
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Figure 4.2.2. Concentration vs. intensity plot for naphthalene in toluene solutions with the background
subtracted a) 1378 cm™ b) 759 cm™ and c) 1461 cm™
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The calibration curves for the background and toluene subtracted spectra show several
interesting features (Figure 4.2.2). In all three curves the intercept occurs at a negative
value due to the removal of the background. This causes problems with calculating
limits of detection and has potential to produce more negative results. Removing the
background in this way also removes information relating to the types of background
noise occurring in these samples. By processing the spectra in this way the curve for the
1378 cm™ band fits more closely to the expected results. However the curve produced
from the peak at 759 cm™ creates a very different pattern when compared to the non-
removed background and toluene spectra. This is due to a very weak and broad toluene
band occurring across some of the naphthalene band. By subtracting the toluene
spectrum a portion of the naphthalene band is removed and the erroneous curves are

produced.

From these results it is clear that removal of backgrounds and solvent spectra will
negatively impact instrument validation calculations. Therefore to produce a suitable
standard an alternative solvent must be used. Acetone was deduced as an alternative due
to its ability to dissolve naphthalene readily. As with the previous solutions spectra were

obtained of the standards and the solutions
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Figure 4.2.3. Spectrum of acetone, 100% w/v naphthalene in acetone and pure naphthalene
samples

The spectra of acetone, naphthalene and a 100% wi/v mixture are shown in figure 4.2.3.
From these spectra it can be seen that there are two advantages of the use of acetone
compared to toluene. Firstly the peaks in the acetone spectrum are much weaker than
those observed in the toluene spectrum. This means they are less likely to mask any
naphthalene peaks. The peak positions of acetone does not appear to occur in the same
places as the naphthalene peaks at 1378 cm™, 759 cm™ and 1461 cm™. Therefore similar

negative limits of detect are unlikely to be observed.
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Peak 759 cm-1 1378 cm-1 1461 cm-1
Ca“te’;al};‘:inoﬁ”“’e y=0.1299x+0.0124 | y=0.3571x+0.0135 | y=0.1036x+0.1139
Sensitivity 0.1299 0.3571 0.1036
Noise Value (o) 0.00194 0.00194 0.00194
Linearity (R?) 0.9978 0.9972 0.9767
Ba"gg;‘;;’;ﬂ (1) y=0.0407x+0.0155 | y=0.0537x+0.0109 | y=0.0224x+0.1112
30 + Iy equation y=0.0407x+0.0213 | y=0.0537x+0.0167 | y=0.0224x+0.1171
LOD (1) 0.0254 0.0173 0.1180
OD (%) 10.0 1.1 3.9
106 + I, equation y=0.0407x+0.0349 | y=0.0537x+0.0303 | y=0.0224x+0.1306
LOQ (Is) 0.0452 0.0333 0.1352
LOQ (%) 25.2 5.5 20.6

Table 4.2.2. Instrument validation parameters derived from naphthalene in acetone calibration
curve.

The calibration curves for the naphthalene in acetone solution produce information of
instrument validation parameters (Figure 4.2.4 and table 4.2.2). From the results it can
be seen that they are much more reliable than the toluene curves. All the limits of
detection occur as positive values and are low, meaning noise and background in these
solutions does not mask the bands greatly. Due to this the limits of quantification are
also much lower, which means the solutions can be quantified at a much lower
concentration. The 1461 cm™ peak contains a very large background in the spectrum
due to a broad band occurring next to this peak and having additive effect. However this
broad band has a weak intensity and therefore the limit of detection remains low. From
this data it can therefore be determined that naphthalene in acetone would be a useful

solution for comparing validation parameters of different instruments.
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4.3. Evaluation of instrument resolution

The selectivity of an instrument is defined by the resolution in performance. Resolution
of an instrument becomes important when comparing different instruments as poor
resolution means that an instrument may be unable to distinguish between two different
peaks within a small region. Therefore to test for instrument resolution a solid sample
was devised of calcite and trehalose. Calcite has been investigated in previous chapters
and has been shown to be a strong Raman scatterer with several strongly defined peaks.
Several forms of trehalose are amorphous and therefore unsuitable in use as standards,
however trehalose dihydrate does not display these properties and was therefore used in
this section. Trehalose was used for two reasons; trehalose is a potential biomarker with
relevance to astrobiology™® and trehalose produces many peaks in the Raman spectrum.
Many of the peaks produced by trehalose occur in similar regions and therefore this
sample is very useful in determining the limitations of an instruments resolution. The
samples were used as a mixture due to calcites potential to mask trehalose peaks as

much stronger scattering occurs from calcite bands compared to trehalose.
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4.3.1. Trehalose as a standard

Bl
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Figure 4.3.1. Raman spectrum of trehalose standard

The spectrum of trehalose features multiple peaks and features very little background
(Figure 4.3.1). This gives several parameters to match when comparing instruments.
The relative intensities, space between peaks, resolution and the limit of detection for
seeing these peaks are all factors that can be investigated with this sample. For this
work the bands at 540 cm™ and 520 cm™ will be used due to their close proximity to
each other and isolation from other peaks. These peaks should appear more distinct with

better instrument resolution.

4.3.2. Effect of accumulations on sample resolution

To obtain a comparable spectrum the samples must be optimized on the InVia Raman

spectrometer. The first stage of this is to obtain an optimal number of accumulations.

The results of altering the number of accumulations can be seen in figure 4.3.2.
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Figure 4.3.2. Raman spectra of calcite and trehalose 10% mixture using different accumulations

At 1 accumulation 8 peaks are clearly distinct from the noise and therefore not all peaks
can be seen. When the number of accumulations is increased to 10, all the peaks which
may be used in identification are visible. There is very little change from 25
accumulations on any major peaks. No changes can be seen, even on minor peaks, when
50 and 100 accumulations are used. Over the whole spectrum the trehalose peaks are
not easily distinguishable. However by magnifying the region 600 cm™ to 350 cm™ the

previously discussed 540 cm™ and 520 cm™ peaks can be identified.
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Figure 4.3.3. Raman spectra of calcite and trehalose 10% mixture using different accumulations
over the 600 cm™ to 350 cm™ range

From the region 600 cm™ to 350 cm™ multiple peaks are observed from the trehalose
within the mixture (Figure 4.3.3). The peaks within this region all appear within close
proximity to each other and therefore at a low resolution are unlikely to be
distinguishable. An example of this is observed in the 540 cm™ and 520 cm™ region
whereby at higher accumulations an additional peak is observed which was previously
masked by the 540 cm™ peak. Additionally it is clear that at low accumulations very

few of these trehalose peaks can be defined from the noise.
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Figure 4.3.4. Raman spectra of calcite and trehalose 10% mixture with peaks at 540 cm™ and
520 cm™ fitted to spectrum. Original trace in red, fitted peaks in green, fitted trace in blue,

25 accumulations

Raman Shit (e 1)

1 accumulation

baseline in brown and residual in violet.

Using the GRAMS/ALI software the region the peaks at 540 cm™ and 520 cm™ were

identified us

ing peak fitting (Figure 4.3.4). The shape of these peaks within this

spectrum were expected to be a mixture of the Gaussian form and Lorentz form!.. The

form in which peaks occur affects the shape of the peaks base and half height width.

Therefore for the fitted peaks, shifts in the peaks form indicate changes in the spectrum.
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From the peak fits performed in figure 4.3.4 it is clear that noise is present
predominantly within the 1 and 10 accumulation spectra and it has an additive effect on
the peaks making them difficult to easily isolate from the noise. Additionally, there is a
substantial background visible within these spectra, these fits therefore require the
baseline to become sloped. The peak fitting occurring in the 1 accumulation spectrum is
much weaker with the peaks becoming much broader than in the other spectra and it is

also impossible to fit the minor 533.8 cm™ band in the 1 accumulation spectrum.

1 acc 10 acc 25 acc 50 acc 100 acc
i Reg#i%ed 0.7673 0.4681 1.4495 1.6663 0.8779
parameters Co”gf‘“on 0.8354 0.9641 0.9910 0.9971 0.9989
Band /cm™
Height 141.9 838.3 2391.1 4883.8 | 10396.1
5108 Width 16.0 13.4 13.9 13.7 13.3
' Area 23857 | 118925 | 36567.7 | 70867.0 | 1471442
Lorentz 0 0 0.2023 0 0.0112
Height 60.0 303.7 549.0 3075.8
s33.8 Width 112 53 75 38
' Area 715.0 1708.0 44042 | 15394.9
Lorentz 0 0.0023 0 0.5623
Height 136.7 858.0 24171 52257 | 110385
520.8 Width 141 97 10.2 10.2 10.2
Area 2098.0 | 10762.8 | 29139.0 | 623203 | 144042.8
Lorentz 0.0975 0.7442 0.4002 0.3488 0.6996

Table 4.3.1. Height, width, area and Lorentz of 3 fitted peaks within the spectrum of 10%
calcite and trehalose mixture at different accumulations

Using the peak fits observed in figure 4.3.4, information can be gathered regarding these
fits (Table 4.3.1). From the data it is clear that the heights for the bands at 520.8 cm™
and 540.8 cm™ are proportional to the number of accumulations. For all spectra, except
the 1 accumulation sample, the widths of these bands are consistent. The 540.8 cm™

band is Gaussian in shape over all the accumulations and the overlap in the 533.8 cm™
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and 540.8 cm™ bands causes the unusual shape of these bands. The 533.8 cm™ band at

lower accumulations is masked and therefore the values relating to this band do not fit a
linear pattern. The correlation of the fits increases with accumulations due to increase in
the signal to noise ratios. Due to the non-changing widths of the samples, the resolution

for the peaks appears relatively unchanged throughout all accumulations.
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4.4.  Laser power stability analysis

This section looks at the impact laser power has on samples and attempts to devise
control standards for instrument validation which remain unaffected by laser power. For
samples of astrobiological relevance the presence of a fluorescence background is often
observed[**1%] This background often has the potential to mask any signals of
importance within the Raman spectrum. The intensity of both the background and bands
can both be directly affected by the laser power being applied to the sample. For
materials of a biological nature the samples have the potential to fluoresce or degrade
under high laser power®'%*167] In such instances the laser power must be reduced,
however if the laser power is reduced then any sample peaks can become
indistinguishable from noise. Therefore it is important to look at the impact reducing

laser power has on the intensity of Raman bands.

This work looks at the effect of altering laser power on the previously investigated
calcite trehalose mixtures and naphthalene in acetone solutions. The trehalose is a useful
compound for this analysis because it is a biomarker which also contains numerous
peaks. These multiple peaks allow the different effects on altering the laser power to be
seen for both major and minor bands in the spectrum. The calcite component of this
mixture produces bands with strong Raman intensities which can be used to test for
instrument response. However, as shown in chapter 3, solid mixtures display issues with
homogeneity. Therefore to show comparability for homogenous mixtures the

naphthalene acetone solutions were also analysed.

Samples of trehalose in calcite and naphthalene in acetone were prepared and analysed

using Raman spectroscopy. The laser power of the instrument was altered to produce
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spectra of the samples at 100%, 50%, 10%, 5%, 1% 0.5%, 0.1%, 0.05% and 0.0001%.
For each spectrum the sample position was not altered and so all spectra were from the

same location of the sample.

50% L\—‘/\M\_«

5% M
oo WM

0.1%

3000 2500 2000 1500 1000 500

Wavenumbers /cm*

Figure 4.4.1 Raman spectra of calcite and trehalose mixtures analysed using different laser
powers.

From the spectra of the calcite and trehalose mixtures at different laser powers very
little variation can be seen within the sample (Figure 4.4.1). For trehalose the weaker
peaks, between 1000 cm™ and 200 cm™, remain visible until 0.5% laser power. The
larger peaks of both trehalose and calcite, such are the vi-Symmetric COj5 stretching
band at 1086 cm™, remain visible at 0.1% laser power. There are no visible peak shifts
or changes in background due to heating. Therefore this sample would be useful as a
control standard for analysis. However the comparability issues between different
instruments remain present due to differences in homogeneity. To prevent this, the

naphthalene in acetone solution discussed in section 4.2 must be investigated.
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Figure 4.4.2. Raman spectra of naphthalene and acetone solution analysed using different laser
powers with peaks relevant to this study highlighted.

To remove any potential issues derived from homogeneity of the samples a solution of
naphthalene in acetone was prepared. The spectra for the naphthalene in acetone
solutions are shown in figure. 4.4.2. As with the previous sample, the spectra were all
obtained from the same location. In this sample the majority of the peaks became
indistinguishable from the noise at 0.1% laser power. The only peak which remained
visible at this power was at 2923 cm™. This peak, however, became indistinguishable

from the noise at the next laser power; 0.05%.
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Naphthalene | Acetone | Acetone
% 1378 787 2923
100 134507 246670 | 1064850
50 65876 119883 | 518358
10 10113 18080 77751
5 4889 8751 37488
1 1129 2097 9077
0.5 600 1042 4333
0.1 70 160 854
0.05 64 98 368
0.0001 2 34 16

Table 4.4.1. Peak intensities for the three largest peaks within the spectrum at the different laser

powers. Numbers in italic are values below the noise threshold

Using the spectra obtained in figure 4.4.2 the intensities for the three largest peaks

within the spectrum were recorded and can be seen in table 4.4.1. The intensities can be

seen for acetone at 787 cm™ and 2923 cm™ and naphthalene at 1378 cm™. From the

values obtained the naphthalene peak remains visible until 0.05% power and the acetone

peaks remain visible at lower laser power. The intensities recorded seem to show linear

pattern relating to the laser power. To check this linearity, laser power was plotted

against peak intensity.
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Figure 4.4.3. Graph showing laser power against peak intensity for peaks at 787 cm™, 1378 cm™
and 2923 cm™.
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Figure 4.4.3 shows the intensities of the largest peaks in relation to the laser power.
From the graphs it can be seen that there is a direct relationship between the laser power
and the intensity of the peaks produced. The R? values for each peak intensity indicate

that there is a minimal effect of laser power on the samples.

From these results it can be determined that these samples are suitable for analysis of
instrument validation parameters across different instruments. They have been shown to
be stable under increases in laser power. The calcite and trehalose mixture remain
unaffected by the increases in laser power, however due to being solid samples they
present issues with homogeneity. Therefore the naphthalene in acetone solutions is an
alternative sample. They also do not alter when exposed to increased laser powers and
do not have the homogeneity issues solid samples have. Therefore they would be ideal

control standards of validation between different instruments.
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4.5.  Systematic identification of compounds

The previous sections have looked at identifying samples while considering factors
which effect both signal and spectrum. Identification is based on the peaks present,
intensities and position. This section looks at assigning the larger peaks within samples
of importance to the search for life on Mars and devising an automated method for
analysis. This automated identification would minimize human interaction with the
sampling and data processing, thus increasing the robustness of the sampling. For this
work samples were investigated with Raman spectroscopy as individual compounds
rather than in mixture. Five different organics and four different inorganic samples were
interrogated using a 633 nm laser. From the spectra obtained the most intense peaks

were identified.

When the instrument is used on the surface of Mars there will be many samples and not
enough time to analyse all the details on every single one. Therefore a method of quick
identification of samples of interest is required. A database can be used for rapid
identification of samples of interest. However database matching can have issues in
samples where there are lots of signals, noise or large backgrounds. Therefore this
section investigates using peaks in a protocol devised for rapid detection of samples
which would be of interest for further analysis. For this work it is assumed that at least
one of these peaks would be present in a sample of interest and that these are the only
compounds present in the sample. This section uses this information in a systematic

approach to identifying samples of importance.
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45.1. Organic

Samples of anthracene, beta-carotene, naphthalene, phenanthracene and phenylalanine
were all analysed using Raman spectroscopy. For each sample 5 peaks with the largest

intensities were recorded and their positions assigned.

Wavenumbers /cm™ Assignment
3057 CH stretching
3028 CH stretching
1557 CC stretching
1402 CC stretching
753 Ring antisymmetric deformation,
bending CH

Table 4.5.1. Assignment of anthracene peaks

The anthracene spectrum produced several peaks with different intensities. The peak at
1402 cm™ was the largest detectable peak within the spectrum. The 4 other peaks were
all approximately a third of the size of the main peak. All visible peaks within the

spectrum were clearly distinct from the noise.

Wavenumbers /cm™ Assignment™
1514 CC stretching
1155 v (C-C) stretch
1007 In-plane rocking modes of (C—CHy)

Table 4.5.2. Assignment of beta-carotene peaks

The spectrum for beta-carotene produced a background which may potentially mask
smaller peaks. Three distinct peaks were clearly visible at 1514, 1155 and 1007 cm™.
While each peak was distinct from the noise, the peak at 1007 cm™ had a much smaller
intensity and therefore has more potential to be masked by noise or background

features.
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Wavenumbers /cm™ Assignment!™
3055 CH stretching
1576 CC stretching
1381 CH in-plane bending
1020 CH out-of-plane bending
763 Ring antisymmetric deformation,
bending CH

Table 4.5.3. Assignment of naphthalene peaks

The spectrum for naphthalene contains several peaks which are very distinct from the
noise. The 5 main peaks at 3055, 1576, 1381, 1020 and 763 cm™ all have a very high
signal-to-noise ratio. A sixth peak at 510 cm™ also has a similar intensity to the peak at

1576 cm™ and therefore could be used in identification of the sample.

Wavenumbers /cm™ Assignment
1623 CC stretching
1441 CC stretching
1350 CH in-plane bending
1037 CH out-of-plane bending
710 Ring antisymmetric deformation,
bending CH

Table 4.5.4. Assignment of phenanthracene peaks

The phenanthracene Raman spectrum contains numerous peaks which could potentially
be used in identification. The spectrum contains 16 peaks which are clearly distinct

from the noise. The largest peaks are at 1623, 1441, 1350, 1037 and 710 cm™.

Wavenumbers /cm™ Assignment™
3062 CH stretching
1603 CO stretching
1213 CC stretch backbone carbon phenyl
ring
1004 CC aromatic ring breathing
831 CCH deformation aliphatic

Table 4.5.5. Assignment of phenylalanine peaks
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The largest peak for phenylalanine occurs at 1004 cm™ and is approximately 4 times
more intense than the next largest peak. The next four largest peaks occur at 3062, 1603,
1213 and 831 cm™. These peaks all have similar intensities and their intensities are

similar to approximately 7 other peaks in the spectrum.

1 2 3 4 5
Anthracene 1402.4 753.8 1557.4 | 3056.7 | 3028.2
Beta-carotene 1513.5 | 1155.1 | 1007.1
Naphthalene 1381.2 | 3055.4 762.5 1020 1576.1
Phenanthracene 709.7 1349.8 | 16229 | 1440.8 | 1036.8
Phenylalanine 1004.1 | 3062.3 | 1213.2 1603 830.6

Table 4.5.6. Table showing peak positions of the 5 most intense peaks in each organic
compound

Table 4.5.6 shows the different organic samples with their peaks ordered from 1 to 5,
where 1 is the most intense peak. From this information it can be determined that if one
of these samples is present in the sample then it would be likely to see one of these
peaks present. The peak in the 1 column being present within the unknown would be a

strong indication of that organic being present.

4.5.2. Inorganic

Samples of aragonite, calcite, gypsum and jarosite were all analysed using Raman

spectroscopy. For each sample 5 peaks with the largest intensities were recorded and

their positions assigned.

Wavenumbers /cm™” Assignment™™”!
1084 v Symmetric stretch
703 v, Symmetric deformation

Table 4.5.7. Assignment of aragonite peaks
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The spectrum of aragonite contained only two peaks. Both peaks present were very
intense and very narrow. Therefore the appearance of a similar spectrum should easily

be identifiable as aragonite.

Wavenumbers /cm™ Assignment!™®
1748 %1 and Vg
1087 vi-Symmetric COj; stretching
713 v4-Symmetric CO; deformation
282 T(Ca, CQOy)
155 T(Ca, CO,)

Table 4.5.8. Assignment of calcite peaks (T, translational lattice mode.)

The calcite spectrum contains several distinct very intense peaks. The strongest peak
occurs at 1087 cm™. This peak can often be used in combination with the double peak at

282 and 155 cm™ to make a definitive identification of the compound.

Wavenumbers /cm™ Assignment!™*1>]
1141 vs antisymmetric stretch vibration modes
1007 v, symmetric stretch vibration modes of SO,
620 v4 antisymmetric bending vibration modes
494 v, symmetric bending of SO,
415 v, symmetric bending of SO,

Table 4.5.9. Assignment of gypsum peaks

The spectrum of gypsum is similar to the calcite spectrum in that it has one distinct peak
which may be used in identification and several smaller peaks which can be used to
confirm this. The largest peak occurs at 1007 cm™ and this peak can be used in

combination with the peaks at 494 and 415 cm™ to make identification.
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Wavenumbers /cm™ Assignment!"™
1106 V3(SO4)
1009 Vl(SO4)
622 V4(SO4)
438 v>(S04)
223 O-Fe

Table 4.5.10. Assignment of jarosite peaks

The spectrum of jarosite contains many intense peaks and all below 1200 cm™. This
sample can be easily distinguished from organic components due to the lack of peaks at
higher wavenumbers. All the larger peaks at 1106, 1009, 622, 438 and 223 cm™ are of a

similar intensity.

1 2 3 4 5
Aragonite 1084 702.8
Calcite 1086.6 | 281.5 154.9 712.5 1748
Gypsum | 1007.2 | 493.8 11413 | 4145 619.7
Jarosite 1105.9 | 1009.2 | 223.2 437.9 622.3

Table 4.5.11. Table showing peak positions of the 5 most intense peaks in each inorganic
compound

Table 4.5.11 shows the different inorganic samples with their peaks ordered from 1 to 5,
where 1 is the most intense peak. From this information it can be determined that if one
of the samples is present then it would be likely to see one of the peaks present. The

peak in the 1 column being present within the unknown would be a strong indication of

that inorganic being present.

Using these peak intensities for organic and inorganic samples a table was created.

From this table the peaks and samples were ordered by intensity and grouped to show

similarities and differences with positions.
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Anthracene

3056.7

3028

1557 1402.4

Beta-carotene

1514

1155.1

Naphthalene

3055.4

1576.1

1381.2

Phenanthracene

1622.9

1441 1349.8

Phenylalanine

3062.3

1603 1213

Aragonite

Calcite

1748

Gypsum

Jarosite

3062-3028

1748

1623-1155.1

Anthracene

753.8

Beta-carotene

1007.1

Naphthalene

1020

762.5

Phenanthracene

1036.8

709.7

Phenylalanine

1004.1 830.6

Aragonite

1084

712.5

Calcite

1086.6

Gypsum

1141.3

1007.2

Jarosite

1105.9

1009.2

1141.3-
1084

1036.8-
1020

1009.2-
1007.2

1007.1-753.8 712.5

709.7

Anthracene

Beta-carotene

Naphthalene

Phenanthracene

Phenylalanine

Aragonite

702.8

Calcite

281.5

154.9

Gypsum

619.7

493.8

414.5

Jarosite

622.3

437.9

223.2

702.8-154.9

Table 4.5.12. Table of combined peak intensities for organic and inorganic samples

Table 4.5.12 shows the peak positions as they are combined and ordered based on

position. Inorganic peak positions are highlighted in red and organic in green. From the

combined data it can be seen that there are distinct ranges of grouped peaks for the

organics and inorganics.
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Using the information above, it is possible to systematically identify samples by making
some assumptions. The first assumption is that an unknown mixture contains one of the
samples in the table. It also must be assumed that at least one of the 5 peaks is visible
and not masked by noise or a background. A third assumption is made that the samples
do not interact or cause shifts in the peaks. From the information in Table 4.5.12 a flow

diagram was created.

Figure 4.5.1 and 4.5.2 show a flow diagram produced using the peak information
collated in Table 4.5.12. Using this diagram it is possible to systematically identify the
four inorganic compounds; aragonite, calcite, gypsum and jarosite and the five organic
compounds; anthracene, beta-carotene, naphthalene, phenanthracene and phenylalanine.
Using such a protocol on an unknown sample would allow for quick identification of

samples which may be of importance to the search for life on Mars.
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4.6. Conclusions

In this chapter the effects of altering different parameters within limit of detection
calculations were investigated. Two different methods of calculating noise using
varying points and areas were used to establish different limits of detection. The effects
on limits of detection were additionally established whereby instrument validation
parameters were assessed. The stability of standard samples under increasing laser
power was additionally investigated. Using peak assignments of multiple different
organic and inorganic samples a procedural method of identifying samples was devised.
This method could be applied to mixtures of inorganic and organic materials to identify

the compounds present.
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Chapter 5

Instrument performance comparators

The aim of this chapter is to investigate the ability for comparable data to be produced
between the InVia Renishaw Raman instrument and the MOB prototype instrument. To
do this a method using a 3 by 3 grid system was interrogated. A slide mask was
developed to allow for reproducible analysis of the same location between instruments.

Spectra from the prototype and benchtop instrument were then compared.

5.1.  Preparation for comparison of MOB instrument with InVia

In chapter 4 instrument validation parameters were discussed and suitable standards
were devised based on these measurements. Key features that must be considered are
robustness and sampling consistency between instruments. On the ExoMars rover the
analysis will be automated by the rover and not prone to human error. However for
comparisons between the standard benchtop Raman spectrometers and the prototype
instrument these factors must be considered. To allow optimization of the MOB
instrument standard spectra of samples must be produced. The instrument parameters
can then be altered so that the resultant spectra match. Once such optimizations have
occurred then the MOB instrument can be used to reliably obtain the same spectra that

would be obtained on the InVia instrument.

In chapter 3 issues were identified within the homogeneity of samples. This could

potentially be overcome by looking at solutions rather than solids, however, this would
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not be representative of real Martian samples. For comparability it is required solid
powders are used and a method for obtaining reliable comparable data from powdered
mixtures is required. To do this the issue of homogeneity of the sample must be
removed. For this, precise measurements were used so that the analysed region within
each sample was exactly the same. For each sample a slide was produced which had

space to look at a nine different locations within each sample.

J““‘. B
_,J Ilz.s mm

—
37.5 mm

1T

Figure 5.1.1. Image showing slide produced
for sample analysis

Figure 5.1.1 shows the slide produced for each of the samples. An “R” was written onto
the top right-hand corner of the slide to prevent rotation of the sample. The centre of the

slide was measured to be in the position 37.5 mm by 12.5 mm.
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Figure 5.1.2. Image showing the grid system used in analysis

Figure 5.1.2 shows the grid used on all samples. 0,0 is the position of the origin in the
centre of the slide. From this point all additional points were derived at 5 um from this
origin as shown in the diagram. A stage was prepared for the MOB instrument where
the laser positions were pre-identified. The slide could be placed directly on the stage

and the laser would be positioned at the location defined (0,0). A distinct mark was
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drawn on the slide to allow easy movement to the middle of the slide. For these
optimizations the solid mixture of calcite and trehalose evaluated as a standard in

chapter 4, was used.

5.1.1. Sample variation observed on Renishaw InVia instrument

As detailed previously, homogeneity of these samples varies from location to location.
With the nine different points it is possible to see the differences in this homogeneity.
The concentration variation is important when optimizing the instrument using a known
sample. By looking at the variation within a known sample over a small region the

suitability of the sample as a standard can be established.

0,0

>0 l . A
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Wavenumbers /cm™

Figure 5.1.3. Raman spectra of calcite and trehalose 25% mixture at different locations

In the 25% mixture several regions of in-homogeneity occur. At both locations 5,0 and
5,-5 clear differences between the spectra can be seen. From the spectra obtained, at this

high concentration there is a large variation within the sample over micron distances.
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Figure 5.1.4 Raman spectra of calcite and trehalose 10% mixtures at different locations

The 10% mixture shows very little variation in the spectrum between each location. All
locations show similar peaks present and there is very little difference in their relative
intensities. In these spectra the concentration variation is much less than that observed
in the higher concentration spectra. Therefore for use of this sample as a standard a

lower concentration would be desirable.
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Figure 5.1.5 Calcite trehalose Raman spectra averaged over all points at 5%, 10% and 25%
concentrations

116



All data from the 9 points was added together and averaged (Figure 5.1.5). This allowed
for a more accurate LOD dataset. The difference between 10% and 5% showed very
little change in peaks present and some minor peaks became visible. 25% shows
multiple minor peaks in the spectrum. From this preliminary evaluation on the
Renishaw InVia Raman spectrometer it is clear that representative spectra can be
obtained from the same locations within the solid mixture. However for samples to be

reproducible all points must be identical on the micron scale.

5.1.2. Comparison with prototype instrument

This section has looked at using 3 by 3 grids to compare different instruments. However
such a method requires movement between two different instrument stages and this may
potentially cause problems. While InVia instrument has a motorized stage and
microscope the MOB instrument does not, therefore it is more prone to potential error.
It has also been observed that only small micron changes in sample position can
produce radically different spectra within higher concentration samples. Therefore the

prototype instrument has the potential for reproducibility and accuracy issues.

An alternative method of comparing the instruments was therefore derived that would
not have the potential for instrument error. This involved the use of a mask on the slide.
A thin copper sheet of metal was supplied for potential use as a mask. To test; a hole

was drilled in the slide 50um across.
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Figure 5.1.6 Image of the slide used in previous section and new mask covering

Figure 5.1.6 shows the sample slide and the mask used for this section of work. The
mask prevents sample analysis anywhere but where the hole is. The hole was made off-
centre which allows for rotation 180° and flipping the mask over to get 4 different
locations. The mask was also made to be the same size as the slide and therefore it

simply covered the slide and would always have the hole in exactly the same position.

With the use of a mask covering the sample two factors will have an impact on the
slides effectiveness for producing reliable data. These two factors relate to the laser spot
size in relationship with the mask hole and the impact edge effects have upon the
spectrum. For the mask to work effectively the laser spot size must be of similar size to
the hole within the mask. If the laser spot is too small then the spectrometer will be
capable of looking at different regions within the hole and thus positioning will again
affect the resultant spectra. If the laser spot is too large then the edges of the slide will
have more impact upon the resultant spectrum. For reproducible spectra the ideal laser
spot and hole within the mask would be of equal size. Edge effects within a sample
produce distortion and background features within the Raman spectrum®®!. Therefore
spectra obtained at the edges of the hole will produce additional artifacts. These artifacts
could potentially mask spectral features from the sample and thus produce
unidentifiable spectra. The impact of these edge effects caused by the mask must

therefore be investigated.
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Under the microscope the hole appeared to be visible across a diameter of 150um. The
impact point was not a completely smooth circle and region around the circle edge

appeared much darker. Therefore there were three distinct visible regions: Metal slide,
hole and region of darker colour. Using mapping the regions at which the silicon could

visibly be seen is shown in Figure 5.1.7.

i_
Map of silicon through mask

Mask

Sample center Sample edge

Figure 5.1.7. Map of silicon sample through the mask hole and spectra of mask, sample at the
edge of the hole and sample at center of the hole.

Figure 5.1.7 shows the map obtained from the silicon with the mask overlaid and
spectra obtained from the mask, sample at the edge of the hole and sample in the center
of the hole. From the map produced it is clear that the region where the sample is visible
is well defined. The slide produces no Raman bands and it only produces a weak
background. The sample at the edge of the hole shows Raman bands with a weak
background. The background at this position is not strong enough to mask any of the
Raman bands. In the center of the hole the sample is clearly seen to be identifiable with

no background or features derived from the mask.
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5.1.3. Laser spot size and sampling
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Figure 5.1.8. Laser spot size with comparison to mask hole size.

To establish the effects the mask may have on the laser the instrument was set up so that
the laser spot would be directly in the centre of the mask hole. Figure 5.1.8 shows the
image of the mask with and without the laser on. From the image only illumination of
the sample through the hole can be seen. This means that the laser is hitting all the

sample through the hole and thus the hole is of optimal size.
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Figure 5.1.9. Image of laser spot size on surface of mask.
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As a final confirmation of the laser spot size in relation to the hole in the mask an image
was obtained focused directly onto the sample rather than the mask. Figure 5.1.9 shows
the image of the laser as it was fired directly onto the sample through the mask. No
illumination of the mask is visible and thus it can be confirmed that all signal obtained

at this location would be from the sample rather than the mask.
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Figure 5.1.10. Laser run along the edge of the sample at 10um distances.

To confirm the effects of the laser on the edge of the slide images were obtained from
the laser as it passes from the edge of the hole onto the sample (Figure 5.1.10.). From
the images obtained it is clear that when the laser hits the edge of the slide the image of
the spot is different from that is obtained when the laser does not. From these results it

can be confirmed that in figure 5.1.8 the laser is focusing on the edge of the slide.

Figure 5.1.11. Laser spot on edge of mask sample hole
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Figure 5.1.11 shows the laser as it directly hits the edge of the slide. From the image it
can be seen that there is a clearly distinct region at the edge of the mask through the

laser spot size. This means that at the edge of the slide the signal from the sample will
directly cut off and thus the spurious signals cannot be from interactions at the edge of

the slide.

5.1.4. Comparison of data collected with and without mask

The effect the mask has on the resultant spectra must also be considered for it to be used
reliably on multiple instruments. For this the 25% calcite trehalose mixtures used in
chapter 4 were used again. The sample was set up with the mask in position, a spectrum
of the sample was obtained and then the mask was removed and the spectrum was

obtained a second time.

et M
3000 2500 2000 1500 1 1000 500
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Figure 5.1.12. Stack plot of spectrum of 25% calcite trehalose a) without mask and b) with mask
through x5 objective.
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From the spectrum of the sample obtained (Figure 5.1.12.) it can clearly be seen the
effect the slide has on the sample is minimal. All the same peaks, including the weaker
ones, are present in both the spectra. A minor background is present in the spectrum
obtained through the mask. This is likely due to the laser being slightly defocused as the

laser must go through the mask.

From the spectra obtained and information relating to the laser spot size, the
implementation of a sample mask appears to be an optimal to obtain reliable
reproducible results. This method allows easily repeatable comparisons of samples on
different Raman instruments without issues with the homogeneity of the samples
becoming an issue. Edge effects do add a minor background, however this background

does not appear to have any significant effect on band identification of a sample.
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5.2.  Comparison of Spectra Obtained from Prototype Raman instrument with a
laboratory Raman instrument.

This section looks at the issues with comparing two different Raman instruments and
getting reproducible results. This involves looking at the differences between spectra
produced between instruments and deducing methodology to minimize these

differences.

When the ExoMars rover goes to Mars it will collect data from samples on the Martian
surface, this data will need to be processed and samples of importance identified. To do
this reliably, consistent results between different instruments are required or there is
potential for discarding samples of importance simply because the rover instrument was
not setup correctly to see the spectrum from a sample of importance. To test the

effectiveness and to calibrate the prototype instrument a control sample is needed.

5.2.1. Instrument Comparison

For this section similar data acquisition to the samples in Chapter 3 was repeated.
Several mixtures of organic and inorganic compounds at various different compounds
were observed. These spectra were recorded on both the MOB instrument and the InVia
instrument for comparison. This allowed the very basic differences to be observed
within the spectra produced for known samples. From these spectra it should be

possible to alter parameters of the MOB instrument to obtain similar spectra.
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Figure 5.2.1. Image of the CCD from prototype Raman instrument produced from 1% gypsum
and trehalose mixture

Figure 5.2.1 shows the CCD image, produced by the prototype instrument, of gypsum
and trehalose mixture. From this image a polynomial fit was applied to the two visible
orders and these fits were shown as red and green lines. Order A occurs over the 2000
cm™ to 4500 cm™ range and order B over the 0 cm™ to 2250 cm™ range. The brightness

of each point along these fits was then plotted onto a graph.
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Figure 5.2.2. Spectrum derived from the CCD image of 1% gypsum and trehalose mixture

The spectra produced from the CCD images can be seen in figure 5.2.2. The spectra
produced from each order were then baseline corrected and combined to produce
spectra over the whole spectral region of 0 cm™ to 4500 cm™ wavenumbers. The
resultant spectra were then compared with the spectra obtained using the Renishaw

InVia instrument for the mixture and pure standards.
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Figure 5.2.3. Raman spectrum of 25% mixture of gypsum and glucose

From the spectra obtained of the sample 25% mixture of gypsum and glucose (Figure
5.2.3) it was clear that there were several major differences between the XY data from
the MOB instrument and the .SPC data from the InVia instrument. One of the first
noticeable features is the broadness of the peaks obtained from the MOB. This was
primarily due to the resolution of the MOB instrument being set to lower than that of
the InVia instrument. Several broad bands are also visible at 1800 cm™; however these
features are produced through manipulation of the data through baseline correction. This

processing was required because of the background within the original spectrum.
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Figure 5.2.4 Raman spectrum of 1% mixture of gypsum and trehalose

From the spectra obtained of the sample 1% mixture of gypsum and trehalose (Figure
5.2.4.) the differences between the InVia Raman instrument and the MOB Raman
instrument were not as clear as in the 25% gypsum glycine. In this sample the peaks
corresponding to the trehalose were not present and so the spectrum produced was
expected to have similarities to the gypsum standard. The spectra produced by the MOB
instrument had a lower resolution than that of the InVia instrument and thus the peaks
appeared broader. The main difference visible in the spectra produced on the different
instruments was the relative intensities of the gypsum peaks to the main peak at
1007cm™. In the InVia spectrum the ratio of peak at 1007cm™ to the peak at 1141cm™ is
approximately 6:1 but in the MOB spectrum this ratio is 2:1. This may be attributed to a
number of factors including the baseline correction of the data or the way in which the

resolution of the spectrum will cause peaks to be broader and less intense.
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Figure 5.2.5 Raman spectrum of 10% mixture of calcite and naphthalene

The spectrum of 10% mixture of calcite and naphthalene shows a difference between
the peaks present in the InVia spectrum and the peaks present in the MOB spectrum
(Figure 5.2.5). While the InVia data clearly shows the presence of both the calcite and
naphthalene, the MOB data only shows the presence of the calcite. This may be
explained by the background within the MOB spectrum masking the naphthalene. In the
case of the most intense naphthalene peak, at 1380cm™, this seems unlikely to be the
sole reason for the absence. The absence of this peak could be attributed to the weaker

intensity due to instrument resolution and the difference in peak intensity ratios.

From this data it was clear that several issues arose. The ratio of organic to inorganic
peaks differed based on the instruments used to obtain the spectrum. Additional peaks
were present within the organic spectrum but not the InVia spectrum is visible within
the MOB spectrum. The background and the resolution related to the MOB instrument
additionally caused differences within the spectral features observed. To quantify and

deduce the cause of these differences it is required that the differences are recorded
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numerically. Therefore the data was peak fitted to determine peak parameter changes

between instruments.
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Figure 5.2.6 Peak fits of data obtained from InVia and prototype instruments. Original trace in
red, fitted peaks in green, fitted trace in blue, baseline in brown and residual in violet.

From the peak fits of the prototype and InVia instruments spectra it is clear that the
same peaks remain present on both instruments (Figure 5.3.6). The spectra from the

prototype feature more noise and much broader peaks than observed on the InVia. The
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fits are not as accurate on the prototype instrument, as can be seen by the residual

component in the InVia data being much smoother than in the prototype data.

CNO1 CNO03
Prototype | Renishaw | Prototype | Renishaw
Fit parameters Reduced Chi? 4.0384 0.6285 4.3644 0.2770
P Correlation R? 0.9806 0.9979 0.9626 0.9982
Band /cm™
Height 625.8 1983.8 260.7 2728.1
2825 Width 11.5 12.0 29.5 11.6
' Area 10138.8 33616.7 9431.2 44153.3
Lorentz 0.8094 0.8094 0.5401 0.7718
Height 155.3 709.3 58.7 1189.5
209.5 Width 15.7 7.1 19.1 6.6
' Area 3006.5 6218.5 1572.3 10018.9
Lorentz 0.3396 0.3396 0.6893 0.4116
Height 885.1 6459.4 270.5 10913.8
10816 Width 12.1 5.9 11.7 5.6
' Area 14815.8 42383.5 3375.1 69322.0
Lorentz 0.7033 0.0966 0.0006 0.1424
GTO01 GTO01
MOB InVia MOB InVia
Reduced Reduced
Chi? 1.4251 0.8418 Chi? 1.4251 0.8418
Co”gza“on 0.9749 | 0.9987 Co”gz""“on 0.9749 | 0.9987
Band Band
/cm™ fcm?
Height 338.3 2153.0 Height 195.2 1186.0
414.2 Width 12.6 10.7 664.0 Width 13.1 8.2
' Area 4534.4 24557.5 ' Area 3979.6 11574.4
Lorentz 0 0 Lorentz 1 0.2425
Height 383.7 2196.1 Height 976.1 23247.9
Width 17.6 12.2 Width 23.7 7.0
493. 1007.
933 Area 7520.1 | 36615.7 0078 Area 25730.0 | 2142114
Lorentz 0.1003 0.6185 Lorentz 0.1006 0.5020
Height 251.3 1163.7 Height 478.3 3387.0
Width 17.1 16.2 Width 16.2 12.9
612.0 11355
Area 6648.9 | 29237.0 Area 11406.0 65158.4
Lorentz 1 1 Lorentz 1 1

Table 5.2.1. Peak fit data from the prototype and InVia instrument for the1% and 10% calcite and
naphthalene samples and 1% gypsum and trehalose sample.

131




From the peak fitted data (Table 5.2.1.) the prototype instrument had much weaker
correlation than the InVia. The peak heights were much weaker on the prototype
instrument and their relative intensities also varied significantly compared to the InVia.
The Lorentz values were similar between instruments however the widths were
different. This shows that the resolution of the prototype instrument was much worse
than the InVia and therefore for samples with numerous peaks, such as trehalose,

distinguishing of some peaks would be difficult.

From the data observed there are several differences between the two instruments. For
comparable data analysis the cause of these differences must be identified. The
correction methods appear to affect the resultant spectra produced for the prototype
instrument. Therefore the correction methods need to be optimized and an instrumental
background obtained which can be removed from all spectra. The instruments will need
to be calibrated with several known standards to optimize positioning of bands across
the whole spectrum. This can be achieved with more sample analysis and comparisons.
The resolution and sensitivity must also be enhanced by increasing the signal-to-noise

ratio observed by the instrument.
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5.3.  Conclusion

In this section the method for grid system of data acquisition could be applied to the
MOB instrument was interrogated. Due to the limitations of the prototype instruments
sample stage, the reproducibility and accuracy of the positioning became an issue.
Therefore a slide cover and mask was developed. Using this mask, spectra could only
be obtained through the hole in the slide and therefore the location would be exactly the
same on all instruments. Spectra obtained between the different instruments were

interpreted and similarities and differences were observed between the instruments.
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Chapter 6

Exemplar systems

In this chapter the utility of Raman spectroscopy to provide comprehensive information
for a range of astrobiological samples will be demonstrated. A range of exemplar
materials were investigated which were derived from relevant interplanetary scenarios.
Samples were investigated in increasing molecular complexity as a demonstration of the
specificity of Raman spectroscopy in these contexts. Molecular biomarker systems were
investigated using hopanoid, sterane and steroid systems. Geological specificity was
investigated using Raman spectroscopy in the identification of unknown evaporite
minerals. Cellular systems were analysed and the effect of irradiation upon these
samples. The detection of bio-geological inclusions was also investigated and the

impact of crushing and grinding samples upon detection.

6.1. Identification of mineralogical samples

Raman spectroscopy has a range of applications in astrobiology. It was originally
implemented on board the ESA ExoMars rover due to its utility for identification of
mineralogical content. This section looks at the specificity of Raman spectroscopy in
the detection of geological samples. The samples used in this section are evaporite
minerals from Lake Magadi, relevant to astrobiology due to their indication of water

presence.

To demonstrate Raman spectroscopy’s utility in the identification and confirmation of

mineralogy an unknown sample, supplied by University College London, from Lake
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Magadi in Kenya was investigated. The sample was believed to be a trona, a material
commonly associated with the location from which the sample was sourced. Trona is
the common name for trisodium hydrogendicarbonate dihydrate, NazH(CO3),-2H,0 and
this compound is primarily located as a deposit on lake beds!*™?. The presence of trona
indicates a source of water and liquid water is requirement for life. Trona is therefore an
important material in the investigation of life on Mars. Raman spectroscopy was

required to confirm whether or not this sample had been correctly identified.

For the purpose of this work the Raman spectrum of the unknown sample was
compared against standards of trona, sodium bicarbonate (present with sodium
carbonate in natron) and thermonatrite. Natron, like trona, also occurs in lake beds and
Is a mixture of both sodium carbonate and sodium bicarbonate. Thermonatrite forms

when trona or natron are exposed to high temperatures™’.

6.1.1. Standards
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Figure 6.1.1. Raman spectrum of trona standard
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The spectrum of trona (Figure 6.1.1) contains very few spectral features. Only a single
peak occurs in the spectrum at 1061 cm™. No other features, such as backgrounds, are
present and the signal to noise ratio of this peak is high enough that the noise has no

potential to mask the peak.

)
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Figure 6.1.2. Standard sodium bicarbonate (NaHCO3) Raman spectrum

The sodium bicarbonate spectrum (Figure 6.1.2.) also contains very few spectral
features. The signal to noise ratio of this compound means that distinguishing peaks
from the noise is possible and there is no background present within the spectrum. As
with the trona, a single peak occurs, shifted slightly, to 1046 cm™ and two additional
peaks occur at 685 cm™ and 659 cm™. This compound is easily distinguishable from

trona due to the additional peaks and the shift in peak position.
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Figure 6.1.3. Standard thermonatrite (Na,COs-H,0) Raman spectrum

The spectrum of the thermonatrite (Figure 6.1.3.) contains a minor background and
more noise than the previous spectra. As with the previous samples a single peak is
present, occurring at 956 cm™ in this sample, additionally the peak is much broader.
Two smaller peaks at lower wavenumbers overlap and occur at about 579 cm™ and 602
cm™. This sample is distinct from the spectrum of trona due to the shift in wavenumbers

of the peaks, broadness of the peaks and minor peaks at lower wavenumbers.
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6.1.2. Lake Magadi sample
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Figure 6.1.4. Raman spectra of proposed trona compound a) 1 accumulation 10% laser power,
b) 1 accumulation 50% laser power, ¢) 1 accumulation 100% laser power, d) 10 accumulation
100% laser power

The spectrum of the unknown compound (Figure 6.1.4) produced a much larger
background and a poorer signal to noise ratio. This background was likely derived from
impurities within the sample due to its natural origin. The unknown sample featured
only one peak and therefore could not have been thermonatrite and sodium bicarbonate.

The single peak indicates that the unknown may be trona.
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Figure 6.1.5. Raman spectra of a) standard trona, and b) suspected trona sample

Figure 6.1.5 shows a comparison of the unknown sample and the trona standard. In both
spectra only one peak occurs at 1061cm™. Therefore the unknown is likely to be trona.
Differences with the signal-to-noise ratios can be identified as deriving from the

impurities in the natural sample compared to the standard spectrum.
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6.2.  Raman analysis of potential life biomarkers

On Earth there are several Mars analogue sites from which life can be studied and one
such site is in the McMurdo Dry Valleys in Antarctical™*!. Raman spectroscopy has
been used at these sites to produce many biomarker signatures which may be used for
comparison with samples from Mars. In these cold deserts endolithic communities have
been found which contain biomarker molecules which may be used in the identification
of extinct life on Mars*™*1"]. There have been numerous studies of biomarkers of
relevance to EXOMars[86,90-92,94,96,99,101,103,104,110,114,140,146,174-178]. However there haS been
very little investigation of steranes, sterols and hopanoids using Raman spectroscopy.
Therefore this work looks at these samples using Raman spectroscopy to analyse these

biomarkers.

Previous research has primarily focused on cyanobacteria, lichens and algae which are
capable of surviving extreme conditions™*®. For survival in these environments UV and
photosynthetic protective pigments are often present in the form of; chlorophyli
(photosynthesis), B-carotene (radiation damage repair) and scytonemin (UV protection).
These compounds are essential biomarkers for proof of extant or extinct life™""% and

have all been analysed by Raman spectroscopy.

A list of 63 potential biomarkers was produced in 2007 based on Earth fossils and

meteorite records™®®. Using this list, four biomolecules of interest were identified to
share the same polycyclic structure. These biomolecules are; ABC tricyclic terpane,
gammacerane, steranes and hopanes. Due to the high stability of this structure these

compounds are all important Mars relevant biomarkers.
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Figure 6.2.1. Chemical structure of hopane

Hopanoids are pentacyclic organic molecules which aid bacteria in their adaption to
extreme environments. They are found within cell membranes and primarily function to
control cell membrane permeability. Hopanoids are based on the chemical structure of
hopanes which can be seen in figure 6.2.1. Hopanes have been detected in ancient
fossils which indicate that even before the atmosphere became oxidising, oxygenic
photosynthesis had evolved!:"®. The presence of these hopanoids within fossils
demonstrates that they are among the most stable of the organic biomarkers. They have
also shown strong persistence and chemical stability within rocks and shales where
microbial remains are fossilised™*. Hopanoids have also been detected within
prokaryote organisms*®%. For these reasons these molecules are classified as high

priority targets in the search for Martian life.
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Cholestane

Cholesterol

Figure 6.2.2. Chemical structures of cholestane and cholesterol

Steroid alcohols, sterols, occur naturally within animals, plants and fungi and are
tetracyclic organic molecules. The structure of cholesterol and its reduction product
cholestane can be seen in figure 6.2.2. Sterols aid in the control of cell membrane
fluidity, however it is only a small number of bacteria found in eukaryote organisms
undertaken this processi*®*#1, Both steranes and sterols are geologically stable!*®?].
However sterols, unlike hopanoids, require the presence of oxygen for synthesis. For
this reason they are a lower priority for detection than the hopanoids due to the lack of

oxygen present on Mars*%!,
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In this work the degradation products of biological origin are detected using Raman

spectroscopy. Sterols, steranes and hopanoids were interrogated with Raman

spectroscopy to assess the ability to differentiate the compounds based on structural

differences. The limits of detection of these compounds are also established.

6.2.1. Standards

Raman spectra of the four powder samples were obtained at 1% laser power for 30

acquisitions. The spectra were baseline corrected using multiple points due to the

presence of a large background emission. Due to fluorescence emission from the

samples, the spectra obtained were subjected to baseline correction to ensure all the

samples were clear and comparable at the different concentrations. The spectra obtained

of the standards can be seen in figure 6.2.3.
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In the spectra several Raman bands are common to multiple samples due to their
structural similarities. The bands and assignments can all be seen in table 6.2.1. Similar
peaks were observed between 2960 cm™ and 2840 cm™, assigned as cyclic CH,
stretching, 1445 cm™ and 1430 cm™, assigned as cyclic CH, scissoring vibrations, 730
cm™ and 700 cm™, assigned as aliphatic CH, vibrations, and 540 cm™ and 525 cm™,

assigned as cyclohexane/cyclopentane ring vibration.

Cholesterol | 5-cholestane | Ergosterol | 5-a-ergostane-3- Assignment
B,11-p-diol

2933 2935 2931 2935 cyclic CH, stretching

2868 2864 2872 2870 cyclic CHj stretching

2851 2851 cyclic CHj stretching

1671 1668 conjugated C=C

1606 C=C

1446 1445 1445 1444 cyclic CH, scissoring
vibrations

1437 1437 1439 1440 cyclic CHj, scissoring
vibrations

875 876
541 539 539 535 ring vibration

Table 6.2.1 Raman peak positions and assignments for standards.

To distinguish between compounds several peaks were identified. For the sterane
samples a peak at 875 cm™ can clearly be seen. The conjugated C=C at 1670 cm™ is
unique to the sterols. In ergosterol a diagnostic peak occurs at 1606 cm™, assigned to
C=C. Due to these peaks being unique to these compounds they can be used to easily

distinguish and discriminate between these compounds.

6.2.2. Analysis of powder mixtures

Raman spectroscopy was used to analyse 13 mixed samples of ergosterol and
cholestane of; 0, 1, 2, 5, 10, 25, 50, 75, 90, 95, 98, 99 and 100% w/w. Spectra were

obtained at five different locations within the sample each 200 um from the last
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location. In this work the x5 objective was used to reduce homogeneity issues discussed

in previous chapters. Figure 6.2.4 shows the spectra obtained for the samples and the

spectra obtained appear to show a linear relationship between peak intensities and

concentration of the samples.
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Figure 6.2.4. Raman spectra of ergosterol and cholestane mixtures

6.2.3. Analysis of hopanoids

Ergosterol was dissolved in dichloromethane to produce a solution to allow for sample

analysis at varying concentrations without issues arising due to homogeneity.

Dichloromethane was chosen as a solvent due to its Raman spectrum only featuring two

intense peaks at 699 cm™ and 281 cm™ which did not interfere with peaks from the

ergosterol spectrum. Figure 6.2.5 shows the spectra obtained for ten solutions.
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Figure 6.2.5. Spectra of liquid samples in concentration(mol/dm?)

Using the previously defined peak positions in table 6.2.1 it is clear than in these
samples only one peak is distinguishable; the C=C vibration at ~1600 cm™. This peak
shows a similar linear relationship to the peak intensity and concentration. Due to the
noise within the spectrum, derived from the solvent spectrum, a limit of detection of

0.015 mol/dm?® was obtained for these samples.

6.2.4. Conclusions

In this work clearly identifiable features within the Raman spectra of steranes and
sterols were observed. The ability to distinguish between different types of steranes and
sterols was also deduced with sample such as ergosterol, a peak indicative of the
compound was visible at 1670 cm™ (conjugated C=C bonds). The investigation of limits
of detection using powder sample mixtures demonstrated the importance of
homogeneity within mixed samples. The liquid samples of ergosterol mixtures resolved
this issue and this can clearly be seen in the results produced for these solutions. While

the intensity produced from the solvent bands in the spectrum dwarfed the signal from
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the ergosterol, its presence was still detectible. Magnification of the relevant area in the

spectrum allowed for clear identification of these peaks.
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6.3.  Effects of irradiation on bacterial species

The previous sections have all looked for signs of life using biomarkers. Biomarkers
often show indications of life which had existed but is no-longer possible. It is possible
that life may still exist on Mars in the form of extremophiles. These are bacteria which
are highly durable and are far more resistant to extremes of environments such as those
with high radiation levels similar to that of the Martian surface. This section looks at

these extremeophiles on the cellular level.

The effect of radiation on different bacterial species and the changes in Raman spectra
produced are investigated in this section. For this work, bacterial samples within culture
and freeze dried cells, both irradiated and unirradiated. Table 6.3.1 shows the bacteria

used and their amounts.

Bacterial strain Label | Cell density in Mass of
liquid culture lyophilized
powder
E.coli EC 9x10° cells/ml 0.138 g
Deinococcus radiodurans DR 3x10’ cells/ml 0.102¢g
Brevundimonas sp. MV.7 MV.7 3x10° cells/ml 0.053 g
Rhodococcus sp. MV.10 MV.10 9x10° cells/ml -
Synechocystis sp. PCC6803 cyano 2x107 cells/ml 0.045¢
(cyanobacterium)

Table 6.3.1. Bacterial samples irradiated and their quantities.

E. Coli is a non-pigmented organism which is not defined as an extremeophile as it
cannot withstand extreme environments. It was used in this investigation as a control
sample. D. radiodurans is the most radiation-resistant organism currently known. It has
a bright pink pigment which helps it to block ultraviolet radiation. Both Brevunidmonas
and Rhodococcus are two strains isolated from the dry mineral soil of the Miers Valley

in Antarctica. They both grow optimally in low temperature environments and are
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pigmented orange and white respectively. Synechocystis is a cyanobacterium and so

coloured a bright green due to the chlorophyll present.

&4

L5 - V-

5h:80 SEM LEI 2.0kY X2,200 WD 7 4mm 10um
Figure 6.3.1. SEM image of Deinococcus cells on thin metal film

The Deinococcus cells were additionally proton-irradiated as a thin smear on an
aluminium slide. Figure 6.3.1 shows an SEM image of the slide with the cells only
having a thickness of 1-2 cells. The cells can be seen to cluster together with about 2

microns in diameter and a thickness approximately 5 microns.
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6.3.1. Freeze dried

The freeze dried samples identified as EC, DR, MV7 and Cyano were analysed using
Raman spectroscopy. Both the InVia spectrometer and Bruker IFS66/FRA 106 FT-

Raman spectrometer were used to give spectra at a range of different wavelengths.

Cyano

DR

3000 2500 2060 156()1 1060 560
Wavenumbers /cm”

Figure 6.3.2. InVia spectra of solid freeze dried samples

The samples all produced a large background which masked the majority of signal
present. This background could be attributed to the fluorescence of the samples and
possible heating due to organic nature of the samples. Some features were present

within the MV7 and EC spectra.
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Figure 6.3.3. InVia spectra of solid freeze dried samples. (Background corrected)

Figure 6.3.3 shows the spectra of the dried samples baseline corrected over a smaller
spectral range. While several features may be present within the samples are caused by
the noise and baseline correction. However the two peaks at 1525 cm™ and 1155 cm™
present in DR and MV7 can be attributed to the samples. In the literature it has
previously been established that p-Carotene also has vibrational bands at 1524 cm™ and
1155 cm™ therefore the visible peaks present can be attributed to the presence of

carotenoids*%!,
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Figure 6.3.4. Bruker IFS66/FRA 106 FT-Raman spectra of solid freeze dried samples.

Using the 1064 nm laser removes the majority of the background features (Figure
6.3.4.). All samples display multiple peaks, several of which appear in multiple samples
and some which are unique to individual species. The vibrational bands for the different

samples can be seen in table 6.3.2.

Sample Vibrational bands (cm™)
a b c d e
Cyano 1525 1157
DR 1667 1523 1449 1154 1002
EC 1665 1448 1003
MV7 1663 1521 1452 1160 1003

Table 6.3.2. Table detailing the peaks present in the Raman spectrum for the samples; cyano,
DR, EC and MV7.

The Cyano spectrum has 3 distinct peaks, DR has 5, EC has 3 peaks and MV7 spectrum
contains 5 peaks. The broad bands in column a can be attributed to ~1659 cm™ v(CO)
Amide i and unsaturated lipids™**®!. From the previous observations of the spectra of
DR and MV?7 the signals in columns b, ~1524 cm™ v(C=C)Carotenoid, and d, ~1155

cm™ v(C-C)Carotenoid, can both be attributed to carotenoidst****#. The bands seen in
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column c can be attributed C-H, deformation while the sharp band in column e, at 1003

cm™, can be assigned to phenylalanine!®!.

3000 2560 2000 1500 1000
Wavenumbers /cm™

Y1

Y2

T T T
3000 2500 1500 1000

2000 1
Wavenumbers /cm

Figure 6.3.5. Bruker IFS66/FRA 106 FT-Raman spectra of freeze dried solid samples irradiated
(1) and unirradiated (2) of Cyano (C), DR (D), EC (E) and MV 7 (Y).
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Figure 6.3.5 shows the Raman spectra of the solid samples irradiated and non-irradiated.
It is clear from the spectra that irradiation of the samples degrades the structure of all
the species. The majority of all peaks present in the unirradiated sample are not present
once irradiated due to an increase in noise, background and reduction of signal. Where
vibrational bands are visible, they occur at 1524 cm™ and 1155 cm™ and therefore are

likely to be derived from the carotenoids previously identified

6.3.2. Cells in culture

The live culture samples identified as EC, DR, MV7, MV10 and Cyano were analysed

using Raman spectroscopy. Both the InVia spectrometer and Bruker IFS66/FRA 106

FT-Raman spectrometer were used to give spectra at a range of different wavelengths.
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Figure 6.3.6. Bruker IFS66/FRA 106 FT-Raman spectra of cultures

From the Bruker FT-Raman spectra there were no spectral features present at 1064 nm

for any samples (Figure 6.3.6). The resultant spectrum could primarily be attributed to
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the presence of water, which gives a very weak signal. Therefore it is likely that the

cultures had concentrations too low for analysis with Raman spectroscopy.

c2
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Figure 6.3.7. Bruker IFS66/FRA 106 FT-Raman spectra of bacterial cultures irradiated (1) and
unirradiated (2) of Cyano (C), DR (D), MV 10 (W) and MV 7 (Y).
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Irradiation of the samples produces a similar background to that observed with the solid
samples (Figure 6.3.7.). However the sample signal is too weak to see any spectral
features. Therefore identification of the degradation of the sample is not possible. The
change in spectral features seen within the Raman spectra however could have been

derived from the reduction in pigmentation of the samples after irradiation.

6.3.3. Cells grown on a metal slide

The proton-irradiated slide of Deinococcus radiodurans was also analysed using the
InVia Raman instrument. This instrument allowed much easier analysis of the sample
due to its microscope attachment and motorized stage. Due to the Bruker IFS66/FRA
106 FT-Raman instruments lack of either of these features it was not possible to obtain
spectra of the samples. This was due to the size of the focal spot in relation to the cell
distribution and thickness of the bacteria. The optimal conditions for obtaining Raman
spectra of these samples using the InVia spectrometer was found to be 10s exposure, 1

accumulation, 100% laser power, x20 objective and at 633nm laser wavelength.
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Figure 6.3.8. Spectra of slide obtained from unirradiated edge of sample at a) x5 b) x20 and c)
x50.

Figure 6.3.8 shows the spectra obtained from the same location using different
magnifications. The carotenoids can clearly be seen within the spectrum. From these
spectra it is clear that optimal magnification is x20 due to the reduction in background
and increase in peak intensities. In this sample it is likely that increasing the area to x5
increased the amount of background obtained in addition to the extra cells analysed. As
seen with SEM, the cells were clumped together rather than distributed evenly;
therefore the larger spot size is looking at more regions devoid of cells than regions with
cells. The increased background seen with the x50 objective can be attributed to the
increase in power over a smaller area. This increase in power has the potential to
eliminate the background of the sample as well as the signal intensity and due to the
higher localised power, the sample has greater potential for both heating and

degradation.
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d)
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Figure 6.3.9. Spectra of slide from a) Unirradiated sample edge, b) Irradiated region, c)
Unirradiated sample centre and d) Blank slide.

For these samples the blank clearly showed no spectral features which would affect
identification of the bacteria. The edge of the sample and centre were both analysed due
to differences in cell concentrations in these areas. These differences can be seen in the
peak intensities but have a very limited effect and present no problems to identification
of the samples. The irradiated region of the sample showed a similar result seen in the
previous samples; the signal-to-noise ratio decrease and the background was increased.
These changes, however, may potentially be derived from the differences in cell

distribution at the irradiated region compared to other regions
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Figure 6.3.10. Spectral map of sample slide using x20 objective.

To investigate the differences in sample distribution across the slide and how this
affects the Raman spectrum a map was created over a region of the slide. From the map
produced it can be seen that some regions have weaker Raman intensities compared to
others. These may be derived from the distribution of cells at these locations or the

thickness of the cells.

-60 40 -20 0 20 40 60
Figure 6.3.11. Image of the cells on the slide at x50 magnification.

Figure 6.3.11 shows an example of the cells in a region mapped under x50
magnification. From this image very few voids where no cells are present can be
observed. Therefore the variations within the Raman spectrum at different locations are
not due to these isolated clumps. The differences observed with the mapping must

therefore be due to differences in the thickness of cell distribution across the slide.
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6.4. Detection of life in extreme environments

In section 6.3, Raman spectroscopy was used to investigate extremeophiles on the
cellular level. On the ExoMars rover however extremeophiles and biomarkers will be
investigated in situ. Therefore for samples to be comparable, these biological materials
must be investigated in a similar environment. This section looks at the ability of

Raman spectroscopy to detect inclusions of cyanobacteria within geological materials.
The samples used within this section have previously been investigated by Vitek et
all*® and therefore are already well characterised. The bio-geological inclusions are
ground to form a powder, as will occur using the ExoMars rover drill, and investigated a

second time using Raman spectroscopy.

An analogue to looking for life on Mars is found in looking at extremophilic life in
Antarctic cold deserts and the Atacama Desert in Chile. Work on this has primarily been
based on cyanobacteria, lichens and algae which can survive in hostile environments
such as those on Mars. Such life would require certain photosynthetic and UV-
protective pigments such as scytonemin, chlorophyll and p-carotene. These chemicals
are all considered essential biomarkers for proof of existing, extant or extinct life and
have been analysed using Raman spectroscopy*#*7%87181 The Atacama Desert is one
of the driest places on Earth. Therefore for life to exist in such a place, such an
organism would have to show extreme endurance and the ability to survive in
completely inhospitable environments for normal organisms. If life exists in such a

place like this then it is this type of life that could be found on Mars.
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6.4.1. Inclusions

Samples were supplied by the Centre of Environmental Sciences, CSIC, Spain from the
Yungay region of the Atacama Desert; therefore the samples are from one of the driest
places on Earth. The rocks primarily consist of halite rock and are believed to contain
endoevaporitic colonization. They feature characteristic endolithic patterns of

colonization only a few millimetres below the surface.

Region 1

Region 2
Region 3

Figure 6.4.1 Image of the sample Yungay 03 with locations analysed identified

Figure 6.4.1 shows a picture of Yungay_ 03 with the different regions marked. Region 1
is shown as the blue circle, region 2 as the green circle and region 3 was obtained from
the yellow circle. A forth location; region 4, was obtained from the colonization band at
region 2 on the reverse on the sample. Beneath the white dense zone, region 1, a dark
band indicating a colonization zone can be seen, region 2. With a stereoscopic
microscope it is possible to identify the small dark spots corresponding to
microorganism aggregates. Region 3 is the bedrock of the sample. In region 4, where

the colonization zone is touching the surface, a dark band can be observed on the rock.

Raman spectra were obtained from the sample Yungay 03 at the four different
locations. Laser power was kept at 10% to prevent degradation of the samples. After

collection of the data, the background of the samples was removed to allow
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identification of the peaks. Mapping was performed on the Yungay 03 sample over the

region of colonization labelled region 2.

Region 1

Background
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Figure 6.4.2. Raman spectrum of the halite rock background

Figure 6.4.2 shows the spectrum obtained of region 1 and the background obtained from
the spectrum. The halites and silicates do not produce any distinguishable bands in the
spectrum when analysed with Raman spectroscopy. The spectra contain only large
background features and therefore in all the spectra obtained a large background was
present. The background was removed using baseline subtraction and the resultant

spectra can be seen in Figure 6.4.3.
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Figure 6.4.3. Raman spectrum of the regions on the sample Yungay 03

The spectra obtained of sample Yungay 03 at the four different regions clearly show
differences in the Raman spectrum (Figure 6.4.3.). The spectrum of region 1 showed no
identifiable signals, while two peaks are present they can be attributed to instrument
artifacts and have a very low signal-to-noise ratio. In region 1 the spectrum is derived
from the geological matrix itself. Region 2 was identified as a band of a black which
was proposed to be scytonemin. Table 6.4.1 shows the peaks associated with a

scytonemin spectrum.
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Peak | Assignment™™! Structure
1592 | v (CCH) aromatic ring
guadrant stretch

1548 | v (CCH) p-disubstituted
aromatic ring

1433 | 5 (CCH)

1378 | v (CCN) indole ring
1314 | v (CN) indole ring

1166 | v (CC) ring breathing

pyrrole
1096 | v (C-0) phenolic
981 | 6 (CNC)

748 | 6 (CCC:CCN) indole ring-
puckering mode

673 | 6 (CCN) pyrrole ring-
puckering mode

566 | 6 (CCN) aromatic ring
indole system

Table 6.4.1 Peak assignments and structure of scytonemin

In the spectrum obtained of region 2 peaks can clearly be seen indicating the presence
of a compound not present in region 1. The most intense peaks at 1592cm™, 1548cm™
and 1166cm™ all are present within scytonemin. Additionally all the other peaks present
in table 6.4.1 appear in the spectrum of region 2. Therefore this dark band seen on the
sample can be identified as scytonemin, a compound present within cyanobacteria
which absorbs UV radiation. The presence of such a compound would indicate the
presence of life. Region 3 shows very little information due to the effect of the
background on the sample. Region 4 is the spectrum of a cutaway section of the rock
where the dark band observed in region 2 is present. Therefore the similarity seen in the

spectrum of region 2 and 4 was to be expected.
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|200 pm |

Figure 6.4.4. Map of a colonization area

While acquiring a spectrum for regions 2 and 4 several dark circular regions were
observed on the surface of the samples and a Raman map was performed on the sample
where these regions were present. The maps were obtained from 10 acc for 10 seconds
at 25% laser power. The spectra were obtained using the x5 objective to obtain each
spectrum over a larger spot area to reduce the effect of smaller regions of scytonemin on
the map itself. The map was analysed using the components which make up the
scytonemin and those regions are shown as the brightly coloured squares. From the map
it is clear that the scytonemin is clearly located in one distinct space identified by the

darker regions observed visually.

The presence of a biomarker within a sample obtained from the driest place on Earth
clearly shows great potential for the detection of life on Mars. Scytonemin acts as a
protective barrier from UV radiation for cyanobacteria. The presence of this compound
suggests that this cyanobacterium may once have been present within this environment.
If organisms can grow in these harsh environments then it is possible that organisms

could grow in the similarly harsh environments found on Mars.
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6.4.2. Ground samples

Using visual identification of regions of astrobiological importance a positive
identification of biological material, using Raman spectroscopy, can occur. However
onboard the ExoMars rover visual identification may not occur and the samples will be
crushed and ground prior to analysis. Therefore the ability for Raman spectroscopy to

detect the inclusions within these samples after processing must be determined.

For this investigation a small portion of the rock, where the inclusion was visibly
present and detectible, was broken off and ground using a mortar and pestle. Once the
sample particles were uniform in size the sample was mixed using a ball mill. In
previous chapters it has been established that homogeneity within a solid mixture can
produce problems with detection of organic material over a small region. Therefore as

previously discussed, a 3 by 3 grid was implemented over a 400 um by 400 um range.
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Figure 6.4.5. Raman spectra obtained from ground bio-geological at different points.
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The Raman spectra of the sample showed no biological features at any of the nine
points (Figure 6.4.5.). A large background occurred at all the locations derived from the
geological material. This background masked any other features within the spectrum
and therefore made detection of the organic impossible. Additionally the processing of
the sample using grinding may heated and degraded the biological materials originally

present.

These results demonstrate the issues with detection of organic material within the
inorganic material previously observed in chapter 3. By grinding the sample the organic
material is spread throughout the mixture rather than isolated in single locations,
producing much stronger Raman bands. From this work it is clear that drilling, crushing
and grinding geological materials has a negative impact on the ability for Raman
spectroscopy to detect organic inclusions. Therefore for optimal use of Raman
spectroscopy in astrobiology visual identification of potential organic samples is

required followed by in situ analysis of these samples.
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6.5. Conclusion

In this chapter the ability to distinguish between hopanoids, steranes and sterols has
been established and the ability for Raman spectroscopy to identify and distinguish
between evaporite minerals has been demonstrated. The ability for Raman spectroscopy
to detect bacterial cells and identify differences between irradiated and unirradiated
samples has been displayed. The impact of grinding and processing of bio-geological
inclusions has also been investigated and the optimal sampling of astrobiological

materials established.
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Chapter 7

Conclusions and Further work

The aim of this study was to evaluate Raman spectroscopy as an analytical tool for
interplanetary studies. This was achieved by establishing a protocol for sample analysis,
determining optimal standards using instrument validation techniques and then
optimizing analysis between a commercially available benchtop Raman instrument and
a prototype Raman spectrometer. This information was then used in the analysis of a

range of samples of astrobiological relevance.

Using multiple synthetic organic and inorganic samples, relevant to astrobiology, limits
of detection were attempted to be deduced. However during this work the effect of
sample inhomogeneity was clearly visible. Therefore analysis of different matrix
formation methods was performed. This was achieved through producing mixtures
using solid-solid, solid-solution and solution-solution mixing techniques. From these
different techniques very little difference within the homogeneity of the mixtures was
observed. To compensate for the constant presence of inhomogeneity within the
samples a method of taking 9 points through a 3 by 3 grid system was developed. By
taking the spectra from the 9 points and averaging them the spectra obtained became
more representative of the whole sample. This was then applied to analysis of goethite
and Martian soil simulate mixtures to display the capability for Raman spectroscopy to

identify the organic component within these mixtures.
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Instrument validation parameters were then applied to potential control standards of
astrobiological relevance. These standards were required for optimization between
instrument comparisons and therefore had to fulfil multiple parameters. The samples
were required to be optimal for testing sensitivity, range, limit of detection, limit of
quantification, robustness, selectivity, linearity, accuracy and precision of the
instruments. This was achieved through calculating noise effects, limits of detection and
peak fitting data. From this work calcite and trehalose mixtures and naphthalene in
acetone solutions were devised as the optimal standards. To address the robustness of
the instrument validation, a way of removing human error was developed through an

automated identification method.

Having established the optimal sampling techniques and standards this information was
then applied to comparative instrument optimization. This involved using a prototype
instrument, devised to match the specifications of the instrument onboard the ESA
ExoMars rover, and comparing the data obtained with a commercially available
benchtop Renishaw InVia Raman spectrometer. To do this the 3 by 3 grid system was
interrogated by the InVia instrument. It was determined that due to variation within
samples on the micron scale, this technique could not simply be transferred to the
prototype instrument. Therefore a sample mask with a hole was devised to cover the
sample slides and mask the whole sample except for one region. This region would be
exactly the same on both instruments and therefore allow for analysis of exactly the
same area to be analysed on both spectrometers. Using this mask a range of samples
were analysed on both instruments and data compared. From this data it was clear that
the prototype instrument needed several optimizations to be comparable with the

primary difference being related to the spectral resolution.
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To display the application of Raman spectroscopy a range of astrobiological samples
were interrogated. Geological, biomarker, cellular and bio-geological inclusions were
analysed with increasing molecular specificity. For the geological sample an evaporite
mineral of trona was used to demonstrate the capability of distinction between similar
geological materials. The biomarkers; hopanoids, sterols and steranes had not
previously been interrogated using Raman spectroscopy and in this study the ability to
identify and distinguish between them was displayed. After establishing Raman
spectroscopy capability to identify samples on the molecular level this was then scaled
up to the cellular level. The ability for Raman spectroscopy to identify between
irradiated and unirradiated bacterial species was investigated. This was then scaled up
again to investigate geological inclusions of cyanobacteria colonization of geological
materials in an extreme environment; the Atacama Desert. Using a rock sample
featuring an inclusion the organic material was identified and then the sample was
crushed and ground and analysed a second time. From this ground sample it was clear
that processing the geological materials in this way, such as will happen onboard the
ExoMars rover causes the inorganic sample background to mask Raman bands from the
organic material. Therefore an external probe on board the ExoMars rover would be

required for the optimal use of Raman spectroscopy on Mars.

From this study there are several areas where further work is required. For the synthetic
mixture samples expanding the range of mixtures used would allow for more detailed
information on the range of potential samples which may be encountered on Mars.
Additional mixing techniques would be desirable to optimize homogeneity of the
samples. Also by using a wider range of organic and inorganic materials the samples
will become more representative of those likely to be found on the Martian surface.

From this it would be possible to expand the control samples used in the instrument
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validation methods and allow for additional measurement parameters to be recorded.
From the prototype instrument the analysis of a greater range of samples is also
desirable and analysis of the same samples after optimization of the instrument. This
would then allow the prototype instrument to begin looking at exemplar systems and
geological samples with the aim of eventually moving to use of the instrument outside
the laboratory environment. This would require the investigation of further geological
materials and potential biomarkers. For the cellular systems further analysis using the
1064 nm wavelength would be desirable to identify further features within the irradiated
spectra. Additionally for the bio-geological inclusions further work is needed on the
effects of crushing and grinding the samples and methods to optimize sampling of

materials which undergo this process.
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